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GENERAL INTRODUCTION

The experiments described here concern certain effects of three
inhalation anaesthetics on the nervous regulation of the cardio-
vascular systeme The anaesthetic agents studied - cyclopropane,
halothane, and diethyl ether - were selected because each influences
arterial pressure, and the circulation, in a characteristic and
quite different manner when overdose is aveideds Thus, cyclopropane
raises arterial pressure, halothane causes hypotension, and ether
usually produces less deviation from control levels.

Figure 1 shows the systems examined in the present group of
S interlirked investigations. The Figure is a diagrammatic
representation of the circulatory reflex arc which was considered
to be the simplest and most readily studied with present techniques.
The experiments will be considered essentially in the order in which
they were performed, as shown in the table of contents on p, ii,

In the first study in this series, cats wers available;
subsequently rabbits were used, with only a few experiments involving
other species (in Study 1 and Study 4)s The recasons for this were
in part envirommental and related to a recurrent amd national
uncertainty in obtaining a sufficient nmumber of cats at the time
these investigations were being plamned; also, pilot studies and
prévious work suggested that the rabbit was especially suitable for
the experiments in Study 2, Having then made successful use of
rabbits in a large number of experiments, it was considered
inadvisable to change to another species for Study 5 and Study 5.
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It is possible, apart from technical considerations, to
discern at least three factors which may have limited previous
or more amﬁdad studies of this kind., Firstly, the complexity
of the effects produced by general amaesthetics; secondly, and
by definition, their widespread nature, Thirdly, and not unjustly,
many physiclogists may have considered anaesthetics largely as
unfortunate necessities in laboratory investigations. But the
fact that much physioclogical data acquired in the animal laboratory
are strictly referable to the anaesthetized rather than to the
conscious state, and the obvious dependence of anaesthetized
animal preparations on adequate cardiovascular function, points
out the need for more precise knowledge of the diverse ways in
which znaesthetics may disrupt physiological systems. A more
gencral purpose for the present studles, and sufficient in itself,
is the limited current knowledge of the mode of action of genmeral
anaesthetics, in spite of 120 years of clinical use.

The rabbit is often regarded as a difficult or unsuitable
animal for use in physiological studies extending over several hours,
A brief account of experiences gained in the present investigations
is therefore included. Finally, there is a general discussion of
the possible role of the experimental findings in the cardiovascular
actions of the three anasesthetics examined,
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The findings of Study 1 have been published in the following
paper (the manuscript was written by the author, from data obtained
in collaboration with T. J. Biscoe).

"The effect of halothane on carotid sinus baroreceptor activity"
Biscoe, Ts Jo, Millar, Rs 4, J. Physiol, 1964, 173, 24,

Preliminary communications referring to findings in Studies
2, 3, and 5 have been written ani read by the author at seientifie
meetings, abstracts of which have been published:
Effect of anaesthetics on preganglionic sympathetie
discharge
Millar, R, A, Biscoe, T J. (1964).
3 Congressus Mundialis Anaesthesiologiae
Tomo 1, 120.

Bffect of inhalation anaesthetics on postganglionie
sympathetic discharge (Procecdings of Anaesthetic
Research Groun).

Mllar, R.A., Biscoe, T, J. (1965)

Brit, J. Ansesth, 57, 291.



GENERAL METHODS
Apparatus employed

In Study 1, a standard animal operating table was used;
subsequent. experiments were carried out on a steel frame, freely
adaptable in respect to size and attachments and mounted on a
conerete table. The studies were performed within a grounded
expanded-aluminium cage,

Fig. 2 shows a schematic diagram of the electronic equipment
used for recording and counting of nerve impulses. Each item
was faced into the screened cage, so that all electrical cirecuits
carrying 220v. A.C, were outside the perimeter of the cage.
Recording electrodes: Mo, 36 Platinum wire; the attached screened
leads passed through a 6 « 9" length of 5mm, outside diameter,
glass tubing, to each end of which they were secured with Araldite.
The glase tube was held in a mieromanipulator (Prior and Company
Ltd, ), which was clammed to the steel table top on which the animal
was placed,

A,C, preamplifier: Tektronix Type 122, The high frequenocy
response was limited by a filter at 1 XC, The low frequency
response was reduced below 80 eycles (coupling time constant 0.002
sec).

Iwo-channel master oscilloscope: Tektronix 502, dual beam.

