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Preface

This book is the result of an international conference held
in Lexington, Kentucky, in October of 1990. This sympo
sium was supported by several organizations including the
National Heart, Lung and Blood Institute and Schering
Plough Corporation. University of Kentucky support came
from many different offices, including Research and Grad
uate Studies, the Chancellor and Dean of the Medical
School, University Hospital Admininstration, and the De
partment of Physiology and Biophysics. Almost two hun
dred leading scientists from throughout the world met and
discussed their ideas and approaches, including many re
cent technological and methodological advances which
have greatly improved our understanding of the respiratory
control system. The insights of many of these investigators
are shared in this volume.

This meeting provided comprehensive coverage of many
of the novel issues and approaches facing future investiga
tion. The chapters in this book bring together a unique
blend of investigators studying related issues in widely di
verse preparations. Integration of results from different
perspectives, ranging from cell membrane properties to func
tional reflexes and then to coordinated behavior in the hu-

man, extends our understanding of respiratory control
mechanisms. The use of molecular techniques for address
ing physiologic problems such as hypoxia and development
is especially exciting. Similarly, reduced preparations such
as cell cultures, thick and thin brain slices, and the neonatal
isolated brainstem-spinal cord facilitate the study of fun
damental properties of respiratory-related neurons. At the
organismal level, the reflex connections, electrophysiol
ogy, pharmacology, and various modulatory influences are
considered. These observations shed new light pertinent to
both basic and clinical investigations.

The editors sincerely appreciate the participation of
the many experts who attended the meeting and assisted in
the preparation of this book. Their input was vital to the
success of both endeavors. The efforts of the Session
Chairs, Laurie Evans, and the other members of the Uni
versity of Kentucky Respiratory Group are also gratefully
acknowledged.

Dexter F. Speck
Michael S. Dekin
W. Robert Revelette
Donald T. Frazier
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PART I

Membrane Properties of Respiratory Neurons
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An Overview

Michael S. Dekin

A major goal of respiratory neurophysiologists has been to
characterize the membrane properties of respiratory neu
rons and associate these properties with models of the res
piratory central pattern generator (respiratory CPG). Much
of this effort has been directed towards describing intrinsic
cellular mechanisms underlying rhythm generation such as
endogenous pacemaker activity and postinhibitory rebound
phenomena. More recently we have also begun to appreci
ate the role of membrane properties in nonrhythm
generating functions such as pattern formation. In this
regard, it is now recognized that many respiratory neurons
do not act as high fidelity followers of their synaptic inputs.
Rather, these neurons possess an impressive repertoire of
intrinsic mechanisms for integrating their synaptic inputs
(8). These integrative capabilities arise largely as a conse
quence of the kinetic and neurochemical properties of spe
cific membrane channels found in respiratory neurons. In
this brief overview, the experimental strategies used to
study membrane channels will be discussed with particular
attention given to their strengths and weaknesses. In addi
tion, the types of information gained from such studies will
be considered in terms of what they can tell us about the
respiratory CPG.

EXPERIMENTAL APPROACHES

Over the past twenty years, it has become apparent that
neurons possess many types of membrane channels in ad
dition to the classic sodium and potassium channels respon
sible for generating the action potential (11). These
additional membrane channels include several classes of
voltage-dependent potassium (2) and calcium channels
(14), as well as channels such as the m-channel (1) which
exhibit both chemical and voltage-dependent gating prop
erties. Another important observation is that not all neu
rons necessarily possess each of the known channel types.
A major emphasis of contemporary neurobiology, there
fore, has been to determine the unique complement of
membrane channels found in specific types of neurons and
the integrative capabilities these channels impart. These in
tegrative capabilities define the limits of what specific
classes of neurons can and cannot do. A complete under
standing of how neuronal circuits such as the respiratory
CPG are maintained and modulated will only be realized
when such information is available for each type of cell in
the network.

In general, membrane channel studies are done using
"reduced" in vitro preparations so that sophisticated bio
physical recording techniques such as voltage clamp can be
performed. Mechanical stability for intracellular (or patch)
recordings is essential. In addition, these studies require
that the particular type of channel being investigated be
isolated from other channels in the membrane by utilizing
ion substitutions and pharmacological agents. Thus, the re
duced preparation must provide not only mechanical stabil
ity but also complete control over the extracellular fluid
medium. Preparations meeting these criteria include long
and short-term cell cultures, brain slices, and perfused
brain preparations. Each comes with a particular set of
strengths and weaknesses. For instance, do neurons in cul
ture exhibit the same properties as those in the fully differ
entiated brain? What are the detrimental effects of cutting
neuronal processes during the brain slicing procedure? To
what extent does tissue hypoxia compromise the activity of
neurons in perfused brain (and brain slice) preparations? In
many cases, these criticisms are muted by the fact that sim
ilar membrane properties can often be observed in both re
duced and whole animal preparations. It is only in the
reduced preparation, however, that a quantitative analysis
of channel properties can be done.

One criticism which is not easily dismissed is that the
loss of synaptic connectivity in reduced preparations, and
hence circuit integrity, makes comparisons with intact net
works such as the respiratory CPG difficult. The real dan
ger here is that membrane properties might be studied
which are not normally expressed by the intact circuit. This
is particularly true for studies in cell cultures, and to a
lesser extent in brain slices. As will be shown below, as
signing a potential function to a given membrane channel
without knowing the properties of other channels in the
membrane or the synaptic inputs to the cell could easily
lead to spurious conclusions. For these reasons, it is always
important to interpret data obtained from reduced prepara
tions with caution.

Another major consideration in using reduced prepara
tions such as cell culture or brain slices is verifying that the
recorded neurons are actually part of the neuronal network
being investigated. For highly organized areas of the brain
such as the hippocampus and cerebellum, anatomical local
ization within the brain slice (or microdissected area for
cell culture) is sufficient to ensure that this is the case. For
brainstem neurons which make up the respiratory CPO,
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however, such anatomical delineation is rarely possible. An
alternative approach has been to identify unique classes of
neurons within respiratory areas of the brain by combining
electrophysiological recordings and intracellular labeling
with dyes to study cell morphology. Further refinement of
the localization process has then been done using tract trac
ing techniques. This method of identifying putative respi
ratory neurons has been used in brain slices to successfully
study several parts of the respiratory circuit including the
dorsal respiratory. group (7), the ventral respiratory group
(10), and the hypoglossal nucleus (15). It is likely only a
matter of time before a similar approach is taken for study
ing respiratory neurons in cell culture.

lYPES OF INFORMATION NEEDED

Biophysical studies on membrane channels can provide
several types of information. Ionic mechanisms, gating
properties, inactivation properties, and modulation by neu
rochemicals are particularly important in describing how a
neuronal network functions. Knowledge of the ionic spe
cies permeating a membrane channel may suggest func
tions for the channel in addition to its immediate action on
the membrane potential level. For example, activation of
calcium channels not only depolarizes the cell but also pro
vides a mechanism for increasing intracellular calcium lev
els which can then act as a second messenger for specific
enzymes and other channels. Specific ionic mechanisms
may also suggest pharmacological agents which can be
used to alter the channel's activity. The mechanism of
channel gating is important for knowing both when and
how the channel will be activated. This is especially impor
tant in determining if the channel is activated alone or in
combination with other types of membrane channels (4, 6).
Likewise, the mechanism of inactivating or turning off the
channel may place specific constraints on channel activity
and even lead to "history" -dependent phenomena which
can alter circuit function (5, 6, 8, also see below).

Membrane channel properties (excluding ionic selectiv
ity) are also subject to modulation by endogenous neuro
transmitters and neuropeptides. For example, m-channels
which are selective for potassium ions are often open at or
near resting membrane potentials (I) and have been ob
served in some respiratory neurons (3). Depolarization
causes further opening of these channels. Muscarinic ago
nists close these channels and this results in a membrane
depolarization at resting membrane potentials. In both hip
pocampal (16) and respiratory neurons (see Champagnat et
al., this volume), the neuropeptide somatostatin has been
shown to have the opposite effect: that is, it causes further
activation of these channels and membrane hyperpolariza
tion. Neurochemical modulation of membrane channels
provides a mechanism for altering the integrative capabil
ities of neurons and by doing so, the ongoing activity of
neuronal circuits.

INTERPRETING MEMBRANE PROPERTIES IN THE
CONTEXT OF THE WHOLE NEURON

As stated above, a major pitfall in interpreting the role of a
particular membrane channel is that the ensemble activity
of the neuron must be considered. This ensemble activity
arises from both the other types of channels present in the
membrane and extrinsic synaptic inputs. This can be illus
trated by the following example. Bulbospinal neurons in the
dorsal respiratory group (DRG) of the guinea pig possess a
large number of different membrane channel types (6, 8).
Two of these are the A-channel and a low-voltage-activated
(LVA) calcium channel. Activation of A-channels can cause
transient membrane hyperpolarization mediated by potas
sium ions while the LVA calcium channel can both depo
larize the membrane potential and contribute to increases in
intracellular calcium levels. Together, these channels im
part unique integrative capabilities to these neurons (6, 8).
In one class of DRG neurons, called type I cells, the volt
age dependence of activation of the A-channels and LVA
calcium channels is similar; both are turned on by depolar
ization to membrane potential levels more positive than
-60 mV (4). In another class of ORG neurons, called type
II, this is not the case. Here the A-channels are activated at
membrane potential levels more positive than - 50 mV,
while the LVA calcium channels are only activated by de
polarizations to membrane potential levels more positive
than -40 mV (4).

The voltage-dependent gating properties described
above will determine when and how the A-channels and
calcium channels will be expressed. Normally, ORG neu
rons receive an alternating pattern of synaptic excitation
during inspiration and inhibition during expiration (13). In
type I neurons, inspiratory phase depolarization will cause
the simultaneous activation of both the outward A-channels
and inward calcium channels. Thus, the opposing currents
carried by these channels negate their individual effects on
membrane potential. Nonetheless, the activation of the
LVA calcium channels causes an increase in intracellular
calcium and subsequent expression of an outward calcium
activated potassium channel. This calcium-activated potas
sium channel is responsible for both spike frequency
adaptation (6) and a postburst hyperpolarization which may
contribute to the initial stages of expiration (12). Thus, the
role of the inward calcium current in this cell type appears
to be limited to providing a source of intracellular calcium
rather than being a mechanism for depolarizing the mem
brane potential.

In type II neurons, the A-channels will initially be acti
vated alone and the outward current carried by them can
compete effectively with the depolarizing drive. As a re
sult, the membrane potential can be kept at a relatively
hyperpolarized level, which prevents activation of the cal
cium channels and causes a long delay (up to several hun
dred milliseconds) between the onset of depolarization and
the beginning of spike activity (5, 6). As the A-channels
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SUMMARY

Our knowledge of the role of membrane channels in deter
mining the activity of individual respiratory neurons has in
creased greatly over the past few years. In large part, this is
due to the development of preparations which are suitable
for studying such properties and which also allow putative
respiratory neurons to be identified. Problems associated
with reduced preparations can be minimized by proper ex
perimental precautions and careful interpretation of the
data. When this is done, such preparations can be a pow
erful tool in describing the membrane properties which
generate and maintain the central respiratory rhythm.
Equally important, these membrane properties provide a
substrate upon which modulation of the central respiratory
circuit is played out. The following chapters in this section
will provide specific examples of how membrane properties

inactivate, their ability to control the membrane potential
will gradually wane, leading to the delayed depolarization
of the membrane potential and activation of the LVA cal
cium channels. Once activated, the inward calcium current
will also contribute to the overall depolarizing drive and al
low repetitive spike activity to begin. As was the case for
type I neurons, the role of these two channel types in con
trolling the membrane excitability of type II neurons is de
pendent upon their individual properties as well as their
interaction(s).

Finally, both the A-channels and LVA calcium channels
display voltage-dependent inactivation during depolariza
tion. Hyperpolarization of the membrane potential level for
periods up to several hundred msec is required to remove
this inactivation. This property of A-channels and LVA cal
cium channels makes their expression history dependent.
That is, these channels would depend upon expiratory
phase inhibition to remove their inactivation so that they
can be expressed during subsequent inspiratory phase de
polarization. The amount of inactivation removed can be
varied by altering the size and duration of the membrane
hyperpolarization. As a consequence, the numbers of A
channels and LVA calcium channels expressed during in
spiratory phase depolarization can be modulated by the
previous expiratory phase inhibition. An example of this
history-dependent effect is shown in figure 1. 1 for the LVA
calcium current in type I neurons activated during a step
depolarization to - 15 mV. The calcium current in these
cells consisted of two components: the LVA current, which
completely inactivated with time, and a high-voltage
activated (HVA) current, which did not inactivate. As the
pre-depolarization membrane potential level was made
more negative, the amplitude of the LVA current increased
while the HVA current was not affected. The complete re
moval of inactivation from the LVA current required pre
depolarization membrane potential levels more negative
than -65 mY.
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2
Properties of Brainstem Neurons:

Calcium Currents in Hypoglossal Motoneurons

Albert J. Berger and Felix Viana

The subthreshold and firing behaviors of respiratory
related neurons are governed both by their intrinsic mem
brane properties and by their synaptic inputs. Recently
our interest has turned to investigating intrinsic properties
of brainstem respiratory neurons, in particular voltage
and time-dependent conductances that are present in hypo
glossal motoneurons. At present little is known about
Ca + + currents in respiratory motoneurons. We hypothe
size that these currents have an important role in determin
ing the subthreshold and firing behaviors of respiratory
motoneurons.

Voltage-gated neuronal calcium currents have been cat
egorized in two major ways. The first considers Ca + + cur
rents to consist of low-voltage-activated (LVA) and high
voltage-activated (HVA) types of currents (6, 8). The LVA
current requires removal of inactivation, by hyperpolariza
tion, and then activation, by depolarization, at membrane
potentials somewhat above resting levels. The HVA current
is activated at potentials more depolarized than those that
activate LVA current. A second categorization scheme con
siders that there are three types of Ca + + channels, the T-,
N- and L-channels, each having distinct voltage, kinetic,
and pharmacologic properties (6, 8).

In the present study our aim was to determine the types
and properties of the Ca + + currents present in rat neonatal
hypoglossal motoneurons. To dp this we used tight-seal
whole-cell recordings with patch-type electrodes from vi
sually identified motoneurons in thin medullary slices. We
also investigated the role of Ca + + currents in the firing be
havior of neonatal rat hypoglossal motoneurons recorded
intracellularly in conventional slices.

METHODS

Measurements of whole-cell currents were performed using
a thin-slice preparation of the medulla. In brief, we re
moved the brainstem from the skull of decapitated neonatal
(3- to 10-day-old) rats, chilled the tissue block in ice-cold
Ringer's solution, and then cut thin slices (120-130 flm) of
the medulla. Following incubation of 1 h at 35°C, slices
were transferred to a specially designed perfusion cham
ber mounted on a modified Zeiss light microscope. Slices
were viewed with differential interference optics, and indi
vidual neurons were visualized.· The membrane above the

cell was then cleaned of overlying debris using a recently
reported method (4). The voltage-clamped hypoglossal mo
toneurons were studied with tight-seal whole-cell record
ings using patch pipettes. In some animals, a fluorescent
dye (rhodamine-dextran-Iysine) was injected into the tongue
to label hypoglossal motoneurons retrogradely (9). Single
labeled motoneurons were observed in the living slice and
were cleaned for whole-cell recording. The perfusion fluid
and the pipette solution used to block voltage-dependent
currents other than Ca + + currents have been described
previously (2), with the modification that in the present ex
periments the Ca + + was reduced in the perfusion fluid
from 10 to 5 mM and Cs + (2 mM) was added to this fluid
to block the inward rectifier current (Ih) that is present in
these neonatal cells (I).

In other experiments using thick medullary slices (400
flm) from neonatal rats, we studied hypoglossal motoneu
rons in current-clamp mode. The cells were impaled with
conventional intracellular microelectrodes. We examined
the possible role of Ca + + on the subthreshold membrane
potential changes as well as its effect on suprathreshold fir
ing behavior.

RESULTS

In voltage-clamp, step depolarizations from a holding po
tential Vh of approximately - 90 mV to a command voltage
(Vc) of approximately - 55 mV produced a small-amplitude
inward current (fig. 2.IA, upper left). This inward current
was transient and was fully inactivated by the end of the
500-msec depolarizing voltage step. It is similar to the LVA
Ca + + current observed in other neuronal systems (2, 3, 5,
6, 8). Further increases in Vc resulted in an inward current
of much larger amplitude that consisted of both inactivating
and non-inactivating components (fig. 2.1A, upper right)
and is similar to the HVA Ca + + current that has been ob
served previously (2, 5, 6, 8). Next, after changing Vh to
approximately - 60 mV, step depolarizations failed to ac
tivate the LVA current but did activate the HVA Ca + + cur
rent (fig. 2.IA, lower panels). Figure 2.1B shows the I-V
relationships for the peak inward current generated by step
depolarizations from Vh of -91 and -61 mY. These I-V
relationships show that the LVA current requires hyperpo
larization in order to be activated by the depolarizing cur-
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FIG. 2.1 LVA and HVA Ca + + currents and their voltage-dependency recorded from a voltage-clamped hypoglossal motoneuron. (A)
Whole-cell current recording at two different holding potentials (Vh) in response to two different depolarizing steps (Vc) applied for 500
msec. Depolarization to -56 mV from a Vh of -91 mV resulted in a transient inward current (the LVA current: upper left). Stepping to
-18 mV caused a much larger amplitude and long-duration inward current (the HVA current: upper right). Stepping to similar levels from
a more depolarized Vh (-61 mY) failed to activate the LVA current but did activate the HVA current (lower traces). (B) The I-V rela
tionships for the peak inward current obtained from the two Vh (-61 mY, filled circles; -91 mY, open circles). Data in A and B are from
the same hypoglossal motoneuron, and all data are shown leak-subtracted.

rent steps. A detailed look at the data presented in figure
2.1 reveals a reduction in the HVA current when holding at
depolarized compared with hyperpolarized potentials. This
may be due to rundown of this current and/or some degree
of voltage-dependent inactivation. Both theLVA and HVA
currents are carried by Ca + + because they are reversibly

abolished or markedly diminished by a nominally Ca + + 
free bathing medium (fig. 2.2).

The LVA current was investigated in greater detail. First,
the time course of removal of inactivation was studied by
hyperpolarizing the cell for varying periods and measuring
the peak amplitude of the inward current generated after
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FIG. 2.2 Effects of removing Ca + + from
the bathing medium on the LVA and
HVA Ca + + currents. The perfusion
fluid was changed from the control,
which contained 5 mM Ca + + and 1 mM
Mg + + , to a solution that was nominally
Ca + + -free and with 5 mM Mg + +; dur
ing the wash period the perfusion fluid
was returned to its control composition.
The lefthand column of traces shows the
LVA current produced by applying a hy
perpolarizing pulse of 500-msec duration
to remove inactivation; in the control and
wash records, the transient LVA current
is activated when Vh is returned to -45
mV. A nominally Ca + + -free solution
abolished this LVA current. The right
hand column of traces shows the HVA
current produced by applying a 500-msec
depolarizing pulse from a Vh of -63 mV.
A nominally Ca + + -free solution mark
edly reduced this HVA current. In the
wash solution, the HVA current returned
toward its control value. The traces for
the LVA current are single sweeps,
whereas the traces for the HVA current
are leak-subtracted. LVA and HVA
records are from different hypoglossal
motoneurons. Both of the 0 Ca + +

records were taken after 4 min in this
solution; the wash records were obtained
after bathing the slice for 5 min in the
control solution.

return of the cell to its Vh (fig. 2.3A). We observed that the
time course of removal of inactivation fitted a single expo
nential. The time constant for the single exponential was
481 ± 110 msec (mean ± SD for n == 8 cells).

Second, inactivation curves were determined by hyper
polarizing a cell to different voltages and measuring the
peak amplitude of the inward current generated following
return of the cell to its Vh where the LVA current was ac
tivated, but at a potential below that which activated the
HVA current (fig. 2.3B). The voltage-dependency of in
activation was fitted with a Boltzman relationship. For
five cells in which this was done, the voltage for half
inactivation removal was -90.3 ± 2.5 mY, and the slope
factor was 5.09 ± 1.06 mV per e-fold change.

We also investigated the possible relevance of LVA and
HVA Ca + + currents on the subthreshold and firing behav
iors of hypoglossal motoneurons. Hypoglossal motoneurons
were impaled with microelectrodes while bathing the slice
with standard Ringer's solution (containing 2 mM Ca + +

and 2 mM Mg + + )-a solution that did not block ionic cur
rents. These experiments were carried out in current-clamp
mode. Figure 2.4A illustrates that injection of 0.5 nA de
polarizing current pulses from a resting potential of -70
mV resulted in only a passive-type response of the mem
brane. Hyperpolarizing prepulses caused a transient depo
larization of the membrane (fig. 2.4A, arrow), and, with
slightly stronger depolarizing current pulses, this transient
depolarization gave rise to a rebound, all-or-none fast ac
tion potential. The transient depolarization and rebound re
sponse were abolished when the same slice was bathed in a
nominally Ca + + -free Ringer's solution (fig. 2.4B). These
findings suggest that the transient depolarizing response
occurring in the presence of a conditioning hyperpolariza
tion is caused mostly by activation of the LVA Ca + + cur
rent present in these motoneurons.

We investigated next the role of Ca + + currents on the
action potentials and after-potentials. Figure 2.4C shows
that when a slice is bathed in nominally Ca + + -free Ring-
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FIG. 2.3 Properties of inactivation of the LVA Ca + + current. (A) Time course of removal of inactivation. Left: Whole-cell current traces
showing return of the membrane potential from -101 mV to -45 mV for four different hyperpolarizing pulse durations. Right: The re
lationship between the normalized transient peak inward current and the hyperpolarizing pulse duration. Filled circles represent total data
set from the hypoglossal motoneuron whose current traces are shown in the lefthand panel. The line indicates the exponential fit of the data
points obtained by linear regression. (B) Voltage-dependence of inactivation. Left: Whole-cell current traces showing return of the mem
brane potential to a Vh of -48 mV from varying (and indicated) hyperpolarizing levels. The hyperpolarizing pulse duration was 500 msec.
Right: The relationship between the normalized transient peak inward current and the hyperpolarizing pulse amplitude. Filled circles: Total
data set from the hypoglossal motoneuron whose current traces are shown in the lefthand panel. The line indicates the Boltzman equation
that was fitted to these data [IpeaklIpeakmax = 1/(1 +exp(V-V I12)/K), where V1/2 = -91.4 mV and K = 4.82 mV per e-fold change]. In
A and B there is an arbitrary vertical displacement of the current traces one from another for ease in visualizing the transient inward current
activated when the voltage was returned to Vh' Records are single sweeps and have not been leak-subtracted. Data in A and B are from
different hypoglossal motoneurons.

er's solution, the afterhyperpolarization (AHP) that follows
the action potential is markedly reduced. The cell illus
trated was kept somewhat depolarized (- 62 mV), suggest
ing that the HVA and not the LVA current contributed
exclusively to the Ca + + current that was generated. We
suggest that during the action potential, activation of the
HVA Ca + + current causes Ca + + to enter the cell and that
this is sufficient to activate a Ca + + -dependent K + conduc
tance that is responsible for the AH~ Further, compared
with bathing the slice in standard Ringer's solution, a bath
of nominally Ca + + -free solution had no effect on the shape
or duration of a single action potential (fig. 2.4D).

The relevance of Ca + + entry into the cell and the effect
of the resultant AHP on the repetitive firing behavior of hy
poglossal motoneurons is illustrated in figure 2.5. We ob
served that compared with the control, the steady-state
firing frequency was increased when Ca + + was absent

from the peifusing solution. This result suggests that Ca + +

entry through the HVA Ca + + channels during an action
potential causes activation of a Ca + + -dependent K + con
ductance, which in turn causes the firing frequency to be
reduced.

DISCUSSION

As in the case of other motoneurons, including spinal mo
toneurons (1) and embryonic chick limb motoneurons (5),
neonatal rat hypoglossal motoneurons were found to ex
press both LVA and HVA Ca + + currents. The LVA current
was activated by depolarization at somewhat above rest
ing levels. Hyperpolarization of hypoglossal motoneurons
caused removal of inactivation of the LVA current, and this
removal was both time- and voltage-dependent. The HVA
current was of a much larger amplitude and was activated
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FIG. 2.4 The multiple role of calcium in motoneuronal firing. (A) The response of a neonatal hypoglossal motoneuron to bipolar
(hyperpolarizing-depolarizing) current pulses in standard Ringer's solution (2 mM Ca + + , 2 mM Mg + +). The hyperpolarizing prepulse
(200 msec) gives rise to a transient depolarization of the membrane (arrow). A slight increase in the amplitude of the depolarizing pulse
results in a rebound action potential (cell resting membrane potential = -70 mV). (B) Same stimulation protocol as in A but in Ringer's
solution containing 0 Ca + + , 5 mM Mg + + , 0.5 mM EGTA (to chelate residual Ca + + in extracellular solution). The transient depolar
ization is now blocked, as is the resulting rebound excitation. (C) The same 0 Ca + +/high Mg+ + solution strongly reduces the after
hyperpolarization that follows a single action potential (resting membrane potential = -62 mV). (D) Lack of effect of the 0 Ca + +/high
Mg + + on the shape and duration of the action potential. All records are from the same motoneuron (A and B were obtained in discon
tinuous current clamp; C and D in bridge mode). The full size of the spike in A has been reduced by the digitizing procedure. All data are
from the same hypoglossal motoneuron. Recordings were made at 32°C.
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FIG. 2.5 The role of Ca + + in repetitive
firing of hypoglossal motoneuron. (A)
Left: The initial response of a hypoglossal
motoneuron to a depolarizing current
pulse (1.25 nA). Note the (early) initial
doublet followed by a prolonged inter
spike interval. Right: The same pulse as
in A (left), but in 0 Ca + +/high Mg+ +.
Note the decreased interspike interval
following the initial doublet. (B) Left:
The adaptation curve (frequency-time) of
motoneuronal firing to the same 1.25
nA( +) current pulse (1 sec duration).
Right: Removal of Ca + + causes a pro
nounced increase in the steady-state fir
ing. All data are from the same
motoneuron as in fig. 2.4. The resting
membrane potential = .-71 mV.

at potentials more depolarized than those that activated the
LVA current. Both of these currents have properties similar
to those present in other neuronal systems (6, 8).

Of interest is the importance of these two Ca + + cur
rents for the behavior of neonatal hypoglossal motoneurons.

A portion of the LVA current is activated in the subthresh
old range and therefore may contribute to membrane poten
tial changes in this voltage range. Thus the LVA current
can produce a transient depolarization and rebound excita
tion of hypoglossal motoneurons after its release from hy-
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perpolarizing inputs. This may occur in vivo as hypoglossal
motoneurons are rhythmically hyperpolarized and depolar
ized with each respiratory cycle (10). Further, under certain
conditions, neonatal hypoglossal motoneurons exhibit a
decrementing discharge pattern during inspiration (7).
Thus activation of the LVA Ca + + current at the start of
inspiration may contribute to formation of this type of dec
rementing burst pattern. The HVA Ca + + current may be
activated during the action potential, causing a larger in
flux of Ca + + '. Although we did not see marked changes in
the action potential width following Ca + + removal from
the perfusion solution (Fig. 2.4D), it was evident that re
moval of Ca + + caused a marked reduction in the AHP and
also an increase in the firing rate in response to depolariz
ing current pulses. These results suggest that during a sin
gle action potential, the HVA current is activated, causing
enough Ca + + entry to activate a Ca + + -dependent K +

conductance, and further, that this latter conductance deter
mines the amplitude and duration of the AH~ When K +

conductances are blocked, as when a slice is perfused with
the solution that isolates the Ca + + currents, we have ob
served in current-clamp experiments that long-duration
Ca + + spikes are generated in response to injection of de
polarizing current (not illustrated).

In summary, we have shown that LVA and HVA Ca + +

currents are present in hypoglossal motoneurons and that
these are important in both the sub- and suprathreshold be
haviors of this class of brainstem respiratory motoneuron.
Of considerable interest is the possibility of modulation of
these Ca + + currents by neurotransmitters known to be
present in the hypoglossal nucleus.

ACKNOWLEDGMENTS

This work was supported by a National Institutes of Health
Javits Neuroscience Investigator Award, NS 14857. Special
thanks go to Hanna Atkins for editing the manuscript and
preparing the illustrations.

REFERENCES

1. Berger, A.J. Recent advances in respiratory neurobiology
using in vitro methods. Am. J. Physiol.: Lung Cell. Molec. Phys
iol. 3:24-29, 1990.

2. Berger, A.J., and T. Takahashi. Serotonin enhances a low
voltage-activated calcium current in rat spinal motoneurons. J.
Neurosci. 10: 1922-1928, 1990.

3. Carbone, E., and H.D. Lux. Kinetics and selectivity of a
low-voltage-activated calcium current in chick and rat sensory
neurones. J. Physiol. (London) 386:547-570, 1987.

4. Edwards, EA., A. Konnerth, B. Sakmann, and T. Taka
hashi. A thin slice preparation for patch clamp recordings from
neurones of the mammalian central nervous system. Pfliigers
Arch. 414:600-612, 1989.

5. McCobb, D.I~, ~M. Best, and K.G. Beam. Development
alters the expression of calcium currents in chick limb motoneu
rons. Neuron 2:1633-1643, 1989.

6. Miller, R.J. Multiple calcium channels and neuronal func
tion. Science 235:46-52, 1987.

7. Sica, A.L., A.M. Steel, M.R. Gandhi, and N. Prasad.
Factors affecting central inspiratory modulation of hypoglossal
motoneuron activity in newborn pigs. J. Dev. Physiol. 10:285
295, 1988.

8. Tsien, R.W., D. Lipscombe, D.V. Madison, K.R. Bley,
and A.~ Fox. Multiple types of neuronal calcium channels and
their selective modulation. Trends in Neurosci. 11 :431-438, 1988.

9. Viana, E, L. Gibbs, and A.J. Berger. Double- and triple
labeling of functionally characterized central neurons projecting
to peripheral targets studied in vitro. Neuroscience 38:829-841,
1990.

10. Withington-Wray, D.1., S.W. Mifflin, and K.M. Spyer. In
tracellular analysis of respiratory modulated hypoglossal mo
toneurons in the cat. Neuroscience 25: 1041-1051, 1988.



3
Neuronal Membrane Properties during O2 Deprivation:

In Vitro Intracellular Studies

Gabriel Haddad and Chun Jiang

INTRODUCTION

It is well recognized that cellular and membrane properties
play an important role in the repetitive firing of neurons in
the central nervous system (CNS) of vertebrates as well as
invertebrates (9). Although the importance of these mem
brane properties in respiratory neurogenesis and rhythm
maintenance have not been demonstrated fully in in vivo
conditions, a number of examples in vertebrates have been
well documented (3, 4, 5, 10). Nowhere have these exam
ples been more readily available than in adult hippocampal
neurons (3), in cerebellar and thalamic neurons (10), and in
spinal motoneurons (5). Neural oscillatory activities such
as seizures, alternating states of consciousness, and loco
motion have been much better understood recently with the
use of cellular and molecular approaches (4, 5, 10).

Neuronal membrane properties and their importance in
-neuronal activity and firing patterns have been generally
described under "resting" conditions, whether in vivo or in
vitro (4). However, membrane properties may not be fully
expressed and may be totally missed if the membrane po
tential is not altered (e.g., low and high threshold Ca + +
currents, A-current) or if intracellular biochemical compo
nents or second messenger systems are not modulated (2,
13). We have recently discovered the presence of a K + cur
rent that is activated by anoxia (and a presumed drop in
ATP levels) in hypoglossal motoneurons. We are currently
characterizing this K + current and channel, its activators,
and regulation of its gating and biophysical properties. The
purpose of this chapter is to detail some of our experiments
which led to the discovery, albeit indirect, of this K + cur
rent and its function during O2 deprivation.

METHODS

The brainstern slice preparation was used in most of our ex
periments. The advantages of this preparation and the gen
eral procedure have been described previously (4, 6, 7, 8).
In brief, adult rats were lightly anesthetized by methoxy
flurane and decapitated. Two to three 350-400 ~m-thick

transverse slices were obtained between 1 mm rostral to the
obex and 0.5 mm caudal to the obex. These slices were
placed in a chamber and allowed to equilibrate for 20-30
min. The time between decapitation and placement of the
slices in the recording chamber was within 6.0 minutes.
Flow of oxygenated Ringer's saline (95% 02' 5% CO2) was

2-3 mllmin and slices were kept subfused throughout the
experiment. The same gas that oxygenated the saline also
flowed over the slices after being warmed and humidified.
The Ringer's solution was at pH 7.4 after equilibration with
5% CO2 and contained the following (in mM): NaCI =

125, KCI = 3, MgS04 = 1.3, CaCl2 = 2.5, NaHP04 =
2.5, NaHC03 = 26, glucose = 10. Brainstem slices re
mained viable for at least 6-8 hours.

We focused on hypoglossal (HYP) neurons for two rea
sons: (1) These cells are relatively large in the adult rat and
(2) the hypoglossal nucleus is well delineated in the slice
preparation. We also studied the density of HYP neurons
with retrograde tracing techniques. A cut HYP nerve was
soaked in wheat-germ lectin conjugated with horseradish
peroxidase (HRP-WGA). Two days after exposure to HR~
animals were sacrificed (using deep pentobarbital anesthe
sia) and the brain processed for HRP histochemistry using
the tetramethylbenzidine (TMB) method (11).

Our protocol had three phases. In the first we deter
mined the properties of neurons before O2 deprivation. In
the second phase we determined these same neuronal prop
erties during 5 min of anoxic exposure. The third was the
recovery phase. Anoxia was induced by switching the per
fusate to one equilibrated with 95% N2, 5% CO2 and by
flowing 95% N2 , 5% CO2 over the slices. Drugs were ap
plied by switching perfusion solutions. All solutions bathed
slices for at least 20 minutes before anoxic exposure was
attempted. Ion fluxes were measured with ion-selective mi
croelectrodes similar to those described previously (1). For
intracellular recordings, double-barreled microelectrodes
were employed, in which one barrel was used for measure
ment of intracellular K + activity ([K +]i) and the other for
electrical activity (1, 8). DC potential was also measured
and was used to correct for extracellular potential shift. For
baseline characterization ofHYP neurons, single- or double
barreled microelectrodes were used (8). Extracellular K +
activity ([K +]0) was measured using single-barreled elec
trodes with tips of about 4 ~m. DC potential was also used
for correction. The rest of the procedures were the same as
those for [K +]i. Calibrations of [K +]i or [K +]0 were made
as previously described (1, 8).

RESULTS AND DISCUSSION

The HYP nucleus contained neurons of shapes and sizes
different than other brainstem areas. HYP cells were among
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FIG. 3. 1 Repetitive firing of an adult HYP neuron with a mem
brane potential of -78 mV. (A) Response to depolarizing pulses
with increasing current intensities. Horizontal scale = 1 sec; ver
tical scale = 40 mY. (B) Frequency-Time profile. (C) Fre
quency-current plot for the same HYP neuron.
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low baseline levels and gradually came back to baseline in
about 6-8 min.

In the slice preparation, our results indicate that the in
crease in [K +]0 is not due to shrinkage of the extracellular
compartment. Hence, we raise the question as to whether
K + is leaking from neurons or whether glia, under anoxic
conditions, cease to function as K + sinks and actually leak
K +. In order to answer whether K + leaks from HYP neu
rons, we measured [K +]i in addition to intracellular poten
tial in all three phases of our protocol in HYP neurons.

[K +]i was measured in ten neurons. During baseline,
[K+]i was 98.7 ± 4.7 mM. During anoxia, HYP cells de
polarized as we have previously shown (8). Furthermore,
there was a major decrease in [K +]i that started 2 min into
anoxia. The nadir was quickly reached and averaged about
40% of control values (fig. 3.2). When O2 was reintro
duced, [K +]i started to increase and returned back to base
line within 8-10 min.

Since there is evidence from previous studies (8) that the
Na-K ATPase pump is inhibited during anoxia (for lack of

the largest cells seen in the brainstem (30-50 flm). The
density of HYP neurons within the HYP nucleus was com
paratively low.

Following impalement, neurons were hyperpolarized for
a few minutes in order to stabilize the recording. Current
was removed and once the membrane potential was stable
the resting potential was measured and test paradigms
started. Adult HYP neurons had a membrane potential of
-80 ± 2 mV (mean ± SEM, n=22). Most adult neurons
(>95%) did not fire spontaneously and required relatively
large currents to fire, with a rheobase of about 2nA.

In response to hyperpolarizing current pulses, adult
HYP neurons displayed a "sag" or inward rectification
which was more marked with higher currents. About 40%
of the cells displayed a sag of 20% or more from the peak
voltage change. Input resistance (RN ) averaged 20.9 ± 1.5
Mohms when calculated with the peak voltage change and
14.6 ± 1.4 Mohms when considering the steady state volt
age change. Postinhibitory rebound (PIR) was also present
in these cells but appeared mainly with large changes in
membrane potentials (>20mV) with negative current injec
tions. PIR was also enhanced if resting membrane potential
became lower.

HYP neurons showed little spike frequency adaptation
(SFA). The SFA index (defined as steady state frequency
over peak frequency x 100) in adult HYP neurons was 70
to 90% (n = 10) with most of the decline in firing rate oc
curring between the first and the second interspike interval.
Frequency-current plots revealed that there were generally
two slopes. At relatively low currents « 1.3 nA), the firing
rate increased more slowly than at higher currents (> 1.5
nA) (fig. 3. 1).

Additional experiments showed that HYP neurons have
tetrodotoxin-sensitive Na channels which are responsible
for the rising phase of action potentials (n = 3). When these
cells were exposed to tetraethylammonium (TEA, 20 mM),
they showed a marked prolongation of action potentials
with no repolarization shoulder. CoCl2 (1 mM), a Ca + +
channel blocker, when used after TEA did not change the
trajectory of action potentials. HYP neurons showed no de
layed excitation or any major Ca + + currents (7).

We conclude from these experiments that adult HYP
neurons have cellular properties that are different from
those of other brainstem neurons (vagal neurons or cells in
the nucleus tractus solitarius) in that these HYP cells are
not endowed with major Ca + + currents. Since some of
these properties (PIR, sag after hyperpolarization, and the
absence of A-current) enhance depolarization and excitabil
ity and since HYP motoneurons innervate an important
upper airway muscle (genioglossus), these properties seem
ingly would help ensure airway patency before diaphragm
contraction in in vivo situations.

During anoxia [K +]0 measurements were made in
32 adult rat slices. Anoxia induced a 4- to 6-fold in
crease in K + activity in the interstitial fluid. With re
oxygenation, [K +]0 was quickly reduced to or even be-
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to hyperpolarize neurons during anoxia, a strategy which
would decrease neural activity and energy utilization, thus
delaying injury and cell death.
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FIG. 3.2 Intracellular recordings of membrane potential (upper
trace) and [K +]i (lower trace) from an adult HYP neuron. At
about 1-2 min into anoxia, the neuron started to depolarize and
[K +]i was rapidly reduced. When O2 was switched back, [K +]i
increased rapidly after a short delay. Ten min later, [K +]i had re
covered to the pre-anoxia levels.

ATP as a substrate), an increase in [K +]0 could result. The
question was therefore whether the increase in [K +]0 is
solely related to this inhibition or whether there are other
mechanisms that are important in K + release.

We first used high doses of ouabain (5 mM) to totally
block the Na-K pump, then subsequently induced anoxia in
the presence of ouabain and measured [K + ]0. [K +]0 in
creased with ouabain but increased further with anoxia.
This suggested that other mechanisms were active.

Additional experiments showed that TEA and CsCI, but
not 4-aminopyridine or apamin, blocked K + leakage dur
ing anoxia. Even more interesting was our observation that
glibenclamide, a specific blocker of ATP-sensitive K +

channels (2, 12, 13), decreased the release of K + by about
60%. In addition, neurons depolarized more during anoxia
in the presence of glibenclamide than in its absence.

We conclude, therefore that (1) anoxia produces K +
leakage from HYP neurons; (2) leakage is a major cause of
anoxia-induced K + accumulation in the interstitial fluid;
(3) the shrinkage in extracellular volume during anoxia
does not playa major role in the increase in [K +]0; (4) the
increase in [K +]0 during anoxia is probably related to two
membrane properties: (a) inhibition of the Na-K pump and
(b) activation of K + channels that are generally known to
be inactive at rest; and (5) anoxia, by decreasing ATP or by
modulating intracellular biochemical events, activates a re
cently described group of K + channels in nerve cells (12).
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New Insights on Synaptic Transmission

in the Nucleus Tractus Solitarius

J. Champagnat, R Branchereau, M. Denavit-Saubie,
G. Fortin, T. Jacquin, and R Schweitzer

Most synaptic interactions in the central nervous system in
volve more than one messenger molecule. Functional pools
of different transmitters can be co-regulated at pre- and
postsynaptic sites. At presynaptic sites, neurotransmitters
are co-localized and different patterns of afferent input may
determine differential release of transmitters. At postsynap
tic sites, multiple transmitter actions are integrated at dif
ferent steps of the chain of events initiated by the agonists'
actions on receptive sites, intracellular messenger path
ways, and membrane permeabilities. These synaptic influ
ences operating in brainstem structures such as the nucleus
tractus solitarius (NTS) probably contribute to central mod
ulation of respiratory patterns.

The NTS is involved in synaptic transmission of vagal
and glossopharyngeal sensory primary afferent signals, in
cluding those relevant to reflex regulation of respiratory
function. The ventrolateral subnucleus of the cat NTS
contains the dorsal group of medullary respiratory neurons
receiving monosynaptic inputs from pulmonary afferents
and the retrofacial respiratory group. Synaptic transmission
by fast excitatory (EPSPs) and inhibitory postsynaptic
potentials (IPSPs) in the NTS is widely documented in
vitro and in vivo (fig. 4.1). A considerable amount of
data is available on the histochemistry of the NTS and neu
rotransmitters with potential biological and pharmacologi
cal interest at this level (see 28). Only a small number
of these transmitters, mainly amino acids as discussed by
several authors in this volume, are likely to produce fast
postsynaptic potentials (PSPs) such as chloride-dependent
IPSPs mediated by glycine- or GABA-like transmitters (11 ,
15, 21, 23) or cationic currents mediated by excitatory
amino acid-like transmitters (10, 13, 14, 25). Thus, many
putative transmitters identified in the NTS are probably
not (or not only) mediators of fast PSPs: this chapter pre
sents studies performed in vivo or in brainstem slices dur
ing the last few years to understand the function of these
transmitters.

Brainstem slices were used because they enable control
of medium composition on both sides of the neuronal mem
brane: on the extracellular side by superfusion of the prep
aration and application of known concentrations of agonists;
on the intracellular side using drugs which cross the plasma
membrane. The intracellular cytosolic medium can also be
manipulated with the help of whole-cell patch-clamp re
cordings with relatively large electrode tips: this method

has been recently found applicable to NTS slices (fig. 4.1).
Most slice experiments and histochemical observations on
the NTS have been performed on rodents. Recent electro
physiological observations on rodent brainstems in vivo led
to controversial conclusions about the significance of the
dorsal respiratory group in these animals (16, 33, see Mc
Crimmon, this volume) and it has been suggested that the
population of large inspiratory neurons which have been
impaled in the ventrolateral NTS of cats (see 29) may not
exist in rats (35). Studies of the dorsal respiratory group in
slice preparations thus· require a comparative approach on
several animal species, including cat brainstem slices
which retain ventrolateral NTS neurons with morphological
properties comparable to those described in the dorsal res
piratory group in vivo (4).

Two types of postsynaptic responses are elicited in slices
by stimulation of the solitary tract: fast EPSPs and IPSPs
generated by increased membrane conductances, and pro
longed EPSPs associated with decreased neuronal input
conductance and increased background synaptic activity
and firing (3, 4). Identification of these two types of
synaptic potentials is confirmed by bath applications of ex
0genous neurotransmitters, which decrease or increase neu
ronal input resistance in the NTS (fig. 4.2). Synaptic
potentials related to a conductance decrease indicate regu
lation of non-inactivating permeabilities which have to be
available before neurotransmitter action. Potentials associ
ated with decreased input conductance can be mediated
by several transmitter candidates, all active on potassium
conductances: substance P (18), acetylcholine via muscar
inic receptors (7), serotonin (18) via 5HT-2 receptors (6),
cholecystokinin via CCK-B receptors (2). Other currents
controlling firing patterns are also modified by various neu
rotransmitters. Combination of potassium currents with
high and low threshold calcium currents produces a beating
pattern of activity in a population of NTS neurons (5, 7).
The relative importance of transient potassium currents and
low threshold transient calcium currents determines excit
ability (see Dekin, this volume). Transmitters such as
thyrotropin-releasing hormone (9), substance P or serotonin
(18), when applied exogenously, modify the balance of cal
cium and potassium currents and may therefore change fir
ing patterns in the absence of classical PSPs. These effects,
however, have not yet been identified following stimulation
of endogenous pathways in the NTS.
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in rat ventral NTS from 450 J.lm thick
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membrane using suction through the 2J.lm
diameter tip of the micropipette (left ar
row), current injection (upper trace), and
voltage recording (lower trace) to monitor
resistance: gigaohms are measured when
membrane properly seals to the pipette
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at the pipette tip (whole cell recording,
membrane potential: -70 mY): action
potentials (truncated by the penwriter)
are induced by depolarizing current injec
tions. Lower: Whole-cell voltage-clamp
recording of early postsynaptic currents
induced by a single electrical stimulus in
the solitary tract (TS, arrow): inward
EPSe (downward) is followed by outward
IPSP (upward); chloride-free (potassium
gluconate-containing) pipette, holding
potential -40mV.
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Several sensory inputs to the NTS exhibit periodic dis
charge of spike trains in relation to the ventilatory or
cardiac cycles in vivo. The effects of such repetitive trains
of stimuli have been studied on slices (4, 8, 24, 34). Com
parison with single stimuli demonstrates differential regu
lation of PSPs by presynaptic patterns. Early PSPs
associated with conductance increases are generally de
pressed by repetitive stimulations, while the background
synaptic .activity and the PSPs associated with conductance
decreases are exaggerated. Responses lasting several min
utes were recently obtained after single trains of stimuli.
Therefore, periodic repetition of these trains in respiratory
afferents has probably two functional consequences in the
NTS in vivo: transmission of phasic signals and control of
tonic excitability in the brainstem. The only transmitter
candidates so far available to initiate this tonic control are
those which decrease non-inactivating potassium conduc
tances.

Depression of early PSPs during repetitive afferent stim
ulation might result from failure of action potential propa-

gation in the extensive ramifications of sensory afferents
(as discussed in 24), reduction of synaptic release by pri
mary afferent depolarization (see 31), transmitter action on
presynaptic calcium currents, or transmitters such as opi
oids (10) interacting postsynaptically with excitatory trans
mitters. Other regulatory mechanisms may relate to the
important role of excitatory amino acids (EAA) and N
methyl-D-aspartate receptors (NMDA-R). Synaptic excita
tion by amino acids takes place in the NTS neuronal
networks (14, 25). Recently, G. Fortin studied the pharma
cology of the first milliseconds of excitatory postsynaptic
currents (EPSC) in the NTS and concluded that part of the
EAA pool released by primary afferent terminals were ac
tive on non-NMDA-R and NMDA-R (3). Involvement of
NMDA-R in brainstem networks generating the respiratory
off-switch has been established by Foutz et al. (13). Meta
bolic consequences of excitation by EAA in the brainstem,
therefore, deserve discussion. (1) EAAs modify transmem
brane ionic gradients and increase extracellular potassium
concentration as measured in vitro after bath applications
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FIG. 4.2 Measurement of membrane potential during bath appli
cation of serotonin (5HT, upper trace) and N-methyl-D-aspartate
(in the absence of extracellular magnesium; NMDA, lower
trace). Neurotransmitter-induced depolarization of NTS neurons
may be related to an increase or decrease of the input resistance.
Input resistance is monitored by the amplitude of voltage tran
sients (downward deflections of traces) induced by constant 500
ms intracellular current injections (upper: 0.05 nA; lower: 0.1
nA). Neurons have been impaled with a K-acetate-containing
electrode. Note that background synaptic activity is increased dur
ing the action of 5HT (upper trace) and by removal of extracellular
magnesium (compare upper and lower traces); it is decreased by
shunting during the action of NMDA. Action potentials (upward)
are truncated by the penwriter.

of agonists or repetitive stimulations of the solitary tract (3,
see also 30). (2) EAAs also interact with intracellular pH
and the energy-rich phosphorylated metabolites, phos
phocreatine and ATP (19): a relationship between amino
acid action and mitochondrial respiration has been estab
lished pharmacologically in slices (20). It is not known,
however, how local ionic or metabolic regulation within the
brainstem tissue controls transmission of sensory afferent
inputs or generation of respiratory potentials in vivo.

In the absence of afferent stimulation, sustained dis
charge of fast PSPs indicative of spontaneous presynaptic
firing can be recorded from most NTS neurons in slices (4).
A transient increase of this background synaptic activity is
induced by repetitive solitary tract stimulation: the late part
of this response is probably initiated by transmitter-induced
conductance decreases at presynaptic sites and can be re
produced by bath application of agonists (see the effect of
5HT in fig. 4.2). In vivo, a periodic increase of synaptic
background activity is recorded in respiratory neurons dur
ing the respiratory cycle. Slicing eliminates connections of
NTS neurons with different brainstem respiratory areas and
with the spinal motor neurons. Spontaneous periodic activ
ities resembling respiratory patterns are, therefore, gener
ally not found in brainstem slices (5) although they can be
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FIG. 4.3 Periodic pattern of "spontaneous" inhibitory synaptic
background activities in the rat ventral NTS. Membrane poten
tials are measured by impalement of the neuron with a KCI
containing micropipette (membrane potential, -70 mY). The two
samples were obtained from the same neuron at different time
scales. Background activities result from summation of reversed
Cl-dependent IPSPs generated within the NTS. In this particular
case, each burst of synaptic inhibition exhibits a rapidly increas
ing-slowly decreasing profile; periodicity (2/min) developed dur
ing the time (about 1.5 hour) of a pharmacological study of the
neuron by bath application of cholecystokinin analogs; the peri
odic pattern thereafter persisted until the end of cell recording
(about 2 hours). Such periodic patterns are only occasional (i.e.,
observed in 10% or less of the cases) in NTS neurons in slices.

occasionally observed in the NTS (12, fig. 4.3) and in the
hypoglossal nucleus of brainstem slices from newborns (22,
see Smith et al., this volume). The role of endogenous
transmitters in the initiation of these periodic patterns in
vitro remains to be investigated.

Several transmitters appear to reduce membrane perme
ability in vitro. Depolarization by these transmitters leads
to an excitatory action which has been described in respi
ratory neurons in vivo by microiontophoretic application of
substance P, serotonin, acetylcholine or the tetrapeptide
fragment of cholecystokinin; however, effects of these ag
onists in vivo are generally more variable than in vitro (1,
26, 27, see 28). Effects were also found highly modifiable
in vitro when different transmitters were investigated si
multaneously. Regulation of potassium permeability in the
NTS appears to involve the contribution of several co
released transmitters, several postsynaptic receptive sites,
and intracellular messengers.

(1) Potassium permeability of NTS neurons can be either
decreased as described above or increased by the same
transmitter acting at different receptive sites. Serotonin, via
5HT-IA receptors (6), and cholecystokinin, via CCK-A
receptors (2), inhibit discharges by increasing potassium
permeability. In these cases, a given transmitter leads to
multiple excitatory and inhibitory effects, as previously de
scribed using microiontophoresis on respiratory neurons
in vivo.

(2) Transmitters such as substance P and serotonin are
co-localized in the same axon terminals within the NTS and
may dramatically change synaptic transmission when re
leased simultaneously. In control situations, serotonin op
erating on 5HT-2 receptors has an excitatory effect as
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SOMATOSTATIN

ACETYLCHOLINE

DEPOLARIZATION

FIG. 4.4 Schematic presentation of interactions between somatostatin, muscarine, and M-current in the NTS (see 17). The potassium
current is both voltage- and agonist-gated: (1) it is not detected at membrane potentials more hyperpolarized than -70 mV (left), (2) it is
increased by membrane depolarization (lower), and (3) it is blocked by acetylcholine acting on muscarinic receptors (right). Somatostatin
approximately doubles conductance underlying the M-current (upper) while voltage-dependent properties and sensitivity to acetylcholine
are preserved. Regulation by intracellular messengers (46) is not included in this figure. Note that acetylcholine blocks more potassium
current in the presence than in the absence of somatostatin, at the same membrane potential. These data provide evidence for a transmitter
(somatostatin) with both an inhibitory action on resting excitability and a selective enabling action on excitatory (muscarinic) transmission.

described above. When substance P is released for a pro
longed period of time, the excitatory 5HT-2 effect is oc
cluded and the inhibitory 5HT-IA action is revealed (18).

(3) A different type of interaction is illustrated in figure
4.4. It is related to our finding that somatostatin increases
the same current previously found sensitive to muscarine.
Results suggests that (a) somatostatin-containing elements
in the NTS play an inhibitory role through the activation of
postsynaptic permeability to potassium ions and (b) the
same ion channel type may be -co-regulated by two neuro
transmitter candidates, somatostatin and acetylcholine,
through a reciprocal control mechanism (17).

(4) Transmitter-gated potassium currents are under the
final control of intracellular messengers. Identification of
these messengers is required to fully understand synaptic
interactions in the NTS. Second messengers involved in the
action of somatostatin are probably metabolites of arachi
donic acid and different from those mediating the muscar
inic effect (32). Intracellular messengers also explain the
occlusion of 5HT-2 excitations by substance P because in
these experiments two membrane receptors were indepen
dently activated by the agonists, while occlusion involved
different membrane permeabilities: occlusion thus takes
place at an intracellular step located after receptor activa
tion and before channel modifications (18).

Muscarinic agonists and somatostatin were found in
vitro to control a current comparable to 1M , a voltage and
chemically gated potassium current. This is a non-inactiva
ting current which is absent at potentials more hyperpolar
ized than -70 mY, which activates with a slow time con
stant upon depolarization by a few millivolts above resting

membrane potential (7). This outward potassium current is
inhibitory in function and therefore tends to reduce neu
ronal activity produced by membrane depolarization. This
mechanism probably operates in vivo during periodic depo
larizations of respiratory neurons: muscarinic excitation of
respiratory neurons has been described in vivo (27); the few
millivolts required for activation of 1M are compatible with
the amplitude of respiratory potentials measured in vivo.
Recently, intracellular injections of cesium (used to block
outward potassium currents) into bulbospinal expiratory
neurons were found to increase the amplitude of
respiratory-related potentials in vivo (3). One can propose a
new model of respiratory pattern modulation in which neu
rotransmitters control potassium currents that damp down
oscillations of the membrane potential.

CONCLUSION

There is a complex neurobiological substrate for synaptic
transmission within the NTS: a plethora of transmitter can
didates and a variety of chemically gated conductances. To
some extent the complexity of these mechanisms reflects
the multiple functions of synapses in the NTS: (I) fast PSPs
transmit phasic sensory events, (2) slower synapses acting
pre- or postsynaptically tune amplification of responses be
fore propagation outside the NTS, (3) slow synaptic poten
tials generate on-going background activity and determine
tonic activity in brainstem centers, (4) voltage-dependent
characteristics of neurotransmission are critical when post
synaptic neurons exhibit periodic respiratory potentials.
The number of available transmitter candidates remains
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larger than expected from the variety of functions, and
there are examples of different transmitters having compa
rable postsynaptic actions. In these cases, functional pools
of several transmitters should be considered because syn
aptic responses may vary considerably when different
members of a pool are released simultaneously. Combining
in vitro and in vivo approaches will help our understanding
of how multitransmitter systems of the NTS operate in
relation to patterns of incoming signals, postsynaptic mem
brane responsiveness, and intracellular regulation of meta
bolic pathways.
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Modulation of Respiratory Patterns during Hypoxia

D.W. Richter, A. Bischoff, K. Anders, M. Bellingham, and U. Windhorst

Mammals react with a diphasic change in respiration when
acute systemic hypoxia persists for longer than a few min
utes (18, 46). This response starts with an initial increase of
respiration which then turns to depression and terminates in
apnea when partial oxygen pressure is below a value of 15
torr within the extracellular space of the respiratory net
work (1, 32, 45). When such severe hypoxia continues, in
spiratory muscles are only transiently activated during
gasps which are supposed to be organized by structures
other than the medullary respiratory network producing the
normal respiratory rhythm (40). This observation supports
the hypothesis of a differential sensitivity, or a certain hi
erarchy of vulnerability, of various respiration-related struc
tures in the brain (28).

The basic mechanisms responsible for these hypoxia
induced disturbances of the central respiratory rhythm are
as yet unknown. Primary augmentation of respiration has
been attributed to stimulation of peripheral chemoreceptors
(42) or activation of nervous structures localized rostral to
the brainstem which presumably exert an excitatory influ
ence on the bulbar network (11). Several possibilities have
been considered as mechanisms producing the secondary
depression of ventilation: (1) the reduction of central
chemoreceptor activation by chemoreflex-mediated tachy
pnea (4, 47) or by hypoxia-induced vasodilatation of cere
bral vessels and a secondary alkalotic shift in the cere
brospinal fluid at the ventral surface of the medulla; (2) the
release of neuromodulators such as adenosine (20, 39, 48)
and/or endogenous opioids (16, 41); (3) the imbalance of
neurotransmitter release involving excitatory amino acids
such as glutamate and aspartate (17, 24), of inhibitory neu
rotransmitters such as GABA (12, 22, 49), and also of bio
genic amines (5, 27), resulting in a net increase in neuronal
inhibition due to an alteration of the balance between ex
citatory and inhibitory neurotransmitter levels, with subse
quent membrane hyperpolarization of respiratory neurons.

Favoring the latter possibility, in a recent review Neu
bauer et ale (28) concluded that the bulbar network of res
piratory neurons is relatively undisturbed during hypoxia,
and depression of respiration is not due to a metabolic
impairment of cellular functions or to failure of synaptic
interaction between respiratory neurons. This is in dis
agreement with evidence for disturbance of the ionic envi
ronment within the respiratory network during hypoxia (1 ,
2, 3, 32, 45; Ballanyi and Richter, unpublished). We there-

fore tend to oppose the suggestion that the respiratory net
work is protected better than other nervous structures (28),
and we have tested respiratory neurons within the lower
brainstem for hypoxia-induced changes in excitability, in
trinsic membrane properties, and postsynaptic activity
(2, 3).

METHODS

Measurements were performed in cats of either sex (body
weight 2.5-4.5 kg) which were anesthetized with sodium
pentobarbitone (35-40 mg/kg ip initial dose). Supplemen
tary anesthetic was administered as required (in doses of 4
8 mg, iv). Animals were paralyzed with gallamine
triethiodide (10 mg/kg iv initial dose and then 1-2 mg/kg iv
hourly) and artificially ventilated by a positive pressure
pump with oxygen-enriched air. Ventilatory volume and
rate were adjusted to maintain an end-tidal CO2 level at
3-5%. The O2 partial pressure of the inspired gas and the
end-tidal CO2 pressure were continuously monitored and
blood gas analysis was performed several times during an
experiment. Atropine sulphate (0.1-0.2 mg/kg iv) was
given to reduce salivation and dexamethasone (0.2 mg/kg)
was given im to protect the brain from edema. In some ex
periments the arterial blood pressure was stabilized by in
fusing saline solutions containing epinephrine (40 ~g/ml).

Femoral arteries were cannulated for monitoring blood
pressure and taking blood samples for blood gas analysis.
Femoral veins were cannulated for drug injection. In exper
iments in which effects of ischemia were tested, both com
mon carotid arteries and one vertebral artery were ligated.
A cannula was inserted into the trachea below the larynx
for artificial ventilation. A wide pneumothorax was estab
lished bilaterally to avoid respiratory movements of the tho
rax and to increase the stability of recordings in the
brainstem. Atelectasis of the lungs was prevented by apply
ing positive pressure (1-2 cm H20) to the expiratory out
flow. Body temperature was maintained between 36 and
38°C by external heating.

Peripheral chemoreceptors were denervated by section
ing the vagal and carotid sinus nerves bilaterally. Phrenic
nerves (C5 branches) were exposed on both sides by a dor
sal approach and sectioned. The spinal cord was exposed by
laminectomy from C2 to C4 for stimulating the reticulo
spinal tracts of both sides with an array of four bipolar
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FIG. 5.1 Response of medullary respira
tory activity during complete brainstem
ischemia produced by bilateral occlusion
of common carotid and vertebral
arteries. PN; phrenic nerve activity;
LRN; recurrent laryngeal nerve activity
recorded from. the cervical vagal nerve;
index A; moving averages of discharges;
BP; arterial blood pressure.
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concentric stainless steel electrodes with tip diameters of
100 flm. After placement of these electrodes, the spinal
cord was covered with agar dissolved in Ringer's solution.
The cat's head was mounted rigidly in a head holder and
the spinous processes of T 1 and L5 were clamped to a
frame. The skull was opened by craniotomy of the occipital
bone, and the head was ventroflexed to expose the dorsal
surface of the medulla.

Cervical vagal and phrenic nerves were prepared for the
recording of their efferent activity. Discharge activity was
amplified, bandpass-filtered (0.1-10 kHz) and registered
on a chart recorder as the direct discharge or as a moving
average of activity. Phrenic activity was taken as an index
of the central respiratory rhythm. Glass microelectrodes
filled with 4M NaCI (impedance 5-10 MQ) were used for
recording extracellularly the discharges of respiratory neu
rons of the ventral group. Axons and neurons were recorded
intracellularly with micropipettes (30-70 MQ) filled with
3M KCl. Potentials were recorded with a D.C. electrome
ter equipped with bridge balance and capacity compensa
tion circuits, amplified and displayed on an oscilloscope. A
chart recorder provided permanent records of the mem
brane potential of respiratory neurons, phrenic nerve dis
charge, arterial blood pressure, and tracheal pressure. All
signals were stored on magneti~ tape for off-line analysis.

Experimental protocol: Normocapnic hypoxia was pro
duced by replacing the hyperoxic ventilation gas mixture
(80-90% 02) with a gas mixture of 5 to 10% O2 in N2 • The
ischemic response of respiratory neurons was tested by
transiently occluding one intact vertebral artery via a dorsal
approach, after both common carotid arteries and one ver
tebral artery had been ligated previously. During all tests,
the O2 partial pressure of the inspiratory gas and the end
tidal CO2 pressure was continuously monitored with CO2
and 02-meters, and blood gas analysis was performed
before, during, and after some tests. This analysis showed
that the arterial partial oxygen pressure fell to 20-30
mmHg, which is consistent with the observation that tissue
oxygen pressure within the region of ventral respiratory
neurons falls nearly to zero levels under comparable con
ditions (1, 32).

During such severe hypoxia, arterial blood pressure in
creased transiently to levels of 150-180 mmHg and then

fell. The hypoxia tests were continued until the arterial
blood pressure had fallen to 40-60 mmHg. Under these
conditions heart beats started to fail regularly.

Suitable stable recording conditions for hypoxia tests
and analysis were established in 25 neurons with respiration
related discharges or fluctuations in membrane potential.
In these neurons, maximal membrane potentials ranged be
tween -45 and -75 mV during control conditions. The
neurons were classified as inspiratory (I), postinspiratory
(PI), or stage 2 expiratory (E2) neurons (for identification
of neurons see 31).

RESULTS

Initial augmentation of respiration was followed by depres
sion when the oxygen supply of the network within the
brainstem was severely reduced for periods lasting longer
than 1-2 min. The overall response during ischemia (fig.
5. 1) was comparable with the response during systemic hy
poxia (fig. 5.2). Initial augmentation of respiratory activity
became evident by increased frequency and strength of in
spiratory discharge of phrenic and cervical vagal nerves,
including efferent recurrent laryngeal fibers, while second
ary depression became evident by rapid decrease and ces
sation of inspiratory discharge. Prolonged postinspiratory
after-discharge of phrenic and recurrent laryngeal activity,
following the final inspiratory burst, faded slowly and led
to silence in both nerves, which we defined as hypoxic ap
nea. Only very short, irregularly occurring gasplike dis
charges of declining strength were observed in the
neurograms of both nerves when severe hypoxia persisted
(fig. 5.1).

The maximal frequency of discharge of action potenti~ls

of I, PI, and E2 neurons also increased transiently but then
was reduced, with final blockade of action potential gener
ation during prolonged periods of hypoxia (fig. 5.2).

Intracellular recordings from E2 neurons revealed that
synaptic interaction between respiratory neurons is dis
turbed during hypoxia (figs. 5.3 and 5.4). During initial
augmentation of respiration, maximal membrane potentials
during stage 2 expiration were slightly more depolarized
than control levels. This was accompanied by increased
synaptic noise (fig. 5.3). The most obvious change, how
ever, was a regularly observed decrease in synaptic inhibi-
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2 min

polarization was no longer related to the strength of in
spiratory output activity in phrenic and laryngeal nerves.
During hypoxia there was rapid membrane hyperpolariza
tion with the onset of inspiration and a sudden depolariza
tion during the start of expiration, presumably because of
the loss of PI slowing of membrane depolarization. These
changes were accompanied by a shortening of the PI after
discharge in phrenic nerves. Membrane potential trajecto
ries during control, during hypoxia, and at the beginning of
recovery from hypoxia are shown in figure 5.4.

In several hypoxia tests, we saw significant changes in
the inhibitory mechanisms acting at the transition from in
spiration to stage 2 expiration (fig. 5.5). Phrenic nerve dis
charge was prolonged and displayed large oscillations in
activity during this period, with amplitudes that were com
parable with the maximal amplitude of the inspiratory
burst. This prolonged activity was clearly distinguishable
from the normal inspiratory burst discharge of phrenic
nerves and was accompanied by a less prominent mem
brane hyperpolarization of E2 neurons, which showed os-
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FIG. 5.2 Responses of medullary inspiratory (A) and stage 2 ex
piratory (B) neurons to systemic hypoxia starting 20-30 sec after
the beginning of the traces. APlnsp; action potential discharge of
an inspiratory neuron; APExp; action potential discharge of an ex
piratory neuron; fAP; frequency of action potential discharge in
Hz; PN; phrenic nerve activity.
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FIG. 5.3 Membrane potential changes during severe systemic hypoxia induced by ventilating the animal with a gas mixture containing 5%
oxygen in nitrogen. The membrane potential (MP) of an E2 neuron revealed initial depolarization of maximal membrane potential, which
was combined with increased synaptic noise activity. Periodic inspiratory inhibition decreased, although the phrenic nerve (PN) still dis
charged enhanced inspiratory bursts. The respiratory rhythm disappeared 1-2 min after the the onset of hypoxia. Electrical stimulation of
the superior laryngeal nerves evoked reappearance of rhythmic phrenic nerve discharges, which then turned to a tonic discharge. The E2
neuron revealed fairly shallow membrane hyperpolarizations, mirroring this phrenic nerve activity.
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FIG. 5.4 Comparison of membrane po
tential trajectories of a stage 2 expiratory
neuron during control, systemic hypoxia,
and the first period of recovery from
hypoxia. MP; membrane potential; PN;
phrenic nerve discharge.
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tion during inspiration while phrenic and recurrent laryngeal
nerves still showed enhanced inspiratory activity. Finally,
inspiratory membrane hyperpolarization of E2 neurons
and inspiratory discharge of phrenic nerves disappeared
completely.

Disturbances of network functions became evident in
changes of cyclic membrane potential changes of single
neurons. The amplitude of inspiratory membrane hyper-

cillations of the same frequencies (8-20 Hz), as seen in
phrenic nerve activity. These large oscillations of phrenic
nerve discharge were followed by a PI after-discharge sim
ilar to that of control postinspiration. At the same time, an
other inhibitory mechanism became active in E2 neurons,
producing a further delay of their discharge. The findings
reveal that, during hypoxia, the reversible inspiratory off
switch mechanism is affected by disturbance of the inhibi-
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FIG. 5.6 Temporal changes of neuron input resistance before,
during, and after systemic hypoxia. The durations of the cycle
phases· are given in normalized form.

FIG. 5.5 Membrane potential changes of a stage 2 expiratory
neuron during hypoxia indicate the existence of complex inhibi
tory mechanisms acting at the transition from inspiration to
postinspiration. The various patterns of synaptic activity are in
dicated as dotted areas. (For further explanation see text.) MP;
membrane potential; PN; phrenic nerve activity; PSP; postsynap
tic activity; I; inspiratory phase; PI; postinspiratory phase; E2;
stage 2 of expiration.

The results reveal a sequence of disturbance of the respira
tory network, summarized in figure 5.7 together with pos
sible mechanisms. In medullary respiratory neurons,
hypoxia obviously starts with ATP depletion of the respi
ratory neurons, resulting in the reduction and blockade of
active transport mechanisms and consequent disturbance of
ion homeostasis. Various membrane conductances might
also be activated. These changes could account for previ
ously observed increases in extracellular potassium and
proton concentration and changes in extracellular calcium
concentration (1, 29, 32, 35, 45; Ballanyi and Richter, un
published). This is then followed by reversal and blockade
of IPSPs, which is accompanied by enhanced depolarizing
postsynaptic activity and the reduction of membrane poten
tials of respiratory neurons. This blockade of inhibitory
synaptic transmission probably occurs presynaptically.
The disturbance of inhibitory synaptic transmission (10, 15,
23) and consequent abolition of the postsynaptic voltage ef
fect of inhibitory synaptic potentials on the low-voltage cal
cium current (33, 34, 36, 37) could result in apnea.

DISCUSSION

tory mechanisms acting during the transition from
inspiration to postinspiration.

During apnea, synaptic noise was reduced and the mem
brane potentials of E2 neurons were held between -45 and
-55 mV, which was only slightly more positive than the
maximal potential of the control E2 phase. Nevertheless,
most E2 neurons failed to discharge action potentials spon
taneously. Antidromic excitation of E2 neurons by spinal
cord stimulation was possible throughout the period of sta
ble membrane potential, the action potentials revealing
only slight inactivation of sodium conductance (not illus
trated). During the early stage of hypoxic apnea, electrical
stimulation of the superior laryngeal nerves evoked rhyth
mic phrenic nerve activity, which often turned to a tonic
discharge. E2 neurons revealed membrane hyperpolariza
tions which mirrored this phrenic nerve activity, although
hyperpolarization was reduced in amplitude (fig. 5.3).

Hypoxia-induced effects on membrane conductances
were verified by measuring the input resistance (RN ) of E2
neurons. The first significant effect was a reduction of the
usual decrease in RN during inspiratory synaptic inhibition,
while maximal values of RN during stage 2 expiration re
mained rather constant. The relative constancy of maximal
membrane potential and maximal RN , combined with re
duced membrane hyperpolarization and diminished de
creases in RN in E2 neurons during inspiration, indicates
that the disturbance of synaptic interaction within the net
work occurs at sites presynaptic to E2 neurons. During ap
nea, neuronal RN remained increased for 2-4 min but
finally decreased to, or below, the lowest control values
(fig. 5.6), indicating activation of membrane conductances
of E2 neurons.
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FIG. 5.8 Schematic illustration of the rhythm- and pattern
generating components of the medullary respiratory network. The
illustration is a simplified version of the model proposed by Rich
ter et al. (34). White arrows indicate excitatory connections; black
arrows indicate inhibitory connections. Intrinsic membrane prop
erties that determine the function of the rhythm generator and in
part also of the inspiratory ramp generator are the low-voltage
activated calcium conductance, gCa(T), and the calcium
dependent potassium conductance, gK(Ca). Other ligand
controlled conductances, such as non-NMDA and NMDA
conductances may also be involved, but the functional signifi
cance of these is still unknown. PI, postinspiratory neurons; E2,
stage 2 of expiratory neurons; I, inspiratory neurons; e-I, early in
spiratory neurons; 1-1, late inspiratory neurons.

(21, 36). In this network, the conversion of primary tonic
activity into rhythmic oscillations between inspiration and
postinspiration seems to be linked to reciprocal inhibition.
These oscillations start with rapid onset of activity, trig
gered by low-voltage calcium conductances which need a
preceding membrane hyperpolarization (6). Accommoda
tion of activity follows due to the activation of calcium-and
voltage-dependent potassium conductances (8, 9, 25, 26).
Finally, phase-switching is produced by disinhibition of one
population of neurons and antagonistic synaptic inhibition
of the other population (30, 31, 36).

Synaptic inhibition is also necessary in the pattern
generating network in order to stabilize the activation of

oscillator
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Respiratory apnea is not produced by failure of spike dis
charge, as antidromic action potentials remain relatively
unaffected during this stage. Inactivation of sodium con
ductances and spike failure occur with a significantly longer
delay than apnea and are accompanied by terminal mem
brane depolarization.

The changes in neuron RN are complex and are related to
the block of receptor-controlled (synaptic) conductances
and to the modification of membrane conductances directly
or indirectly linked to ATP depletion. The initial increase in
neuron RN , which we relate to the reduction of synaptic in
teraction, is followed by a pronounced decrease that seems
to be related to the effects on membrane conductances and
hypoxic damage of the neurons.

The failure of the respiratory rhythm following blockade
of synaptic inhibition can be explained by the functional or
ganization of the respiratory network (fig. 5.8; see also 31,
34). This network seems to involve a primary rhythm
generating network consisting of postinspiratory and early
inspiratory neurons. The neurons might be spontaneously
active because of intrinsic beating or bursting pacemaker
capacities (7, 13, 44) and/or tonic drive from other sources
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FIG. 5.7 The sequence of disturbances to the respiratory
network. The experimentally observed sequence of disturbances is
shown in numbered shadowed boxes. Possible mechanisms are
given in rounded boxes. gCa(T), low-voltage-activated calcium
conductance; gNa(HH), sodium conductance; extra aK + , extra
cellular activity of potassium; aH +, extracellular activity of
hydrogen.



26 Diethelm W. Richter et al.

ramp-I and E2 neurons. The blockade and reversal of IPSPs
during hypoxia should, therefore, have a dual effect on the
respiratory rhythm: first, the disturbance of phase switching
in the pattern-generating network, and second, apnea when
inhibition is blocked in the rhythm-generating network.
The functional consequence of the reversal or blockade of
IPSPs on central rhythm generation is illustrated in figure
5.9. Inhibitory GABAergic interneurons seem to be highly
susceptible to hypoxia (14, 38, 43) and hypoxic damage to
GABAergic interneurons would explain our observation
that some IPSPs were completely blocked during severe hy
poxia. As GABAergic inhibition was found to be essential
for respiratory rhythm generation (19, 30, 31, 34), such
damage could also explain the development of hypoxic ap
nea. However, hypoxia seems not only to affect presynaptic
inhibitory interneurons but also IPSPs in the postsynaptic
target neurons receiving inhibitory synaptic inputs. The
changes consist of a spontaneous reversal of the IPSP po
larity. We consider the disturbances of the CI-/HC03 - gra
dients across the membrane of respiratory neurons to play
an essential role in such IPSP reversal. Finally, GABA-A
receptors seem to be rapidly desensitized by elevated levels
of GABA in the extracellular space, decreasing the postsyn
aptic effects of this neurotransmitter. Since this desensiti
zation is not complete, part of the final decrease in RN

during apnea might thus also be explained by the residual
effect of elevated GABA level.

We thus conclude that hypoxia-induced changes of
IPSPs lead to respiratory failure because of the disturbance
of phase switching and blockade of the activity trigger me
diated by low-voltage calcium conductances. As apnea is
preceded by disturbances of the inspiratory off-switch
mechanisms, we propose that the different inhibitory mech
anisms acting during the transition from inspiration to
postinspiration are most susceptible to hypoxia and produce
the primary disturbances of respiration during hypoxia. The
assumption that disturbance of inhibition is the reason for
arrhythmia within the respiratory network would fit the ob
servation that reappearance of rhythmic respiratory activity
during recovery from hypoxia always is introduced by in
hibition which is either inspiratory or postinspiratory.

Our results have shown that the hypothesis that depres
sion of respiration is due to increased membrane hyperpo
larization of respiratory neurons, originating from a net
increase in neuronal inhibition due to an alteration of the
balance of excitatory and inhibitory neurotransmitter levels
toward inhibition (28), is wrong. The bulbar network of
respiratory neurons is directly disturbed, and depression is
due to metabolic impairment or failure of synaptic interac
tion between respiratory neurons.
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necessary for phase switching within the respiratory network and
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An Overview

Gordon S. Mitchell

In vitro experimental preparations have proven to be invalu
able in many areas of contemporary neuroscience, allowing
insights into the form and function of neural systems that
were elusive with more traditional approaches (e.g., 31).
Among the more powerful advantages of in vitro prepara
tions are the following: (1) direct access to neurons of
interest, allowing direct visualization with modern micro
scopic techniques; (2) mechanical stability, thereby improv
ing the stability of intracellular recordings with conventional
or whole-cell patch techniques; and (3) improved control of
the environment surrounding the neurons.

By 1931 an in vitro preparation had already been applied
to respiratory neurobiology (1), permitting the fundamental
question of the minimal anatomical substrate necessary for
rhythm generation to be addressed. Adrian and Buytendijk
(1) used cotton wick electrodes to demonstrate that an iso
lated (in vitro) goldfish medulla generates electrical field
oscillations corresponding to respiratory rhythm. Only a
handful of studies concerning respiratory neurobiology uti
lized in vitro preparations in the subsequent fifty years. In
the past decade, however, there has been a remarkable re
surgence of interest in the application of in vitro experimen
tal techniques to studies of respiratory control (for review
see 2).

In vitro preparations used in studies on respiratory con
trol include brain slices (5), isolated and perfused brains
(24), intact superfused brainstem-spinal cord preparations
from neonatal rats (22, 28, 30) or adult poikilothermic ver
tebrates (7), and dissociated/cultured neurons from the
CNS (20) or carotid body (3, 16). Each preparation has dis
tinct advantages and drawbacks for studies of the neuronal
network subserving respiratory control.