The Y-plate (vertical amplifier) outputs were takem to a similar
monitor oscilloscope for photographing the traces displayed on the
master oscilloscopes Two 6 v. miniature light bulbs were attached
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above and at one side of the monitor osecilloscope tube face;
one of these was used in conjunction with a standard Palmer timer
for displaying time marks on moving film; the other light serwed
as a signal marker, operated by a foot-operated relay switch,
Cossor (Study 1) and Grass cameras (Studles 2 = 5),

hei lector: This was constructed by the electronics
staff of the A.R,C, Institute of Animal Physiology, It was
transistorised, and was designed to diseriminate imput pulses
of up to 2 msec rise time; square pulses of 50 psec durationm,
proportional in number to the diseriminator output, were formed
in the associated triggering and pulseeshaping circuit, The
output from the pulse height selector was carried to a ratemeter
and was also used to reset a time scale (see telow).

The output from the upper Y-plate of the master oscilloseope
was fed, through a cathode follower, to the input of the pulse
height selector. Two potentiometers in the discriminator section
of the pulse height seclector were used to set upper and lower
voltage limits to the signal delivered from the oscilloscope Ye-plates,
The upper voltage limit was 53 volts; sinee for whatever setting of
the oscilloscope gain control the Y-plate voltage against earth was
6.5 v/em, a maximum limit of 83 volts always permltted a 5 cm vertical
deflection to be displayed on the oseilloscope trace, Vhen this
height was approached, the oscilloscope gain was reduced; otherwise,
nerve impulse spikes which exceeded 5 em (i.cs 35 volts) would not
have been included in the total count.



In most experiments, the lower pulse height selector limit was
adjusted to permit counting of all impulses remaining when noise
was totally excluded with certainty. The upper voltage limit was
left at maximum, Throughout every experiment, therefore, it was
necessary to monitor the pulse height selector output, either
directly, or by semi-contimuous display of the resetting function
(=see below) on the lower trace of the master oscilloscope, in order
to verify that changes in the signaleto-noise ratio were not
influencing the individual spikes being counted, Where such a
change occurred, the data were excluded from the results presented.
Rosetting unit and time marker: Vemner Reset Unit (Type TS 32) and
Venner Frequency Source (Type TSA 602/A)s The latter incorporated
a 10 XC/sec orystal oscillator, and 4 decade units, providing
outputs at 10 Ke/seec, 1 Ke/sec, 100 ¢/s, 10 ¢/sec, and 1 ¢/s.
A time scale could therefore be presented according to the method
described by Buller and Styles (1953), as iliustrated in Pig.b,
Each dot represents 1 msec and the dots are arranged in columns
of 10, Each column is displaced upwards and o the right in respect
%o its predecessor and after 10 columns, i.e., 100 msee, the secale
resets to the base line. Alternmatively, it is reset by an incoming
pulse, as delivered from the output of the pulse height selector.
By displaying the nerve impulse discharge on the upper osecilloscope
trace, and the resetting function on the lower trace, it was possible
at all times to identify the spikes being gated by the pulse height
selector (and counted by the ratemeter).

Where used without the ratemeter, as in Study 1, this scale



allowed the measurement (on film) of intervals between nerve
impulses to the nearest 1 msec,

With or without the resetting funetion, the time secale was not
affected by changes in film speeds
Ratemeter: WNuclear Enterprises Ltd, High impedance imput.
Time comstants could be selected between 0,0033 and 10 see; the
counting ranges were 0 - 10, 0 « 30, 0 =« 100, O -« 300, O = 1000,
and 0 » 3000 per secs In most studies, the ranges used were 0 - 100
or 0 = 300 per sec, with time constants of 0,35 or 1 sec.

The output of the ratemeter was carried, in many experiments,
to one channel of a 4 chanmel recorder, and in all instances to a
millivolt recorder. |

Before each experimefit the counting ranges of the ratemeter
were checked; square waves at various frequencies were fed into
the ratemeter from an electronic stimulator (see below) and were
simul tanecusly displayed on the master oseilloscope for accurate
determinjation of the impulse frecuency.
Texas nts Se t This millivolt recorder (high
input impedance) was used to display contimuously the ratemeter
output, and to assess the changes measured throughout Studies 2, 5,
and 5, The width of the scale (usually 0 - 100 or O « 3500 impulses

per seec) was 4% inches,

Arterial pressure was

recorded by means of a Statham transducer Model P23A; this, and
the connecting canmila, was filled and periodically flushed with
heparinized saline, (5000 units heparin in 100 ml of 0.9% saline

solution,
- 4‘ -



A Samborn strain gauge amplifier and heated stylus recorder
was used; mean arterial pressure was obtained by electronic
damping of the pressure nulses In most experiments, however, mean
arterial pressure was calculated from the undamped pressure tmce,
in the conventional manmer, as diastolic pressure plus 1/3 (pulse
pressure ).

In order to obtain a simultaneocus display of hean integrated
nerve impulse discharge (ratemeter output) and arterial pressure,
the output from the Sanborn strain gauge amplifier was fed to a
D, C, amplifier in one channel of a multi-channel recorder.

4.-channe 3 This was used for simultaneous
recording of ratemeter output and arterial pressure; in a few
experiments, respiration was also displayed as recorded by a
Backman infra-red carbon dioxlde analyzer or by a thermistor bead
placed in the trachesal cannula.

ectroni tor and Stimlus Isolation Unit: RBquipements
Industriels, Paris. Stimulating voltages were applied to nerves
through bipolar silver electrodes,
tive Transistor Ampl t A thermistor mounted in the

tip of a probe inserted in the animal's rectum was used to regulate
the current flowing through a heating pad (Krnjevié and Mitohell,
1961). By this msans, body temperature was maintained between
36 and 32° g,

The Beckman infra-red CO, analyzer incorpcrated a suction pump which
sampled tidal air continuously from the tracheasl cannula. The response
time for display of tidal 002 was less than 100 msec for 90% deflection
te full scale. In all the Figures the end tidal (=zlveclar) C0g corres-
ponds to the upper, almost horizontal, part of the tidal COp trace.




dissectio

The nerves wers frecd from adjacent tissue by dissection
under saline, using a Zelss operating steromleroscope; at this
stage magnification was by times € or 10,

The nerves were laid on a stainless gteel bacdktplate, immersed
in warmed liquid paraffin at 36 - 38° C, and dissected with the aid
of magnification of times 16 or times 25,

During nerve dissections, use was made of fine nsedles, of
ragor blades with polnts sharpened on Arkansas stone and mounted
in "Eelipse™ pin-viee tongs, and of Salvo No.5 ultrafire forceps.

Barthing of the steel backplate to the ateel frame on which
the animel was placed, and from thsre to the A, C. preamplifier,
minimised artefacts due to movement or %o electrocardiographie
potentiale,

Cennulationg

In all experinments, a metal tracheal cannula was inserted
through an anterior neck incision, and a catheter was placed in a
femoral vein. Intravenous and intra-arterial canmilas were of
transparent vinyl tubing (Portex Litd, ).

ide nea

These were made at intervals during all the studles reported.
Arterial pH wae measured with a Radiometer glass microelsctrode and
pH Meter Model 27,  Arterial Peop was derived by the interpolation
method of Astrup (1958) applied to whole bloods  Standard bicarbonate
i.cs the blcarbonate comcentration In fully oxygenated whole blood

B -



at Pcog 40 mn Hg and at 38° C,, was obtaimed from the momogram
of Siggaard Andersen et a2l, (1960).



Drugs

Sodium Pentobarbitone (Nembutal, veterimary solution, 60 mg/ml;
Abbott Laboratorics Ltd. ).

Bthyl carbamate (Urethane, Hopkin and Williams Ltd. ).

Chloralose (Hopkin and Williams Ltd. ).

Heparin (5,000 Internationa) Units/ml., Evans Medical Ltd. ).

Adrenaline Chloride (1 mg adrenaline base/ml., Evans Medical Ltd. ).

Gallamine triethiodide (Flaxedil, 80 mg/ml., May and Baker Ltd, ).

Hexamethonium Tartrate (Powder, May and Baker Ltd. ).

Dextran, 6% in 0.9% saline (Intradex, Glaxo Laboratories Ltd. ).

Mothmfﬁnnothm ,T.C. I, Ltd, )s

Diethyl ether (Anaesthetie Ether, '1&7 and Bnko‘ U'J.)'

Cyclopropans, oxygen, carbon dioxide in oxygen, (British Oxygen
Company Ltd. ).

Statistical analysis of the data obtained in these studies was
performed according to Snedecor (1959), and Fisher and Yates (1957);
whenever possible, and most frequently, the paired t-test was useds

.B.



Administration of Inhalation Anasstheties.
When the lungs were ventilated mechanically, as during the

period of actual measurement in all the studies described, a
Palmer pump was employeds

Toward the end of the preparatory period im all experiments,
and earlier in many others, the lungs were inflated with 100%
OXyZeTe

The insplratory side of the Palmer pump was comnscted to a

2 1, rubber bag into which oxygen and the anagsthetics were nassed,

The rate of ventilation was maintained et approximately 26 per
minute, except when the effect of falls in ventilation rate was
studied (see Fig. 22). The stroke volume was adjusted tc maintain
the end tidel CO, concentration in the range 2-5% (the stroke
volume set on the Palmer pump was between 25 and 25 ml.).

through a Fluotec Mark II vaporizer; %his was specially calibrated
by Dr. H G Bpstein (Physicist, ﬁpt. of Anaesthetics, University
of Oxford), and shown to be accurate to within 0.1 vol # at dial
settings of 2 and 3% halothané and gas flow rates of 4 l./min,

Between the 2 1, bag and the halothane vaporizer a leidbrinke
type expiratory wvalve was placed; this was left in the open
positlon to allow partial escape of the gas flows nscessary for
accurate vaporization of halothame, in order to avoid pressure
effects which might have affected the concentrations of anaesthetie
delivered (Hill and Lowe, 1962).