The chapters in this section utilize in vitro brainstem
spinal cord preparations, either from neonatal rats or larval
amphibians (tadpoles). The overriding advantage of these
relatively intact preparations is that they preserve sufficient
neuronal circuitry to produce the behavior of interest:
respiratory output. As such, these preparations allow inves
tigations into fundamental processes such as rhythm gen
eration, burst pattern formation, and central integration of
modulatory inputs. On the other hand, there are factors lim
iting the experiments that may be performed using such
preparations, or that raise concerns over the applicability of
the results obtained to intact animals. Thus, I will discuss
the implications of these papers and some of the experi
mental advantages/limitations of in vitro brainstem-spinal
cord preparations in general.

RHYTHM GENERATION

Identifying the site and mechanism of respiratory rhythm
generation is a fundamental biological issue. Until recently,
most hypotheses concerning this process centered on neural
network models that relied on extensive mutual inhibition.
However, two papers in this symposium utilized the brain
stem-spinal cord preparation from neonatal rats to provide
exciting evidence that respiratory rhythm generation results
from conditional pacemaker neurons. Smith and colleagues
utilized precision microsectioning of the medulla to dem
onstrate that a limited region of the ventrolateral medulla
termed the "pre-Botzinger region" is necessary for contin
ued rhythmic output in both cervical and cranial moto
neurons. Furthermore, slice preparations from this region
contain rhythm-generating neurons that oscillate condition
ally; the incidence and frequency of oscillations is depen
dent on membrane potential. Homma and colleagues also
provide compelling evidence for a population of cells lo
cated more rostrally in the ventrolateral medulla that dis
charge prior to respiratory activity in the cervical roots.
These cells have been termed "pre-I" neurons, and are also
considered to have intrinsic pacemaker activity. Both
groups suggest that the pacemaker cells are embedded in a
neuronal network providing for a rich array of synaptic in
teractions. The major difference between these studies con
cerns the location of putative pacemaker cells, an apparent
conflict that awaits resolution.

Pack and colleagues have utilized a comparative ap
proach to ventilatory control, providing evidence that there
are many similarities between elements of the control sys
tem in air-breathing fish or amphibia and mammals. One
approach was to exploit the advantages of a brainstem-spi
nal cord preparation from larval bullfrogs. By using GABA
receptor antagonists or chloride-free media to investigate
the role of synaptic inhibition in rhythm generation, they
demonstrated that these bimodal breathers utilize distinct
mechanisms of rhythm generation for gill versus pulmonary
ventilation. The gill rhythm generator appears to rely on
synaptic inhibition and differs both temporally and func
tionally from the pulmonary rhythm generator, which more
likely results from pacemaker activity since it does not re
quire inhibitory synaptic interactions.

It has been suggested that the branchiomeric rhythm
generator in fish is the phylogenetic precursor of an upper
airway rhythm generator in mammals (27). Could it be that
there remain multiple rhythm generators in mammals and
that these rhythm generators correspond to the "pre-
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Botzinger" (pulmonary) and "pre-I" (upper airway) re
gions? The invertebrate literature on neural networks has
many examples of anatomical networks that function in a
variety of (circuit) modes (cf. 10). Similarly, the neural net
work subserving ventilatory control in mammals may have
several functional modes, possibly subserving diverse func
tions such as sighing, gasping, emesis, and respiration. It is
not necessary to postulate discrete neural networks for each
(see below).

BURST PATTERN FORMATION

An equally, if not more, demanding task for the respiratory
control system is to shape the spatiotemporal pattern of mo
tor output to the various muscles engaged in the act of
breathing. Once again, in vitro brainstem-spinal cord prep
arations can be useful in studies of this process. For exam
ple, Liu and colleagues studied synaptic inputs and intrinsic
membrane properties governing the excitability of phrenic
motoneurons in the neonatal rat preparation. By determin
ing the major descending synaptic drive to phrenic moto
neurons, and the dominant neurotransmitters mediating this
drive, they provide novel insights into the determinants of
inspiratory motor output to the diaphragm and establish the
basis for studies on modulation of these drives by other
transmitter systems. For example, serotonin injected into
the phrenic nucleus of rabbits amplifies descending inputs,
greatly enhancing the resulting phrenic output within a
breath (26). There remains much to be discovered concern
ing the processes of burst pattern formation and the spatio
temporal distribution of inspiratory and expiratory drives to
various motoneuron pools.

CENTRAL INTEGRATION OF MODULATORY INPUTS

Recent advances in understanding the operation of neural
networks have led to the emergence of two general concepts
(11): (1) the operation of neural networks depends on the
interplay of multiple, nonlinear, and dynamical processes at
several levels of organization and (2) modulation of these
properties can fundamentally alter network function. The
significance of modulation in defining network behavior in
a qualitative versus quantitative manner is often underesti
mated by mammalian neurophysiologists. By changing the
functional connectivity and synaptic strength via modula
tion and/or neuroplasticity, the potential exists to change
the fundamental computation of a neural network, impart
ing the ability to achieve multiple functions in the same
neural network or to adapt network function so that it re
mains appropriate in the face of changing system condi
tions (10, 12). For example, conditional pacemaker cells
(see above) imply qualitative behavioral changes (i.e., os
cillations) as a result of modulatory inputs that elicit depo
larizing currents.

Hilaire and colleagues investigated modulation of the
respiratory rhythm generator by projections from pontine

noradrenergic area A5. Using a variety of techniques in
the neonatal rat preparation, they showed that norepineph
rine tonically inhibits rhythm generation, possibly causing
hyperpolarizing currents in conditional pacemaker cells of
the rostral ventrolateral medulla. Similar results were re
ported by Homma and colleagues, and both groups suggest
that these effects are mediated by a2 adrenergic receptors;
however, it is notable that disparate results were obtained
when using the well-known a2 receptor agonist clonidine.
Homma and colleagues report that clonidine was effective
at mediating this behavior, whereas it was ineffective in the
hands of Hilaire and colleagues. Although the reasons for
this difference are not clear, it may relate to different ex
perimental conditions despite superficially similar experi
mental preparations (see below).

There are virtually limitless modulatory inputs that
must be considered before a full understanding of respira
tory control is realized. Examples include synaptic inputs
from sensory feedback, modulatory neurotransmitter sys
tems such as the cholinergic or monoaminergic systems,
hormonal status, "state," and so on (for review see 18).
Many but not all of these factors can be addressed effec
tively with in vitro preparations.

EXPERIMENTAL LIMITATIONS

The size of any nonperfused in vitro preparation from mam
malian tissues is a serious limitation since substantial gra
dients for oxygen and carbon dioxide may alter tissue and
limit its viability. For example, the outermost layers of an in
vitro brainstem are expected to be severely hyperoxic, pos
sibly resulting in hyperoxic toxicity. On the other hand, in
terior tissues are predicted to be severely hypoxic, or even
anoxic, leading to accumulation of acid metabolites (21).
As a result, alterations may occur in neurotransmitter sys
tems such as monoamines that are sensitive to oxygen lev
els or pH (4). Simple model calculations (e.g., 23) suggest
that mammalian brain tissue will be totally anoxic at depths
greater than 400 flm, even in a bathing medium equili
brated with 95% oxygen. Unstirred boundary layers would
make the problem of anoxia worse. Thus, experimenters
have resorted to using animals that are small and tolerate
hypoxia well (e. g., neonatal rat pups) and to lowering the
medium temperature to decrease oxygen consumption.
Even at lower temperature, however, substantial oxygen
gradients most likely exist unless the interior tissues have
died and no longer consume oxygen.

Reducing the temperature of any in vitro mammalian tis
sue may have consequences beyond the desired effect of re
ducing metabolic rate and prolonging the "viability" of
the preparation. For example, reductions in temperature re
duce membrane fluidity, thereby altering the function of
membrane-bound proteins, including receptors and ion
channels. Decreased .temperature decreases channel con
ductance but increases the channel opening time at mouse
neuromuscular junctions (8). Similar effects may underlie
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qualitative behavioral changes in neuronal function when
temperature is decreased. Temperature reductions convert
certain chemoreceptors from regular to bursting discharge
patterns at otherwise constant conditions (6). Temperature
effects on the neuromuscular junction and chemoreceptors
occur between 25 and 27°C, a temperature range commonly
used for in vitro studies.

It is also relevant to ask what the most appropriate pH
would be at a lower temperature. Most experimenters use a
default gas mixture of 95% O2 and 5% CO2 to establish a
pH of 7.4. However, since imidazole groups have a
temperature-dependent pK in the physiological pH range,
the charge state of proteins will change with temperature at
constant pH (cf. 19). Alteration in the charge state of pro
teins may alter their conformation or biological reactivity,
preventing normal function. Since many neuronal receptor
types and ion channels have an abundance of histidine res
idues (and therefore imidazole groups) (19), membrane
conductances, membrane potential, and neuronal function
may be affected by an imbalance between the pH and pK.
Would it be wise to adjust PC02 and pH so that charge state
is preserved? To do so requires only that pH be increased
approximately 0.015 pH units/oC decrease by lowering the
CO2 , Interactions between temperature and pH may also in
fluence the effectiveness of pharmacological agents. Could
it be that clonidine (an imidazoline with a pK in the phys
iological pH range) was inactive in the study of Hilaire and
colleagues due to a different pH/temperature relationship
affecting the drug or its associated receptor?

There are numerous other concerns that may limit the
applicability of information derived from in vitro prepara
tions to intact, behaving animals. For example, critical an
atomical structures, trophic factors, or transmitters may be
missing from the bathing medium, thereby preventing ex
pression of important behaviors (e.g., 25, 13, 14) or man
ifesting inappropriate behaviors. Examples include the
neuronal excitability changes elicited when normal CSF
levels of glutamate (10-50 ~M) are restored in the bath
(25) or the plateau potentials in motoneurons that are ex
pressed only in the presence of serotonin (13, 14).

SIGNIFICANCE OF A COMPARATIVE APPROACH

In vitro preparations from poikilothermic vertebrates have
been successfully utilized in many areas of neurophysiol
ogy, including preparations from lampreys (11), frogs (29),
and turtles (15), among others. Similar preparations offer
powerful advantages in the study of respiratory control; for
example, the turtle brainstem-spinal cord preparation has
been observed to produce rhythmic respiratory output for as
long as five days in vitro (7). The brain structures of poiki
lothermic vertebrates are smaller than comparably sized
mammals (even in adults); metabolic rates are typically
lower than mammalian tissues at the same temperature, al
though this may not always be the case (17); the tissues are

adapted to a wide range of body temperatures, thus allow
ing further decrease in metabolic rate; and, many poikilo
thermic vertebrates are remarkably tolerant of hypoxia and
even anoxia due to their capacity to utilize alternate meta
bolic pathways (cf. 17). Simple calculations based on the
model of Piiper and Scheid (23) suggest that it may be wise
to expose an in vitro frog brainstem-spinal cord at room
temperature to oxygen levels no higher than 30%. By low
ering the external oxygen tension, hyperoxic toxicity may
be avoided without risk of tissue anoxia at the center of the
preparation.

Although parallels with adult mammals are not assured,
valuable insights into the function of neural networks sub
serving respiratory control are the likely result of in vitro
studies on poikilothermic vertebrates, providing insight
into mammalian ventilatory control either by similarity or
by contrast. Comparative studies on motor control indicate
that there are often many neural solutions to the same prob
lem and that apparently similar neural networks sometimes
serve radically different functions (10). The system may
also undergo transformation rather than reduction as con
trol system elements are removed or constrained (9). Thus,
excessive focus on too few experimental systems may
give rise to models and hypotheses that are too narrow in
scope to be widely applicable to vertebrates or even mam
malian species.

CONCLUSIONS

In vitro preparations offer major experimental advantages
in studies on the neural network subserving respiratory
control at the molecular, cellular, and network levels (2,
31). Such reductionist approaches have already proven to
be highly beneficial, laying the foundation for understand
ing the integrated control system. However, synthesis and
integrative thought must follow in order to discover the
emergent properties of neural networks. Advances in mod
eling nonlinear systems offer much promise in this regard
(12), although it is essential to retain the greatest degree of
biological revelance possible in these models so that mean
ingful and testable hypotheses emerge (10). Only by studies
of the system at multiple levels of organization are we
likely to gain a full appreciation of the respiratory control
system a~d its behavior in awake, behaving animals.
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Novel Approaches to the Study of Cellular Mechanisms

Generating Respiratory Rhythm in Vitro

Jeffrey C. Smith, John J. Greer, Klaus Ballanyi,
Jack L. Feldman, and Diethelm W. Richter

The neuronal mechanisms underlying respiratory rhythm
generation in the mammalian nervous system are unknown.
Although there has been substantial progress in identifying
cellular and synaptic properties of medullary respiratory
neurons (11), the cellular mechanisms responsible for
rhythm generation have not been elucidated. This is largely
because the rhythm-generating neurons in the medulla have
not been identified, due in part to technical limitations of
experimental approaches applied to this problem in the ner
vous system in vivo.

Isolated preparations of the mammalian brainstem that
preserve respiratory network and cellular function in vitro
allow the application of a broader range of neurobiological
techniques and provide the opportunity to identify neuronal
mechanisms of rhythmogenesis. Recently, by exploiting the
unique properties of in vitro neonatal rat brainstem-spinal
cord preparations, for example, it has been established that
neuron populations distributed in the ventral medulla are
sufficient for respiratory rhythm- and motor pattern-gen
eration (15, 16), and the involvement of various synaptic
mechanisms in rhythmogenesis has been investigated (4,
6). The in vitro systems provide conditions that allow the
application of most current biophysical techniques, includ
ing patch-clamp techniques (1, 2, 8), for the analysis of
cellular properties. Indeed, once the rhythm-generating
cells are identified, a major challenge will be to apply
voltage-clamp recording techniques for the analysis of neu
ronal membrane currents to distinguish contributions to
the rhythm-generation process of intrinsic membrane prop
erties and synaptic interactions. Conditionally bursting
pacemaker neurons have recently been hypothesized to be
involved in rhythm generation in vitro (4, 19, 20). If this
turns out to be the case, voltage-clamp techniques will play
a particularly important role in identifying the intrinsic
membrane channels and currents responsible for oscillatory
properties of the rhythm-generating cells.

In this paper, we describe recently developed in vitro
methods for both locating and isolating regions of the
mammalian medulla containing rhythm-generating neu
rons, and for applying whole-cell patch-clamp recording
techniques to study the biophysical properties of respira
tory cells in these regions. These techniques represent a
powerful set of new approaches for the identification and
analysis of cellular mechanisms of rhythm generation in the
mammalian nervous system.

METHODS AND RESULTS

The method for locating medullary regions containing
rhythm-generating neurons involves simultaneous record
ing of respiratory motoneuron activity and precision
microsectioning of the medulla of isolated neonatal rat
brainstem-spinal cord preparations in vitro (16, 20). We
have previously established that neurons generating the
rhythm in vitro are located in the ventral medulla (15, 16).
Furthermore, the spontaneously active respiratory neuron
populations in the ventral medulla in vitro are distributed in
longitudinal columns in the ventrolateral reticular forma
tion (18), analogous to cell distributions in the ventrolateral
medulla of the adult mammal. The method is therefore de
signed to determine the locus of rhythm-generating neurons
along these ventral cell columns. The medulla is serially
microsectioned in the transverse plane with a vibratome,
and simultaneous recordings are made of the spontaneous
discharge of respiratory motoneuron populations remaining
in the neuraxis before and after each section. This proce
dure allows systematic analysis of perturbations of the res
piratory rhythm as cell populations at successive levels of
the ventrolateral reticular formation are removed.

The neonatal brainstem-spinal cords are isolated from
1- to 4-day-old Sprague Dawley rats as previously de
scribed (13, 18). Details of the brainstem-spinal cord
preparation, techniques for nerve recording and data acqui
sition, and detailed descriptions of the spatiotemporal pat
terns of motor and medullary neuron activity in vitro have
been presented elsewhere (18). The neuraxis is pinned down
on a rigid, paraffin-coated block, and the block is mounted
in the specimen vise in the bath of the vibratome (Technical
Products International, VT 1000) with the neuraxis ori
ented vertically. The medulla is sectioned serially in 50 or
75 J.1m-thick sections starting from either the pontine
medullary junction in medulla-spinal cord preparations, or
from the caudal medulla in isolated medulla preparations.
With this section thickness we achieve a high spatial reso
lution for defining the involvement of cell populations in
local regions of the medullary reticular formation. The slic
ing is continuously observed through a dissecting micro
scope, and each slice is immediately collected and fixed in
10% formalin solution and subsequently stained for histo
logical identification of reticular formation regions con
tained within the slice. Motoneuron discharge is recorded
bilaterally from cranial and/or spinal ventral roots contain-
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ing axons of spontaneously active respiratory motoneurons
(18). In experiments where the medulla is serially sectioned
along the neuraxis in the rostral to caudal direction, record
ings are made simultaneously from cranial nerves (IX, X,
or XII) and C4 or C5 spinal ventral roots (containing
phrenic motoneuron axons). Rhythmic motoneuron dis
charge is recorded bilaterally from glossopharyngeal nerves
in experiments where the isolated medulla is sectioned in
the caudal to rostral direction.

Neuroanatomical reconstructions and analysis of pertur
bations of respiratory rhythm after microsectioning at var
ious medullary levels are presented elsewhere (20). The
fundamental result is that successive microsections could
be removed from the medulla without significant pertur
bation of the steady-state rhythm until a unique, limited
region of the medulla was reached in which sectioning in
duced instabilities in the rhythm and eliminated rhythmic
motor output. This region is located at the level of the re
ticular formation, immediately caudal to the retrofacial nu
cleus and Botzinger Complex, at the transition zone between
the respiratory cell populations of the ventral respiratory
group and Botzinger Complex; we have therefore named
this region the pre-Botzinger Complex (17, 20). In this re
gion, serial sectioning over 150-200 flm (rostral to caudal
direction) typically resulted in a progressive reduction in
steady-state discharge frequency, an increase in cycle
to-cycle variation in the period, and eventually complete
cessation of the rhythmic motor output of all respiratory
motoneuron populations, indicating that neurons critical
for rhythm generation are distributed throughout this ap
proximately 200 flm-thick medullary region. The elimina
tion of spinal respiratory motoneuron discharge with rostral
to caudal sectioning at this level cannot be accounted for by
removal of inspiratory bulbospinal neurons, since these pre
motoneuron populations are concentrated more caudally in
the medulla, with highest cell density near the level of the
obex (3, 20). Indeed, in these experiments we are exploit
ing this spatial distribution of pre-motoneurons, which al
lows us to section serially through much of the rostral
medulla without impinging on pre-motor cells transmitting
inspiratory drive inputs to the spinal motoneuron popula
tions. We conclude that the pre-Botzinger Complex con
tains interneurons involved in rhythm generation.

Microsectioning and recording procedures can be used
to obtain isolated medullary slices, containing the pre
Botzinger Complex, that generate respiratory oscillations
(17, 20). These techniques provide the opportunity to probe
the oscillatory properties of active respiratory neurons in
this region. To obtain these slices, the medulla was sec
tioned serially from the rostral medulla in medulla-spinal
cord preparations to within 150 flm of the rostral boundary
of the pre-Botzinger Complex, and slices of varying thick
nesses (200 flm up to 600 flm), containing this and more
caudal medullary regions, were cut. Simultaneous record
ings of spinal and cranial motoneuron activity were made to

confirm that the medulla generated spontaneous oscilla
tions before cutting the slice and for comparisons of the os
cillatory period in slice and en bloc preparations. The slices
were transferred to a recording chamber and bathed in the
standard physiological solution (18) during recording ex
periments. The rostral part of the hypoglossal motor nu
cleus is contained within these slices, and recordings of
hypoglossal motoneuron discharge as well as recordings
from neurons within the ventrolateral reticular formation
were used for analysis of the patterns of rhythmic neuron
activity in the slices.

Slices (2:350 flm thick) containing the pre-Botzinger
Complex generated rhythmic motor discharge bilaterally on
hypoglossal roots (fig. 7.1), indicating that they contained
not only rhythm-generating neurons, but also local pre
motoneuronal circuitry for motor output generation. Rhyth
mically active respiratory neurons in these slices (fig. 7.1)
were concentrated in the pre-Botzinger Complex and more
caudally in flanking regions of the ventrolateral reticular
formation. In general, slices greater than 500 flm thick gen
erated spontaneous motor output under standard condi
tions, although the period of spontaneous oscillations and
the amplitude of the hypoglossal motoneuron population
discharge was typically lower than in the brainstem-spinal
cord prior to cutting the slice. The oscillation frequency
and discharge amplitude could be increased to those of the
en bloc medulla-spinal cord preparation by increasing neu
ronal excitability in the slice (e. g., by elevating the extra
cellular potassium concentration to 9-10 mM). The thinner
slices generated rhythmic motoneuronal discharge when the
level of cell excitation was elevated. The reduction in neu
ronal excitation in the slices is possibly due to changes in
the cellular ionic environment with washout of the extra
cellular space, or removal of excitatory synaptic connec
tions, when the slices are cut. The temporal pattern of
motoneuron discharge and synaptic potentials/currents of
medullary respiratory neurons generated by all of the slices
under the conditions of elevated neuronal excitation closely
corresponded to those generated in the en bloc brainstem
spinal cord preparation (fig. 7.1). The thinnest slices (350
flm) that generated oscillatory activity contained primarily
the pre-Botzinger Complex in the ventrolateral reticular
formation, confirming that rhythm-generating neurons are
located at this level of the reticular formation.

There are technical limitations of conventional single
electrode intracellular recording techniques, particularly
for obtaining stable, long-term current- and voltage-clamp
recordings from small interneurons in the neonatal med
ullary reticular formation. These limitations can be po
tentially overcome by whole-cell patch-clamp recording
techniques (1, 2, 8). To assess the applicability of these
techniques for recording from spontaneously active respi
ratory neurons in the slice and en bloc medulla prepara
tions, we used procedures for blind patch clamping similar
to those described by Blanton et al. (1) for whole-cell
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FIG. 7.1 Whole-ceH current-clamp (A,
B) and voltage-clamp (C) recordings il
lustrating typical membrane potentials
and synaptic currents of medullary neu
rons obtained with the blind whole-cell
patch-clamp technique. Recordings were
obtained from neurons with inspiratory
phase discharge in 500 flm-thick isolated
slice containing the pre-Botzinger Com
plex in A and in en bloc brainstem-spinal
cord preparation in Band C. The neurons
were located in the ventrolateral reticular
formation. Simultaneous recordings of
hypoglossal (XII) root discharge in the
slice and C4 phrenic motor discharge in
the en bloc preparations are shown. The
bottom traces in Band C show membrane
potentials and synaptic currents, respec
tively, on a faster time base. The holding
potential for the voltage clamp in C was
-70 mV. The neurons exhibit 15 to 20
mV-depolarizing synaptic drive poten
tials under current clamp, and 400-700
pA peak synaptic currents under voltage
clamp during the inspiratory phase. Tem
poral patterns of motoneuron discharge,
neuronal spiking, and synaptic drive po
tentials/currents in the isolated slice
closely correspond to patterns generated
in the en bloc preparation. Electrode re
sistance = 5 MQ, series resistance (Rs)
= 30 MQ, membrane capacitance CM =
16 pF, and membrane resistance (RM ) =
450 MQ for neuron in A; Rs = 26 MQ,
CM = 14 pF, RM = 500 MQ for neuron
in Band C.

recording in reptilian and mammalian cortical slices. These
techniques were modified for use in the en bloc medulla
spinal cord preparations. The respiratory neurons are suf
ficiently deep within the medulla (typically 100-300 flm
below the cut surface of slices; 200-500 flm below the ven
tral surface in the en bloc preparations) that the cell somas
cannot be directly visualized during the process of obtain
ing a whole-cell recording, in contrast to procedures used
for whole-cell patch-clamp recording in thin slice prepara
tions (2, 22). Furthermore, the neuron composition of the
medullary reticular formation is heterogeneous, with non
respiratory neurons distributed in regions containing respi
ratory cells. In order to improve the yield of respiratory
neurons, particularly in en bloc preparations, we first lo
cated spontaneously active respiratory cells by mapping
field potentials to establish the depth of cell somas and de
termine a point of entry through the medullary surface for
the patch electrodes. In slice preparations where the retic-

ular formation could be viewed and cytoarchitectonic re
gions (e.g., nucleus ambiguus) distinguished, satisfactory
yields could often be obtained without initially mapping ex
tracellular potentials.

To obtain whole-cell recordings, continuous positive
pressure (160-200 mmHg) was applied to the back of the
pipette from a constant pressure source to keep the pipette
tip clean and maintain tip patency, as indicated by contin
uous measurement of the pipette resistance under voltage
clamp conditions. Gigaohm seals (3-10 GQ) could be
routinely formed on respiratory neurons by application of
slight negative pressure to the pipette. In some cases, the
respiratory cells could be identified prior to seal formation
by recording currents during the rhythmic discharge of ac
tion potentials with the pipette tip apposed to the somal
membrane. Whole-cell recordings were obtained after rup
turing the membrane patch attached to the pipette by ap
plying slight negative pressure to the pipette. For neuronal
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recording under standard conditions, the electrodes were
filled with solution containing (mM): D-gluconic acid
(potassium salt) 120; CaCI2 , 1; NaCI, 1; HEPES, 10;
BAPTA (tetrapotassium salt), 11; MgCI2 , 1; NaATP (pH ==
7.4),0.5.

Stable, long-term (1-3 hr) whole-cell current- and
voltage- clamp recordings of rhythmic membrane potentials
and currents could be routinely obtained from a number of
classes of inspiratory and expiratory neurons previously
shown to be spontaneously active in the pre-Botzinger and
adjacent reticular formation regions in vitro (18). Figure
7. 1 illustrates typical recordings of spike discharge patterns
and synaptic drive potentials and currents of neurons with
inspiratory phase discharge. These cells exhibited large
amplitude (10-20 mY, 600-900 msec duration) rhythmic
synaptic drive potentials under current-clamp and excita
tory postsynaptic currents (0.3-0.7 nA) under voltage
clamp conditions. Expiratory neurons (not shown) exhibited
10-15 mV membrane potential hyperpolarizations during
the inspiratory phase, demonstrating the presence of inhib
itory synaptic interactions. Membrane resistances and ca
pacitances of respiratory neurons, measured from currents
induced by potential pulses (I-10mV), under voltage
clamp with greater than 75% series resistance compensa
tion, ranged from 0.3 to 1 GQ, and from 10 to 25 pF,
respectively.

DISCUSSION

We have briefly described methods for locating medullary
regions containing neurons involved in rhythm generation,
methods for isolating these regions in viable medullary
slices that generate respiratory oscillations, and techniques
for routinely obtaining current- and voltage-clamp record
ings from respiratory neurons in these regions for analysis
of cellular and synaptic mechanisms. These techniques rep
resent a powerful set of new approaches for analysis of cel
lular mechanisms of rhythm generation in the mammalian
nervous system. The medullary slice preparations contain
not only rhythm-generating neurons but an active local net
work and therefore also provide the opportunity to analyze
synaptic mechanisms involved in rhythmic drive transmis
sion in an isolated, functional respiratory circuit in vitro.

The application of blind whole-cell patch-clamp record
ing techniques, which our results demonstrate is feasible in
the isolated slice and en bloc brainstem-spinal cord prep
arations, should rapidly lead to elucidation of cellular and
synaptic mechanisms involved in rhythm generation. These
methods represent an important advance for analysis of cel
lular properties underlying respiratory pattern generation.
Although we have previously established that conventional
single-electrode intracellular recording techniques (includ
ing voltage-clamp techniques) can be applied for the anal
ysis of membrane properties of spinal motoneurons in the

in vitro brainstem-spinal cord preparation (7, 14), medul
lary interneurons in the neonatal brainstem are small, and
even stable single-electrode current-clamp recording from
medullary cells (18) has proven technically difficult. The
whole-cell patch-clamp techniques circumvent the limita
tions of conventional single-electrode recording techniques
applied to small medullary cells. These techniques can also
be exploited to obtain information on a number of other
cellular properties, as demonstrated for other neurons (see
discussions in 1, 2, and 8), including the following: (1)
single-channel properties in addition to the macroscopic
membrane properties; (2) morphological properties and ax
onal projections by simultaneous cell staining by intracel
lular filling from dye-containing recording pipettes; and (3)
involvement of cytoplasmic signaling and other intracellu
lar biochemical processes regulating membrane excitability.

The results obtained with the microsectioning method
indicate that neurons in the reticular formation at the level
of the pre-Botzinger Complex are essential for rhythm gen
eration in the in vitro neonatal rat brainstem (16, 17, 20).
The isolated slices containing primarily this region gener
ate respiratory oscillations, confirming that the region con
tains rhythm generating cells. Perturbations of neuronal
excitability in the pre-Botzinger Complex in these slices
and en bloc preparations cause profound perturbations of
rhythm (5,20). The microsectioning results indicate that no
other medullary region is essential for rhythmogenesis, and
therefore do not support the recent proposal (9, 10) that
neuron populations located more rostrally in the ventrolat
eral reticular formation constitute the primary rhythm
generator. Removal of these more rostral medullary re
gions causes no perturbations of the spontaneous rhythm;
moreover, these regions were not contained within the
rhythmically active medullary slices. The properties of the
rhythm-generating neurons and their precise spatial distri
bution in the reticular formation at the level of the pre
Botzinger Complex remain to be established. A number of
classes of respiratory neurons have been identified in this
region, including cells that have neuronal spike discharge
starting before the generation of inspiratory phase mo
toneuron activity (12, 18). Furthermore, by applying the
whole-cell patch-clamp recording techniques, we have
identified neurons with voltage-dependent oscillatory prop
erties in the pre-Botzinger Complex in the isolated slice
preparations (19, 20, 21), consistent with the hypothesis
that a population of synchronized conditionally bursting
pacemaker neurons generates rhythm (see discussion in 4).
It is possible that rhythm-generating neurons are not strictly
confined to the pre-Botzinger Complex, but are also distrib
uted caudally and rostrally in immediately flanking regions
of the reticular formation, since (particularly) more caudal
reticular formation regions were also contained within the
thicker slices that generated rhythmic neuronal activity. Re
gardless of the complete spatial distribution, the results



38 Jeffrey C. Smith et al.

suggest that there are rhythm-generating cells in the pre
Botzinger Complex. This region has not been previously
identified as a site for rhythm generation, and properties of
neurons within this region should now be analyzed further
both in vitro and in vivo.
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Respiratory Rhythm Generation in the Ventral Medulla

Ikuo Homma, Akiko Arata, and Hiroshi Onimaru

Respiratory output is shaped by neurons in the dorsal and
ventral respiratory groups (DRG and VRG) of the medulla.
Although the shape and the amplitude of the inspiratory
output are greatly altered by microlesion (19, 20) or by fo
cal cooling (3) of these areas, respiratory rhythm remains.
The exact locus and types of neurons constituting the res
piratory rhythm generator are unknown. Several recent re
ports (4, 7) have suggested that structures localized ventral
to the VRG are critical in the generation of rhythm and pat
terns of respiratory activity.

In 1984, Suzue (21) used a brainstem-spinal cord prep
aration isolated from newborn rats to show respiratory ac
tivity in vitro. This preparation presents a great advantage
in recording central nervous activities isolated from periph
eral inputs (6, 10, 18). Using this preparation, we have ex
amined the source of rhythm generation and the location of
respiratory neurons in the ventral medulla.

METHODS

The brainstem and spinal cord of 0- to 5-day old Wistar rats
were isolated under deep ether anesthesia. The preparation
was placed in a small chamber and perfused continuously
with modified Krebs solution (mM): NaCI, 124; KCI, 5.0;
KH2P04 , 1.2; CaCI2 , 2.4; MgS04 , 1.3; NaHC03 , 26; glu
cose, 30; equilibrated with 95% O2 and 5% CO2; at 25
26°C, pH 7.4.

Respiratory activity corresponding to inspiration was re
corded from the spinal C4 or C5 ventral roots through a
glass capillary suction electrode. The respiratory rhythm
persisted after removing the pons by transection between
the Vlth cranial nerve roots and the lower border of the
trapezoid body. C4 or C5 respiratory rhythmic bursts could
be recorded even after removing the dorsal half of the me
dulla (2). The ventral medulla thus includes neuronal struc
tures necessary to inspiratory pattern generation as well as
rhythm generation. This was also confirmed recently in iso
lated newborn rabbit preparations (figs. 8.2, 8.3).

RESULTS AND DISCUSSION

Various types of neuronal firing related to rhythmic C4 or
C5 activities were recorded in the rostral ventrolateral me
dulla (RVL) of rat preparations at the levels of the IXth or
Xth cranial nerve root and 50-250 J.tm deep from the ven
tral surface (2, 12). These respiratory-related units were

classified into three types: type 1 exhibited activity that pre
ceded inspiration (Pre-I), type 2 fired during inspiration,
and type 3 fired tonically but was inhibited during inspira
tion. Type 1 and type 2 neurons had subtypes showing more
or less tonic activity (fig. 8.1).

In rabbit preparations, several types of respiratory
related neuronal activity could be recorded from the RVL
(fig. 8.2). Although some of these discharge patterns were
similar to the firing patterns of Pre-I neurons of the rat, de
tailed properties of these neurons have not yet been exam
ined (see fig. 8.3).

In newborn rat preparations, respiratory rhythm is pro
duced primarily by Pre-I neurons. This is suggested by the
following results: (1) Single shock stimulation of the RVL
induced Pre-I activity and reset the phase of the respiratory
rhythm (12, 13); (2) electrolytic lesion in the RVL slowed
or stopped the rhythmic activity (12); (3) Pre-I activity
was not always followed by C4 activity, although sponta
neous C4 activity was preceded by Pre-I activity without
exception (11); (4) after electrolytic lesion of the caudal
ventrolateral medulla at the level of the medial roots of the
XII cranial nerve, C4 activity disappeared, but Pre-I activ
ities remained (13); (5) electric stimulation applied to the
vagus nerve inhibited C4 inspiratory activity, but rhythmic
Pre-I activity remained (11); (6) Pre-I-like rhythmic bursts
were also recorded from the RVL of the ventral half of
blocks of the rostral medulla (11); and (7) intracellular
membrane potential analyses of inspiratory neurons re
vealed 'excitatory synaptic connections from Pre-I neurons
to inspiratory neurons (unpublished observation). These re
sults strongly suggest that the primary rhythm generator,
which is separate from the neural mechanism of inspiratory
pattern generation, is located in the RVL and that Pre-I
neurons are the primary rhythm generator neurons. How
ever, characterization of Pre-I neurons remains to be deter
mined, and the population of Pre-I neurons may be found to
be heterogeneous.

About half of the Pre-I neurons retained their rhythmic
burst activity after chemical synaptic transmission was
blocked in low Ca + +, high Mg + + solution (15). These
Pre-I neurons are believed to possess intrinsic bursting
pacemaker properties. The intrinsic Pre-I rhythm in low
Ca + +, high Mg + + solution was inhibited by the u2
agonist, clonidine (1), and enhanced by the adenylate cy
clase activator, forskolin (unpublished observation). A role
for cAMP in the rhythm generation is thus suggested. The
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FIG. 8. 1 Firing pattern of several respiration-related neurons in
the ventral medulla of the newborn rat preparation together with
C4 (or C5) inspiratory activity (lower trace in each record). (A)
Typical Pre-I and inspiratory (I) neurons. (B) Pre-I neuron whose
firing is not inhibited during I phase. (C) Tonic Pre-I neuron that
fires virtually continuously, but whose activity increases just be
fore and after the I phase. (D) Tonic Pre-I neuron whose firing is
only weakly depressed during I phase. (E) Tonic I neuron that fires
virtually continuously, but whose activity increases during the I
phase. (F) Tonically firing neuron that is inhibited during I phase.
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FIG. 8.3 Ventral view of brainstem-spinal cord preparation from
newborn rabbit (left) and newborn rat (right). IX-XII, cranial
nerves. CI-C4 cervical ventral nerves. Unit activities of neurons
in the rostral ventrolateral medulla were recorded extracellularly
by glass microelectrodes from within the shaded area.

FIG. 8.2 Firing patterns of several respiration-related neurons re
corded from the RVL of medulla isolated from a O-day-old rabbit
together with C4, C5 or XII inspiratory activity (lower trace in
each record). (A, B) Preparations with medulla intact. (C) Prep
aration in which the dorsal half of the medulla was removed. (D
F) Preparations with intact medulla, perfused with modified
Krebs solution from a small glass capillary inserted into the basal
artery. This arterial perfusion is necessary to maintain neuronal
activity for more than 1 hr. Calibration: O.lmV and 2 sec.
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intrinsic pacemaker mechanism should be studied in detail
by analyzing the intracellular membrane potentials of Pre-I
neurons.

Pre-I neuronal firing was usually inhibited during inspi
ration and was biphasic in nature (Fig. 8.IA). This inhibi
tion disappeared after perfusions of bicuculline, picrotoxin,
or strychnine, or during reduction of CI- concentration
(17). Figure 8.4 shows that the inhibition of activity during
inspiration disappeared after microiontophoretic applica
tion of bicuculline to a Pre-I neuron. The results suggest
that the Pre-I neurons receive Cl-dependent GABA- (or
glycine-) like synaptic inhibition during inspiration. Such
inhibition, however, was not required to produce the rhyth
mic Pre-I bursts.

A role for excitatory amino acid (EAA) receptors in res
piratory rhythm generation in the brainstem was recently
suggested (5). We examined the effects of some EAA an
tagonists on Pre-I and inspiratory neuron activity (16).
Kynurenic acid (KYN, 0.1-0.5 mM, 5-10 min perfusion
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FIG. 8.5 Reduction of kynurenic acid (KYN) -induced inhibition
of rhythmic C4 activity by pretreatment with antagonists of inhib
itory transmitter. (A) Disruption of the rhythm by brainstem per
fusion with 1 mM KYN. (B) Effects of KYN after 13 min of
pretreatment with 2 f.!M naloxone (Nal). (C) Effects of KYN after
23-min pretreatment with 2 f.!M naloxone plus 10 f.!M pictrotoxin
(PTX). Note KYN inhibition of breathing is diminished. (D) Ef
fects of KYN 27 min after perfusate was returned to standard so
lution. All records are from the same preparation.
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FIG. 8.4 Effects of iontophoretic application of bicuculline (BIC)
on Pre-I neuron activity. (A) Pre-I and C5 activity in the control.
(B) Activity after application of bicuculline ejected by 50 nA DC
current (4 min) through drug electrode filled with 5 mM bicucul
line and cemented 30 f.!m back from tip of recording electrode.
Note disappearance of inhibition of Pre-I firing during inspira
tion. (C) Activity 28 min after ejection was stopped.
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FIG. 8.6 Neuronal groups and possible synaptic interactions in
volved in the generation of rhythmic respiratory activity. RRG,
respiratory rhythm generator; lPG, inspiratory pattern generator;
Phr., phrenic motoneurons; Vag., vagal afferents. Pre-I, Pre-I neu
rons; Insp, inspiratory neurons. RVL, rostral ventrolateral me
dulla; VLM, ventrolateral medulla. EAA, excitatory amino acid
transmitter; GABA, GABA- and/or glycine-like CI- -dependent
synaptic inhibition . The RRG is composed of Pre-I neurons in the
RVL, some of which possess intrinsic pacemaker properties. The
RRG produces the primary rhythm of respiration and triggers
IPG. McCrimmon et ale (8) have suggested that excitatory syn
aptic impulses are transmitted via EAA receptors from bulbospi
nal inspiratory neurons to phrenic motoneurons.

reduced the intraburst firing frequency and the burst dura
tion of Pre-I neurons. Right and left Pre-I firing tended to
be desynchronized, so C4 bursts were intermittent, and the
C4 burst rate was thus reduced with no significant reduc
tion of amplitude or duration. 2-amino-5-phosphonovaleric
acid (2-APV, 50-100 J.lM) and 6-cyano-7-nitroquinoxaline
2, 3,-dione (CNQX, 0.2-1 ~M) produced effects similar to
those of KYN. At higher doses (0.5-1 mM), KYN strongly
reduced the rate of Pre-I bursts. The inhibitory effect of
brainstem perfusion with 1 mM KYN was antagonized con
siderably with 2 J.lM naloxone plus 10 J.lM picrotoxin (fig.
8.5). These results suggest that EAA transmitters are in
volved in the synchronization between Pre-I neurons and in
burst generation, which can thus be regulated by balancing
excitatory and inhibitory synaptic inputs.

Although the properties of the inspiratory pattern gen
erator (IPG) are less understood and the precise location of
the IPG is unknown at present, it is presumed to be located
in the ventr<;>lateral medulla, more caudal than the RVL
(14). Perfusion (20-30 min) of the brainstem with 1 mM
KYN reduced the amplitude and duration of spontaneous or
stimulus-induced C4 bursts (unpublished observation).
Thus EAA may be involved in inspiratory pattern genera
tion in the medulla.

It is thought that stimulation of the vagus inhibits C4 in
spiratory activity, probably via inhibition of lPG, since
Pre-I firing was not depressed in most cases (11). Inhibition
of inspiratory activity by lung inflation is reported to be via
GABA (and/or glycine) receptors (9). On the other hand,
GABA (0.2 mM) or glycine (0.5 mM) perfusion (10-30
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VLM
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8
? \
.~

EAAe=e
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EAA (McCrimmon et ai, 1989)
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min) did not depress the amplitude of spontaneous or
stimulus-induced C4 activity, whereas the burst rate was
extremely reduced (17). This implies that the IPG has fewer
GABA or glycine receptors than the RRG. Therefore, vagal
afferents might act at presynaptic sites of excitatory input to
the IPG.

CONCLUSION

In brainstem-spinal cord preparations isolated from new
born rats, respiratory rhythm is probably generated primar
ily by a neuronal network composed of excitatory synapses
among, mainly, Pre-I intrinsic pacemaker cells in the ros
tral ventrolateral medulla. Figure 8.6 shows neuronal
groups and possible (simplified) synaptic interactions in
volved in the generation of rhythmic respiratory activity.
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Noradrenergic Modulation of the Medullary Respiratory

Rhythm Generator by the Pontine AS Area

G. Hilaire, R. Monteau, S. Errchidi, D. Morin, and J.M. Cottet-Emard

Cardiovascular and respiratory regulation are based on in
termingled mechanisms which interact peripherally and/or
centrally. Therefore, it is often difficult to define the func
tional entirety of the central structures implicated in these
regulations (II). Previous reports demonstrated that the
pontine A5 area is involved in cardiovascular regulation
(7). To define whether the A5 area also participates in res
piratory regulation, in vitro experiments were performed in
the isolated brainstem-spinal cord preparation of newborn
rats, which retains a respiratory activity after the elimina
tion of all peripheral mechanisms. Results suggested that
A5 may exert a tonic inhibitory modulation of the medul
lary respiratory rhythm generator via a release of endoge
nous noradrenaline (NA). Some of these results have already
been published (5, 9).

METHODS

Experiments were performed in the brainstem-spinal cord
preparation of newborn rats as described elsewhere (9, 12,
17, 20). Electrical activities of cervical ventral roots were
recorded with suction electrodes. Drugs dissolved in the
bathing medium were applied by superfusion or ejected lo
cally with multi-barreled electrodes (pressure pulse, vol
ume injected 5 nl). Electrical stimulation (0~2 msec, 50
100 f.lA) or lesions (DC current, 2-5 sec, 0.5-1 mA) were
administered with either a tungsten microelectrode or the
saline-filled central channel of a multibarreled micropi
pette. Changes in minute respiratory frequency (RF) result
ing from drug application, stimulation, or lesion were
expressed as percentages of control values defined during a
5 min period prior to the test. Histological controls of sites
of stimulation and lesion were performed routinely. Results
were given as the mean ± S.E.M. and changes considered
as significant at P values of less than 0.05.

RESULTS

The respiratory frequency (RF), assessed from the rhythmi
cal discharges recorded in cervical ventral roots, was low
in ponto-medullary preparations (around 5/min) with re
stricted variations « 10%). Elimination of the pons by
transection (medullary preparations) elicited a sustained in
crease in RF, which stabilized at twice the control values
(10-12/min, fig. 9.IA). Electrical stimulation performed in

the pons localized RF inhibitory sites in the vicinity of the
A5 area (fig. 9.IB) where bilateral electrocoagulation in
creased RF as transections did.

Bathing the ponto-medullary preparations with medium
containing NA antagonists (yohimbine, piperoxane, ida
zoxan) to block NA receptors doubled RF in 6-9 min and
suppressed the effects of A5 electrical stimulation (fig.
9.IC). Local application of NA in the A5 sites, assumed to
inhibit A5 neurons, increased RF immediately. Glutamate
ejection, assumed to excite A5 neurons, delayed onset of
inspiration, whereas saline ejection had no effect. Applying
medium containing NA or adrenaline (25-100 f.lM) on
medullary preparations decreased RF in a dose-dependent
manner (fig. 9.2). These decreases were blocked by NA an
tagonists and potentiated by inhibition of NA degradation
by monoamine oxidase (pargyline). These results suggest a
tonic noradrenergic inhibitory drive on the medullary res
piratory rhythm generator originating from A5.

In medullary preparations, NA-induced decreases in RF
were blocked by a-2 antagonists (yohimbine, piperoxane,
and idazoxan) but not by a-I antagonists (prazosin). Ap
plying medium containing 6-fluoro-NA (a-I agonist) or
isoproterenol (~ agonist) did not decrease RF. Therefore, a
2 receptors are likely to be involved in the decrease of RF
evoked by NA bathing. However, well-known a-2 agon
ists had no effect (clonidine, guanfacine) or limited effects
(a-CH3-NA), whereas phenylephrine, which is mainly an
a-I and to a lesser degree an a-2 agonist, decreased RF
(fig. 9.2).

When the pons was bathed with drugs known to block
NA biosynthesis (a-CH3-tyrosine), RF was significantly in
creased in agreement with a withdrawal of a pontine NA
inhibitory effect. In contrast, applying a NA precursor (ty
rosine) decreased RF. This effect was potentiated by par
gyline (IMAO) and blocked by a-2 antagonist pretreatment.
All these RF changes may be due to NA newly synthesized
from tyrosine, demonstrating that NA biosynthesis contin
ues under these in vitro conditions.

In the absence of any exogenous NA, bathing the ponto
medullary preparations with drugs known to potentiate
NA effects (such as pargyline, which inhibits NA degrada
tion, or desipramine, which inhibits its reuptake) de
creased RF. Since both the decreases in RF with NA
agonists and the increases in RF due to NA antagonists did
not appear after elimination of the'pons by transection, a
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FIG. 9.1 Noradrenergic inhibition from
A5 area on the medullary respiratory
rhythm generator. Left: Schematic draw
ing showing, at the top, the brainstem
with entry points of the stimulating elec
trode (black points) and the level of
transection (double-headed arrow) and, at
the bottom, a slice with the effective area
of the pons (hatched area). Right: Traces
of the inspiratory discharge of a cervical
ventral root were recorded; beneath each
trace is the integrated activity. (A)
Transection at the ponto-medullary level
(horizontal bar) immediately increased
the respiratory frequency (RF); (8) in
another preparation, electrical stimulation
(black bar, 10 Hz, 30 ~A, 0.3 msec) per
formed with a tungsten electrode lowered
300 ~m below the surface (black points)
delayed inspiration; (C) after idazoxan
bathing (200 ~M, 9 min), the RF was
doubled and electrical stimulation no
longer inhibited inspiration.
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tonic release of NA by the pontine AS area may be reason
ably postulated. On-going HPLC experiments confirm re
lease of endogenous NA by the brainstem in the bathing
medium (200 pg/hr).

In order to localize the receptors involved in modulating
RF, lesion, local application of drugs, and stimulation ex
periments were performed within the medulla. Bilateral le
sions were made about 300 f.,tm below the surface with a
tungsten microelectrode. Extensive lesions of the dorsal
medulla in the vicinity of the nucleus tractus solitarius
(NTS) did not disturb respiratory activity and did not sup
press NA-induced decreases in RF. However, lesions made
in the ventral medulla could affect NA responses. In the
rostral ventrolateral medulla (RVLM, black area in fig.
9.3), respiratory arrest was evoked with a recovery in 7-10
minutes after a unilateral lesion. A second lesion at the
symmetrical contralateral site stopped respiration defini
tively in all but three cases in which recovery was observed
in 10 min. Thereafter, NA did not decrease RF in the three
cases. Prior to lesioning, stimulation of the RVLM (single
shock) during expiration on-switched inspiration prema
turely (fig. 9.3A). In more medial sites, electrical stimula
tion had no effect and lesions did not induce respiratory
arrest. However, NA applied after lesioning frequently elic
ited increases in RF (hatched area in fig. 9.3).

Applying NA in the RVLM significantly decreased RF
during 6-7 min «I min latency, fig. 9.3B), whereas
clonidine or saline ejection were not effective. At the same
site, electrical stimulation initiated inspiration prematurely
(fig. 9.3A) whereas lesions stopped respiration (fig. 9.3C).
In more medial sites, NA ejections were less effective, of

longer latency (2-3 min) and electrical stimulation was
without effect. NA ejections performed deeper (about 700
f.,tm, i.e., at the level of the ventral respiratory group) were
only occasionally effective. In the most rostral ventrolateral
location, sites were encountered where NA ejection in
creased RF. These results suggest that the NA depressive
effect was not directly on the ventral respiratory group
(VRG), but was relayed by some structures located in
the RVLM.

DISCUSSION

Lesion, stimulation, and pharmacological experiments
demonstrate that (I) NA biosynthesis mechanisms remain
functioning under in vitro conditions and (2) tonic release
of NA from the noradrenergic A5 area depresses the activ
ity of the medullary respiratory rhythm generator. At the
medullary level, data from lesioning, stimulation, and local
application of drugs suggest that the A5 region does not
modulate the respiratory neurons of the VRG directly but
rather through neurons sensitive to NA that are located in
the RVLM. It remains difficult to identify these neurons
more precisely. Close to the RVLM, the CI nucleus (10)
contains NA neurons which are involved in cardiovascular
regulation. Since these neurons are sensitive to NA (15),
they may relay AS effects to the respiratory neurons of the
VRG. The CI nucleus, however, is not a homogenous ag
gregate of adrenergic neurons as it contains non-adrenergic
cells also (10). These non-adrenergic neurons may exhibit
pacemaker properties (18, 19) and could be sympathoexci
tatory cells firing with respiratory modulation (8). Interest-
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FIG. 9.2 Adrenergic drugs and respira
tory frequency (RF). Top: Inspiratory
activity was recorded in two cervical
ventral roots; the center trace is the inte
grated activity of the bottom trace. Nor
mal medium was replaced at the arrow
by medium containing noradrenaline
(NA, 100 ~M); note the decrease in RF.
Bottom: Dose-response histograms show
ing the mean effect on RF (n = 5, ex
pressed as percent of control in ordinate)
of bathing the preparation with adrener
gic agonists at different concentrations
(in abscissa, concentration in ~M).
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FIG. 9.3 Medullary targets of A5. (A) Electrical stimulation via
the central barrel of a multibarreled micropipette inserted in the
rostral ventrolateral medulla, 300 ~m below the surface (black
area on the diagram), prematurely on-switched inspiration (at ar
row). (B) Ejection of noradrenaline (NA, at arrow) lowered the
respiratory (RF) immediately (saline had no effect). (C) Electro
coagulation (at arrow) stopped breathing. Left: Schematic draw
ing of the analyzed sites; black area, see A, Band C; hatched area,
NA ejection decreased weakly RF with a 2-3 min latency, stim
ulation and lesion had no effect; crossed area, NA ejection in
creased RF. Time scale: horizontal bar, 15 sec in A and 30 sec in
Band C.

ingly, respiratory neurons have been recorded in the same
loci in the in vitro brainstem preparation of newborn rats
and might be pacemakers of the respiratory rhythm (13,
14). Indeed, the effects of RVLM stimulations or lesions
argue for a critical role of the RVLM in respiratory neuro
genesis. Whatever the function of these neurons, it is likely
that they are under A5 modulation.

Under in vivo experimental conditions, changes in car
diovascular variables induce modifications of respiratory
related parameters (pulmonary gas exchange, afferents
from the baroreceptors and chemoreceptors, etc.), which in
turn regulate the activity of the respiratory centers that
modify respiration. Similarly, changes in respiration may

elicit cardiovascular adjustments. These interactions com
plicate the understanding of both regulations (11). It is
often difficult to define whether neurons are primarily car
diovascular or respiratory (8); although they form two sep
arate columns in the ventral medulla there is some overlap,
which may give rise to central interactions (4). Under in
vitro conditions all the peripheral effects were eliminated,
and the results were consistent with the possibility that cen
tral structures involved in cardiorespiratory regulation
(both A5 and C 1 nuclei) might also be implicated in respi
ratory modulation, arguing for the existence of central in
teractions between respiratory and cardiovascular "centers."

Since A5 modulation and NA respiratory effects were
blocked by a-2 but not a-I antagonists, it is likely that a-2
receptors are involved in the A5 modulation of the medul
lary respiratory rhythm generator. However, well-known
a-2 agonists such as clonidine and guanfacine did not elicit
NA mimetic effects, and a-CH3-NA (a potent a-2 agonist)
was only weakly effective. This raises two questions: (1)
Was the a-2 agonist potency of these drugs overestimated?
(2) Are the adrenoceptors mature at birth?

Clonidine is an antihypertensive agent, imidazoline in
structure, and classified as a potent and selective a-2 ago
nist (21). Its central site of action has been demonstrated to
be the nucleus reticularis lateralis, where local application
evoked hypotension (3). Surprisingly, local application in
the same site of a-CH3-NA, another a-2 agonist but
catecholaminergic in structure, was ineffective (I, 2). It
has been suggested that the vasodepressor effects of cloni
dine are mediated via imidazole but not a-2 adrenergic re
ceptors (16) and that the a-2 potency of clonidine may be
questioned.

In neurons of the dorsal motor nucleus of the vagus, a-2
responses did not clearly appear until 8-14 days of age,
whereas a-I receptors were already functioning at birth, re
vealing immaturity of adrenoceptors and developmentally
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different onset of a-I and a-2 adrenergic responses (6). If
so, at the differentiation of a-l/a-2 adrenoceptors, various
neurovegetative changes may occur, since NA influences
gastric motility, cardiovascular and respiratory functions,
raphe structures, and others. Any dysfunction in adrenocep
tor maturation would lead to multiple difficulties which
might be correlated with the various symptoms reported
during Sudden Infant Death Syndrome.
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Bulbospinal Transmission of Respiratory Drive

to Phrenic Motoneurons

Guosong Liu and Jack L. Feldman

The continuous and reliable transmIssIon of respiratory
drive to spinal cord motoneurons controlling the muscles of
the respiratory pump is a basic condition for life in mam
mals. This respiratory rhythm is generated in the brainstem
and is transmitted to spinal motoneurons via bulbospinal
neurons. Understanding the mechanism controlling the ex
citability of spinal cord re'spiratory motoneurons is funda
mental to the understanding of neural control of respiration.

Neuronal excitability is determined dynamically by syn
aptic input and .intrinsic membrane properties. To study
synaptic input to a neuron, the factors that control the
generation and transmission of synaptic current must be de
termined. This requires identification of presynaptic trans
mitters, pre- and post-synaptic receptors, and location of
the active synapse(s), and the electrotonic attenuation of
current during the transfer from synaptic site to the soma.
Intrinsic membrane properties, a function ofvarious voltage
or non-voltage-dependent channels in the membrane, con
trol the transformation of synaptic currents into membrane
potential, and therefore the excitability of neurons. In this
paper we briefly summarize our recent work on bulbospinal
transmission of respiratory drive to phrenic motoneurons
using intracellular recording (6), single electrode voltage
clamp (6), and whole-cell patch-clamp (5) techniques in the
brainstem-spinal cord preparation in vitro.

METHODS

Experiments were performed in an in vitro preparation of
the neonatal rat brainstem-spinal cord. Details of the prep
aration, the surgical procedure, intracellular recording, sin
gle sharp electrode voltage-clamp techniques, and data
acquisition have been reported elsewhere (6). Here, we
briefly describe the procedures for obtaining whole-cell
patch-clamp recordings. Standard intracellular recording
was used to locate the phrenic motoneuron pool. To keep
patch electrodes clean and avoid the attachment to axons or
nonrespiratory neurons, continuous positive pressure was
applied to the patch electrode until it arrived at the desired
depth. Since the leak of electrolyte (K + or Cs + and tetra
ethylammonium) from the patch electrode will perturb neu
ronal activity, a positive pressure was chosen that kept the
patch electrode clean, yet did not disrupt synaptic transmis
sion. The current noise level was monitored continuously
when the patch electrode was advanced towards the mo-

toneuron pool. Since the noise level mainly reflects the
electrode resistance before seal formation, it can be used
as an index of attachment of the patch electrode to the
cell membrane, with a decrease in noise level signifying
that the electrode tip was approaching the membrane. At
this time, slight suction leads to formation of Gigaohm
seals (2-10 GQ). Further suction will rupture the mem
brane and provide access to the cell interior for whole-cell
recording. The junction potential due to the different con
stituents between the patch electrode solution and the ex
tracellular solution was measured for different intracellular
solutions and corrected. Series resistance and whole-cell
capacitance were determined by an on-line computer pro
gram. These values were used for optimizing series resis
tance compensation.

RESULTS

To better understand the synaptic transmission of inspira
tory drive, both synaptic potentials and currents were stud
ied (fig. 10.lA). In all brainstem-spinal cord preparations
there were spontaneously generated rhythmic membrane
depolarizations and associated spiking of phrenic motoneu
rons during the inspiratory phase of the respiratory cycle.
The envelope of the spontaneous inspiratory drive potential
in a (spiking) phrenic motoneuron had a rapid onset (50
msec) to a peak followed by a plateau/declining phase that·
lasted 400-700 msec. The peak potential was 10-20 mV
above baseline potential. Superimposed on the slow enve
lope of drive were faster depolarizing potentials, and the
initiation of action potentials always seemed to occur with
these fast potentials. When the membrane potential of a
phrenic motoneuron was clamped at end-expiratory poten
tials (-60 to -75 mY), the peak amplitude of the synaptic
current during inspiration was 1.5 to 3.5 nA. The envelope
of the inspiratory postsynaptic current had a similar shape
and duration to the synaptic potential. Power spectral anal
ysis of the synaptic drive current and potential revealed that
these fast components have a characteristic frequency of 20
Hz. Given the strikingly similar fast depolarizing potentials
and inward currents, we presume that they represent similar
synaptic events.

To obtain optimal recordings of membrane current, we
modified whole-cell patch-clamp techniques for use in the
intact brainstem-spinal cord preparation in vitro. Unitary
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FIG. 10.1 Characteristics of descending inspiratory drive potentials and currents. (A) Left: A representative intracellular recording of a
phrenic motoneuron with a 15 mV depolarization drive potential during the inspiratory phase of the respiratory cycle and a - 62 mV
potential during the expiratory phase. The lower trace is the C4 root activity recorded simultaneously. Right: Inspiratory drive current
during voltage-clamp with a peak inward current of - 1.4 nA with similar shape and duration as the drive potential. Drive current can be
arbitrarily separated into two components, a basic envelope of drive current and fast components superimposed on the envelope. The
middle trace is of the voltage during voltage-clamp (6). (B) Whole-cell patch-clamp recording from a phrenic motoneuron receiving in
spiratory drive. Left: Inspiratory drive potential recorded in current-clamp mode. Right: Inspiratory drive current recorded in voltage
clamp mode. Note that individual EPSCs can be resolved in the data record. (C) Voltage-dependence of inspiratory drive current. Each
current trace represents the current at the voltage indicated. The reversal potential was near -10 mV.

excitatory postsynaptic currents (EPSCs) and inhibitory
postsynaptic currents (IPSCs) are easily seen because of the
high current resolution of patch-clamp technology. Most
respiratory neurons recorded with whole cell patch-clamp
techniques received strong excitatory drive during inspira
tion, as illustrated in Fig. lB. The shape and time course of
the drive potentials or currents obtained under the patch
clamp recording were similar to those obtained under the
sharp electrode intracellular recording. However, the reso
lution of voltage-clamp recording is much higher under
patch-clamp conditions, such that unitary EPSCs, which

composed the inspiratory drive currents, can be observed.
We analyzed the time course of these EPSCs to obtain some
information on the properties of channels activated by the
endogenous neurotransmitter, which is likely to be an exci
tatory amino acid (EAA) (6, 7). The rising time of these
EPSCs ranged from 0.45 to 1.3 ms with a mean of 0.86 ms.
There seemed to be two types of EPSCs, distinguished by
their decay time course. One type of decay time course was
best fitted by an exponential curve with a single time con
stant (about 2.5 msec). The other was best fitted by a two
time-constant exponential curve. The slow time constant of



Bulbospinal Transmission of Drive 49

FIG. 10.2 Receptors mediating inspiratory drive. (A) Effect of lo
cal application of 100 f.lM CNQX on the inspiratory drive current
(holding potential, -62 mY). (B) Local application of an NMDA
receptor antagonist (MK-801) did not affect the inspiratory drive
current. (C) Effects of local application of 1 mM AP4 on inspira
tory drive potential (6).

specific noncompetItlve NMDA receptor antagonist) did
not alter the inspiratory drive current detected at - 60 mV
holding potential (Fig. 10.2B), although there was a 10-15%
reduction of the C4 motoneuron population activity. These
results suggest that non-NMDA receptors are the primary
receptors mediating inspiratory drive transmission.

DL-2-amino-4-phosphonobutyric acid (AP4) is another
potent functional antagonist of inspiratory drive (7). To fur
ther understand how AP4 affects bulbospinal synaptic
transmission, the effects of AP4 on the inspiratory drive
potential were studied. Local application of AP4 blocked
the motoneuron discharge and reduced the drive potential
amplitude within 10-30 sec (fig. 10.2C). This effect of
AP4 was not accompanied by any change of the membrane
I1V relationship. Moreover, application of this concentra
tion of AP4 did not block the depolarization induced by
exogenous application of either quisqualate, kainate, or
glutamate. These results demonstrate that AP4 does not
block any known postsynaptic EAA receptors on phrenic
motoneurons and suggest that AP4 blocks transmission of

Wash out

CNQX (1.02 nA)

Control (1.86 nA)

Control (1.30 nA)
MK-801 (1.46 nA)

L-AP4

- 60 n1V

~,11 nA .

A

B

c

the decay phase ranged from 2.73 to 9.16 msec with a mean
value of 5.18 msec (n = 18). The mean fast time constant
was 1.14 msec (n =6).

To study the type(s) of receptor(s) activated by the en
dogenous release of neurotransmitter and the ionic mecha
nisms underlying generation of synaptic current, it is
necessary to determine the voltage-dependence and rever
sal potential of the synaptic current. Studies from cultured
neurons (2) have demonstrated the existence of two EPSC
components, a slow one mediated by N-methyl-D-aspartate
(NMDA) receptors and a fast one mediated by non-NMDA
receptors; the reversal potentials of both components are
near 0 mV. Slow EPSCs show a strong voltage-dependence.
We were interested in whether the same voltage-dependence
and reversal potential exists for the inspiratory drive current.

Phrenic motoneuron membrane potential was clamped
at voltage levels from - 60 to + 30 mV. The voltage
dependence of drive current is shown in figure 10.IC. The
drive current had a rapid onset and slow decay phase super
imposed with fast events (30 msec). The shape of the drive
current changed at holding potentials more positive than
-20 mY. The amplitude of the drive current at the decay
phase (100 msec after the peak) was plotted against holding
potential. The current was highly voltage-dependent with a
region of negative slope at membrane potentials near -40
mV. The peak current, defined as the maximum net drive
current (measured from the steady-state value), is symmet
rical in the range of - 40 to +30 mV with a reversal po
tential of -13 mV. These results are consistent with our
previous observation that EAA is the major neurotransmit
ter mediating inspiratory drive (6). These results also re
vealed that some of the channels activated by the inspiratory
drive were both voltage- and ligand-gated. These channels
may be those coupled with activation of NMDA receptors.

Our previous finding (7) suggests that EAAs are in
volved in the bulbospinal transmission of inspiratory drive.
To establish the presence of EAA receptors on phrenic mo
toneuronal membranes and provide information on the
available receptor subtypes for action of the endogenousIy
released transmitter, we tested the effects of agonists of the
major EAA receptor subtypes on phrenic motoneurons after
blocking synaptic transmission (produced by axonal action
potentials) by bath application of tetrodotoxin (TTX). We
found that phrenic motoneurons have three types of EAA
receptors: quisqualate, kainate, and NMDA. To identify the
types of receptors mediating endogenous inspiratory drive,
the effects of various EAA antagonists on the inspiratory
drive potentials or currents were studied. Bath application
of 2 flM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), a
specific non-NMDA receptor antagonist (4), reversibly
abolished the spontaneous C4 motor output. Local applica
tion of 100 flM CNQX reduced the amplitude of descending
inspiratory drive current (fig. 10.2A). On the other hand,
local application of ImM ( + )-5-methyl-IO, II-dihydro-5H
dibenzo [a,d] cyclohepten-5,10-iminemaleate (MK-801, a
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A concurrent with excitatory input during inspiration. As
shown in figure 10.38, inhibitory synaptic potentials were
sometimes superimposed on the excitatory synaptic poten
tials at the beginning of the inspiratory phase. The neuro
transmitter involved in this inhibitory synaptic transmission
remains to be determined.

10 ms
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In summary, the goal of this work is to understand the
mechanisms for control of excitability of phrenic motoneu
rons. Although many studies have been done to investigate
the motoneuron recruitment by afferent input (3), little is
known on the role of descending input in the control of mo
toneuron excitability. The study of descending synaptic
drive to phrenic motoneurons provides the information on
how the excitability of motoneurons is controlled by de
scending input. Our results suggest that the pattern of de
scending synaptic input plays an important role in the
control of motoneuron firing pattern, because the initiation
of action potentials always seemed to occur with those fast
synaptic events superimposed on a ramp of drive potential.
We also identified the various types of transmitters and
postsynaptic receptors mediating these synaptic inputs. De
termination of the main types of transmitters and receptors
which mediate descending inspiratory and expiratory input
to phrenic motoneurons will help us understand the gener
ation of inspiratory drive and provide the basis for studying
the modulation of these drives by other transmitters, such
as serotonin or norepinephrine.

Finally, understanding the mechanisms underlying trans
mission of respiratory drive to motoneurons is of consider
able importance in defining the mechanisms responsible for
respiratory homeostasis and for pathologies where ventila
tory failure results from the inability to generate the appro
priate motor output. Moreover, the mechanisms involved in
neurotransmission of drive potential from pre-motor neu
rons to motoneurons may be common to other motor sys
terns, even to all central nervous system synapses using
EAAs as fast neurotransmitters.

CONCLUSION

-30mV

IThis value is consistent with a CI- -mediated conductance since the intra
cellular CI- concentration (19 mM in patch piPette solution) was higher
than normal (8 mM) after dialysis of the intracellular environment by
patch electrode (estimated Eel 50 mV for [CI]o:[CI]i = [133]:[9])

inspiratory drive by acting at presynaptic terminals of bul
bospinal neurons (1, 6).

Phrenic motoneurons also receive CI--dependent in
hibitory synaptic inputs during the expiratory period.
These inhibitory synaptic currents are easily seen under
whole-cell patch-c.lamp recording. Figure 10.3A shows the
properties of these spontaneous IPSCs. Both mean rise
time (1.1 msec) and decay time constant (7.8 msec) of
IPSCs always seemed slower than that of EPSCs. The re
versal potential of these IPSCs was - 40 mv. I The voltage
dependence of this synaptic conductance remains to be
analyzed. Interestingly, phrenic motoneurons in some prep
arations received powerful inhibitory inputs just before and

FIG. 10.3 Inhibitory synaptic current recorded during expiration.
(A) Spontaneous IPSCs in a phrenic motoneuron at two mem
brane holding potentials. The reversal potential of these currents
is 40 mV, due to an increase of intracellular CI- concentration in
the experimental conditions. (B) The drive potential recorded with
a KCI electrode. The potentials prior to inspiration occurred only
when a KCI electrode was used for intracellular recording. In ad
dition, those potentials did not appear until the microelectrode
penetrated a neuron for a few minutes. The early depolarizations
(arrows) are CI- dependent reversed inhibitory potentials.
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Comparative Approach to Neural Control of Respiration

Allan I. Pack, Raymond J. Galante, Robert E. Walker,
Leszek K. Kubin, and Alfred ~ Fishman

Most studies to elucidate the neural basis of respiratory
rhythmogenesis have been done in mammals. Less investi
gation has been done in nonmammalian species. Although
studies in Aplysia (5), mollusk (41), lamprey (21, 22, 35,
36, 42), and teleost fish (1, 2) have provided certain inter
esting insights, they have shed little light on the evolution
of the respiratory pattern generator. A comparative ap
proach to neural systems can provide important insights
(for discussion of this approach, see 4) by relating evolu
tionary changes in behavior to the neural basis of the be
havior. With evolution there have been major changes in the
mechanical act of respiration (for summary, see 31). The
alteration in the mechanical aspects of the behavior of this
neural control system have been well characterized. Little,
however, is known about the evolution of the underlying
neural systems. In this contribution we describe the begin
nings of this type of approach to the respiratory pattern
generator.

A logical starting point for this inquiry is to study the
neural basis of respiration in the first air-breathing species.
Thus, we have concentrated initially on the dipnoan lung
fish, which appear early in the evolution of air breathing
(33). These lungfish have both gills and lungs. There are
three genera: Protopterus (African), Lepidosiren (South
American) and Neoceratodus (Australian). There are im
portant differences between them. In particular, the gills of
Neoceratodus fosteri are sufficient to support gas exchange
(14), whereas in the others gills are too rudimentary and air
breathing is obligatory (19, 20). The precise relationship of
lungfish and tetrapods remains a subject of debate (for sum
mary see 25). One theory argues that they are sister groups
(13, 34), while others argue that this is not the case (38).
Similarities in the cardiorespiratory systems of modern
lungfish and amphibia would therefore be a consequence of
convergent evolution (38).

The dipnoan lungfish employ a buccal force pump mech
anism to ventilate their lungs (3, 26). The action of this
pumping mechanism has been studied by pressure record
ing (8, 26), electromyography of the action of the buccal
muscles (26), and by cine-fluoroscopy (3). Some studies
suggest that when lungfish initiate a lung breath, they first
expire gas from their lungs. Thereafter, fresh air enters the
buccal cavity and is forced into the lungs through an ac
tively opened glottis by the rhythmic contraction of the buc
cal muscles. It takes a series of contractions to ventilate the
lung. Alternatively, however, it has been described that

lungfish first aspirate air into the buccal cavity with the
glottis closed (26) preceding expiration from the lung. With
expiration, there is mixing of fresh air and lung gas in the
buccal cavity. Subsequently, this mixed gas is pumped into
the lung by the rhythmic contraction of the buccal muscu
lature (26). A similar buccal force pump mechanism is also
employed by amphibia (7, 43).

The lungs in the lungfish are paired, hollow sacs which
extend along the dorsal portion of the abdominal cavity.
Proximally the two sacs come together to form a common
anterior chamber which is connected by a short pneumatic
duct to the glottic sphincter of the pharynx (see ref. 9, fig.
1). Trabeculae from the inner walls extend into the central
cavity of the lungs. Within these trabeculae and in the tis
sue surrounding the lungs, there is smooth muscle (17, 30).
The lungs are innervated by pulmonary branches of the va
gus nerve.

The lungs of these fish contain both slowly adapting and
rapidly adapting receptors. This has been demonstrated by
our laboratory using both in vivo and in vitro recording
techniques (9). Some slowly adapting receptors were active
at resting lung volume. They showed a sigmoid pattern of
response to step inflations of the lungs. Inflation of the
lungs to pressures above 10 cm H20 produced little further
increase in their activity. Other receptors were not active at
resting lung volume and showed varying recruitment
thresholds. The slowly adapting receptors also showed a
dynamic sensitivity, that is, their firing was determined by
both the degree and rate of lung inflation (9). This aspect of
their response is similar to that described for mammalian
stretch receptors (28). In addition, as described in mam
mals (37), increasing CO2 concentration in the lungs
caused a decrement in receptor firing (9).

The transduction properties of the rapidly adapting re
ceptors were also similar to those.described in mammals
(27). Seven of the ten receptors, which we studied, showed
firing both during inflation of the lung segment and briefly
during deflation. During dynamic inflations of the lungs,
the activity of these rapidly adapting receptors was strongly
influenced by the rate of lung inflation and to a much lesser
extent by the degree of inflation.

These studies confirm that, at this early stage of the de
velopment of air breathing, there were highly developed
mechanoreceptors in the lungs. The information that they
provide to the brainstem about mechanical events in the
lungs is similar to that provided by receptors in the mam-
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malian lung. In these studies we did not examine for the
presence or response of C-fiber afferents.

As indicated above, the information provided by pulmo
nary mechanoreceptors in the lungfish is similar to that in
mammals. This raises the question as to the role of this in
formation in control of respiratory timing intervals. In a
separate series of studies (29), we studied the role of lung
inflation in the control of interbreath interval. We utilized
two preparations: in one we instrumented the lungfish to
measure and control intrapulmonary pressure and to mea
sure opercular pressure; in the other, we created a flow
through lung preparation, in addition to measuring
intrapulmonary and opercular pressure. Gas of known com
position was passed continuously through the lungs while
the glottis was occluded by a balloon catheter. This prepa
ration served to maintain blood gas tensions constant (for
further details see ref. 29, fig. 1).

In both preparations, inflation of the lungs with air pro
longed the interval between lung breaths. As described pre
viously (18), hypoxia also decreased the interval between
lung breaths. At the three levels of oxygen studied (5%,
10%, 18%), increased intrapulmonary pressure prolonged
the interval between lung breaths. At higher levels of oxy
gen, increased intrapulmonary pressure produced more
marked prolongation of interbreath interval, as in mam
mals (45).

These studies also demonstrated a time dependence of
the effect of lung inflation on interbreath interval. Pulses
of inflation applied early in the interbreath interval, pro
duced less prolongation of that interval than did pulses of
inflation applied later in the interval (29). This time depen
dence is similar to the effects of inflation on the control of
expiratory duration in cats (23). Thus these studies dem
onstrate that there is a reflex in the lungfish similar to the
Hering-Breuer expiratory promoting reflex in mammals.
Ma~y of the features of this reflex are similar between the
different species.

If a Hering-Breuer expiratory promoting reflex is pres
ent, is there also an inspiratory-terminating reflex? To ad
dress this question, we have conducted another series of
studies. We examined the effect of lung inflation on the du
ration of action of the buccal force pump. Lungfish were
instrumented to record intrapulmonary and opercular pres
sure. The glottis of the fish was occluded by an inflated bal
loon. At the start of a lung breath, the lungs were inflated
to a preset level of pressure. Five different types of tests
were performed: no inflation (glottis occluded) and infla
tions to 2.5,5.0, 7.5, and 10.0 cm H20.

Inflation of the lungs shortened the duration of action of
the buccal force pump. There was a large difference in
breath duration between the no inflation test and that at 2.5
cm H20 (see fig. 11.1). Breath duration was determined
from the buccal pressure trace (not shown). Further in
creases in inflation pressure produced little further short
ening of breath duration. The shape of the relationship

between inflation pressure and breath duration is curvilin
ear and similar to the relationship between tidal volume and
inspiratory duration in mammals (6, 16). This shortening
effect of lung inflation on the duration of action of the buc
cal force pump was not related to changes in blood gas ten
sions. Inflations with air, 100% oxygen, or 100% nitrogen
produce similar shortening of the duration of action of the
buccal force pump.

Although mechanoreceptor feedback from the lung had
a profound effect on the timing mechanisms for lung ven
tilation, it had no effect on gill ventilation in the lungfish.
Inflation of the lung in the interval between lung breaths
produced no alteration in the frequency of gill ventilation
(29). This result is in contrast to those in the larval form of
amphibia (tadpole) where lung inflation slows the fre
quency of gill ventilation (44). Such slowing after the lung
breaths reduces the loss of oxygen through the gills from
the now oxygenated blood. Although lung inflation did not
slow gill ventilation in the lungfish, gill ventilation did
slow after a lung breath. This interaction is controlled by a
central program since it occurs even though intrapulmonary
pressure is held constant. With intrapulmonary pressure
constant there is an interval following a lung breath in
which there is no gill ventilation, after which gill ventila
tion increases to a new steady state.

Based on these data (29), it seems likely that in the lung
fish there are separate circuits for control of pulmonary and
gill ventilation. The former receives afferent information
from pulmonary mechanoreceptors and is powerfully af
fected by hypoxia. In contrast, the circuits for generation of
gill ventilation are unaffected by input from pulmonary
mechanoreceptors (29) and are less affected by hypoxia
(18). Although not directly tested by us, it would seem
likely that the pattern generator for gill ventilation is influ
enced from mechanoreceptors on the gill arches, since me
chanical agitation of water changes the frequency of gill
ventilation (20). The slowing of gill ventilation following a
lung breath is likely to be mediated by a direct inhibitory
connection from the lung pattern generator to that for the
gills (see fig. 9 schematic in ref. 12).