Selected concentrations of dlethyl ether were obtained by dilution
with oxygen of saturated ether vapour deliwvered from a Copper Ketile
(Morris, 1952); the temperature within the vaporizer was measured

with a mercury thermometer.



METHODS (contd. )
Study L

Bight cats were used, of which six were anaesthetized with
sodium pentobarbitone (40 mg/kg intraperitoncally) and two were
given ethyl ohloride and ether followed by ehloralose (80 mg/kg
intravendusly); two rabbits were anaesthetized with intravenmous
urethane, lebg/kg; three goats and two dogs were given a mixture
of chloralose (100 mg/kg) and urethane (1 g/kg) intravenously, The
anaesthetics were supplemented by occasional doses of the same
anaesthetio ar, in one goat and one dog, by injections of sodium
pentobarbitons,

The trachea was canmilated, and the carotid sinus nerve was
aporoached from the medial sids by reflection of the larynx and
pharyax, The external carotid artery was ligated distal to the
origin of the lingual artery, which was also tieds The occipital
and internal carotid arteries were ligated when present, but other
small arterial branches were left patent, Heparin 1 mg/kg was
given intravemously., The apparatus used to apply static pressures
to the carotid simus (Fig.3) was similar to that described by Price
& Widdicombe (1962)s A T-canmila was inserted into the common carotid
artery at the lavel of the superior thyroid artery, the vertical
1imb of the canmula being comnected by a soft plastic tube provided
with a clamp to a glass reservoir of 50 ml capacitye The upper end
of the reservoir was attached to a rubber tube from a msrcury manometer
and a sphygmomanomoter bulbs The flow rate ou$ of the reservolr
was tested by partly filling it with blood from the carotid artery.

- 10 »



Figs 3
A diagram to show the experimental arrangement used for the
spplication of pressure to the carotid sinus. The carotid
artery clamp is normally open and the reserveir clamp is closed.
The reservoir ie filled by relessing its clamp. Both clamps
are then closed and the response of the sinus to a step-wise
rise in preesure is tested by raising the pressure in the
reservoir with the sphygmomancmeter buld and relessing the

reservoir olamp.
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The eomnon carotid artery was clamped proximal to the eannula
and the pressure within the reservolir was raised to 150 - 200 ma Hg.
If the flow rate out of the reservolr was greater than about § ml./
min, small arterial branches in the simie reglon were tied off
until a slower flow was obtained, The blood was then expelled
from the ressrvoir by raising the pressure within it and removing
the clip from the oarotid artery; the soft plastic tube on the
varticsl 1imb of the cannula was olamped when 4t was almost empty,

Vhen static pressures ware applied to the reservoir the
aotual preseure in the simus was higher than that shown by the
mercury oolumn by the height of the blood column within the
reservolr, Simie presrures (and the systomio arterdal pressure
when statio pressures were mot being anplied) were recarded through
a canmula inserted in the externmal carotid artery.

The simis nerve was exposed and dissected in warm limuid
paraffin until a single active barorscentor fibre was cbtained,
Aotion potentials were recorded from strands of nerve and dlsplayed
on one beam of the oscllloscopess On the other beam the time scale
and resetting function was presented; this is illustrated in Fig. 6.
Tasting the recestor: 4bout 10 ml. blood in cats and rabbits
and about 20 ml. blood in dogs and goats was allowed to run into
the reservoir, after which the oomson carotid artery was clamped
on the cardiac side of the Tecanrula, Transient small changes
in systemic arterial pressure were sometimes associated with this
manoeuvre hefore and during halothane adminietrations The
threshold of the receptor for a contimious discharge of the