The studies outlined above indicate that there are both
vagally mediated expiratory promoting reflexes and in
spiratory terminating reflexes in the lungfish, and they
seem to operate on similar principles as the corresponding
reflexes in mammals. This similarity extends to the quan
titative nature of the interrelationships. Thus we conclude
that respiratory timing control similar to that in mammals
was already developed in the lungfish. This adds weight to
the hypothesis of Feldman and colleagues that the circuits
for respiratory timing control and those for shaping the res
piratory burst are separate although interacting neural sys
tems (10, 11, 39). We would argue that both the pulmonary
mechanoreceptor system and the respiratory timing control
system were already developed in these early air breathing
fish. With evolution, the major changes that have taken
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FIG. 11.1 Relationship between the dura
tion of action of the buccal force pump
and the intrapulmonary pressure in a sin
gle lungfish. The results (mean ± SO)
are shown for six to eight tests in which
the lung was not inflated (zero pressure)
or inflated to pressures of 2.5, 5.0, 7.5,
or 10.0 cm H20. Breath duration, the
dependent variable, is plotted on the x
axis to allow comparison with the VTIT I

plot in mammals.
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FIG. 11.2 (A) Simultaneous recording of the moving average of
neuronal activity from the 7th motor nucleus and the opercular
pressure. (B) Simultaneous recording of the moving average of
neural activity from the same nucleus and the intrapulmonary
pressure. (For further details see text.)

place are in the circuits for shaping the respiratory burst, as
the mechanical act of breathing has changed from the buc
cal force pump in air-breathing fish and amphibia to suc
tional breathing based on contraction of the diaphragm and
chest wall musculature. This raises the question as to what
happened to the circuits for the branchiomeric ventilatory
system. One hypothesis, put forward by Richardson (32), is
that the high-frequency oscillations recorded in phrenic
nerve output and in the upper airway muscles are the rem
nant of this neural system.

If the timing mechanisms are present, then can one gain
insight into the mechanisms of respiratory rhythmogenesis
by studying early air breathing species? Recently a power
ful approach to such studies has been the use of in vitro
neonatal preparations in which rhythmogenesis is main-'
tained (40). We have applied a similar approach to these
early air breathing species and have developed a prepara
tion using the isolated brainstem of the larval form (tad
pole) of amphibia (Rana catesbeiana). This preparation
consists of the isolated brainstem ,.of the tadpole, which is
placed in a small organ bath and is superfused by an oxy
genated physiological solution. The preparation shows
rhythmic neural output for several hours when maintained
in this state. The neural output, which can be recorded
from the motoneuron pools of the vagus and facial nerve,
has a pattern that resembles the pattern of changes in buc
cal pressure that have been measured in freely swimming
tadpoles (see fig. 11.2; 44).

To establish that the patterns of neural activities that we
are recording are related to pulmonary and gill ventilation,
we recorded both neural activity and mechanical events in
tadpoles. These studies were done in vivo after we had
transected the brain through the diencephalon. Multiunit
activity from the facial motor nucleus was recorded simul
taneously with recordings of either buccal pressure or in-
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FIG. 11.4 Effect of replacement of chloride ion on the pattern of
neural activity (A) and the integrated neural activity (B). The top
two recordings show control conditions and the bottom two traces
show the effect during a chloride-free state. With the removal of
chloride, gill ventilation stops while pulmonary ventilation con
tinues, albeit with increased amplitude and duration of the neural
burst.

FIG. 11.3 Effect of increasing concentrations of gamma-amino
butyric acid (GABA) on the recorded moving average of neural
activity from the 7th motor nucleus of an isolated in vitro brain
stem of a tadpole. The top recording shows control conditions.
The effect of increasing concentrations of GABA are shown be
low. At low concentrations of GABA (2.5 mM) gill ventilation is
slowed and suppressed. Higher concentrations of GABA (10 mM)
block both gill and pulmonary ventilation.
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trapulmonary pressure. The pressure recordings from the
buccal cavity showed oscillations that corresponded to neu
ral activity (see fig. 11.2A). The small pressure oscillations
correspond to those for gill ventilation, while the larger os
cillations were likely to be associated with pulmonary ven
tilation (44). That the larger of the neural activities was
related to pulmonary ventilation was confirmed by measur
ing intrapulmonary pressure (see fig. 11.2B). Following
the largest neural activity, there is an increase in intrapul
monary pressure, which declines in the interbreath inter
val. Associated with the increase in pulmonary pressure
there is a decline in the amplitude of gill ventilation (see
fig. 11.2B). This presumably reflects the effects of feed
back from pulmonary mechanoreceptors, as alluded to ear
lier (44). These results indicate that the patterns we are
recording in vitro represent those for pulmonary and gill
ventilation.

The in vitro preparation allowed us to manipulate the
chemical environment of the pattern generators for gill and
pulmonary ventilation. This approach has been extensively
used in other systems, for example, studying swimming
in isolated lamprey spinal cord (15), gill ventilation in
lamprey (36), and respiration in the neonatal rat (10). We
have first examined the effects of increasing concentrations
of the inhibitory transmitter gamma-amino butyric acid
(GABA) on gill and pulmonary ventilation. Studies were
done by superfusing the brainstem with concentrations of
this neurotransmitter (0-20 mM). The results in a single
tadpole are shown in figure 11.3. At low concentrations of
GABA (2.5 mM) there is a reduction in the amplitude of
the neural output associated with gill ventilation and a
slowing of this rhythm. The neural activity associated with
lung ventilation is less affected. At higher concentrations
of GABA (7.5 mM) the frequency of lung respiration is
also slowed and finally at even higher concentrations (10
mM) both rhythms are completely abolished.

These data indicate that GABA can affect the timing cir
cuits for both pulmonary and gill ventilation. There is,
however, a differential effect on the different neural sys
tems. Gill ventilation is affected at relatively low concen
trations, whereas it takes higher concentrations to alter
pulmonary ventilation. This supports our argument that
there are separate neural circuits. The pattern generator for
gill ventilation may be either more superficially located in
the tissue and/or have a higher sensitivity to GABA.

The role of inhibitory transmitters in rhythmogenesis can
be assessed by removing chloride from the bathing medium
(10, 15,36). Both GABA and glycine receptors are coupled
to chloride channels (24). Thus, when activated there is an
inward flux of chloride ion which hyperpolarizes the neu
ron. If chloride is depleted, the action of these transmitters
is effectively blocked. This strategy has revealed the role
of inhibitory connections in other pattern generators (10,
15, 36). Network oscillators, which depend on mutually
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TABLE 11.1. Effect of Chloride Ion Replacement on
Respiratory Rhythm I

ness of the tissue is about 800 ~m and all neurons are close
to the dorsal surface.

I Results are given for control conditions, and after chloride was
replaced by gluconate (chloride free).

2 Each value is the average ± SO of data in seven tadpoles.

Lung breath duration (sec)
Lung breath frequency

(burst/min)

Control
3.5 ± 0.9

54.9 ± 18.0

Chloride Free
35.3 ± 9.8
39.9 ± 13.7
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inhibitory connections between neurons should stop oscil
lating in the absence of chloride. In contrast, pacemaker
driven oscillations should continue in the absence of
chloride. Respiratory rhythm in the neonatal rat is main
tained without chloride being present (10).

In our studies in tadpoles we have used gluconate to re
place chloride. Replacement of chloride ion produced a
profound change in respiratory rhythm (see fig. 11.4). Neu
ral activity associated with lung ventilation continued,
while that for gill ventilation disappeared. In the interval
between lung breaths tonic firing of neurons increased. The
duration of the bursts of neuronal activity associated with
lung ventilation increased. There was, on average, little
change in the frequency of lung ventilation. In the seven
tadpoles studied to date, the changes in respiratory timing
are given in table 11.1.

Since gill ventilation stops, these data imply that in tad
poles this rhythm is based on a network oscillator. In con
trast, pulmonary ventilation depends on a system involving
some form of pacemaker cell or inhibitory interactions that
are not dependent on chloride ions.

CONCLUSION

In this chapter we have reviewed studies on control of res
piratory timing in an early air-breathing species, the lung
fish. The data indicate that there is significant similarity
between control of respiratory timing in this fish and in
mammals. This leads us to hypothesize that the circuits for
respiratory timing control were already developed in these
early air-breathing species. With evolution, the major
changes which have taken place have been in the neural cir
cuits that shape the final motor output for respiration.
These changes have been related to the changes in the me
chanical act of breathing.

Such arguments indicate ~hat we may be able to take ad
vantage of such species to elucidate mechanisms of respi
ratory rhythmogenesis. We have developed an in vitro
brainstem preparation of larval bullfrogs, Rana catesbei
ana. The isolated brainstem of this species shows rhythmic
activity related to gill and lung ventilation. Gill ventilation
is blocked by removal of chloride ion while pulmonary ven
tilation continues. Thus, it seems likely that there are pace
maker cells for pulmonary ventilation. This in vitro
preparation may have important advantages since the thick-
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An Overview

Albert J. Berger

Chemical neuroanatomy deals with the localization of neu
rotransmitter substances within neural structures or path
ways. The purpose of chemical neuroanatomical studies is
to learn more about the associations of neurotransmitters,
their synthetic machinery, and receptors with certain func
tionally defined structures. This is particularly important
for chemical neuroanatomical studies that are designed to
advance our understanding of the neural control of respira
tion. Although much is known about neural structures that
have a role in respiration, many of these structures lie
within portions of the nervous system that have diverse
functions, such as control of circulation. It is imperative,
therefore, that chemical neuroanatomical studies be de
signed so that the associations between structure and func
tion may be unambiguously defined. Two of the papers in
this section are particularly relevant to this point. In their
paper, Ellenberger and Feldman (this volume) show how
the use of tract tracing methods can reveal the rich inter
connections of ponto-medullary structures having respira
tory function. The paper by Lipski et al. (this volume) goes
a step further by describing a variety of single cell ap
proaches, including examination of ultrastructure following
intracellular labeling to determine the kinds of transmitters
in presynaptic processes that impinge upon functionally
identified central respiratory neurons.

Chemical neuroanatomical studies lead ultimately to
consideration of mechanisms by which neurotransmitters
do their work. We can distinguish two general modes of ac
tion for neurotransmitter substances (I). In one mode,
neurotransmitter-gated ion channels or ligand-gated chan
nels are activated (fig. 12.IA). An example of this is the
effect of GABA upon GABAA receptors in the activation of
chloride channels (2). Further, activation of ligand-gated
ionic channels is characterized by its brief duration, which
is typically milliseconds. In the other mode, a neurotrans
mitter can activate ion channels by means of second
messenger systems (fig. 12.1B). Here the unifying concept
is the effect of the transmitter-receptor complex on various
G-protein systems, which in turn can alter second messen
gers in cells and ultimately, through (for example) protein
kinases, can act on cellular effector proteins. In contrast to
the ligand-gated channels, effects through second-messenger
systems occur over long periods, usually seconds to min
utes. This latter mode of action can affect ionic channels or
even affect a cell's response to other neurotransmitters. An
example of the longer term effects on ion channels is the

long-lasting excitatory action of 5-HT on sensory neurons
of Aplysia. The mechanism for this involves a decrease in
an outward 5-HT-sensitive potassium conductance that
comes about by activation of the second messenger, cAMP
(3). In addition to their action on ion channels, these G
protein-coupled systems can intracellularly target biochem
ical enzymes, the cytoskeleton, membrane pumps, and
genomic regulatory mechanisms.

Several criteria exist for classifying neurotransmit
ters (4); these include: I) the presence of the substance,
m-RNA, or synthetic enzymes within a neuron under study;
2) selective activation of a neuron produces release of the
substance at the target site; 3) presence of the specific neu
rotransmitter receptor at the target site; 4) the response to
the exogenously applied substance should mimic a response
that follows activation of the synaptic pathway under inves
tigation; and 5) pharmacological agents (agonist and an
tagonists) should produce expected effects as determined
by exogenously applied agents and synaptic pathway
induced release of the substance. Ideally, for any substance
to be classified as a neurotransmitter, all of the above cri
teria should be met. In reality, however, this usually is not
the case.

Studies reported in this section largely focus on satisfy
ing the first criterion, that is, showing that a substance, its
m-RNA, or its synthetic enzymes actually exist in a spec
ified respiratory-related neuron or pathway. Czyzyk
Krzeska et al. (this volume) for example, show that m-RNA
for the rate-limiting enzyme tyrosine hydroxylase (TH) in
the synthesis of catecholamines is present in carotid body
Type I cells and that its expression is increased in carotid
bodies that are exposed to hypoxia. Katz (this volume) also
reports on the expression and regulation of TH by using im
munocytochemical methods to reveal this synthetic en
zyme. He shows that TH is present in petrosal ganglion
sensory neurons and that TH expression is regulated by ca
rotid sinus nerve innervation of the carotid body during
development.

The main objective of chemical neuroanatomical stud
ies is to localize both neurotransmitters and their target
receptors along physiologically relevant pathways. There
fore, being able to unambiguously detect the neurotrans
mitter, m-RNA, or its synthetic enzymes, as well as its
target receptors, is critical to the identification process.
An ability to understand the role of neurochemicals in the
organization of the nervous system as it relates to respira-
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Transmitter

A. Ligand-Gated Ion Channel

B. Second-Messenger Systems

A number of major issues need to be addressed using
these techniques, the most important of which are the sen
sitivity and the specificity of the method. Further, with any
of these methods, the anatomical and functional identifica
tion of the neuron where the transmitter is located, or upon
which the transmitter is acting, must be determined. With
out this knowledge and satisfaction of the criteria stated
above for classifying a neurotransmitter, we cannot hope to
understand completely the role of a neurotransmitter in a
specific function. Consequently, such a substance is
doomed to be relegated to the ignominious title of putative
neurotransmitter.

The four papers presented in this section illustrate the
use of several modern methods for neurotransmitter identi
fication and regulation. They also utilize light and electron
microscopic analysis of neurons, employing retrograde, an
terograde, and intracellular labeling of cells. With these
kinds of approaches, highly nonspecific, descriptive studies
have given way to chemical neuroanatomic studies of such
sophistication that data obtained from them can be used to
formulate specific hypotheses, including those that enable
us to understand basic mechanisms important in the neural
control of respiration.

4. Some other methods are microdialysis, biochemical
analysis of tissue samples, formaldehyde-induced fluo
rescence, and voltammetry.
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FlG. 12.1 Mechanisms by which transmitters cause changes in
transmembrane ion fluxes. (Adapted from I.)

tion has been dependent on the availability of appropriate
methodologies. Recently some new methods have improved
this ability.

The following several strategies are now available for
identifying neurochemicals:
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I. Radiolabeling: Typically this might be used with radio
labeling of an exogenously applied neurotransmitter,
which then is detected on postsynaptic receptor sites.

2. Immunostaining: Here an antibody raised against a neu
rotransmitter, synthetic enzymes, or against the target
receptor proteins is used to reveal the presence of a sub
stance in a neuron or pathway.

3. m-RNA labeling: Because receptor proteins, neuropep
tides, and synthetic enzymes are produced by transcrip
tion of the DNA template to mRNA and translation of
the mRNA to protein, recently developed molecular bi
ological methods involving in situ hybridization to spe
cific mRNAs can reveal the presence of a substance in a
neuron or pathway. Also the exciting question of ge
nomic regulation of protein synthesis can be studied.
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Neurotransmitter Content of Respiratory Neurons and Their

Inputs: Double-Labeling Studies Using Intracellular
Tracers and Immunohistochemistry

J. Lipski, C. Barton, D. de Castro, C. Jiang, I. Llewellyn-Smith,
G.S. Mitchell, ~M. Pilowsky, M.D. Voss, and H.J. Waldvogel

Studies of respiratory neurons using a combination of in
tracellular recording and labeling with horseradish peroxi
dase (HRP) have greatly extended our knowledge of the
relationship between the function and structure of brain
stem and spinal cord neurons involved in the control of res
piratory motor output (e.g., 1, 2, 15, 23). Other studies
utilizing the techniques of simultaneous extra- and intra
cellular recording from pairs of respiratory neurons and
spike-triggered averaging have demonstrated monosynaptic
connections between various subpopulations of respiratory
neurons (e.g., 4, 6, 11, 14, 19). Although the latter studies
show the direction of the synaptic influence (excitation or
inhibition), they provide no information on the neurotrans
mitters involved. Other approaches are necessary to relate
the structure and connectivity of respiratory neurons with
their chemistry.

Until recently, information about neurotransmitters or
neuromodulators of respiratory neurons largely originated
from separate pharmacological, neurochemical, or immu
nohistochemical studies (3). Our recent investigations are
aimed at identifying the chemical content of functionally
and anatomically identified neurons and their inputs by
combining three levels of analysis: (1) electrophysiological
characterization with intracellular recording; (2) morpho
logical examination following intracellular labeling with
HRP or other tracers; and (3) immunohistochemistry using
antibodies against putative neurotransmitters or their syn
thesizing enzymes. The examples outlined below illustrate
the potential of this new approach in assessing the neuro
transmitter content of respiratory neurons or their afferent
inputs. Experiments were conducted on anaesthetized cats
or rats. The general experimental procedures are summa
rized in figure 13. 1.

The aim of the study, described in detail elsewhere (12,
21, 26), was to examine contacts between serotonergic fi
bers and three groups of respiratory neurons: phrenic, hy
poglossal, and inspiratory neurons of the ventrolateral
subnucleus of the nucleus of the solitary tract (dorsal res
piratory group). The procedure is summarized in figure
13.1A. Following intracellular impalement, neurons were
identified by antidromic activation and recording depolar
izing membrane potential shifts in phase with inspiratory
activity recorded from the phrenic nerve. After injection of
neurons with HRP and 1-8-hour survival times, the ani-

mals were perfused transcardially with fixative and 50 ~m
sections from appropriate parts of the brain were cut with a
vibratome. The neurons were visualized using standard
HRP histochemistry (8). Serotonin-immunoreactive bou
tons were detected by incubating sections in (1) polyclonal
rabbit anti-serotonin antibody, (2) biotinylated sheep anti
rabbit antibody, and (3) avidin-HRP conjugate. The reac
tion product of this immunoperoxidase procedure was
usually produced using diaminobenzidine (DAB) intensi
fied with nickel. This resulted in a dark blue or black re
action product, clearly distinct (by light microscopy) from
the brown reaction product observed in intracellularly la
beled neurons.

Immunoreactive boutons were found in close apposition
to labeled neurons, with a greater density on distal den
drites than on proximal dendrites or cell bodies. In addi
tion, the density of contacts was found to be substantially
higher on phrenic motoneurons than on respiratory neurons
of the dorsal respiratory group (21, 26). Electron micros
copy confirmed that serotonin-immunoreactive boutons
formed synapses with the identified phrenic motoneur
ons (21).

Three advantages of this approach, compared with ret
rograde labeling combined with immunohistochemistry (9,
25) are the following: (1) Contacts can be examined be
tween immunoreactive boutons and central neurons which
have been electrophysiologically characterized. In contrast,
when retrograde labeling is used, definite functional iden
tification is possible only in motoneurons, (2) Examined
neurons can be reconstructed, (3) The distribution of con
tacts can be studied over the entire dendritic tree, including
distal dendrites which cannot usually be visualized with
retrograde labeling. There are two potential limitations to
this technique. First, one may confuse immunoreactive
boutons and terminals of filled neurons. A search must
therefore be made for recurrent axon collaterals. Second,
the reaction product in strongly HRP-Iabeled neurons may
obscure details of postsynaptic densities during ultrastruc
tural analysis.

Identification of immunoreactivity in terminals (or in
cell bodies) provides no more than an indication that a
substance may be involved in synaptic processes. Other
approaches are needed to confirm its activity as a neuro
transmitter, such as studies of release and inactivation, as-
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FIG. 13.3 GABAergic input to respiratory neurons in the ventrolateral medulla of the cat. (A) Texas Red fluorescence of an expiratory neuron in the Bot
zinger Complex, labeled with biocytin. (8) Bright-field photomicrograph of the same area (injected neuron marked with asterisk) showing lack of GABA
immunoreactivity in the labeled cell body, but presence in surrounding boutons. (C) Examples of GABA-immunoreactive cell bodies in the dorsomedial
part of the medulla oblongata. (D) Apposition of immunoreactive boutons and a HRP-filled inspiratory laryngeal motoneuron. Calibration bar: 251J.m.
(From Barton, Jiang, Lipski, and Pilowsky, unpublished.)



FIG. 13.4 Photomicrographs illustrating lack of TH-immunoreactivity in an LY-filled respiratory neuron in the rostral ventrolateral me
dulla in the rat. Top: LY-filled neuron. Bottom: Same site showing tyrosine hydroxilase- (TH-) immunoreactive neuron (rhodamine flu
orescence). Calibration bar: 501Jom. (Adapted from 21, with permission.)
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sessment of pharmacological effects, identification of
pre- and postsynaptic receptors, and demonstration of
mRNA for receptors, the transmitter, or its synthesizing
enzyme(s).

A combination of two approaches, summarized in figure
13.IA and B, was used to examine the hypothesis that
gamma-aminobutyric acid (GABA) is involved in the inhi
bition of medullary inspiratory neurons by augmenting ex
piratory neurons of the Botzinger Complex (Bot-Aug). This
hypothesis was based on two previous findings: (I) Spike
triggered averaging experiments revealed monosynaptic
inhibitory actions of Bot-Aug neurons on several subpopu
lations of respiratory neurons (7, II, 19), and (2) some
GABA-immunoreactive neurons in the region of the Bot
zinger Complex could be retrogradely labeled after injecting
of HRP into the region of the dorsal respiratory group (17).

In the initial stage of the study (16) we used intracellular
HRP labeling of inspiratory neurons in the dorsal respira
tory group and immunohistochemistry for GABA. Follow
ing the procedure in figure 13. lA, contacts between
immunoreactive boutons and the dendrites and cell bodies
of these neurons could be demonstrated at the light micro
scopic level (fig. 13.2A-C). Electron microscopic analysis
confirmed the presence of synapses (16 and fig. 13.2D).
Similar contacts were found between GABA-immunoreac
tive boutons and inspiratory neurons of the ventral respira
tory group (fig. 13.3D, and Barton, Jiang, Lipski, and
Pilowsky, unpublished).

Subsequently, we attempted to demonstrate GABA im
munoreactivity in Bot-Aug neurons (Fig. 13.IB, and Bar
ton, Jiang, Lipski, and Pilowsky, unpublished). Following
intracellular injection of biocytin and transcardiac fixation

with a mixture of 2% glutaraldehyde and I% formaldehyde,
40 !-tm parasagittal sections of the medulla were incubated
in monoclonal mouse anti-GABA antibody (18) diluted
I: 1000 for 2 days and in StreptAvidin Texas Red (Sigma,
I:200) for 4 hours. Sections with fluorescent cell bodies
were incubated with a goat anti-mouse antibody (1:100,
overnight) and mouse peroxidase-antiperoxidase (I :200, 4
hours), followed by DAB-Ni staining. Following dehydra
tion, clearing in xylene, and covering with depex, injected
Bot-Aug neurons retained the fluorescence. Switching be
tween fluorescence and standard microscopy allowed exam
ination of biocytin-labeled cell bodies for immunoreactivity.

Eleven labeled Bot-Aug neurons were examined (fig.
13.3 A, B). None showed GABA immunoreactivity (fig.
13.3B, *). Although themselves not immunoreactive, the
cell bodies of these neurons were surrounded by immunor
eactive boutons, some of which appeared to form close ap
positions with labeled cell bodies and their proximal
dendrites.

This finding is not compatible with the hypothesis that
Bot-Aug neurons are GABAergic but nevertheless could be
a false-negative result and should be interpreted with cau
tion. First, this protocol may not be sensitive enough to
detect the usually small amounts of GABA in the cell bod
ies of GABAergic neurons without colchicine pretreat
ment, even though GABA-immunoreactive cell bodies were
observed in other parts of the medulla (fig. 13.3C). Second,
it is known that some intracellularly injected labels inter
fere with subsequent immunohistochemical protocols (24),
although such interference has not been reported for biocy
tin (10, 13, see also 20).

The Lucifer Yellow (LY) protocol in figure 13.IB was
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FIG. 13.2 Light and electron microscopic demonstration of contacts between GABA-immunoreactive boutons and HRP-filled neurons of
the dorsal respiratory group in the cat. (A) Reconstruction of the labeled neuron. (8) Camera-Iucida drawing showing appositions of im
munoreactive boutons with the cell body. (C) Photomicrograph of the region shown in A by the box. Contacts between immunoreactive
boutons and the labeled dendrite are indicated by open triangles. (D) Electron micrograph showing GABA-immunoreactive bouton (filled
triangle) synapsing with HRP-filled dendrite (*). Calibration bar in A, 100 11m (corresponding to 10 11m in C); in D, 0.5 11m. (Adapted from
15, with permission.)

used in rats to examine the morphology of respiratory neu
rons in the rostral ventrolateral medulla and to study their
relationship to catecholamine-containing neurons of the C I
group (22). The advantage of using LY as a label is that
it can be visualized directly in injected neurons using flu
orescence microscopy. This allows selection of sections
containing labeled cell bodies for immunohistochemi
cal processing. These sections were used for an immuno
fluorescence procedure with rhodamine (TRITC)-Iabeled
secondary antibodies to reveal tyrosine hydroxylase (TH)
immunoreactivity. Sections were reexamined by changing
between appropriate filter blocks to assess TH-immunore
activity of LY-filled neurons. After photography (fig. 13.4),
sections containing labeled cell bodies and adjacent
sections were incubated with LY antiserum, and LY
immunoreactivity was revealed with standard immunoper
oxidase staining. This final stage allowed camera-Iucida
reconstruction of labeled neurons and detailed examination
of their morphology.

Using this procedure we could demonstrate (22) that
none of the 16 LY-labeled neurons was immunoreactive for
TH, although these neurons were often intermingled with
catecholamine-containing neurons. Three-dimensional re
constructions of the axonal and dendritic morphology of la
beled neurons showed axonal arborizations within the
ventrolateral medulla in the vicinity of the Cl group,
among other respiratory neurons and near neurons reported
to have a cardiovascular function (5). The dendrites of
some neurons radiated widely through the ventrolateral me
dulla and frequently approached the ventral surface.

CONCLUSIONS

A combination of intracellular recording and labeling of
respiratory neurons with immunohistochemistry for puta
tive neurotransmitters can be used to relate their function,
structure, and chemistry. Although this type of analysis is
technically demanding and not free from limitations (e.g.,
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some intracellular tra~ers may interfere with immunohis
tochemical staining), this approach should help to fill the
gap in our knowledge between what is known about the
chemical anatomy of various regions of the central nervous
system involved in respiratory control, and the properties
of individual neurons.
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Induction of Tyrosine Hydroxylase Gene

in Carotid Body by Hypoxia

Maria F. Czyzyk-Krzeska, Douglas A. Bayliss, and David E. Millboro

The carotid body (glomus caroticum) is a chemosensitive
organ located at the bifurcation of the common carotid ar
tery. The mammalian carotid body detects alterations in the
partial pressures of oxygen (P02), carbon dioxide (PC02)
and pH in arterial blood and transduces these signals into
electrical impulses in primary sensory fibers of the carotid
sinus nerve. Although the actual mechanism by which
changes in blood gases are detected by the carotid body
remains unknown, it is now generally believed that chemo
sensory signals are transmitted from Type I (glomus) cells
to closely apposed sensory terminals (15) by release of a
chemical transmitter (6).

A number of classical neurotransmitters (3, 7, 11) and
neuropeptides (4, 13, 14) have been identified in cell bod
ies as well as in sensory and sympathetic fibers in the ca
rotid body. Thus far, the best evidence that one of these
compounds might actually mediate chemosensory signal
ling between Type I cells and primary sensory terminals
supports involvement of the catecholamine neurotransmit
ter dopamine. Biochemical studies have revealed that
dopamine is synthesized in Type I cells (2) and released in
response to a reduction in arterial P02, that is, hypoxia
(12). Moreover, the activity (Vmax) of tyrosine hydroxyl
ase (TH), the first and rate-limiting enzyme in the biosyn
thesis of catecholamines, is substantially increased in
Type I cells by hypoxia (8, 10). The activity of dopamine
B-hydroxylase, the enzyme that converts dopamine to nor
epinephrine, is unaffected by hypoxia (10). The increase in
Vmax of TH activity could result from either recruitment of
previously synthesized (but nonfunctional) enzyme or from
de novo synthesis of new enzyme. The latter possibility
would involve increased gene expression for tyrosine hy
droxylase.

The present study was undertaken to test the hypothesis
that the increase in TH activity during hypoxia results, at
least in part, from an increase in TH gene expression. If
this hypothesis is correct, exposure to hypoxia would cause
an increase in the concentration of TH messenger RNA
(mRNA) in carotid body Type I cells. The concentration of
TH mRNA in the carotid body in control and test animals
was determined by in situ hybridization. In situ hybridiza
tion is an extremely powerful molecular technique that pro
vides a means for identification and quantification of
specific mRNAs in individual cells. Although there are a

number of other techniques for measuring mRNA in tissue
(e.g. Northern analysis, RNA protection assay), these re
quire relatively large amounts of tissue and do not provide
cellular resolution. However, in situ hybridization is ideally
suited for studying gene regulation in small organs such as
the carotid body and in heterogeneous tissue such as the
nervous system.

In this report we demonstrate that exposure to 10% O2
for as little as 1 hour caused a substantial increase in the
concentration of TH mRNA in the carotid body Type I
cells. In addition, we found that hypercapnia, another nat
ural stimulus of the carotid body, did not enhance TH gene
expression in Type I cells. Thus, TH gene expression is reg
ulated in both a tissue- and stimulus-specific manner in the
carotid body by hypoxia.

METHODS

Individual adult male Sprague-Dawley rats (200-400 g)
were placed in an environmental chamber and exposed to
either 10% O2 for 1-48 hr or to air (21 % 02) for the same
durations. During exposures of long duration (12-48 hr),
normal light-dark cycles were maintained and the animal
received food and water ad libitum. Following the experi
ment, the animals were removed from the environmental
chambers and anesthetized. The carotid body, superior cer
vical sympathetic ganglia, adrenal glands, and petrosal gan
glia were removed surgically and frozen immediately over
dry ice. The tissues were cut (10 ~m) on a microtome in a
cryostat, thaw-mounted onto gelatin-coated microscope
slides, and either stored at -70°C or processed immedi
ately for in situ hybridization as described previously (1,
5). Briefly, sections were warmed to room temperature,
fixed in 4% paraformaldehyde, rinsed extensively in 0.1 M
phosphate buffered saline (PBS), and dehydrated and delip
idated through graded ethanol and chloroform rinses. Sec
tions were then hybridized to 0.5 x 106 cpm of probe (see
below) in a buffer that contained 50% deionized forma
mide,4 x SSC (1 x SSC is 0.15 M NaCI/0.015 M sodium
citrate, pH 7.2), 10% dextran sulfate, 0.02% each of Ficoll,
polyvinylpyrrolidone, and bovine serum albumin, 500 ~g/

ml denatured salmon sperm DNA, 250 ~g/ml yeast tRNA,
and 100 mM dithiothreitol overnight at 37°C. The sections
were washed in 1 x SSC for an hour at 55°C (4 x 15 min
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FIG. 14.1 Photomicrograph showing ca
rotid body cells that are immunostained
for tyrosine hydroxylase (TH) (A) and
contain label for TH mRNA (8). A com
bination of immunohistochemistry for TH
enzyme and in situ hybridization for TH
mRNA was performed on the same tis
sue. Notice that the same cells that con
tain TH enzyme (A) also contain the
mRNA that encodes TH (8).

rinses) and for I hour at room temperature. The sections
were then dipped briefly in water and ethanol (95%), air
dried, and apposed to X-ray film (Hyperfilm-l3max, Amer
sham) for 3-10 days. The slides were then dipped in nu
clear track emulsion (Kodak NTB2). After exposure for 1
3 weeks, the emulsion was developed and fixed, and the
sections were counterstained with toluidine blue before be
ing analyzed with light- and dark-field microscopy. Quan
tification of silver grain density was performed with a
counting device (Artek) interfaced with a microscope and
custom software.

Two oligodeoxyribonucleotide (oligonucleotide) probes
(TH), 49-mer; THz, 30-mer) directed against different re
gions (1441-1488 and 1230-1259, respectively) of rat TH
cDNA (9) were synthesized (Milligen DNA synthesizer)
and used to detect TH mRNA. The THz probe was used in
most experiments; however, in some cases a mixture ofTH)
and THz were applied to tissue sections as a cocktail. This
strategy is used to increase the sensitivity of the technique.
The DNA for THz and corresponding TH cDNA sequence
are shown below. The probe sequences chosen showed no
significant homology with other published cDNA se
quences (GenBank).

TH eDNA (mRNA): 5'GAG CCf GAG GTC CGA GCC TTT GAC CCA
GAC 3/
TH2 probe: 3'CfC GGA CfC CAG GCf CGG AAA CfG GOT CfG 5'

Oligonucleotides were labelled at the 3/ end with u
thioesS]-dATP (New England Nuclear; > 1000 Ci/mmol)
and terminal deoxynucleotidyl transferase (Bethesda Re
search Laboratories) to specific activities of 2-6 x 106

cpmlpmol. The labelled probe was separated from unincor
porated nucleotide by gel filtration (Sephadex G50; Phar
macia), dried in a vacuum concentrator, and resuspended in
hybridization buffer (5 x 106 cpmlml).

In some cases, a combination of TH immunohistochem
istry and in situ hybridization was performed on the same
tissue. In these cases, the animals were anesthetized and
perfused transcardially with 2% paraformaldehyde. The ca
rotid bodies were removed, frozen over dry ice, and in situ
hybridization was performed as described above. However,

prior to dipping slides in nuclear emulsion, either rabbit
polyclonal or mouse monoclonal antibodies against TH
were applied to the tissue and detected by the indirect im
munofluorescence technique. A more detailed description
of this technique is provided in previously published papers
from our laboratory (see 16). The combination of in situ hy
bridization and immunohistochemistry allowed direct visu
alization of both TH mRNA and TH protein in the same
cells. This is an excellent control to show that the probes
used for the in situ hybridization are specific for the mRNA
of interest.

RESULTS

In the present study, TH mRNA was found in individual
cells of the carotid body, medulla of the adrenal gland, su
perior cervical sympathetic ganglia, and petrosal ganglia.
In unrelated studies in our laboratory in which the same
probes were used, TH mRNA was also found in areas of the
brain that contain catecholamine-synthesizing enzymes.

In a number of experiments, a combination of TH in situ
hybridization and immunohistochemistry was performed
on the same carotid bodies. Figure 14.1 shows a tissue sec
tion of carotid body from one of those experiments. TH
like immunoreactivity (IR) was observed in most Type I
cells (fig. 14.IA). This was certainly not an unexpected
finding since it had previously been shown that Type I cells
are rich in dopamine (2, 7, 12). Of particular interest was
the finding that the individual Type I cells that contain TH
IR also express TH mRNA (fig. 14. lB). The silver grains
over the tissue denote hybridization of the probe with TH
mRNA. Note the cellular resolution of the hybridization
signal. It is important to recognize that cells that synthesize
TH mRNA translate this message into TH protein. As men
tioned above, localization of both the mRNA and its cog
nate protein in the same cells attests to the specificity of
our probes.

Figure 14.2 shows sections of carotid bodies taken from
animals that were exposed to either room air (Fig. 14.2A) or
10% Oz for 6 hr (fig. 14.2B), 12 hr (fig. 14.2C), and 24 hr
(fig. 14.2D). It is clear from this figure that TH mRNA is
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FIG. 14.2 Photomicrographs showing
tyrosine hydroxylase (TH) mRNA levels
in carotid bodies taken from a control
animal (A, exposed only to room air) and
from animals exposed to 10% O2 for 4 hr
(B), 12 hr (C), and 24 hr (D). Notice
that the density of silver grains (indicat
ing presence of TH mRNA) is substan
tially enhanced in the animals exposed to
hypoxia and that the level of TH gene
expression in carotid body remains ele
vated during the relatively long exposure.

Maria F. Czyzyk-Krzeska et al.

constitutively expressed in the carotid body. The level of
TH mRNA was substantially increased (notice increased
density of silver grains) in the carotid bodies (fig. 14.2B
D) that were taken from rats exposed to 10% 02' In similar
experiments, the induction of TH mRNA by hypoxia was
quantitated. Briefly, we found that exposure to 10% 02
lasting as little as I hr was sufficient to induce a near dou
bling of TH mRNA; peak expression of TH mRNA in the
carotid body was measured (an increase of ca. SOO%) in an
imals exposed to 10% O2 for 6 hr. The concentration of TH
mRNA in carotid body was enhanced by 200-300% in an
imals exposed to hypoxia for longer durations (24-48 hr).

In several experiments we examined the possibility that
gene expression for dopamine-j3-hydroxylase (DBH), the
enzyme that converts dopamine to norepinephrine, might
also be induced by hypoxia. We detected a very low level of
constitutively expressed DBH mRNA in carotid body dur
ing control conditions; the concentration of DBH mRNA
was not increased by exposure to hypoxia (not shown).

To determine if the increased TH gene expression in the
carotid body is an inherent property of Type I cells, we per
formed experiments in which the sensory innervation, sym
pathetic innervation, or both were eliminated by cutting the
carotid sinus nerve and removing the superior cervical gan
glion at least 7 days before exposing the animal to hypoxia.
Figure 14.3 shows findings from experiments in which the
neural innervation of carotid body was intact (fig. 14.3A,
B) and completely denervated (fig. 14.3C, D). There was a
constitutive level of TH gene expression in the carotid bod
ies of control animals (Fig. 14.3A, C). Hypoxia stimulated
TH gene expression to a similar degree in both the intact
(fig. 14.3B) and denervated (Fig. 14.3D) carotid bodies.

Thus, neural innervation of the carotid body is not required
for the induction of TH gene expression in Type I cells by
hypoxia.

We also examined the effect of hypoxia on the TH gene
expression in other catecholamine-synthesizing tissue (e.g.,
adrenal medulla, superior cervical ganglia, and petrosal
ganglia). Hypoxia caused a slight increase in TH mRNA in
the catecholamine-containing cells of the adrenal medulla
when the adrenal nerve was intact but not in animals in
which the adrenal gland had been previously denervated
(not shown). Thus, the hypoxia-induced increase in TH
gene expression in the adrenal medulla appears to require
synaptic input. TH gene expression in the superior cervical
ganglion and petrosal ganglion was not enhanced by
hypoxia.

Finally, we examined the possibility that hypercapnia
might induce TH gene expression in the carotid body. Rats
were exposed to a mixture of 10% CO2 and air for 6 hr. In
no case did we detect an increase in TH mRNA (not shown)
indicating that TH gene expression is not induced by hy
percapnia.

DISCUSSION

In the present study in situ hybridization was used to mea
sure TH mRNA concentration in the carotid body and other
catecholamine-synthesizing tissues during hypoxia. This is
the first experimental evidence that the increase in TH ac
tivity measured previously in the carotid body during hy
poxia (10, 12) is indeed associated with an increase in TH
mRNA. TH gene expression in other tissues (adrenal me
dulla, superior cervical ganglion, and petrosal ganglion)
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FIG. 14.3 Photomicrographs showing the effect of
hypoxia on TH gene expression in innervated (A,B)
and denervated (C,D) carotid body. Panels A and
C show constitutive level of TH mRNA in carotid
bodies that were taken from animals that were ex
posed only to room air. Panels Band D are carotid
bodies taken from animals that were exposed to
10% O2 for 6 hr. This figure clearly shows that
denervation of the carotid bodies had no effect on
hypoxia induction of TH gene expression.

was not induced directly by hypoxia. The ceIlular mecha
nisms that mediate induction of TH gene expression in
Type I cells by hypoxia are currently under investigation in
our laboratory.

We also found that the hypoxia-induced increase in TH
mRNA in carotid body does not require innervation (and
thus synaptic input) by either fibers of the carotid sinus
nerve or sympathetic fibers of the ganglioglomerular nerve.
Thus, intrinsic to Type I ceIls are mechanisms that are ac
tivated by hypoxia and mediate increases in TH gene ex
pression. Moreover, the increase in TH gene expression in
carotid body ceIls is stimulus-specific. Exposure to hyper
capnia, another natural stimulus of carotid body activity,
failed to induce an increase in TH gene expression in Type
I ceIls.

The present experiments were not undertaken to address
mechanisms by which carotid body ceIls detect alterations
in the chemical composition of arterial blood. Neverthe
less, findings from our study do suggest that dopamine
plays an important role in O2 chemoreception. Another im-

portant feature of this research is that it represents a rare
example of an alteration in gene expression in response to
an environmental or natural stimulus (i.e., hypoxia) for a
molecule that is implicated in mediating the physiological
response to the stimulus.
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Expression and Development of Transmitter Properties

in Carotid Body Afferent Neurons

David M. Katz

Physiologic studies have demonstrated that peripheral
chemoreflexes change markedly during development, pro
foundly altering respiratory responses to hypoxia (5, 9, 14,
15, 18, 19, 35). In the fetus, for example, the carotid
chemoreceptors are relatively ineffective in increasing res
piration during hypoxia (5, 7, 19, 35) and hypoxic stimu
lation leads to depression of respiratory movements (5). In
neonates, on the other hand, hypoxia produces a transient
hyperventilation, followed by a prolonged hypoventilation
(5, 7, 9, 14, 15, 32, 35). In adults, however, hypoxia
evokes a relatively sustained increase in ventilation, pri
marily by acting on the carotid bodies (10). Mechanisms
that underlie these developmental changes are unknown,
though neural, metabolic and mechanical factors have all
been postulated to playa role (5, 9, 14, 15, 18, 19, 35).
One approach to this issue has been the identification of
cellular elements in chemoreflex pathways that undergo
significant developmental changes coincident with physio
logical maturation. Many cell groups may be involved in
regulating the development of chemo-responsiveness, in
cluding the peripheral chemoreceptors themselves, primary
afferent neurons, and brain and spinal cord respiratory
neurons.

This chapter focuses on the biochemical maturation of
primary sensory neurons, located in the petrosal and jugu
lar cranial sensory ganglia, that innervate the carotid body.
These cells project peripherally in the carotid sinus nerve
(CSN) to innervate glomus cells within the carotid body. In
addition, carotid body afferents project centrally to the
brainstem nucleus tractus solitarius and ventrolateral me
dulla, as well as other sites (11), forming the afferent link
between the carotid body chemoreceptors and central neu
ral pathways. Therefore, transmission of carotid body stim
ulation to the central nervous system is critically dependent
upon the maturity of neurochemical properties expressed by
carotid body afferent neurons.

NEUROCHEMICAL CHANGES
EXTRAUTERINE BREATHING

Recent studies have begun to identify neurochemical
changes in chemoreceptor pathways that may influence
functional maturation. Hertzberg, et al., for example,
found that dopamine turnover in the rat carotid body de
creases markedly at birth, just prior to the emergence of pe-

ripheral chemoreflexes (17). These authors hypothesize that
the decrease in turnover reflects decreased dopamine re
lease from carotid body glomus cells, and that this process
contributes to the resetting of chemoreceptor sensitivity in
accord with the demands of the ex utero environment. Pep
tidergic properties expressed by glomus cells also exhibit
significant perinatal changes. In the cat carotid body, for
example, substance P (SP) immunoreactivity is not detect
able until after birth and increases significantly in the post
natal period (33). Perinatal alterations in transmitter
properties have also recently been described in the nucleus
tractus solitarius (NTS), the primary brainstem locus of
second-order neurons in the carotid body afferent pathway.
Srinivasan, et al., found that levels of preprotachykinin
messenger RNA, which encodes the tachykinin peptides
substance P and neurokinin A, increase markedly in the
rabbit NTS at birth (34). This increase is only seen if ani
mals are allowed to breath room air for at least 2 hours after
birth, suggesting an association with the onset of respira
tion. Although the physiologic significance of these neuro
chemical changes in the carotid body and NTS remains to
be established, these observations underscore the high de
gree of biochemical plasticity in respiration-related neural
structures at birth.

TRANSMITTER PROPERTIES OF CAROTID BODY
AFFERENT NEURONS

Visceral sensory neurons in general express a wide spec
trum of classical sensory transmitter candidates, including
the neuropeptides substanceP (SP; 4, 16, 22, 29), calcito
nin gene-related peptide (CGRP; 6, 13, 29), vasoactive in
testinal peptide (16, 29), somatostatin (16, 29), and
cholecystokinin (16, 29). In addition, some nodose and
petrosal ganglion cells express monoaminergic transmitter
properties not previously associated with sensory neurons.
In the nodose and petrosal ganglia of adult rats, for exam
pie, a subpopulation of sensory neurons express catechola
minergic (CA) transmitter traits, including catalytically
active tyrosine hydroxylase (TH), the rate-limiting enzyme
in catecholamine biosynthesis, formaldehyde-induced cat
echolamine fluorescence, and a monoamine oxidase-like
pathway for CA metabolism (24). These cells exhibit mor
phologic features typical of primary sensory neurons, such
as an initial axon glomerulus and a single primary neurite
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that branches into a central and peripheral axonal process
(24). TH-containing petrosal neurons are readily distin
guished from sympathetic and small intensely fluorescent
cells by cytochemical, morphometric, and pharmacologic
criteria (24). For example, CA sensory neurons are insen
sitive to neonatal treatment with the neurotoxin 6
hydroxydopamine, thereby distinguishing them from
sympathetic neurons (24). The CA neurons in the rat no
dose and petrosal ganglia appear to synthesize dopamine,
as they contain tyrosine hydroxylase and dopa decarboxy
lase (24) but do not express immunoreactivity for
dopamine-~-hydroxylase, the enzyme that converts dopa
mine to norepinephrine (24). TH-containing neurons are
found in a wide variety of species including rat, guinea pig
(27), cat (23), and dog (36).

Of the many transmitter properties expressed by visceral
sensory neurons, only the CA phenotype has been shown to
be selectively associated with carotid body afferent neu
rons. By combining immunocytochemical staining with ret
rograde tracing methods, Katz and Black (21) found that
expression of CA properties by petrosal ganglion (PG) af
ferents is highly correlated with innervation of the carotid
body. In these experiments, carotid body afferent neurons
in the PG were labeled by retrograde transport of fluores
cent tracers applied either to the carotid sinus nerve or se
lectively infused into the carotid body (22). Cryostat
sections of the PG were then stained with antiserum against
TH (30) and examined for colocalization of the retrograde
marker and antibody labeling. These studies demonstrated
that 93% of the TH-containing cells in the PG project pe
ripherally in the carotid sinus nerve (CSN) and 84% inner
vate the carotid body (21). TH is therefore a highly
selective marker for carotid body afferents in the rat PG.
Similar findings have recently been reported in the guinea
pig (27).

The fact that some carotid body afferents exhibit dopa
minergic properties suggests that dopamine plays a pre
viously unrecognized role in peripheral chemoreceptor
pathways, not only as a transmitter or modulator released
from glomus cells but also as a transmitter or modulator of
the afferent neurons. Possible sites of action of dopamine in
this system include both the central synapses of PG affer
ents in NTS as well as peripheral terminals in the carotid
body. Evidence for a central site of action includes the re
cent demonstration that carotid body stimulation by hy
poxia or NaCN and electrical stimulation of the CSN evoke
dopamine release in NTS (12); it remains to be determined,
however, whether the source of the amine is peripheral or
central. The possibility that afferents release transmitter pe
ripherally is supported by ultrastructural studies showing
reciprocal synapses between vesicle-containing afferent ter
minals and glomus cells (31). Moreover, Almaraz and Fi
done (2) have shown that electrical stimulation of the cut
peripheral end of the cat sinus nerve evokes dopamine re
lease from the carotid body in vitro. Here too, however, it
is unknown whether the dopamine was released directly

from sinus nerve terminals in the carotid body or from glo
mus cells activated transsynaptically following CSN stim
ulation. The possibility that dopamine may be released by
peripheral sensory terminals is supported by more recent
studies showing dopamine synthesis by carotid sinus nerve
afferents in vitro (23).

In addition to dopaminergic afferents, the carotid body
also receives innervation from peptidergic sensory neurons.
A small number of substance P- (SP-) containing cells in
the jugular ganglion of the rat, for example, can be retro
gradely labeled by tracer injections into the vascularly
isolated carotid body (Finley and Katz, unpublished obser
vations). Similarly, the guinea pig carotid body contains
calcitonin gene-related peptide- (CGRP-) and SP-immuno
reactive fibers that appear to arise from cells in the petrosal
and jugular ganglia (25, 26). Unlike the catecholaminergic
markers, however, CORP and SP are not specifically local
ized to carotid body afferents and are expressed by cells in
nervating diverse visceral targets (25). Moreover, these
peptides do not colocalize with TH in either rat (Finley and
Katz, unpublished observations) or guinea pig (27) PG neu
rons, indicating that the carotid body receives sensory in
nervation from at least two neurochemically distinct
populations of afferents; catecholaminergic and tachykinin
peptidergic. We speculate that these two afferent popula
tions may subserve different functions; one possibility is
that peptidergic and catecholaminergic fibers innervate dif
ferent cell types within the carotid body or may project to
different sites within the brainstem.

DEVELOPMENT OF TRANSMITTER PROPERTIES IN
CAROTID BODY AFFERENT NEURONS

The highly selective localization of CA traits to carotid
body afferents within the rat PG provided us with sensitive
markers for monitoring the biochemical development of
these cells. To begin investigating transmitter ontogeny, im
munocytochemical and biochemical methods were used to
define the appearance and maturation of tyrosine hydroxy
lase in PO cells in the rat (20). Immunocytochemical stud
ies demonstrated that the TH cells found in the adult PO
first become detectable around embryonic day (E) 16.5
(birth = E22.5). Interestingly, this is the same age at
which SP-containing cells become detectable (4), suggest
ing that neurochemical development of diverse ganglion
cell subpopulations may be coordinately regulated at this
age. The number of detectable TH cells subsequently rises
to 70% of adult levels by E21.5, the day before birth, and
then an additional 50% to reach adult values by postnatal
day one (P1). As neuronal cell division ends in the PG by
E14.5 (3), these increases in TH cell number most likely
reflect an increase in TH levels per cell above the threshold
for immunostaining.

The perinatal increase in TH staining suggested that a
rapid induction of TH protein per cell occurs around birth.
To quantify the magnitude of this induction, the relative
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amount of TH protein in E21.5 and PI ganglion homoge
nates was compared by immunoblot analysis (20). Samples
containing equal numbers of ganglia per volume were
probed with a mouse monoclonal TH antibody and com
pared by densitometric scanning of nitrocellulose filters.
These studies revealed that on average, TH levels per cell
rose approximately 3.5-fold between E21.5 and PI. Thus,
the development of this specific CA trait in carotid body
afferents appears to be highly regulated around birth.

Although adult numbers of TH neurons are present by
PI, the amount of TH protein per cell continues to increase
during the first few postnatal weeks. Western blot analysis
demonstrated an approximate fourfold rise in TH levels per
ganglion between PI and 3-4 weeks of age. Preliminary
observations indicate that the postnatal increase in TH pro
tein is accompanied by increased catecholamine levels. On
the basis of these findings we conclude that carotid body
afferent neurons in the PG are biochemically immature at
birth and may therefore be functionally immature as well.
Afferent transmitter development during the postnatal pe
riod may contribute to the progressive increase in periph
eral drives to ventilation that occurs after birth (17). One
potential problem with this hypothesis is that dopamine is
generally thought to be inhibitory to respiration (8) al
though this remains a controversial issue (8). On the other
hand, there is growing evidence that during development
monoamines may function not only as neurotransmitters
but also as trophic regulators of neuronal maturation (28).
It is possible, therefore, that during the early postnatal pe
riod, dopamine released from carotid body afferents is im
portant as a developmental regulatory signal, in addition to
its potential role as a transmitter.

MOLECULAR MECHANISMS OF
CATECHOLAMINERGIC DEVELOPMENT IN CAROTID

BODY AFFERENTS

The striking correlation between CA expression in adult PG
neurons and innervation of the carotid body raised the pos
sibility that target innervation plays a role in regulating de
velopment of the CA phenotype. To address this issue,
immunohistochemical studies examined the temporal rela
tionship between the appearance of TH in carotid body af
ferents on E16.5 and innervation of the carotid body.
Immunostaining of cryostat sections of rat embryos with
neurofilament protein antibodies was used to monitor de
velopment of the carotid sinus nerve pathway between the
petrosal ganglion and the carotid body. These studies re
vealed that nerve fibers arrive in the carotid body anlage
around embryonic day 13.5. By EI6.5, both the carotid si
nus nerve and carotid body are well differentiated, indicat
ing that target development and innervation precede the
appearance of TH in PG cell bodies. These findings are
consistent, therefore, with the hypothesis that neuron-target
interactions may playa role in regulating ganglion cell de
velopment at this stage.

To examine this possibility in more detail, explant cul
tures of the E16.5 PG were grown in the presence and ab
sence of the carotid body and monitored for total neuronal
survival and expression of TH. These studies revealed that
cultures of the isolated PG contained relatively few neu
rons, and virtually no TH cells, after 3 days to 2 weeks in
vitro. In contrast, co-culture with the carotid body resulted
in approximately a 3-fold greater survival of TH cells as
compared with the increase in survival of all neuronal cells.
Although further studies are required to characterize the
nature and specificity of this effect, these preliminary ob
servations suggest that, in addition to its role as a sensory
receptor, the carotid body plays a trophic role in regulating
maturation of PG afferent neurons during embryogenesis.
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Intrinsic Organization and Pontomedullary Connections of

Rat Ventral Respiratory Group

Howard H. Ellenberger and Jack L. Feldman

The medullary lateral tegmental field (LTF) is critically im
portant for neural control of respiration. Our knowledge of
the remarkably complex intrinsic organization of this re
gion and its network connections with other respiratory
neuron populations has been increasingly elaborated over
the past decade. Recognition of these complexities is essen
tial in order to understand the functional role of this region
and for designing and appropriately interpreting experi
ments. A major focus of our recent research has been to de
termine the organization of cell columns within the
medullary lateral tegmental field that are involved in the
control of breathing. We briefly summarize the most im
portant results based on anatomical studies in rats and then
offer our view as to their relevance to the functional orga
nization of the LTF in respiratory regulation.

The ventral respiratory group (VRG), a cell column of
the lateral tegmental field, is the most extensive respiratory
neuron population in the rat brainstem. It plays a central
role in integration of cardiopulmonary afferent inputs, gen
eration of respiratory pattern (and perhaps rhythm), and
transmission of respiratory drive to spinal motoneurons.
These diverse VRG functions require equally diverse
classes of constituent neurons with the appropriate func
tional properties, morphology and synaptic contacts to
carry out these tasks. Although the subdivisions of VRG
are often considered to be homogeneous, recent physiolog
ical evidence suggests a microorganization that has func
tional consequences (10). We provide anatomical evidence
in this report for a heterogeneous organization of bulbo
spinal and propriobulbar neurons that might underlie the
functional diversity within the VRG.

Many VRG functions are likely to involve interactions
with other pontomedullary cell groups in addition to local
interactions within the VRG cell column. The connectivity
pattern of VRG neurons is therefore an important determi
nant of their function and must be characterized to under
stand the network underlying the formation of the complex
spatiotemporal pattern of respiratory motoneuron activity.

We characterized the intrinsic organization of the VRG
cell column, its anatomical relationship to adjacent cell col
umns (i.e., nucleus ambiguus, AI/CI catecholamine cell
columns) and its connections with other pontomedullary
respiratory groups in a series of neuronal tracing/immuno
histochemistry experiments. Spectrally distinct fluorescent
retrograde tracers were used to label bulbospinal pre-motor

and propriobulbar interneurons of the VRG and vagal
motoneurons of nucleus ambiguus. In subsequent studies,
bulbospinal and propriobulbar neurons of the VRG and cat
echolamine neurons of the Al and CI cell groups were si
multaneously labeled in the rat medulla by a combination
of retrograde tracing and immunohistochemical detection.
Combined retrograde and anterograde neuronal tracing ex
periments were performed to label the brainstern connec
tions of the VRG.

METHODS

The pontomedullary neuronal labelling patterns described
below are based on neuronal tracer injections into physio
logically identified sites within inspiratory spinal (phrenic
nucleus) or medullary (rostral VRG) neuron populations.
The methods for injections of neuronal tracers, catechola
mine immunohistochemistry, and data analysis have been
previously described (3, 4, 5).

RESULTS

Intrinsic VRG organization. Injections of fluorescent ret
rograde tracer into the phrenic nucleus and rostral (r) VRG
labeled cell somata in a cell column extending the entire
length of the medullary LTF, from the rostral C I segment
up to the caudal edge of the facial nucleus. Vagal motoneu
rons, labeled after fast blue application to the cervical va
gus nerve, formed a parallel cell column in the medullary
LTF. At the most caudal medullary level, distinctly labeled
propriobulbar and bulbospinal neurons were coextensive in
the region of nucleus retroambigualis at the level of the py
ramidal decussation. This level corresponds to the physio
logically identified caudal (c) VRG as described in the cat
(7). Both classes of VRG neurons increased in number, and
labeled vagal motoneurons also began to appear between
the levels of the pyramidal decussation and the obex. The
peak density of all three classes of neurons spanned the
level of the area postrema. All three classes of neurons de
creased in number rostral to obex except for a ventrolateral
subdivision of VRG propriobulbar neurons (see below), but
then increased again at the level of the compact division of
rostral nucleus ambiguus. The facial nucleus formed the
rostral boundary of each type of labeled neuron; only a few
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labeled neurons of each class were found dorsal to the
caudal portion of the facial nucleus. Labeled vagal moto
neurons of the cervical vagus nerve formed a bimodal ros
trocaudal distribution. These two divisions of the vagal
motoneuron population correspond to the external and
loose division of caudal nucleus ambiguus, and the external
and compact divisions of rostral nucleus ambiguus. Neu
rons within the semicompact division of nucleus ambiguus
at an intermediate rostrocaudal level were not labeled since
this division contains mainly pharyngeal motoneurons
whose axons travel in the glossopharyngeal nerve and the
pharyngeal ramus of the vagus nerve (I). Labeled bulbo
spinal and propriobulbar VRG neurons also formed two
rostrocaudal divisions that paralleled the caudal and rostral
divisions of nucleus ambiguus. Based on comparison with
the cat, these two divisions of VRG neurons represent the
rVRO and Botzinger Complex (BotC), respectively (7).

Subnuclear organization of the VRG. Labeled neurons
at the level of nucleus retroambigualis (caudal to nucleus
ambiguus) were clustered to form a single ventrolateral to
dorsomedial band. At the caudal border of area postrema,
labeled bulbospinal and propriobulbar neurons both were
clustered into distinct ventrolateral and dorsomedial sub
divisions within the VRG that were distinguished by the
morphology and orientation of their constituent neurons.
Labeled neurons of all three types were found in both sub
divisions; bulbospinal neurons were the most numerous
type, followed by propriobulbar neurons, and lastly by va
gal motoneurons. Propriobulbar neurons usually formed a
continuous band throughout the two subdivisions, but more
rostrally (around the level of obex) they were often clus
tered separately within these groups as the ventrolateral di
vision became more fully developed. Vagal motoneurons
were clustered within a more confined region of these
groups than bulbospinal or propriobulbar neurons and were
sometimes concentrated between the ventrolateral and dor
somedial divisions (corresponding to the loose formation of
caudal nucleus ambiguus). Vagal motoneurons that were
more broadly scattered through the two VRG subdivisions
formed the external division of caudal nucleus ambiguus
(I). At the level just caudal to rostral nucleus ambiguus, la
beled bulbospinal neurons and vagal motoneurons fell to
minimum numbers, whereas propriobulbar neurons rose to
peak numbers. This VRG region (immediately caudal to
BotC) may form a functionally distinct division of VRG,
containing a large pool of interneurons that project to the
more caudal level of rVRG that contains peak numbers of
bulbospinal neurons. We apply the term pre-Botzinger
Complex (pre-BotC) to this VRG level to emphasize the
differential distribution of propriobulbar and bulbospinal
neurons in the rostral versus caudal portions of rVRG.

At the level of rostral nucleus ambiguus, labeled neurons
formed three distinct groups. One group, the compact di
vision of rostral nucleus ambiguus, was composed entirely

of densely packed labeled vagal motoneurons. Medial to
this group was a dorsomedial subdivision of BotC com
posed mainly of small to medium sized labeled propriobul
bar neurons, and very few labeled bulbospinal neurons. The
third group of neurons formed a larger cluster correspond
ing to the main division of BotC and was characterized by
a diffuse scattering of labeled vagal motoneurons ventral to
the compact division of rostral nucleus ambiguus (corre
sponding to the external division of rostral nucleus ambig
uus) intermingled with labeled bulbospinal and propriobul
bar neurons.

VRG and catecholamine neurons. Retrogradely labeled
propriobulbar and bulbospinal VRO neurons and the cate
cholamine immunoreactive neurons of the AI/CI groups
formed adjacent, parallel cell columns extending from the
level of the pyramidal decussation to the facial nucleus. At
the level of the pyramidal decussation, Al neurons
(dopamine-(3-hydroxylase-[0BH-] immunoreactive) were
ventral to cVRG neurons. From the level of the pyramidal
decussation to the caudal border of area postrema, the Al
group and cVRO formed separate dense clusters, the Al
group being ventral and lateral to cVRG. At the level of
area postrema, neurons of the rVRG and Al group in
creased in number and covered a larger area of the ventro
lateral medulla, with rVRO neurons nested immediately
dorsal to AIIC I neurons. In the rostral medulla, neurons of
the BotC were dorsal and lateral to most C I neurons (phe
nylethanolamine N-methyltransferase-[PNMT-] immunore
active). The C I neurons were distributed over a larger area
within the lateral paragigantocellular nucleus (PGCL), so
individual CI neurons could be found medial, ventral, and
lateral to BotC neurons. The facial nucleus formed the ros
tral border of both the BotC and CI group, although a few
BotC neurons were labeled dorsal and a few C1 cells were
labeled ventral to the caudal facial nucleus.

Most VRO neurons were clustered dorsal to the AI/CI
groups, but at the level of rVRG and BotC, Al and CI neu
rons intermingled with rVRG and BotC neurons. Some
AI/C} neurons were displaced from the main group and
were located within the rVRO or BotC. These displaced
A} IC} neurons could not be distinguished from neighbor
ing rVRO or BotC neurons on the basis of cell size or
morphology. Despite the intermingling of DBH- and
PNMT-immunoreactive neurons with retrogradely labeled
VRG neurons, there were no neurons double-labeled with
the retrograde tracer and the immunohistochemical reaction
product.

Neuronal projections to rVRG injection sites. The
Kolliker-Fuse nucleus (K-F) contained the highest density
of retrogradely labeled cell bodies in the pons after
rhodamine bead injections centered in the region of rVRG.
Labeled neurons densely filled the K-F region, forming a
narrow, continuous dorsoventral band of cells extending
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from the ventrolateral tip of the brachium conjunctivum
downward to the A6 catecholamine cell group. At the dor
sal border of K-F, labeled cells merged with those in the
medial and lateral parabrachial nuclei (PB) where a much
lower density of labeled cells was located. A small number
of labeled cells were located medial to K-F and ventral to
the medial PB within the subceruleus region.

In the caudal pons, labeled neurons formed a single, dif
fusely organized and sparsely populated column in the ven
trol~teral portion of the pontine lateral tegmental field
dorsal to the superior olive or between the superior olive
and the fibers of the facial nerve in the region of the A5
catecholamine cell group. A few somata were also labeled
in the raphe magnus in the caudal pons.

Cell somata were labeled in the rostral ventrolateral me
dulla forming a small cluster between the facial nucleus and
the fibers of the rubrospinal tract running along the vent
rolateral medullary surface. Some cells were located super
ficial to the fiber tract immediately adjacent to the
ventrolateral surface of the medulla. A homologous cell
group termed the retrotrapezoid nucleus (RTN) was origi
nally described by anatomical means in the cat (13). The
RTN has been subsequently studied by electrophysiological
methods in the cat (2) and rat (11) so we apply that term to
labeled cells in this region in the rat. Cell somata were also
labeled in the rostral division of the PGCL medial to the
facial nucleus.

Cell somata were also labeled in the retrofacial division
of PGCL. One group had a diffuse distribution throughout
the PGCL, while the other was confined to the regions ven
tral and medial to the compact division of the rostral nu
cleus ambiguus. Neurons in the latter location have
previously been designated as the BotC in the cat (7, 13)
and rat (3, 4). Labeled cell somata extended caudally from
BotC the entire length of the medulla to the level of the py
ramidal decussation, forming the continuous bilateral lon
gitudinal VRG cell columns in the lateral tegmental field.

Labeled cell somata were also located in the dorsome
dial medulla, within the area postrema and several subnu
clei of the nucleus of the solitary tract (NTS). Labeled cells
were located in the ventrolateral and intermediate NTS
subnuclei and in a continuous band extending from the
dorsomedial tip of the tractus solitarius to the border of
area postrema in dorsomedial NTS. Cell soma labelling in
these subnuclei extended from the medullary level just
rostral to the area postrema caudally to merge with labeled
cell somata in the commissural NTS subnucleus. Labeled
cells were only occasionally observed in the medial NTS
subnucleus.

Labeled cell somata were also located within the raphe
magnus, pallidus and obscurus, in the magnocellular
tegmental field and occasionally in the spinal trigeminal
nucleus. Highly localized depositions of phaseolus vulgaris
leucoagglutinin into the rVRG labeled axons, terminal ar
borizations and presumptive synaptic varicosities in several

pontomedullary regions. Labeled axons emerged both ros
trally and caudally from injection sites and formed dense
arborizations with en passant varicosities throughout the
rostrocaudal length of the ipsilateral medullary LTF. Fibers
that exited the lateral tegmental field primarily followed
one of four principal trajectories. One route coursed cau
dally down the ipsilateral spinal cord. A second group sep
arated from the first and coursed dorsally, entering NTS
and leaving a few en passant varicosities before decussat
ing to the contralateral medulla. Individual axons could not
be traced continuously beyond this decussation, but the
general pattern of the route appeared to include terminal ar
borizations in the contralateral lateral tegmental field in a
region homologous to the ipsilateral terminations, and a
component coursed caudally to the contralateral spinal
cord. The bilateral terminal arborizations in the LTF ap
peared to overlap with the regions containing rhodamine
labeled cell somata, corresponding to all levels of VRG. In
the rostral medulla, the terminal arborizations broadened
beyond this region, especially ipsilaterally, to leave vari
cosities in the region of PGCL. A third trajectory left the
ipsilateral LTF and decussated in the rostral medulla to ar
borize within the homologous contralateral LTF and to a
small extent in the facial nucleus. The fourth trajectory
coursed rostrally in the ventrolateral medulla and left en
passant varicosities in the lateral portions of the facial nu
cleus before continuing an ascent to the rostral pons, where
the K-F region was filled with extremely dense arboriza
tions with terminal varicosities. Minor terminations ex
tended from K-F into medial and lateral PB and the
subceruleus region. Some labeled fibers crossed the mid
line at this level and made terminations to a much lesser
extent in the K-F/PB region.

DISCUSSION

Neuronal tracing techniques have revealed an anatomical
subnuclear organization of the VRG cell column that in
cludes three principal rostrocaudal subdivisions (four in
cluding the pre-BotC), as well as distinct ventrolateral and
dorsomedial subdivisions of the rVRG and BotC (3). Phys
iological studies demonstrate a functional heterogeneity of
neurons within different regions of the VRG column. This
heterogeneity is revealed by the variety of discharge pat
terns of respiratory-related VRG neurons, including (1) ex
citatory (expiratory) bulbospinal neurons of the cVRG, (2)
excitatory (inspiratory) bulbospinal neurons of the rVRG,
and (3) inhibitory (expiratory) neurons of the BotC. Prop
riobulbar neurons with a variety of discharge patterns are
distributed throughout the VRG cell column. The pre-BotC
portion of VRG contains early (decrementing), plateau and
late inspiratory neurons (6, 12). The pre-BotC may have an
especially important interneuronal function via propriobul
bar neurons antecedent to more caudally located VRG
propriobulbar or bulbospinal neurons (3, 6, 12). Likely
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roles for these pre-BotC neurons include sensorimotor
processing, pattern generation (7, 9), and perhaps rhythm
generation (8; Smith et al., this volume). Functional heter
ogeneity of VRG neurons has also been revealed by focal
stimulation of cell bodies within the rVRG by pressure in
jection of small quantities of excitatory amino acids (10).
Injections of glutamate produce site-specific effects on
phrenic nerve activity when applied at different points
within rVRG. Thus, the widely held view that the VRG is
a functionally or anatomically homogeneous cell column
can no longer be accepted.

Our combined retrograde tracing/immunohistochemistry
studies demonstrate that the VRG, vagal motoneurons of
nucleus ambiguus, and AI/el catecholamine groups are
parallel and incompletely segregated cell columns in the
medullary LTF. The proximal anatomical relationship be
tween each of the identified classes of neurons with the
possibility of overlapping of their dendritic fields suggests
that neurons in these groups may receive common afferent
inputs, and that local processing between neurons within
these groups may couple the activity of these neurons. The
proximity and co-mingling of VRG neurons, vagal mo
toneurons, and catecholamine neurons within the ventrolat
eral medulla is important to consider when investigating
the neural function(s) of this region. Electrical or chemical
stimulation and anatomical tracing studies with target sites
in the ventrolateral medulla cannot, without stringent and
difficult controls, provide clearly interpretable results be
cause of the close proximity and incidental inclusion of
functionally diverse neurons. Effector responses to stimu
lation observed for one system may be secondary to altered
activity of the other system. Classification of neurons in
this region based on activity pattern is not sufficient to dis
tinguish respiratory from cardiovascular neurons, since the
preganglionic efferent activity of sympathetic and parasym
pathetic neurons can have respiratory-modulated activity
patterns; in fact, neurons in this region may have some role
in generating the respiratory modulation of autonomic ac
tivity.

Based on results of both retrograde and anterograde ex
periments' the following relationship between the rVRO
and other pontomedullary cell groups were established.

I. The rVRG has marked reciprocal connections with all
levels of the VRG complex on both sides of the medulla
and with the K-F/PB region in the pons.

2. The rVRG has modest reciprocal connections with NTS
and PGCL and rare reciprocal connections with raphe,
medial tegmental field, and the spinal trigeminal
nucleus.

3. The rVRG has only efferent projections to the facial
nucleus.

4. The rVRG receives only afferent projections from RTN,
area postrema, and pontine lateral tegmental field.

The presence of either reciprocal or unidirectional con
nections between rVRG neurons and neurons of other nu
clear groups suggest possible mechanisms for each type of
connection in generating the pattern of breathing.

Reciprocal connections are a prerequisite for such mech
anisms as reciprocal and recurrent excitation or inhibition
between neuron populations. These mechanisms could play
a role in generating the augmenting ramp of neuronal ac
tivity during inspiration, participate in phase transitions, or
generate expiratory neuron activity (7). Reciprocal connec
tions may also coordinate the timing of neuronal activity of
the left and right brainstem respiratory circuitry, and the bi
lateral motor outputs to muscles of the upper airway, dia
phragm, intercostal, and abdominal muscles.

Regions that receive only efferent rVRG projections
may receive respiratory-modulated inputs but do not pro
vide any direct (Le., monosynaptic) feedback to rVRG neu
rons (e.g., facial motoneurons). Neurons that provide only
afferent inputs to rVRG (e.g., area postrema, RTN, and
pontine lateral tegmental field) may convey sensory infor
mation or descending drive to rVRG neurons that cannot be
modulated by direct feedback from rVRO neurons.

Future experimental designs must take into consider
ation the heterogeneous organization of the VRG. A fur
ther understanding of the respiratory function of neurons in
this region will ultimately require precise knowledge of the
local organization, the connectivity patterns, and neuro
transmitters or neuromodulators contained in each class of
neurons in this region.
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An Overview

K.M. Spyer

A large body of information is available on the range of af
ferent inputs that modify moment by moment the pattern of
respiratory activity. Several chapters of this volume have
been devoted to this issue and there are a number of excel
lent reviews on this topic (32, and others). It is, however,
important to recognize that these same afferents influence
other systems and that their major physiological role is the
maintenance of cardio-respiratory homeostasis (9, 28).
Given the importance of their role it is perhaps surprising
that much less is known of the central processing of these
inputs in achieving their objectives. The last decade has
seen a dramatic increase in our understanding of the phys
iological actions of the central respiratory network in me
diating these reflex responses (14) but it is premature to
claim that a detailed picture of the synaptic processes has
been obtained, or that the pharmacology of these interac
tions is understood. The purpose of this report is to high
light some of the achievements in this area of investigation
and to identify those areas where one can expect progress in
the next few years.

In compiling this review. an attempt will be made to di
vide this broad canvas into distinct and relevant topics.
These issues include afferent processing in the brainstem,
supramedullary integration of pulmonary reflexes, and the
central pharmacology of reflex respiratory control.

AFFERENT INPUTS TO THE MEDULLA

A wide range of afferents with endings in the airways and
lungs relay to the medulla via the vagus. Considerable an
atomical information exists in the literature concerning
the diverse patterns of projection of these vagal afferents
within the nucleus tractus solitarius (NTS) (19, 30). There
are also physiological data indicating the interactions that
occur between these afferents. To a degree the functional
implications of their actions in the patterning of respiratory
activity is becoming known. In addition the arterial barore
ceptors and chemoreceptors both-those relaying via the va
gus from the aortic arch and those relaying via the IXth
cranial nerve from the carotid bifurcation-also send their
fibers to defined regions of the NTS (24, 30). The gross
anatomical picture that has been obtained with tracing tech
niques is often confusing, and indeed conflicting informa
tion has often been obtained by different groups for no
easily explained reason (see 19 for discussion). However,
with regard to slowly adapting vagal pulmonary stretch af-

ferents (SARs), an extremely precise picture has emerged
from the combined work of numerous laboratories.

The general vagal innervation of the NTS suggested that
pulmonary stretch afferents projected into both the medial
and the ventrolateral subnuclei of the NTS, as well as to
other defined NTS subnuclei. Using antidromic mapping
techniques, the pattern of projection of individual SARs
was shown to conform to this pattern, although there ap
peared a predominance of input to the medial NTS (11).
This observation was confirmed using a spike-triggered av
eraging technique (3). The more limited input to the vent
rolateral and intermediate subnuclei have since been
substantiated in the revealing studies of Richter and his col
leagues (21, 22 as examples). Here the afferents were im
paled intracellularly within the NTS and their patterns of
termination mapped after horseradish peroxidase- (HRP-)
labeling. Terminal branches of SARs were seen to arborize
over considerable areas of the ventrolateral, ventral, and in
termediate subnuclei and were shown ultrastructurally to
contact neurons in these areas. This provides an anatomical
substrate for the electrophysiological demonstrations of
monosynaptic excitatory connections between SARs and a
portion of the inspiratory neurons of the ventrolateral NTS
(1,2, 3) and onto pump or "P" cells (1) of the NTS (i.e.,
neurons with no central respiratory rhythm but receiving a
lung inflation input). These neurons are more widely dis
persed through the nucleus (see 10, McCrimmon et al. this
volume). This approach of intracellular labeling of func
tionally defined afferents has been applied successfully to
laryngeal mechanoreceptor and chemoreceptor afferents
(see 29). Here the primary projection zone and site of ter
mination was again the ventrolateral subnucleus, but a
marked input of mechanoreceptor afferents to the dorsolat
eraI NTS was observed. Laryngeal chemoreceptor afferents
had more restricted projections close to the obex extending
to the same general subnuclei of the NTS.

The distinctive patterns of projections of other afferents
have been summarized at length elsewhere (see 30). It is,
however, worthwhile detailing the case of the arterial
chemoreceptors since they exert a potent influence on res
piratory activity. Evidence has accrued to suggest that
while they project exclusively to the NTS, they do not af
fect respiration by means of a monosynaptic connection
with the dorsal respiratory neurons (see 23). Indeed studies
have suggested that the most direct action of the chemore
ceptor input is an inhibitory one, whilst overall reflexly
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they exert a powerful excitation to inspiration. Recent
antidromic mapping studies have indicated that individual
carotid body chemoreceptor afferents send a marked pro
jection into the medial and commissural NTS at levels close
to the obex with only limited input into the ventrolateral
subnucleus, which contains the dorsal group of inspiratory
neurons (12). Other electrophysiological studies show that
numerous nonrespiratory neurons of the NTS, and partic
ularly those in areas corresponding to this afferent projec
tion zone, receive excitatory input from the arterial
chemoreceptors (18, 25). Some potential second-order neu
rons have been labeled intracellularly with HRP; these were
restricted to the commissural NTS overlying the tractus sol
itarius (31).

The major feature of these investigations is the demon
stration that many nonrespiratory neurons of the NTS, par
ticularly those localized in more dorsal regions of the
nucleus, receive powerful inputs from a range of afferents
that affect the respiratory system. The specific connections
made by these interneurons and their integrative role re
main to be elucidated, but evidence has been presented in
this volume to suggest that the integrity of many of these
neurons is essential for the functioning of the Hering
Breuer reflex (see McCrimmon et al., this volume). These
regions of the NTS have profound, and often reciprocal,
connections with areas of the brainstem concerned with
both respiratory and autonomic function (see 15, 17).

BRAINSTEM CONNECTIONS IN
AFFERENT INTEGRATION

There has been a long-held belief that the Hering-Breuer
reflex involves a pontine relay. Such a relay was implicit in
the von Euler model of respiratory rhythmogenesis that the
inspiratory off-switch involved the pons and depended to an
extent on the ascending lung stretch afferent input (13). The
negation of this requirement in the three phase model de
veloped by Richter for respiratory rhythm generation (27)
does not dismiss the potential importance of pontine struc
tures either in respiratory control in general or in the me
diation of the pulmonary stretch reflex in particular. The
abundant reciprocal connections between the NTS and the
pontine K611iker-Fuse nucleus and the parabrachial com
plex, and the equivalent connections into the ventral respi
ratory complex of the medulla attest to this possibility.
Cohen and his colleagues, however, provide compelling ev
idence that inspiratory modulated pontine neurons do not
contribute to the inspiratory off-switch and exert their in
fluences on the medullary inspiratory population only via
diffuse connections (Cohen et al., this volume). The pon
tine neurons themselves do not appear to receive a partic
ularly direct synaptic input from either vagal or laryngeal
afferents.

These observations and other data regarding the role of
the pons in respiratory control may, however, have some

considerable relevance given the fact that these pontine
structures receive descending inputs from the cortex and di
encephalon. Further the recent demonstration that the cer
ebellum has a respiratory representation and receives
proprioceptive inputs from the thorax (Baker et al., this
volume) merely adds more credence to this hypothesis.

In this context additional information has been obtained
regarding the role of the cerebellum in eliciting cardiovas
cular and respiratory responses. The uvula of the posterior
vermis (Lobule IXb) in both the cat and rabbit can mod
ify both respiration and cardiovascular variables (4, 5) al
though it does not receive an afferent input from either
vagal afferents or sinus and aortic baroreceptors (7). The
pattern of evoked response is dependent on the presence of
anaesthetic agents. In the anaesthetized preparation apnea,
bradycardia, and a depressor response are elicited; but in
the unanesthetized, decerebrate animal an apneusis, tachy
cardia, and pressor responses are seen. The appropriate re
gional blood flow changes were also observed in the two
preparations. Interestingly, in the conscious rabbit, electri
cal stimulation of the uvula produced the responses seen in
the decerebrate animal together with behavioural arousal
(8). Anterograde tracing techniques have shown that the
Purkinje cells of the uvula cortex project to the caudal re
gion of the cerebellar fastigial nucleus, the pontine lateral
parabrachial nucleus and the dorsal medulla (6). Activation
of those regions of parabrachial nucleus that receive an in
nervation from the uvula evokes a pattern of response
equivalent to that seen in. the decerebrate unanesthetized
animal when activating the uvula cortex (26). Bicuculline
(a GABAA receptor antagonist) injected at this site abol
ishes the depressor response evoked from the uvula in the
anaesthetized animal, consistent with the established inhib
itory action of Purkinje axons. The physiological role of the
uvula and the relationship of the pons in integrating inputs
from the forebrain and cerebellum remains to be resolved.
The potential is, however, significant since the parabrachial
complex has important connections to the lower brainstem
respiratory and cardiovascular cell groups and to the NTS.

PHARMACOLOGY OF CENTRAL
RESPIRATORY CONTROL

There is an obvious scientific and clinical interest in estab
lishing the chemistry of the synaptic connections that me
diate central respiratory control. As yet we have only a
rudimentary appreciation of the nature and diversity of the
various neurotransmitters involved. Certain global indica
tions of the role of excitatory and inhibitory amino acids in
the reflex control of respiration have been obtained through
the systemic administration of their various antagonists
(see Speck et al., this volume) but the widespread action of
these materials means that relatively little can be extracted
from these data. In regard to pulmonary reflexes it is no
table that afferent transmission in the NTS is considered to
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be largely glutaminergic, involving non-N-methyl-D
aspartate (non-NMDA) receptors (see 16). A selective an
tagonist at these receptors, 6-cyano-7-nitroquinoxaline-2,
3-dione (CNQX), antagonized the lung stretch reflex when
injected into a restricted region of the NTS that contains
"P" cells (McCrimmon et al., this volume), and the same
was true of the non-specific amino acid antagonist kynu
rate. There is also compelling evidence that GABAA recep
tors in the NTS play a role in the regulation of
cardiovascular reflexes (20). Other evidence has been cited
regarding similar receptors influencing respiratory and car
diovascular mechanisms in the pons (see above). Details
are also emerging on the chemical content of synaptic bou
tons on identified respiratory neurons, although the source
of the afferent input has not yet been determined (see Lipski
et al., this volume). There is clearly a requirement for a
combination of electrophysiological and neuropharmaco
logical approaches to establish the precise role of putative
neurotransmitters in reflex function.

CONCLUSIONS

The understanding of the central organization of respiratory
control is dependent on the use of a wide range of contem
porary neuroscientific disciplines. The issues raised in this
overview can only be addressed in this way, but it is essen
tial to retain an awareness of the physiological conse
quences of the changes in respiratory activity that are
induced from central structures. To determine the central
basis of regulation, reflexes such as the pulmonary stretch
reflex offer an ideal tool with which to test hypotheses.
Experiments such as the ones discussed in this overview
and described in the following chapters can be expected
to reveal much information of fundamental and clinical
importance.
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The Breuer-Hering Reflex Requires Excitatory

Amino Acid Neurotransmission in a Discrete Region
of the Nucleus Tractus Solitarius

Donald R. McCrimmon, Ann C. Bonham, and Sharon K. Coles

In most mammalian species lung inflation during eupneic
breathing activates slowly adapting pulmonary stretch re
ceptors (SAR) thereby shortening inspiration and prolong
ing expiration. Although these reflex effects are oRen
collectively referred to as the Breuer-Hering reflex, it is not
clear that the central nervous system pathways giving rise
to inspiratory termination are necessarily the same as those
lengthening expiration (cf. 12). The focus of this discussion
will be on the identity and synaptic pharmacology of inter
neurons mediating the expiratory lengthening response,
which, for simplicity, we will refer to as the Breuer-Hering
reflex.

Large myelinated afferent fibers arising from SAR
course in the vagus nerve and terminate within the nucleus
of the tractus solitarius (NTS). Within the NTS, SAR
monosynaptically activate two classes of neurons, pump or
P cells (4) and I( +) (9) or R~ neurons (3). Pump cells are
strongly activated by lung inflation but do not receive a
centrally generated inspiratory drive (6).' In contrast, I( +)
neurons receive a central inspiratory drive which is aug
mented by input from SAR. Since these are the only groups
of neurons found to receive monosynaptic input from SAR,
it is probable that activity in one or both groups is required
for production of the Breuer-Hering reflex.

Attempts to identify the axonal trajectories of both
groups of neurons have been partly successful, but no com
pelling evidence has been provided for a role of either
group in the Breuer-Hering reflex. Many I( +) neurons
monosynaptically activate phrenic motoneurons (2, 17).
While this does not preclude a role for I( +) neurons in ex
piratory termination, it seems unlikely that the same neu
rons would participate in both the afferent and efferent
sides of the control of respiratory pattern (17). In addition,
activity induced in I( +) neurons by lung inflation during
the expiratory period adapts too rapidly to account in a sim
pIe, direct manner for the increase in expiratory duration
(4, 8). Additional evidence against the participation of
I( +) bulbospinal neurons in the Breuer-Hering reflex de
rives from the lack of a change in respiratory pattern during
antidromic activation of their axons (15, 23; but see 16).
Thus, it seems unlikely that I( +) neurons are an obligatory
component in the central pathway generating the Breuer
Hering reflex.

Most of our knowledge concerning the axonal projec
tions of pump cells derives from the detailed work of Dav
ies and co-workers (11). These authors identified two major
populations of pump cells in the cat. One was located dor
solateral to the tractus solitarius while the second was cen
tered ventromedial to the tractus solitarius. Axons of the
dorsolateral but not the ventromedial group were found to
project to the contralateral NTS. However, lesions of the
contralateral NTS did not prevent the Breuer-Hering reflex,
indicating that this projection was not required for produc
tion of the reflex (11). Axonal projections of pump cells in
the ventromedial group have yet to be determined. Taken
together, the evidence suggests that pump cells, 'with as yet
unidentified projections, are required for the Breuer-Hering
reflex.

We have recently undertaken experiments to identify
neurons within the NTS which are required for the Breuer
Hering reflex, and to characterize the pharmacology of
synaptic input to these cells. We began with the premise
that second-order neurons were located within a relatively
localized region of the NTS. If true, then within this region
we should be able to (1) activate neurons and mimic the
physiologically activated reflex, (2) block synaptic trans
mission and prevent the physiologically activated reflex,
and (3) record neurons which are excited during SAR
activation.

PROLONGATION OF EXPIRATION

The first step was to identify regions of the NTS containing
neurons which when activated would lengthen the expira
tory period and mimic the Breuer-Hering reflex. Studies
were carried out in adult male Sprague-Dawley rats.
Groups of neurons were activated by injecting small vol
umes (0.5 to 6 nl) of an excitatory amino acid (usually 1 to
20 mM DL-homocysteate [DLH] in 150 mM NaCI) in an
attempt to activate somatodendritic membranes while min
imizing the effect on axons of passage (7, 19). Ejection
sites were subsequently reconstructed from marks made ei
ther by passing DC current (10 flA for up to 30 min) or by
pressure ejection of a 2% solution of Chicago Sky Blue.
Excitatory amino acid (EAA) injections were made at in
tervals of 50 to 200 flm in a region within the NTS and
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FIG. 18. I Schematic frontal (A) and horizontal (8) views of the
brainstem of a rat showing the region from which apnea was elic
ited by excitatory amino acid (EAA) injection. Apnea, region in
which EAA injection produced apnea; DRG, region where respi
ratory activity was recorded; AP, area postrema; TS, tractus sol
itarius; X, dorsal motor nucleus of the vagus; IV, fourth ventricle;
XII, hypoglossal nucleus.

proximal reticular formation which extends from 0.8 mm
rostral, to 0.2 mm caudal to the calamus scriptorius. In this
manner, a map was developed of NTS regions from which
cardiorespiratory responses were elicited.

Expiratory lengthening was elicited by EAA injections
into a discrete region of the NTS lying immediately medial
to the tractus solitarius at the same rostrocaudal level as the
area postrema (between about 0.1 and 0.6 mm caudal to the
obex; fig. 18.1; 7). For simplicity this region will be re
ferred to as the BH region. In the rostral one-half of the BH
region, apnea was elicited with little or no detectable
change in arterial blood pressure or heart rate. However, in
the caudal half of the BH region, EAA injections elicited
apnea and marked decreases in arterial pressure. If injec
tions were made medial to the BH region, depressor re
sponses were produced with little change in respiratory
pattern. Injections immediately lateral to the BH region,
including the tractus solitarius and adjacent reticular forma
tion, had little or no effect on either respiratory pattern or
arterial pressure.

The identification of a region from which apnea could
be elicited is consistent with the involvement of neurons
within this region in the production of apnea. However,

A

B
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--0.0

+0.5 mm
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other reflexes such as swallowing can prolong the interval
between inspiratory bursts on the phrenic neurogram, and it
was necessary to determine whether neurons within the BH
area were required for the physiologically activated Breuer
Hering reflex. To address this issue the apnea in response to
maintained lung inflation was examined before, during and
after recovery from the reversible blockade of synaptic
transmission within the BH area.

ATTENUATION OF THE BREUER-HERING REFLEX

Synaptic transmission was blocked in unilaterally vagoto
mized rats by the injection of cobalt acetate (Co + + 100
mM, 3 to 24 nl) into the BH region ipsilateral to the intact
vagus nerve. A double-barrel pipette containing DLH in
one barrel and Co + + in the other was positioned within the
BH area. Proper positioning was assured by determining
that a 3 nl injection of DLH elicited an apnea lasting at
least 3 sec. Prior to the injection of Co + +, control re
sponses to lung inflations to at least two different distend
ing pressures between 7.5 and 12 cm H20 were determined.
Each inflation was repeated twice with at least 90 seconds
between inflations and the responses averaged. Co + + was
then injected and lung inflations and DLH injection re
peated. In all eight rats tested, Co + + markedly depressed
the response to lung inflation but not to DLH injection (7).
Almost full recovery occurred within 60 to 90 min. The de
pression of the response to lung inflation strongly sug
gested that neurons within this region were required for the
physiologically activated Breuer-Hering reflex. The lack of
a decrease in the response to DLH injection indicated that
the post-synaptic membranes within the injection region
were still excitable and that the effect was most likely due
to an interruption of synaptic transmission. In a few ani
mals the response to DLH injection was potentiated by the
Co + + injection (e.g., see fig. 7 in ref. 7). This potentiated
response was not examined in detail and did not occur in all
animals; one possible explanation is that it resulted from
blockade of inhibitory synaptic inputs to neurons within the
Breuer-Hering reflex pathway.

In addition to blocking reflex responses to lung infla
tions, blockade of synaptic input from SAR should also al
ter the basic pattern of phrenic nerve activity. As shown in
figure 18.2, Co + + injection increased both T j and Te ; both
returned toward control values within I hour.

NEURONS ACTIVATED BY SAR

Neurons within the BH area must receive lung volume
related input to have a role as interneurons in the Breuer
Hering reflex. Extracellular recording of single unit activity
within the BH area indicated the presence of pump cells.
These neurons had little or no spontaneous activity if lung
inflation was withheld by turning the ventilator off at end
expiration, but they maintained their discharge with
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FIG. 18.2 Cobalt-induced changes in
respiratory pattern in a spontaneously
breathing, unilaterally vagotomized
rat. Cobalt (15 nJ; 100 mM) injected in
the NTS site in which DLH produced
apnea significantly and reversibly length
ened inspiratory (Ti) and expiratory (Te)
times (asterisk indicates P<O.05).

CONTROL

TI{secs.) TE(secs.)

.61 ± .05

COBALT

RECOVERY

* *.40 ± .01 .75 ± .03

..33 ± .01 .64 ± .03

1 second

relatively little adaptation over several seconds with main
tained lung inflation. Activity was considered to arise from
somatodendritic membranes rather than axons of afferent
fibers if (1) there was an inflection on the rising phase of
the action potential, or (2) the unit did not follow 200 Hz
stimulation (0.1 msec pulse duration) of the ipsilateral cer
vical vagus nerve, or 3) the unit increased its discharge rate
in response to small OLH injections, which had no effect
on phrenic nerve discharge.

Within the BH region, pump cells were the most com
monly encountered neuronal type. However, neurons with
other discharge patterns were also recorded. Most other
neurons with spontaneous activity had a tonic discharge
pattern which was not modulated by lung inflation. A few
neurons were found whose discharge was phase-locked to
phrenic nerve discharge or the arterial pulse pressure, and
one neuron appeared to receive chemoreceptor-related in
put (7). Of these neurons only those with a discharge pat
tern phase-locked to phrenic nerve discharge are likely to
contribute to the Breuer-Hering reflex.

Several investigators have recently reported that there
are few respiratory neurons other than pump cells in the nu
cleus tractus solitarius of rats (13, 22). However, we have
recently identified a population of units with respiratory
related discharge patterns, independent of vagal afferent in
put, within the NTS of rats (unpublished observations).
These units have small-amplitude action potentials, a pre
dominantly inspiratory discharge pattern, and are concen
trated ventral and ventrolateral to the tractus solitarius.
Whether this respiratory activity arises from axons of pas
sage or the somatodendritic membranes of small neurons
located within this region is not yet clear. Even if this ac
tivity constitutes a ORG in the rat, there is a marked dif
ference from the ORG in cats. In the cat the ORG consists
of a column of relatively large neurons, most of which give
rise to bulbospinal axons (5, 14). In contrast, neurons are

relatively small and only a few have bulbospinal axons in
rats (25). Regardless of the role of neurons within the ven
tral and ventrolateral NTS in the rat, it is unlikely that neu
rons in this region are required for the Breuer-Hering
reflex. Injecting EAAs into the ventral or ventrolateral NTS
in either species has rel~tively little effect on expiratory du
ration (7, 20). Similarly, electrolytic lesions in the cat (21),
or Co + + -induced block of synaptic transmission in the lat
eral NTS in the rat, have no detectable effect on the Breuer
Hering reflex (7). Thus, while the presence of a ORG in the
rat is controversial, ORG neurons appear unnecessary for
the Breuer-Hering reflex.

Taken together, these data strongly suggest that neurons,
probably pump cells, within a region immediately medial to
the tractus solitarius at the rostrocaudal level of the area
postrema, are required for the production of the Breuer
Hering reflex. In addition, the ability of EAA injection to
mimic the Breuer-Hering reflex and the likelihood that
most fast excitatory synaptic responses in the NTS are me
diated by the activation of EAA receptors (1, Champagnat
et al., this volume) raise the possibility that SAR primary
afferent fibers utilize an EAA neurotransmitter (possibly
glutamate), as has been suggested for baroreceptor affer
ents (24). This possibility was pursued in a series of studies
in which (1) agonists of subtypes of EAA receptors were
compared for their ability to mimic the Breuer-Hering
reflex and (2) antagonists of EAA transmission were in
jected into the BH area and examined for their ability to
block the Breuer-Hering reflex and the synaptic input to
single neurons in the BH area. These experiments are out
lined below.

PHARMACOLOGY

There are at least three major categories of EAA recep
tors, generally referred to as the quisqualate (Quis) or O,L-
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a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
(AMPA), kainate, and N-methyl-D-aspartate (NMDA)
subtypes (10, 18). Agonists of each receptor type were
found to alter respiratory pattern in a concentration
dependent manner. In these experiments, four-barrel elec
trodes were filled with a different concentration of a single
agonist in each of the barrels and the respiratory response
to equivolume ejections (usually 3 nl) of each concentration
were compared.

Quisqualate, kainate, and NMDA injections all produced
concentration-dependent prolongations of the expiratory
duration. The threshold concentration for a 3 nl injection of
Quis was about 10 flM (total injection amount was 30 fem
tomoles) and that of NMDA about 100 flM. Kainate (0.01
to I mM) injections always altered respiratory pattern but
did not always produce apnea. In marked contrast, the
equivolume injection of agonists of other neurotransmitter
candidates, including acetylcholine, substance ~ TRH, cal
citonin gene-related peptide, serotonin, and norepineph
rine, did not alter baseline respiratory pattern.

These findings confirm the presence of EAA receptors
on neurons within the BH region. Excitatory amino acids
are unique among the agents tested in their ability to pro
duce an apnea. To determine whether EAAs were required
for production of the Breuer-Hering reflex, the ability of se
lective antagonists to block the physiologically activated
reflex as well as the response to exogenous agonists was
tested.

The effectiveness with which EAA antagonists could
block the Breuer-Hering reflex was tested using multibarrel
electrodes. The electrode was considered to be correctly
positioned when injection of ~3 nl of an EAA elicited an
apnea lasting at least 3 sec. The Breuer-Hering reflex was
then tested at a series of tracheal pressures between 5 and
12.5 cm H20. An EAA antagonist was then pressure in-
jected from a separate barrel of the same electrode. The ef
fectiveness of receptor blockade was tested by injecting an
EAA before repeating the lung inflations.

Kynurenic acid (KYN; 10 mM, 6 to 15 nl), a broad
spectrum EAA receptor antagonist, markedly attenuated
both the Breuer-Hering reflex response to lung inflation
and the apnea following Quis or NMDA injection. In con
trast, 2-amino-5-phosphonovaleric acid, an antagonist with
high selectivity for the NMDA receptor, effectively blocked
the apnea in response to NMDA injection but had little or
no detectable effect on either the reflex response to lung in
flation or the apnea in response to Quis injection. The abil
ity of a broad-spectrum EAA antagonist, but not an
antagonist selective for the NMDA receptor, to block both
the lung inflation and Quis responses strongly suggests that
non-NMDA receptor activation is required for the produc
tion of the Breuer-Hering reflex.

Blocking non-NMDA EAA synaptic transmission within
a restricted region of the NTS medial to the tractus solitar
ius interrupted the Breuer-Hering reflex. Because pump cells

were recorded within the BH area, and they are likely to be
part of the pathway eliciting the Breuer-Hering reflex, the
pharmacology of the synaptic input to these neurons was
tested. Compound electrodes were used which consisted of
a single-barrel recording pipette (filled with 3 M NaCl) glued
to a double-barrel pipette with the tip of the recording bar
rel advanced 20 to 50 flm beyond the double-barrel pipette.
An EAA agonist was placed in one barrel and its antagonist
in the other. This electrode configuration permitted the use
of electrodes with tip outside diameter < 1flm, which aided
in the isolation of small cells and also reduced pressure ar
tifacts during drug ejection. Nevertheless, it was quite dif
ficult to isolate the presumably small pump cells.

The pharmacology of the synaptic input to single neu
rons was similar in all neurons tested within the NTS.
Three pump cells and four other neurons located in the
same area increased their discharge rate in response to ejec
tion of DLH (~1 nl of 1-5 mM). KYN ejection completely
blocked spontaneous discharge and greatly reduced or
abolished the response to DLH. That all of these cells re
sponded in a similar fashion to· EAA agonists and antago
nists is consistent with the findings of Champagnat et al.
(this volume) in NTS slices from rat. These authors iden
tified fast non-NMDA EAA synaptic inputs to all the NTS
neurons they tested but found no evidence for fast excita
tory potentials that were mediated via other transmitters.

The data presented here are consistent with the hypoth
esis that SAR primary afferent fibers release an EAA trans
mitter which activates non-NMDA receptors on pump cells
mediating the Breuer-Hering reflex. However, alternative
explanations include the possibility that the soma of neu
rons eliciting the apnea are located outside of the BH re
gion and only have dendritic arbors extending into this
region. This is unlikely, however, since EAA injections into
surrounding regions, which would be likely to contain the
soma, elicited little or no increase in expiratory duration (7
and Bonham, Joad, and Bric, unpublished observations). A
second possibility is that pump cells receive EAA-mediated
inputs from sources other than SAR, and blockade of these

. other inputs reduces the excitability of pump cells suffi
ciently to prevent the Breuer-Hering reflex. Pump cells,
however, were strongly activated by lung inflation and had
no spontaneous activity in the absence of lung inflation.
Further, Berger and Dick (6) found no evidence of a mod
ulation in the membrane potential of pump cells in cats in
the absence of lung inflation. An additional possibility is
that neurons, other than pump cells, within the BH region
are required for the Breuer-Hering reflex. While the data
linking pump cells to the Breuer-Hering reflex is only cor
relational, pump cells were the only neurons found within
the BH region which increased their discharge rate during
lung inflation and prolonged their period of discharge if
lung inflation was maintained. Thus, pump cells remain
the most likely candidates for mediating the Breuer-Hering
reflex.
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In summary, the apnea that occurs in response to main
tained lung inflation was mimicked by injection of small
volumes of dilute solutions of excitatory amino acid ago
nists into the NTS immediately medial to the tractus soli
tarius' at the rostrocaudal level of the area postrema. This
Breuer-Hering reflex-like response was not elicited by the
agonists of several other non-EAA transmitter candidates.
Injection of Co + + into this region greatly reduced the ap
nea in response to lung inflation but not the response to
EAA injection, while injection of the EAA antagonist
KYN blocked both the apnea in response to maintained
lung inflation and the response to exogenous EAAs. Simi
larly, pump cells as well as other neurons within this region
were excited by the injection of small volumes of EAAs,
while their response both to lung inflation and exogenous
EAAs was prevented by KYN. Taken together, these data
suggest that an EAA is released by SAR afferents onto
pump cells, which are an obligatory component in the
Breuer-Hering reflex.
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Connectivity of Rostral Pontine Inspiratory-Modulated

Neurons as Revealed by Responses to Vagal and Superior
Laryngeal Afferent Stimulation

Morton I. Cohen, Chen-Fu Shaw, and Russell Barnhardt

The classical experiments of Lumsden (15), in which
transections at the level of the rostral pons produced apneu
sis (maintained inspiratory discharge), led to the concept
that the region was the site of a "pneumotaxic center" that
controls respiratory pattern. More modern hypotheses sug
gested that the pneumotaxic center facilitates the inspira
tory off-switch (5). Subsequent lesion studies (20) resulted
in a more precise localization of the pneumotaxic center to
the region of the nucleus parabrachialis (NPBM) and the
Kolliker-Fuse nucleus (KFN).

To further elucidate pneumotaxic center function,
microelectrode explorations were done by several groups
of investigators. The early study by Cohen and Wang (8)
and subsequent studies by Hugelin and collaborators (1, 2)
reported the presence of numerous respiratory-related
neurons (RRNs) in the NPBM and KFN of paralyzed, vag
otomized cats. The pontine RRN population was eventually
designated as the pontine respiratory group (PRG) (12). It
was found that the discharge patterns of pontine RRNs dif
fer markedly from those of medullary RRNs. Whereas the
great majority of medullary neurons discharge predomi
nantly during one phase of the respiratory cycle, either in
spiration (I) or expiration (E), the majority of the PRG
neurons have tonic discharges with superimposed respira
tory modulation.

Since a full fledged apneusis appears only with a com
bination of PRG lesions and vagotomy, the effect of lung
afferent input on PRG RRNs was investigated by Feldman
et al. (13) and more recently by St. John (19) and Shaw
et al. (18). In decerebrate paralyzed cats having intact vagi
and ventilated by a cycle-triggered pump, about 90% of
PRG I-modulated neurons were strongly inhibited by lung
inflation, as revealed by the "no-inflation test" (17).

In order to study the mechanisms and pathways of this
inhibition, we used electrical stimulation of vagal afferents
to mimic lung inflation. In addition, we studied the effects
of afferent superior laryngeal stimulation, which produces
inspiratory inhibition (14). Although both types of input
produced marked changes of PRG RRN discharges, the ef
fects had relatively long latencies (median of 170 msec for
inspiratory inhibition). Locking of a neuron's discharge to
individual stimuli was rare. These results indicate that con
nections of the PRG with caudal systems are multisynaptic
and diffuse.

METHODS

Observations were made in midcollicular decerebrate cats
(2.5-3.5 kg) after withdrawal of the halothane anesthesia
used during surgical procedures. The cats were paralyzed
by gallamine infusion and were ventilated with hyperoxic
gas mixtures by a cycle-triggered pump system (6), which
applied lung inflation during the central inspiratory (I)
phase as monitored by phrenic (phr) discharge. Bilateral
pneumothorax was produced to minimize motion artifacts
and to avoid excitation of chest wall afferents. To prevent
collapse of the lungs, an expiratory load of 1-2 cm H20
was applied.

The brainstem was exposed with either a dorsal or ven
tral approach, and extracellular unit recordings were taken
with tungsten microelectrodes (impedances 2-5 Mohm at
1000 Hz). Spikes of an isolated unit were used to derive
standard pulses by means of a time-amplitude window dis
criminator.

In order to assess the influence of pulmonary afferents
on neuron discharge, the no-inflation test (consisting of
withholding inflation during one I phase, with resultant
elimination of the phasic afferent discharge produced by
lung inflation) was applied at intervals of 4-8 respiratory
cycles.

Electrical stimulation (frequency 100/sec, pulse dura
tion 0.05 msec, stimulus currents in the range 10-50 ~A)

was delivered through a bipolar electrode at the peripheral
end of the whole superior laryngeal (SL) nerve or to a sep
arated slip of the vagus (V) nerve (diameter one-third to
one-half of the intact diameter). Stimulus trains were
started 50-100 msec after onset of the I phase and were ter
minated at the end of I. The trains were applied during no
inflation I phases. With this protocol, the control I phases
were those in which inflation was withheld but no stimu
lation was delivered.

Recordings were taken with an analog tape recorder or a
video cassette recorder. After digitization (0.4 msec sam
pling interval), recordings were subjected to several types
of analysis using a desktop computer.

The respiratory cycle-triggered histograms (CTH) were
ensemble averages (15-30 cycles) of unit activity and half
wave rectified phrenic activity, with the onset of I or E as
the synchronizing trigger. The change produced by a test
was evaluated as the ratio of activity in corresponding time
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FIG. 19.1 Cycle-triggered histograms (CTHs) comparing responses of a tonic I-modulated neuron to afferent vagal (V) stimulation (left)
and afferent superior laryngeal (SL) stimulation (right). PHR; phrenic activity. Stimulus trains (loo/sec), delivered during no-inflation I
phases, started 50 msec after I onset and were ended by I offset. Vertical pairs of lines indicate equivalent-time windows for comparison
of inflation and no-inflation phases (top), and control and stimulation phases (bottom). Top: CTHs derived from inflation phases (thin
lines) and no-inflation phases without stimulation (thick lines). Note that no-inflation converts unit pattern from very weak to strong
I-modulation. Bottom: CTHs derived from no-inflation phases without stimulation (thin lines) and no-inflation phases with stimulation
(thick lines). Left: V stimulation shortened the I phase, with little effect on PHR slope, and inhibited the unit's I-modulation. Right: SL
stimulation lengthened the I phase, reduced PHR slope, and produced excitation followed by moderate inhibition of the unit. Number of
trials: V, 22; SL, 26. 40-msec bins.

windows of test and control phases (1) for inflation tests
during the no-inflation and inflation phases and (2) for
stimulation tests during the no-inflation phases with stim
ulation and without stimulation.

Peristimulus histograms (PSHs) were computed as en
semble averages, with the first stimulus of each train as the
synchronizing trigger. A control PSH was computed from
activity in control phases, with the synchronizing trigger
being a "dummy" pulse whose time in the phase corre
sponded to the time of the stimulus synchronizing trigger.
Although the occurrence of a stimulus effect on unit activ
ity was apparent on comparison of the control and test
PSHs, it was difficult to ascertain the response latency.
Therefore, latencies of unit responses were measured by use
of a variant of cusum analysis (9). The cusum was calcu
lated as the cumulative sum of test minus control activity,
from which was subtracted the baseline difference activity

(calculated for a time of circa 100 msec preceding stimu
lation onset). The latency of a stimulus effect was taken as
the point where the cusum went beyond 3 standard devia
tions of the baseline mean (cf. fig. 19.2).

Power spectral analysis was used to ascertain if there
was short-term locking between neuron and phr activities
(in control cycles) or between stimulus occurrence and phr
or neuron activities (in stimulus cycles). Autospectra of
signals and coherences between pairs of signals during ap
propriate time windows were computed with the fast Fou
rier transformer (FFT); details of computation methods
have been given in earlier papers (4, 7).

RESULTS

In order to compare the effects of lung inflation with the
effects of electrical stimulation of vagal (V) and superior



FIG. 19.2 Cumulative sum histograms
showing response of the unit of figure
19.1 to V stimulation (top) and to SL
stimulation (bottom). Horizontal lines:
mean (thick line) and± 3 S.D. of base
line counts. Cusums are derived from
counts in peristimulus histograms (0.4
msec-bins), which were triggered from
the first stimulus of each train (vertical
line). Latencies, defined as time points
where the histogram crosses the 3 S.D.
line: V, inhibition at 190 msec; SL, exci
tation at 60 msec.
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laryngeal (SL) afferents, stimulus trains were delivered
during no-inflation I phases in a series of seven cats. The
strength of V stimulation was adjusted to a level that pro
duced shortening of I phase duration (TI) with little or no
excitation of phrenic discharge. The strength of SL stimu
lation was adjusted to a level that produced graded depres
sion of phrenic discharge; this type of stimulation
shortened TI in five cats and lengthened T1 in two cats.

In figure 19.1, the effects of the two types of stimulation
are compared for a tonic I-modulated PRG neuron. The
CTHs comparing activity during inflation and no-inflation
cycles (top) show that during inflation the unit's respiratory
modulation was weak, though significant (verified statisti
cally); during no-inflation cycles, respiratory modulation
was greatly increased (62% increase of discharge during
the comparison time window), so that the tonic I-modulated
pattern became apparent. Afferent V stimulation applied
during no-inflation I phases (bottom left) shortened TI and
inhibited unit activity to the extent that the unit's respira
tory modulation was completely abolished.

SL stimulation (fig. 19.1, bottom right) produced more
complex effects than did V stimulation. In this case, the
usual reduction of phr activity (decreased slope of the
CTH) was accompanied by lengthening of T1. The effect on
unit activity was biphasic: an initial excitation followed af
ter a delay by a slowly increasing inhibition.

The time courses of the unit's responses to both types of
stimulation are shown in the cusum difference histograms
of figure 19.2: the latency of inhibition by V stimulation
was 190 msec, and the latency for excitation by SL stimu
lation was 60 msec. The SL cusum histogram shows the

mixed excitatory-inhibitory response: after the initial exci
tation there was no net activity change, as indicated by flat
ness of the histogram, until about 400 msec after the onset
of stimulation, when a delayed inhibition of activity
started.

The long latencies of the unit responses shown in figure
19.2 are typical of the responses of I-modulated (tonic or
phasic) PRG neurons observed in this experimental series.
Of twenty-three neurons tested with V stimulation, sixteen
showed a pure inhibition, three showed pure excitation,
and four showed an excitatory-inhibitory sequence. The la
tencies for inhibition ranged from 20 to 260 msec with
a median of 170 msec. Inhibition started well before the
premature inspiratory off-switch, whose latency ranged
from 300 to 400 msec. Of thirty-six neurons tested with SL
stimulation, twenty-one showed a pure excitation, nine
showed a pure inhibition, and six showed an excitatory
inhibitory sequence. The latencies for excitation ranged
from 3 to 374 msec, with a median of 70 msec; the laten
cies for inhibition ranged from 30 to 510 msec, with a me
dian of 170 msec.

Thus, for both types of stimulation short-latency ex
citation and short-latency inhibition were rare. This con
trasts with the high incidence of short-latency excitation
and inhibition among medullary dorsal inspiratory neu
rons (10, 11). In peristimulus histograms, short-term lock
ing of unit firing to individual stimuli was not apparent,
although it was obvious in the PSHs of phr activity. In or
der to detect such locking, coherences between stimulus
pulses and unit pulses. were computed with the FFT;
stimulus-phr coherences were similarly computed. AI-
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though significant (and often high) stimulus-phr coherences
at the stimulus frequency were usually found, significant
stimulus-unit coherences were rare: they were found in only
2 of 36 units with SL stimulation and in 1 of 23 units with
V stimulation.

DISCUSSION

The analysis of timing relations between V or SL stimuli
and I-modulated PRG neuron activity revealed that 1) the
changes of unit activity (excitation or inhibition) usually
had long latencies (median 170 msec for inhibition) and 2)
locking of spike occurrence to stimulus occurrence was
rare. These observations indicate that the afferent transmis
sion pathways from medulla to pons are multisynaptic and
diffuse.

This conclusion is congruent with additional observa
tions indicating that pontine I-modulated neurons are "syn
aptically distant" from medullary I neurons. 1) In the
larger study of PRG neurons (17), it was found that only a
minority (about 25%) of phasic I neurons had high
frequency oscillations (HFO) in their discharges, as ascer
tained by coherence analysis; none of the PRG I-tonic
neurons had HFO. This contrasts with the high incidence of
HFO in medullary I neuron discharges (4, 6) and the ubiq
uity of HFO in I motor nerve discharges (7). 2) Short
latency cross-correlations between PRG and medullary
RRNs are rare (16). 3) Only a small proportion of dorsal
and ventral medullary I neurons have monosynaptic projec
tions to the PRG region, as ascertained by antidromic stim
ulation (3).

ACKNOWLEDGMENT

This research was supported by N.I.H. Grant HL-27300.

REFERENCES

1. Bertrand, F., A. Hugelin, and J.F. Vibert. Quantitative
study of anatomical distribution of respiration related neurons in
the pons. Exp. Brain Res. 16:383-399, 1973.

2. Bertrand, F., A. Hugelin, and J.F. Vibert. A stereologic
model of pneumotaxic oscillator based on spatial and temporal
distributions of neuronal bursts. J. Neurophysiol. 37:91-107, 1974.

3. Bianchi, A.L., and W.M. St. John. Pontile axonal projec
tions of medullary respiratory neurons. Resp. Physiol. 45: 167
183, 1981.

4. Christakos, C.N., M.1. Cohen, W.R. See, and R. Barn
hardt. Fast rhythms in the discharges of medullary inspiratory
neurons. Brain Res. 463:362-367, 1988.

5. Cohen, M.I., and J.L. Feldman. Models of respiratory
phase-switching. Fed. Proc. 36:2367-2374, 1977.

6. Cohen, M.I., and J.L. Feldman. Discharge properties of
dorsal medullary inspiratory neurons: Relation to pulmonary af
ferent and phrenic efferent discharge. J. Neurophysiol. 51 :753
776, 1984.

7. Cohen, M.I., W.R. See, C.N. Christakos, and A.L. Sica.
High-frequency and medium-frequency components of different
inspiratory nerve discharges and their modification by various in
puts. Brain Res. 417:148-152, 1987.

8. Cohen, M.I., and S.C. Wang. Respiratory neuronal activ
ity in pons of cat. J. Neurophysiol. 22:33-50, 1959.

9. Davey, N.J., P.H. Ellaway, and R.B. Stein. Statistical limits
for detecting change in the cumulative sum derivative of the peri
stimulus time histogram. J. Neurosci. Methods 17: 153-166, 1986.

10. Donnelly, D.E, A.L. Sica, M.1. Cohen, and H. Zhang.
Dorsal medullary inspiratory neurons: Effects of superior laryn
geal afferent stimulation. Brain Res. 491:243-252, 1989.

11. Donnelly, D.F., A.L. Sica, M.1. Cohen, and H. Zhang. Ef
fects of contralateral superior laryngeal nerve stimulation on dor
sal medullary inspiratory neurons. Brain Res. 505: 149-152, 1989.

12. Feldman, J.L. Neurophysiology of breathing in mammals.
In Handbook ofPhysiology, Section 1, vol. 4, 463-524. Bethesda,
Md.: American Physiological Society, 1986.

13. Feldman, J.L., M.1. Cohen, and ~ Wolotsky. Powerful in
hibition of pontine respiratory neurons by pulmonary afferent ac
tivity. Brain Res. 104:341-346, 1976.

14. Iscoe, S., J.L. Feldman, and M.1. Cohen. Properties of in
spiratory termination by superior laryngeal and vagal stimulation.
Resp. Physiol. 36:353-366, 1979.

15. Lumsden, T. Observations on the respiratory centres in the
cat. J. Physiol. (London) 57: 153-160, 1923.

16. Segers, L.S., R. Shannon, and B.G. Lindsey. Interactions
between rostral pontine and ventral medullary respiratory neu
rons. J. Neurophysiol. 54:318-334, 1985.

17. Shaw, C.-F. Discharge patterns of rostral pontine
respiratory-modulated neurons in relation to vagal and superior
laryngeal afferent input. Ph.D. diss., Albert Einstein College of
Medicine, New York, 1990.

18. Shaw, C.-F., M.1. Cohen, and R. Barnhardt. Inspiratory
modulated neurons of the rostrolateral pons: Effects of pulmonary
afferent input. Brain Res. 485: 179-184, 1989.

19. St. John, W.M. Influence of pulmonary inflations on dis
charge of pontile respiratory neurons. J. Appl. Physiol. 63:2231
2239, 1987.

20. St. John, W.M., R.L. Glasser, and R.A. King. Apneustic
breathing after vagotomy in cats with chronic pneumotaxic center
lesions. Resp. Physiol. 12:239-250, 1971.



20
Respiratory Modulation of

Afferent Transmission to the Cerebellum

S. Baker, C. Seers, and T.A. Sears

AUTOMATIC AND VOLUNTARY
RESPIRATORY MOVEMENTS

The diaphragm, intercostal, and abdominal muscles form
the boundary of the thorax and abdomen. Their coordinated
activities power lung ventilation and contribute mechanical
stability to the spine in posture and locomotion. In eupnea
(effortless breathing) the respiratory movements satisfying
metabolic demands normally occur automatically and with
out the need for conscious intervention even during changes
in posture. Yet the slightest unexpected hindrance to breath
ing, such as an increase in elastic loading, is readily per
ceived (12). Breathing then shifts from the realm of
"automatic" to "voluntary" and remains thus until the
load is removed or, following habituation again becomes
automatic and "eupneic".

In contrast, during their voluntary activation for speech,
the respiratory muscles generate much higher subglottal
pressures to overcome either the obstruction offered by the
adducted vocal cords before phonation is initiated or the el
evated flow-resistance during phonation itself, yet normal
speech certainly occurs without a sense of dyspnea. The
controlled exhalation of air during speech or song is, how
ever, simply one component of a complete motor synergy
also involving laryngeal and oropharyngeal movements,
which constitutes a learned, highly skilled motor perfor
mance, acquired in infancy and practiced throughout life.
Thus for each utterance the phonating larynx represents a
highly predictable load on the respiratory muscles and gives
rise to no obtrusive sensory phenomena, Le., dyspnea.

Notwithstanding the fact that "automatic" breathing
movements persist in sleep, under anaesthesia, and after
decerebration, their nature in the awake state is different,
as described above. Respiratory muscle activity is more
similar to the voluntary activation of limb or other muscles
than is generally recognized. For example, when one moves
from the seated to the standing posture and walks, although
this purposeful act is initiated by mental action, the main
tenance of this intent is achieved through essentially auto
matic movements until further mental action determines
otherwise. If an unexpected surface or load is encountered
and perceived, full conscious attention is restored to the ex
ecution of the movement. The obverse, the rendering of
movement automatic through habitual use, carries the im
plication that predictable afferent in-flows associated with
it are prevented from obtruding into consciousness (34, 35).

The development of these ideas in relation to respiration
arose from experiments utilizing changes in load on con
tracting intercostal muscles (30) and were aimed at evalu
ating the role of the "length" servo theory of muscular
control (16, 27, 28) in respiratory muscle contraction in hu
mans. In that theory, conceived originally as an "insen
tient" mechanism (29), changes in muscle spindle afferent
discharge are used to detect the difference between in
trafusal and extrafusal fiber contraction (or relaxation).
This altered activity serves as a proportional error signal
automatically calling forth more, or less, excitation of mo
toneurons to control the load.

A different concept was needed, however, to explain the
early inhibitory effects of sudden loading of intercostal
muscles in conscious humans, the delayed latency of the
apparent stretch reflex, and the effects of prior instruction
on the reflex (30). It was hypothesized that the occurrence
of an unexpected load during a learnt movement caused au
tomatic servo action at the segmental level to be withheld
(or reduced) until, through neural events associated with
the eventual perception of the load, segmental reflex com
pensation was allowed to proceed based on previous expe
rience (30). It was suggested that during the control
movement there is presynaptic inhibition of the Group Ib
terminals onto inhibitory interneurons by corticospinal
tract projections (3). Therefore, the autogenic inhibition by
the Group Ib (tendon organ) afferent input signalling the
time course of predicted changes in active tension (cf. 24)
is suppressed. This allows the conjoint excitatory inputs
(corticospinal and Ia) to the motoneurons carrying the ex
ecutive (learnt) command for the control movement to be
unopposed. With the unexpected load, however, autogenic
inhibition would be exerted by the unmatched Ib input,
thus suppressing excessive spindle feedback until control
mechanisms with longer loop times, for example, via the
cerebral or cerebellar cortices and attendant on "prior in
struction" ("set"), have time to operate. This was impor
tant because the gain of the stretch reflex component was
shown to be scaled to the current level of EMG activity
(30). Thus overall, this mode of control has the merit of
setting servo action within prescribed tension limits, has
predictive properties, and allows reflex action to be the ser
vant of volition (35).

Thus it is envisaged that voluntary motor commands not
only specify the movements, but also the afferent signals
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50 ms

FIG. 20.1 Distribution of climbing fi
ber-evoked responses from the caudal
thoracic nerves (T9-TI0). From left to
right, the vermal a zone, b zone, and C2
zone in the intermediate cortex
(contralateral response in C2 not shown).

used in their control. This is especially relevant for respi
ratory movements where presumably the changing but pre
dictable mechanical loads offered by the lung and chest
wall compliance, and the flow resistance of the airways
would allow a high degree of automation. While certain
categories of limb movement also employ gain control of
afferent transmission (cf. 26), others are not immediately
under afferent feedback control. Ballistic movements re
quire a predictive control strategy and others are performed
in an open loop mode, as exemplified by the vestibulo
oculomotor reflex (VOR).

As demonstrated by the wearing of dove prism goggles,
prolonged mismatching of visual and vestibular informa
tion causes progressive changes in gain of the VOR to min
imize retinal errors (19). In animal experiments, this
adaptation is abolished by lesion of the flocculus (see 20 for
references), suggesting the more general proposition that
the cerebellum confers on a control system the capacity for
"coordination, orthometria and compensation" (21), anal
ogous to the multivariable, predictive and adaptive control
mechanisms in engineering. Explicit models have been de
veloped in which "motor learning" occurs in the cerebellar
cortex as a result of an adaptive plasticity of the parallel
fiber synapses on Purkinje cells (PCs) consequent on their
conjunctive activation by climbing fiber (CF) afferents to
that cell (1, 25). Direct experimental evidence is now avail
able that long-term depression of parallel fiber transmission
occurs following such conjunctive activation (14, 22, 23).
Also, in animals performing a variety of tasks, the CF dis
charge of PCs at relevant sites of representation (micro
zones) is unaffected by the learnt movement, but responds
specifically to perturbations by unexpected stimuli (5, 6,
17, 18). Under these circumstances the CF discharge is
conceived· as signalling an error in the motor performance
and through the mechanism of adaptive plasticity described
above plays a key role in motor learning (see 21). The error
is not simply the proportional error signal from muscle
spindle afferents automatically summoning forth reflex ac-

tion but also carries the implication that the perceived, un
expected change in load may require an alternative strategy
in the future.

In the light of these developments it was of interest to
reexamine the representation of the thorax in the cerebel
lum. Previously Coffey et al. (13) had described discrete,
intercostal-evoked CF responses in the intermediate cortex,
but their investigation was directed primarily at the mossy
fiber inputs and was made before the longitudinal organi
zation of the spino-olivary CF inputs to the cerebellum was
recognized (see 21 for references). Each longitudinal zone
receives its CF afferents from a discrete olivary subnucleus
and in turn projects to a discrete subcortical nucleus. Some
zones have a detailed somatotopic organization and can be
further subdivided into microzones. Thus a microzone re
ceiving a CF input over spino-olivocerebellar pathways
from the hindlimb in turn projects to that region of its target
nucleus (e.g. lateral vestibular nucleus) that is connected to
a hindlimb motor system (4). We have therefore investi
gated the spino-olivocerebellar projections from the thorax
to determine first, the zonal representation of the thorax
in the cortex and second, the relation between the execu
tion of respiratory movements and afferent transmission to
the zones.

CLIMBING FIBER RESPONSES

Climbing fiber responses (CFRs) were recorded from the
surface following stimulation of a caudal intercostal nerve
(or dorsal primary ramus) in anaesthetized· or decerebrate
cats, paralyzed and artificially ventilated with different
gas mixtures as required. As illustrated in figure 20.1,
typical, long-latency, initially positive-going CFRs (cf. 13)
were present in two sagittal strips in the medial and lateral
vermis, corresponding to the a and b zones, respectively,
(4) and extending along the length of the exposed cortex of
the anterior lobe (Lobule V) and to Lobule VI. In the a
zone, thoracic CFRs overlapped with those from the
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FIG. 20.3 Poststimulus time histograms of simple spike dis
charge of Purkinje cell in thoracic microzone of the b zone after
stimulation of the superficial radial nerve (top), the intercostal
nerve (middle), and the sciatic nerve (bottom).

1 sec

r
FIG. 20.2 Upper traces: Averaged inspiratory neurogram of the
external intercostal nerve (T4). Lower traces: Climbing fiber re
sponses from internal intercostal nerve T9, averaged from a total
of 750 responses falling in sequential 500 ~sec time bins of the
respiratory cycle and plotted in respective bins of the cycle. Trace
durations: 25 msec in the upper record and 50 msec in lower. Two
examples from different experiments.

found in the anterior lobe and paramedian lobule corre
sponding to the C2 zone. The very localized projection
from the vagus and superior laryngeal nerves was also con
tained within this area. Thus, although the limb inputs re
veal no clear somatotopic organization within the C2 zone,
the representation of axial structures there indicates an
overlapping, rostrocaudal somatotopic gradient, with ros
tral structures represented in more caudal folia of the para
median lobule. In the other zones of the intermediate cortex
the thoracic representation is very restricted. In the C3
zone thoracic CFRs were only recorded in microelectrode
penetrations and were found in a narrow region between
face and hindlimb responses (15). Since CFRs from rostral
thoracic nerves have also been· recorded in the X zone (be
tween the a and b zones of Lobules V and VI) the thorax is
represented to some extent in each of the zones of the an
terior lobe vermis and intermediate cortex.

hindlimb. However, consideration ·of the representation in
the a zone of the neck (32) and splanchnic nerves (33),
indicating that more rostral axial structures are represented
in caudal folia of the anterior lobe and Lobule VI, means
that the a zone can no longer be considered solely as a
hindlimb zone but is also an axial zone (cf. 8). Within
the b zone, the thoracic CFRs were found in the area be
tween the fore and hindlimb-evoked responses as previ
ously described (15).

In the intermediate cortex, bilateral thoracic CFRs were

RESPIRATORY MODULATION OF
AFFERENT TRANSMISSION

From previous work by Aminoff and Sears (2) it was known
that the intercostal-to-intercostal polysynaptic reflexes and
the cortically evoked responses in the intercostal nerves are
strongly modulated with the respiratory cycle. In the par
alyzed decerebrate preparation we have found consistently
that the intercostal-evoked CFRs in the vermal b zone are
inhibited during the inspiratory phase (fig. 20.2). This in-
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hibition occurs pari passu with that of the simultaneously
evoked intercostal-to-intercostal reflex (not illustrated). Us
ing near-threshold stimulation for the reflex, the CFRs also
display significant latency modulation within the cycle, be
ing of shortest latency during expiration (11).

During hypocapnic apnea, the CFRs (and the reflex)
lose their phasic modulation and are then of relatively con
stant large amplitude and brief latency, as if facilitated dur
ing expiration. This probably reflects the fact that in
hypocapnic apnea, expiratory motoneurons are in receipt of
a brainstem-mediated, CO2-dependent drive (9) causing
them to discharge tonically. This drive, conveyed byexpi
ratory bulbospinal neurons (10), appears also to have access
to the interneurons mediating spino-olivary transmission.
Such phasic modulation is consistent with the postulated
role of this system as generating an "error signal." The
phasic inhibition of transmission linked to the motor com
mand would prevent olivary excitation by the "appropri
ate" afferent input generated by respiratory movement,
whilst inputs relating to unexpected stimuli would evoke a
CF discharge.

The coordination of the components of a complex move
ment requires the control system to receive appropriate in
formation regarding the current status of sensory as well as
motor components. This has been studied by extracellular

1000

FIG. 20.4 Respiratory cycle histograms of spontaneous simple
spike discharges of Purkinje cells in thoracic microzone within the
b zone. Integrated inspiratory neurogram (top, middle), simple
spike cycle histogram (bottom).
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Respiratory Afferents and the Inhibition of Inspiration

Dexter F. Speck, Diane R. Karius and Liming Ling

Although many studies have examined the phenomena of
inspiratory inhibitory reflexes, there is very little informa
tion available concerning the neural circuits and neurotrans
mitters utilized in mediating these inhibitions. There are at
least two distinct types of inhibitory (or disfacilitatory) ef
fects evident in the response of the respiratory motor output
to perturbations elicited through respiratory-related affer
ents. The first type of inhibition involves a transient reduc
tion of inspiratory motor output and may be observed after
a single electrical shock delivered to either the superior la
ryngeal nerve (SLN; 2, 3, 15), the intercostal nerve (ICN;
8, 21) or the phrenic nerve (PN; 16, 22). A similar effect
can be elicited by microstimulation within brainstem
respiratory-related nuclei (24) or the ventrolateral cervical
spinal cord (12).

A second type of inhibition is related to the termination
of inspiration. This inspiratory-to-expiratory phase switch
ing can be initiated by stimulus trains delivered to the vagus
nerve (X), the SLN (15) and the ICN (21). A distinct mech
anism for this inspiratory-terminating phenomenon has not
yet been demonstrated. The stimulus-evoked transient re
duction of inspiratory motor activity has generally been
considered to be initiated by a mechanism(s) similar to that
responsible for inspiratory termination, although the termi
nation response typically requires both a higher intensity
and a greater stimulation frequency. It is tempting to con
sider each type of inhibition as indicative of the activation
of a single mechanism by the various afferents and central
nuclei or tracts. It should be pointed out, however, that each
afferent and each response may utilize its own separate
circuitry.

Although recent in vitro mammalian studies suggest that
CI--dependent inhibitory interactions are not required for
rhythmogenesis (13), inhibitory mechanisms are important
in mediating reflex motor responses. These reflexes are an
integral part of the respiratory pattern generation in behav
ing animals. Chang (this volume) has shown in the con
scious guinea pig that respiratory-related neurons undergo
complex changes in discharge pattern in a discrete
behavior-dependent fashion. Single units showed marked
temporal variations in spike frequency and activity pat
terns. Steady-state rhythmic discharges typical of the anes
thetized preparation were observed only when the animal
assumed a motionless, resting posture. These results em
phasize the physiologic importance of inhibitory (and exci
tatory) afferents in the genesis of respiratory patterns.

Various lesions and pharmacological manipulations have
been conducted in our laboratory to attempt to localize and
describe the underlying mechanisms of these different in
hibitory reflexes.

STUDIES OF POSSIBLE NEUROTRANSMITTERS

Since glutamate has been implicated as a neurotransmitter
in many afferent systems (14,26, McCrimmon et al., this
volume), the N-methyl-D-aspartate (NMDA) antagonist
MK-801 was used to investigate the possibility that this
neurotransmitter was involved in the production of these in
hibitory reflexes (19). Systemic injection of MK-801 elicits
an increase in the inspiratory duration and a reduced res
piratory frequency. After injection of this drug, apneusis
occurs if lung stretch receptor input is eliminated. Despite
these marked central effects of MK-801, transient inspira
tory inhibitory responses initiated by electrical stimulation
of SLN, leN, and PN persisted. In addition, microstimu
lation within the dorsal (DRG) and ventral respiratory
groups (VRG) also continued to elicit transient inhibitory
responses after drug administration. The inspiratory
terminating responses elicited by ICN, SLN, and vagal
stimulation were also prominent after blockade of the
NMDA receptor channels. These results suggest that the
NMDA receptor is not essential for the production of these
reflex inhibitions.

Since apneusis is induced by systemic injection of the
NMDA receptor antagonist MK-801, it has been hypothe
sized that the pontine respiratory group (PRG) influence
on inspiratory inhibitory mechanisms might be mediated
through NMDA receptors. Therefore experiments were per
formed to determine if inhibitions elicited by pontine
stimulation could be abolished after NMDA receptor antag
onism with MK-801. The transient inhibition elicited by
low-frequency PRG microstimulation was present with no
significant change in thresholds or onset latencies at all
doses. The duration of inhibition was increased after MK
801. Stimulus trains continued to elicit. premature inspira
tory termination even at doses of 1 mg/kg. We conclude
that the inhibitory reflexes elicited by PRG stimulation do
not depend on NMDA receptor-mediated neurotrans
mission. It is likely that the apneusis induced by systemic
MK-801 involves NMDA receptors located at different
sites, possibly proximal to the PRG neurons.
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In those same studies, the short-latency excitation
elicited by SLN and ICN stimulation was also examined.
These excitations were unaltered following systemic ad
ministration of MK-801, suggesting that an NMDA
receptor was not required in either the afferent or efferent
pathway of these excitatory reflexes. Since the SLN
excitation is believed to involve a monosynaptic projection
onto DRG inspiratory neurons (1), it is unlikely that
these afferents release glutamate to activate the NMDA
receptors which are known to exist on the DRG pre-motor
neurons.

Two major inhibitory transmitters are GABA and gly
cine. Both of these substances and their receptors have been
localized within respiratory-related regions of the brain
stem (20). In addition there is evidence for the release of
glycine and GABA within the nucleus tractus solitarius of
the rat (20). Both substances have a depressing effect on the
spontaneous activity of brainstem respiratory-modulated
neurons when applied locally (5, 9). Additional studies
have indicated the involvement of glycine in the spinal in
hibition of respiratory reflexes (10) and in the alteration of
respiratory pattern (13). In a series of experiments (25),
systemic injections of bicuculline (a GABAA antagonist)
and strychnine (a glycine antagonist) have been utilized to
determine if these neurotransmitters are involved in the cir
cuitry mediating these afferent and central reflexes. With
systemic application of drugs there is always concern
whether the drug is reaching the necessary brainstem site to
exert its desired effect. Therefore, the level of antagonist
was incremented until obvious central nervous system ef
fects were elicited in the form of convulsive discharges.
Strychnine, which is a potent antagonist ~f glycine recep
tors (7,17), elicited the strongest convulsive-like discharges
in our phrenic nerve recordings. Bicuculline, which is a
competitive antagonist at the GABAA receptor (6,17), also
elicited convulsive activity. Postdrug responses to stimula
tion were analyzed at the dosage immediately preceding the
development of continuous convulsive activity and at con
vulsive doses in a few animals. This protocol ensured that
antagonists were affecting central nervous system mecha
nisms. These experiments show no evidence for involve
ment of GABAA receptors in either the termination or the
transient inhibitions evoked by SLN, ICN, DRG, or PN
stimulation. Strychnine antagonism of glycine receptors
did markedly delay the onset and prolong the duration of
the evoked inhibitions. This finding is difficult to interpret
since the increase in both parameters is not consistent with
a simple decrease in the level of glycine-mediated inhibi
tion. Despite relatively large doses of all antagonists, ter
mination responses and transient inhibitions could still be
elicited by all afferent inputs studied, thereby indicating
that receptors for these specific neurotransmitters are not
mandatory participants in the reflexes. The fact that all
transient inhibitory reflexes were affected in a consistent
fashion by the various neurotransmitter antagonists sug-

gests that these inhibitory responses may share a final com
mon pathway or mechanism.

ABLATION EXPERIMENTS

Selective electrolytic and/or chemical lesions have been
performed to determine if specific brainstem regions are
mandatory participants in any of these afferent-evoked in
hibitions. Bonham and McCrimmon (4) have recently dem
onstrated that the medial nucleus of the tractus solitarius
(mNTS) is involved in the Breuer-Hering reflex. Since this
region also receives input from the SLN afferents, experi
ments were conducted to determine if the mNTS was in
volved in the production of SLN inhibitory reflexes.
Procaine injections were made into the vicinity of the
mNTS (23). This reversible blockade of cells and axons in
the mNTS greatly increased the threshold of the SLN ter
mination response with little or no effect on the SLN tran
sient inhibitory response. This finding suggests that these
two reflexes may involve separate circuitry with only the
termination response relying upon structures within the re
gion of the mNTS.

In other studies we examined the potential involvement
of the PRG and the Botzinger Complex (BotC) in these in
hibitory reflexes. Although activation of pontine or Bot
zinger Complex neurons can elicit similar transient
inhibitions and inspiratory termination, lesion studies have
suggested that these neurons are not essential for any of the
reflexes studied to date. Both the transient inhibitions and
the inspiratory-terminating reflexes persisted after bilateral
lesions of the PRG (18). In the study of the BotC neurons
(22), the transient inhibition of inspiratory activity elicited
by phrenic afferent stimulation was abolished by electro
lytic lesions of the BotC region. When the neurons in this
nucleus were destroyed by the microinjection of kainic
acid, however, the transient inhibition was not eliminated.
These results suggest that axons important in this reflex
pass through the BotC region, but that these axons do not
require a synapse onto Bote neurons in order to elicit the
reflex.

SUMMARY

Results from the experiments discussed above suggest that
GABAA receptors and NMDA receptors for glutamate are
unlikely to be involved in the circuitry responsible for the
inhibitory reflexes studied. It does appear that glycine re
ceptors may participate in the transient inhibitory re"
sponses, although there is likely to be at least one
additional inhibitory neurotransmitter which can be in
volved. The ablation experiments have excluded several po
tential regions from the required circuitry. Obviously,
further experiments are necessary to determine the under
lying mechanisms of these important inhibitory reflexes.
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Although the possibility exists that the transient inhibi
tion and the inspiratory-terminating response discussed in
this chapter may utilize similar mechanisms, several find
ings suggest the alternate hypothesis that these two types of
inhibition may result from separate central mechanisms:

1. It is interesting to note that vagal stimulation results in
only the inspiratory termination, while PN stimulation
elicits only a transient inspiratory inhibition.

2. While stimulation of the SLN or leN produces both
transient responses and termination responses, the
threshold intensities necessary for eliciting the
inspiratory-terminating responses are consistently
higher than those required for the transient responses.

3. Procaine injections into the mNTS diminished SLN
evoked inspiratory termination without affecting the
SLN transient inhibition (23).

4. The potential involvement of glycine receptors in the
transient inhibitions and not in the termination re
sponses also suggest a possible difference in mecha
nisms.

Based on numerous findings, Feldman and colleagues
(11) have proposed that the respiratory pattern generator in
volves two major components-a rhythm-generating sys
tem and an output amplitude-controlling system. This
notion is consistent with speculation that the inhibitory re
flexes also represent two systems. It is suggested that the
transient reductions of inspiratory activity initiated by
phrenic, intercostal, and SLN stimulation could represent
reflexes associated with the control of the output ampli
tude. All three of these afferent systems are known to pro
vide input into the region of the DRO, an important pre
motor respiratory population. Activation of these afferents
(or a subset of the afferent population) could affect the am
plitude of inspiratory discharges without necessarily influ
encing respiratory rhythms. Similarly, other afferents in
these nerves could elicit changes in inspiratory and/or ex
piratory timing without influencing the pre-motor neurons
directly. This potential separation of timing and amplitude
would permit selective control of these mechanisms by the
peripheral reflexes.
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Part V

Modulation of Respiratory Pattern
by Peripheral Afferents
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An Overview

Hazel M. Coleridge

Respiratory patterns are modulated by peripheral neural
feedback to the central respiratory networks. The inputs
discussed in the following chapters include a description of
input from the larynx, diaphragm, and exercising muscle,
and an account of the special properties of chemosensitive
C fibers in the bronchial branches of the vagus nerve. By
way of introduction, I will discuss the functional signifi
cance of these peripheral inputs and give a brief description
of input from the lower respiratory tract.

The papers in this session emphasize that the afferent fi
bers comprising anatomically defined peripheral inputs that
modulate breathing are not homogeneous. Afferent fibers
from all the regions considered here are of several modal
ities. These various modalities of afferents cause breathing
pattern to change with great flexibility, and there is no
doubt that a detailed investigation of the central connec
tions of anyone of them would tell us a good deal about the
synaptic interconnections of the respiratory networks as a
whole.

From what is known about the various inputs that mod
ulate breathing pattern, and from what the contributors to
this conference tell us, there is a major difference in the
functional significance of afferent feedback from skeletal
muscle and afferent feedback from the respiratory appara
tus itself. Input from skeletal muscle has the primary effect
of increasing alveolar ventilation. The studies of Dr.
Kaufman and his colleagues (this volume) have increased
our understanding of the properties of sensory endings in
skeletal muscle and have contributed information about
their spinal pathways. The endings that provide respiratory
neurons with an excitatory input that relates to the intensity
of exercise are supplied by small myelinated and nonmy
elinated fibers, representative of somatic sensory Groups
III and IV. Because this input increases the overall level of
ventilation, it probably influences breathing through cen
tral mechanisms different from those recruited by input
from the respiratory apparatus.

Afferent input from the respiratory apparatus itself, in
cluding the upper and lower respiratory tract, the chest
wall, and the diaphragm, seems to act primarily to change
the pattern of respiratory motor output rather than to con
trol the level of alveolar ventilation. This, modulation of
pattern can be loosely classified as either regulatory or de
fensive. Nerve endings, including, for example, the slowly
adapting stretch receptors that supply phasic, volume
related feedback from the lungs, and the muscle spindles

and tendon organs that supply proprioceptive feedback
from the diaphragm, subserve regulatory reflexes con
cerned with normal breathing pattern. Their sensitivity is
appropriate to the signalling of the normal, mechanical res
piratory events, and they are connected to the central ner
vous system by myelinated fibers with relatively rapid
conduction velocities. When conduction in these fibers is
prevented from reaching the central respiratory networks,
the emerging rhythm is that of the networks themselves.
Other nerve endings that supply the respiratory apparatus
have a tonic discharge of very low frequency and become
active only in unusual situations. They are often chemosen
sitive and are supplied by small myelinated or nonmyeli
nated fibers, the latter being in the majority. Their reflex
effects have an emergency or defensive character and may
temporarily interrupt alveolar ventilation.

The rich innervation of the larynx by afferents of differ
ent modalities, described by Dr. Sant'Ambrogio (this vol
ume), seems appropriate to a structure at the entrance to the
airway proper, immediately below a region common to the
functions of both respiration and alimentation. Although
input from laryngeal proprioceptors seems to have at most
a minor influence on the pattern of breathing, cough, ad
duction of the vocal cords, and defensive changes in breath
ing pattern are readily evoked from the larynx by inhaled
irritants. An initial apnea and accompanying depression of
cardiac activity is common and resembles that originating
from the lower airways. The work of Dr. Jammes and others
shows that defensive modulations of breathing are also
evoked when small myelinated and nonmyelinated
chemosensitive phrenic afferents are stimulated by intense
diaphragmatic activity. These may reduce the diaphrag
matic contribution to ventilation by reducing phrenic nerve
discharge.

In investigations of the normal, on-going regulation of
breathing pattern, it has been customary for at least a hun
dred years to demonstrate the influence of lung volume
related vagal input by cutting or cooling the vagus nerves.
Alternatively, pulmonary stretch receptor input has been
increased by electrical stimulation of the vagus at a thresh
old just sufficient to inhibit central inspiratory activity or
by static lung inflation to a volume sufficient to produce a
similar effect. The difference between the temporal charac
teristics of the input produced by the last two methods and
the normal profile and timing of pulmonary stretch receptor
input, and the likelihood that other types of vagal afferent
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will also be stimulated, has been generally regarded as rel
atively unimportant. It is now well accepted that the timing
and frequency profile of input from the respiratory appara
tus in general is a major factor in modifying the activity of
the rhythmically firing central neurons. Hence use of the
cycle-triggered ventilator has been an important aid in in
terpreting the regulatory influence of volume-related feed
back from the lungs because it maintains the normal
temporal relationship between the motor act of breathing
and the input profile from lower airway stretch receptors.

The regulatory influence of phrenic nerve afferents on
breathing pattern has been recognized only recently. This
phrenic influence can be demonstrated in the absence of va
gal and thoracic spinal input, when the phrenic nerves are
cooled sufficiently to block conduction in myelinated fibers
from the diaphragmatic proprioceptors (Jammes and
Balzamo, this volume). There is evidence that these prop
rioceptors, in a manner somewhat analogous to the slowly
adapting pulmonary stretch receptors, provide inhibitory
input to inspiratory neurons and decrease inspiratory time.
The tonic input in small myelinated and nonmyelinated
phrenic afferents is thought to have no influence during
quiet breathing. This fits in well with the general hypoth
esis that the large afferent fibers that innervate the respira
tory apparatus subserve regulatory reflexes and that the
small afferent fibers, including nonmyelinated fibers, have,
in the main, a defensive function. There is some evidence,
however, that even in the absence of abnormal events, the
tonic, low-frequency discharge in vagal, nonmyelinated fi
bers from the lungs and lower airways affects expiratory
time. Thus in experiments in anesthetized dogs, the vagus
nerves were cooled to - 1 °C at a rate sufficiently slow to
allow the influence of nonmyelinated afferent fibers to be
distinguished from that of myelinated afferents. The typical
prolongation of expiratory time seen after vagotomy was
not complete at vagal temperatures several degrees lower
than those required to block conduction in myelinated fi
bers, but became complete when the nerves were cooled to
-1°C, or the pulmonary branches were cut (8).

When full account is taken of the many modalities of af
ferent input from the respiratory apparatus as a whole, it
could be argued that investigators have been unduly preoc
cupied with the modulations of breathing pattern produced
by vagal input from the lower airways. This preoccupation
is to some extent justified, however, on the basis of the ev
olutionary development of respiratory modulation. Vagal
feedback from the lower respiratory tract seems to have ac
quired a major influence on breathing pattern at an early
stage of vertebrate evolution. A regulatory Hering-Breuer
inspiration-inhibitory reflex or its equivalent is present in
all air breathing vertebrates and can be seen in forms that
represent the earliest stage of lung development (see Pack
et aI., this volume). In lower vertebrates such as fish a de
fensive type of vagal chemoreflex originates in the gills and
is virtually identical with that in mammals in causing a

brief cessation of ventilatory movements with inhibition of
cardiac activity (10).

The possibility that a third modality of vagal input from
the lower airways, supplied by rapidly adapting receptors,
can modulate breathing pattern during eupnea remains an
open question. The pulmonary and bronchial branches of
the vagus carry not only inspiration-inhibitory input from
slowly adapting mechanoreceptors, but also inspiration
excitatory input from rapidly adapting ones. Rapidlyadapt
ing receptors are supplied by myelinated vagal fibers. They
have a relatively high threshold to lung inflation and have
been thought to be virtually inactive during quiet breathing.
They were first identified by their rapidly adapting re
sponse to inflation, and their input was associated with a
burst of activity in phrenic motoneurons (3). The special
characteristics of rapidly adapting receptors at the tracheal
bifurcation identified them as cough receptors (11). Those
elsewhere in the airways were found to become active in
experimental models of lung disease and were thought to
cause hyperpnea and bronchoconstriction rather than cough
(5). They were given the alternative title "irritant recep
tor." For a time, rapidly adapting or irritant receptors were
thought to be mainly of importance in airway disease, but a
quantitative examination of their dynamic properties
showed that these were consistent with the provision of an
excitatory feedback to central inspiratory neurons as the
volume and rate of lung inflation increases in exercise (6).
Nevertheless, the prolonged stimulation of rapidly adapt
ing receptors by bronchoconstrictor agents and its ready re
versal by hyperinflation of the lung (9) suggested a specific
sensitivity to changes in lung mechanics that might be of
significance during normal, quiet breathing.

It was discovered that in the absence of any irritant stim
ulus the activity of rapidly adapting receptors at resting
tidal volume increases progressively when lung compliance
decreases, and that some receptors are sensitive to de
creases of as little as 10-15% (7, 12). Lung compliance is
known to decrease by 30% or more during normal periods
of quiet breathing. Thus increases in lung stiffness in the
physiological range cause rapidly adapting receptors to dis
charge regular, high-frequency bursts of impulses at the
peak of each inflation. This discharge is abolished when
compliance is restored by hyperinflating the lung (fig.
22.1). Hence as the lungs become stiffer during quiet
breathing, an excitatory vagal input from rapidly adapting
receptors may well increase the activity of inspiratory neu
rons, and when this input reaches a critical level, trigger
the sighs or augmented breaths that serve to restore com
pliance to optimum.

The chemosensitive C fibers of the vagus nerve, men
tioned already as a source of defensive reflex input to the
central respiratory networks, supply all levels of the lower
respiratory tract from the trachea to the most distal division
of the bronchial tree. Stimulation of these fibers by bolus
injection of micromolar amounts of capsaicin and other
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FIG. 22.1 Stimulation of a rapidly adapting receptor (RAR) in a rabbit by progressive reduction of lung compliance. The lungs were
ventilated at constant tidal volume. PT , tracheal pressure, time marks 1 sec. (A) Control, lung compliance maximal; (B-E) Lung compli
ance successively reduced to 68% of control (at E). Between E and F lung compliance was restored to maximal by hyperinflating the lungs.
(F) activity when lung compliance was restored. (From 12.)

irritants into the pulmonary or bronchial arteries evokes an
initial apnea, succeeded by an often prolonged period of
rapid shallow breathing (1). The· central component of this
apnea was described by Koepchen et ale (4) as an inhibition
of both medullary inspiratory and expiratory neurons. This
differs from the apnea of the Hering-Breuer reflex, in
which inhibition of inspiratory neurons is accompanied by
a reciprocal excitation of expiratory ones. The rapid, shal
low breathing that follows the apnea of the airway chemo
reflex was described as having, as its basis, a rapid succes
sion of inspiratory neuron bursts with long-lasting inhibi
tion of expiratory activity (fig. 22.2). The initial total
inhibition of central respiratory. activity was thought to be
related in some fashion to an accompanying overall depres
sion of somatic motor activity (2, 4), but the subsequent
prolonged and apparently specific depression of expiratory
neurons argues for more complex and specific central res
piratory effects. Results of investigation of the central sites
involved in this response are presented in an abstract by
Kubin and Davies presented at this symposium and by
Bonham et al. (this volume) and are a promising begin-

ning to our understanding of the phenomenon. Kubin and
Davies describe modality-specific regions of the nucleus
of the solitary tract, and find a high density of substance
P-containing neurons in the region to which broncho
pulmonary C fibers project. Bonham et ale define discrete
relay sites in the caudomedial solitary tract nucleus asso
ciated with the rapid shallow breathing described above.

Interest in the vagal chemosensitive C fibers that supply
the conducting airways has acquired a new impetus, be
cause it has been demonstrated that, like the chemosensi
tive C fibers that supply the skin, they exhibit a substance
P-like immunoreactivity. Dr. Lundberg and his colleagues
(this volume) have presented compelling evidence that
stimulation of airway C fibers not only brings about central
transmission along axons, with reflex changes in breathing
pattern and autonomic effects on airway function, but also
a peripheral, Ca + + -dependent, "axon-reflex" transmis
sion, with release of neuropeptides into the airway mucosa.
These neuropeptides have local effects on airway structures
and induce secondary release of other mediators. To date
axon-reflex effects on airways have been demonstrated
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mainly in guinea pigs and rats. There may be species dif
ferences in the peripheral response since bronchoconstrictor
axon-reflex effects are best studied in the guinea pig, and
rats are much less sensitive. Dr. Lundberg's group has been
unable to demonstrate an axon-reflex increase in airway
vascular permeability in cats and dogs. An increase in bron~

chial blood flow of axon-reflex origin could be readily
demonstrated in pigs, however, and seemed to be a major
determinant of changes in bronchial blood flow in that spe
cies. Hence, although to date few of the airway axon-reflex
phenomena have been demonstrated in larger mammals,
they may be of major significance in human airway disease.
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Laryngeal Sensory Modalities

and Their Functional Significance

Giuseppe Sant'Ambrogio, James W. Anderson, and Franca B. Sant'Ambrogio

The larynx has a very rich sensory supply (1, 4), which
plays an important role in defensive reflexes as well as the
regulation of breathing. On the basis of their activation
during upper airway breathing, tracheostomy breathing,
upper airway occlusion, and tracheal occlusion, respiratory
modulated laryngeal endings have been classified as cold,
pressure, and "drive" receptors (16).

Cold receptors are activated during upper airway breath
ing and remain silent during tracheal breathing, upper air
way occlusion, and tracheal occlusion (fig. 23.1). These
receptors are silent at body temperature and are activated
during inspiration when temperature in the laryngeal lumen
decreases (17). They have been localized to a discrete re
gion of the vocal folds, at the level of the vocal process.

Laryngeal pressure receptors are stimulated strongly
during upper airway occlusion at end inspiration or expira
tion, depending on whether the appropriate stimulus is dis
tending or collapsing pressure (fig. 23.1). Usually these
receptors are active during upper airway breathing and
most of them are activated by collapsing pressure. Besides
their primary response to transmural pressure, many of
these endings show a residual modulation during tracheal
breathing and tracheal occlusion, that is, in the absence of
any pressure stimulation (16).

Laryngeal "drive" receptors are stimulated phasically
during breathing, even in the absence of airflow and pres
sure (fig. 23.1). They generally show some degree of
pressure detection, more often being inhibited by collaps
ing pressure and stimulated by distending pressure. Revers
ible laryngeal paralysis, by cold blocking either the
recurrent nerve or the external branch of the superior laryn
geal nerve, demonstrated that intrinsic laryngeal muscle
contraction is the most frequent factor for their activa
tion (18). Tracheal tug (motion due to the chest wall mus
cles transmitted through the trachea) was also found to be
the stimulus for some of the endings (18). The term
"drive" describes the dependence of the activation of
these receptors on the outputs of the respiratory center
that" drive" both laryngeal and chest wall respiratory mus
cles (16).

Recent studies have evaluated, in anesthetized dogs, the
relative contribution of laryngeal cold, pressure, and
"drive" receptors to the regulation of the pattern of breath
ing and the maintenance of upper airway patency (15). In

these experiments no significant change in breathing pat
tern could be attributed to colvd receptors; however, laryn
geal cooling was found to induce bronchoconstriction in
cats (5) and ventilatory depression in newborn dogs (12) as
well as in adult guinea pigs (13). Cooling of the larynx, be
sides stimulating specific cold receptors, inhibits both pres
sure and "drive" receptors (19), which could therefore
contribute to the observed responses. The importance of
cold receptor stimulation, however, can be inferred from
experiments in guinea pigs in which I-menthol, a specific
stimulant of cold receptors (14), was also capable of de
pressing ventilation in the absence of changes in laryngeal
temperature (13).

The function of laryngeal pressure receptors in the reg
ulation of breathing pattern and upper airway muscle ac
tivity has been estimated either by comparing the responses
to upper airway and tracheal occlusion (fig. 23.2) or fol
lowing the application of pressure changes to the isolated
upper airway. In either case it was found that collapsing
pressure in the upper airway prolongs inspiratory duration
without markedly affecting peak inspiratory activity, and
decreases inspifatory drive (11, 15). At the same time there
was a marked activation of various upper airway dilating
muscles (9, 15, 20). Since all the responses to upper airway
pressure changes become substantially weaker or are abol
ished by anesthetization of the laryngeal mucosa or section
of the superior laryngeal nerves, they are attributed to pres
sure sensitive laryngeal receptors (10, 15, 20).

The reflex function of "drive" receptors can be inferred
by comparing the responses to tracheal occlusion before
and after section of the superior laryngeal nerve (fig. 23.2),
that is, in a condition in which the larynx is subjected to the
activity of its own muscles and the tracheal tug in the ab
sence of pressure and cold stimuli (15). No alteration in
breathing pattern or in upper airway muscle activity was
found between the two situations, and thus no reflex effects
could be attributed to these receptors. However, since many
"drive" receptors are affected by laryngeal intrinsic mus
cle activity they could have an important function for the
fine coordination of these muscles, as required in vocaliza
tion. These findings suggest that the afferent activity from
the larynx plays a role in overcoming oropharyngeal ob
struction through a reflex recruitment of upper airway mus
cles in conditions such as obstructive sleep apnea.
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concentration. On the other hand, laryngeal "irritant" re
ceptors are affected by the ionic composition of solutions
introduced into the laryngeal lumen. In particular, they are
stimulated by solutions lacking permeant anions, such as
chloride (fig. 23.4) (2). Moreover, many of them can also
be stimulated by carbon dioxide (fig. 23.3) (3).

Reflex responses should therefore be expected to depend
on a variety of factors rather than a unique stimulus. For
instance, the excitatory influence on upper airway muscles
elicited by collapsing pressure could be modified by
changes in osmolality and/or concentration of hydrogen
ions of the laryngeal surface liquid. Similarly, the reflex re
actions to irritants in the larynx could be accentuated by a
decrease in chloride ion concentration or an increase in hy
drogen ion concentration of the surface liquid.