-ll -



baroreceptor unit was measured by raising the air pressure in

the reservoir, While the threshold pressure required to initiate
firing could be estimated roughly for any particular fibre, accurate
determin\ation would have required a prolonged period to ensure
consistent use of an identical pressure wave form; becanse of

the pronounced systemic hypotension induced invariably by halothans,
the more expeditiously determined threshold pressure for continuous
firing was measureds The sinus was next exposed to a series of
pressure steps each of approximately 20 mm Hg; in this manceuvre
the tube from the Tecannula to the reservoir was clamped and the
pressure in the reservoir was railsed; the clamp was then rapidly
released and the sinus exposed to the pressure wave. After 3 = 4
sec the pressure was lowered to the base line, and the clamp was
replaced, The procedure was then repeated at a higher pressure,

A Spencer Wells artery forceps was used to clamp the connecting
tube; this (with its spring loaded release) was simple to use and
was easily capable of withstanding pressures up to 250 ma Hg
without a slow leak, Fig, 5 shows the pressure step to be very
nearly a square wave with some overshoot; the pressure wavee as
shown on the Sanborn recorder were not altered during halothane
administration, The burst of action potentials associated with
each of the pressure increments was photographed. The time taken
to measure threshold and make a complete run of exposure to
pressure was usually 5 = 4 nine Since the comnon carotid artery
was €lipped during this time, equilibration of the baroreceptors
with halothane in this period depended on the flow of blood from the

reservoir,
-l? -



Measurements were made oft (a) the threshold of a receptor
for contimous firing, (b) the shortest interval betwe:n nerve
impulses on exposure to a pressure step, or in some cases the
mean of the three shortest intervals (thus obtaining an index of
the peak frequeney of discharge), (e¢) the mean of three intervals
between nerve lmpulses 1 sec after the shartest interval on
exposure to a pressure step., The reservolr was too small in
most of the experiments to measure the rate of adaptation beyond
2 « 3 sec, since the pressure in the reservoir sometimes fell a
few mm Hg, especlally at the higher pressures, as bdlood flowed
through the simuse Measurements were not made of adaptationm,
post-exeitatory depression, the response to a pulsatile pressure,
or the threshold pressure at which the recepntor was first stimulated,.

Cats and rabbits were allowed to breathe alr spontamsously
until shortly before starting the dissection of the sinmus nerve;
artificial ventilation with air was begun in dogs and goats soon
after initial induction of anaesthesia, At least 30 min before
the first pre-halothane control responses were me: sured, artificial
ventilation with 1007 oxygen was started in all experiments, and
continued thereafter,

Acid-base measurements revealed that a progressive metabolle
acidosis developed in all 4 species over the several hours of
preparation required before single baroreceptor fibres could be
studieds However, the effect of this on arterial pH was usually
limited by inducing a respiratory alkalosis by pulmonary overe
ventilations The lowest pH measured, (in a dog), was 7,22, and
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the highest, (in a cat), was 7,80, Arterial BPeoy in the cat,
goat, rabbit and dog averaged respectively 16, 20, 22 and 56 mm
Hge 1In the first studies by Bronk and Stella (1935) it was
stated that baroreceptor discharge was insensitive to variations
in the G0y and Og content of bloods In the experiments to be
described oxygen lack can be disecounted.

elie



METoDS (contd, )
Study 2

Experiments were performed on 58 rabbits given sodium
pentobarbitone intravenously as the basal anaesthetic, The
dose initially required was assessed on the basis of respiratory
rate, corneal reflex, pupil dilation, and response to a
painful stimalus; 41t was usually 40 - 50 mg/kg. Subsequent
injections were made through the femoral vein eatheter., Mechanical
ventilation with 1004 oxygen was usually begun immediately.
During the period of preparation the animals were given intravenous
doses of 6 to 12 mg of pentobarbitone at intervals of spproximately
45 mimutes, The amounts required to maintain light and even
anaesthesia were assessed prior to the injection of gallamire,
and were given subsequently throughout the remainder of the
experiment execept Auring administration of the inhalation
anaestheticss These were given at least 30 min after any
previous injection of pentobarbitone; further injections of
pentobarbitone were administered after recovery from each
inhalation anaesthetiec,

Gallamine triethiodide was injected intravenously in doses
of 4 mg at intervals of 45 - 60 minutes before and during studies
of the inhalation anaesthetics, The first injection was given
toward the end of the preparatory period. The muscle relaxant
prevented spontaneous respiratory movements which could lave

interfered with nerve potential recording, end helped to ensure
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steady mechanical ventilation of the lungs.

Nerve stimmlation ond recording, The aortic (depressor) and

prt;ganglionic oervical sympathetic nerves were exposed by
refleeting the larynx and pharynx in the midline. In ten
experiments the right aortiec nerve, and in the remainier the
left nerve was ecut and dissected free for about 1 em, for
stimulation with eonstant voltage square wave shockss In
35 rabbits both aortie nerves were cut; in 3 animals, both
vagus nerveg were out in adiition; and in another 3 rabbits
the ao:rtio, carotid sinus and vagus nerves were cut bilaterally.
The compound action potential in the aortic nerve was
monitored in 9 experiments, at a polnt either oroximal or dlstal
to the stimulating eleectrodes, and the potential was photographed

from an oseillescope. The amplifier time constant was 1 sec.