Since the composition of the airway surface liquid can
be modified by the relative humidity of the inspired air,
mouth breathing versus nose breathing (7), airway secre
tions and various pharmacological agents (8), we may en
visage the possibility that various interventions will
enhance or suppress reflex responses mediated by laryngeal
receptors. Very recently it was shown that furosemide, a
blocker of the sodium/chloride cotransport, reduces the
tussigenic effect of inhaled distilled water (21). This anti
tussigenic action of furosemide could possibly be due to its
effect on airway epithelial ion transport (22); this would
modify the composition of the interstitial fluid surrounding
the receptors responsible for the cough reflex and therefore
interfere with their activation.
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arette smoke, and water on a laryngeal "irritant" receptor. In
each panel traces are, from top to bottom, action potentials re
corded from the superior laryngeal nerve (A.P), carbon dioxide
concentration (first three panels), and esophageal pressure (Pes)'
Whereas air does not affect the receptor discharge, carbon dioxide
causes a clear increase in its activity, especially at a 10% concen
tration. Cigarette smoke (between arrows) and water (time of de
livery indicated by the thick line) are very potent stimulants for
this receptor.

In addition to the afferent activity closely related to the
breathing cycle, there are laryngeal endings that are either
silent or randomly active in control conditions but are
promptly recruited whenever the laryngeal mucosa is ex
posed to mechanical and/or chemical irritants. In fact, these
"irritant" type receptors respond to several tussigenic stim
uli (fig. 23.3) and therefore can be considered to provide an
important triggering mechanism of the cough reflex from
the larynx (6).

Recently it was found that a significant proportion of
pressure and "drive" receptors are stimulated by solutions
of low osmolality and inhibited by carbon dioxide (2, 3),
which could presumably act by increasing the hydrogen ion
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Diaphragmatic Afferents

Yves Jammes and Emmanuel Balzamo

DIAPHRAGMATIC RECEPTORS
AND AFFERENT FIBERS

Dogiel (5) first identified muscle spindles and Golgi tendon
organs in the diaphragmatic cupolae in humans, monkeys,
dogs, cats, and rabbits. From these initial histological ob
servations, the existence of a sensory component in the
phrenic nerve has been accepted. This gave rise to numer
ous structural and neurophysiological investigations. Few
histological studies on diaphragmatic receptors have been
performed, and they were mostly done in cats, in which
Duron (7) has identified only muscle spindles in the crural
portion of this muscle. However, Winckler and Delaloye
(30) and Winckler (31) reported the existence of muscle
spindles in the diaphragmatic cupolae in humans. The his
tological evidence of free sensory endings such as those de
scribed in skeletal muscles by Mense (22) has never been
demonstrated in the diaphragm.

The composition of the phrenic nerve has been studied
only in cats. After degenerating the motor component in
this nerve, Hinsey et al. (10), using light microscopy, found
a ratio of three unmyelinated fibers (Group IV) for each
myelinated one in the sensory component. Histograms of
fiber diameters in the sensory phrenic nerve revealed two
peaks at 3-4 and 13 ~m, which correspond to thin (Group
III) and large (Groups I and II) myelinated fibers, respec
tively. Using electron micrographs of the whole phrenic
trunk, Duron (7) has shown that the number of the un
myelinated fibers in this nerve is more than twice that
of myelinated ones, with a diameter ranging between 0.3
and 1.4 ~m.

SPONTANEOUS ACTIVITY AND
PHYSIOLOGICAL STIMULI

When recording afferents from the cut peripheral end of a
phrenic nerve or from nerve filaments dissected from the
intact nerve trunk, two general types of discharge patterns
are identified. Some fibers discharge phasically during ei
ther diaphragmatic contraction (Corda et al. [3]: 54 phasic
units I 85 total units; Jammes et al. [12]: 42/50; Graham
et al. [9]: 19/25) or relaxation (Corda: 10/85; Jammes: 8/50;
Graham: 6/25). These fibers have a relatively high firing
rate (137 ± 3 sec-}). Measurement of conduction velocity
from the pauci-fiber preparation showed that it ranged be
tween 20 m/sec (Group III fibers) and 50 m/sec (Group 1/11
fibers) (9). The other type of phrenic sensory fiber displays

a near tonic, low-frequency discharge (2 ± 0.5 sec -}),
never modulated by diaphragmatic contractions. The con
duction velocity of afferent phrenic fibers carrying tonic ac
tivity ranged between 0.8 and 1.3 m/sec (Group IV phrenic
fibers) (9).

Based on the activation of their spontaneous discharge
by succinylcholine, muscle spindles were identified in the
crural part of the diaphragm but not the cupolae or its ster
nal part (3). They displayed rhythmic activity in phase ei
ther with diaphragmatic relaxation ("passive" muscle
spindles) or contraction ("active" spindles). Golgi tendon
organs discharge in phase with spontaneous diaphragmatic
contractions and thus have a low excitation threshold (3, 7,
12). Increasing the strength of diaphragmatic contraction
by tracheal occlusion performed at the end-expiratory level
enhances markedly the spontaneous afferent discharge of
Golgi tendon organs (12).

Tonic sensory fibers in the diaphragm are activated
mostly by extracellular metabolic changes, as produced by
lowering muscle pH (injection of lactic acid into the
phrenic artery) or muscle ischemia, increased osmolarity
(injection of hypertonic NaCI solution) or by injection of
phenyldiguanide, a drug well known to stimulate unmyeli
nated sensory fibers (9, 11, 12). The average latency period
to the point of maximal change in firing rate after retro
grade injection of test agents in the left carotid artery var
ied between 5 sec (lactic acid) and 13 sec (NaCl), and the
activation of these receptors began 18 sec after the onset of
total muscle ischemia (9). On the other hand, the above
changes in extracellular fluid composition elicit in parallel
a marked decline (- 34 to - 61 %) in the phasic discharge of
diaphragmatic afferent fibers. Thus, when diaphragm fa
tigue occurs with accompanying metabolic changes in this
muscle, the peripheral sensory pathway to the respiratory
centers should be modified, with increased chemosensory
information on the metabolic state of muscle fibers and a
decline in proprioceptive paths.

VENTILATORY CONTROL

In rabbits, Dolivo (6) reported that blockade of large
phrenic fibers using anodal block induced a lengthening of
the inspiratory time, but this was studied in animals breath
ing spontaneously and the observed effect may be a me
chanical andlor a metabolic consequence of diaphragm
paralysis. In cats with spinal cords sectioned at C8 level,
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FIG. 24.1 Quantitative analysis of
phrenic neurograms performed before and
after distal section of the phrenic trunks.
On the ordinate is impulse frequency of
phrenic motoneurons and on the abscissa
is the integrated raw signal (arbitrary
units). Both variables were measured for
consecutive lOO-msec periods during
phrenic discharges. Examples of power
spectra with values of centroid frequency
are given for each situation.
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under artificial ventilation (12), cold block of large phrenic
fibers during spontaneous diaphragmatic contractions pro
longed the inspiratory time and reduced the respiratory fre
quency, whereas procaine block of thin fibers did not
induce any change in phrenic motor discharge. In five other
animals (16), we observed under the same experimental
conditions that section of both phrenic trunks exerted sig
nificant changes in ventilatory timing (~TI == + 13%,
~Ttot == + 16%) and also modified the power spectrum
density function of the phrenic neurogram, increasing
the high-frequency power toward the end of inspiration
(fig. 24.1). Thus, sensory activity in the phrenic nerves
during unloaded breathing seems to play a role in the con
trol of ventilatory timing and to govern also the discharge
pattern of phrenic motoneurons. This influence seems to
be mainly produced by the phasic activity of diaphragmatic
proprioceptors.

RESPIRATORY EFFECTS OF PHRENIC
AFFERENT STIMULATION

Gill and Kuno (8) first recorded inhibitory postsynaptic po
tentials in phrenic motoneurons in response to dorsal root
stimulation in cats. In a recent work Speck (26) has ele
gantly demonstrated in· decerebrated or C2 spinalized cats
that the inhibitory ipsilateral phrenic response is due to spi
nal cord circuits (short latency: 5 msec), whereas the con
tralateral inhibitory phrenic response is abolished after C2
'spinal section, thus involving supraspinal connections
(long latency: 20 msec). Speck (28) has also shown that
neural pathways important in producing the phrenic
to-phrenic inhibitory reflex pass through the region of the
Botzinger Complex. Phrenic nerve afferents, identified in
the dorsal column (17), project also to other brainstem

sites, including the dorsal respiratory group neurons (27),
the external cuneate (17), the lateral reticular nuclei (18),
and also the cerebellum (19). In all the above studies the
stimulus consisted of single or double electric pulses. When
repetitive phrenic nerve stimulation was applied for a few
consecutive inspiratory discharges or a 1 min period, the
ventilatory effects of phrenic afferent fiber stimulation are
more complex. An inspiratory triggering effect (" on
switch" mechanism) by phrenic afferents is elicited when
brief (2 sec) repetitive phrenic nerve stimulation is deliv
ered early in the expiratory period (14, 20). Trains of
square wave shocks delivered for 30 sec to one or both
phrenic nerves induced immediate changes in breathing
pattern, characterized by tachypnea, a marked shortening
in the firing time of phrenic motor discharge (Tphr) with a
decline in the Tph/Ttot ratio, and a reduced peak firing rate
of motoneurons (12). When repetitive stimulation of the
phrenic nerve was maintained for 1 min, Marlot et al. (20)
reported a biphasic response: a short-term inhibitory re
sponse for a few breaths, which was suppressed in animals
pretreated with bicuculline (a blockade agent of GABA
neurotransmission), followed by a long-term excitation be
ginning after 15 to 20 sec of nerve stimulation.

Infinite inspiratory loads, such as those produced by tra
cheal occlusion at end-expiration (TO), prolong the dia
phragmatic contraction in vagotomized cats with intact
spinal cords (13). Spinal cord section at the C8 level abol
ished the changes in inspiratory duration in response to TO,
but TO was then associated with a reduction in the ampli
tude of the integrated diaphragmatic EMG (14). This inhib
itory response is attributed to the markedly increased
activity of diaphragmatic Golgi tendon organs with TO
(12). On the other hand, the ventilatory response to sub
maximal ventilatory loading, such as produced by breath-
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as shown previously in rabbits (15). Action potentials of
phrenic sensory fibers were recorded from nerve slips, and
Group III and IV afferents were identified by their early ac
tivation by the retrograde injection of lactic acid solution

FIG. 24.2 Changes in spontaneous phrenic afferent discharge
(Phr. sensory), recruitment of phrenic motoneurons (Phr. motor),
inspiratory duration (~TI)' total breath duration(~Ttot), and duty
cycle (~TI/Ttot) were measured during electrically induced fatigu
ing contractions of the diaphragm in cats. Fatigue was assessed
from a decreased relaxation rate of twitches (MMRlPdi).
(* P<O.05; ** P<O.Ol)
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ing against external resistive loads for few breaths, does not
seem to involve the participation of phrenic afferents.
Indeed, in vagotomized cats, spinal section at C8 level
abolished all the load-induced changes in breathing
pattern (21).

Revelette et al. (24) have reported that capsaicin injec
tion into the phrenic artery of the dog induced tonic dia
phragmatic contractions within 1 or 2 sec. This response,
interpreted as an excitatory effect on phrenic motoneurons
exerted by the activation of Group III and/or IV phrenic
sensory fibers, was abolished after surgical destruction of
the cervical spinal cord but persisted after cervical dorsal
rhizotomy or C2 spinal cord transection. There is a marked
contradiction, however, between the very short latency of
the capsaicin-induced diaphragmatic response and the min
imal 5 sec delay needed to activate free muscle endings in
the diaphragm.

When inspiratory loading is prolonged for minutes or
hours diaphragm fatigue may occur. Diaphragm failure can
be produced also by stimulating the phrenic nerves or the
diaphragm itself with trains of electric pulses (15). Under
these situations of increased strength of contraction,
changes in extracellular fluid composition could occur in
the diaphragm, activating chemosensory nerve endings.
Aubier et al. (1) reported changes in ventilatory timing in
dogs during the response to breathing against a fatiguing
load or in a state of reduced diaphragmatic blood flow (as
in shock). Tachypnea was followed by bradypnea. Because
this response was not affected by vagotomy or cross perfu
sion of the head (eliminating the stimulation of arterial and
central chemoreceptors), it was tempting to speculate that
the activation of some diaphragmatic receptors, such as
Groups III and IV fibers, may playa major role in the ob
served changes in ventilatory timing during diaphragm
fatigue.

Recently, Supinski et al. (29) have shown in the same
species that fatigue of in situ muscle strips from the left di
aphragm elicited a significant increase in integrated right
hemidiaphragm EMG with a slight increase in respiratory
frequency. Phrenic nerve section during fatigue was fol
lowed by an immediate increase in the peak height of
phrenic neurogram, suggesting that activation of some di
aphragmatic receptors during the development of fatigue
may reflexly inhibit the phrenic motor drive. In all above
studies, however, there was never simultaneous recordings
of both sensory and motor phrenic pathways in the same
situation.

In anesthetized, artificially ventilated cats, we tried to
verify that changes in breathing pattern during diaphragm
fatigue were concomitant with the activation of chemosen
sory nerve endings in this muscle (16). Diaphragm fatigue,
obtained by supramaximal direct electrical stimulation of
both cupolae with trains of pulses for 30 min periods, was
assessed from declined maximal relaxation rate of twitches
and a left shift in the diaphragmatic EMG power spectrum,
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FIG. 24.3 (A) Phrenic evoked
potentials recorded on the sen
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into the left common carotid artery. When muscle failure
occurred after 10 to 15 min of stimulation, the peak firing
rate of phrenic afferent discharge was enhanced eight to
nine times (fig. 24.2). At the same moment, the durations
of both phrenic motor discharge (TI) and total cycle dura
tion (Ttot) increased progressively, and these changes
tended to persist for 10 min after the stimulation stopped.
The recruitment of phrenic motoneurons, as assessed by
power spectrum analysis of the phrenic discharge, was
modified within less than 5 min of the onset of stimulation,
but no more changes were observed when fatigue occurred.
Section of both phrenic nerves abolished the ventilatory re
sponse to diaphragm fatigue, suggesting that Group III
and/or IV phrenic afferents exert specific influence on su
praspinal structures which govern the breathing rhythm.

CORTICAL INTEGRATION OF DIAPHRAGMATIC
AFFERENTS AND THE "SENSE OF BREATHING"

Except for the studies of Marquez and Barillot (unpublished
data, cited in 2) and of Davenport et al. (4) in cats, there
are no reports of phrenic nerve afferents projecting to the
sensorimotor cortex. The last authors found that the mean
value of onset latency of phrenic afferent evoked potentials
was 9.7 msec and that peak latency was 23 msec. In five
anesthetized cats we observed that peripheral stimulation

of the phrenic nerves evoked cortical potential waveforms
roughly on the same zones. Phrenic evoked potentials were
also recorded during the development of diaphragm fatigue
produced by trains of electrical stimulation of this muscle
for a 30-min period. Figure 24.3A reveals that there was an
increase in peak latency of waveforms after 10 to 15 min of
muscle stimulation and recovery occurred 5 min after the
fatigue run stopped.

Using fast Fourier transform (FFT) analysis of sponta
neous cortical activity recorded on the sensorimotor cortex,
we observed also that the energy in the delta frequency
band increased markedly a few seconds after the onset of
the fatigue run (fig. 24.3B). Then, these changes in the
EEG rhythm seem to adapt and, when muscle fatigue oc
curred (after 10 to 15 min), there was a reinforcement of
energy in the delta frequency band and decreased energy in
the theta band. All these EEG changes in response to dia
phragm fatigue were abolished by bilateral phrenic nerve
section. At present, it seems difficult to discuss the possible
mechanisms of such modifications in the cortical integra
tion of phrenic sensory paths with the development of dia
phragm fatigue. However, some recent observations by
Scardella et al. (25) and Petrozzino et al. (23) demonstrate
the role of endogenous opioids in the ventilatory response
to diaphragm fatigue induced by acute flow-resistive loads
in awake goats. Marlot et al. (20) have also shown that the
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phrenic motor response to prolonged stimulation of phrenic
afferents involves the participation of several different neu
rotransmitters.
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Responses of Group III and IV Muscle Afferents

to Mechanical and Metabolic Stimuli Likely to
Occur during Exercise

Marc ~ Kaufman, Janeen M. Hill, Joel G. Pickar, and Diane M. Rollo

Static exercise has been firmly established to increase ar
terial pressure, myocardial contractility, heart rate, and
ventilation. The mechanism causing these increases is not
known. Three theories have been postulated to explain the
increases in cardiovascular and ventilatory function evoked
by exercise. The first theory proposes that the increases are
due to a reflex originating in the contracting skeletal mus
cle (2), while the second theory, called "central com
mand," proposes that the increases are caused by direct
action of central locomotor circuits on the medullary and
spinal neuronal pools controlling ventilatory and cardiovas
cular function (5, 7). The third theory proposes that the in
creases are caused by a contraction-induced metabolite that
travels to either the cardiopulmonary region, the carotid
body, or the brain to exert its excitatory action (1, 19). The
three theories are not mutually exclusive. There is substan
tial evidence that the neural mechanisms postulated by each
play at least some role in causing the cardiovascular or ven
tilatory increases evoked by static exercise (17). We have
focused our efforts on understanding one of these theories,
namely, that exercise increases cardiovascular and ventila
tory function by a reflex originating in contracting skeletal
muscle.

The reflex theory was first suggested by Zuntz and Gep
pert (21), who proposed that sensory nerves in the exercis
ing muscles were stimulated by the accumulation of
metabolic by-products of contraction. Subsequently, the re
flex theory received its first experimental support from the
work of Alam and Smirk (2), who reported in humans that
postexercise ischemia of working muscles increased arte
rial pressure. Nonpainful electrically induced static con
tractions, believed to eliminate central command, evoked
increases in heart rate and arterial pressure that had time
courses and magnitudes almost identical to those evoked by
voluntary static contractions of equal force (4, 9). Finally,
attempts to perform static handgrip in humans whose fore
arms were paralyzed by either lidocaine or succinylcholine
evoked pressor responses (presumably because of central
command) that were only half of those evoked by this ma
neuver when the subjects could contract their forearm mus
cles (6, 8).

Strong support for the hypothesis that static contraction
reflexly increases cardiovascular and ventilatory function
has come from experiments performed on anesthetized an
imals. For example, Coote et al. (3) statically contracted

the triceps surae muscles of cats by electrically stimulating
the ventral roots, a maneuver that increased arterial pres
sure, heart rate, and ventilation. After cutting the L6-S 1

dorsal roots, the responses to contraction were abolished.
The magnitude of the contraction-induced pressor response
was found to be related linearly to the magnitude of the
peak tension developed by the contracting triceps surae. Fi
nally, occlusion of the arterial supply to the contracting
muscles evoked a greater pressor reflex than that evoked
when the arterial supply to the muscle was not occluded.

McCloskey and Mitchell (12) also found that static con
traction of the hindlimb muscles of anesthetized cats in
creased ventilation, arterial pressure, and heart rate. In
addition, these investigators found that anodal blockade of
the L7-S 1 dorsal roots prevented impulses from Group I and
II afferents from reaching the spinal cord but did not pre
vent the contraction-induced increases in ventilatory and
cardiovascular function. However, topical application of a
local anesthetic to the dorsal roots did not block impulse
conduction in Group I and II afferents but did block the
contraction-induced cardiovascular increases and reduced
the ventilatory increases. McCloskey and Mitchell (12)
concluded that the reflex ventilatory and cardiovascular in
creases evoked by contraction were caused by the stimula
tion of Group III and IV muscle afferents.

In the experiments to be described, we have attempted to
determine the discharge properties of these Group III and
IV afferents and have paid particular attention to mechan
ical and metabolic stimuli that are likely to discharge these
thin fiber afferents during muscular contraction. Only a
brief description of the methods will be given because they
have been given in detail elsewhere (10, 11). Cats were
anesthetized with sodium pentobarbital (35 mg/kg, iv). The
right common carotid artery, left femoral artery, right ex
ternal jugular vein, and cervical trachea were cannulated..
Additional doses of anesthetic were given intravenously as
needed. The lungs were ventilated with room air by a Har
vard pump. Arterial P02 and PC02 and pH were sampled
periodically (Radiometer ABL-3) and maintained within
normal limits.

Afferent impulses were recorded from the L7-S 1 dorsal
roots. For filaments containing either silent or spontane
ously active fibers, their receptive fields were located in the
triceps surae muscles using both noxious and non-noxious
stimuli. Noxious stimulation consisted of vigorously pinch-
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ing the receptive fields with the fingers or a blunted for
ceps. When performed on the forearm of the investigators,
both maneuvers were considered painful. Non-noxious
stimulation consisted of either probing the receptive field
with a cotton-tipped applicator or gently squeezing the re
ceptive field with a blunted forceps; neither of the two ma
neuvers, when performed on the investigators, were
considered painful. We discarded any fiber whose receptive
field could not be located in the triceps surae muscles. Con
duction velocities were measured using methods described
previously (10). Afferents conducting impulses between 2.6
and 30.0 m/sec were classified as Group III fibers, and
those conducting impulses at 2.5 m/sec or less were clas
sified as Group IV fibers.

In the first series of studies, we characterized the re
sponses of Group III and IV muscle afferents to static con
traction of the triceps surae muscles. This type of
contraction stimulated 76% of the Group III afferents
tested and 59% of the Group IV afferents tested. Even
though contraction stimulated the majority of group III and
IV afferents, their patterns of discharge in response to this
maneuver were often dissimilar. For example, Group III af
ferents frequently discharged a burst of impulses at the on
set of contraction and then decreased their firing rate as the
muscle fatigued during the contraction period. In contrast,
Group IV afferents often responded to contraction after a
5-30 sec latent period, with activity increasing or being
maintained above control levels. even as the triceps surae
muscles fatigued (10).

Ischemia, caused by tightening a snare placed around
the abdominal aorta, increased the responses to static con
traction of 13% of the Group III afferents and 47% of the
Group IV afferents. Ischemia caused afferents that were
stimulated by contraction under freely perfused conditions
to be stimulated even more by contraction with the aorta
occluded. Likewise, ischemia caused afferents that were
not stimulated by contraction to be stimulated by this ma
neuver when the aorta was occluded (11).

Our finding that muscle ischemia increased the re
sponses of thin fiber afferents to contraction provided evi
dence for the hypothesis that these afferents responded to a
mismatch between blood supply and demand in the exer
cising muscle. We next sought to determine the effects of
various metabolic products of contraction on the discharge
of Group III and IV muscle afferents. We found that large
doses of sodium or lithium lactate (400 mM; 1 ml) at neu
tral pH stimulated only two of forty-six Group III and IV
afferents. Likewise, large doses of monobasic sodium phos
phate (400 mM; 1 ml) at a neutral pH stimulated only eight
of forty-seven Group III and IV afferents. Of the eight stim
ulated, seven were Group III afferents and one was a Group
IV afferent. A smaller dose of monobasic sodium phos
phate (20 mM; 1 ml) also stimulated only one of twenty-six
Group III and IV afferents. Likewise, neither 2
chloroadenosine (100 ~g), which is not taken up by red
blood cells, nor adenosine (100 ~g), which is, had much

effect on the afferents' discharge, stimulating only seven of
fifty-nine (13).

In contrast to the lack of effect of lactate, phosphate,
and adenosine on the afferents' discharge, lactic acid and
arachidonic acid stimulated them. Specifically, lactic acid
(400 mM; 1 ml) stimulated thirty-six of the fifty-two affer
ents tested. A smaller dose of lactic acid (25 mM; 1 ml)
given to the same afferents that were given first the large
dose (Le., 400 mM; 1 ml) still stimulated fourteen of
thirty-seven afferents even though significant tachyphylaxis
was present. In addition, arachidonic acid (2 mg) stimu
lated twenty-five of fifty Group III and IV afferents tested,
an effect that was attenuated by indomethacin, a cyclo
oxygenase inhibitor. However, the increase in thin fiber af
ferent discharge evoked by arachidonic acid was long in on
set (i.e., about 1-2 min) and usually small in amplitude
(13). This work suggests that lactate, phosphate, and ade
nosine, each of which is a metabolic product of muscular
contraction, play little if any role in the stimulation of
Group III and IV afferents during exercise. On the other
hand, the cyclooxygenase and lipoxygenase products of
arachidonic acid as well as lactic acid may play significant
roles in the stimulation of these afferents during exercise.

In the next series of experiments, we tested the hypoth
esis that intraarterial injections of lactic acid and hydro
chloric acid, which created levels of these substances in
muscle similar to those seen during contraction, reflexly in
creased cardiovascular and ventilatory function (14). Hy
drochloric acid (32 and 57 mM; 1 ml) injected into the
arterial supply of the triceps surae muscles decreased in
tramuscular pH from 7.26 ± 0.05 to 7.17 ± 0.05 (P<O.OI)
and reflexly increased arterial pressure (23 ± 7 mmHg;
P<O.OI), heart rate (11 ± 2 beats/min; P<O.OOI), and
ventilation (187 ± 72 mllmin; P<0.05). Static contraction
of the triceps surae muscles decreased intramuscular pH
from 7.28 ± 0.06 to 7.13 ± 0.06 (P<O.OI). Lactic acid
was more potent in causing reflex increases than was equi
molar HCI. For example, lactic acid containing 4 mM lac
tate and 0.87 mM H+ reflexly increased arterial pressure,
heart rate, and ventilation, whereas 0.87 mM HCI did not.
Intraarterial sodium lactate (13 and 33 mM) at a neutral pH
had no effect on these variables. In addition, carbonic an
hydrase inhibition with acetazolamide, which blocks car
bonic anhydrase activity in red cells, and with sodium
cyanate, which blocks the activity of this enzyme in skel
etal muscle, had no effect on the reflex responses evoked by
lactic acid injection. These results suggest that CO2 gener
ated by lactic acid injection is not the metabolic stimulus
for the pressor reflex.

We next attempted to evoke a reflex pressor response
to injection of arachidonic acid (2 mg) into the arterial sup
ply of the triceps surae muscles of anesthetized cats. The
preparation was identical to that used in the experiments
which successfully evoked a reflex pressor response to lac
tic acid injection (14). We performed this experiment
in fourteen cats and in only one cat did arachidonic acid
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Injection evoke a pressor effect. The most frequent re
sponse was a small decrease in arterial pressure, which was
not affected by cutting the dorsal roots and therefore was
not a reflex. We speculate that this small depressor effect
was caused by the recirculation and conversion of arachi
donic acid to vasodilator prostaglandins, such as PGI2.

Because close arterial injection of exogenous lactic but
not arachidonic acid evoked a reflex pressor response, we
next attempted to determine if arachidonic acid sensitized
rather than stimulated Group III and IV muscle afferents
during contraction. Therefore in anesthetized cats we re
corded the responses of Group III muscle afferents to static
contraction before and after injection of arachidonic acid
(1-2 mg; ia) or indomethacin (5 mg/kg; iv). Arachidonic
acid increased the responses of group III afferents (n = 11)
to contraction by 265% (P<0.025). Indomethacin de
creased the responses of group III afferents (n = 9) to con
traction by 61 % (P<0.025). Arachidonic acid given after
indomethacin increased the responses of two of four Group
III afferents to contraction. We conclude that both cyclo
oxygenase and lipoxygenase products of arachidonic acid
metabolism sensitize Group III muscle afferents to static
contraction (15).

We also examined the effects of indomethacin and aspi
rin, two cyclooxygenase blocking agents, on the responses
to static contraction of thirty-seven Group IV afferents with
endings in the triceps surae muscles of anesthetized cats.
We found that indomethacin (5 mg/kg; iv) decreased the re
sponses to contraction of each of eight Group IV afferents
tested. Likewise, aspirin (50 mg/kg; iv) decreased the re
sponses to contraction of each of four Group IV afferents
tested. On the other hand, we found that arachidonic acid
(2 mg) injected into the femoral artery did not increase the
responses to contraction of Group IV afferents that were
stimulated by this maneuver. In addition, arachidonic acid
injection did not cause any of seven Group IV afferents not
stimulated by static contraction to become responsive to
this maneuver. Nevertheless, arachidonic acid injection
with the muscle at rest stimulated five of seven contraction
insensitive and two of four contraction-sensitive Group IV
afferents. Our data suggest that cyclooxygenase metabo
lites of endogenous arachidonic acid are needed for the full
expression of the responses of Group IV muscle afferents to
static contraction. Our data also suggest that exogenous ad
ministration of arachidonic acid neither increases the re
sponses to contraction of Group IV afferents stimulated by
this maneuver nor affects Group IV afferents that are not
stimulated by contraction (16).

When hindlimb skeletal muscle is statically contracted,
it often becomes hypoxic. This condition might also serve
as a stimulus to thin fiber muscle afferents signaling a mis
match between blood supply and demand in the exercising
muscle. To investigate this possibility, we recorded the dis
charge of Group III and IV afferents in a resting triceps
surae muscle, while we ventilated the lungs of anesthetized

cats for 3 min with either 3-5% O2 in N2 or 10% CO2 in
90% 02. The lungs were ventilated with a mixture of room
air and oxygen before switching to the hypoxic or hyper
capnic gas mixture. We found that hypoxemia, which de
creased arterial P02 from 132 ± 3 to 23 ± 1 mmHg,
stimulated (P<0.05), on average, Group IV afferents
(n = 9) that were responsive to contraction, but had no ef
fect (P>0.05) on the discharge of Group IV afferents
(n = 6) that were unresponsive to contraction. In addition,
hypoxemia with the muscle at rest had no effect (P>0.05)
on the mean discharge of either Group III afferents that
were responsive to contraction (n = 8) or on the mean dis
charge of Group III afferents that were unresponsive to
contraction (n = 8). Furthermore, the venous P02 of blood
draining the triceps surae muscle was somewhat lower
when the lungs were ventilated with 3% O2 and the muscle
was at rest (20 ± 1 mmHg) than when the lungs were ven
tilated with room air and oxygen and the muscle was con
tracting statically (23 ± 1 mmHg; P<0.05). Ventilating
the lungs with 10% CO2 had only weak effects on the dis
charge of Group III and IV afferents in resting skeletal
muscle regardless of whether these afferents were respon
sive or unresponsive to contraction while the lungs were
ventilated with room air.

The data from the hypoxemia study has excited us be
cause we believe it provides further support for the notion
that the Group IV afferents responsive to contraction are
stimulated by metabolic events occurring in the working
muscle. We are not surprised by the small effect of CO2 on
the afferents' discharge because in previous experiments
(15) we have shown that HCI infusion was not nearly as ef
fective a stimulus as was equimolar lactic acid infusion.
Ventilating the lungs with CO2 is, we believe, analogous to
Hel infusion, a stimulus which we previously have shown
evokes only small reflex effects (14).

We have not yet investigated the mechanism whereby
hypoxia stimulated these afferents. Two possibilities in
clude the release of either arachidonic acid or lactic acid. In
one preliminary experiment, we have obtained some evi
dence that lactic acid may play a role in the hypoxia
induced stimulation of these afferents. We used sodium
dichloroacetate in a large dose (600 mg/kg; iv) to attenuate
the production of lactic acid by the triceps surae muscles.
We found that dichloroacetate, a substance which increases
the activity of the pyruvate dehydrogenase complex, abol
ished the response of the afferent to hypoxia and greatly at
tenuated its response to static muscular contraction (fig.
25.1). However, dichloroacetate did not affect the afferent's
response to probing its receptive field, a finding which sug
gests that this substance did not nonspecifically desensitize
the afferent.

In summary, our findings raise the possibility that lac
tic acid plays some role as the metabolic stimulus that
activates thin fiber afferents during exercise. Additional
support for this possibility has come from studies showing



that both the time course and the magnitude of the exercise
induced increases in arterial pressure and sympathetic ac
tivity of the peroneal nerve were strongly correlated with
the decrease in intracellular pH in the working forearm
muscles of humans (18, 20). It is important to point out,
however, that this metabolic stimulus may well be multi
factorial and, therefore, no one substance will satisfy all the
criteria.
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FIG. 25.1 Effect of hypoxemia and static
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conducting Group III afferent (conduc
tion velocity = 5.8 m/sec) whose ending
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iv). The arrow and horizontal bar repre
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Neurotransmitter Mechanisms in the Periphery

of Respiratory Afferents
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Table 26.1. Experimental and therapeutical agents influ
encing sensory nerve functiona

a Stimulation or inhibition of sensory nerves activates or interferes with
peptide release from pulmonary afferents.
b The mechanisms of stimulation or inhibition are indicated in
parenthesis.

but not nifedipine inhibits CGRP release from lung affer
ents, which suggests that the N-type of Ca + + -channels are
essential for this process (16) (table 26.1).

Based on pharmacological analysis with receptor antag
onists and release experiments, histamine seems to repre
sent a key factor in the functional link between mast cells
and sensory nerves at least in the guinea pig, pig, and man
(table 26.1) (see 1, 3). Thus activation of H.-receptors is
associated with neuropeptide release (27) from lung affer
ents, either via a direct action of histamine on the sensory
nerves and/or possibly via plasma protein leakage and for
mation of bradykinin. Sensory nerve activation and neuro
peptide release by bradykinin (27) may be a direct effect via
bradykinin B2 receptors (7) and involvement of protein ki
nase C (6) (table 26.1).

Alpha-2 adrenoceptor agonists have been demonstrated
to inhibit neuropeptide release from pulmonary sensory
nerves (16, 20). Also opiate agonists inhibit peptide release
from pulmonary afferents (4, 20) (table 26.1). Further
more, whereas the massive peptide release evoked by the
irritant agents capsaicin (18) and resiniferatoxin (9) is
blocked by ruthenium red, probably by interfering with
Ca + + entry, histamine- and bradykinin-induced CGRP re
lease from the guinea pig lung is caused by other mecha
nisms (16). Data from the pig also suggest that nedocromil
sodium inhibits bradykinin-evoked activation of sensory
nerves (2) (table 26.1).

BACKGROUND

The sensory nerves in the airways represent a first line of
defense and alarm system. It is well known that the acute
allergic reaction is associated with rapid sensory nerve ac
tivation as revealed by irritant sensations in the airway mu
cosa. Furthermore, additional central protective neural
reflexes (sneezing and coughing) contribute to the initial
phase of the allergen reaction in the airways. There is now
evidence for a close anatomical association between mast
cells and peptide containing sensory nerves in the airway
mucosa (3, 24). Some of these nerve fibers close to mast
cells contain tachykinins (neurokinin A [NKA] and sub
stance P [SP]) and calcitonin gene-related peptide (CORP)
and are most likely of sensory origin, since they are sensi
tive to capsaicin treatment (see 11). There is also evidence
for a functional relationship between mast cells and sensory
nerves. Thus, SP evokes histamine release from mast cells
in tissues such as the human skin (12).

After capsaicin pretreatment, which causes depletion of
sensory neuropeptides like SP and CORP in the lung due to
degeneration of peripheral terminal endings, the allergen
induced bronchoconstrictor and protein extravasation reac
tions are inhibited in guinea pig lung (19, 26). Furthermore
we have recently developed an allergy model using the
ascaris-sensitized pig, where systemic capsaicin pretreat
ment inhibits the allergen-induced vasodilation in the air
way mucosa (1), suggesting that local peptide release from
sensory nerves is essential for this reaction.

NEUROPEPTIDE RELEASE

It has recently been established that the peptide release in
duced by capsaicin has two components. At low concentra
tion capsaicin evokes peptide release via a tetrodotoxin
sensitive mechanism suggesting the dependence of Na + 

channel action potential propagation and axon reflexes (14,
16), while at high concentration the capsaicin effect is not
influenced by tetrodotoxin and probably due to a direct ac
tion on the varicose nerve endings (16) (table 26.1). Resin
iferatoxin, which has structural similarities to capsaicin, is
even more potent to cause CORP release from the lung (9).
Regarding the type of Ca + + -channel which is involved in
peptide secretion from sensory nerves, omega-conotoxin

Stimulatory

Capsaicin

Resiniferatoxin
Histamine (H I )

Bradykinin (B2 )

Nicotine
Ether
Formalin
Cigarette smoke,

vapor phase

Inhibitory

Tetrodotoxin, lidocaine
- axon reflex (Na +)b

Omega-conotoxin (N-type Ca + +)
Ruthenium red (capsaicin, Ca + +)

Nedocromil sodium
u2-adrenoceptor agonists
~-opiate receptor agonists
Antihistamines (H I)
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NEUROPEPTIDE-INDUCED INFLAMMATION

Neuropeptides exert a broad spectrum of biological activi
ties, especially on vascular and bronchial smooth muscle as
well as on migration, proliferation, and release of media
tors from inflammatory cells. Substance P causes pro
tein extravasation and vasodilatation via activation of
neurokinin-l receptors, whereas the SP-evoked vasodilata
tion is endothelium-dependent and caused by release of a
labile endothelial-derived relaxant factor (EDRF), which
most likely is nitric oxide (24). Since the vasodilatation
evoked by sensory nerve activation is independent of the
endothelium and not influenced by SP tachyphylaxis or ta
chykinin antagonists (see 8), the accumulated data suggest
that CORP is the key mediator of the vasodilatory compo
nent of the allergen-induced response.

A prominent activity of NKA is bronchoconstriction via
activation of neurokinin-2 receptors. Tachykinins as well as
CGRP stimulate proliferation of various cell types,
including endothelial cells and fibroblasts (see 10, 22),
suggesting a possible involvement in more long-term struc
tural changes. In addition to being a potent vasodilator
agent with very long-lasting actions (25), CGRP also mod
ulates the mitogenic response (5) and cytokine production
(15) of mononuclear cells and evokes granulocyte chemo
taxis (25).

A final aspect of mast cell-sensory nerve interactions is
that repeated, chronic activation of sensory nerves seems
to evoke enhanced neuropeptide synthesis as exempli
fied by aerosol immunization in rats (23). Furthermore,
cigarette smoke exposure is a strong stimulus for activation
of peptide-containing capsaicin-sensitive nerves, thereby
causing neurogenic inflammation in the rat tracheal mucosa
(17) and pig nasal mucosa (21). Interestingly, chronic cig
arette smoke exposure is associated with hyperresponsive
sensory mechanisms (especially cough reflexes) and in
creased neuropeptide content in tracheal tissue (13).

It is concluded that release of multiple peptides from pe
ripheral branches of capsaicin-sensitive pulmonary affer
ents is likely to occur upon inhalation of both irritants and
allergens. A variety of both acute and long-term local ef
fects can then be elicited by these neuropeptides.
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Part VI

Respiratory Chemoreception:
Peripheral and Central



27
An Overview
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Fundamental to the existence of an organism is oxygen.
This most essential nutrient must be captured from the en
vironment. Whereas for most mammalian species carbo
hydrate, protein, fat, minerals, and even water can be en
vironmentally unavailable for days, perhaps weeks, the ab
sence of oxygen from the environment for more than a few
minutes is lethal. In the course of evolutionary develop
ment, organisms ranging in complexity from single to mul
ticell animals have developed highly interactive systems
and strategies for capturing oxygen. Simplest, of course, is
the diffusion of oxygen from the environment across a
membrane into the cytosol of the cell and then to the met
abolic machinery.

Insects, on the other hand, have developed fascinating
systems of tracheae and spiracles located in the thoracic
and abdominal regions which lead the oxygen right into the
tissues. Accompanying the system is often a clever strategy
such as that used by the aquatic beetle, the water boatman.
This beetle is called a "bubble breather" because in its de
velopment it spends substantial amounts of time under wa
ter. To do so it takes on a gas supply before submerging by
trapping an air bubble under its wing next to the spiracles.
As oxygen is consumed from the bubble, the partial pres
sure of oxygen falls below that in the water. Consequently
oxygen diffuses from the water into the bubble. Carbon di
oxide goes in the opposite direction. However, the bubble
grows smaller for a variety of reasons, making it necessary
for the boatman to resurface periodically. Other aquatic
beetles, however, have learned how to capture bubbles con
taining oxygen produced by algae, and incorporate this into
their bubble while remaining submerged.

For mammals, a successful interaction of the cardiovas
cular and pulmonary systems is essential to extract oxygen
for delivery from the environment to the tissues. Modula
tion of the pattern of one of these systems can affect the
performance of the other (1, 2). For example, increased
pressure in the carotid sinus decreases the respiratory rate,
while decreases in carotid sinus pressure increase the rate
(5). Increases in tidal volume provoke decreases in vascular
resistance and tachycardia. In addition, certain anatomical
structures are common to the reflex responses of these two
interdependent systems. For example, carotid body stimu
lation promotes not only changes in both static and dy
namic lung volumes but also changes in heart rate, stroke
volume, and vascular resistance (3).

Before reflecting on the modulation of these systems, it
is important to note that several key processes in the initi
ation of their activities remain poorly understood. The
heart, of course, has inherent rhythmicity which is modu
lated by the autonomic nervous system and circulating cat
echolamines. Certain vascular beds are autoregulatory but
can be modulated by the same two agents. Autoregulation
is by no means completely understood. Further, the origin
of respiratory rhythmicity is still a mystery. Some maintain
there is a pacemaker in the brainstem that is modulated by
afferent input. Others present data that suggest that without
input from the periphery there is no inspiratory effort, or at
best an extremely infrequent one. Consider, finally, exer
cise. The organism is either at rest or exercising at some
level. The hyperpnea of exercise has, as yet, no universally
acceptable explanation. Clearly the organism requires more
oxygen and manufactures more carbon dioxide as the met
abolic rate increases; it is likely that temperature in certain
loci increases. Hence it is appropriate that respiration in
creases. But the current understanding of the components
(and their interrelationship) responsible for exercise hyper
pnea is quite limited.

When one proposes to explore the modulation of the res
piratory pattern due to input from the chemoreceptors, it is
a matter of studying the impact of hypoxia and/or hypercap
nia on known components of the respiratory control appa
ratus. Even in this instance there are some enigmas. In a
normal subject lowering the partial pressure of oxygen pro
vokes a clear increase in respiration, while the presence of
carbon monoxide or anemia decreasing arterial oxygen
content to the same extent does not. Subjects suffering from
chronic obstructive lung disease frequently have blood gas
values which are both hypoxic and hypercapnic, and respi
ration should be greatly increased. In fact, most frequently
it is not elevated proportional to the abnormal levels of ox
ygen and carbon dioxide.

Contributions in this section address several mecha
nisms thought to be critical in the modulation of the neural
pattern of input (from carotid bodies) or the mechanical
pattern of output. Dr. Lahiri and his colleagues report on
the role of carbonic anhydrase in the carotid body. They
conclude that the chemodetection of decreased oxygen is
not mediated by the intracellular pH in Type I cells, but is
regulated by hydrogen ion. Carbonic anhydrase is neces
sary for the rapid response to increases in CO2 • The re-
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sponse to hypercapnia may involve activating the Na + -H +

exchanger to eliminate the increased H + ion generated by
the carbonic anhydrase-assisted hydration of the increased
CO2 , This, in turn, reverses the Na + -Ca + + exchanger
bringing Ca + + into the Type I cell and ridding the cell of
the increased Na+. This leads to the release of dopamine
and perhaps norepinephrine.

Dr. Nurse and his colleagues use dissociated Type I cells
and neurons from the petrosal ganglion of the rat to char
acterize the electrophysiological capabilities of these fun
damental units of chemotransduction in the carotid body.
They conclude that hypoxia does indeed reduce the outward
potassium current from the Type I cell by about 15-20%.
This would tend to depolarize the cell, promoting the entry
of extracellular calcium through voltage-gated channels and
the subsequent release of an excitatory neurotransmitter.
However, because of the limited size of the inward current
and the possibility that spiking in the cells was infrequent,
a generalization of the above model to rat Type I cells
seemed preliminary. Furthermore, the outward potassium
current began only at -20mV. If one assumed that the rest
ing membrane potential was in the -50mV to -60mV
range, one would have to propose a mechanism for depo
larizing the Type I cell from this range to - 20mV.

Most models of carotid body chemotransduction include
the release of an excitatory neurotransmitter from the Type
I cell where they have been detected by several investiga
tors (3, 4). Our own bias at this point is that, at least in
cats, one of the excitatory neurotransmitters is acetylcho
line. Our hypothesis is that upon hypoxic or hypercapnic
challenge acetylcholine is released from the Type I cell and
binds to receptors on the afferent neuron. Depolarization of
the neuron follows and an action potential is generated.

Modulation of the respiratory pattern by hypercapnic
stimulation of the central chemoreceptors also seems to in
volve acetylcholine. Dr. Neubauer discusses this as well as
the presence of carbonic anhydrase in CO2-chemosensitive
cells in the central nervous system. Anatomic localization
of the central chemoreceptors remains a large problem.
Central chemosensitivity was originally believed to be con
fined to the ventrolateral surface of the medulla. Now it ap
pears that cells sensitive to CO2 may also be found on the
dorsal surface of the medulla and in the hypothalamus as
well as certain sections of the cortex (this volume).

Whether these cells communicate with each other in con
trolling respiration remains to be determined.

Dr. Cherniack presents a comprehensive overview of the
physiological importance of the central chemoreceptors,
both for respiration and for circulation. He reviews the ev
idence describing their location and the mechanisms in
volved in their response to CO2 including studies which
suggest a significant role for acetylcholine. Lastly he dis
cusses the interaction of the peripheral and central
chemoreceptors in the control of respiration.

This review leaves one wondering if an understanding of
the modulation of the respiratory pattern might not better
be attained by assuming that there is more than one "res
piratory control system." That is, peripheral chemorecep
tors, central chemoreceptors, brainstem nuclei, efferent
neural pathways, and circulatory input have one interrela
tionship during rest, a second during sleep, a third during
exercise, a fourth during obstructive lung disease, and so
on. In a sense, this might not be surprising since it is the
cardiopulmonary control system that regulates the ability of
the organism to capture its most essential environmental
nutrient, oxygen. To do so, a capacity for having the inter
relationships among the cardiopulmonary components
change easily would be advantageous.
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Carbonic Anhydrase, CI-·HC03 - Exchanger,

and Cellular pH in O2 and CO2 Chemoreception in the Cat
Carotid Body in Vitro

S. Lahiri, R. Iturriaga, W.L. Rumsey, D.F. Wilson, and D. Spergel

Glomus cells in the carotid body (CB) serve as the sensor
for the neuron in the petrosal ganglion. The levels of P02,
PC02 and pH of the arterial blood are detected by the glo
mus cells and the chemoreception is expressed as neuro
transmitter release and sensory discharge (4). Carbonic
anhydrase (CA) is present in the glomus cells of the CB (for
review see 9). Knowledge of its subcellular distribution and
isoenzyme types would help to understand the role that CA
might play in the mechanisms and modulations of chemo
reception of CO2 and 02' For the purpose of this presenta
tion we will assume that it is present in the cytosol of the
glomus cells.

It is now generally known that CB chemosensory fibers
in the cat respond to a rapidly delivered CO2 stimulus by
increasing the discharge frequency, but the peak response is
not sustained to a maintained stimulus (2, II). The mech
anisms of these responses to CO2 is not clearly understood,
but one proposal suggests that it parallels intracellular pH
(pHi) regulation following acid load. According to the more
current version of the acid hypothesis of chemotransduction
in the CB, a bicarbonate "pump" presumably located in
the glomus cell membrane regulates pH at the receptor site
and the function of the pump is P02-dependent: high P02
maximizes the pump activity, which lowers the cellular
[H +], while hypoxia raises it (6, 15). Accordingly, the ef
fect of hypercapnia and hypoxia could be explained in terms
of cellular pH regulation alone.

Another hypothesis proposes that hypercapnia and hy
poxia are sensed by separate mechanisms (see for example
II, 12) but that the hypercapnic stimulus "interacts" with
or "converges" on the hypoxic chemoreception. In either
case CA could contribute significantly by determining the
net [H +] in the cell or in a specific cellular compartment in
response to CO2, A change in the [H+] could mobilize
Ca + + raising its cytosolic concentration, leading to neu
rotransmitter release and chemosensory excitation. Also,
studies of the role of CA in the CB could potentially lead to
an understanding of the 02-C02 stimulus interaction in the
response of the chemoreceptor. According to the acid hy
pothesis of Torrance (6, 15), blockade of CA activity in the
CB would eliminate the catalyzed hydration and dehydra
tion of CO2 and consequently the hypoxic effects. Indeed
several in vivo studies reported that CA inhibition de
creased both hypercapnic and hypoxic chemosensory and
chemoreflex responses (1, 6, 10).

Disequilibrium of CO2-HC03 - in the circulating blood
after CA inhibition, however, makes it difficult to accu
rately measure the stimulus level in the arterial blood at the
CB. The reaction of the sampled blood goes to completion
only slowly, raising PC02 and [H +], and hence the mea
sured values provide a falsely higher stimulus level, leading
to an underestimation of the response. This disequilibrium
effect could be overcome by using a pre-equilibrated cell
free solution in CB studies in situ or in vitro. The purpose
of the study was to measure the role of the carotid body CA
and CO2-HC03 - in the chemoreceptor response to hyper
capnia and hypoxia in the transient and physiological
steady-states.

METHODS

We used a recently developed in vitro cat carotid body
preparation perfused and superfused with the same Tyrode
solution (7). The CB maintained its chemosensory re
sponses to natural stimuli for several hours. Briefly, the
vascularly isolated carotid bifurcation, including CB and
the carotid sinus nerve (CSN), was excised from anesthe
tized cats (sodium pentobarbitone 35 mg/kg ip followed by
10 mg when necessary) and placed in a chamber for simul
taneous perfusion and superfusion at 36.5 ± 0.5 °C. The
CB was perfused (at a hydrostatic pressure of 80 torr) with
a modified Tyrode equilibrated at a P02 of 120 torr (nor
moxia), or >450 torr (hyperoxia) or <20 torr (hypoxia).
The superfusate was equilibrated at P02 <20 torr. The
composition of the Tyrode solution was the following
(mM): Na+, 154; K+, 4.7; Ca+ +,2.2; Mg+ +,1.1; CI-,
110; glutamate, 42.0; and glucose, 5.0. It was buffered
with 5 mM HEPES to pH 7.40 with 1M NaOH. To study
the effects of CO2-HC03-, the Tyrode was modified by
adding NaHC03 in place of 21.4 mM NaCI.

Chemosensory discharges were recorded from the whole
CSN, which was placed on bipolar platinum electrodes and
lifted into paraffin oil. The neural signals were amplified,
displayed on an oscilloscope, selected with an amplitude
discriminator, and counted electronically. To study the ef
fects of CA inhibition, methazolamide (10-20 mg/l) was
dissolved in the Tyrode and perfused for 30 min. For mea
surement of changes in intracellular pH (pHi) the carotid
body was loaded for 5-10 min with Tyrode containing the
fluorescent pH indicator 2',7' -bis(2-carboxyethyl)-5(6)-
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FIG. 28.1 Effects of methazolamide (10 mgll) on carotid chemosensory responses to perfusion of Tyrode equilibrated with CO2 in O2

(PC02 = 55 torr, HC03 - = 21.4 mM, pH 7.25). (A) Chemosensory response without methazolamide. (B) After 30 min of perfusion with
Tyrode containing methazolamide. (C) After 30 min of washing out methazolamide. Bars indicate duration of perfusion of Tyrode with
CO2-HC03 -.

carboxyfluorescein (BCECF/AM) at a concentration of
5 flM. After dye loading the CB was perfused with Tyrode
for 10 min to wash out the excess dye. The fluorescent sig
nal was monitored using a macroscope with an epifluores
cence attachment (excitation 420-490 nm, emission >515
nm). The fluorescent signal was detected by a light
sensitive video camera and stored in a VCR.

RESULTS AND DISCUSSION

The results illustrate the following: (1) methazolamide
(10-20 mg/I, pH 7.40) reversibly blocked the initial but not
the late chemosensory response to CO2-HC03 - administra
tion (fig. 28.1); (2) methazolamide delayed the response to
perfusate flow interruption and to hypoxia but did not di
minish the maximal response in the nominal absence of
CO2-HC03 - (fig. 28.2); (3) the carotid body did not show
a pHi decrease corresponding to the chemosensory re
sponse to flow interruption (fig. 28.3); (4) the carotid body
showed predictable pHi changes with the administration of
NH4CI (fig. 28.4); (5) equilibration of CB with CO2

HC03 - in the external medium greatly modified the hy
poxic response; and (6) the nominal absence of CO2

HC03 - did not prevent O2 chemoreception.

Figure 28. 1 shows that switching from hyperoxic Tyrode
buffer alone (PC02 < 1 torr, pH 7.40) to Tyrode equili
brated at PC02 = 55 torr in O2 (HEPES-HC03 - 21.4
mM, pH 7.25) was followed by a large overshoot in the
chemosensory response. The decline of the peak response
was presumably due to regulation of pHi after the acid
load. It is reasonable that acid extrusion by the chemore
ceptor cells was responsible for what is known as adap
tation. The Na+ -H+ exchanger present in the glomus
cell (3), presumably activated by the acid load, contributed
to the pHi regulation. Accordingly blockade of the ex
changer would arrest adaptation and maintain the activity
provided that other exchanger mechanisms do not obliterate
the effect.

Methazolamide (fig. 28.1B) diminished the rapid initial
rise of the chemosensory response because the rapidly cat
alyzed formation of acid did not take place and hence
did not activate the mechanisms for adaptation. However,
methazolamide did not prevent the gradual rise of
chemosensory activity due to hypercapnia. After removal of
methazolamide the initial response began to reappear with
a slight delay (fig. 28.1C).

Figure 28.2 illustrates the chemosensory response to
hypercapnia and hypoxia. The CB was initially perfused
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FIG. 28.2 Effects of methazolamide (20 mg/l) on carotid chemosensory response to bolus injections of Tyrode (0.5 ml) equilibrated at
PC02 of 38 and 72 torr in O2 (upper two panels) and to hypoxic (P02 = 25 torr) Tyrode (lower two panels). The carotid body was initially
perfused in hyperoxia. Note that methazolamide eliminated the immediate response to CO2 but did not diminish the maximal response to
low P02 . Bars mark the duration of hypoxic perfusion of Tyrode containing CO2-HC03 - injections.

with hyperoxic Tyrode. Injections of Tyrode (0.5 ml),
equilibrated at a PC02 of 38 torr or 72 torr, elicited imme
diate responses which were blocked during perfusion with
methazolamide (upper two panels). The response to hy
poxia was delayed but the maximal response did not dimin
ish. In fact, the maximal response was slightly increased.
Thus the hypoxic response occurred despite nominal ab
sence of CO2-HC03-. These results do not support the
conclusion of Shirahata and Fitzgerald that CO2-HC03 - is
essential for hypoxic chemotransduction (this volume). They
probably missed the. hypoxic effect because the duration of
the test was short for the effect to develop in the absence of
CO2-HC03-·

The hypothesis that the hypoxic response was not due to
acidosis is supported by the observations presented in fig
ures 28.3 and 28.4. Ischemic hypoxia caused by perfusate
flow interruption in the nominal absence of CO2-HC03 

sharply increased chemosensory activity without any de
tectable increase in the intracellular acidity. Note that the
Tyrode was free of CO2-HC03-, which delayed the re
sponse to ischemia. A similar CB preparation, however,
predictably (see 13) responded to the NH4CI administration

(fig. 28.4). An initial pHi increase was followed by a de
crease in the chemosensory activity, and with the decrease
of pHi the chemoreceptor activity increased. Thus, the
chemosensory response to ischemic hypoxia without a sig
nificant change in the fluorescent signal indicates that· O2

chemosensory response was not due to a concomitant in
tracellular acidification.

The observation that oligomycin, which augmented the
chemosensory response to acidosis concomitantly suppress
ing those to hypoxia (12), is consistent with the conclusion
that the hypoxic response is not mediated by cellular aci
dosis in the CB. Any acidosis during hypoxia after oligo
mycin should have increased the sensory discharge.

We also studied the effects of hypoxia on chemosensory
discharge with and without CO2-HC03 - in the medium. A
set of experimental results is shown in figure 28.5. The
presence of 5% CO2 in the extracellular medium augmented
the speed and the maximal chemosensory response to hy
poxia even when the external pH was similar. The effect of
CO2-HC03 - in the external medium on the hypoxic re
sponse could be explained by pHi regulation; an increased
acidity would augment the hypoxic response.
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FIG. 28.4 Carotid chemosensory and carotid body intracellular pH (fluorescent signals from two different areas) responses to bolus
(0.5 ml) injection of Tyrode containing 50 mM NH4Cl. Arrow indicates injection into the perfusion line.

These results show that the hypoxic response occurred in
the nominal absence of CO2-HC03 - in the extracellular
medium. Since the function of the CI--HC03 - exchanger
depends on the presence of external HC03 - (13, 14), the
results suggest that the response to hypoxia does not require
the function of the exchanger in the plasma membrane.
However, the blockade of the exchanger modified the re-

sponse to hypoxia presumably mostly due to an initial base
line increase in the pHi.

In separate experiments we found that methazolamide
attenuated the hypercapnic response in the presence of
CO2-HC03- in the external medium and reduced the speed
and maximal response to hypoxia. In terms of pHi' these
results suggest that CA is needed to generate and maintain
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[H + li at a higher level in the chemoreceptor compartment,
which is in a dynamic physiological steady state and which
is independent of the membrane exchanger function.

The mechanism coupling [H +t rise and the parallel in
crease in the sensory discharge has not been established.
However, a plausible mechanism is that a rise in [H +]i is
followed by activation of the Na +-H + exchanger and a
subsequent rise in [Na+]i, which in turn reverses the Na +
Ca + + exchanger function, accumulating cellular Ca + + .
This increase in Ca + + leads to exocytosis and release of
dopamine and perhaps norepinephrine. Gonzalez et al. (5)
advanced such a mechanism. The neurochemicals acting at
synapses between glomus cells and nerve endings could
generate neural discharge. There are several ways the
scheme can be verified, one of which is a direct measure
ment of intracellular Ca + +, pHi and catecholamine
release.

In summary, the results show that hypoxic chemorecep
tion is greatly modified by the CI--HC03 - exchanger. Ex
ternal CO2-HC03 - and the CI--HC03 - exchanger are
critical for the rapid responses. The hypoxic response is not
mediated by cellular acidosis but is regulated by the pHi.
Carbonic anhydrase is necessary for the rapid as well as the
steady-state response to CO2 , and consequently to hypoxia.
Accordingly, CA in the CB make chemoreception and
chemosensory responses physiologically rapid and mean
ingful in vivo.
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Physiological Roles of the Central Chemoreceptors

Neil S. Cherniack

A key feature of the respiratory system is its ability to sig
nificantly limit the changes in arterial PC02 (PaC02)
caused by varying activity or residence at different altitudes
(15, 37). This near copstancy of PaC02 together with the
impressive ventilatory effects produced by inhaled CO2

demonstrates the presence in the body of important
receptors that respond either directly to PC02 changes or
the acid-base alterations induced by CO2 (6, 10, 11, 34,
36, 39).

Several types of CO2-sensitive receptors have been iden
tified. The arterial chemoreceptors (the carotid body and to
a lesser extent the aortic body) increase their discharge and
ventilation when PC02 or hydrogen ion concentration rises
(23, 32). Receptors in the airways (probably the stretch re
ceptors which also respond to lung expansion) reduce their
activity when PC02 is raised (15, 37). In addition there
may be receptors in the pulmonary arteries which hyper
capnia excites (15, 37, 39). But even after experimental in
terventions have eliminated all of these peripheral CO2

receptors, a pronounced rise in ventilation still occurs when
CO2 is breathed (6, 34). This finding indicates that there
must be other receptors that are extremely sensitive to CO2

within the central nervous system (6, 34, 39).
Recent studies show that some of these central chemo

receptors are located in the ventral portion of the medulla,
close to the surface where they are intermingled with neu
rons that regulate blood pressure, tracheal tone, and airway
secretions (6, 11, 34, 39). The physiological role of these
central receptors and their location and modes of operation
are reviewed below.

METHODS

To study the effects of central chemoreceptor stimulation in
isolation, experiments are frequently carried out in animals
in which the central nervous system connections of arterial
chemoreceptors have been severed (5, 24). Since arterial
chemoreceptors affect more than respiration, their denerva
tion distorts to a certain extent normal physiology (24).
Hence, a number of investigators have attempted to study
central chemoreceptors in the intact subject, taking advan
tage of the differences in the time course of the response of
peripheral and central chemoreceptors to CO2 stimulation
(2, 18). Although peripheral chemoreceptor discharge
closely mimics the temporal profile of changes in PaC02
when CO2 is inhaled, ventilation increases for a much

longer period of time (often for more than 10 min) after
PaC02 reaches a constant level (25). This temporal disso
ciation of changes in PaC02 and ventilation has been be
lieved to reflect the time required for PaC02 to equilibrate
with the PC02 at the central chemoreceptors in the brain.
More recent studies suggest that changes in medullary
PC02 can occur quite rapidly and have led to the proposal
that the slower increase in ventilation is due to the time re
quired to process signals from central chemoreceptors by
respiratory circuits (2). The finding that central chemo
receptors contribute 70-80% of the total ventilatory re
sponse to CO2 has been confirmed by experiments using
other techniques, such as injections of CO2 or acids into the
vertebral arteries or cerebrospinal fluid, and by studies em
ploying isolated perfusion of the brain in vivo to stimulate
only the central chemoreceptors (6, 24, 36, 37).

In vivo, CO2 can influence respiration indirectly by its
direct effects on the circulation and smooth and skeletal
muscle, and by altering rates of catecholamine secretion
(e.g., 33, 66). Hence a number of in vitro methods have
been developed to better elucidate mechanisms of CO2

stimulation. These methods include preparations of the iso
lated brain and spinal cord of the newborn rat and slices of
tissue from different regions of the medulla (28, 54). These
preparations allow extracellular and intracellular nerve re
cordings to be made in situations where the neuronal envi
ronment can be controlled with much greater precision than
in vivo. However, interconnections among neurons are dis
rupted in slice preparations, and it may be difficult to dis
cern the usual respiratory function of a given nerve cell.
Although these problems are less severe where neuronal re
cordings can be correlated to recordings made from the
proximal stubs of the phrenic nerve, results may be dis
torted because this preparation depends on the use of im
mature animals (54).

CHARACTERISTICS OF THE CO2 RESPONSE

The afferent discharge of arterial chemoreceptors increases
linearly as PaC02 is raised (18, 23, 32). Since the activity
of the central chemoreceptors has not yet been directly
measured because their location remains uncertain, infer
ences have been made about the characteristics of the af
ferent response from studies of respiratory motor output. In
both intact and peripherally chemodenervated anesthetized
animals, there is no ventilation and no phasic respiratory
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FIG. 29.1 Increases over apneic threshold
of end-tidal CO2 , (A) Peak tidal
phrenic nerve activity and (B) neural
minute phrenic nerve activity. (22)f--t-f-4
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S-shaped curves. In awake subjects it may be difficult to
demonstrate an apneic threshold for CO2 , since minimal
ventilation continues in many conscious subjects as PC02

is lowered because of nonspecific drives coincident with
voluntary activity. With passive hyperventilation obvious
respiratory activity is rather easily eliminated even during
wakefulness (36). However, CO2 may have respiratory ac
tions even when there is no clearly demonstrable respira
tory activity. For instance, anesthetized animals made
apneic by hyperventilation can be made to respire sponta
neously by the administration of hypoxic gases to lower
Pa0 2 (37). Hyperventilation of these now hypoxic animals
allows apnea to reoccur. This suggests that even very low
levels of PC02 can stimulate central chemoreceptors, but
whether this discharge produces respiratory activity de
pends on the level of other excitatory chemical and less spe
cific inputs to the respiratory neurons.

The increased ventilation produced by inhaled CO2 var
ies considerably in conscious humans (10, 11, 36, 37). Re
ported responses have varied from 1 to 8 lImin/torr PC02 ,

which may reflect the effects of other internal and external
stimuli on respiratory neurons rather than an actual vari
ability in the sensitivity of central chemoreceptors (36, 37).
Anesthesia and sleep depress the increase in phrenic nerve
activity caused by hypercapnia but not as much as they re
duce the responses to CO2 of cranial nerves or motor nerves
supplying the accessory respiratory muscles (10). In REM
sleep, the effect of stimuli originating in the brain may be
come sufficiently large to mask the effects of central
chemoreceptor stimulation and eliminate any consistent hy
percapnic effect on ventilation (10).

Lack of certainty concerning the exact stimulus to the
central chemoreceptors may also contribute to the apparent
variability of CO2 responses. For example, changes in ce
rebral blood flow may alter the CO2 stimulus to the centr~l

chemoreceptors so that venous PC02 of the brain or PC02
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FIG. 29.2 Average data from eight cats showing the relationship
between phrenic nerve activity and hypoglossal (HG) activity be
fore and after naloxone (NAL) infusion. Note hypoglossal activ
ity starts after phrenic activity but plateaus later. (56)
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nerve or neuronal activity until PaC02 reaches some mini
mum level (the apneic threshold) (22, 36, 37, 46, 56).
Thereafter phrenic motor responses are linearly related to
changes in PaC02 until levels reach a very high value. Ul
timately no further increases occur, and there may be a de
cline in response with additional hypercapnia (56) (see fig.
29. 1). Cranial and cervical nerves innervating upper airway
muscles and accessory muscles like the sternohyoid show a
similar pattern with a threshold, a linear portion, and then
a plateau, but the exact PC02 values for the threshold and
the plateau differ among nerves, as shown in figure 29.2
(46, 56).

Rather than there being a distinct threshold, some inves
tigators believe PC02 responses are better represented by
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FIG. 29.3 Ventilation (VE) as a function of PACO2 at a steady
state Pa0 2 of 37 (.), 47( +) and 169 (x) torr in conscious
humans. (53)
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from 37°C to 20°C produced a progressive increase in the
PC02 required to initiate respiration in anesthetized cats.
This degree of cooling was enough to interfere with synap
tic transmission but not with conduction along nerve fibers
or with cell function (fig. 29.4). The most prominent de
pressant effects of cooling on breathing were observed in
the intermediate area. Greater cooling could produce ap
nea, but even then breathing could be reinstituted by raising
PaC02 levels.

Different respiratory effects have been observed on cool
ing rostral and caudal areas (13, 29). Cooling the caudal
area tended to diminish the amplitude of phrenic nerve ex
cursion but often increased respiratory rate. In the rostral
area, the rate slowed as surface temperature was lowered.
Changes like those produced by cooling occurred with the
topical application of local anesthetics. Areas close to the

LOCATION OF CENTRAL CHEMORECEPTORS

Studies carried out in the past thirty years have established
that the pH of the cerebrospinal fluid can significantly alter
respiration (6, 34, 39, 40, 44, 64). Acid pH levels excite
breathing, while alkaline pH levels inhibit breathing (6, 36,
39, 40, 44). These findings seemed to indicate that central
chemoreceptors can receive information from cerebrospinal
fluid and thus some or all are placed superficially in the
medulla. Experiments from different groups of investiga
tors have provided evidence indicating that the cells in the
medulla which are responsive to CO2 are located in its ven
trolateral portion within a millimeter of the surface (6, 34,
39, 44, 64). Application of acidic solutions or respiratory
stimulants like lobeline to the ventral medullary surface
(VMS) augmented breathing and excited respiratory re
sponses to CO2 , while topical applications of local anes
thetics abolished respiratory responses to inhaled CO2 (6,
44,64).

Three areas within 1 mm of the VMS seem to be im
portant in central chemoreceptor sensitivity (13, 34, 64).
The rostral area (which extends from the pontine-medullary
border to the rostral hypoglossal rootlets) and the caudal
area (which spans the distance from the caudal hypoglossal
rootlets to the medullary spinal junction) were believed to
be regions in which central chemoreceptors or their endings
were located. The two chemosensitive regions were sepa
rated by an intervening intermediate area through which
chemoreceptor fibers traveled into the interior of the me
dulla. Acids applied on the intermediate area in these stud
ies did not stimulate respiration (64). These observations
were supported by subsequent studies that demonstrated
strong effects of bilateral focal cooling in discrete VMS ar
eas on the CO2 apneic threshold (13). Using thermodes
with cooling plates 1-2 mm2 to lower surface temperature

in the cerebrospinal fluid may better reflect the actual stim
ulus to the central chemoreceptors (52).

In intact animals, it is clear that the respiratory re
sponses to PC02 depend on the presence or absence of
other respiratory inputs (19, 21, 36, 37, 52). The apneic
threshold, but not CO2 responsivity (defined here as the
change in ventilation divided by the change in PaC02), is
affected by acidosis and alkalosis (36). In conscious hu
mans with acidosis the ventilation achieved at any given
PC02 is greater than it is normally, while with alkalosis it
is less (36, 37). Hypoxia, on the other hand, in awake hu
mans alters CO2 responsivity but has smaller effects on ap
neic threshold as shown in figure 29.3 (12, 36). Hypoxia
increases CO2 sensitivity, and the effect is magnified until
P02 is lowered to about 30 to 40 torr as shown in figure
29.3. This effect requires the presence of peripheral
chemoreceptors. Most studies report that exercise has no ef
fect on CO2 responsivity (36). All observers agree that ex
ercise behaves as if it lowers the apneic threshold (58).
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EFFECTS OF VENTRAL MEDULLA ON
NON-RESPIRATORY FUNCTION

FIG. 29.4 Effects of focal cooling of intermediate areas (Is, up
per trace) and caudal areas (CL , lower trace) of ventral medullary
surface on tidal phrenic activity (Int Phr) and tidal volume (VT) in
spontaneously breathing cat after bilateral vagotomy. (13)

It has been argued for many years whether CO2 and H + act
independently as respiratory stimulants or whether all of
the effects of CO2 on breathing are secondary to pH
changes induced by CO2 either intra- or extracellularly (6,
34, 39, 67). Many studies have assumed that there is some

MECHANISMS IN THE RESPONSE
OF THE CENTRAL CHEMORECEPTORS

high concentrations of respiratory-related neurons, like the
nucleus tractus solitarius (63). Surface areas from which
the rostral pressor neurons can be affected by neuroamines
and peptides overlap the rostral and intermediate respira
tory chemosensitive areas, while the caudal depressor area
overlaps the caudal respiratory chemosensitive area (35,
63). The possibility that these vasomotor neurons might be
responsible in some way for the respiratory effects ob
served from the VMS has occurred to many investigators
(e.g., 39). More recent experiments have shown a clear
separation of the locations in the ventral medulla from
which respiratory and vasomotor effects can be elicited by
NMDA and other glutamate agonists in cats (38, 47).

Neurons in the ventral medulla may act on breathing and
blood pressure by producing an excitatory input that is nec
essary for both vasomotor and respiratory activity (39, 42,
43, 61). This does not seem to be entirely correct since ar
eas of the ventral medulla cause either pressor or depressor
responses, and cooling of the VMS does not prevent the
respiratory excitation produced by stimulation of somatic
afferents or the tachypnea caused by heating the hypo
thalamus or the whole body (43, 68). Nonetheless, many
neurons in the VMS seem to respond to multiple inputs, in
cluding hypercapnia, peripheral chemoreceptor stimula
tion, and input from the hypothalamus and somatic
afferents.

While neurons near the VMS respond to CO2 and can be
considered central chemoreceptors, it is uncertain whether
there are CO2 neurons in other areas of the brain (3, 30).
Arita and coworkers have shown that intravertebral artery
injections of solutions equilibrated with 100% CO2 can ex
cite neurons in both the ventral and dorsal medulla (3, 30).
In many instances this excitation correlates with local de
creases in extracellular pH and increases in phrenic nerve
activity. Studies with brain slices indicate that even after
synaptic transmission is prevented by altering the bathing
fluids, high levels of CO2 or acid solutions can depolarize
neurons in slices of dorsal and ventral medulla, even though
the number of neurons stimulated in dorsal locations is usu
ally less (28, 31). These studies usually involve the use of
severely acidic and/or hypercapnic solutions, and their re
lationship to normal physiology is problematic. Also, in
slices it is difficult to know whether the neurons excited
have a respiratory function. At the present time it seems
reasonable to conclude that the ventral medulla contains
central chemoreceptors but so may other areas of the brain.
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surface where temperature reduction causes apnea have also
been reported in dogs (1). Unilateral intramedullary cool
ing of the nucleus paragigantocellularis lateralis in cats
abolished all respiratory responses to CO2 even if PaC02
were raised considerably (8). This suggested that afferent
signals from the central chemoreceptors converge on neu
rons in this nucleus (8). In chronic cats, coagulation of the
VMS elevated PaC02 and markedly depressed responses to
inhaled CO2 and to hypoxia (65). Intermediate area cooling
also modifies the effects of discharge of vagally supplied
receptors in the airways and decreases the sympathetic
nerve activity induced by CO2 inhalation (41, 45).

Cooling area "

on 20°C off

Interventions at the VMS that affect the response to CO2

also depress the formation of tracheal secretion elicited by
irritant receptor stimulation at the carina and prevent the
tracheal constriction arising from mechanical probing of
the carina (17). Systemic blood pressure is frequently re
duced by intermediate area cooling (14, 26, 63, 69). Inde
pendent studies have demonstrated that the region near
the VMS is populated by a group of neurons which are
largely responsible for resting vasomotor tone (26, 63).
These vasomotor neurons have been divided into rostral
(epinephrine-producing) pressor neurons, and caudal
(norepinephrine-producing) depressor neurons (14, 26, 63).
The VMS vasomotor neurons receive connections from
many areas of the brain, including regions which contain
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site corresponding to the location of the central chemore
ceptors where changes in pH account for all the ventilation
changes whether they were caused by CO2 inhalation or
systemic acid infusion. No such extracellular site has as yet
been identified. It is clear that pH changes in the arterial
blood do not entirely explain the respiratory changes
caused by inhaling CO2 • The cerebrospinal fluid (CSF) or
brain extracellular fluid (ECF) may be more similar to the
environment of central chemoreceptors than the blood
(6, 34, 39). The pH of brain ECF and the CSF is actively
regulated and varies considerably from pH values in the
blood (19, 34). Generally, CO2 inhalation produces greater
effects on brain fluid pH than does the infusion of acid
into the blood stream. Studies which have measured pH
changes in both blood and bulk CSF find that neither
pH change by itself accounts for breathing changes brought
about by inhaled CO2 (19, 34). These studies have sug
gested that central chemoreceptors were at some site
which could be influenced both by the CSF and by the
blood (19).

Studies by Ahmad and by Millhorn et ale show that pH
near the VMS changes far more rapidly than pH in the bulk
CSF (away from the surface) (2, 40). When pH changes are
measured at the VMS, however, inhaled CO2 seems to have
a much greater effect on breathing than acids infused into
the blood or applied to the exterior of the brain (67). Since
CO2 crosses cell membranes with much greater ease than
hydrogen ions, these observations have led to the revival of
the hypothesis that intracellular pH is the actual stimulus to
central chemoreceptors. Cell structure is, however, quite
complex and pH in the cell interior is not uniform. Even if
internal pH does specify respiratory responses, we will
need to know the crucial intracellular site(s).

It is probable that pH changes by themselves do not gen
erate action potentials but rather trigger a series of inter
mediate steps which involve neurotransmitters. Many
neurotransmitters exert excitatory effects on respiration
when applied to or microinjected into the VMS, and may in
addition alter respiratory responses to CO2 (6, 9, 20, 38,
39, 47-50, 60, 70). These agents include glutamate, tachy
kinins, and serotonin. It is not clear, however, whether the
agents act at the central chemoreceptors or at sites upstream
or downstream from them. Neurons containing these sub
stances are present in the medulla, as are cells containing
the appropriate receptors.

Dev and Loeschcke have proposed that H + alters respi
ratory discharge by inhibiting the metabolism of acetyl
choline in the synapse (20). Like many other enzymes, the
activity of acetylcholine esterase is pH sensitive. Cholin
ergic agents stimulate breathing when applied to the VMS,
as do antagonists to acetylcholine esterase (e.g., physostig
mine). Dev et ale found that atropine, a muscarinic receptor
antagonist, blocked the response to CO2 (20). This has re
cently been confirmed by Nattie, who used more specific
antagonists to show that the M2 muscarinic binding site
was the pertinent receptor (20, 50, 51). It is of interest that

Loeschcke attributed the weaker effects of infused acid on
breathing to the greater difficulty in accessibility of H + to
the synapse (34).

Studies of cold-blooded animals provide clues that may
be useful in understanding the principles of central receptor
operation. At 37°C, respiration seems to be regulated so
that blood pH is maintained at about 7.4. In cold-blooded
animals, however, the pH at rest becomes more alkaline as
the animal is cooled and more acidic when temperature is
raised above 37°C (9). But because of temperature
dependent changes in dissociation constants, the ratio of
H + 10H- remains the same. If breathing is in fact adjusted
to keep this ratio fixed, then it is conceivable that pH
changes affect breathing by altering the degree of dissoci
ation of a moiety present in some crucial proteins. As the
pH changes, electrostatic forces might alter, for example,
the configuration of some receptor protein, thus initiating
intracellular events that lead ultimately to increased respi
ratory activity. Reeves has proposed that pH alters the dis
sociation of imidazole-histidine groups in key proteins in
CO2 chemoreceptors thereby eliciting physiological effects
(60). On the other hand, temperature effects on the pH of
the imidazole-histidine moiety are similar to that of the
fluid with which it is in contact. Nattie, in an intriguing se
ries of experiments, has examined the effects of diethyl
pyrocarbonate (DEPC), which alters the dissociation of im
idazole on the respiratory responses to inhaled CO2 in cats
and rabbits (48, 49). He demonstrated in both species that
DEPC depressed respiratory response to CO2 but did not al
ter the response to hypoxia (fig. 29.5). In cats, DEPC ef
fects were greatest when applied to the rostral chemo
sensitive area of the VMS and were reversed by a specific
antagonist. Although the cellular processes which allow
respiratory responses to CO2 to occur remain unclear, a
number of different neurochemicals including acetylcholine
appear to be involved.

RELATIONSHIP OF CENTRAL
TO PERIPHERAL CHEMORECEPTORS

The carotid bodies are excited both by hypoxia and by hyper
capnia (16, 18, 23, 24,32). When CO2 is inhaled under hy
poxic conditions, the change in respiratory activity for a
given change in PC02 is considerably more than it is under
hyperoxic conditions (32, 34). This greater than additive
response occurs by substantial effects at the carotid body
itself since the increment in carotid body discharge pro
duced by hypercapnia is also considerably enhanced by hy
poxia (23, 32). In fact, under hyperoxic conditions, the
carotid body response to CO2 is virtually nil (32).

Some studies suggest that carotid body stimulation po
tentiates the responses of the central chemoreceptors to
CO2 (24, 62). These studies have used techniques that al
low independent manipulation of the CO2 stimulus periph
erally and centrally. Results may have been inconsistent
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Reduction in VMS temperature depresses the excitatory
effects on breathing of irritant receptor stimulation and en
hances the apnea produced by stimulation of receptors in
the lung (which are supplied by unmyelinated fibers of the
vagus nerve) (13, 41,45). However, responses to stretch re
ceptor stimulation are not affected by VMS manipulations
(13). It is not certain whether any of these effects arise di
rectly from the central chemoreceptor or from some inter
connected structure.

CENTRAL CHEMORECEPTORS IN THE RESPONSE TO
INCREASED METABOLIC RATE
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FIG. 29.5 Average responses to CO2 before (e) and after (0) ap
plication of diethylpyrocarbonate to the rostral ventrolateral me
dulla in 6 cats. (48)

because they have required extensive surgical interventions
and/or because of the complex actions of CO2 centrally.
Brain PC02 increases cerebral blood flow and can excite
vasomotor as well as respiratory neurons (33, 61 , 63). Hyper
capnia may cause the release of both excitatory and inhib
itory neuroactive substances in supramedullary regions
which can indirectly alter respiratory responses to hyper
capnia. For example, decerebration enhances the hypo
glossal motor response to CO2 while decortication inhibits
it (46).

A number of studies suggest that VMS interventions
which affect CO2 response can alter responses to peripheral
chemoreceptor stimulation (13, 39). Selected neurons in
the ventral medulla in vivo can respond to both CO2 and to
peripheral chemoreceptor stimulation. While most of the
central projections of the carotid body synapse in the nu
cleus tractus solitarius, some pathways bypass this nucleus
and proceed more directly to central medullary neurons
(24). Cooling or procaine application to the VMS or super
ficial coagulation of that area has been reported to reduce
respiratory responses to hypoxia and to electrical stimula
tion of the central end of the carotid sinus nerve (42, 65).
Alkalosis confined to the brain decreases carotid body af
ferent discharge by augmenting inhibitory signals which
travel from the brain to the carotid body (24).

The effect of hypercapnia on central and peripheral
chemoreceptors may differ. It has been proposed thathy
percapnia by a central action enhances the discharge of ex
piratory neurons while carotid body stimulation has an
inspiratory augmenting effect (62). The relative excitatory
effects of CO2 on peripheral versus central chemoreceptors
seem to be greater on cranial nerves like the hypoglossal
than on the phrenic (7).

While peripheral chemoreceptors and especially central
chemoreceptors are responsible for preventing excessive
PaC02 changes when CO2 is inhaled, the receptors or other
mechanisms which account for maintenance of PaC02 when
metabolism is increased remain unknown (4, 27, 43, 55,
57-59). Stimulation of limb proprioceptors excites respira
tion during exercise (43). This is unlikely to precisely pre
serve PaC02 because of the inconsistent relationship
between limb motion and metabolic CO2 production. Other
ideas to explain PC02 maintenance with increased meta
bolic rate include an elevation in mixed venous PC02,
which stimulates possible venous CO2 receptors, and oscil
lations in PC02 occurring with inspiration and expiration,
which produce swings in peripheral and/or central chemo
receptor output that are proportional to metabolic rate (55,
57, 59).

While venous PC02 rises as metabolism is increased,
venous CO2 receptors have not been convincingly demon
strated, despite the many studies that have examined this
possibility (55). Oscillations in both PaC02 and pH at the
VMS have been observed with breathing, although the
medullary pH swings are minute. The arterial swings are
larger, augmenting with increased metabolic rate (27, 40,
57). Carotid body discharge is also greater as the PC02
swings enlarge even when mean levels are unchanged (24).
While such a metabolically related signal at the carotid
body could underlie a rather tight regulation of PaC02 , ex
periments have been reported in which there is little effect
on the regulation of PC02 with metabolism changes even in
the absence of the carotid bodies (4, 59).

Recent exercise studies also indicate that PaC02 may not
be as closely maintained during exercise as previously be
lieved, rising in some species and falling in others (4). This
has led to the proposal that when metabolism is raised, a
number of stimuli excite respiration, though probably not in
a very precise manner (4). These may include slight tem
perature changes and changes in the chemical composition
of the blood (not just changes in CO2 or H +). This rather
gross excitation is then finely tuned by the peripheral and
central chemoreceptors.

This idea is supported by the studies of Prabhakar et al.
(59), which showed much greater changes in PaC02 when
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metabolic rate was increased by the infusion of a mitochon
drial uncoupler in peripherally chemodenervated and
vagotomized cats if central CO2 responsivity was also elim
inated by coagulation of the VMS. Confirming previous
studies, Prabhakar et al. showed that VMS coagulation did
not prevent the respiratory stimulation caused by muscle re
ceptor stimulation. This shows that CO2 receptors are nec
essary to limit changes in PC02 but that signals from
exercising limbs can stimulate breathing even in the ab
sence of CO2 receptors.

In addition to the ability to limit CO2 changes, central
chemoreceptors have an additional stabilizing effect arising
from their relatively slow response to respiratory stimuli.
This is shown by observations of periodic breathing and cy
clic changes in PaC02 when the VMS is cooled in animals
with intact peripheral chemoreceptors (12, 37).

In summary, central chemoreceptors play an important
role in limiting PC02 changes during increases in meta
bolic rate or CO2 inhalation. They also have a major sta
bilizing effect on respiration. They seem to be designed to
produce a steady level of respiratory activity rather than to
initiate abrupt responses. Because of their intricate cou
pling to many other neurons in the body (e.g., vascular
neurons) they seem to allow stable and coordinated cardio
respiratory responses to stresses that threaten CO2 or H +

homeostasis.
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Studies on Chemosensory Mechanisms in Rat
Carotid Body Using Dissociated Cell Cultures

C.A. Nurse, A. Stea and C. Vollmer

The mammalian carotid body is an arterial chemosensory
organ located near the carotid bifurcation and is intimately
associated with the pulmonary and cardiovascular systems
(1, 4, 11). It is sensitive to natural changes in the chemical
composition of arterial blood. Low P02 (hypoxia), elevated
PC02 (hypercapnia), and low pH (acidity) excite the organ
and reflexly stimulate respiration. The biophysical and neu
ral mechanisms by which this single sensory organ re
sponds to such varied stimuli have remained elusive for
many years (4) and only recently did clues on possible
transduction mechanisms emerge (2, 7, 10). Progress in
this area was hampered by difficulties in (1) visualizing and
obtaining reliable recordings in situ from the small (10 flm)
parenchymal glomus or Type I cells, and (2) separating ef
fects due secondarily to circulatory changes. These diffi
culties prompted us 4-5 years ago to adopt an in vitro strat
egy using a previously developed system for culturing rat
Type I cells (5). This strategy also favored the application
of high-resolution patch-clamp/whole-cell recording tech
niques (6), which for these small cells were likely to be
more reliable than conventional intracellular recording.
Our studies have utilized cultures derived from neonatal,
juvenile, and adult rat carotid bodies to address various as
pects of Type I cell differentiation and function with a view
to understanding the mechanisms associated with their pu
tative chemosensory role (12, 13, 14, 15). More recently
we have begun studies using co-cultures of Type I cells and
sensory (petrosal) neurons (16) with the ultimate goal of
producing in vitro a functional chemosensory complex ca
pable of afferent signaling.

METHODS

Carotid bodies from I-day-old to adult rats (Wistar:
Charles River, Quebec) were dissected, cleaned, and dis
sociated into single cells and small-cell clusters by com
bined enzymatic and mechanical methods as previously
described (12). The dispersed cells were plated on a thin
layer of collagen and grown in nutrient medium at 37°C in
a humidified atmosphere of 95% air: 5% CO2 for varying
periods between 1 day and 12 weeks (12). For neuronal cul
tures, dissociated sensory neurons from petrosal ganglia, or
the complex of the petrosal and jugular ganglia were ob
tained by similar procedures and cultured in the presence or
absence of carotid body cells.

Identification and characterization of Type I cells in
these cultures were carried out using glyoxylic acid
induced amine fluorescence (5, 12) and immunoreactivity
against tyrosine hydroxylase (TH), neuron specific enolase,
NSE (13), and dopamine-B-hydroxylase (DBH). Rabbit anti
bodies (TH, DBH: Chemicon, CA) were applied to fixed,
permeabilized cell cultures at dilutions 1/500 to 1/1000 in
phosphate buffer and visualized by immunofluorescence
using fluorescein-conjugated goat anti-rabbit IgG (1/50 di
lution) as previously described (13). Carbonic anhydrase
(CAH) activity was detected using a modification of Hans
son's cobalt-precipitation technique (13).

Before recording the cultures were rinsed, bathed with a
physiological salt solution, and mounted on the stage of
an inverted phase contrast microscope. The bathing solu
tion was grounded via an agar bridge and Ag:AgCI elec
trode and contained typically (mM) the following: NaCI,
140; CaCI2 , 1; MgCI2 , 2; glucose, 10; and HEPES, 10,
at pH 7.2. Patch pipettes (5-10 MQ resistance) were fab
ricated from Corning 7052 glass, fire polished and used
to form gigaohm seals with Type I cells or sensory neu
rons. For conventional whole-cell recording (6), pipettes
were filled with a nominal intracellular fluid containing
(mM) the following: KCI, 140; CaCI2 , 1; EGTA, 11
(Cai ~ 10-8M); HEPES, 10, at pH 7.2. In experiments where
minimal disruption of the cell's cytoplasm was desirable
during whole-cell recording, the perforated-patch tech
nique (8) was used, and this required the addition of the
pore-forming antibiotic, nystatin, to the pipette. Whole
cell currents were recorded with a WPI S7050A or Dagan
8900 patch-clamp/whole-cell clamp amplifier equipped
with a 1 GQ headstage feedback resistor, digitized with
an AXOLAB 1100 computer interface (Axon Instruments,
CA), stored on disk in an AT compatible computer, and
analyzed using PCLAMP (5.0) software (Axon Instru
ments).

Cultures were fixed in 1% glutaraldehyde and 2%
paraformaldehyde, postfixed in 2% OS04 and stained en
bloc with uranyl acetate. Ultrathin sections were cut
through selected Type I cell clusters parallel to the plane of
the coverslip, stained with uranyl acetate and Reynold's
lead citrate, and examined in a Philips EM 300 electron mi
croscope (12). Diameters of the large dense-cored granules
in Type I cells were measured with the aid of a digitizing
tablet.
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FIG. 30.1 Appearance and properties of
cultured Type I cells. (A) Phase micro
graph of three isolated Type I cell clus
ters, (B) type I cell cluster (black arrow)
and two adjacent sensory (petrosal) neu
rons (white arrows), (C) TH-immuno
reactivity (fluorescein) of cluster and, (D)
isolated Type I cells, (E) DBH
immunoreactivity of cluster, and (F) se
lective CAH-activity in two clusters.
Culture age (days): A (33); B (16); C, D
(13); E (19); F (25).

C.A. Nurse et al.

RESULTS

In these cultures glomus or Type I cells survived for many
weeks and grew typically in clusters or islands surrounded
by various background cells (fig. 30.IA), which in co
culture included sensory neurons (arrows; fig. 30.18). As
expected for Type I cells, most or all of the cells in a cluster
were positive for catecholamine fluorescence (5, 12), and
immunoreactivity against TH (fig. 30.IC and 13). Single,
TH-positive Type I cells (and smaller groups of 2 cells),
also survived (fig. 30.ID), but these were more difficult to
identify reliably in living, unstained cultures. Many Type I
cell clusters were also immunoreactive against DBH, but as
in situ (3), the staining was variable with some brightly
stained cells in the cluster surrounding weakly or nega
tively stained ones (fig. 30.1£). Most important to the
mechanisms of COrchemotransduction, carbonic anhy
drase (CAH) was selectively localized in Type I cells (fig.
30. IF) and was predominantly intracellular (13).

Under whole-cell voltage clamp, cultured (rat) Type I
cells contained voltage-gated Na + , K + (and Ca + + ) cur
rents and had large input resistances of circa 2 GQ (15).
Generally the maximum (TTX-sensitive) inward Na + cur
rents were small «50 pA) though action potentials were
evoked in a few cells. Voltage-gated outward K + currents
were elicited with depolarizing steps from -60 mV (fig.
30.2A) and were activated at potentials above -30 mV
(fig. 30.28). More than 75% of this outward current was
abolished by to mM tetraethylammonium. On exposure to
hypoxia (P02 in the bathing solution reduced from 160 to

20 torr), the outward K + current decreased reversibly by
about 15% with both conventional whole cell (n = 20; figs.
30.2A, B) and the perforated-patch recording technique
(15). This 02-sensitive K + current was not detected in
closely related cells (e.g., cultured small, intensely floures
cent [SIF] cells from sympathetic ganglia) and persisted in
Type I cells over several weeks in culture (15).

Cultured petrosal neurons also contained voltage-gated
Na + and K + currents (fig. 30.3), though at least two pop
ulations were identified based on differential sensitivity of
the inward Na + currents to TTX (16).

Electron microscopic examination of sections through
clusters of cultured Type I cells revealed large cytoplasmic
dense-cored vesicles (DCV), membrane densities at con
tacts between adjacent Type I cells, and other synapse like
specializations, including coated vesicles (fig. 30.4A). A
typical distribution of DCV in one Type I cell of a cluster
cultured for 35 days is shown in figure 30.48. Occasional
profiles of Type I cells contained both large DCV and
smaller clear vesicles about 50 nm (fig. 30.4D), not unlike
those present in cholinergic terminals. Since acetylcholine
(ACh) is a putative neurotransmitter in the carotid body (4)
and similar profiles have been seen in other neural crest de
rivatives with dual adrenergic/cholinergic functions (9), we
speculate that in the rat at least some Type I cells, which we
have shown contain acetylcholinesterase (12), may release
both dopamine and ACh. Experiments using antibodies
against choline acetyltransferase (CAT) are now in progress
to test this idea further.
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FIG. 30.3 Whole-cell currents in cultured petrosal
neuron following a voltage step from - 60 mV to
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and outward (triangles) currents versus membrane
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Exposure of several cultures to hypoxia (5% 02) for 2-6
hr resulted in the accumulation of numerous vesicle-like
structures in Type I cells (fig. 30.4C). These profiles (in
cluding coated-vesicles) suggest increased membrane recy
cling and likely reflects stimulation of transmitter release
by hypoxia (11).

DISCUSSION

We have developed a successful in vitro system that permits
the investigation of chemosensory mechanisms in the rat
carotid body using combined electrophysiological, morph
ological, and biochemical techniques. The parenchymal
glomus or Type I cells survive in long-term culture and re
tain several adrenergic properties, including TH and a vari
able DBH-immunoreactivity and large cytoplasmic DeV.
Relevant to the question of 02-chemotransduction we have
found that hypoxia causes a 15-20% decrease in outward

K + current in cultured Type I cells of the rat carotid body,
supporting recent reports on freshly isolated rabbit Type I
cells (7, 10). This effect persisted over several weeks in cul
ture and was not detected in a closely related cell type,
namely, SIF cells from sympathetic ganglia (15). Moreover,
similar results were obtained with both conventional whole
cell recording (6) and the more recent perforated-patch
technique (8), which minimizes disruption of the cell's cyto
plasm. The closing of a special class of K + channels by hy
poxia could result in prolonged depolarization followed by
calcium entry through voltage-gated channels and release
of an excitatory neurotransmitter from Type I cells onto the
chemosensory afferent terminals (10). However, since this
current appears to be activated at potentials above - 20
mV, a preceding depolarization is necessary for this mech
anism to be operative, assuming a resting potential of about
-50 mY. Lopez-Lopez et al. (10) suggest that the K + cur
rent modulated by P02 regulates firing frequency and
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FIG. 30.4 Electron micrographs of cultured Type I cells. (A) Junction between two adjacent Type I cells; note dense-cored vesicles (DCV).
membrane densities (*), and coated vesicles (arrows). (B) Distribution of DeV in one Type I cell cultured for 35 days; mean diameter ±
S.D. = 95.1 ± 20.5 nm. n = 107. (C) Type I cells following exposure to hypoxia (5% O2 for 2 hr); note numerous vesicle-like structures
(arrowhead) and coated vesicles (arrows). (D) Profile of Type I cell containing both DCV and small clear vesicles (lower right).

therefore transmitter release from rabbit Type I cells. We
question the generality of this mechanism since in rat Type
I cells the inward current was usually small and spiking
may well be infrequent in these cells. An alternative mech
anism proposed is that the rise in intracellular calcium pre
ceding transmitter release during hypoxia occurs via
calcium release from intracellular stores (2). It is of interest
to determine which of these potential mechanisms is the
primary event during 0rchemotransduction.

Though we have not yet demonstrated a physiological
role in the intact Type I cell for the HC03 - -permeable
anion channels we first described in inside-out patches
(14), our data also point to a central role of Type I cells in
CO2-chemotransduction. The demonstration that carbonic

anhydrase activity is mainly intracellular and selectively
localized to Type I cells (13) favors the hypothesis that
intracellular acidification may precede a rise in Ca; and
transmitter release following a CO2 stimulus.

ACKNOWLEDGMENTS

This work was supported by grants from the Heart and
Stroke Foundation of Ontario and the NIH # 1 ROI HL
43412.

REFERENCES

I. Biscoe, T.J. Carotid body: Structure and function. Physiol.
Rev. 51:437-491.1971.



Dissociated Cell Cultures of Rat Carotid Body 151

2. Biscoe, T.1., and M.R. Duchen. Electrophysiological re
sponses of dissociated Type I cells of the rabbit carotid body to
cyanide. J. Physiol. 413:447-468, 1989.

3. Chen, I.-L., 1.T. Hansen, and R.D. Yates. Dopamine-fJ
hydroxylase-like immunoreactivity in the cat and rat carotid body:
A light and electron microscopic study. J. Neurocytol. 14: 131-144,
1985.

4. Eyzaguirre, C., and ~ Zapata. Perspectives in carotid
body research. J. Appl. Physiol. 57:931-957,1984.

5. Fishman, M.C., and A.E. Schaffner. Carotid body cell
culture and selective growth of glomus cells. Am. J. Physiol.
246:CI06-CI13, 1984.

6. Hamill, O.~, A. Marty, E. Neher, B. Sackmann, and E.1.
Sigworth. Improved patch-clamp techniques for high-resolution
current recordings from cells and cell-free membrane patches.
Pfliigers Arch. 391 :85-100, 1981.

7. Hescheler, 1., M.A. Delpiano, H. Acker, and F. Pie
truschka. Ionic currents in Type I cells of the rabbit carotid body
measured by voltage-clamp experiments and the effects of hy
poxia. Brain Res. 486:79-88, 1989.

8. Horn, R., and A. Marty. Muscarinic activation of ionic
currents measured by a new whole-cell recording method. J. Gen.
Physiol. 92: 145-159, 1988.

9. Landis, S.C. Rat sympathetic neurons and cardiac myo
cytes developing in microcultures: Correlation of the fine struc
ture of endings with neurotransmitter function in single neurons.
Proc. Natl. Acad. Sci. USA 73:4220-4224, 1976.

10. L6pez-L6pez, 1., C. Gonzalez, 1. Urena, and 1. L6pez
Barneo. Low P02 selectively inhibits K channel activity in
chemoreceptor cells of the mammalian carotid body. J. Gen.
Physiol. 93:1001-1015, 1989.

11. McDonald, D.M. Peripheral chemoreceptors. In Regula
tion ofBreathing. Part 1, ed. T. F. Hornbein, 105-319. New York:
Marcel Dekker, Inc., 1981.

12. Nurse, C.A. Localization of acetylcholinesterase in disso
ciated cell cultures of the carotid body of the rat. Cell Tiss. Res.
250:21-27, 1987.

13. Nurse, C.A. Carbonic anhydrase and neuronal enzymes in
cultured glomus cells of the carotid body of the rat. Cell Tiss. Res.
261:65-71, 1990.

14. Stea, A., and C.A. Nurse. Chloride channels in cultured
glomus cells of the rat carotid body. Am. J. Physiol. 257:CI74
C181, 1989.

15. Stea, A., and C.A Nurse. Chemotransduction mechanisms
determined by two methods of whole-cell recording. Biophys. J.
Abstr. 57:312a, 1990.

16. Stea, A., and C.A. Nurse. Physiological studies on cul
tured rat sensory neurons from the petrosal and jugular ganglia.
Soc. Neurosci. Abstr. 16:868, 1990.



31
Cellular Mechanisms of Central Chemosensitivity

Judith A. Neubauer

The majority of central nervous system neurons respond to
extracellular acidosis with membrane hyperpolarization
and a reduction in excitability (14, 19, 21). Classical res
piratory physiology has shown, however, that there exists a
unique subset of neurons which are excited by hypercapnia
and which participate in exciting the central respiratory
neurons. These chemosensitive cells are located bilaterally
in superficial regions of the ventrolateral medulla. Rela
tively little is understood regarding the mechanisms in
volved in the CO2 transduction process. In vivo studies
indicate that CO2 is a much better stimulus of chemosen
sitive cells than fixed acid (9, 30, 33) suggesting that signal
transduction occurs at an intracellular site; that carbonic an
hydrase is important in determining the dynamics of the re
sponse to CO2 (13, 20); and that acid chemosensitivity
involves some aspect of cholinergic synaptic transmission
which may include an acid sensitivity of the muscarinic re
ceptor (3, 8, 25). The exact nature of chemosensitivity,
however, has not been elucidated.

Putative chemosensory areas have no anatomical fea
tures which might be indicative of chemosensitivity, with
the possible exception of a thicker marginal glial layer and
marked vascularity (6, 34). Furthermore, electrophysiolog
ical recordings from neurons in these areas show that only
25% are chemosensitive and these are dispersed among
other nonchemosensitive neurons (27). This lack of ana
tomical and functional separation has made it difficult to
determine the exact nature of chemosensitivity in vivo.
Thus, the major objective of our work has been to develop
in vitro preparations of the chemosensitive regions of the
medulla that retain the function of chemosensitivity and to
use these to evaluate the unique cellular characteristics
which provide these neurons with a CO2 excitability. This
work has established that spontaneously active neurons in
both organotypic and dissociated cell cultures retain the
function of chemosensitivity (5, 26), that these cells only
respond to changes in pH induced with CO2 , that CO2

chemosensitive neurons are present in regions other than
the ventral medulla, and that a small population of neurons
in dissociated cultures from chemosensitive regions of the
medulla can be immunocytochemically stained for carbonic
anhydrase II (31).

CHEMOSENSITIVITY OF NEURONS IN VITRO

Organotypic cultures were prepared from medullary ex
plants of neonatal rats using the flying coverslip-roller tube
method (1). After 2-3 weeks extracellular recordings were

made on spontaneously active neurons and their response to
CO2 or HC03 - induced changes in extracellular pH were
determined. Ventral medullary neurons exhibited a regular
baseline firing frequency of 4 ± 0.8 Hz. In contrast, dorsal
medullary neurons showed two different patterns of spon
taneous activity; half fired regularly (7.2 ± 1.4 Hz) while
half fired with a bursting pattern (burst duration 0.8 ± 0.14
min, cycle time 1.74 ± 0.43 min). Decreasing pH with
CO2 caused an increase in the activity of 30% of ventral
medullary neurons (fig. 31.1A) and dorsal medullary neu
rons (fig. 31.1B) with a mean response of 7.5 Hz/ -pH
unit. In contrast, varying pH by changing HC03 - had no
effect on the firing frequency of neurons in either dorsal or
ventral medullary cultures (fig. 31.1C). Thus, we found
that neurons in organotypic cultures retain the function of
chemosensitivity, that chemosensitive neurons are present
in both ventral and dorsal medulla, and that these cells only
respond to changes in pH induced with CO2 .

Dissociated cell cultures were prepared by gentle enzy
matic and mechanical treatment of tissue dissected from the
medulla and hypothalamus of neonatal rats. Extracellular
recordings using the loose-cell patch-recording technique
(12) revealed neurons with demonstrable spontaneous ac
tivity beginning with one day in vitro with a mean firing
frequency of 2 Hz (range from < 1 to 4 Hz). The percentage
of neurons displaying spontaneous activity increased with
time in culture from 15% at one week in vitro to 60% by 6
weeks. Since ion channels are present 2-3 days in vitro
(16), the increase in activity with time in culture is likely
due to neurite outgrowth and synaptic network formation
resulting in excitation of quiescent cells. Preliminary stud
ies on medullary neurons 1-4 weeks in vitro showed that
dissociated neurons retain the sensory property of chemo
sensitivity. Similar to explant cultures, approximately 25%
of the spontaneously active medullary neurons increased
their firing rate when pH was decreased by varying PC02

(fig. 31.2) while 50% of the medullary neurons decreased
their firing rate when pH was decreased. The function of
CO2 excitability was also found among neurons cultured
from the hypothalamus (fig. 31.3), with 25% of hypotha
lamic neurons exhibiting CO2 chemosensitivity. Thus, CO2

chemosensitivity of neurons is functionally retained in iso
lated neurons in culture.

CO2 chemosensitivity of medullary neurons in vitro has
also been shown in tissue-slice preparations of the medulla
(7, 10). In addition, this chemosensitivity appears to be an
intrinsic property of neurons since CO2 continues to excite
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neurons even after synaptic blockade (7). Furthermore,
neuronal chemosensitivity in tissue slices is also not re
stricted to the ventral medulla, with an equal number of
dorsal medullary neurons exhibiting chemosensitivity as
well. Thus, it appears as though intrinsic neuronal CO2 ex
citability may well be a distributed function within the me
dulla as well as other brain regions. However, whether all or
just a subpopulation of these CO2-sensitive neurons are part
of the respiratory neuronal circuitry remains to be deter
mined. Certainly, the bulk of in vivo studies employing
conventional approaches utilizing techniques of cooling,

coagulation, and neurotoxic chemicals have convincingly
demonstrated a ventrolateral medullary site for chemo
sensitivity (4, 24, 29). Thus, the physiological importance
of nonventral medullary chemosensitive neurons is yet to
be determined.

IMMUNOCYTOCHEMICAL LOCALIZATION OF
CARBONIC ANHYDRASE

While carbonic anhydrase (CA-II isozyme form) is present
in high concentrations in oligodendrocytes, it has generally
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FIG. 31.2 Response of a spontaneously
active ventral medullary neuron in dis
sociated cell culture. This neuron was
excited by hypercapnic acidosis. The
solid line depicts the changes in firing
frequency (spikes/sec), and the dashed
line indicates when the superfusate pH
was changed between 7.0 and 7.4. Note
that the firing frequency was greatest
when the superfusate pH was more
acidic.
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FIG. 31.3 Response of a spontaneously
active hypothalamic neuron in dissociated
cell culture which was excited by hyper
capnic acidosis. The solid line depicts the
changes in firing frequency (spikes/sec)
and the dashed line indicates when the
superfusate pH was changed from 7.2 to
7.6. Note that the firing frequency was
greatest when the superfusate pH was
more acidic.
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been thought to be absent in neurons. Several recent re
ports, however, suggest its presence in neurons in retinal
amacrine cells (18), in chicken optic tectum (17), in periph
eral sensory ganglia, and in the central nervous system
(CNS) (15, 28, 35). To test whether sensory neurons in
volved with central chemosensitivity contain carbonic an
hydrase (CA), we used immunocytochemistry to identify
CA-II in neurons in dissociated cultures of the ventral me
dulla chemosensitive regions. To assess whether this was
specific to the ventral medulla, cultures of dorsal medulla,
pre-motor cortex, and hypothalamus were also prepared.
After 5-7 days, cultures were fixed and permeabilized and
incubated with a primary antiserum directed against CA-II.

Specific binding of CA-II was visualized using the avidin
biotin peroxidase technique with a diaminobenzidine
(DAB) reaction product.

We found that 25% of neurons cultured from the ventral
medulla were immunoreactive (a number consistent with
the number of neurons from this region suspected as
having chemosensitive function). Neuronal CA-II immuno
reactivity, however, was not restricted to the ventral me
dulla. CA-II-containing neurons were also found in the
dorsal medulla and the cortex, although the intensity of
staining in the latter was significantly weaker. In the hypo
thalamus 58% of the neurons were positive for CA-II,
which may be consistent with its multiple sensory functions
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including CO2 sensitivity (32). The presence of CA in sub
populations of neurons in CNS regions other than the ven
tral medulla suggests that this enzyme may be important in
maintaining pH gradients in neurons distributed throughout
the CNS and again suggests that CO2 sensitivity may be a
distributed function. The specific functional response of
these neurons, however, is probably dependent upon the
neural connections of these chemosensitive cells.

Although we have found that about 25% of neurons in
ventral medullary cultures contain CA, whether these CA
containing neurons are the chemosensitive neurons is yet to
be determined. If one assumes that the proximal signal for
chemosensitivity is intracellular pH, then one can hypoth
esize that such changes could be dynamically controlled by
CA since this enzyme would greatly accelerate the pH
change and hence the signal transduction process. This hy
pothesis is tenable for several reasons: first, this function of
CA has already been demonstrated in the peripheral
chemoreceptor response to CO2 (2); second, CA inhibitors
have been shown to affect the respiratory response to CO2

(13, 20). For example, we have shown that inhibition of
CA with acetazolamide significantly increases the time
constant of the transfer function between the phrenic neu
rogram and ventral medullary extracellular fluid pH re
sponses to CO2 forcing (20). Hanson et al. (13) found that
the respiratory response to vertebral artery injections of
CO2-saturated saline was affected by acetazolamide (but
not by benzolamide), suggesting that the location of the CA
modulation is beyond the blood-brain barrier. Furthermore,
application of these inhibitors directly to the ventral me
dulla localized the physiologically important compartment
to the intracellular medium (13). Finally, since electro
physiological studies both in vivo (27) and in vitro (5, 26)
have demonstrated that about 25% of the neurons in the
ventrolateral medullary regions are chemosensitive, this
observation is quantitatively consistent with a chemo
sensitive function for the CA-II immunoreactive neurons.

CHOLINERGIC MECHANISMS

There is substantial experimental support for the involve
ment of a cholinergic mechanism in acid chemosensitivity.
Several groups have shown that atropine depresses the res
piratory response to CO2 (3, 8, 25). In medullary slices,
neurons responsive to acid have been shown to also be
excited by acetylcholine (Ach) , while serotonin and nor
epinephrine had opposite effects (11). Atropine, hexameth
onium, and mecamylamine all depressed acid stimulation
of these neurons, while eserine, a cholinesterase inhibitor,
increased neuronal activity. This finding suggests that in
tact cholinergic transmission is necessary for acid excita
tion. The exact mechanism for this cholinergic response to
acid is unclear and may involve the usual factors which
control neuronal response of Ach, including increased re
lease of Ach, decreased activity of acetylcholinesterase

(AchE), or an increased postsynaptic sensitivity to Ach.
In addition, recent work (23, 25) suggests that the cholin
ergic involvement is muscarinic and, further, that it may be
specific for the M1 receptor. The muscarinic receptor has
an intracellular domain that is rich in histidine residues.
These residues contain a large number of imidazole groups
sensitive to pH changes in the physiological range. Changes
in pH can induce alterations in the structure and function of
the histidine-containing protein. Based on this pH effect,
Nattie (25) has suggested that intracellular acidosis may
substantially affect the conformation of the muscarinic re
ceptor in a manner which may increase its sensitivity to
Ach. Consistent with this proposal is the observation that
diethyl pyrocarbonate (DEPC), an imidazole binding sub
stance, when applied to the ventral medullary surface, in
hibits the respiratory response to CO2 (22). In addition, the
M1 receptor blocker pirenzepine prevents the inhibition of
the respiratory response to CO2 by DEPC (23). Although
cholinergic transmission appears to be integrally involved
in chemosensitivity, it still remains to be resolved whether
chemosensitivity is an intrinsic response of cholinergic neu
rons, or whether it is a phenomenon of cholinergic synaptic
transmission due to an acid sensitivity of the muscarinic re
ceptor or some other aspect of the cholinergic synapse.
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William E. Cameron

This introduction provides an overview of some issues re
garding the development of the neural control of respiration
in mammals. This chapter will divide the discussion of the
development of respiratory control into three parts: (1) the
maturation of sensory inputs that influence respiration, (2)
the evolution of the central circuits that generate the breath
and (3) the alterations of the efferent outputs that transmit
this rhythm to the respiratory muscles. More specifically,
the changes occurring in the sensory transduction of some
respiratory afferents, the synaptic efficacy of their central
projections, and the changes in the properties of central
neurons or circuits that determine the timing and intensity
of the descending respiratory drive will be discussed. Fi
nally, recent data will be reviewed concerning the alter
ations in the properties of the respiratory motoneurons that
occur during postnatal development.

A variety of animal models has been used to study the
development of respiratory control. The maturational stage
of the nervous system at birth varies dramatically depend
ing on the species selected for study. Figure 32.1 presents a
time line that approximates the relative maturity of differ
ent mammals at birth. According to this scheme, the least
mature at birth is the opossum and the most mature is the
primate. If the frame of reference is the human infant, then
the opossum is the animal of choice for studying the pro
cesses occurring early in gestation, while the neonatal rat
is better suited for studies of the latter stages of human ges
tation. In contrast, the central nervous systems of the pig
let, the rabbit pup, and the kitten are more mature at birth
than that of the rat and therefore, provide better models for
studying postnatal development.

SENSORY COMPONENT

In general, the development of respiratory afferents can be
characterized by an increase in the diameter and myelin
ation of the sensory axon, a change in the sensitivity of
the peripheral receptors, and a resetting of the gain in some
sensory reflexes. The time course of myelination of the va
gus nerve has been described in the opossum (25), the
rabbit (13), and the cat (29). Based on the number of my
elinated fibers in the vagus nerve, it takes the opossum until
postnatal day 50 (P50) to achieve the same proportions of
myelinated fibers as are found in the rabbit and the cat at
birth (22). This difference between species at birth has
been designated in figure 32.1 by a broken vertical line

aligning birth in the caUrabbit with P50 in the opossum.
The role that vagal feedback can play in the newborn opos
sum with such slowly conducting afferents is discussed in
detail in the paper by 1. Farber (this volume). The state of
myelination of the vagus nerve does not reduce, a priori,
the efficacy of vagal reflexes in some newborn mammals.
Even though there are fewer than one-fifth of the adult
number of myelinated fibers in the kitten at birth, the gain
of the Breuer-Hering inflation reflex in kittens is much
more pronounced than in adults (30).

The functional role of myelination has also been exam
ined in the superior laryngeal (31), the phrenic, and the in
tercostal nerves (29) of postnatal kittens. Stimulation of the
superior laryngeal nerve in 5-day-old kitten produced apnea
during a period when fewer than half the adult number of
myelinated fibers were present. Such stimulation failed,
however, to produce a swallowing reflex until later in de
velopment (28-30 days). The process of myelination found
in the vagus, phrenic, and intercostal nerves of the cat dem
onstrate a cephalo-caudal progression to the maturation of
the respiratory peripheral nerves.

Slowly adapting pulmonary stretch receptors (SARs) of
the trachea and lower airways are believed to mediate the
Breuer-Hering inflation reflex (20). These receptors have
been shown to increase their firing rate and/or sensitivity
with postnatal age in the opossum (19), the cat (36), and
the dog (21). In dogs (23), similar changes in receptor sen
sitivity have been noted for positive and negative pressure
afferents in the upper airways that travel in the superior la
ryngeal nerve (SLN). Alterations in the sensitivity of SARs
are also indicated by the number of afferents active at func
tional residual capacity (FRC). There are few SARs active
at FRC in the newborn rabbit (36), cat (30, 36), and dog,
while over 60% of SARs are active in the adult dog (21).
One strategy available to the newborn to increase SAR ac
tivity is to maintain an elevated FRC and/or increase the
tone of airway smooth muscle which surrounds the recep
tors (16, 18). The number of spontaneously active rapidly
adapting receptors (RARs; irritant receptors) was found to
be less in the newborn than in the adult for dogs (21) and
for opossums (19). The change in RAR sensitivity with age
may account for the increase in reflex response to inhaled
dust noted during the first week of postnatal life in the rab
bit pup (42).

Changes in receptor sensitivity are not always associated
with increases in reflex responses and vice versa, changes
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FIG. 32. 1 Time line comparing the relative maturity of the vari
ous mammals used in studies of neural control of respiration.
Birth in the kitten has been aligned with postnatal day 50 (P50) in
the opossum, based on Krous et al. (25) and PIO in the rat with the
third trimester in the primate, based on Miller and Kalia (32).

in reflex responses are not always paralleled by changes in
receptor sensitivity. On the one hand, there is a decrease in
the strength of the Breuer-Hering reflex with postnatal age
in rats (38), cats (15), and humans (3) during a period when
SARs are increasing their sensitivity (see above). On the
other hand, the subclass of laryngeal receptors that respond
to water and ionic solutions, which exhibit similar receptor
behavior in both adult and newborn (1), mediate a mark
edly larger reflex in newborns than in adults for a variety of
animals including the cat (28), the dog (5), and the pig (14,
27). The strength of a respiratory afferent input can be
quantified by measuring the amplitude and time course of
the postsynaptic potentials produced by its central termina
tions. Intracellular recording in the ventral respiratory
group of piglets (Lawson et al., this volume) has been used
to study the postsynaptic potentials evoked by stimulation
of the SLN.

For the peripheral chemoreceptor reflex, the increase in
receptor sensitivity is paralleled by an increased efficacy of
the reflex. In response to moderate hypoxia, the human ne
onate exhibits a biphasic response in which minute venti
lation is initially elevated, followed by return of ventilation
to base-line levels or lower (34, 35). The neonate's inability
to sustain ventilation in response to moderate hypoxia is
believed to be a function of immaturity of the carotid
chemoreceptors (33) and/or their central synaptic terminals.
The mechanisms of the change in both peripheral trans
duction and central synaptic efficacy of peripheral chemo
receptors are discussed by Lagercrantz et al. (this volume).
Like SAR and RAR afferents, peripheral carotid chemo
receptors have also been demonstrated in sheep to have a
lower sensitivity to P02 early in development than at more
mature stages (2, 24).

It is interesting that in at least one instance the decrease
in gain of one reflex is matched by an increase in the gain
of another subserving a similar function. It has been noted
in kittens (36) and human infants (4) that there is an in
crease in the response to an added respiratory load (medi-
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ated via intercostal muscle spindle receptors) at a time
when the strength of the Breuer-Hering inflation reflex is
decreasing. The increase in response to added load is be
lieved to be due to the maturation of the gamma innerva
tion of the intercostal muscle spindles (36).

CENTRAL COMPONENT

The central processing of input from respiratory afferents
may depend upon the state of the central neurons involved
in the generation of respiration. The dependence of the re
sponses to central hypoxia on the level of central respira
tory drive in piglets is discussed by England (this volume).
Unlike the response to acute hypoxia, the response to
chronic hypoxia is not solely manifest as an alteration in
neural output to the respiratory muscles but can be ex
pressed as a change in the overall metabolism of the ani
mal. The long-term adaptation to hypoxia in newborn rats
is described by Mortola et al. (this volume).

In early development, respiratory bulbospinal neurons
show much less activity than that found in the adult. In
suckling opossums, the inspiratory bulbospinal neurons fire
approximately two spikes per breath (17) and most expi
ratory bulbospinal neurons become active only under
conditions of positive pressure breathing (18). For both
populations the firing frequency of these medullary neu
rons increased with age. A similar increase in discharge fre
quency has been noted for the medullary neurons in the
dorsal respiratory group of anesthetized or decerebrate kit
tens (37). With so few spikes, it is difficult to imagine that
sensory feedback would playa role in shaping motor output
at this age (see Farber, this volume).

The impact that sensory feedback has on shaping the de
scending drive to respiratory motor pools is also evident in
work on fetal lambs (12). These authors concluded that the
rhythm module of the central pattern generator matured at
an earlier stage than the form module in fetal lambs, as ev
idenced by the shape of the phrenic neurogram. The dec
rementing pattern of the diaphragmatic EMG found at mid
gestation in the lamb is converted to an augmenting adult
pattern by late gestation. It is interesting to note the simi
larity in the pattern of the mid-gestation lamb with that
found in the phrenic nerve of the in vitro neonatal rat
brainstem-spinal cord preparation (39, 41). It was beauti
fully demonstrated by Smith et al. (this volume) that an
augmenting pattern in the phrenic nerve (C4 rootlet) of the
in vivo neonatal rat was converted to a decrementing pat
tern when both vagi were sectioned. This observation un
derscores the importance of vagal feedback in shaping
the motor output of the newborn rat.

A three-phase organization (inspiratory, postinspira
tory, and expiratory neurons) of medullary neurons is found
in the newborn piglet, similar to that found in the adult
cat (26). Although postinspiratory activity in the phrenic
nerve is rarely observed in the anesthetized piglet, it is a
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FIG. 32.2 Distribution of phrenic moto
neurons at 2 weeks and I month based
on their spontaneous discharge recorded
intracellularly in kittens with end-tidal
CO2 of approximately 5%. Early cells
were active in the first third of the in
spiratory cycle, while late cells were ac
tivated in the latter two-thirds of the
cycle (II).
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consistent phenomenon in the chloralose-urethane anesthe
tized kitten (11). In the kitten, it is the early recruited
phrenic motoneurons that exhibit the additional burst of ac
tivity during the postinspiratory period. Postinspiratory ac
tivity in the diaphragm and expiratory laryngeal braking
contributes to the maintenance of an elevated end
expiratory lung volume in conscious dog pups (16). There
fore, besides playing a critical function in the termination
of inspiration, postinspiratory neurons provide a mecha
nism for altering the time constant of expiratory mechanics
in the newborn.

The discharge characteristics of medullary neurons that
shape the descending central respiratory drive to phrenic
motoneurons have been shown to change during postnatal
development (7,40). One recent study using power spectral
analysis in the anesthetized or decerebrate kitten (37)
showed that the phrenic neurogram in young kittens (24-35
days) had the largest amplitude in a medium frequency
range (20-50 Hz) while in older animals (39 days and
older) the largest spectral peak occurred in the high
frequency range (50-100 Hz). These authors concluded
that there is an age-related transition to high-frequency os
cillations (HFOs) that represents alterations in the brain
stem central pattern generator.

MOTOR COMPONENT

In general, there is a spatial sequence in the maturation of
respiratory motoneurons along the neuraxis. In kittens, it
has been demonstrated that the cell bodies of genioglossal
motoneurons of the hypoglossal nucleus reach their adult
size two months before the cell bodies of phrenic moto
neurons achieve their mature size (8). However, within the
brainstem, there is some controversy concerning whether
neurons in the nucleus ambiguus develop and/or establish
their adult organization before or after those motoneurons
in the hypoglossal nucleus in the human fetus (see 6). Dur
ing postnatal maturation in the kitten, there is a dissocia
tion between the growth of the cell body and the dendritic
tree of phrenic motoneurons (9). Between the second and
fourth weeks of postnatal life, the surface area of the
phrenic cell bodies increased by 30% (10) while the total
dendritic surface area was unchanged. During this period,
there was also a reduction in the complexity of dendritic ar-

borization of phrenic motoneurons from an average of 60 to
46 dendritic terminals per cell. A similar reduction of the
dendritic fields has been reported for neurons of the nu
cleus ambiguus of the postnatal rat (32). This dendritic
simplification of respiratory motor and premotor neurons in
postnatal development may indicate a reorganization of the
synaptic inputs that shape the behavior in these neuron pop
ulations.

In addition, there are several interesting physiological
changes that occur during postnatal development (fig.
32.2). In the 2-week-old kitten, most phrenic t110toneurons
(94%) are activated during slightly hypercapnic breathing
(5% end-tidal CO2). By postnatal week 4-5, less than 57%
of these neurons are active during comparable inspiratory
efforts (11). Therefore, the newborn kitten is using most of
its phrenic motor units to generate a breath and must rely
predominantly on frequency modulation to achieve greater
transdiaphragmatic pressures while the older kitten has a
much larger reserve of quiescent units from which it may
recruit. The increase in the number of phrenic motoneurons
that remain inactive during inspiration is correlated to a de
creased input resistance and increased rheobase of these
cells between 2 and 5 weeks after birth. Without an in
crease in total membrane surface area in these neurons, the
change must be occurring at the level of specific membrane
resistance. The appearance of phrenic motoneurons with
the decreased input resistance (lower specific membrane re
sistance) coincides with the disappearance of polyneuronal
innervation of the kitten diaphragm (Sieck and Fournier,
personal communication). It is possible that events in the
muscle (i.e., the elimination of supernumerary synapses on
the muscle fibers) may trigger events in the motoneurons
that, in turn, shape the discharge properties of these respi
ratory neurons.

This chapter provides a brief review of the changes that
occur during development in the sensory and motor limbs
of the respiratory reflexes. In general, maturation of respi
ratory reflexes can be characterized by several processes:
first, the quickening of conduction due to myelination of
peripheral axons; second, the alteration of the central reflex
gain due to synaptic remodeling; third, a change in the na
ture of the central pattern generator; and finally, a conver
sion of the respiratory motor nuclei and muscles from one
where most units were activated for each breath in the
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newborn to one where the majority of units were not re
cruited during normal inspiration by the first postnatal
month.
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33
Central Effect of Hypoxia in the Neonate

Sandra J. England

In both adult (9, 29) and newborn (4, 6, 14) animals, the
ventilatory response to hypoxia is characterized by a bipha
sic pattern. Ventilation initially increases due to stimula
tion of peripheral chemoreceptors but this hyperventilation
is not sustained. The secondary decline in ventilation is
most prominent in newborn animals in which ventilation
can fall below normoxic levels within minutes after the ini
tiation of the hypoxic exposure. Several mechanisms for the
secondary ventilatory depression have been proposed and
investigated (14, 19).

PERIPHERAL MECHANISMS OF HYPOXIC
DEPRESSION OF VENTILATION

Adaptation of the afferent output of peripheral chemorecep
tors during hypoxia has been demonstrated in some (4, 24)
but not all investigations (1, 2, 28). Hypoxia-induced al
terations in respiratory system mechanics (increased resis
tance, decreased compliance) which limit the transduction
of respiratory drive to effective ventilation do occur but are
of insufficient magnitude to explain the reduction in venti
lation (18). Furthermore, it is clear that central respiratory
drive is decreased since both phrenic nerve and diaphrag
matic activities are reduced during the secondary decline in
ventilation (2, 19). Metabolic rate has been shown to de
cline during hypoxia in unanesthetized animals (13, 23), a
response which undoubtedly contributes to the secondary
ventilatory decline. However, decreases in metabolism can
not be invoked as the sole mechanism since phrenic nerve
activity follows a biphasic pattern even when metabolism is
unchanged or increased during hypoxia (19). Thus mecha
nisms for central inhibition of respiration during hypoxia
have been invoked to account for the secondary decline in
ventilation during hypoxia in newborns.

CENTRAL MECHANISMS OF HYPOXIC DEPRESSION
OF VENTILATION

Three mechanisms for central hypoxic depression have been
previously elucidated based on the responses observed in
both anesthetized and unanesthetized adult animals (26).
Brain blood flow increases in response to hypoxia result
ing in a washout of CO2 from the brainstem. In addition,
a decrease in arterial PC02 is induced by the initial hy
perventilation in response to peripheral chemoreceptor

stimulation by hypoxia. Both of these factors will lead to
reduced excitation of central chemoreceptors, which could
result in a decreased respiratory drive. In adult animals, the
reduction in ventilation due to increased brain blood flow
has been shown to be a transitory phenomenon insuffi
cient to account for the reduced ventilation observed during
hypoxi.a under the majority of conditions (25, 26). In addi
tion, the secondary depression is present even when isocap
nia is maintained during hypoxia (9). Recent investigations
in newborn animals have shown that there is an increase in
brainstem blood flow during acute hypoxia (7, 11) leading
to decreased extracellular fluid PC02 and [H +] which will
negatively modulate the increase in respiratory drive dur
ing hypoxia. However, Brown and Lawson (3) have dem
onstrated that a secondary decline in phrenic nerve activity
occurs during hypoxia in newborn animals under conditions
in which brainstem extracellular pH is acidotic and arterial
PC02 is maintained at eucapnic levels. Thus decreased
central chemoreceptor activity during hypoxia is not the
sole mechanism for central respiratory depression during
hypoxia.

The second central mechanism for hypoxic depression
that has been shown is a graded inhibition of brainstem res
piratory neurons (26). In peripherally chemodenervated
adult animals exposed to progressive central hypoxia in
duced with carbon monoxide (CO), this graded inhibition is
characterized by the presence of normal extracellular potas
sium levels (22) and an intact phrenic nerve response to ex
citatory stimuli such as elevated arterial CO2 (20) and
electrical stimulation of the carotid sinus nerve (26). Cen
tral respiratory inhibition under these conditions is presum
ably mediated by release of inhibitory neurotransmitters
such as GABA induced by brainstem acidosis during hy
poxia (17, 21, 26). Adenosine and endorphins have also
been implicated as inhibitory neuromodulators (6, 12, 19).

The final mechanism for central hypoxic depression is
failure of cellular integrity in the brainstem respiratory
neurons due to hypoxic cellular damage. Such failure oc
curs during severe hypoxia and, in contrast to the graded
inhibition discussed above, is accompanied by gasping,
increases in extracellular potassium levels, and lack of re
sponse to respiratory stimuli (26). The latter two mecha
nisms discussed have not been comprehensively evaluated
in the newborn animal and were the focus of the study pre
sented here.
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HYPOXIC CENTRAL RESPIRATORY DEPRESSION IN
THE NEONATAL PIGLET

The model used to investigate central depression during hy
poxia in neonatal piglets was based on that previously used
in adult cats (20). Eleven piglets (6 ± 3 [SO] days old, 2.4
± 0.5 kg) were anesthetized with acepromazine (1 mg/kg
im) and ketamine (10 mg/kg im). Brachial venous and ar
terial catheters were inserted and a cervical tracheostomy
was performed. Anesthesia was maintained with alpha
chloralose (30-40 mg/kg iv). The vagi and carotid sinus
nerves were sectioned bilaterally to eliminate peripheral
chemoreceptor influences. The animals were paralyzed and
mechanically ventilated (40% 02) with central respiratory
output monitored from the central cut end of one C5 root of
the phrenic nerve. Phrenic nerve activity was quantitated
from the moving time average as the peak inspiratory am
plitude and as minute activity (peak X frequency of inspi
rations). A cannula was placed in the abdominal aorta and
attached to a reservoir containing blood obtained from an
other piglet for maintenance of arterial blood pressure.
Body temperature was maintained at 38 ± 1°C with a heat
ing blanket.

The animal was exposed to progressive hypercapnia by
rebreathing to determine the relationship between arterial
PC02 and the magnitude of phrenic nerve activity and to
obtain a maximum value of phrenic nerve activity for stan
dardization of activities subsequently observed during hy
poxia. Rebreathing was performed before each of two
hypoxic exposures induced by adding 0.5 to 1% CO to the
breathing mixture. The two exposures were performed at
different levels ("low" and "normal") of underlying res
piratory drive achieved by adjusting arterial PC02 (table
33.1). Between hypoxic exposures, reoxygenation was
achieved by ventilating the animal with 40% O2 until oxy
gen content returned to the prehypoxic level.

Table 33.1. Conditions Immediately Preceding Exposure
to Progressive Hypoxemia

Respiratory Drive 1

"Low" "Normal"

Phrenic Nerve Activity
Peak (% value at 9% CO2) 26 (8)2 57 (11)
Minute (% value at 9% CO2) 35 (12) 84 (17)

Frequency (min-I) 20 (3) 22 (5)
Arterial PC02 (mm Hg) 27 (2) 31 (3)
Arterial Oxygen Content 12.2 (0.9) 11.8 (0.8)

1 The only significant change made between "low" and "normal"
drive was to increase arterial CO2 slightly by adjusting the ventilator.

2 Each value is mean (± SO).

At normal or eupneic levels of respiratory drive, no ev
idence of progressive central respiratory depression was ob
served during the initial stages of hypoxemia (fig. 33.1).
Both the amplitude and frequency of phrenic nerve activity
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FIG. 33.1 Minute activity of the phrenic nerve (amplitude x fre
quency) as a function of arterial oxygenation during progressive
hypoxemia during "low" and "normal" drive conditions. The
circles represent the mean values for eleven piglets obtained in
paired experiments. Bars represent SEM and if not shown lie
within the symbols for the mean value.

were essentially unaltered until oxygen content was re
duced to approximately 40% of control. At that point,
expiratory time lengthened dramatically over several
breaths culminating in central apnea. At this point, addition
of CO2 to the breathing mixture did not restore phrenic
nerve activity.

When underlying respiratory drive was reduced by a
small decrease in arterial PC02, progressive hypoxemia
was accompanied by a progressive decline in the amplitude
of phrenic nerve activity (fig. 33.1). Apnea was observed
at a mean oxygen content of 75% of control. Addition of
CO2 to the breathing mixture during apnea resulted in an
immediate and brisk return of phasic phrenic nerve activity.
Saetta and Mortola (27) have demonstrated that the respi
ratory control system is also capable of responding to in
creased CO2 during the secondary decline in respiration in
the acutely hypoxic rat.

These data suggest that central hypoxic depression orig
inating from two potential mechanisms is present in the
newborn. At low to moderate levels of hypoxemia, a revers
ible inhibition of respiratory output can be observed if
underlying respiratory drive is low. The source of this in
hibition may be hyperpolarization of neurons in response to
increased levels of inhibitory neurotransmitters as proposed
in adult animals (26). Hyperpolarization of neurons in hip
pocampal slices has been demonstrated during hypoxia (10,
16) but only depolarization has been reported in hypoxic
hypoglossal tissue slices from adult animals (15). Hypo
glossal neurons from neonatal animals showed neither
hyperpolarization nor depolarization when exposed to hy
poxia (15). The response of medullary neurons of the res
piratory control center have not been studied to date.
Hyperpolarization and active inhibition are likely to be
present in individual neurons whenever hypoxemia occurs
but reduction of integrated and summated neuronal activi-
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ties such as the phrenic will be evident only when excita
tory inputs are insufficient to bring respiratory neurons
from their hyperpolarized membrane potential to threshold
during inspiration. Inspiratory premotor neuronal activity
during hypoxia represents a balance between excitatory and
inhibitory inputs with the predominant effect of central hy
poxemia being inhibitory. Thus at low levels of CO2 in the
anesthetized, peripherally chemodenervated animal a re
versible depression of respiratory center activity occurs.

A similar reduction in ventilation might be expected to
occur in the unanesthetized animal during acute hypoxia
when hyperventilation results in a decreased arterial PC02 ,

brain blood flow is increased further reducing brainstem
tissue PC02 and metabolism is reduced. All of the afore
mentioned factors will reduce excitatory inputs to respira
tory neurons and the inhibition induced by central hypoxia
may be unmasked. It is of interest that· in piglets the
magnitude and even the existence of a biphasic hypoxic
response have been controversial. Darnall et al. (6) demon
strated a substantial reduction in ventilation in anesthe
tized piglets during hypoxia while Davis et ale (8) showed
a sustained hyperventilation in unanesthetized piglets.
Davis et al. (8) measured ventilation in unanesthetized
animals using a face mask that would increase dead space
and thus PC02 , stimulate trigeminal afferents, and provide
a small resistive load to breathing. All of these factors
would be expected to enhance the excitation of respiratory
neurons.

The sudden decline of phrenic nerve activity to apnea
observed at low levels of oxygenation under "normal"
drive, which was not reversed by inhalation of CO2 , is
likely to result from neuronal insufficiency rather than from
the graded inhibition just discussed. This response occurs
near the same level of hypoxemia at which adult animals
begin gasping (26). Bureau et al. (5), in a study of unan
esthetized lambs subjected to progressive CO-induced hy
poxia, observed responses similar to those reported here.
Ventilation was maintained during hypoxemia until levels
of arterial oxygen saturation declined to 35 to 40%,
at which point ventilatory depression was observed in
all animals with two exhibiting ventilatory arrest. This
mechanism is unlikely to be apparent at the levels of hy
poxemia normally observed in spontaneously breathing
neonates.

SUMMARY

Central hypoxic depression arising from several mecha
nisms dependent on the level and duration of hypoxemia
has been observed in the newborn piglet. The degree to
which ventilation decreases during any given hypoxic ex
posure will depend on the balance between excitatory and
inhibitory influences at the level of the brainstem respira
tory controller.

ACKNOWLEDGMENTS

My thanks to Norman H. Edelman for agreeing to present
this work at the symposium in my absence. This work was
supported by National Heart, Lung and Blood Institute
Grant HL-16022.

REFERENCES

1. Biscoe, T.l, and M.l Purves. Carotid bo~dy chemorecep
tor activity in the newborn lamb. J. Physiol. (London) 190:443
454, 1967.

2. Blanco, C.E., M.A. Hanson, ~ Johnson, and H. Rigatto.
Breathing pattern of kittens during hypoxia. J. Appl. Physiol.
56: 12-17, 1984.

3. Brown, D.L., and E.E. Lawson. Brain stem extracellular
fluid pH and respiratory drive during hypoxia in newborn pigs. J.

Appl. Physiol. 64:1055-1059, 1988.
4. Bureau, M.A., A. Cote, ~W. Blanchard, S. Hobbs, ~

Foulon, and D. Daile. Exponential and diphasic ventilatory re
sponse to hypoxia in conscious lambs. J. Appl. Physiol. 61 :836
842, 1986.

5. Bureau, M.A., lL. Carroll, and E. Canet. Response of
newborn lambs to CO-induced hypoxia. J. Appl. Physiol.
64:1870-1877, 1988.

6. Darnall, R.A., and R.D. Bruce. Aminophylline reduces
hypoxic ventilatory depression: Possible role of adenosine. Pedi
atric Res. 19:706-710, 1985.

7. Darnall, R.A., G. Green, L. Pinto, and N. Hart. Effect of
acute hypoxia on respiration and brain stem blood flow in the pig
let. J. Appl. Physiol. 70:251-259, 1991.

8. Davis, G.M., M.A. Bureau, and C. Gaultier. The sus
tained ventilatory response to hypoxic challenge in the awake
newborn piglet with an intact upper airway. Resp. Physiol.
71:307-318, 1988.

9. Easton, ~A., L.l Slyderman, and N.R. Anthonisen. Ven
tilatory response to sustained hypoxia in normal adults. J. Appl.
Physiol. 61 :906-911, 1986.

10. Fujiwara, N., H. Higashi, K. Shimoji, and M. Yoshimura.
Effects of hypoxia on rat hippocampal neurones in vitro. J. Phys
iol. (London) 384:131-151, 1987.

11. Goplerud, 1M., L.C. Wagerle, and M. Delivoria
Papadopoulos. Regional cerebral blood flow response during and
after acute asphyxia in newborn piglets. J. Appl. Physiol.
66:2827-2832, 1989.

12. Grunstein, M.M., T.A. Hazinski, and M.A. Schlueter.
Respiratory control during hypoxia in newborn rabbits: Implied
action of endorphins. J. Appl. Physiol. 51:122-130, 1981.

13. Haddad, G.G., M.R. Gandhi, and R.B. Mellins. Matura
tion of ventilatory response to hypoxia in puppies during sleep. J.

Appl. Physiol. 52:309-314, 1982.
14. Haddad, G.G., and R.B. Mellins. Hypoxia and respiratory

control in early life. Ann. Rev. Physiol. 46:629-643, 1984.
15. Haddad, G.G., and D.E Donnelly. O2 deprivation induces

a major depolarization in brain stem neurons in the adult but not
in the neonatal rat. J. Physiol. (London) 429:411-428, 1990.

16. Hansen, A.l, I Hounsgaard, and H. Jahnsen. Anoxia in
creases potassium conductance in hippocampal nerve cells. Acta
Physiol. Scand. 115:301-310, 1982.



166 Sandra J. England

17. Hedner, J., T. Hedner, ~ Wessberg, and 1 Jonason. An
analysis of the mechanism by which gamma-aminobutyric acid
depresses ventilation in the rat. J. Appl. Physiol. 56:849-856,
1984.

18. Laframboise, W.A., R.D. Guthrie, T.A. Standaert, and
D.E. Woodrum. Pulmonary mechanics during the ventilatory re
sponse to hypoxemia in the newborn monkey. J. Appl. Physiol.
55:1008-1014, 1983.

19. Lawson, E.E., and W.A. Long. Central origin ofbiphasic
breathing pattern during hypoxia in newborns. J. Appl. Physiol.
55:483-488, 1983.

20. Melton, lE., IA. Neubauer, and N.H. Edelman. CO2 sen
sitivity of cat phrenic neurogram during hypoxic respiratory de
pression. J. Appl. Physiol. 65:736-743, 1988.

21. Melton, IE., IA. Neubauer, and N.H. Edelman. GABA
antagonism reverses hypoxic respiratory depression in the cat. J.

Appl. Physiol. 69: 1296-1301, 1990.
22. Melton, IE., L.O. Chae, lA. Neubauer, and N.H. Edel

man. Extracellular potassium homeostasis in the cat medulla dur
ing progressive brain hypoxia. J. Appl. Physiol. 70: 1477-1482,
1991.

23. Mortola, l~, and R. Rezzonico. Metabolic and ventila
tory rates in newborn kittens during acute hypoxia. Resp. Physiol.
73:55-68, 1988.

24. Mulligan, E., and S. Bhide. Non-sustained responses to
hypoxia of carotid body chemoreceptor afferents in the piglet.
FASEB J. 3:A399, 1989.

25. Neubauer, lA., T.V. Santiago, M.A. Posner, and N.H.
Edelman. Ventral medullary pH and ventilatory responses to hy
perperfusion and hypoxia. J. Appl. Physiol. 58:1659-1668, 1985.

26. Neubauer, IA., lE. Melton, and N.H. Edelman. Modu
lation of respiration during brain hypoxia (review). J. Appl. Phys
iol. 68:441-451, 1990.

27. Saetta, M., and I ~ Mortola. Interaction of hypoxic and
hypercapnic stimuli on breathing pattern in the newborn rat. J.

Appl. Physiol. 62:506-512, 1987.
28. Schweiler, G. H. Respiratory regulation during postnatal

development in cats and rabbits and some of its morphological
substrate. Acta Physiol. Scand. Supple 304:49-63, 1968.

29. Vizek, M., C.K. Pickett, and IV. Weil. Biphasic ventila
tory response of adult cats to sustained hypoxia has central origin.
J. Appl. Physiol. 63: 1658-1664, 1987.



34
Mechanisms of Apnea in the Newborn

Edward E. Lawson, Maria F. Czyzyk-Krzeska, and Roger C. Rudesill

In various animal species the respiratory central pattern
generator of adults as well as newborns consists of three
phases identified as inspiration and two distinctly different
periods of expiration (15, 22, 31). The two phases of ex
piration are termed postinspiration (passive expiration) and
stage II (active) expiration. The postinspiratory phase ap
pears to mediate cessation of inspiration and to provide a
transition to active stage II expiration (24) and, therefore,
postinspiration might be the phase most sensitively affect
ing the respiratory rhythm.

Introduction of smoke or water into the larynx activates
medullary post-inspiratory mechanisms resulting in slow
ing of the respiratory rhythm or apnea, a phenomenon
which may be simulated by superior laryngeal nerve (SLN)
stimulation (21, 25). Similar activation of upper airway re
flexes in newborns of various species results in strong, pro
tracted apnea which appears more powerful than that of
adults (6, 16, 18, 28, 30). We have previously shown that
SLN stimulation of piglets results in a protracted apnea
which persists even following cessation of the stimulus (12,
13). Further, stimulation of upper airway receptors is rec
ognized as a major cause of clinically important apnea, par
ticularly in newborns (8, 19, 20), but the central neuronal
mechanism of this reflex in infants has not been thoroughly
identified. The purpose of these studies was to demonstrate
neurophysiologic mechanisms by which respiration is per
turbed by laryngeal receptor activation.

METHODS

The studies were performed in neonatal piglets (1-17 days
of age; 1.1-4.0 Kg) because their size allowed intubation,
controlled ventilation, maintenance of adequate acid-base
balance, and surgical exposure of the peripheral and central
neural structures needed to facilitate identification of
afferent inputs and the specific elements of the central res
piratory network. The piglets were anesthetized with pen
tobarbital (30 mg/kg ip with supplementary iv doses of 2-6
mg/kg as needed). For approximately one-half of the piglets
the trachea was cannulated just below the larynx by a dual
lumen cannula. One caudally directed lumen was used for
mechanical ventilation and a rostrally directed second lu
men was used for insufflation of aromatic ammonia spirits
or water into the larynx. In the remaining piglets, a single
lumen tracheal cannula was used for mechanical ventilation
only. All pigs were paralyzed and mechanically ventilated.
Polyethylene catheters were inserted into a femoral artery

and a femoral vein for monitoring arterial pressure, control
ling acid-base balance, and continuous administration of
5% dextrose in water, gallamine, and other drugs. Rectal
temperature was continuously measured and maintained
between 38-39°C with radiant heat lamps and ventral heat
ing blankets.

The vagal nerves were sectioned bilaterally, the nerve
ipsilateral to the recording site was placed on a bipolar
stimulating electrode. The cervical phrenic nerve contra
lateral to the neuronal recording site was prepared for re
cording of the respiratory rhythm. The medulla oblongata
was exposed by occipital craniotomy for recording of res
piratory neurons of the ventral respiratory group. Intracel
lular recording of respiratory neurons was accomplished
using a standard protocol described previously (15, 21, 25).

Two stimuli were administered via the rostrally directed
tracheal lumen in order to activate laryngeal receptors. One
stimulus was water instilled into the larynx and the other
was air saturated with ammonia "smelling salts" insuf
flated into the larynx. During electrical stimulation of the
SLN poststimulus membrane potential averaging (ASYST
Software Technologies, Inc.) of intracellularly recorded
neurons was used to determine synaptic events occurring
during laryngeal induced apnea.

RESULTS

Ammonia or water stimuli usually resulted in obliteration
of neural activity in the phrenic nerve (fig. 34.1), but on
occasion, the initial poststimulus phrenic activity response
resembled the" aspiration reflex" described by Tomori and
Widdicombe (29) and Batsel and Lines (3). A rapid respi
ratory pattern (data not shown) was observed in approxi
mately one-third of the piglets, but an apnea, similar to that
induced in the remaining piglets, could be evoked in the
same piglets by using a stimulus of greater volume. In most
instances the protracted period of phrenic silence following
the laryngeal stimulus ended with a ramplike phrenic burst
having characteristics very similar to those of the control
breaths except for a reduction in amplitude and duration
(12).

The effect of laryngeal mucosal stimulation on mem
brane potential trajectory was dependent upon the type
of neuron. Prior to laryngeal stimulation all respiratory
neurons displayed the expected three distinct levels of
membrane potential, including depolarization during the
respective respiratory phase for which the cell was named
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FIG. 34.1 Effect of laryngeal water upon phrenic activity and
membrane potential of a non-antidromically activated postinspira
tory neuron. A and B are continuous records. In this example the
postinspiratory period is relatively prolonged, even in the control
breaths. Nevertheless, water instillation (A) results in dramatic
phrenic apnea associated with protracted depolarization of the
membrane potential. Just prior to onset of the first recovery
phrenic breath (B) the membrane potential hyperpolarizes for the
stage II expiratory phase, which, in turn, is followed by a slight
change in membrane potential associated with the onset of inspi
ration. This pattern of hyperpolarization is similar to that seen in
the control breaths. PN, phrenic nerve; PNA' averaged phrenic
nerve; M~ membrane potential.

(e.g., inspiratory neurons depolarized during inspiration)
followed by two levels of hyperpolarization corresponding
to the other two phases of the respiratory cycle. Laryngeal
insufflation of ammonia or water could prematurely termi
nate inspiratory and expiratory depolarization. During the
apneic period following laryngeal stimulation, the neurons
displayed a prolonged stable membrane potential at levels
which were similar to that of the postinspiratory level re
gardless of the cell type. Before onset of the subsequent
phrenic inspiratory activity the membrane potential tran
siently shifted to a level consistent with that of the stage II
expiratory level. During recovery, when the initial inspira
tory phrenic activity was diminished compared with control
breaths, the magnitude of inspiratory neuron depolarization
was also diminished.

Figure 34.1 demonstrates the response of a postinspira
tory neuron following water instillation into the larynx,
which caused a rather protracted apnea. This neuron was
not antidromically activated by spinal or vagal stimulation
and was therefore considered to be a propriobulbar post
inspiratory neuron (22, 25). Under control conditions
postinspiratory neurons hyperpolarized abruptly during

inspiration, depolarized sharply immediately at the end of
inspiration, and repolarized at the onset of stage II expira
tion. During the early phase of laryngeal-induced central
apnea these postinspiratory neurons were strongly depolar
ized (fig. 34.1) and they remained relatively depolarized
until transition to stage II expiration, which invariably pre
ceded onset of the first recovery ramplike inspiration. Dur
ing the phrenic apnea, inspiratory and expiratory neurons
also displayed stable membrane potentials at levels approx
imating those of the control postinspiration. Before onset
of the first recovery ramp-like inspiration, the membrane
potential of all cells shifted from the postinspiratory level
in the direction consistent with a shift to the expiratory
level. An example of this membrane potential shift is
shown for a postinspiratory neuron (fig. 34.1) as an abrupt
decline in membrane potential preceding onset of phrenic
activity.

To further investigate the nature of the membrane poten
tial changes observed during laryngeal-induced apnea we
used trains of electrical stimuli delivered to the SLN (3-9
V, 7-10 Hz). Similar to the respiratory response to chem
ical laryngeal stimulation, onset of SLN stimulation was
associated with cessation of phrenic nerve activity and ces
sation of the triphasic pattern of membrane potential
changes in simultaneously recorded respiratory neurons.
Stimulus-triggered averaging of the respiratory neuron
membrane potential was used to determine the synaptic
events occurring during apnea.

Among all inspiratory neurons recorded during the
course of electrically induced apnea lasting for longer than
several seconds, the membrane potential initially hyper
polarized to the control postinspiratory level and thereafter
it gradually became more hyperpolarized during the re
mainder of the apnea. Stimulus-triggered averaging was
successful in 7 of 10 recorded inspiratory neurons. Four of
these, all bulbospinal, demonstrated biphasic post-stimulus
membrane potential changes. The first component of these
changes was a brief wave of depolarization (mean latency
to onset 3.3 msec) followed by the second component
which was a protracted hyperpolarizing wave (fig. 34.2A).
In the remaining three inspiratory neurons (one was anti
dromically activated by spinal stimulation) only the late hy
perpolarizing wave was observed. Based upon differential
reversal of the membrane voltage trajectory (fig. 34.2B) by
chloride injection or passage of negative current, the late
membrane hyperpolarization seemed to consist of two dis
tinctly different phases of inhibition. The first of these
readily reversed while the neuron displayed a nonreversing
late component. Similarly, the gradual hyperpolarizing tra
jectory of the membrane throughout the period of SLN
stimulation also did not change despite reversal of the ear
lier component.

Of twenty recorded expiratory neurons, ten were an
tidromically activated by spinal cord stimulation. SLN
stimulation during intracellular recording of these neu-
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Despite earlier work (17), the mechanisms of central apnea
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potential were hyperpolarizing in six of seven non
antidromically activated expiratory neurons. In either case,
the latency to the onset of the first hyperpolarizing compo
nent in the expiratory cells correlated temporally with the
onset of the early depolarizing component of the inspira
tory neurons. Both hyperpolarizing components of the ex
piratory neurons reversed following chloride injection or
passage of negative current (fig. 34.3), but the early com
ponent reversed earlier and more extensively than the later
component.

During apnea induced by SLN stimulation, postin
spiratory neurons were depolarized to the membrane po
tential associated with the control postinspiratory level.
Repetitive firing of action potentials following a single
stimulus often accompanied this depolarization. Stimulus
triggered averaging of the membrane potential during ap
nea revealed excitatory postsynaptic potentials having two
distinct components. The latency of the early component
(mean: 3.6 msec) was similar to that of the early compo
nents of inspiratory and expiratory neurons. However, the
late depolarizing wave peaked earlier than the second com
ponents of the inspiratory and expiratory neurons.

FIG. 34.3 Effect of superior laryngeal nerve stimulation on
membrane potential of an expiratory neuron. A pattern having
two peaks of hyperpolarization occurs during the first 30 msec
following the stimulus. Chloride iontophoresis resulted in dra
matic reversal of the early component, but lesser change in the
latter component.
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FIG. 34.2 Effect of superior laryngeal nerve stimulation on
membrane potential of an inspiratory neuron. (A) Stimulus
triggered averaging of the membrane potential immediately fol
lowing cell impalement. Note the short depolarization prior to the
protracted hyperpolarizing component. (B) The effects of negative
current passage on the poststimulus wave pattern. The pattern
with the continuous line indicates control activity before current
passage, and the dashed line indicates the pattern during negative
current passage throught the recording electrode while stimulat
ing the superior laryngeal nerve. The recording electrode was not
exactly balanced.

rons resulted in a stable membrane potential at a level
similar to that which occurred immediately following the
cessation of inspiration in control breaths. Stimulus
triggered averaging of the expiratory cell membrane po
tential during apnea evoked a dual-phased wave again
having two separable components. Among the bulbospinal
expiratory neurons 88% displayed a short latency hyper
polarization followed by a long lasting depolarization.
In contrast, both components of the averaged membrane

B.
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not been elucidated. The work reported in this paper
demonstrates that, in the newborn pig, laryngeal stimula
tion very sensitively perturbs the respiratory cycle by acti
vating neuronal mechanisms within the brainstem which
are associated with the postinspiratory phase of breathing.
Activation of these postinspiratory mechanisms was dem
onstrated using both chemical stimuli delivered to the
laryngeal mucosa and electrical stimulation of the prin
cipal sensory nerve of the larynx, the SLN. In general,
apnea-producing stimuli resulted in excitation of the postin
spiratory neurons and inhibition of the inspiratory and
expiratory neurons. These findings are similar to those
described by Remmers et al. (21) and Richter et al. (25),
who demonstrated that brief electric stimulation of the
SLN and laryngeal receptor activation by chemical stimuli
such as water, dilute hydrochloric acid solution, and
smoke, activated postinspiratory mechanisms in the adult
cat. Further, they demonstrated that the postinspiratory
inhibition was associated with activation of chloride
mediated postsynaptic potentials in inspiratory and expira
tory neurons (1, 2, 25). However, the synaptic activity was
not specifically characterized and the relevance of these
findings to the mechanisms of apnea remained unclear for
newborns.

The stimulus-triggered averaging experiments demon
strated that the synaptic events resulting in apnea charac
teristically consisted of an early and a late component. For
each cell recorded, the direction of the late component de
termined the overall membrane potential level throughout
apnea. This is particularly illustrated by the inspiratory
neurons which had an early excitatory component that was
strongly inhibited by the protracted late component. The di
rect effect of the laryngeal afferents has been assumed to be
mediated through oligosynaptic connections with the dorsal
group of respiratory neurons in the nucleus of the solitary
tract (5) where SLN afferents project (4, 26). In the current
experiments, the short latency to the early component of
the compound postsynaptic potential supports the concept
of direct mono- or oligosynaptic contacts by laryngeal af
ferents with ventral respiratory group neurons. In piglets,
Goding et al. (10) demonstrated that sensory SLN fibers
also terminate in the nucleus ambiguus, suggesting a more
direct influence of the laryngeal sensory receptors on these
ventral respiratory neurons. This may be a species differ
ence or, alternatively, increased numbers of synaptic con
nections may be present among newborns. If the latter
possibility is found to be correct then this increased synap
tic interconnectivity, involving both ventral respiratory
group as well as dorsal respiratory group neurons, mayex
plain the apparent increased inhibitory effect of laryngeal
stimuli in newborns.

The ionic mechanisms associated with the compound
postsynaptic pattern seen after an SLN stimulus are likely
to represent both chloride and non-chloride channels. Those
portions of waves readily reversing with negative current or

iontophoresis of chloride are likely to be mediated by chlo
ride. In contrast, the late phase of the second component of
the pattern seen in inspiratory neurons seems not to be me
diated by chloride as it neither reversed nor even lessened
its degree of polarization despite reversal of the earlier
phase.

Onset of recovery ramp inspiratory breaths only oc
curred following evidence of stage II expiration. This sug
gests that stage II expiration may be essential for initiation
of breaths characterized by ramp inspiration. Phrenic in
spiratory activity occurs when bulbospinal inspiratory neu
rons are released from stage II inhibition and the ramp
pattern is shaped by decrementing inhibition of the early
inspiratory neurons (23). The current models of respiratory
control (7, 23) support early-inspiratory cell inhibition by
postinspiratory neurons, but no significant inhibition of
early-inspiratory neurons by stage II expiratory neurons is
postulated. Our observation suggests that stage II expira
tory activity must somehow condition the early-inspiratory
neurons so they do not provide the usual decrementing in
hibition in certain circumstances. Presumably, in addition
to postinspiratory inhibition, the stage II expiratory activity
inhibits early inspiratory neurons which, upon release, ac
tivates membrane ion currents resulting in a lower mem
brane potential threshold for action potential generation
than would exist otherwise. The ionic mechanism respon
sible for this relative excitation could involve membrane
post-inhibitory rebound in order to activate the early
inspiratory neurons and to restart the normal three-phase
cycle (23). In the absence of stage II expiration a two
phased respiratory cycle, characterized as an oscillation be
tween postinspiration and inspiration, occurs. In this latter
pattern the phrenic activity does not show the ramp inspira
tory pattern, the inspiratory time is short, and the cycle
time is short. Such respiratory patterns as the "aspiration
reflex," sniffing, swallowing, sneezing, and coughing (3,
9, 29) often coexist with laryngeal stimulation, and they
may represent a two-phase respiratory pattern.