At the end of the experiment the aortic nerve was dissected out
and removed; the length of nerve between the recording electrodes
and the stimulating cathode was then measured with a horizontal -
micro-manipulator having a Vernier scele accurate to 0.1 mm.

In 11 rabbits,; including the 3 in which the carotid simus,
aortic, and vagus nerves had been divided bilaterdl ly, recordings
were made from the cervical sympathetic nerve, The technique
used was as deseribed in Study 3 (p. 18 and Methods p.6).

Intravenous injections of adrenaline dmsschloride (5 - 20 pg)
were given in all studles involving sympathetic nerve recording,
to obtain evidence that the impulse discharge was inhibited by
a rize in arterial pressure, and to test the eflectiveness of

baroreeeptor demervations
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Measurement of arterial pH, Pcog, and standard bicarbonate
wore made at intervals in 12 experiments of Study 2. The
means of the lowest (n = 12) and highest (n » 12) acid-base
values from these experiments were respectively: for arterial
pHy 7¢35 (S.De £ 0.10) and 7.46 (S.D. £ 0,08); for arterial
Poog, 24 ma Hg (S.D. £ 6,1) and 35 ma Hg (S.D. = 7.7); md for
standard bicarbonate 17.4 mif/l (S.D. % 2,8) and 21.9 mi{l
(SeDe & 2,6)s This assessment is intended to show the variations
in the limits within experiments. Several measuremsnts were
made in each of the 12 rabbits, and if a mecan value for each
experiment had been taken the common mean would have disregarded
the variations within individual experimentsa.

- l7 -



METHODS (gontd)
Study 3

Twenty~three rabbits were amathat:liod intravencusly with
sodium pentobarbitone, The initial dose, maintenance of
background ansesthesia, administr tion of gallamine triethiodide,
and genepral methods were sas deseribed for sympathetic nerve
recording in Study 2 (see Methods p. 6 and p. 15). /.

Maintenance of the mean arterisl pressure at 80 - 100 mu Hg,
as wag usually possidle, together with mechanicsl ventilation with
100% oxygen, allowed the experiments to be continued for lomg periods.

Exposure of the left or right cervical sympathstic nerve,
by reflection of the larynx and pharynx in the midline, also gave
access to the carotid sinus end aortic depressor nerves,

The splanghnic and adrenal nerves were approached from the
lateral side retroperitoneally. In the rabbit there were
frequently 2 splanchnic nerves, emerging from below the diaphragm
and running towsrds the coelise gunglion, Seversl branches
usually passed to the adr-nal gland; these were very small and
could be identified only by using the opersting microscore.
Flectrical stimulation of the splanchnic nerves, which produced the
classical 2ephase rise in artericl pressure (Liddell & Sherrington,
1929) confirmed that they were efferent nerves to the adrenal glond;
the second phase was abolished by section of the adrenal nerves. In
one rabbit the:re was a well marked ganglion at the level of the
adrenal glond, st & distance of 1-2 cm from the coeliac ganglion,

In order to ensure a sufficiently wide sampling of sympathetic
fibres, recordings were made from slips of nerve containing several

- 4R .



or many active units, The sympathetie discharge was observed
on the master oseilloscope for periods of 50 - 60 min, to
establish the stability of the responses and of the signal-to-
noise ratio, When these were shown to be catisfactory and
constant, sympathetic nerve recordings were started, and could
usually be maintaimd'for several hours,

In 2ll experiments, intravenous injections of adrenaline
chloride were given to study the effect of increased arterial
pressure on preganglionie sympathetic discharges Sympathetic
nerve strande were accepted for study on the baszis of unequivocal
inhibition of the discharge by a rise in arterial pressures 1In
every animal in which the earotid simus and aortic nerves had been
divided, absence of the baroreeentor-induced inhibition of
sympathetic activity was confirmed by intravenous injections of
adrenaline,

Respiration was occasionally monitored, qualitatively, by
means of a thermlstor probe in the tracheal cannula, the output
from the associated bridge circuit being displayed on the
maltichannel recorder.

In 4 experiments, O¢5 ml, samples of arterial blood were
withdrawn and the Pog was measured polarographicslly, using a
Beckman Physiological Gas Analyzer Model 160, The arterial Pog
was consistently above 250 mm Hg, the level being approximately
halved when eyclopropane was giveny halothane or ether anaesthesia
was associated with insignificant changes in arterial oxygen tension.