In summary, we have shown in newborns that apnea pro
duced by laryngeal stimuli is associated with activation of
postinspiratory neurons and inhibition of the other two
principal respiratory classes of neurons represented in the
ventral respiratory group. The clinical relevance of these
findings are, at present, speculative. Gastroesophageal re
flux is increasingly recognized as an important aspect of
significant respiratory control disorders in the newborn.
Upper airway stimuli have been shown to stimulate respi
ratory abnormalities similar to those elicited during gas
troesophageal reflux (8, 11, 17, 19, 20, 27). This suggests
that laryngeal, postinspiratory mechanisms are activated
during many episodes clinically recognized as apnea. Ap
nea induced by SLN stimulation overcomes even markedly
increased peripheral chemosensitive afferent activity (14).
Hence, disappearance of significant apnea events with ad
vancing postnatal age may indicate reduction in the inhibi-
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tion of the respiratory network induced after respiration,
rather than an increase in peripheral or central chemo
sensitivity. Further investigation along this line may reveal
specific neuromodulators or other unique aspects of the
postinspiratory neuronal network allowing development of
specific strategies for directed therapy of symptomatic in
fants. A means to clinically investigate the role of postin
spiration in newborns would be recording of laryngeal
muscles which have strong postinspiratory activity.
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Developmental Influences on Breathing Pattern

by the Vagus Nerve: Some Correlations with Activities
of Medullary Respiratory Neurons and Lung Mechanoreceptors

Jay R Farber

The role of vagally mediated pulmonary afferents in the
generation and maintenance of breathing rhythm has been
studied extensively. Of interest has been not only the breath
by breath regulation of inspiration and expiration, but also
maintenance of an adequate minute ventilation through va
gal input. Thus, Sullivan et al. (23) noted that vagal block
ade greatly decreased breathing rate in sleeping dogs. With
respect to development, it has been shown that some anes
thetized and/or unanesthetized neonatal mammals (e.g., the
rat [14], the cat [6, 22], and the monkey [20]) have diffi
culty maintaining an adequate level of ventilation after bi
lateral vagotomy, due to slowing of breathing. The latter
observations have been interpreted to suggest that vagal in
put to the central nervous system in early life is particularly
important for the maintenance of effective pulmonary ven
tilation. One possible explanation is that immaturity of pe
ripheral chemoreceptor function in the newborn (1) could,
in part, account for the greater reliance on vagal input since
removal of arterial chemoreceptor and vagal information in
the sleeping adult dog resulted in near cessation of breath
ing efforts (23).

In contrast with the preceding, loss of vagal input in
newborn pigs and rabbits produces only moderate de
creases in breathing rate (4, 21). Moreover, in anesthetized
opossum sucklings tested at 3 to 4 weeks of age, vagal sec
tion had little effect on breathing pattern (fig. 35.1; top two
sets of raw diaphragm electromyograms [EMGs]). On the
other hand, vagotomy exerted more prominent effects as
the animals matured (fig. 35.1; lower two sets of diaphragm
EMGs). In opossums approaching weaning age (3 postnatal
months), prolongation of the inspired breath (Ti) and an in
crease in the peak diaphragm EMG was the typical result of
bilateral vagotomy. Increases in expiratory duration (Te)
also occurred.

In addition to the preceding, vagally mediated effects
during the inspired breath can be examined. Withdrawal of
lung volume-dependent information from the vagi using
end-expiratory airway occlusion causes prolongation of Ti
in adult cats (3) and opossums (13). However, in opossums
tested during the third to fourth postnatal week using end
expiratory occlusion applied through a tracheal cannula, no
consistent effects on duration of diaphragm EMG discharge
were obtained (fig. 35.2). With respect to end-expiratory
occlusions in other species, human neonates, for example,

show prolongation of inspiration. In premature infants the
response may be complicated by reflexes from the chest
wall which apparently act to shorten the breath (17, 18, 19,
24).

The opossum, a marsupial mammal, is particularly im
mature at birth; it requires about 8 postnatal weeks to
achieve the gross motor activity, appearance, and vagal my
elination of a newborn placental mammal such as the cat or
the rabbit (see 10, 12). It might be suspected that the par
ticular immaturity of this preparation during the first few
weeks of life accounts for the lack of response to elimina
tion of vagal input. I have examined this issue using single
unit recordings from respiratory neurons in the medulla as
well as from vagal afferent fibers whose discharge is mod
ulated by lung inflation.

In opossums 3-4 weeks of age, Ti values of only 100
msec are common (7). Increased age and surgical manipu
lation during anesthesia in open-chested animals tend to in
crease Ti (10). Very few action potentials per breath are
generated in inspiration-related neurons in the young opos
sums (10). For animals between the fourth and ninth post
natal week of age, only about two spikes per breath
occurred on average; this included inspiratory neurons with
bulbospinal connections. While the few spikes per breath in
these young animals must be in part related to the brevity of
Ti, we also found that peak rates of firing were low (17 Hz
on average). Other potential mechanisms to explain the
paucity of discharge among inspiration-related neurons in
the young opossum are high thresholds for synaptic activa
tion and/or limited release of neurotransmitters. For any of
the preceding reasons, it may take a relatively large afferent
input to alter discharge of the medullary neurons. Never
theless, there are clearly functional connections between
peripheral afferents and central mechanisms because lung
inflation results in apnea and other responses (see below) in
suckling opossums of similar age (8, 9).

Combined with reduced responsiveness of medullary
neurons, the amount of afferent traffic originating from
slowly adapting airway receptors (SARs) could help ac
count for the lack of effective vagal regulation of Ti. It is
thought that slowly adapting airway receptors, which have
afferent fibers in the vagus, are largely responsible for lung
volume-related reductions in Ti (2, 3, 5), but if receptor
activity does not reach a threshold level then the inspired
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FIG. 35.1 Effects of bilateral vagotomy
on breath-by-breath diaphragm EMG ac
tivity in opossums of different postnatal
ages. Records of raw diaphragm EMG
activity are from intact animals (left); and
during the first minute after bilateral vag
otomy (right). Animals were anesthetized
with the thiobarbiturate derivative Inactin.
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overshoot from static values at 5 cm H20 (12). Despite
this, little phasic information from SARs reaches the me
dulla within the time that medullary inspiratory circuitry is
active during a brief inspired breath. This phenomenon is
described in figure 35.3.

In the model of figure 35.3, the top panel shows activa
tion of the medullary inspiratory neuronal network for a
100 msec inspired breath. With this brief Ti, latencies for
activating inspiratory muscles and latencies for SAR action
potentials to reach the medulla become important. For a
5 g animal (30-35 days of age), path lengths from lung re
ceptor to medulla (afferent path) and from medulla to dia
phragm (efferent path) total approximately 20 mm;
conduction velocity for a typical fiber in the largely unmy
elinated nervous system was chosen as 0.5 m/sec based on
values obtained from bulbospinal neurons in opossums of
similar age (10). About two-thirds of the conduction delay
to the motor endplate is caused by the 13 mm path length
on the efferent side, so that there would be a delay of about
26 msec before central events (top panel) could influence
contraction of the diaphragm (second panel down). Be
cause of the delay in diaphragm contraction, lung inflation
(third panel down) is also delayed relative to central in
spiratory events (top panel). In the two examples (A and B)
illustrated in the fourth panel down, airway receptor excit
ability is assumed to increase as a ramp function so that a
discharge at the rate of 40 Hz occurs by the end of lung
inflation. In example A (solid line) there is a 10 Hz dis
charge rate at end-expiration while in example B (dashed
line) there is no end-expiratory firing.

Most receptor stimulation caused by inflation of the
lungs will arrive and be processed by the brainstem rela
tively late in inspiration, and the largest effects occur when
off-switching mechanisms for inspiration are already com
mitted. The arrival in the medulla of action potentials from
pulmonary afferents are illustrated in the lowest panel of
figure 35.3. Note that an extra 14 msec latency needs to be
added for getting afferent information from the receptor to

end -expiratory
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1.86 g.

..--...
0.5 sec

LulINT. DIAPH

FIG. 35.2 Effects of end-expiratory airway occlusion on dia
phragm EMG activity in two animals during the third postnatal
week. Raw (upper traces) and moving average (lower traces) of
diaphragm EMG activity are shown in each case. Animals were
anesthetized as in figure 35. 1 and were breathing through a tra
cheal cannula. During the expiratory interval before the arrow as
sociated with each record, a piece of soft clay was pushed over the
tracheal cannula. This manipulation was timed to occur after the
animal had exhaled and was verified by lack of prolongation of the
expired breath.

breath is unaffected (3). In the youngest opossums tested
(about 3 weeks of age) rates of receptor firing for a given
transpulmonary pressure were always low in comparison
with older animals (12). In older sucklings, rates of SAR
firing were mainly lower at high transpulmonary pressures.
The transpulmonary pressure range required for normal in
spiration in sucklings is unlikely to exceed 5 em H20
(Fisher, Farber, and Sant'Ambrogio, unpublished results).
In 30-day-old animals, for example, peak firing rates of
SARs might dynamically reach 40 Hz, based on 25-30%
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(0.5 M/SEC)

cluded on the figure, namely, the response from a receptor
with a dynamic threshold. That is, the receptor is not ex
cited until a certain transpulmonary pressure value occurs.
Even if the firing rate at the dynamic threshold is relatively
high, it is clear that many cells will not fire within the time
frame of central inspiratory events. It has been noted pre
viously that dynamic thresholds can be unstable for SARs
in young animals (12).

In contrast with a clear inability to influence the inspired
breath, under some circumstances feedback from the lungs
in young opossums can strongly influence the character of
the expired breath. By the third to fourth postnatal week
lung inflation causes prolongation of the expired breath and
tonic activation of laryngeal dilator muscles. By the fourth
to fifth postnatal week, animals also recruit expiratory
muscles of the abdominal wall during lung inflation or pos
itive pressure breathing (PPB) as well as during ventilatory
chemostimulation (8, 9). These effects depend on an intact
vagal innervation (8, 9). Despite the preceding, bilateral
vagotomy of the very young opossum has a trivial effect on
the expired breath as was shown during inspiration (fig.
35.1).

Considering the above effects with respect to events in
the medulla, medullary expiratory neurons in anesthetized
young opossums often had no rhythmic discharge, except
during PPB (11). This contrasts with adults where rhythmic
discharge was most often obtained on and off load. Most
expiratory neurons obtained from young opossums were ex
pected to be from the caudal medulla, and the lack of dis
charge of such cells during unloaded breathing is consistent
with the lack of effects on expiratory timing accompanying
vagotomy. However, other studies suggest that caudal med
ullary expiratory neurons do not help set respiratory timing
(11); instead, they may regulate motor (e. g., abdominal
muscle) output. Discharge rates of expiratory neurons were
remarkably low, even during PPB in the youngest animals
tested (e.g., <5 Hz at about 4 weeks of age), and rose as a
function of age toward values obtained in adults (on aver
age, 42 Hz in the caudal medulla and 33 Hz in the rostral
medulla). These findings probably do not simply result
from an age-related effect of anesthesia on opossums; even
an unanesthetized opossum younger than about 3-4 weeks
of age fails to recruit expiratory muscles with PPB (8), and
the very low discharge rates of many medullary expiratory
neurons could be responsible. In turn, the low rate of dis
charge of medullary expiratory neurons could, in part, re
flect the relative paucity of input from airway receptors.

Whatever the cause of the deterioration of breathing in
other neonates after bilateral vagotomy, the present studies
suggest that immaturity of central and/or peripheral path
ways are not sufficient to produce the effect. The clear dif
ference between the present marsupial preparation and
placental mammals is the transition from uterine to extra
uterine life. How this factor could influence the response to
loss of vagal input is unclear, especially considering that
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FIG. 35.3 Model showing paucity of lung volume-related airway
receptor discharge during neural inspiration in a suckling opos
sum. Values are based on a 5-g animal with a Ti of 100 msec. In
the lowest panel, intervals between action ptentials in the four
traces were obtained using an integrative technique. It was as
sumed that a given total amount of excitation was required to fire
an action potential, and that amount of excitation was reached
sooner as receptor excitability (fourth panel down) was increased.
(For further explanation see text.)

the medulla as the result of a 7 mm path length. Because
the increase in receptor excitability is slow relative to the
inspiratory event, very few action potentials can actually be
produced. In example A, the end-expiratory discharge at 10
Hz would cause one spike to occur during a 100 msec in
spiration without any phasic influence. Based on when the
spontaneous spike occurs, the increased excitability during
the inflation process mayor may not produce a single extra
spike within the time of neural inspiration marked by the
two vertical dashed lines (note the three illustrated exam
ples labeled A in the bottom panel). When there is no end
expiratory receptor activity, as shown in example B of the
bottom panel, the increase in receptor excitability is insuf
ficient to produce an action potential within the time of
neural inspiration. A third category of response was not in-
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lung volume related vagal afferent activity may be very low
in the newborn (15,16). For those species strongly affected
by vagotomy, it would also be of considerable interest to
know whether effects of vagotomy are similar in newborns
delivered prematurely and then allowed to develop further
in the extra-utero environment to normal term. From such
data we might learn whether (1) the less-developed animal
has a reduced dependence on vagal input and (2) it is the
transition to extrauterine life that results in the greatest sus
ceptibility to vagotomy.

REFERENCES

I. Blanco, C.E., G.S. Dawes, M.A. Hanson, and H.B. Mc
Cooke. The response to hypoxia of arterial chemoreceptors in fe
tal sheep and new-born lambs. J. Physiol. (London) 351 :25-37,
1985.

2. Citterio, G., S. Piccoli, and E. Agostoni. Breathing pat
tern and diaphragm EMG after S02 in rabbit intra- or extra
thoracic airways. Resp. Physiol. 59:169-183, 1985.

3. Clark, F.J., and C. von Euler. On the regulation of rate and
depth of breathing. J. Physiol. (London) 222:267-295, 1972.

4. Clement, M.G., J.~ Mortola, M. Albertini, and G. Agug
gini. Effects of vagotomy on respiratory mechanics in newborn
and adult pigs. J. Appl. Physiol. 60:1992-1999, 1986.

5. Davies, A., M. Dixon, A. Callanan, A. Huszczuk, J.G.
Widdicombe, and J.C.M. Wise. Lung reflexes in rabbits during
pulmonary stretch receptor block by sulphur dioxide. Resp. Phys
iol. 34:83-101, 1978.

6. Duron, B., and D. Marlot. Nervous control of breathing
during postnatal development in the kitten. Sleep 3:323-330,
1980.

7. Farber, J.~ Laryngeal effects and respiration in the suck
ling opossum. Resp. Physiol. 35: 189-201, 1978.

8. Farber, J.~ Expiratory motor responses in the suckling
opossum. J. Appl. Physiol. 54:919-925, 1983.

9. Farber, J.~ Motor responses to positive-pressure breathing
in the developing opossum. J. Appl. Physiol. 58:1489-1495, 1985.

10. Farber, J.~ Medullary inspiratory activity during opossum
development. Am. J. Physiol. 254:R578-R584, 1988.

11. Farber, J.~ Medullary expiratory activity during opossum
development. J. Appl. Physiol. 66:1606-1612, 1989.

12. Farber, J.~, IT. Fisher, and G. Sant'Ambrogio. Airway
receptor activity in the developing opossum. Am. J. Physiol.
246:R753-R758, 1984.

13. Farber, J.~ ,and T.A. Marlow. Pulmonary reflexes and
breathing pattern during sleep in the opossum. Resp. Physiol.
27:73-86, 1976.

14. Fedorko, L., E.N. Kelly, and S.l England. Importance of
vagal afferents in determining ventilation in newborn rats. J.
Appl. Physiol. 65: 1033-1039, 1988.

15. Fisher, J.T., and G. Sant'Ambrogio. Location and dis
charge properties of respiratory vagal afferents in the newborn
dog. Resp. Physiol. 50:209-220, 1982.

16. Fisher, J.T., and G. Sant'Ambrogio. Airway and lung
receptors and their reflex effects in the newborn. Pediatr. Pul
monol. I: 112-126, 1985.

17. Gerhardt, T., and E. Bancalari. Maturational changes of
reflexes influencing inspiratory timing in newborns. J. Appl.
Physiol. 50:1282-1285, 1981.

18. Gerhardt, T., and E. Bancalari. Apnea of prematurity. II.
Respiratory reflexes. Pediatrics 74:63-66, 1984.

19. Knill, R., and A.C. Bryan. An intercostal-phrenic inhibi
tory reflex. J. Appl. Physiol. 40:352-356, 1976.

20. Laframboise, W.A., D.E. Woodrum, and R.D. Guthrie.
Influence of vagal activity on the neonatal response to hypox
emia. Pediatric Res. 19:903-907, 1985.

21. Mortola, J.~, J.T. Fisher, and G. Sant'Ambrogio. Vagal
control of breathing pattern and respiratory mechanics in the adult
and newborn rabbit. Euro. J. Physiol. 401:281-286, 1984.

22. Schwieler, G. H. Respiratory regulation during postnatal
development in cats and rabbits, and some of its morphological
substrate. Acta Physiol. Scand. Suppl. 304: 1-123, 1968.

23. Sullivan, C.E., L.F. Kozar, E. Murphy, and E.A. Philip
son. Primary role of respiratory afferents in sustaining breathing.
J. Appl. Physiol. 45: 11-17, 1978.

24. Thach, B.T., 1.0. Frantz III, S.M. Adler, and H.W.
Taeusch, Jr. Maturation of reflexes influencing inspiratory dura
tion in human infants. J. Appl. Physiol. 45:203-211, 1978.



36
Adaptation and Acclimatization

in the Hypoxic Newborn Mammal

Jacopo ~ Mortola, Robin D. Gleed, and Chikako Saiki

For any given inspired O2 concentration, the alveolar and
arterial O2 pressures are mainly determined by the ratio be
tween oxygen consumption (V02) and alveolar ventilation
(VA). This suggests that the general mechanisms for pro
tection of arterial P02 against hypoxia could consist of a
reduction in V02 (metabolic adaptation), an increase in VA
(respiratory acclimatization), or a combination of the two.
This paper is a brief analysis of how the newborn mammal
combines metabolic adaptation and ventilatory acclimatiza
tion to cope with acute and chronic hypoxia. It also dis
cusses some of the short- and long-term effects of these
strategies.

METABOLIC ADAPTATION TO ACUTE HYPOXIA

In adult mammals, including humans, ventilatory acclima
tization is a primary response to acute hypoxia, although
several species, especially small rodents, combine it with
metabolic adaptation. On the other hand, most newborn
mammals including the human infant, respond to acute hy
poxia with a brisk drop in metabolic rate (1, 3, 6, 7). The
absolute level of ventilation (VE) in hypoxia is often not
much higher, and is sometimes even lower, than the nor
moxic value (7). Although these latter results are often in
terpreted as indicating an absence of the ventilatory
response, in reality, because of the significant fall in met
abolic rate, VE/V02 is consistently increased (6, 7) and
PC02 decreased (6). Thus, the hyperventilatory response is
also occurring in the newborn.

It is not clear why in the acutely hypoxic newborn the
ventilatory response is relatively less important than meta
bolic adaptation. The observations that VE eventually in
creases after several hours of hypoxia (12) and that high
levels of VE can be sustained for many days during chronic
hypercapnia (13) suggest that the respiratory pump and
muscles are not a limiting factor. Neural afferent recordings
have excluded the possibility of adaptation of the chemo
receptors to the hypoxic stimulus (2, 14); in addition, the
common observation that the newborn's breathing rate dur
ing hypoxia is immediately increased and maintained at a
steady high value seems to eliminate the possibility of a
central adaptation to the peripheral inputs.

The metabolic adaptation may itself have some influ
ence on the level of VE during hypoxia. The decrease in
metabolic rate leads to reduced CO2 production (VC02),
which, in turn, affects VE. Since CO2 production seems to

be a key element in maintaining VE (11), and hypercapnia
mostly stimulates the depth of breathing, the hypothesis
could be made that a drop in VC02 during the hypoxia
induced hypometabolism decreases the drive to tidal vol
ume, yielding the characteristic rapid and shallow pattern.
In an attempt to test this hypothesis, kittens were exposed
to 10% inspired O2 with and without an inspiratory CO2
load. When the inspired gas was not enriched with CO2,
the level of VE during hypoxia was little different from the
normoxic value, and the breathing pattern was rapid and
shallow (fig. 36.1, open circles). However, if the animals
were CO2 loaded (by breathing 5% CO2), exposure to hy
poxia produced a sustained increase in tidal volume and VE
(fig. 36.1, filled circles). Similar levels of VE were reached
by adding the CO2 load after the onset of hypoxia. These
and similar experiments are compatible with the hypothesis
that the level of CO2, via the control of tidal volume, rep
resents the link between the newborn's metabolic and ven
tilatory responses to acute hypoxia.

If the above interpretation was correct, it should follow
that the hypoxia-induced hypometabolism, by reducing the
drive to breathe, may allow arterial P02 to be lower than it
would be otherwise in some cases of mild or moderate hy
poxia. This possibility is presented graphically in figure
36.2. Values are average data of VE and V02 (both in
STPD) in newborn and 50-day-old (i.e., postpuberty) rats.
In normoxia, the VE/V02 ratio is ~pproximately the same
at both ages. Alveolar ventilation was computed assuming
a dead space equal to one-third of the normoxic tidal vol
ume; this, according to the alveolar gas equation, would
yield an alveolar P02 (PA02) of approximately 105 mmHg.
During 10% O2 breathing, if no changes in metabolism and
breathing pattern were taking place, PAO2 should fall to
about 36 mmHg. The 50-day-old rats, by combining hyper
ventilation and hypometabolism, increase the VE/V02 ratio
to about 300% of the normoxic value, which would main
tain PAO2 at about 60 mmHg. The newborns have a more
important hypometabolic response, but little hyperventila
tion; the effect of the smaller increase in VE/V02 is a lower
PA02 than in the 50-day-old, to only about 50 mmHg. In
conclusion, it seems probable, on the basis of the data
available, that for a similar acute hypoxic challenge of mod
erate level the adult should protect arterial P02 better than
the newborn.

On the other hand, in the case of severe hypoxia or an
oxia, the adult's pronounced ventilatory response should
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FIG. 36.1 Ventilation (VE) during normoxia and acute hypoxia in
kittens a few days old. Hypoxia in normocapnic conditions (open
circles, N = 14) had little effect on the absolute value of VE and
decreased tidal volume. However, hypoxia in the presence of hy
percapnia (5% CO2 , filled circles, N = 20) caused a significant
rise in VE' because of a rise in tidal volume. Symbols represent
group averages, bars are 1 standard deviation. Fourteen kittens
were subjected to both procedures.
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offer little benefit; in fact, it may be so energetically expen
sive as to be inefficient and hindering, rather than assisting
the response to hypoxia. In these severe cases, the hypo
metabolic response. would seem to be the only viable op
tion. The newborn is renowned for its ability to resist
extreme levels of hypoxia. In anoxia, the newborn rat drops
V02 within a few minutes to a value which is a very small
fraction of the normoxic value, continuing a low frequency
breathing pattern for half an hour, while the adult ceases
breathing within 3-5 min.

HYPOMETABOLISM AND CHRONIC HYPOXIA

The newborn's strategy of hypoxia-induced hypometabo
lism has serious drawbacks when the hypoxic condition be
comes chronic. The drop in energy production has profound
effects not only on body growth (fig. 36.3, top) but also,
because of differences in O2 requirements and blood flow
distribution, on the relative development of individual or
gans. In the l-week-old newborn rat in chronic hypoxia of
moderate level (F10 2 = 15%) body weight is slightly de
creased (-10%), the weight and cellular content of the
lungs are little affected, and the heart is hyperplastic. In se
vere hypoxia (F10 2 = 10%), body growth is drastically
blunted (-50%), with hypoplasia of both lungs and heart
(fig. 36.3, bottom). Whether organs with such noticeable
deviations from the normal developmental pattern may still
be functional and suitable for life depends not only, as one
may expect, on the duration and magnitude of hypoxia, but
also on the developmental period during which the hypoxic
stimulus occurred. In the developing rat a critical period
seems to occur during the first few days after birth. For ex
ample, most newborn rats survive well if exposed after the
fourth day of age to a simulated altitude of 4500 m (P02

about 90 mmHg), but they die within 2-3 weeks if the ex
posure to hypoxia starts in the first 1-3 days after birth
(fig. 36.4). Similarly, most rats born after gestation in hy
poxia and raised in hypoxia die before weaning age, unless

FIG. 36.2 Average values of ventilation and oxy
gen consumption in newborn rats (triangles) and
50-day-old rats (squares) during normoxia (open
symbols) and acute hypoxia (filled symbols). (For
explanations see text.)
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FIG. 36.3 Top: Body weight during the first days after birth in
newborn rats exposed to various O2 concentrations. Symbols are
means of six litters of ten pups each, bars are 1 standard devia
tion. Bottom: Total DNA content in lung and heart of 7-day-old
rats exposed since day 1 to various O2 concentrations. Columns
are group means, bars are standard deviations. Asterisk indicates
significant difference from F.02 = 21 %. (From 5.)

LONG-TERM EFFECTS OF NEONATAL HYPOXIA

A question of obvious practical interest is to what extent the
structural and functional changes of neonatal hypoxia can
be reversed upon reestablishment of the normoxic condi
tion. Experiments on rats maintained in 10% O2 for 6 days
after birth and returned to normoxia thereafter indicate that
many alterations are still present at day 50, which in the rat
corresponds to the early postpubertal period. These alter
ations include hypertrophy of the right heart, increased re
sistance of the pulmonary vasculature, and relatively larger
lungs with high compliance and low resistance of the res
piratory system (4, 9, 10). In normoxia, these 50-day-old
rats moderately hyperventilate, with higher tidal volume
and VE (Fig. 36.5, top panel), normal V02 , and a mild
noncompensated respiratory alkalosis (8, 10). In acute hy
poxia, the ventilatory response is about half normal (Fig.
36.5, bottom panel). Because these differences are not seen
in rats made chronically hypoxic at weaning age (i.e., at a
later stage of postnatal development), it seems that the
early postnatal period is very sensitive to hypoxia and that
chronic hypoxia during this developmental phase is more
likely to leave long-lasting alterations.

It is also of interest that some of the· structural and func
tional changes observed in adult rats exposed to hypoxia in
the neonatal period resemble characteristics of high alti
tude inhabitants (10). This gives support to the hypothesis
that the highlander's attributes are the result of prolonged
postnatal hypoxia during early development, and are not
solely genetic characteristics.

normoxia is reestablished for the first 4 days after birth. On
the other hand, adult rats show no obvious problems at
these degrees of hypoxia. Hence, the hypoxia-induced hypo
metabolism seems to more severely penalize organisms in
rapid growth (which have higher O2 requirements) and pro
duces alterations which may be incompatible with survival.
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CONCLUSION

The hypometabolic response is a fundamental part of the
newborn's strategy for survival against hypoxia. The much
smaller ventilatory response may be the result of the drop in
CO2 production or a parallel and independently controlled
phenomenon. The combination of metabolic adaptation
with small ventilatory acclimatization probably does not
protect arterial P02 as well as in the adult in the case of
mild hypoxia, but· it is a formidable defense against severe
hypoxia or periods of anoxia. When the hypoxia persists,
the hypometabolism poses a serious threat to homogeneous
organ development and may have long-term functional ef
fects or may even be incompatible with survival.
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Birth-Related Activation of the "Substance P Gene"
in Central Respiratory Neurons and Dopaminergic

Disinhibition of Carotid Bodies at Birth
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Meera Srinivasan, and Yuji Yamamoto

Breathing movements are episodic and partially inhibited
before birth (3). The peripheral chemoreceptors are active,
but their sensitivity is set at the low-P02 level of the fetus,
and they do not seem to contribute to the ventilatory drive
before birth (2). The prenatal inhibition of breathing can be
assumed to be due to the possibility that excitatory neuro
transmitters stimulating breathing are not sufficiently ex
pressed before birth and/or inhibitory neuroactive agents
dominate in the fetus (9). To save oxygen consumption it
might be appropriate to decrease breathing movements as
well as general motor activity, particularly during asphyxia
when the fetus reacts with apnea. The existence of a tonic
neurochemical suppression of fetal breathing is corrobo
rated by the finding that specific blockers of endogenous
inhibitors can induce continuous breathing. For example,
the cyclooxygenase inhibitor indomethacin can induce
continuous breathing in the fetal sheep (10) indicating
that prostaglandins are involved in the inhibition of fetal
breathing. The adenosine antagonist theophylline can also
stimulate fetal breathing (8), suggesting an endogenous
inhibition of breathing mediated by adenosine. Increased
tissue concentrations of adenosine can be expected to occur
in the fetus in view of the low fetal P02 level (7).

We have been interested in studying the neurochemical
events behind the transition of breathing control at birth.
In this brief review we report the changes of substance P
expression in the brainstem and dopamine turn-over in the
carotid bodies that occur around birth. These two neuro
transmitters are of particular interest in view of their in
volvement in the mediation of the hypoxic ventilatory
drive.

SUBSTANCE P EXPRESSION

Substance P (SP) is probably the main neurotransmitter me
diating the hypoxic ventilatory drive both at a peripheral
and central level. This is based on classical criteria of a
neurotransmitter such as synaptic mimicry, anatomical lo
calization in the peripheral chemoreceptor arch, and block
ing the hypoxic drive stimulation with a specific SP
antagonist (11, 12, 16). Furthermore, moderate hypoxia has
been found to stimulate release of SP in the nucleus tractus
solitarius (NTS), as detected with a microdialysis tech-

nique. This release was abolished by bilateral sinus nerve
denervation (14).

Since SP does not seem to be involved in the control of
fetal breathing movements (1), we wondered whether it
could be expressed at birth and be involved in the changes
in respiratory control occurring at that time. SP immuno
reactivity had been analyzed both in the brainstem of the
rabbit pup and in the peripheral chemoreceptors of the kit
ten. It was found to peak at day 7 in NTS of rabbit pups (4).
The appearance of SP in the glomus cells coincided with
the development of the hypoxic response (13).

We determined the ontogenesis of SP neurons in the
NTS by analyzing the expression of mRNA for prepro
tachykinin A (PPT-A), which also encodes the SP precursor
(15). The dorsal respiratory group containing the NTS, the
ventral medullary surface and the striatum were dissected
from rabbit fetuses one day before birth and from rabbit
pups. Tissue from 4-6 pups were pooled for each age and
the RNA was isolated by conventional CsCI density grad
ient centrifugation. mRNA for PPT-A was identified by the
Northern blot technique (15).

We found that the mRNA coding for the SP precursor
increased 380% in NTS from the I-day-old rabbit pups as
compared with fetuses taken out one day before expected
delivery. The level decreased 25% from day 1 to 2 and even
more to day 3, but it was higher than in adult controls. In
the ventral surface structures of the medulla, the prenatal
expression was higher than on the day of birth, but a grad
ual increase occurred after a few days of birth until adult
hood. To study more specifically whether this increased
expression of the "SP gene" was related to breathing, we
compared half the litter of pups delivered by caesarean sec
tion, which were allowed to breathe for two hours, with the
other half which were immediately sacrificed. We then
found that the SP mRNA in the breathers was 370% of that
of the nonbreathers. No difference in mRNA expression
was seen in the striatum, which was used as the hybrid
ization control. This finding suggests that SP is involved in
the changes in respiratory control.

DOPAMINE TURNOVER

Physiological studies have demonstrated that there is essen
tially no peripheral chemoreceptor drive during normoxia
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in the newborn lamb, human, or rat the first day after birth
(2, 5, 6). This is assumed to be due to the fact that the
chemoreceptors still retain their low threshold for hypoxia
(about 4 kiloPascals) from fetal life, and they adapt to the
higher extrauterine P02 slowly.

We have investigated the neurochemical events behind
this resetting. Although the occurrence of SP in the carotid
bodies is very sparse in the fetus and the newborn and in
creases rapidly during infanthood (13), we believe that the
removal of some kind of inhibition is more important for
the resetting. Since dopamine has been ascribed such a
modulatory role (e.g., during acclimatization), we decided
to analyze dopamine turn-over in relation to chemoreceptor
sensitivity in the newborn period (5).

To test the peripheral chemoreflex, non-anaesthetized
rat pups (days -1 to +7), were exposed to hyperoxia and
their ventilation was monitored with a body plethysmo
graph. No response was seen in the preterm rat pups, which
were delivered by caesarean section, and in the < I-day-old
ones. From 1 day of age onwards the ·peripheral chemo
reflex increased significantly, up to 30% of the ventilatory
drive after 3 days.

In a parallel study, dopamine turnover was assessed
in the carotid bodies, by blocking the synthesis with
a-methyl-p-tyrosine. The turnover rate of dopamine was
found to be high during the first 6 hours after birth but then
dropped markedly and was low throughout the first post
natal week. The decrease in dopamine turnover was found
to precede the increased ventilatory reflex response.

To further corroborate the role of dopamine for the re
setting of the peripheral chemoreceptors, another series of
rat pups were allowed to be born and reared in a hypoxic
environment. These animals were found to have attenuated
chemoreflexes, which coincided with maintained increased
turnover of carotid body dopamine. After termination of
hypoxia the turnover rate decreased and the chemoreceptor
reflex increased.

The interpretation of these findings is that the relatively
low P02 in the fetus maintains a high dopamine release to
suppress the sensitivity of the peripheral chemoreceptors.
When P02 increases after birth, the relatively high dopa
mine release is turned off, ,initially leading to accumulation
of dopamine before a new steady state is reached. Infants
with sustained low P02 can retain their high dopamine turn
over and low set-point for their carotid body sensitivity.

CONCLUSIONS

These studies demonstrate that the transition from the in
trauterine to extrauterine environment is associated with
striking changes in the expression of the "SP-gene" in the
central respiration-related structures and in dopamine turn
over in the carotid body. The increased expression of
mRNA for SP at birth was found to be related to air breath
ing. The triggering mechanism of the enhanced SP expres-

sion has not yet been elucidated. Alternatively, it could be
due to removal of some kind of prenatal inhibition. The de
crease of dopamine turnover in the carotid bodies was re
lated to the increase of the P02 level. Since the sensory
neurons involved in the chemoreceptor arch are bipolar, we
can speculate about the possibility that a relatively high
dopamine turnover inhibits the SP expression in the brain
stem before birth.
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Part VIII

Behavioral Control of Breathing
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Behavioral control of breathing may be reflexive, as in
sneezing, coughing, vomiting, and eructation, or voluntary
(or learned), as during speaking, breathholding, and play
ing a wind instrument. These behavioral acts involve inte
gration of large amounts of information in the brainstem
and spinal circuits that produce automatic breathing. This
information is nonrespiratory in form. It is not known for
any of the acts of behavioral control listed above exactly
how the control occurs.

SOURCES AND SITES OF BEHAVIORAL CONTROL

The list of structures that can control brainstem and spinal
respiratory neurons is long and includes structures from all
levels of the neuraxis. For example, hypothalamic control
occurs in relation to temperature regulation and to locomo
tion (8) and telencephalic structures can control breathing
a control exerted presumably in relation to emotional and
volitional acts (30, 32). The central nucleus of the amygdala,
the anterior cingulate gyrus, the orbital frontal cortex, and
the central gray contain cells that have state-dependent res
piratory relations (9, 10, 16, 35). Stimulation or inactiva
tion of these limbic structures (15, 16, 20, 32, 36) and other
telencephalic (3, 18), subcortical (4, 5), and cerebellar (19,
34) structures can influence the respiratory system.

Thus, many areas of the brain when stimulated or le
sioned affect respiration. These areas project either to
pontomedullary respiratory areas or to respiratory mo
toneurons (or their internuncial neurons) or to both.
Current knowledge indicates that different behavioral res
piratory acts involve different pathways. For each act (e.g.,
sneezing, coughing, breathholding) the level within the
respiratory system (brainstem or spinal) at which non
respiratory control occurs is the first issue to resolve, and
no simple generalization can be made about this. Expira
tory control in sneezing, vomiting, coughing, and straining
occurs, at least in part, within the brainstem (7, 11-14, 22,
31), but an expiratory effort elicited by superior laryngeal
nerve stimulation does not involve brainstem expiratory
neurons (17). Similarly, inspiratory control during behav
ioral apneas and the sniff reflex occurs through control of
brainstern inspiratory neurons (6, 26, 28), but diaphrag
matic activation during straining and crural diaphragmatic
inhibition during swallowing does not occur by control of
medullary inspiratory neurons (1, 11-14). Thus, the picture
emerges that behavioral control in toto involves many levels

of the respiratory neural network. Earlier experimental re
sults had indicated that nonrespiratory control of respira
tory muscles could be unexpectedly complex. Aminoff and
Sears (2) showed that excitation of internal intercostal
nerves by cortical stimulation was mediated by direct (cor
ticospinal) connections, whereas the attendant inhibition of
external intercostal nerves was mediated by indirect con
nections, possibly to medullary respiratory areas.

LEARNED AND VOLUNTARY CONTROL
OF BREATHING

In humans, destruction of corticofugal fibers can cause
loss of voluntary control of breathing (29, 30); how
ever, corticofugal fibers comprise both corticobulbar and
corticospinal fibers, and it is uncertain whether one or
both mediate voluntary control. Patients without auto
matic breathing because of lesions of the brainstem ponto
medullary respiratory areas can breathe rhythmically and
adequately while awake (presumably via functional corti
cospinal pathways) but have reduced maximal voluntary
efforts (30). If voluntary control occurs via corticospinal
connections, then selective destruction of the latter should
produce a syndrome of automatic breathing without volun
tary control. The patient of Meyer and Herndon (21) is
cited by some authors (23) as evidence of this. This patient,
however, who had a bilateral infarction of the pyramids and
adjoining ventromedial medulla, had pharyngeal and hypo
glossal motor paralysis as well as a loss of voluntary con
trol. This deficit indicates that corticobulbar as well as
corticospinal pathways were interrupted by the infarction.

In contrast to this uncertainty over the mechanism of
voluntary control in humans, there is evidence that a
learned respiratory response in cats occurs through behav
ioral control of medullary respiratory neurons (26, 28). The
learned response is a rapid termination of inspiration when
a conditioning stimulus is presented (figure 38.1). Drem
and his colleagues showed that medullary inspiratory neu
rons are inactivated when inspiration is inhibited in this
task (figure 38.2), or, precisely, that high 'Y]2-valued inspira
tory cells are inactivated, because some low 'Y]2-valued in
spiratory cells are, paradoxically, activated during the
response (24, 26, see note 1). Thus behavioral control for
this task occurs apparently within the brainstem (which
does not mean that it cannot occur also at spinal levels).
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FIG. 38.1 Diaphragmatic activity during behavioral inhibition of inspiration. (A) Activity of the diaphragm (top trace) and intratracheal
pressure (bottom trace) during eupnea. (B) Activity during the behavioral response. CS, conditioning response. (From 26)
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FIG. 38.2 Inactivation of a high 11 2


valued ventral group inspiratory neuron
when inspiration is stopped behaviorally.
(A) Control record showing two inspira
tions: action potentials of the neuron (top
trace), and intratracheal pressure (ITP)
with negative pressures (inspiration) sig
naled by upward deflections (bottom
trace). (B) Inactivation of the cell in re
sponse to the conditioning stimulus
(tone). (Adapted from 27)

The inhibition of inspiration in Orem's experiments
was obtained with a paradigm involving both escape or
avoidance and operant characteristics. A conditioning
stimulus was presented at the onset of an inspiration and
failure to stop that inspiration within 0.5 sec was "pun
ished" by presentation of an aerosol of ammonium hydrox
ide (smelling salts). This is an easy and atraumatic task for
the cat, and the evidence already presented indicates that in
this case, control of the respiratory system occurs within
the respiratory centers of the medulla. The source and
mechanism of this control are, however, unknown. The
respiratory centers of the medulla contain various cell
types presumed to .be interrelated to produce rhythmo
genesis (33). The termination and suppression of inspira
tion is a complex event produced, it is believed, by the
inhibitory action of at least three cell types: late-onset
inspiratory cells, decrementing (or postinspiratory) and
augmenting expiratory cells. Interestingly, late-onset in
spiratory cells and augmenting expiratory cells do not
mediate the behavioral inhibition because they too are
inhibited during the response (25, 27); there has been no
report on the behavior of postinspiratory cells during
this response. Orem (24, 26) has demonstrated that some
respiratory cells are activated intensely during the behav
ioral apnea and therefore may cause the inactivation of
the high f)2-valued inspiratory cells (figure 38.3). These
cells are of all types (inspiratory, expiratory, phase-

spanning) but they share the common feature of having low
T)2-valued activity.

Thus, inspiratory cells with high f)2-valued activity are
inhibited when inspiration is stopped behaviorally, and the
respiratory cells that are activated during the behavioral in
hibition have low T)2-valued activity. These results have
been interpreted (24, 26) as follows: the high f)2-valued
cells are parts of the oscillator or are rigidly controlled by
it, and their inactivation during the behavioral task reflects
inactivation of the oscillator. The low fl2-valued cells that
are activated when inspiration is stopped behaviorally act
as an interface between behavioral influences and the res
piratory oscillator (figure 38.4).

CONCLUSION

Behavioral control of breathing comprises many subjects
related by the common feature that they all involve control
of the respiratory system for functions other than gas ex
change. Essentially all parts of the brain outside the pri
mary respiratory areas in the pons and medulla are involved
potentially in some kind of behavioral control of breathing;
therefore, the need is to understand which parts are related
to what kind of behavioral control and how this control oc
curs. The relevance of this issue of nonrespiratory control
extends beyond the mechanisms of the various kinds of
control: indeed, it may be that understanding of differences
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FIG. 38.3 Activity of an inspiratory cell that was activated when inspiration was inhibited behaviorally. The upper traces (1) show
spontaneous activity of this cell. Note the breath-to-breath variability in the activity, giving it a low 112-value (0.30). In the lower traces
(2), the conditioning stimulus (tone) is presented and inspiration is stopped behaviorally. The cell is activated intensely during the
behavioral inhibition. The insert below shows a high-speed trace of the onset of the activation and corresponds to the boxed area shown
in 2. (From 24)

FIG. 38.4 A schema showing hypothe
sized relationships among nonrespiratory
inputs and respiratory pre-motor and
motor neurons.
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in breathing during sleep and wakefulness lies in under
standing the influences of behavioral control in wakefulness
(and perhaps in REM sleep) and the absence of these in
fluences in sleep.
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NOTE

I. 112 is an estimate of the magnitude of an experimental
effect. Its value can vary from 1.0 to 0.0, indicating, re
spectively, that all or none of the variability in a set of data
is accounted for by the treatment variable.

112 is the proportion of the total variance (Ot2) of the neu
ronal activity over a series of breaths that is made up by the
variance across fractions of the respiratory cycle (om2)

112 == 0m
2

/ Ot
2 == 0m

2
/(Om

2 + 0
2

) (Equation 1)

where 0
2 is the variance within fractions of the respiratory

cycle and om2 is the variance of means across fractions.
The two terms in equation 1, am2 and 0

2
, have the fol

lowing meanings when applied to an analysis of the degree
of respiratory activity. The term om2 represents the vari
ance of activity across fractions of the respiratory cycle.
This term depends on the range of means across fractions of
the cycle and also on how the means are dispersed over this
range, am2 increases both as the range increases and as the
values of the individual means tend to be distributed at the
end points of the range (one-half at one end of the range;
the other half at the other end). For example, om2 would be
large in the case of a respiratory neuron that discharged at
a uniformly high rate for half of the respiratory cycle and
then was silent for the other half of the cycle. In contrast,
om2 decreases as the degree and duration of modulation of
activity within the respiratory cycle decreases.

The other term in equation 1, 0
2

, is the variance within
treatment groups. In the case of respiratory activity, it is the
variance across breaths within the individual fractions of
the respiratory cycle. If the activity of a cell varies greatly
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from breath to breath, 0
2 will be large. Conversely, as the

consistency of the discharge pattern across breaths in
creases, 0 2 will decrease and 112 will increase. Therefore,
1/02 is an index of the consistency of the respiratory activ
ity of a cell.
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Respiratory Responses to Prolonged Central

or Peripheral Hypoxia

G.E. Bisgard, M.J.A. Engwall, W.Z. Niu, L. Daristotle and J. Pizarro

Prolonged hypoxic exposure results in a time-dependent
ventilatory increase that is termed ventilatory acclima
tization to hypoxia (VAH). This process requires up to
one week to complete in humans and a much shorter
period in animals (7). The process is completed sufficiently
in four hours in the goat to make the goat a convenient
animal model to investigate mechanisms of ventilatory
control in hypoxic states including VAH (2, 4, 11, 18).

We have examined the separate roles of carotid body
(CB) and central nervous system (CNS) hypoxia on
ventilatory control in the awake goat using isolated
perfusion of the CB (1, 2, 4). Our previous work has
primarily been aimed at defining the ,role of the CB in
VAH and has shown that VAH can be produced by iso
lating the hypoxic stimulation to the CB while main
taining systemic arterial (and CNS) normoxia. These
studies have tended to downplay an important role for
CNS mechanisms in VAH. Nevertheless, CNS effects are
known to occur during hypoxia, including changes in
neurotransmitter metabolism (17), brain blood flow (13)
and acid-base balance (9). Thus, it would seem likely
that there would be numerous possible influences on ven
tilatory control during hypoxic exposure. Therefore, we
sought to determine the changes in ventilation during a
4-hour period of CNS hypoxia. In addition, we wished
to examine the influence of prolonged CNS hypoxia
on ventilatory stimuli confined primarily to the CNS or
to the CB. To achieve these goals we measured the time
course of ventilatory variables over a 4-hour hour period
of systemic (CNS) hypoxia while maintaining CB nor
moxia. Before and after the hypoxic exposure we assessed
the central chemoreceptor sensitivity by carrying out
CO2 response curves. We also assessed the CNS response
to acute CB stimulation before and after prolonged
hypoxia to determine if the central respiratory controller
would respond differently to a peripheral chemoreceptor
stimulation after prolonged hypoxia. These studies differ
from CB denervation experiments in that the CB is intact
and functioning and providing some tonic ventilatory
drive. In addition, because these animals were not sub
jected to chronic chemoreceptor denervation, no compen
satory mechanisms for the chronic hypoventilation that
follows CB denervation were present.

METHODS

Five adult goats were trained to accept a respiratory mask
and stand quietly in a stanchion. Prior to experiments the
animals were surgically prepared for perfusion of the CB by
an extracorporeal circuit. The procedures used to prepare
the animals have been described and validated previously
(2, 4). Briefly, under general anesthesia (Halothane, ni
trous oxide, and oxygen) sterile surgery was carried out to
remove one CB and ligate the occipital artery on one side.
This became the brain perfusion side. On the opposite side
arteries above the CB were ligated and cannulas were in
serted in the common carotid artery and jugular vein for
later access to venous blood for perfusion Uugular vein) and
to the CB circulation (carotid artery). Animals were given
40,000 units of heparin daily to maintain patency of the
cannulas. At least 1 week was allowed to pass before a CB
perfusion study was undertaken.

In preparation for a perfusion, an airtight muzzle mask
was placed on the animal and attached to a low-resistance,
one-way breathing valve (Hans Rudolf). Inspired gases
were mixed with a bank of rotameters for room air, 02' N2
and CO2 and delivered to the goat via large-bore flexible
tubing. A pneumotachograph (Fleisch, T-2) was used to
measure inspiratory flows, which were integrated to give
inspired tidal volumes. A CO2 analyzer was used to mea
sure inspired and expired CO2 levels from a port in the face
mask. A polygraph was used to record respiratory variables
and the analog signal output was digitized and analyzed us
ing a computer to calculate breathing frequency and in
spired minute ventilation (VI)' Variables were stored on
disk for later analysis.

The perfusion circuit drew blood from the right atrium
via the jugular vein and circulated it through an oxygenator/
heat exchanger and filter and then into the carotid artery for
perfusion of the CB. Blood gases perfusing the CB were
controlled by the gas mixtures used to ventilate the oxygen
ator. This blood perfused the CB and surrounding local tis
sue and venous outflow from the area returned via the
normal venous drainage. Systemic arterial blood and CB
perfusion blood were analyzed for P02, PC02, and pH on
a Radiometer system (BMS3-MK2) with blood values
tonometer and temperature corrected.



192 G.E. Bisgard et al.

123
HOURS OF HYPOXIA

o

normoxic-normocapnic conditions may be unexpected.
However, the findings of the present studies are consistent
with previous experiments demonstrating hypoxic tachyp
nea in awake CB denervated animals (12), in CB perfused
goats subjected to acute systemic hypoxia (6), and in goats
exposed to CO (5). What we have documented for the first
time are the time-dependent characteristics of the response.
No one has systematically evaluated this response, over a 4
hour period. Previous studies of CB denervated animals
found mild hyperventilation in ponies and goats during hy
poxic exposure that was very much attenuated compared to
animals with intact CBs (10, 11, 18). Ventilatory pattern
was not determined in those studies.

FIG. 39.1 Ventilatory response to 4 hours of systemic isocapnic
arterial hypoxia during maintenance of carotid body normoxia
and normocapnia. C, control value with systemic normoxia; R,
return to systemic arterial normoxia. Asterisk indicates signifi
cant difference from the control value, C (P<O.05).
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DISCUSSION

Ventilatory stimulation by hypoxia in the presence of only
the tonic level of peripheral chemoreceptor input typical of

Systemic arterial and CB blood values before and after 4
hours of systemic hypoxia are shown in table 39. 1. There
were no differences between these conditions. During sys
temic hypoxia arterial and CB blood values were main
tained within the following limits respectively: Pa02 = 40
± 5 torr, PaC02 = 34 ± 3 torr, pH = 7.40 ± 0.05; Pcb0 2
= 90-120 torr, PcbC02 = 34 ± 2 torr, pH = 7.40 ± 0.05
torr. Decreases in systemic PaC02 were prevented by add
ing CO2 to the inspired air.

Ventilation was increased by systemic hypoxia, primar
ily due to an increase in respiratory frequency (fig. 39.1).
The increase in VI and f was slow to develop, reaching a
peak after 30 min of systemic hypoxia. By 1 hour of hy
poxia, VI decreased somewhat and then remained stable for
the remaining period of hypoxia.

The response to acute CB hypoxia during systemic nor
moxi~ was unchanged by 4 hours of systemic hypoxia (table
39.1). Similarly the central chemoreceptor response to hy
percapnia during CB normoxia/normocapnia was not af
fected by exposure of the systemic circulation to 4 hours of
hypoxia (table 39.2).

Before instituting a study of systemic hypoxia, evidence
for extracarotid body peripheral chemoreceptor sensitivity
(aortic bodies) was tested by injecting 50 flg/kg NaCN iv
while perfusing the CB from a blood reservoir containing
no NaCN. Five goats that were selected for study exhibited
an average increase in VI following NaCN injection of less
than 1 llmin from a control mean of 7.5 lImin (not signif
icantly changed, P>0.5). One goat was eliminated because
of an increase in VT of 30% following iv cyanide.

The protocol for the studies was to first carry out a CO2
ventilatory response curve to assess central chemosensitiv
ity. Inspired CO2 was increased in steps during room air in
halation while the CB was maintained normoxic and
normocapnic. Ventilatory variables were measured at each
step. The response to CB hypoxia (Pcb0 2 40 torr) was then
measured during systemic arterial (CNS) normoxia and
normocapnia. After return to CB and systemic normoxia a
control measurement of ventilatory and blood variables was
made and systemic hypoxia was instituted by reducing in
spired 02' with frequent measurement of arterial blood
gases until reaching a Pa02 of near 40 torr. The CB was
maintained normoxic and normocapnic during the entire 4
hour systemic hypoxic exposure. Ventilatory variables were
measured frequently throughout the period of hypoxic ex
posure. Upon return to normoxic conditions, the ventila
tory responses to CB hypoxia and systemic hypercapnia
were again measured as done prior to the 4-hour hypoxic
exposure.
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Control CB Hypoxia Control CB Hypoxia
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7.42±0.012 7.41 ±0.02 7.41 ±0.02 7.40±0.01
34.3 ± 1.1 34.0 ±0.4 33.1 ± 1.7 34.0 ± 1.0
96.2 ±2.4 120.0 ±2.0 89.3 ±3.3 119.8 ±4.1

Systemic Arterial
pH
Pe°2)

P02

Carotid Body
pH 7.43±0.01 7.44±0.01 7.43±0.01 7.42±0.01
Pe02 34.2 ±0.5 32.9 ±0.2 32.5 ± 1.0 34.3 ±0.9
P02 100.8 ±5.6 37.4 ± 1.0 100.5 ±4.8 37.7 ±0.4

VI (l/min) 7.04±0.76 21.97± 1.68 7.24± 1.68 23.32±3.09

I After 4 hours of systemic (CNS) hypoxia.
2 Values are means ± SEM.
) Values of PC02 and P02 are given in torr.

Table 39.1. Blood Gases and pH, Ventilation, and Venti
latory Response to Carotid Body (CB) Hypoxia

Table 39.2. Ventilatory Response to Change in Systemic
Arterial PC02 I

o 1 234
HOURS OF HYPOXIA

Systemic Hypoxia

Before

Slope2 1.87±0.263

PaC02 Intercept4 29.2 ±0.45
R2 0.84±0.02

After

1.68±0.18
29.1 ± 1.8
0.92+0.03

FIG. 39.2 Ventilatory response to isocapnic hypoxia (P02 near 40
torr) applied to the whole intact animal (WB) or to the carotid
body (CB) while systemic (and CNS) normoxia is maintained, and
to the systemic circulation (CNS) while the CB is maintained nor
moxic and normocapnic. (Data for CB from 2, for WB from 8.)

I During carotid body normoxia/normocapnia.
2 In I • min- I • torr- I •

) Values are means ± SEM.
4 In torr.

Previous studies of VAH in goats specifically examining
the first 4 hours of either whole-animal hypoxia or isolated
CB hypoxia with systemic normoxia have shown further
time-dependent increasing VI due to an increase in VT and
f (2, 8). The time course and magnitude of increasing VI
are strikingly different from the present findings, in which
no further time-dependent increase in VI was present after
30 min of hypoxia (fig. 39.2).

The present data do not indicate the persistent hyper
ventilation on return to normoxic conditions that is well
documented following VAH in intact animals (7, 8, 10,
11, 18). Recent studies suggest that persistent hyper
ventilation following acclimatization requires the presence
of hypocapnic alkalosis, that is, it does not occur in goats
if systemic isocapnia is maintained during exposure to
hypoxia (2, 8). The present studies are consistent with this:
there was no hypocapnic alkalosis and no persistent
hyperventilation.

Ventilatory responses to peripheral chemoreceptor stim
ulation were unchanged in the goats after 4 hours of CNS
hypoxia. This is in marked contrast to findings in animals
with whole-body or isolated CB hypoxia where the venti
latory response to acute hypoxia was significantly increased
after 4 hours of hypoxic exposure (2, 8). This has been a

controversial topic in human studies, although a recent ex
periment found increasing hypoxic ventilatory gain during
VAH in human subjects (20). Increased hypoxic gain of the
CB appears to be an important component of acclimatiza
tion in cats and goats (3, 16, 19).

The ventilatory response to CO2 (CBs remaining nor
moxic and normocapnic) was not changed by exposure to 4
hours ofsystemic (CNS) hypoxia. A shift to the left of the
CO2 ventilatory response curve is a consistent finding fol
lowing VAH in humans and animals, including the goat (7,
8, 14, 15). Increased CO2 sensitivity or slope of the curve
is also frequently reported (7). Since neither occurred in the
present studies, we suggest that isocapnic brain hypoxia
alone does not produce a change in the central chemo
receptor sensitivity.

We conclude that sustained CNS hypoxia produces a
mild hyperventilation in the goat. However, in animals
where carotid bodies are made hypoxic, either with or with
out CNS hypoxia, the increase is very different with respect
to magnitude and time-dependency of increased ventila
tion. This suggests little role for CNS mechanisms in ac
climatization to hypoxia in the goat.
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Forebrain-Brainstem Interactions

Modulating Respiratory Patterning

Ronald M. Harper, C.A. Richard, H. Ni, J.X. Zhang, and R.K. Harper

Although it is essential to consider the microenvironment
of the local brainstem and spinal cord circuitry which al
lows for cyclic activation of respiratory musculature, the
reality of moment-by-moment respiratory control in be
having animals is that· a large number of external forces
modify respiratory patterning. The "external influences"
include mechanisms which can affect breathing on a breath
by-breath or an overall basis, and are brought into play
when the organism encounters particular needs. These
needs include such actions as dissipation of excess heat
through air exchange, or enhancing oxygen capacity in an
ticipation of exercise.

On occasion, organisms need to recruit respiratory mus
culature in a transient and massive manner. Apneusis asso
ciated with sudden fright is one such occasion; this action
recruits the respiratory musculature to greatly enhance tho
racic pressure. The resulting increased pressure, together
with enhanced tension on abdominal and upper airway
musculature, provides the potential for an extreme locomo
tor escape response without collapse of the thoracic cage.
Vocalization represents a "transient" use of the respiratory
musculature which can be intermittently recruited and, on
occasion, massively so with sounds of distress. The com
plexities of vocalization suggest extremely complex inte
gration of a sophisticated motor control system which
incorporates respiratory musculature.

Respiratory pattern changes observed during different
sleep states far exceed the variation expected from meta
bolic demands necessitated by physiological alterations
within each sleep condition. A portion of the state-related
patterning changes requires the integrity of forebrain struc
tures, since quiet sleep, a condition characterized by pro
longed inspiratory times and extreme cycle regularity,
depends on the presence of rostral structures for its main
tenance, and possibly its initiation (20). Sleep states can,
under some conditions, paralyze large regions of the respi
ratory musculature, such as the thoracic wall and abdomi
nal muscles in rapid eye movement (REM) sleep. A portion
of the respiratory variability during REM sleep, and the up
per airway and skeletal respiratory muscle atonia during
that state, can be maintained with caudal brain regions
(11). However, some of the respiratory patterning influ
ences during REM sleep may be mediated by rostral brain!
midbrain interactions. This potential derives from the
demonstration of pronounced, and reciprocal, projections

from rostral sites to midbrain areas that appear to be
"pre-motor" to respiratory musculature; these rostral and
midbrain sites have the potential to modify particular in
fluences on respiration, including temperature and affect.
The median preoptic region, for example, an area which
plays a critical role in temperature regulation and sleep
maintenance, projects heavily to the midbrain periaqueduc
tal gray (PAG), regions of which are pre-motor to laryngeal
and abdominal wall expiratory muscles (18). The central
nucleus of the amygdala (ACE), a rostral brain region me
diating components of conditioned negative affect, and a
region with a demonstrated potential to modify respiratory
patterns, has projections to the PAG as well (10).

The need for understanding that rostral brain mecha
nisms exert profound influences on respiratory patterning
becomes critical when assessing effects of particular phar
macologic agents, such as cocaine. Cocaine has a particu
lar affinity for regions of mesolimbic structures; local
administration to the medial frontal cortex or the nucleus
accumbens elicits extensive locomotor activity, and the re
warding aspects of this drug appear to be at least partially
dependent on dopaminergic neurons projecting from the
ventral tegmental area to this region. Intravenous or cere
bral intraventricular cocaine delivery results in an extreme
tachypnea, accompanied by apneustic efforts (6).

The nucleus accumbens and the medial frontal cortex
contain cells with a number of common features, including
common neurotransmitters, functional relationships, and
common developmental origins (8). The group of structures
including the ACE, bed nucleus of the stria terminalis
(BNST), the nucleus accumbens (NA), and the medial
frontal cortex (MFC) , have been termed the "extended
amygdala" by Heimer (8) to designate a commonality of
structure and function for that region.

A number of these rostral structures including the ACE
(22) and BNST (21) contain neurons which discharge on a
breath-by-breath basis with the respiratory cycle. In all
these structures, neuronal discharge relationships of both
tonic and breath-by-breath dependencies are state-specific;
Le., discharge dependencies occur strongly in some states,
and disappear or are greatly reduced in others. Local co
caine administration into particular regions of the ACE pro
foundly modifies neural discharge patterns; both overall
rate and breath-by-breath dependencies are greatly modi
fied (15,24).
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FIG. 40.1 Several rostral structures can impinge on brainstem
respiratory regions, including the amygdala central nucleus
(ACE), which projects to the periaqueductal gray (PAG), parabra
chial pons (NPBM), and the nucleus of the solitary tract (NTS);
the PAG, in turn, projects to the nucleus retroambiguus (NRA), a
pre-motor nucleus to the upper airway musculature, and to the ven
trolateral medulla (VLM).

The means by which these far-rostral structures can
modify respiratory patterning can be readily understood
from the destiny of their descending projections to the
brainstem "respiratory" regions, and reciprocal projec
tions from these structures. Both the ACE and NA project
heavily to the parabrachial pons. The nucleus parabrachia
lis medialis and K6l1iker-Fuse nuclei of the parabrachial
pons have long been implicated in respiratory phase switch
ing (1) and contain neurons which discharge on a breath
by-breath basis in a state-related manner (19). The portion
of the "extended amygdala" represented by the ACE,
BNST, and medial frontal cortex may provide some of the
excitation to the parabrachial pons and contribute to phase
switching.

These regions exact an additional and perhaps more pro
found influence on upper airway musculature through a
pathway which is not commonly recognized in the neuro
physiologic literature. Structures within the "extended
amygdala", particularly the ACE, project heavily to medial
lateral regions of the PAG (10; fig. 40.1). Regions within
the PAG, in turn, project to the nucleus retroambiguus,
which supplies laryngeal motor neurons and motor neurons
of the abdominal musculature (9).

We examined discharge properties of neurons in PAG
and rostral brain sites during different sleep-waking states
to determine respiratory dependencies. Bundles of micro
wires were stereotaxically placed into the ACE, anterior
cingulate cortex, and PAG of cats, together with electrodes
to assess electrophysiological indices of state. After sur
gery, the drug-free animals were allowed to sleep unre
strained, and cross-correlation histograms were calculated
between inspiratory onset and neuronal discharge; linear re
gressions were also calculated between respiratory rate and
cell discharge rates.

The NA-ACE-PAG-retroambiguus pathway has the po
tential to greatly modify upper airway and abdominal res-

piratory action. The abdominal musculature tends to be
active during the expiratory phase of the respiratory cycle.
Thus, instances of forced expiration, respiratory braking,
and increasing upper airway resistance are contenders for
particular control by this pathway. We examined neural dis
charge in a portion of the PAG in freely moving animals
and related this discharge to respiratory patterns during dif
ferent sleep states. A substantial percentage (20%) of PAG
neurons discharged on an overall tonic or phasic relation
ship to the respiratory cycle (14; fig 40.2). The percentage
of cells phasically related to the respiratory cycle is similar
to that found for the ACE and larger than that for the an
terior cingulate cortex (2, 22).

The finding of respiratory neurons in the PAG may be
related to the description of "vocalization" neurons in the
PAG (12,13). In the monkey, Larson (13) found a set of
neurons which became active, particularly during the in
spiratory phase of the vocalization effort. The cells were
slightly more lateral than the region surveyed in the cat, but
that region also receives major projections from the "ex
tended amygdala."

Respiratory rates are extremely dependent on tempera
ture (16). Intravenous or cerebral ventricular cocaine deliv
ery results in extreme tachypnea and a rise in core and brain
temperature (fig. 40.3); this may result partially from a di
rect cocaine action on hypothalamic sites in the forebrain,
or by indirect effects, such as vasoconstriction, which may
alter heat dissipation. Localized microinjection of cocaine
into the ACE, however, causes a decline in temperature (4)
while tachypnea remains, suggesting a direct, but perhaps
temperature independent, action of cocaine on the ACE.

Regions within the extended amygdala have been asso
ciated with mechanisms of reward (17) and with mecha
nisms of negative affect. Thus, cold blockade of the ACE
can abolish a negative conditioned respiratory response
(23). Apparently both positive and negative affect may be
partially mediated by regions of this extended amygdala.
These structures also exhibit influences on respiratory pat
terning: trains of electrical stimulation to the ACE elicit
sustained inspiration (3, 5) and single pulse stimulation can
entrain inspiratory onset (7). Finally, the evidence that neu
rons in both the ACE and BNST exhibit discharge depen
dency on a breath-by-breath basis to the respiratory cycle is
substantial (21, 22).

The collection of stimulation, lesion, recording, and
pharmacologic evidence suggests a role for the extended
amygdala in exerting respiratory patterning influences,
partially through projections to the PAG and to the para
brachial pons, and partially through projections to the nu
cleus of the solitary tract. The role of rostral amygdala
regions in respiratory patterning may be largely one of pro
viding excitatory or inhibitory tone to phase switching,
since the region is heavily involved in aspects of affect and
defensive reactions, behaviors which strongly recruit respi
ratory muscles.
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FIG. 40.3 Response to intravenous or cerebral ventricular cocaine
administration. A 2.5-mg ventricular dose raises brain and core
temperature and induces an extreme tachypnea; a portion of the
respiratory response may result from the elevated temperature.
(From 6).

component of the somatomotor system and is closely inte
grated with generalized motor functions. Thus, actions
which recruit overall locomotor responses also recruit res
piratory muscles.

FIG. 40.2 Cross-correlation between a PAG neuron and the res
piratory cycle. A subset of PAG neurons discharges phasically
with the respiratory cycle, but that relationship is state dependent;
here the relationship disintegrates during rapid eye movement
(REM) sleep. AW, awake; QS, quiet sleep. (Reproduced from
Brain Research, ref. 14).

The need for recruitment of respiratory musculature
for defensive reactions stems from incorporation of breath
ing muscles in escape behavior. We speculate that the
respiratory-related involvement of structures associated
with reward behavior relates to the generalized somato
motor tone increase which accompanies excitement of re
inforcenlent. The respiratory musculature constitutes one
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State-Dependent Variations in Medullary
Respiratory-Related Discharge Patterns
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Modifications of brainstem respiratory neuronal activities
by physiological and behavioral changes have been inves
tigated in unanesthetized preparations by several labora
tories. These studies showed that brainstem respiratory
neuronal activities can undergo marked variations not only
with sleep/wakefulness cycles (22, 28, 30, 31, 35, 38, 40),
but also with changes in cardiovascular activities (14, 36),
and during the execution of a conditioned inspiratory inhi
bition response (23-25, 29). More recently, a freely behav
ing guinea pig model system has been developed in my
laboratory (8, 9). This model system permits hours of sta
ble recording· from single medullary respiratory neurons in
freely behaving animals and is therefore ideally suited for a
variety of investigations into the extent of state and
behavior-dependent variations in medullary respiratory
neuronal discharge patterns.

When instrumented, the model system allows concur
rent recordings of electrocorticogram (ECoG), medullary
respiratory-related unit activity (RRU; see 9 for details),
and diaphragmatic electromyogram (see 8 for details).
RRU activities are recorded from either the Botzinger
Complex (BOT) or nucleus para-ambiguus (NpA). A min
iature, skull-mounted microdrive is used to isolate units.
Once isolated, the unit can frequently be recorded for sev
eral hours with only occasional movement-induced signal
amplitude diminution. Prior to each recording session, the
animal is acclimated in a noise-attenuated Faraday record
ing chamber (WXLxH = 30x30x40 cm). Aside from the
minor restriction imposed by the signal transmission tether,
the animal is free to move about within the perimeter of the
recording cage.

As a technical note, there are two major differences be
tween the present model system and that used by Orem and
Dement (26). First, the unanesthetized preparations used in
this study are allowed to freely behave. Orem and Dement's
technique requires the use of a head restraint, thereby lim
iting the animal's movement during single unit recording.
Second, the fine-wire recording electrode used in this study
is implanted stereotaxically at the time of surgery under
pentobarbital anesthesia. Once the respiratory neuron of in
terest is identified, the tip of the fine wire is raised by ap
proximately 100 fJ.m to avoid unnecessary damage to the
target area during the postoperative recovery period. The
chronically implanted microdrive provides high-resolution
forward-reverse mobility so the electrode can be maneu-

vered to reach the target neuron at the time of unit isolation
and recording. It has long been known that barbiturate
causes a dose-dependent depression and inactivation of se
lected populations of ponto-medullary respiratory neurons
(1, 3, 4, 15, 34). Thus, the present approach has the dis
tinct disadvantage of not sampling bulbar RRUs that are in
activated by pentobarbital during surgery. In Orem and
Dement's procedure, electrode placement and unit isolation
are performed while the animals are awake, therefore sig
nificantly increasing the probability of encountering med
ullary RRUs that may be overlooked in the present study.
The impact of this sampling problem on some of the exper
imental outcomes in this and Orem's (e.g., 24) studies will
be discussed later.

Modification of medullary respiratory unit activities by
sleep and wakefulness influences has been studied by Orem
and co-workers (22, 28, 30, 31). This chapter focuses on
the modulation of discharge patterns of BOT and NpA neu
rons by sleep, wakefulness, volitional behavior, phonation,
barbiturate anesthesia, and a variety of reflex-mediated res
piratory behaviors.

PATTERN VARIATIONS DURING BEHAVING STATES

In awake, behaving states, the temporal attributes (cycle
duration, burst duration, and spike frequency) of BOT and
NpA unit activities rarely adhere to a fixed, immutable pat
tern for any extended period of time. They frequently ex
hibit marked variations with discrete changes during on
going behaviors such as postural modification, phonation,
deglutition, sniffing, alerting/startle reflexes, and so on.
RRU patterns of reasonably stationary periodicity and in
variant temporal attributes can be observed only during
sleep, and on occasions when the animal assumes a motion
less, resting posture.

One of the most intriguing phenomenon is the varying
degrees of fluctuation in the within-burst frequency modu
lation. Examples of this phenomena are illustrated in figure
41. 1. In the left panel, a BOT (expiratory) unit is seen to
undergo a "reversal" of its normally incrementing pattern,
and to discharge, for a burst or two, in what appears to be
a decrementing pattern. More perplexing is the degree of
fluctuation of an NpA inspiratory unit (fig. 41.1; right
panel). This unit normally discharges in a decrementing
fashion. Here, within the span of a few seconds, the unit
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INSPIRATORY (NpA)

UNIT

DEMG

ECoG

INT. DEMG

EXPIRATORY (BOT)

WITHIN-BURST SPIKE FREQUENCY MODULATIONFIG. 41. 1 "Spontaneous" fluctuations in
the within-burst frequency modulation of
an expiratory BOT unit (left) and an in
spiratory NpA unit (right). Single unit
events delineated by the arrows are en
larged at the bottom of each figure panel.
The emergence of these events are typi
cally not accompanied by any recogniz
able behavioral correlates or changes in
states of arousal. Signal trace description:
ECoG, electrocorticogram; Unit,
respiratory-related unit activity (left
panel, BOT expiratory unit; right panel,
NpA inspiratory unit); DEMG, diaphrag
matic electromyogram; Int. DEMG, inte
grated diaphragmatic electromyogram
(-r = 20 msec). Time calibration: 2 sec.
Voltage calibrations: ECoG, 295 IlV;
Unit, 135 IlV; DEMG, 1.42 mV.

repeatedly shows a transient decay in its within-burst spike
frequency. Typically, these events are not accompanied by
any recognizable behavioral correlates or changes in states
of arousal.

When startled or aroused by a novel stimulus, guinea
pigs often emit a rather high-pitch sound (which resembles
purring or chirping) as well as engage in a series of sniff
ing/exploratory repertories. With the exception of Orem's
(24) electrophysiographic depiction of changes in an in
spiratory unit (dorsal respiratory group, DRG) during pho
nation (meowing), sniffing reflex, and purring in the cat,
virtually nothing is known about the medullary RRU activ
ity correlates during such behavioral repertories as phona
tion, sniffing, and others.

As electrophysiograms on the left side of figure 41.2
show, the generation of the chirping sound (15-30 Hz)
in guinea pigs is associated with activation of only
NpA inspiratory neurons, while BOT expiratory cells are
completely quiescent. Whether the quiescence represents
inhibition or removal of excitation is not known. However,
since chirping is a volitional act, the source of entrainment
of NpA oscillations, and that which causes the "inhibi
tion" of BOT cells, are probably both derived from the
forebrain and/or other suprasegmental. areas.

In comparison to chirping, sniffing oscillations occur at
a much lower frequency (5-8 Hz). As indicated in the elec
trophysiograms on the right side of figure 41.2, mainte
nance of the sniffing reflex is associated with activation of
both BOT and NpA neurons. Holst and Kolb (16) were the
first to suggest a correlation between sniffing activities and
theta rhythm. To further examine the involvement of theta

rhythm in sniffing reflexes, segments of ECoG data tem
poraIly corresponding .to periods of sniffing reflex were
subjected to power spectral analysis (10). Noteworthy was
the consistent emergence of a 6-10 Hz power spectral com
ponent (corresponding to theta rhythm) during sniffing.
This finding suggests, therefore, that the maintenance of
sniffing rhythm probably involves the entrainment of med
ullary RRUs by the theta rhythm.

A period of apnea occurs in most, if not all, cases sub
sequent to an augmented inspiration (sigh). This response
pattern is depicted in the left panels of figure 41.3. The
most interesting attributes of this response profile are a sus
tained BOT discharge throughout the apneic episode and a
complete inhibition of NpA inspiratory activity. Note also
that the diaphragmatic activity disappears entirely during
the apneic episodes. An augmented breath (or sigh) in
creases the pulmonary compliance and functional residual
capacity, opens up the partially collapsed alveolar units,
and averts the development of atelectasis (39). Thus, the
apnea seen in this case is probably due to an altered
chemoreceptor input as the blood O2 tension is transiently
elevated shortly after a deep breath. The contributions of
vagally mediated stretch and/or irritant receptor input to the
development of apnea are probably minor in view of the la
tency (mean ± SEM = 3.'8 ± 0.8 sec; n=47) of the apneic
response.

BOT neurons have been shown to exert a powerful in
hibitory influence over inspiratory neurons in the DRG,
NpA, and phrenic motor nuclei (2, 12, 18-20), and an ex
citatory/facilitatory modulation of the expiratory neurons in
nucleus retroambigualis (12). It is very likely, therefore,
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FIG. 41.2 Electrophysiological correlates
of respiratory-related activities during
emission of a high-pitch sound (purring,
chirping; left) and sniffing (right).
Inspiratory (NpA-INSP) activities are
shown in the top two panels, and expira
tory (BOT-EXP) activities are in the bot
tom two panels. Signal trace descriptions
same as in figure 41. 1. Time calibration:
1.5 seC". Voltage calibrations: ECoG, 295
~V; Unit 205 ~V; DEMG, 5.65 mV
(chirping; left) and 1.35 mV (sniffing;
right).
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that the inhibition of NpA activity during sigh-induced ap
nea is caused by the sustained BOT discharge. However,
the nature of synaptic events that cause the BOT neuron to
show a sustained discharge is unknown.

Postural modifications do not always modify respira
tion. Those that do exert an influence on the respiratory
pattern all seem to have the quality of being able to inter
fere with ventilatory movements. Back scratching with a
hindlimb, as illustrated in the right panels of figure 41.3, is
a case in point. Changes in BOT and NpA activities during
back scratching are very similar to the apneic response
mentioned previously. Namely, there is inhibition of NpA
and activation (albeit to a lesser extent than the sustained
discharge seen in sigh-induced apnea) of BOT neurons. Par
enthetically, the activity profile during the act of deglu-

tition is very similar to that of back scratching. A major
difference is the relatively shorter periods of BOT activa
tion and NpA inhibition.

Another intriguing feature can be seen upon closer ex
amination of the NpA recording in the right upper panel of
figure 41.3. There is a conspicuous elevation in the back
ground activity level throughout the duration of NpA inhi
bition. This phenomenon is not only observed during back
scratching but also during a variety of other behaviors such
as radical turning behavior, deglutition, and defecation.
The following can be inferred from this phenomenon. First,
judging from the signal strength of the background activity,
the unit(s) must be located in close proximity to the NpA
unit under observation. These background cells may belong
to the same category of inspiratory neurons reported by
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FIG. 41.3 Electrophysiographic depictions of respiratory-related unit activities during episodes of apneic responses after an augmented
breath (sigh; left top and bottom panels) and during back scratching (right top and bottom panels). Signal trace descriptions same as in
figure 41.1. Time calibration: 2 sec. Voltage calibrations: ECoG, 295 ~V; Unit, 225 ~V; DEMG, 3.42 mV.

Orem (23, 24) that. are activated during conditioned in
spiratory inhibition. The reason these units are not regu
larly encountered in this study may be attributed to the
technical difference between the present model system and
that of Orem mentioned above. Second, the phenomenon of
background activity elevation can only be seen during in
spiratory inhibition by volitional behaviors. Little, if any,
change in the inspiratory background activity level can be
detected during sigh-induced inspiratory inhibition (see
fig. 41.3). These observations imply that the recruitment of
background unit activities during inspiratory inhibition
may involve synaptic input extrinsic to the network such as
those of· forebrain origin.

STATES OF AROUSAL

Generally speaking, transitions from behaving or resting
states to slow-wave sleep (SWS) invariably cause an in
crease in RRU burst and cycle durations, and a decrease in

RRU spike frequencies. Referencing against the resting
state (100%), the discharge rate can increase to as much as
200% in active behaving states and decrease to 30% during
SWS. Incidentally, it should be pointed out that Orem and
co-workers (31) have identified a small population of med
ullary RRUs that actually showed an increase in discharge
rate during NREM sleep. Again, sampling problems men
tioned above may very well account for this discrepancy.