In 10 animals the end-tidal G0y coneentration was monitored
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continuously with an infra-red enalyser, (Beckman) and was maintained
usually in the range 3 = 4%, by adjustment of the stroke volume of the
reapivation pump. The analyzer ocutrut was fed to the multi- |
channel recorder,

In two experiments the expired halothane goncentration was
measured with an ultraviclet halothane meter (Hock and Tucker,
1t4d).,

The three inhalation anasesthetics wore usually studied
in the order corresponding to their speeds of uptake and
eliminationt eyclopropene, halothane, ether, Sufficient time
was allowed between each administration to permit maximum
recovery of arterisl pressure and sympathetic sctivity Soward
control levels. Thie cccurred rapidly afier cycloproyane,
but in all cases the sdministration of another inhalation
anaesthetio was delayed at least until the recovery period
exceeded that of exposure to the preceding agent, and ususlly
the delay was one emd & half to two tiwes the duration of the
pravicus administration,

The times of adninistration presented here, and in all
studies, include a leg of about 1 min due to the gas volume
contained in the inspiratory delivery tube betwecem the respiration
pump and the animal,

Acid-base measurements were made im 11 experiments. The
means of the lowest (n = 11) and nighQ.t (n = 11) valuee from each
experiment were respectively: for arterial pH, 7.35 (S.D. 2 0,07)
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and 7e44 (8.0, 2 0.06); for arterial Poo,, 27 mn Hg (8.D. % 4.6)
end 32 om Hg (8.0 2 4,6)3 and for standard bicarbonste 18,0
wi/1, (5.0 % 2.8) and 21,3 mt/2. (5.0, I 2.8),
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uemHoDS (gontd.)
Study 4

Ansesthesia in rabbits was induced with intravenous sodium
pentobarbitone, and in cats with intraperitonesl sodium
pentobarbitone, 30 mg/kg; light anaesthesia was maintained
during the poriocd of preparntion, with doses of 6 - 12ug given
intravencusly at intervals of 45 min or longer. lMechanieal
ventilation with 1007 oxygen was started ot least one hour before
the adninistr.tion of the inhalation anaestheticsj gallanine
triethiodide was given, and the methods followed were as desoribed
for Studies 2 and 3.

Nerve action potentials ware recorded, and a change in the
amplitude of the postganglionic eompound action potential was

regarded as an indication of an effect on nerve impulee transmission
The amplifier time constant was 1 sec.

through the ganglion. The ganglis studied were the superior
cervical ganglion ina the rabbit end catj the stellate ganglion

in the uat, and the infeorior mesenteric ganglion in the rabbis,

The preganglicnic cerviecal sympathetic

nerve was stimulated cephalad to the middle cerviesl gangliom.
The post-ganglionic compound action potential wae recorded from
one or more of the following branches: the externsl csrotid nerve,
the carotid body nerve, the intern:l carctid nerve, or bet.een
a postganglionic branch and the ganglion.

In one cat, studies were carried out following mid-golliculaxr
decercbr:tion under halothans/oxygen ansesthesis, which was then
discontinued; the animal was subsequently ventilated with oxygen,

no pentobarbitone being given,
- !2 -



Ihe stellste ganglion was studied in 3 eats and was aprroached
by the procedure introduced by Anderson (1904) and elsborated

by Liddell snd Sherrington (1929)., The cardiac norves were
fdentified anatomicslly (Holmes and Terranse, 1959); Sjbavist,

1963) and alse from the incresse in heart rate and srterial pressure
wl_zich osourred on eleetrical stimulation. Thore were usually

two narves, the larger of which was used for recording the
postganglionic compound action potentisl, Varicus preganglionic
nerves wera stimulated in different experimente but usually the
largest postganglionic potential was evoked from the 3Ird and

4th thoracic branches,

A midline lower abdominal ineision

wog made, and structures were retracted frou the posterior abdominal
wall with the aid of salinee-scaked swabe, Several preganglionic
branches of the inferior mesenteric ganglicn were stimulated, and
recordings of the postgenglionic potentisl were made {rom the
inferior mescnterie and hypogastric nerves,

Stimuli wore delivered at 1/see, 100 psec durstion, and
varizble intensity.