BARBITURATE ANESTHESIA

Pentobarbital-induced changes in medullary RRU activity
patterns (5), as demonstrated in figures 41.4-6, are even
more striking. In this experiment, the effects of pentobar
bital (35 mg/kg; ip) on medullary RRUs are evaluated be
fore, throughout the course of, and during recovery from
anesthesia in chronically instrumented guinea pigs. The
most remarkable development following pentobarbital is a
state of progressive bradypnea accompanied by a multitude
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FIG. 41.4 Representative electrophysiograms of ECoG, RRU, and DEMG activities across control (wakefulness), transitional (2.32 min
post-pentobarbital), steady-state (4.07 hr post-pentobarbital), and recovery (1.00 hr after the first attempt to right) periods. Response
profile of a BOT expiratory unit (top panel). Response pattern of an NpA inspiratory neuron (bottom panel). Signal trace descriptions same
as in figure 41.1. Experimental conditions: control (awake, resting) state; transitional period (period during which the animal loses con
sciousness; duration = 3.5 ± 1.6 min); steady-state period (anesthetized state; duration = 8.6 ± 2.1 hr), and recovery period (conscious,
behaving states; a fixed duration of 2 hr). Voltage calibrations: ECoG, 290 flY; Unit, 235 "..V; DEMG, 1.12 mY.

of profound changes in the amplitudes and temporal at
tributes of RRU (BOT and NpA units), DEMG and ECoG
activities. As the anesthetic effect progresses, both BOT
and NpA unit activities undergo remarkable transforma
tions from a behavioral and state-dependent wakefulness
pattern to a profile characterized' by a significantly aug
mented RRU cycle duration (BOT, 340%; NpA 380%; fig.
41.5, upper left panel) and burst duration (BOT, 500%;
NpA 350%; fig. 41.5, upper right panel). A somewhat par
adoxical observation is a notable increase in the RRU spike
frequencies (BOT, 170%; NpA 140%) during anesthesia.
This "anomalous" phenomenon is currently being investi-

gated with the use of pentobarbital-anesthetized guinea
pigs. Briefly, a segment of trachea between the larynx and
the bronchial bifurcation point is replaced by a "T-shaped"
shunt assembly so the path for air exchange can be switched
to either the larynx or the shunt. Preliminary results sug
gest that the NpA discharge frequency is significantly re
duced when the air flow is diverted from the larynx to the
shunt. These findings suggest that the increased RRU spike
frequency may be attributed, at least in part, to the hyper
capnic burden (33, 37) which results from pentobarbital
induced inactivation of medullary neurons that normally
control the· airway muscles (27).
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FIG. 41.5 Effects of pentobarbital on
RRU cycle duration (top left panel),
burst duration (top right panel),
TBurs/TCycle ratio (bottom left panel),
and spike frequency (bottom right
panel). Each epoch data point repre
sents the average response magnitude
of a specific activity category across
all the BOT (n = 10; dash line) units
or all the NpA (n = 9; solid line)
cells. Abscissa labels: C, control
(awake, resting) state; TI, S I, RI;
T2, S2, R2; and T3, S3, R3 are the
beginning, the midpoint, and the end
of the transitional period, the steady
state period, and the recovery period,
respectively. Each activity category is
normalized and expressed as percent
of control (quiet wakefulness). Error
bars = SEM.

Experimental Conditions

Figure 41.6 (A and B) is a summary of interspike
interval (lSI) analyses of pentobarbital-induced alterations
of the within-burst spike frequency modulation patterns of
a BOT (fig. 41.6A) and an NpA (fig. 41.6B) unit. For the
BOT unit, the increase in spike frequency is represented in
the lSI histograms as an increase in the number of spike
events per bin. The profile of the lSI distribution remains
essentially uni-modal, and the central tendency of the lSI
distribution is unaltered throughout the course of anesthe
sia. Changes in the NpA unit are more complex. The most
noticeable transformation in NpA histograms is the reorga
nization of a uni-modal lSI distribution to that of a dis
persed, multimodal profile during the steady-state period of
pentobarbital anesthesia. There is also a shift of the central
tendency of the lSI distribution from the 14-msec bin to the
9-msec bin. These findings indicate that BOT and NpA
units are differentially sensitive to pentobarbital anesthesia.

CONCLUSION

The notion that medullary respiratory-related rhythmogenic
neurons are subject to modulation by states of conscious
ness, behaviors, and a multitude of supra-segmental and
peripheral sensory influences is beyond dispute (see 11, 17,
and 32 for reviews). Evidence abounds in the literature that
ventilatory patterns can be modified by a variety of physi
ological and behavioral factors such as states of arousal, be
haviors, emotions, temperature, blood 02/C02 tensions,
metabolism, vago-pulmonary and somatosensory afferent
activities, forebrain and other suprasegmental activities,
and hormonal activities (see 13). Step or ramp changes in
respiratory patterns, be they volitional or automatic, are or
chestrated to ensure adequate supply and prompt delivery
of oxygen to tissues and organs in need and to maintain a
chemostatic constancy of blood 02/C02 tensions and pH.
To effectively cope with fluctuating tissue oxygen demands
across a wide range of behavioral and physiological condi-

tions, the rhythmogenic mechanism must be able to recog
nize the needs on a moment-to-moment basis and be
amenable to modulation and entrainment by a multiplicity
of intrinsic (network) and extrinsic (physiological and be
havioral factors) synaptic events. Indeed, the remarkable
differences in respiratory behaviors across different states
of arousal and behaviors are clear indications of varying de
grees of interaction and functional overlap between the
brainstem rhythmogenic network and other CNS control
and integrative mechanisms (14, 17, 21, 40).

Thus far, evidence derived from unanesthetized prepa
rations in the laboratories of Harper and Orem, and more
recently in my laboratory (5-7), have only begun to unfold
the complex operational dynamics of brainstem rhyth
mogenic networks. Future investigations into the sites
and mechanisms that underlie the state- and behavior
dependent aspects of respiratory control will be challeng
ing. Investigators should always be mindful that in addition
to the colossal puzzle of respiratory rhythmogenesis, there
are also complexities of behavioral and physiological vari
ables that are as yet incompletely understood. Progress to
ward understanding respiratory rhythmogenesis is most
likely to take place as a result of multidisciplinary effort
and the collective creativity of individuals involved in this
area of research.
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BOT Expiratory Neuron FIG. 41.6 Inter-spike interval (lSI) anal
ysis of pentobarbital-induced alterations
in within-burst spike frequency modula
tion pattern of BOT (A) and NpA (B)
units.
To permit direct comparison across ex
perimental conditions, the lSI values
along the ordinates are scaled and ex
pressed as numbers of spike events per
second.
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Vomiting: Its Respiratory Components

Alan D. Miller

Vomiting is produced primarily by changes in intrathoracic
and intraabdominal pressures that are generated by the co
ordinated action of the major respiratory muscles (25, 26).
This article reviews the pattern of activation and current
state of knowledge concerning the control of these muscles
during the retching and expulsion phases of vomiting. The
reader is referred to other recent reviews for more general
considerations regarding vomiting (4, 9, 10), the gastro
intestinal correlates of vomiting (21), motion and space
sickness (7), pregnancy sickness (1), and vomiting associ
ated with cancer chemotherapy and radiation (9, 10).

Respiratory muscle control is likely to be complex since
these muscles are activated differently during vomiting and
respiration. Numerous studies have shown that during vom
iting the diaphragm and abdominal muscles, which are
muscles of inspiration and expiration respectively, co
contract in a series of bursts of activity that culminates in
expulsion (e.g., 18, 25, 36, 37). Abdominal muscle activity
is prolonged during expulsion, both with respect to dia
phragmatic activity and to abdominal discharge during the
preceding retching phase (fig. 42.1). The external oblique
abdominal muscle contracts phasically during vomiting
while the rectus abdominis usually displays a variable tonic
increase in activity as well as phasic bursts (36). The ex
ternal intercostal (inspiratory) muscles also co-contract
with the diaphragm and abdominal muscles during vomit
ing. In contrast, the internal intercostal (expiratory) mus
cles contract out of phase with these muscles during
retching, are inactive during expulsion, and generate little
or no positive thoracic pressure during either phase of vom
iting (25). There is a marked increase in the activity of the
major respiratory muscles during vomiting compared to
normal respiration.

The portion of the diaphragm that surrounds the esoph
agus relaxes during vomiting, presumably facilitating ros
tral movement of gastric contents (32, 37). This relaxation
is greatest during expulsion; however, some reduction in ac
tivity also occurs during retching. Peri-esophageal relax
ation during vomiting is part of the central motor program
for vomiting and does not depend on a reflex arising from
movement of vomitus within the esophagus (32).

The muscles of the upper airway act to protect the na
sopharynx and trachea during vomiting by raising the soft
palate and closing the glottis, respectively (15, 18, 22).
Closure muscles of the glottis (thyroarytenoid and lateral
cricoarytenoid) discharge in phase with bursts of diaphrag-

matic and abdominal coactivation during vomiting, while
the glottis opener (posterior cricoarytenoid) remains silent
(15, 18). Also active during these bursts are the motor
nerves to the genioglossus, a protrusor of the tongue, and
the stylopharyngeus, which dilates and elevates the phar
ynx. The digastricus, which depresses the lower jaw, is ac
tive throughout the retching and expulsion phases (15).
Following the expulsion phase, there are bursts of oropha
ryngeal nerve discharge that correspond to the buccopha
ryngeal stage of swallowing (15).

The discharge· patterns of individual brainstem and up
per cervical respiratory neurons have recently been studied
during "fictive vomiting" in decerebrate, paralyzed cats.
Fictive vomiting is identified by the same characteristic
pattern of bursts of coactivation of diaphragmatic (phrenic)
and abdominal muscle nerves, elicited by emetic agents,
that would be expected to culminate in expulsion if the' an
imals were not paralyzed (36). Using this preparation, we
first recorded from bulbospinal expiratory (E) neurons lo
cated in the portion of the ventral respiratory group (VRG)
caudal to the obex (nucleus retroambigualis) (36). These
neurons make mono- or oligosynaptic excitatory connec
tions with abdominal and internal intercostal motoneurons
(20,27,29,31). Two major response patterns are observed
during vomiting (fig. 42.1). One-third of these neurons
fire mainly during periods of abdominal nerve activity and
thus could contribute to abdominal muscle activation dur
ing vomiting. Virtually all of the remaining neurons fire
mainly between bursts of phrenic and abdominal nerve
coactivation during the retching phase and thus have the
appropriate firing pattern to activate internal intercostal
motoneurons, which are known to discharge between bursts
of abdominal and diaphragmatic activity during vomiting
(25). Most of this latter group of VRG E neurons, however,
are also active during the expulsion phase when internal
intercostal muscles are reported to be silent. Cutting the
axons of caudal VRG E neurons by a midsagittal section
between C 1 and the obex abolishes abdominal muscles
nerve discharge during both expiration and fictive vomiting
(34). Possible effects on internal intercostal activity were
not tested. These observations from both cell-recording
and lesion studies are consistent with abdominal muscle ac
tivation during vomiting being mediated by caudal VRG E
neurons.

The pathways that activate phrenic motoneurons dur
ing vomiting, in contrast, remain uncertain. During res-
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piration, the inspiratory pattern generator produces high
frequency (50-100 Hz) oscillations (HFO) in phrenic dis
charge that are absent during vomiting, indicating that
inputs from this pattern generator to phrenic motoneurons
are shut off during vomiting (5). Bulbospinal inspiratory (I)
neurons in the dorsal respiratory group (DRG, correspond
ing to the ventrolateral nucleus of the solitary tract) and in
the VRG rostral to the obex (nucleus paraambiguus),
which make mono- or oligosynaptic connections with moto
neurons innervating the diaphragm and external intercostal
muscles (6, 8, 11, 13, 16, 29), do not have the appropriate
response pattern to initiate activation of these motoneurons
during fictive vomiting (3, 35). Most (~90%) of these
bulbospinal I neurons are inhibited during vomiting and ei
ther are silent throughout the entire episode or fire only
near the end of phrenic discharge. Only a few neurons start
firing soon after the onset of phrenic discharge. This sug
gests that other brainstem neurons are important for the
control of the diaphragm and the coactive external intercos
tal muscles during vomiting. In contrast to these bulbospi
nal I neurons, more than one-half of upper cervical (CI-3)
propriospinal I neurons are active in phase with bursts of
phrenic discharge during fictive vomiting (38). Many of
these neurons start firing prior to the onset of phrenic dis
charge. Another 20% of upper cervical I neurons fire
mainly between phrenic bursts during vomiting. Upper cer
vical propriospinal I neurons may affect spinal respiratory
motoneurons via oligosynaptic, as opposed to monosynap
tic, pathways (17, 23).

Expiratory neurons in the rostral portion of the VRG
(Botzinger [BOT] complex) make monosynaptic inhibitory
connections with DRG (30) and VRG (12) I neurons, cau
dal VRG bulbospinal E neurons (19), laryngeal motoneu
rons (19), phrenic motoneurons (28), and perhaps some
upper cervical I neurons (24). During fictive vomiting,
augmenting BOT E neurons discharge between phrenic
bursts and thus serve as a source of inhibitory input during
that phase of the vomiting episode (33). Other brainstem
neurons must also be involved in inhibiting bulbospinal I
neurons which receive maximum hyperpolarization near
the onset and during bursts of phrenic discharge during
vomiting (5) while augmenting BOT E neurons are silent
during most of the phrenic burst.
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FIG. 42.1 Schematic representation of the activity of brainstem
and upper cervical respiratory neurons during fictive vomiting.
Vertical dashed line added for visual reference. Records in a and
b represent different responses seen in different neurons. Some
Botzinger Complex expiratory (BOT E) neurons also fire during
the expulsion phase. Sources: upper cervical (UC) inspiratory (I)
neurons (38), dorsal respiratory group (ORG) and ventral respi
ratory group (VRG) I neurons (3, 35), caudal VRG E neurons
(34, 36), augmenting (AUG) BOT E neurons (33).

CONCLUSION

Based on the firing patterns of brainstem and upper cervi
cal respiratory neurons during fictive vomiting and on their
known or possible neuronal connections, it is possible to
formulate a partial working hypothesis regarding the neural
control of the major respiratory muscles during vomiting
(fig. 42.2). Abdominal and internal intercostal moto
neurons are probably driven by caudal VRG E neurons. In
contrast, the pathways that drive phrenic and external in
tercostal motoneurons remain unknown, although some up-
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Neural Network during Vomiting ?

FIG. 42.2 Working hypothesis of the possible role of brainstem
and upper cervical respiratory neurons in the control of the major
respiratory muscles during vomiting. This hypothesis is based on
patterns of single-cell activity during fictive vomiting and on
known or possible neuronal connections. Arrows do not distin
guish between mono- or oligosynaptic connections. Excitatory
connections are indicated by open arrowheads, and inhibitory
connections are shown using closed arrowheads and lines consist
ing of alternating dashes and dots. Dashed lines indicate weak in
puts. MNs, motor neurons. (See figure 42.1 for descriptions of
other abbreviations.)

per cervical I neurons may be involved via oligosynaptic
pathways. Upper cervical I neurons that fire between
phrenic bursts may provide excitation to internal intercostal
motoneurons. Augmenting BOT E neurons provide exten
sive inhibitory inputs during periods between phrenic
bursts. The relaxation of the periesophageal portion of the
diaphragm that occurs during expulsion may be brought
about, at least in part, by some BOT E neurons that fire
during the expulsion phase (33).

Studies of central respiratory neurons during fictive
vomiting have also led to more general observations re
garding the respiratory neuronal circuitry. First, E neurons
in the caudal VRG are not a homogeneous population but
discharge in one of two distinct patterns during vomiting.
Second, phrenic motoneurons do not appear to be activated
primarily by DRG and VRG bulbospinal I neurons during
vomiting and therefore probably receive important inputs
from other sources. Similar observations have been made
during rhythmic straining (14). In addition, bulbospinal I
neurons are not a necessary relay for cortical activation of
phrenic and inspiratory intercostal motoneurons (2). Third,
the discharge patterns of propriospinal I neurons in the cer
vical cord are. markedly different from bulbospinal DRG
and VRG I neurons, implying that upper cervical I neurons
receive important additional inputs.

The brainstem neurons that control the activity of the
major respiratory muscles during vomiting are an essential

part of the pre-motor output pathways for vomiting. Better
knowledge of these neural circuits would be an important
step for determining how various inputs, for example
from abdominal vagal afferents, the area postrema, and the
vestibular system, can lead to vomiting under different con
ditions. Increased understanding of the pathways that pro
duce vomiting and of their neurotransmitters and receptor
subtypes may be expected to lead to more effective
antiemetic drugs or drug combinations.
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An Overview
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The study of the control of breathing in the human has
an illustrious and rich history. Many of the fundamental
characteristics of ventilatory control such as chemo
responsiveness, the effects of state, and the regulation of
exercise hyperpnea are attributable to the pioneering efforts
of Krogh, Haldane, Asmussen, and others through their
study of humans. Other work utilizing carefully docu
mented lesions of specific neural pathways in human pa
tients provided invaluable insights into mechanisms of load
perception and compensation (Campbell), voluntary con
trol of breathing via corticospinal tracts (Plum), and length
compensating reflexes arising from the diaphragm (Mead).
There are many excellent reasons to continue the study of
the regulation of breathing in humans. Certainly, most of
the very fundamental questions remain unresolved, but, as
in other types of basic biomedical research, the mecha
nisms easiest to study have already been elucidated. In the
future, we must continue to seek innovative and daring ap
proaches in humans and combine work in these fully inte
grative models with those in more reduced preparations if
we are to ever fully understand human ventilatory control.

There continue to be many questions related to the spe
cies specificity of ventilatory control among mammals. In
what respects is the regulation of breathing in the human
unique? One major unresolved question concerns the sen
sitivity of vagally mediated mechanoreceptor feedback
from the human lung in the regulation of breathing pattern,
respiratory muscle recruitment, and cardiovascular func
tion. The importance of this very fundamental feedback ef
fect on cardiopulmonary function is well established in the
anesthetized and to a lesser extent in awake mammals other
than humans; however, it is commonly assumed that vagal
feedback is of little consequence in the adult human. This
question is far from resolved, as it is only very recently that
these reflexes have even been quantified in an unanesthe
tized physiologic state (sleep) (1) and only one study has
been made of the effects of phasic volume feedback in the
human by withholding eupneic tidal volume in the anesthe
tized state (2). These studies suggest varying degrees of
lung inflation effects on breath timing.

On the other hand, a highly significant effect of vagal
feedback may occur on cardiovascular reflexes in the
human including sympathetic efferent output to various
vascular beds responsible for regulating blood flow distri
bution (see fig. 43. lA-C) (3). This association was shown
by using the technique of microneurography to provide con-

tinuous recording of the sympathetic efferent nerve activity
to resting human muscle (4). Clearly, this tight association
of lung inflation and sympathetic nervous outflow, like the
regulation of breathing pattern, has many potential media
tors in addition to phasic volume feedback from the lung.
These include systemic or cardiac baroreceptor feedback
(note phasic blood pressure change in fig. 43.1B) and
"central command" from a medullary sympathetic "oscil
lator network," which is presumably linked closely with
the respiratory rhythm generator. Although it is difficult to
differentiate these possibilities in an integrative model such
as the awake, intact human, one may test these hypotheses
by employing various models and manipulations, such as
(1) causing systemic blood pressure changes within the
breath to be out of phase with respiration, for· example by
using inspiratory resistive loads; (2) using active (volun
tary) versus passive (mechanical) ventilation to test the role
of central descending neural influences; and (3) taking ad
vantage of the clinical model of vagal denervation in the
otherwise healthy lung-transplant patient. The results of
such studies confirm a significant contribution of vagal
feedback from the lung in the regulation of muscle sympa
thetic efferent activity in the human. This fundamental role
for mechanoreceptor feedback from the lung deserves fur
ther intense study in the human (and in the conscious "be
having" animal preparation) along with related questions
concerning the role of vagal feedback in the regulation of
heart rate, distribution of blood flow, and even control of
respiratory sinus arrhythmia. Furthermore, it is time to
gain a definitive understanding of the role of phasic vagal
feedback in the regulation of breathing pattern and respira
tory muscle recruitment in the human.

The human's upright posture presents another unique
feature which may have significant consequences for the
regulation of respiratory muscle function and for mechan
ical interactions among different segments of the chest wall
during breathing. For example, we know very little of the
pattern of respiratory muscle recruitment and its mechani
cal consequences in truly physiologic states, especially dur
ing the hyperpnea of muscular exercise in the human or the
conscious animal. Recent findings point to an important
role for expiratory muscle recruitment in the generation of
hyperpnea in both quadrupedal and bipedal locomotion.
These data have significant implications for the regulation
of respiratory muscle length and in turn for feedback and
feedforward regulation of respiratory motor output and its
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distribution. Certainly, something as fundamental as
postural-locomotory-respiratory interactions must eventu
ally receive some attention if we are to truly understand the
regulation of breathing under natural conditions.

The human depends substantially less on breathing for
temperature regulation than do other experimental mam
mals such as the dog, the sheep and the rat. This is espe
cially true during the increased heat production of exercise,
which may in part explain the greater dependence of these
other mammals on breathing frequency responses and the
fact that the human shows a more precise isocapnic hyper
pnea than do other exercising mammals. Studies on even
the very basic mechanisms of exercise hyperpnea must
consider these fundamental questions of teleology in deter
mining the relative contribution of various types of feed
forward and feedback stimuli to the hyperpnea and most
importantly in the extrapolation of findings in other animal
preparations to the human.

Maturation effects on ventilatory regulation are proba
bly quite different in the human given the markedly dif
ferent rates of development among humans and other
mammals in most types of motor control. Only very re
cently has the human infant been more fully utilized as a
research subject. This remains a technically difficult but
challenging and important area for research in the control
of breathing. Of special interest is the maturation of mech
anisms regulating distribution of respiratory motor output
to upper-airway and chest-wall musculature and the age
dependent changes in the sensitivity of mechanoreceptor
feedback effects from lung and chest wall. Often lost in the
rush toward specific neurochemical mechanisms is the un
derlying change in metabolic rate in response to oxygen
lack or temperature changes. How maturation influences
this very basic, yet mysterious underpinning of the regula
tion of breathing is unknown (see Mortola, this volume).
The development of animal models that truly mimic human
development is also important to a more thorough under
standing of human ventilatory regulation.

The use of the sleeping state has opened exciting ave
nues for human study that not only present the challenge to
study ventilatory control in an entirely new physiologic
state but also provide the opportunity to study many aspects
of ventilatory regulation in the non-behaving, yet unanes
thetized human. Some exciting, fundamental findings have
emerged to date concerning the nature of the elusive
"wakefulness drive" to breathe. The normal human sleep
ing subject shows (1) a critical dependence of rhythmic
ventilation on very small changes in PC02 ; (2) the absence
of immediate compensation to mechanical loads; (3) the se
lective redistribution of efferent respiratory motor output
between upper-airway and pump-respiratory muscles; and
(4) a remarkable sensitivity of ventilatory stability to even
relatively small changes in cortical "state." Of course, an
understanding of sleep obviates the use of the anesthetized
state and requires that truly physiologic preparations be

used. More recently, we have seen the development of
uniquely instrumented animal models and imaginative
uses of pharmacologic agents that it is hoped, will mimic
normal REM sleep. The use of these approaches in concert
with more in-depth investigations of the sleeping human
promises an exciting future for research into the integrative
complexity of neural-chemical-mechanical aspects of ven
tilatory regulation in the different physiologic states.

Parenthetically, it may be worthwhile to be reminded
from time to time that anesthesia or decerebration is not
one of the physiologic states in question. Anesthesia (type,
duration, and depth) has marked and unpredictable effects
on the gain of ventilatory responses to most ventilatory
stimuli, on the level of background acid-base status, on the
influence of mechanoreceptor feedback, and on the distri
bution of respiratory motor output to respiratory muscles.
Some of those limitations must also apply to isolated,
nonperfused preparations. Again, while such preparations
are invaluable to further our understanding, the data they
provide must be applied with caution. This is especially
true if one wishes to determine the gain of responsivity
inherent in a specific receptor or control network or the
relative contribution of various types of primary and sec
ondary afferent inputs to the final integrated response (i.e.,
respiratory motor output or breathing). When these answers
are sought, the behaving, unanesthetized preparation must
be incorporated at some point into the experimental design.

A traditional rationale for human study continues to be
understanding the pathogenesis of human disease. Many
of the classic questions remain unresolved in the patho
physiology of ventilatory control, such as the causes of res
piratory failure and CO2 retention; the chosen strategies to
respond to internal loads which mimic the disease state;
and the role of respiratory muscle fatigue in ventilatory
control, that is, does it ever occur, and if so, how is it re
versible? Why do some apneic infants show an apparent
failure to arouse to restore rhythmic breathing? What pre
cipitates the imbalance of respiratory motor output result
ing in obstructive sleep apnea? How can we find better
ways to artificially mimic the normal stimulation of the
hypoglossal motor nerve (so that airways can open), or
phrenic motor nerves (so that paralyzed diaphragms can
contract)?

We have outlined just a few of the important problems
and how they might be studied to yield basic information
on some of the characteristics of ventilatory control which
are especially relevant to the human. The message here is to
bring new and inventive techniques, ideas, and experi
mental designs and new patient models to the study of ven
tilatory control. Of course, this appeal is not made to the
exclusion of the need for more fundamental work at the
level of the cell, slice, and reduced preparation in experi
mental animals. Indeed, while we refer to some of the
above-mentioned findings in the human as "fundamen
tal" in nature, we acknowledge that the basic neural ele-
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ments, properties, and neurochemical mechanisms in
ventilatory control, especially those within the central ner
vous system, must be studied at a subcellular level in
greatly reduced preparations. Many of the exciting new
findings reported in this volume came, of course, from the
use of such preparations. It also remains clear that the im
portant questions are the most difficult and complex; we
must keep in perspective that the remaining "black boxes"
in our control system come in many different sizes and lev
els of complexity. The best solution demands a truly com
prehensive approach. The integrationist and reductionist
would do well to strengthen their cooperative efforts.
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The Effect of Increased Inspiratory Drive on the Sensory

Activation of the Cerebral Cortex by Inspiratory Occlusion

Paul W. Davenport, Gregory A. Holt, and Paul MeN. Hill

Respiratory sensations are common experiences that allow
humans and animals to become aware of their breathing.
Sensations elicited by increased inspiratory mechanical
loads have been studied previously using psychophysical
techniques. Yet very little is known about the sensory neu
ral mechanisms mediating the sensation of mechanical
loads. A prerequisite for understanding the mechanisms of
respiratory sensations is identification of cerebral cortical
activation by respiratory related stimuli. Sensory activation
of the cerebral cortex in humans has been studied exten
sively in the auditory, visual, and somatosensory systems.
Event-related potentials elicited by stimulation of afferents
from these sensory modalities have been found using com
puter signal averaging techniques (3, 8). The evoked poten
tial technique has been a useful tool in studying the neural
mechanisms mediating these sensory systems. These tech
niques have been used recently to demonstrate the activa
tion of somatosensory cortical regions by inspiratory loads.

Mechanical loads were applied while simultaneously re
cording from the somatosensory region in the adult human
(5). The initial observation of a respiratory-related cortical
evoked potential (RREP) was made using inspiratory oc
clusions applied at the onset of the breath. The electrodes
were placed over the somatosensory region of the left hemi
sphere of the cerebral cortex. Mouth pressure (Pm) was the
respiratory parameter that was used to trigger the signal av
erager. When Pm became negative the computer collected
800 msec of EEG activity. The EEG signals from 128 oc
clusions were averaged for each subject. An event-related
potential was observed for occluded inspirations that was
absent in unoccluded breaths. This respiratory related
evoked potential had four peaks that were observed in all
subjects. The first peak was positive with a mean latency of
60 msec. This was followed by a negative peak, a second
positive peak, and another negative peak. When these re
sults were compared to evoked potentials reported for other
sensory modalities, a similar potential was found with
mechanical stimulation of the foot and hand (9, 12, 13, 19).
It was concluded that the RREP was similar to other
somatosensory evoked potentials with a longer latency for
the first positive peak (P1) due to the time required for the
inspiratory effort against the closed airway to stimulate the
afferents mediating the RRE~ More recent studies in nor
mal subjects have demonstrated that this RREP can be elic
ited by occlusions presented either at the onset of
inspiration or during mid-inspiration. The RREP was also

present bilaterally (14). These studies in adult humans dem
onstrate that inspiratory mechanical loads elicit cortical ac
tivity that can be recorded in the somatosensory region.

The P I latency with onset occlusions was found to cor
relate between subjects with their inspiratory drive as de
termined by the mouth pressure O. 1 sec after the onset of
inspiration (Po. I) (5). This observation suggested that the
ventilatory status of the subject may be an important factor
affecting the peak latency and waveform of the RRE~ The
present study was designed to investigate the role of in
creased inspiratory drive within the same subject on the la
tency and amplitude of the early portion of the RRE~ The
RREP was recorded in two separate trials with normal
adult subjects breathing either room air or increased CO2
(5% CO2 and 95% 02). The results of these experiments
demonstrate that increased inspiratory drive decreases the
latency but does not change the amplitude of the P I peak of
the RRE~

METHODS

Five males and two females served as the subjects; three
subjects had participated in previous RREP studies. The
protocol was reviewed and approved by the Institutional
Review Board at the University of Florida. The general
methods were explained to each subject and signed consent
was obtained.

The subjects were seated in a recliner that provided sup
port for the head and neck. A two-way non-rebreathing
valve was positioned to allow the subject to respire com
fortably through the mouthpiece, maintain a tight seal
around the lips, and relax the muscles of the head and
mouth (fig. 44.1). Mouth pressure (Pm) was recorded with
a differential pressure transducer connected to the center of
the non-rebreathing valve. PC02 was recorded with an in
frared analyzer (Puritan Bennet) connected to a separate
port in the center of the valve. Reinforced tubing connected
the balloon occluder to the inspiratory port of the breathing
valve. Inflation of the balloon provided the occlusion of in
spiration. A differential pressure transducer was connected
to the pressure supply line for the balloon. It was the bal
loon pressure that served as the trigger signal for the signal
processor (Cambridge Electronic Design, Model 1401). Pm
and PC02 were displayed on a polygraph.

Surface-cup electrodes were placed bilaterally over the
somatosensory region of the cerebral cortex: Cz , C3 and C4

(International 10-20 system). The electrode impedances
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FIG. 44. 1 Schematic represen
tation of the experimental
preparation. The subject was
seated in a semi-reclining posi
tion. (See methods for
explanation. )
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were checked and the electrodes replaced if necessary. EEG
activity was recorded from CZ-C3 and CZ-C4 electrode
pairs, amplified (lOOK) and band pass filtered (0.3-3000
Hz, Grass Instruments, Neurodata 12). Balloon pressure,
Pm' and the two EEG channels were connected to the signal
processor. Experimental sounds were masked by head
phones placed on the subject after the electrodes were in
place. Music was played throughout the experiment.

Mid-inspiratory occlusion trials were presented with the
subject breathing room air. The occlusion trial began with
the subject respiring through the apparatus for 2-5 min of
unobstructed breathing. The occlusions were presented by
inflation of the balloon during an inspiration. The experi
menter manually pressed the occlusion switch during the
early portion of the inspiration. This interrupted the in
spiratory air flow for about 400 msec and is referred to as
a mid-inspiratory occlusion. Occlusions were presented ev
ery three to six breaths with the subject unaware of when an
occlusion was to be presented. A minimum of eighty mid
inspiratory occlusions were presented. A series of ten oc
clusions presented at the onset of the breath was applied in
the middle of the trial and recorded on the polygraph for
the determination of P0.1' The subject removed the mouth
piece when the trial was complete and was given a 10 min
rest period.

A Douglas bag filled with 5% CO2 and 95% O2 served
as a reservoir while the same gas mixture was continuously
supplied from a cylinder. The bag was connected to a three
way valve in the inspiratory circuit. The subject began the
trial with 2-5 min of unobstructed breathing of room air.
The CO2 gas mixture was then valved to the subject and 5
min were allowed for ventilation to increase and stabilize.
Mid-inspiratory occlusions were then presented for a min
imum of eighty occlusions. Ten onset occlusions were again
presented in the middle of the trial to determine the PO. 1

with elevated CO2 . When all the occlusions had been pre
sented, the subject was valved to room air and the mouth
piece was removed.

The computer (Dell 310) collected on-line 500 msec
samples of Pm and EEG activity from the two electrode
pairs (CZ-C3 and CZ-C4 ) with each occlusion. The increase
in balloon pressure triggered the digital sampling (4 kHz)
of the analog signals. The 500-msec digitized sample for
each occlusion was stored individually for subsequent av
eraging and analysis. To generate the computer averages for
each trial it is critically important that the trigger signal oc
cur at the same time for each presentation to be included in
the average. The Pm was used to determine synchronization
of the stimuli. The Pmfor the individual occlusion was dis
played and inspected to determine when the occlusion oc
curred. The occlusion was included in the average only if it
occurred at the same time in the 500 msec sample as the
other presentations. The average for each trial was gener
ated with only the Pm displayed. A minimum of sixty-four
mid-inspiratory occlusions were averaged for each trial.

Zero time, the beginning of the occlusion, was defined
as the point of intersection of two lines drawn on the aver
aged Pm trace as illustrated in figure 44.2. The PI latency
of the RREP is the time from this point to the peak of the
first positive potential. This latency was determined for
each electrode pair in each trial. The zero-peak amplitude
of PI was measured for each electrode pair and each trial.
The pressure at which this peak occurred (d Pm) was also
determined. End-tidal PC02 for room air and CO2 trials
were measured from the polygraph record. Inspiratory
drive was estimated by determining the PO. 1 from the poly
graph record of Pm for the onset occlusions presented in the
middle of each trial. A multifactorial ANOVA and paired
t-test were used for statistical comparison.

RESULTS

RREPs were recorded bilaterally in all subjects breathing
room air (figure 44.3). The mean PI peak latency was
54.06 ± 5.44 msec and 52.95 ± 10.28 msec for CZ-C3 and
CZ-C4 respectively (table 44.1). There was no significant
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FIG. 44.2 Computer-averaged mouth
pressure with mid-inspiratory occlusions.
The bottom trace is the averaged mouth
pressure (eighty occlusions) for one sub
ject breathing room air. Negative pressure
is plotted up the y-axis. Time (in milli
seconds) is plotted on the x-axis. The
point of zero time, when the occlusion
began, was determined by drawing a line
through the baseline pressure and a sec
ond line through the portion of the trace
where pressure was decreasing rapidly.
The point of intersection of these two
lines was defined as zero time for the
determination of RREP latencies. The
top trace is the averaged mouth pressure
(eighty occlusions) for the same subject
breathing the elevated CO2 gas.
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Table 44.1. Average Pressures and Peak Evoked Potential
Data for Trials during Room Air and CO2 Breathing.

Room Air C02
1

CZ -C3 CZ -C4 CZ -C3 CZ -C4

PI Latency2 54.063 52.95 41.82* 45.56*
(5.44) (10.28) (6.92) (9.02)

PI Amplitude4 2.18 1.52 2.28 2.07
(0.76) (0.54) (0.87) (1.41 )

Room Air CO2

po. I5 1.68 4.21*
(0.61) (1.97)

LlPm 1.63 5.20*
(0.18) (0.66)

I Inspired gas was 5% COi95% 02'
2 In milliseconds.
3 Mean (SD).

4 In microvolts.
5 PO. I and ~PmM in cm H20.
* P < 0.05

difference between these latencies. The mean po. I for
room-air breathing was 1.68 ± 0.61 cm H20. Breathing
5% CO2 and 95% O2 significantly increased end-tidal
PC02 by 4.57 ± 2.26 mmHg. The mean po. I was signifi
cantly increased to 4.21 ± 1.97 cm H20. RREPs were
again recorded bilaterally (fig. 44.4). The mean PI peak la
tencies were 41.82 ± 6.92 msec and 45.56 ± 9.08 msec,
respectively, and were significantly (p<0.05) shorter than
room-air trials. The zero-peak amplitude of PI from both
electrode pairs during CO2 breathing was not significantly
different from the room-air trials. The apmfrom zero time
to the PI peak latency was significantly increased from
1.63 ± 0.18 cm H20 for the room air trials to 5.20 ± 0.66
cm H20 during CO2 stimulation (table 44.1).

DISCUSSION

Interruption of inspiration with a transient occlusion pro
duces bilateral cerebral cortical neural activity within 55
msec from the application of the occlusion. This result with
subjects breathing room air is similar to previous reports
using mid-inspiratory occlusions (14). Stimulation of the
afferents (as yet unknown) that elicit the RREP is the result
of the subject inspiring against the occluded airway. This is
a unique aspect in the recording of RRE~ In other sensory
systems, the experimenter controls the stimulus parame
ters. With respiratory loads, the experimentet presents the
subject with a load to inspiration, but stimulation does not
occur until the subject acts on the load. The activation of
the afferents mediating the RREP is therefore dependent on
self-stimulation by the subject. This makes the ventilatory
status of the subject an important factor in the generation of
the sensory signal that elicits the RRE~ Changing the in
spiratory drive will alter the rate at which the load depen
dent mechanical changes occur and will similarly affect the
afferents that transduce those mechanical parameters. It
was shown previously with occlusions presented at the on
set of the inspiration, that the latency of the first positive
peak decreased with increasing inspiratory drive (5). This
correlation was found by comparing intersubject variation
of po. I breathing room air with their corresponding RREP
PI latency. Using mid-inspiratory occlusions, the present
study found that intrasubject increases in inspiratory drive
were also associated with decreases in the latency of the PI
peak.

Mid-inspiratory occlusions were found previously to
produce shorter-latency and larger-amplitude RREP than
occlusions presented at the onset of the inspiration which
have a slower rate of change in Pm (14). Increasing inspira
tory drive will increase the rate of change in Pmduring an
occlusion. The afferents under these conditions will reach
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FIG. 44.3 Computer averaged EEG response to mid-inspiratory occlusions presented during room air breathing. These data are for the
same subject as in figure 44.2. Voltage (in microvolts) is plotted as a function of time (in milliseconds). Eighty mid-inspiratory occlusions
were averaged. Cz-C3 was the electrode pair over the left and Cz-C4 was the electrode pair over the right somatosensory cortex. The PI
peak is indicated. The PI latencies were 52.0 msec for both electrode pairs.

threshold sooner and be activated more simultaneously.
This should result in a decrease in the time necessary for
afferent activation of the cerebral cortex, and the corre
sponding latencies of the cortical evoked potentials should
be decreased. Thus, the effect of increased inspiratory
drive was a decreased RREP P I latency. Therefore, the
ventilatory status of the subject must be considered when
interpreting variations in RREP latencies.

The peak referred to as P I with RREP is believed to be
the same peak found with mechanical stimulation in other
somatosensory systems with a latency of 40-50 msec (10).
This peak has been found with a variety of mechanical
stimulation paradigms (9, 10, 12, 13, 18, 19). The origin of
this peak has been interpreted as reflecting the initial acti
vation of the sensory cortex (10). With tactile stimulation,
the amplitude of this peak has been shown to be related to
stimulus magnitude by a power function (9). Increased in
spiratory drive more than doubled the change in Pm coin
cident with the Pl' The P I latency decreased but the peak
amplitudes did not change. This suggests that, while Pm is
a useful signal averaging parameter for observing the
RRE~ the magnitude of the Pm is not the stimulus for the
occlusion dependent RRE~

In an attempt to identify the afferents mediating respi
ratory sensations, conscious dogs were behaviorally condi
tioned to signal the detection of inspiratory occlusion
and graded resistive loads (7). The loads were presented

through a tracheostomy that excluded the larynx, pharynx,
mouth, and nose. The dogs could signal the detection of an
inspiratory occlusion within the first inspiratory effort.
Their resistive load detection threshold was similar to hu
mans. Thus, dogs can signal the sensation of inspiratory
mechanical loads, and the detection of these loads was me
diated by afferents distal to the tracheostomy. Experiments
performed with cats have shown that electrical stimulation
of phrenic nerve afferents elicits neural activity in the so
matosensory cortex (4). It has also been shown that the me
chanical stimulation of intercostal muscle afferents can
activate neurons in this same region (6). Projection of vagal
and superior laryngeal nerve afferents to the somatosensory
cortex has been reported in cats (1, 2, 17). Trigeminal and
facial nerve afferents have similarly been demonstrated to
elicit neural activity in the somatosensory cortex in humans
(11, 15). Thus, the neural pathways to the somatosensory
region of the cerebral cortex are present for respiratory re
lated afferents from the mouth, airways, lung, and respira
tory muscles.

Mechanoreceptors in the mouth and pharynx are one po
tential population of afferents that may be activated by the
rapid decrease in Pm that occurs with mid-inspiratory oc
clusions. Williams et al. (20) reported the detection thres
hold for positive pressures in the mouth to be approxi
mately 1.0 cm H20. Mechanical stimulation of the face has
been reported to elicit an evoked potential with the first
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FIG. 44.4 Computer averaged EEG re
sponse to mid-inspiratory occlusions pre
sented during CO2 breathing. These data
are for the same subject as in figures
44.2 and 44.3. Voltage (in microvolts) is
plotted as a function of time (in milli
seconds). Eighty mid-inspiratory occlu
sions were averaged. The P I latencies
were 50.0 and 43.8 msec for Cz-C3 and
Cz-C4 , respectively.
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positive peak occurring at a latency of 10.37 msec (16).
Schieppati and Ducati (15) found that the latency of the
first positive peak of the evoked potential elicited by me
chanical stimulation by air puffs on the face and tongue (in
nervated by branches of the trigeminal nerve) was 21-22
msec. The latencies for similar stimulation of the hand and
toe were 30 and 56 msec, respectively. The trials with sub
jects inspiring increased CO2 resulted in PI latencies
greater than 40 msec. This is the shortest P I latency re
ported to date for RREP and is in the same range as found
with mechanical stimulation of the limbs (9, 10, 12, 13, 18,
19). This latency is nearly twice that for air pressure stim
ulation of the tongue. This large disparity in evoked poten
tial latency would suggest that afferents in the mouth and
pharynx may not be mediating the RRE~ It remains un
known, however, which population of receptors are medi
ating the RRE~

This study demonstrates that increases in inspiratory
drive decrease the latency of the RRE~ It will be important
in future studies to also determine the role of lung volume,
air flow rates, and intrinsic loads on the RRE~ Additional
studies will be needed to identify the cortical neural gen
erators of the component peaks of the RRE~ This will aid
in understanding the neural processing of this respiratory
related sensory information. It will also be important for
future experiments to correlate these neural measures of
cortical sensory processes with psychophysical ratings of
respiratory sensation. The results of these studies should
provide new insight into the physiological mechanisms me
diating the sensation of respiratory stimuli.
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Control of Respiratory Cycle Timing in Newborn Infants

Ann R. Stark

INCREASE IN EEV VERSUS NEURAL EXPIRATORY TIME

FIG. 45.1 Relationship of neural expiratory duration (TE) and in
crease in end-expiratory volume (EEV) for loaded expirations in
nine infants. Values are the mean ± S.E. (10).

change in EEV. This would avoid the need for a compen
satory muscle response. At some point during develop
ment, infants must switch from this strategy of defending
lung volume by altering timing to the adult strategy of re
sponding to a change in lung volume by altering inspiratory
muscle activation.

These observations prompted further investigation of
the control of respiratory cycle timing in infants. These
studies were based on observations that had been made in
animals of the effect on timing of changes in lung volume.
As in the animal studies, applications of mechanical loads
were used to examine the modulation of timing (12). By us
ing either resistive or elastic loads, the trajectory of infla
tion or deflation was altered. To better reflect neural
control, timing was measured from the diaphragm EMG as
well as from the volume recording. Unlike the animals, the
infants were not anesthetized, but were studied during nat
ural sleep.

The relationship between expired volume and expiratory
timing in infants is similar to that found in cats (fig. 45. 1)
(10). Te was longer in the loaded breaths than in the pre
ceding control breaths. Even though Te was longer, expired
volume was less than in control breaths, resulting in an
EEV that was higher in the loaded breaths. As the loads in
creased, the change in EEV from control increased and Te
was progressively longer.

This chapter discusses several aspects of our work on
respiratory cycle timing in infants and focuses on develop
mental differences that occur between infants and adults.
First, infants differ from adults in the control of end
expiratory lung volume (EEV) and in the response to
changes in lung volume. Second, infants have potent
volume-sensitive timing reflexes similar to those described
in animals. Third, infants have frequent disruptions in the
expected sequential activation of the upper airway and in
spiratory pump muscles. Some of these observations may
be of clinical significance.

Compared to adults, infants have a mechanical disadvan
tage in breathing due to their highly compliant chest wall.
Although this is important for the birth process, it results in
a relatively small relaxation volume determined by the op
posing recoils of the lungs and chest wall. To compensate,
newborns, unlike adults, breathe at rest from an EEV that is
higher than the relaxation volume (12). Breathing from an
elevated EEV avoids the potential risks of hypoxemia and
atelectasis that might occur at low lung volume. This new
born breathing strategy is accomplished by the interactions
of the inspiratory pump muscles, the upper airway muscles,
and respiratory cycle timing.

The effect on breathing of a shift from the supine to the
upright posture illustrates the difference in breathing strat
egy between infants and adults. When adults move from the
supine to the upright posture, lung volume increases sub
stantially. This volume increase is accompanied by the sub
stantial increase in activation of the inspiratory muscles
seen when they act at shorter operating length (4). Thus, in
spite of the decreased mechanical advantage of the inspira
tory muscles at higher lung volume, ventilation is not ad
versely affected (2). In contrast, when sleeping newborn
infants were tilted from the supine to the upright posture,
the effect on breathing was quite different (16). First, the
changes in EEV were small and variable. They ranged from
occasional decreases to increases of slightly less than one
average tidal volume. Second, there were significant
changes in timing. Expiratory (Te) and inspiratory (Ti) du
ration increased by 24% and 9%, respectively. This corre
sponded to a decrease in breathing frequency from 51 to 41
breaths per minute. Tidal volume increased slightly. Venti
lation decreased by 12%, and this was accompanied by a
small increase (about 0.5 torr) in mean end-tidal PC02 •

Our interpretation of these findings is that the prolonged Te
seen when infants are tilted upright acts to minimize any
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5

INSPIRED VOLUME VERSUS INSPIRATORY TIME volume (5, 15). This inspiratory inhibition is related'to the
phasic volume change, independent of the inspired volume
trajectory.

Premature infants have even greater disadvantages in
breathing than do full-term infants. These include a more
compliant chest wall and frequent irregularities in their
breathing pattern, including apneic spells. Also, during ac
tive sleep, the predominant state of premature infants, dy
namic mechanisms to maintain an elevated EEV may be
altered (14). We expected that the volume-timing relation
ship might be less well developed in premature infants.
However, a comprehensive comparison, after normalizing
for size differences, suggests that the strength of the timing
response for similar decrements in inspired volume was
comparable in premature and term infants (6). In contrast
to previous studies that suggest that maturation influences
the volume-timing relationship (7), the inspiratory timing
response to external inspiratory loads appears to be intact at
this point in gestation.

Although there do not appear to be developmental dif
ferences between premature and term infants in their in
spiratory timing responses with loading, we have observed
effects of maturation on the sequence of activation of the
respiratory muscles. Studies in animals and adult humans
have examined the coordinated activity of the diaphragm
and the posterior cricoarytenoid (PCA), the laryngeal ab
ductor, in the control of airflow (1, 13). These studies show
a sequence of muscle activation with inspiration. Activa
tion of the upper airway muscles, including the alae nasi,
the genioglossus, and the PCA, precedes diaphragm in
spiratory activity. This presumably stabilizes or dilates the
upper airway in the face of negative pressures developed by
the inspiratory pump muscles. Our unexpected observation
was that this sequence appears to be disrupted in premature
infants, and to a lesser extent, even in term infants (8).

We studied the coordination of PCA and diaphragm ac
tivity in healthy premature and full-term infants. Measure
ments of the relationship between the onset of diaphragm
and peA activity and the onset of inspiratory flow revealed
two patterns of respiratory muscle sequence. In the ex
pected and most common sequence, categorized as a "lead
breath," the onset of PCA activity preceded that of the di
aphragm.. All infants, however, also had "lag breaths" in
which the usual sequence was disrupted and onset of PCA
activity followed that of the diaphragm.

The frequency of breaths with the disrupted sequence
was compared in premature and term infants (fig. 45.3). In
the premature infants, the frequency ranged from 16% to
61 % of all breaths for each individual. In the term infants,
the range was from 6% to 43%. Although there is substan
tial overlap, the mean frequency of these disrupted breaths
in the premature infants was significantly greater than that
in the term infants.

These different activation sequences affected respiratory
timing intervals. When PCA onset followed that of the
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FIG. 45.2 Relationship of neural inspiratory duration (TI and
neural inspired volume (VI) (volume corresponding to, the termi
nation of neural TI) for loaded inspirations in six infants. Values
are the mean ± S.E. (11)

Neural T1 (sec)

The type of mechanical load changed the volume-timing
profile of the loaded expiration and also affected the extent
of change in Te. For similar increases in EEV, Te was
longer for the resistive-loaded breaths than for the elastic
loaded ones. This finding supports the hypothesis that the
accumulated expired volume history, including both EEV
and the rate of lung deflation, is an important determinant
of expiratory timing in infants (9).

The modulation of Ti was also investigated in infants us
ing similar techniques. Although the relationship between
inspired volume and Ti is well described in animals, this
work extended observations in infants in whom the tech
nique of airway occlusion had been primarily used to dem
onstrate reflex changes in inspiratory timing. By using
inspiratory loads, the effect on timing could be observed
during changes induced within the normal tidal volume
range.

When mechanical loads and airway occlusions were ap
plied to single inspirations, inspired volume was decreased
from control and decreased progressively with increasing
loads (fig. 45.2) (11). The type of load changed the inspired
volume-time profile of the loaded inspiration but did not al
ter the extent of change of Ti. At similar inspired volume
achieved by either resistive or elastic loads, neural Ti was
not significantly different. Unlike the results obtained with
expiratory loading, the relationship between inspired vol
ume and Ti appeared to be unique and did not depend on
the inspired volume trajectory.

The similarity of these results to those described in an
imals suggests that in infants the phasic regulation of Ti de
pends on a central neural timing threshold with vagally
mediated inspiratory inhibition in response to increases in
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PERCENT LAG BREATHS IN PREMATURE AND TERM INFANTS

CLINICAL IMPLICATIONS

FIG. 45.3 Percent of breaths in which the onset of PCA EMG ac
tivity followed onset of diaphragm EMG activity for individual
premature and full-term infants.
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volume (3). It is possible that some infants do not success
fully maintain an elevated EEV, putting them at risk for hy
poxemia or atelectasis. Second, the disruptions observed in
sequential activation of the upper airway and diaphragm
appeared to be well tolerated and resulted in no detectable
change in airway resistance. The infants that were studied,
however, were healthy. The increased delay between dia
phragm onset and flow that occurs in the disrupted breaths
may represent a period of ineffective diaphragm contrac
tion. These periods of ineffective contraction might be in
efficient and tax infants with limited inspiratory pump
muscle reserve or increased respiratory demands. It is pos
sible that these disruptions might promote muscle fatigue
or respiratory decompensation in infants already at risk.
Finally, many premature infants with severe respiratory dis
ease are treated with endotracheal intubation and mechan
ical ventilation for prolonged periods. It is not known what
the effects are of bypassing the larynx and artificially con
trolling lung volume on the development of volume-timing
reflexes. This therapy might disrupt either breathing strat
egy or coordinated muscle activation. Future investigations
may provide answers to these questions.
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Some of these observations about the control of respiratory
cycle timing in newborn infants may have implications of
clinical significance. First, volume-sensitive reflexes con
tribute to the infant breathing strategy of dynamically main
taining an EEV above relaxation volume. Toward the end of
the first year of life, this infant breathing strategy is re
placed by the adult strategy of breathing from relaxation

diaphragm, the interval between the start of diaphragm
EMG activity and start of inspiratory air flow was longer
than in the breaths with the expected sequence. This de
layed onset of flow may result from delayed glottic open
ing. As expected, the lag breaths had a decreased delay
between the onset of PCA and the start of flow. Lag breaths
also had prolonged neural Ti. This longer Ti may be due to
the delayed increase in inspired volume and is consistent
with reflex control of Ti. In contrast, no differences were
observed between the two sequences in mechanical Ti, tidal
volume, or peak and mean inspiratory flows.

The effect of the different sequences on neural timing
intervals was comparable in the term and premature in
fants, with one exception. This exception occurred in the
comparison of the intervals between the onset of PCA and
diaphragm EMG activity. In breaths with the expected se
quence, the interval between PCA onset and diaphragm on
set was similar in the premature and term infants. In
contrast, when lag breaths occurred in term infants, the de
lay between PCA and diaphragm onset was significantly
shorter than it was in the premature infants.

It is unclear why these disruptions in sequential activity
occur. One possibility is that infants have a disturbance in
central respiratory control, perhaps an alteration in central
neuronal depolarization thresholds, that may change with
maturation.
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Modulation of Respiratory Pattern during NREM Sleep

James B. Skatrud, M. Safwan Badr, and Jerome A. Dempsey

During wakefulness, the ventilatory control system pro
vides effective control of the overall level of alveolar ven
tilation and the relative stability of breathing pattern.
Ventilatory compensation to mechanical loads or to low
levels of chemical stimuli occurs quickly causing only
transient changes in respiratory pattern. In contrast, with
drawal of wakefulness is associated with changes in me
chanical and chemical influences which can result in
periodic breathing, apnea, and upper airway obstruction.
First, the sleeping state is directly linked to an increase in
upper airway resistance. Lack of immediate compensation
for this increased impedance can accentuate episodes of
hypoventilation during fluctuating sleep states. Secondly,
sleep unmasks a sensitive apneic threshold for CO2 which
will amplify any perturbation related to state or resistance.
In addition to amplifying ventilatory changes in response to
oscillation of sleep state, oscillations of airway resistance
or chemical stimuli have been implicated in the periodic
breathing of obstructive sleep apnea syndrome (9) and the
periodic breathing at high altitude (2, 12), respectively.
The purpose of this presentation is to discuss the contri
bution of fluctuating sleep state, upper airway resistance,
and chemical stimuli in the genesis of breathing pattern
instability.

The effect of sleep state on ventilation independent of
changes in upper airway resistance has been difficult to de
termine in humans. In tracheotomized humans (12) and an
imals (11), the PC02 is usually 1-2 mmHg higher during
sleep compared to wakefulness. In non-snorers who showed
only a small increase in resistance between wakefulness and
sleep, minute ventilation and tidal volume decreased 11 %
and 5%, respectively (13). When the sleep-related increase
in upper airway resistance was minimized with either nasal
continuous positive airway pressure (CPAP) (6) or helium
(14), the PC02 still remained slightly elevated compared to
wakefulness. These findings indicate that the sleep-related
decrease in ventilation compared to wakefulness is present
but is small when the state-related increase in resistance is
minimized. Therefore, oscillation of sleep state alone
would not be expected to produce large fluctuations in ven
tilation unless changes in resistance or chemical stimuli
also occurred to amplify the instability.

Such changes in airway resistance occur frequently be
cause of the close linkage between sleep state and resis
tance. A consistent increase in airway resistance is noted
during sleep compared to wakefulness (8, 13). The in-

creased resistance is sleep-stage dependent, with the high
est resistance occurring in stage 3-4 sleep. These changes
are especially prominent in snorers and, in the extreme
form, can result in complete upper airway occlusion and
apnea. Ventilation is decreased during these periods of high
resistance, as indicated by the increase in ventilation when
the mechanical impedance is reduced with nasal CPAP (6)
or helium (14).

Oscillation of sleep state and chemical stimuli are im
portant determinants of airway resistance. During periodic
breathing, airway resistance is inversely related to the size
of the tidal breath and the activity of genioglossus and di
aphragmatic EMG, that is, resistance is higher during the
nadir of the periodic cycles when the tidal volumes are
smaller and the level of respiratory muscle activity is lower
(1, 10, 15). Obstructed breaths have been noted during pe
riods of low drive in subjects whose upper airways are sus~

ceptible to collapse as indicated by snoring (15). Thus,
fluctuating resistance can act as a powerful sleep-linked de
stabilizer of the ventilatory control system. The magnitude
of the resistance change with sleep state is an important de
terminant of the degree of ventilatory oscillation, which
can range from mild hypopnea to frank obstructive apnea.

Another important effect of sleep in destabilizing
rhythmic breathing is its unmasking of a sensitive apneic
threshold for CO2 , During wakefulness, voluntary hyper
ventilation with hypocapnia to less than 25 mmHg is not
consistently associated with posthyperventilation apnea (5,
12). In contrast, during NREM sleep, lowering of PC02

back to awake levels (-4 to -6 mmHg) with passive hy
perventilation is associated with a prolonged apnea (fig.
46. 1). The duration of the apnea is related to the magnitude
of hypocapnia and the level of background ventilatory stim
ulation. Apnea was shorter for a given level of hypocapnia
during hypoxia versus normoxia. Thus, the sleeping state
removes the nonchemical tonic influences which prevent
hypocapnic respiratory inhibition or disfacilitation. Conse
quently, rhythmic breathing during sleep is critically de
pendent on the level of CO2 ,

A distinction· between active and passive hyperventila
tion is important in evaluating the effect of hypocapnia on
breathing pattern. Active hyperventilation has been associ
ated with a poststimulus potentiation of ventilatory output

.or after-discharge that could serve as an important stabiliz
ing influence (4). Once activated, this feedback process
maintains the activity of respiratory neurons even after the
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FIG. 46.1 Posthyperventilation apnea
following passive hyperventilation during
NREM sleep. At the first arrow, the ven
tilator was turned off and was followed
by a 22 sec apnea. EMGdia, surface dia
phragmatic EMG; PETC02 , end-tidal
PC02; Peso, esophageal pressure; Pm,
mouth pressure; Vexp, expiratory flow;
vol, tidal volume.

primary stimulus has been removed. The slowly declining
respiratory activity after stimulus removal reflects the grad
ual decay of activity within these reverberating neural cir
cuits located in the brainstem. The after-discharge is
activated by a variety of stimuli that increase respiratory
output and are not impaired by anesthesia, decerebration,
vagotomy, or paralysis. Thus, the after-discharge mecha
nism is presumed to be active during the sleeping state and
would tend to limit the undershoot following an actively in
duced hypocapnia.

The ability of the after-discharge mechanism to prevent
apnea following active hyperventilation was tested during
NREM sleep (fig. 46.2). Active hyperventilation was pro
duced in normal humans by inducing mild hypoxia (02 sat
uration 80%) for 5 min. The stimulus was abruptly
removed by adding 100% oxygen. Apnea was consistently
observed indicating that either the after-discharge mecha
nism was impaired during this experimental condition or
that it was not sufficient to overcome the powerful inhibi
tory influence of hypocapnia. Impairment of the after
discharge by sleep state alone is unlikely because it has been
shown to be active even in decerebrate animals. A more
likely explanation is the development of hypoxic depression
of the central nervous system directly involving the neurons

that generate the after-discharge or indirectly by acting on
neurons that are normally activated by the after-discharge
mechanism. Hypoxic depression of ventilation has been
demonstrated in awake and sleeping humans (3, 7).

To determine the presence of the after-discharge phe
nomenon independent of hypoxic depression, hypoxia
induced active hyperventilation was produced for short
periods of time « 1 min) which are unlikely to produce hy
poxic depression. The isocapnic, active hyperventilation
was abruptly stopped with hyperoxia, and the subsequent
breaths were observed for evidence of after-discharge (fig.
46.3). As a control, the transition from room air to hyper
oxia indicated the decrease in ventilation which occurred
due to hyperoxia alone. The abrupt termination of active
hyperventilation resulted in ventilation remaining elevated
above the room air to hyperoxia transition control for six
breaths. Based on a lung-chemoreceptor delay of 6 sec,
chemoreceptor stimulation cannot account for the persis
tently elevated ventilation beyond the second or third
breath. We concluded that the after-discharge phenomenon
caused the small elevation in ventilation following removal
of the chemoreceptor stimulus.

The relative strength of the after-discharge phenomenon
in preventing hypocapnic-induced apnea was determined
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FIG. 46.2 Posthyperventilation apnea following active hyperventilation with 5 min of hypoxia. Hyperventilation was abruptly terminated
with administration of hyperoxia. PET0 2 , end-tidal P02 ; PETC02 , end-tidal PC02 ; VT , I, tidal volume.

(fig. 46.3). A short period « 1 min) of hypocapnic
hypoxia-induced hyperventilation was abruptly stopped
with hyperoxia and the subsequent breaths compared to
the room air to hyperoxia transition. The minute ventila
tion was below the· room air to hyperoxia transition and also
below the post isocapnic hypoxia period. Thus, the after
discharge was insufficient to prevent the powerful inhibi
tory effect of hypocapnia on ventilation. The reduction in
ventilation and prolongation of expiratory time (130% of
room air) is a substantial destabilizer of breathing pattern
that can cause hypopnea and apnea during NREM sleep.

The role of hypoxic depression on the manifestation of
the after-discharge was investigated by comparing the ven
tilatory response following I-min and 5-min periods of
isocapnic hypoxia-induced hyperventilation (fig. 46.4).
Ventilatory depression occurred after 5 min of hypoxia, but
not after 1 min, indicating absence of the after-discharge
phenomenon related to the length of hypoxic exposure. The
administration of hyperoxia unmasked the central nervous
system depression that was obscured by stimulation from
the peripheral chemoreceptors.

The reduced after-discharge with relatively mild hypoxia
compromises an important stabilizing influence on ventila
tory control and may predispose to periodic breathing and
apnea. For example, the effect of hypocapnia on ventilation
is greater after 5 min than 1 min of hypoxia. The Te was
prolonged 215% following hyperoxic cessation of 5 min of
hypocapnic hypoxic hyperventilation (PETC02 41 mmHg,

PET0 2 64 mmHg) compared to only a 130% prolongation
following 1 min of hypoxic hyperventilation (PETC02 48
mmHg, PET0 2 48 mmHg). In addition to its effect on after
discharge, 5 min of hypoxia may also affect neural mech
anisms responsible for switching from expiration to
inspiration, which would further prolong Te (16). The
time-dependent onset of hypoxic depression may account
for the observation that periodic breathing takes minutes to
develop during NREM sleep. Therefore, hypoxic periodic
breathing represents a complex interaction between stimu
lation of the peripheral chemoreceptor and depression of
central neural stabilizing mechanisms.

SUMMARY

Several determinants of respiratory pattern stability dur
ing NREM sleep have been presented. Sleep state alone
has only a small effect on the overall level of alveolar
ventilation, and the ventilatory response to increased
levels of chemical stimuli is only slightly reduced. How
ever, the removal of nonchemical tonic influences associ
ated with wakefulness causes an increase in upper airway
resistance and an unmasking of an apneic threshold for
PC02 . Fluctuations in airway resistance and chemical
stimuli will greatly exaggerate the ventilatory response
to primary oscillation in sleep state. Periodic breathing,
apnea, and even complete upper airway occlusion are fre
quent consequences.
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FIG. 46.3 Change in ventilation follow
ing hypoxia-induced hyperventilation.
Active hyperventilation was induced with
1 min of isocapnic (0) or hypocapnic (e)
hypoxia. At the dashed vertical line,
hyperoxia abruptly terminated the
hypoxic stimulus. The stippled area rep
resents the mean ± SD of the change in
ventilation during the transition from
room air to hyperoxia that was used as
the control condition. Following isocap
nic hyperventilation, note that ventilation
remains above the room air to hyperoxia
range for six breaths, indicating the pres
ence of the after-discharge phenomenon.
Following hypocapnic hyperventilation,
ventilation falls below the room air to
hyperoxia range, indicating the ability of
hypocapnia to override the stabilizing
influence of the after-discharge. Isocap
nic hypoxia trials: room air - PETC02

47 mmHg, PET0 2 106 mmHg; isocapnic
hypoxia - PETC02 47 mmHg, PET0 2 63
mmHg. Hypocapnic hypoxia trials: room
air-PETC02 44 mmHg, PET0 2 105
mmHg; hypocapnic hypoxia-PETC02 40
mmHg, PET0 2 50 mmHg. VE' minute
ventilation.

FIG. 46.4 Effect of hypoxic depression 200
on ventilation following hypoxia-induced

Thyperventilation. Active isocapnic hyper- 180 0
ventilation was induced with hypoxia for 1
1 (0) and 5 (e) min. Following 1 min of 160
hyperventilation, after-discharge main- 0::::

tained ventilation above the room air to 4:
140 !

hyperoxia range. In contrast, 5 min of ~

hypoxic hyperventilation caused ventila- 0
0 120

tion to decrease below the room air to 0:::
hyperoxia range, indicating the presence lJ.... 100
of hypoxic depression of the after- 0

discharge phenomenon. Isocapnic hy- ~ 80
poxia trials (1 min): same as above. W
Isocapnic hypoxia trials (5 min): room air > 60
- PETC02 43 mmHg, PET0 2 106
mmHg; isocapnic hypoxia - PETC02 43 40
mmHg, PET0 2 62 mmHg.
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Hypoxia has a dual action in causing ventilatory insta
bility via its peripheral effect on increasing controller gain
and via its central effect of causing hypoxic depression of
the central nervous system. Ventilation following a period
of apnea or hypopnea is greatly augmented in the presence
of hypoxia because of peripheral chemoreceptor stimula
tion. This ventilatory overshoot will lower the PC02 toward
or below the apneic threshold and thereby accentuate the
subsequent ventilatory undershoot. Hypoxia also interferes
with the expression of the after-discharge phenomenon and
thereby eliminates an important stabilizer of ventilatory

pattern. Hypoxia may also prevent normal neural phase
switching from expiration to inspiration, thereby prolong
ing periods of central apnea (16). Thus, hypoxia can be a
potent initiator of periodic breathing and can serve as a
powerful amplifier of other primary oscillations in ventila
tory control.
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Exercise and the Respiratory Mechanical Load

Magdy Younes

The respiratory mechanical load can affect exercise perfor
mance in a variety of ways. Two of these will be reviewed
here: the respiratory load and exercise ventilation and
breathing pattern.

Respiratory elastance and resistance determine the level
of ventilation and tidal volume for a given pattern of res
piratory muscle activation. Ventilation and tidal volume, in
turn, determine arterial blood gas tensions and, to some ex
tent, pH at a given level of exercise. These are clearly of
some importance to the exercising muscles. It is, therefore,
reasonable to ask whether the respiratory load constrains
exercise ventilation, thereby possibly contributing to fa
tigue of the exercising muscles. Although arterial PC02

during heavy exercise is lower than resting PC02 , thereby
technically excluding hypoventilation, it may be argued
that had the respiratory load been less, ventilation would
have been even greater, with improved blood gas tensions
and acid-base homeostasis. In fact Dempsey et al. (4) have
advocated this scenario based on the response of arterial
gas tensions to helium breathing during heavy exercise.

The issue of whether the respiratory load constrains ex
ercise ventilation has been investigated by observing the re
sponse of exercise ventilation to changes in load. If the
normal load constrains ventilation, then an increase in load
should cause a reduction in VE at a given power output, and
vice versa. Most of the work in this area has been done with
resistive loading and unloading. The effect of added resis
tance has been studied extensively (2, 5, 7, 13). All have
found that exercise ventilation, particularly at high levels
of work, is depressed if the resistance is increased. The sig
nificance of this finding to the issue of whether the internal
load constrains ventilation is, however, dubious. These
studies indicate that an increase in load constrains ventila
tion but do not necessarily indicate that the native load is
particularly constraining. It is for this reason that the re
sults of unloading assume a greater significance with re
spect to the issue being addressed.

The respiratory control system can follow one of three
courses in response to a decrease in load: (1) Respiratory
muscle activation may be down-regulated such that the
same ventilation is obtained. (2) Respiratory muscle acti
vation is maintained unchanged, whereby an increase in
ventilation will result. (3) There may be an intermediate re
sponse whereby incomplete downregulation results in
higher ventilation at somewhat lesser levels of activity. The
first type of response would clearly indicate that the native

load was not constraining ventilation. Either of the other
two responses would suggest that the internal load con
strains ventilation.

Until very recently the only means available to unload
the respiratory system during heavy exercise was through
the use of helium-02 mixtures. Because the density of
these mixtures is less than that of air, airway resistance is
reduced. The magnitude of reduction in resistance would
depend on the degree of turbulence, and hence density
dependence of the native resistance. The response of exer
cise ventilation to helium breathing has been studied ex
tensively and the results are fairly uniform in that exercise
VE is considerably larger, particularly at high levels of
ventilation where turbulence is high (9, 10, 12). Although
the most obvious interpretation of this finding is that the
normal resistance constrains exercise ventilation, more re
cent observations make it necessary to consider alternate
interpretations.

First, the degree of reduction in resistance by helium is
very modest. According to the data of Hussain et al. (9) re
sistance decreased by less than 1 cm H20/llsec during
heavy exercise. In a recent study, we calculated the venti
latory consequences of reducing the resistance by this
amount in the absence of any down-regulation of neural
output (6). This was done by first estimating the time
course of muscle pressure (Pmus) development given tem
poral patterns of flow and volume observed during heavy
exercise, and assuming normal values of respiratory system
elastance and resistance. The procedure was then reversed
to result in the temporal pattern of flow and volume if Pmus

remained the same but resistance decreased by the amount
observed during helium breathing. This analysis indicated
that ventilation should increase by only 6% if Pmus did not
change. Considering that ventilation increased much more
with helium (ca. 30%), the increase in ventilation was not
likely due to unloading.

Second, it has recently become possible to unload the
respiratory muscles during heavy exercise to a much
greater extent than is possible with helium. This is done us
ing an apparatus that delivers positive pressure at the mouth
in proportion to inspired flow, expired flow, or both (15).
Using this apparatus, we studied the effect of a negative re
sistance of -2.2 cm H20/llsec at different levels of exercise.
As far as the muscles are concerned this is three times as
much muscle resistive unloading as the reduction produced
by helium. To our surprise, we found that with inspiratory



FIG. 47.1 Effect of inspiratory resistive.unloading on ventilation
(VE)' tidal volume (VT)' and respiratory rate (f) during incremen
tal exercise. (Drawn from 9.)

unloading alone ventilation increased only at very low lev
els of exercise with the difference decreasing as power out
put increased. At the highest level of exercise there was no
difference in VE' (fig. 47. 1). There were also no differ
ences in breathing pattern (VT and f).

We became concerned that the different responses to
pressure and helium unloading may have been due to the
expiratory unloading effect of helium. Additional experi
ments were, therefore, carried out where we unloaded
expiration alone (negative pressure in proportion to expira
tory flow) or both inspiration and expiration (positive pres
sure in proportion to inspiratory flow and negative pressure
in proportion to expiratory flow). The changes in VE with
either type of unloading were again small and insignificant.
In this latter study we also documented down-regulation of
Pmus (6).

It follows that the ventilatory consequences of unloading
depend on how unloading is done. There is no clear answer
as to whether the native resistance constrains ventilation
during heavy exercise. Because the increase in ventilation
with helium is more than is expected on the basis of
unloading alone (first interpretation above) and greater
resistive unloading produced by pressure results in no hy-
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2.02 (.17) 2.39 (.24) .37 (.10)*
28.0 (2~2) 27.5 (1.9) -.5 (1.0)
56.0 (4.3) 64.8 (3.6) 8.8 (1.3)***
-4.8 (.5) -2.5 (.3) .3 (.5)**

-10.2 (.7) -4.5 (1.1) 5.7 (.9)***
-13.7 (.9) -4.5 (1.6) 9.2 (1.5)***

4.92 (.24) 4.81 (.13) - .11 (.23)
2.97 (.46) 3.00 (.48) .02 (.07)

perventilation, we speculate that the hyperventilatory re
sponse to helium is related to some other property of
helium (6). It is of interest to note that in the only study in
which the response to helium was documented breath by
breath (9), the increase in ventilation was found to occur
gradually over several breaths, whereas the reduction in re
sistance was complete within the first two breaths. Clearly,
if unloading was the mechanism responsible for hyperven
tilation, the increase in ventilation should have been max
imal within the first two breaths and may have abated
somewhat later as a result of chemical negative feedback.

The apparatus referred to earlier (15) also permitted
us to assess the effect of reducing the elastic as well as
the resistive load in normal subjects during heavy exercise.
In this experiment the pressure assist was such that the ap
paratus delivered half the resistive and half the elastic
pressure (1.5 cm H20/I/sec + 5.0 cm H20/I) therefore as
suming fully half the respiratory muscle work. Unlike
the case with resistive loading alone, ventilation and tidal
volume increased significantly but, despite massive unload
ing, the changes were small (table 47.1). Simultaneously,
there was a reduction in Pmuse On average, down-regulation
of Pmus canceled out 75% of the applied pressure assist,
while only 25% of the extra pressure was used to increase
ventilation.

In summary, when the respiratory system is given the
option to increase ventilation during heavy exercise through
pressure assist the tendency is for it to reduce its pressure
output rather than increase ventilation. The case for the
respiratory load constraining ventilation in normal sub
jects is, therefore, rather weak. Of course, the situation
may be different in highly trained athletes who reach much
greater levels of ventilation than the ones studied here
(circa 90 IImin). This remains to be determined.

The respiratory load determines the level of pressure
output during exercise. Should this be greater than the level

VT' tidal volume; f, respiratory rate; VE' minute ventilation; Ppi 25, Ppi 50,
Ppl 75, pleural pressure at 25%, 50%, and 75% of T i ; Ppl EE, end
expiratory Ppi; Ie, inspiratory capacity.
t Average of two bracketing controls.
*, **, *** Significant difference from "No assist" at P :5 .05, .02, and

.01, respectively, using the paired t-test.

Table 47.1. Ventilatory and Pleural Pressure (PpI) Re
sponses to Pressure Assisted Ventilation (PAV) in Normals

No Assist (±SEM)t PAY (±SEM) 8±(SEM)

VT (I)
f(min- I

)

VE (I/min)
Ppl 25 (em H20)
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FIG. 47.2 Effect of elastic and resistive unloading (UL, shaded
area) early during submaximal exercise on ventilation (\'E)' tidal
volume (VT ), and frequency (f) during and following the period of
assist. Points A, B, and C are data in early, mid, and late assist
(open circles) compared with data at the same time in unassisted
runs (solid circles, average of two control runs). Point D is 1 min
after removal of assist and corresponding time of unassisted runs.
Point E is the last minute of exercise. (For further details, see
text. )
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that can be sustained indefinitely, a fatigue process is ini
tiated. Because fatigue is a time-dependent process (14),
the effect of fatigue, if it occurs, should be most evident
near the end of exhaustive exercise. The development of
respiratory muscle fatigue (RMF) could influence exercise
in the following ways: (1) Producing unpleasant sensation
that may contribute to the sense of exhaustion that usually
terminates exercise in normal subjects, or to the dyspnea in
patients with lung disease, (2) altering breathing pattern to
a faster, shallower one with consequences to gas exchange
and, hence, arterial blood gas tensions. Thus, one may
speculate that RMF may be in part responsible for the
tachypneic drift observed during long term exercise (3, 8,
11), (3) Inhibiting respiratory muscle activity through the
process of central fatigue (1). Arterial blood gases may
therefore be worse than they would have been in the ab
sence of fatigue.

Although several laboratory methods have been de
scribed to identify RMF (e.g., maximum pressures, EMG
power spectrum, twitch or sniff Pdi , etc.), these are difficult
to implement or interpret in the setting of heavy exercise.
Furthermore, they lack functional significance. Thus, dem
onstration of RMF by one or more of these techniques need
not reflect any impairment of function, and vice versa. For
example, there is no compelling reason to believe that over
working muscles will influence respiratory control (motor
output and pattern) or cause unpleasant sensation only
when peripheral fatigue (identified by the above tech
niques) occurs.

To investigate the functional consequences of RMF on
ventilation, breathing pattern and exercise endurance, we
used the following protocol (figure 47.2, bottom) in seven
healthy males. Each subject exercised three times at a sub
maximal level selected to result in an endurance time of 8
15 min (roughly 80% of V02max determined in a separate
incremental exercise test). In the first and third tests there
was no respiratory muscle assist. In the second test, pres
sure assist was applied to offset half the resistance and
elastance of the respiratory system (as described above).
The assist was applied from the onset of exercise until a
point roughly 3 min less than the endurance time of the first
test. The assist was then removed. The rationale for this ap
proach is that if there was an effect of RMF on VE or
breathing pattern near the end of the control test, there
should be less of it in the assisted test at the same time
(since the muscles were working at a lower level throughout
most of the test). The fact that the actual load is the same
near the end of exercise in both kinds of test would make it
possible to attribute differences at this point to cumulative
effects of respiratory muscle work. Should the assist be
sustained throughout exercise, differences between control
and assisted tests near the end may be related to the differ
ence in actual load at the time of comparison and not to the
cumulative aspect of respiratory muscle work (i.e. the fa
tiguing process).
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Figure 47.2 (top) shows the average results for the seven
subjects. During the period of assist (points A, B and C)
ventilation and tidal volume were higher and frequency was
lower than at the same times in the control studies. Also,
the Borg score for respiratory sensation was lower (not
shown). Ventilation, breathing pattern, and Borg scores,
however, were not different once the assist was removed
(point D, 1 min after removal of assist), or at the end of
exercise (point E). The endurance time was also not differ
ent (10.22 min versus 10.29 min). These results indicate
that RMF, if any, does not affect ventilation, breathing pat
tern, respiratory sensation, or endurance time of exhaustive
submaximal exercise.

A similar protocol applied to seven patients with severe
chronic obstructive pulmonary disease (COPD) who were
clearly ventilation-limited produced equally unimpressive
results. The only significant difference at point D (1 min
after removal of assist versus corresponding time of control
tests) was a slightly lower frequency in the assisted test
(22.8 versus 25.6 min- I). There was also no difference in
endurance time (10. 1 min versus 10. 1 min).

In summary, the respiratory load does not appear to
provide an appreciable constraint to exercise ventilation or
breathing pattern in normal subjects, and respiratory mus
cle fatigue does not seem to influence ventilation, breath
ing pattern, or submaximal endurance time. The
consequences of RMF are minimal even in ventilation
limited patients with severe COPD.
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