At the end of the experiment, hexamethonium (20 mg/kg) was
usually administered to eonfirm that the potentials obscrved were
péstmlionio in origin,
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MEODS (gentd.)
Study 2
Fighteen rabbits were given sedium pentobarbitone intravenously

as the bassl anaesthetiec. The methods employed, including
thoge for sympathetic nerve recording, were as desoribed in
S%uddes 2 and 3+ In some experiments the vagl, sortic, and
carotid sinus nerves were divided, The sympathetic postganglionic
nerves studied were the extsrnal omtm' and carctid body dbranches
of the superior cervieasl ganglion, end the cardise and hypogastric
nerves,

e e d_ne: was apyroached by reflecting the
phuwu.and larynx in the midline to expese the superior eervical
ganglion, In the rabbit there were several small postganglionic
sympathetic branches coursing over the csrotid sinus towards the
external carotid artery, end also one branch to the carotid body.
fhese norvee were bound in comnective tissue arcund the artery;
there was usually one postganglionic carotid nerve of suffioient
length to dissect readily.

The cardiae norve. The aprroach to the cardise nerve in the rabbit
was similar to that desoribed for the cat by Liddell & Sherrington
(1929). The scapula was subluxated end rotated ventrally and
medially by traction on the forelimb., This manceuvre exposed the
dorsal surface of the thoracic cage, The first to the 4th rids
were romoved from the angle to nsar the joint with ths vertebrae,
Preservation of an intact pleurs was almos$ impossible, and was not

attempted, beocsuse of its thinness and firm adherence o the ribs,
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The phrenic nerve, the most vemtral of the nerves in the rogion,
was identified as it crocsed the subclavian artery and coursed

over the rericardium, The vagus nerve lay dorsal to the subelavian
artery, running towards the root of the lung lateral to the trachea,
The stellate ganglion in the rabbit was not & diserete pearlelike
structure as in the cat but lay behind the brachial plexus, above
the first rib, apparently fused with the middle cervical ganglion
and receiving branches from the thorseic roots and sometimes from
the vagus nerve. The cardisc nerve emerged from the eaudal side

of th§ ganglicn plexus to pass dorsal to the subclavian artery.

On the right side there were usually two tributaries of the
innominate vein which yassed dorsslly towards the vertebral column
at about the level of the second rib., The right cardiesc nerve and
the vagus lay deop $o these veins, and were reached by dividing
them. The cardiac nerve on both sides emerged doreal $¢ the
subclavian artery and ventrzl to the vagus norve and was buried deep
in fat as it ran towards the heart. It lay ventro-medial to the
vagus, was grey in colour, and wasg smoller than the shrenic or vagus
nerves, The identific tion was confirmed by stimuleting the cardlac
nerve before it was divided; this ;roduced = ausll rise in arterial
pressure and heart rate (Liddell and Sherrington, 1923).

Zhe hypogastric nerves. These were ap;‘-roached thrcugh a midline
abdominal incision, the intestines being retracted with cction wool
swabs, The nerves were identified as tiey left the inferior mesenteric
ganglion plexus sround the origin of the inferior mesenterie srtery,
passing over the sacrum into the pelvis., There were usually

several nerve strands of vorying size.
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Hexamethonium (20 mg/kg) was injected imtravencusly at the .
sonslusicn of some experimonts, to confirm that the nerve potentials
studied wero postgsnglionic,

Heasurements of arterisl pH, Pu2 and stendard bicarbonate
were made at interv-ls in 7 experiments, during assessment of
the effects of the inhalation anmestheticson postganglicnic
sympathetic discharge. The means of the lowest (n » 7) and
highest (n = 7), scldebage values from cach exporiment were
resprotivelys for arteriel oH, 7.37 (sz. . = 0,09) and 7.47
(s.0e £ 0.03); for arterial Peo2 22 (s.n. I 6.2) ena 29”13.1). < 12);
and for standard Bfoarbanate 18.6 (s.n. = 2.6) and 20,1 (8.0, = z2.3).



STUDY 1, THE EFFECT OF HALOTHANE ON CA'OTID SINUS
BARORECEPTOR ACTIVITY,

Introduction

Héring (1927) stimulated the carotid sinus mechanically
during chloroform anaesthesia, and suggested that in certain
stages of anaesthesia the sensitivity of the afferent
baroreceptor mechanism might be increased. This led to the
study by Robertson, Swan and Whitteridge (1956), who showed
for the first time that the inhalation anaesthetice diethyl
ether, chloroform, and trichlorethylene exerted local effects
on carotid sinus and aortic baroreceptors which might contribute
to arterial hypotension and bradycardia during anaesthesia.

These workers, in 1 experiment involving the aortic (depressor)
nerve in a cat with normel circulation, and in 4 experiments
involving perfusion of the carotid sinus region with the

animal's own blood, showed that the number of impulses recorded
from single baroreceptor units, over a range of pulsatile arterial
pressures was increased by 10 - 15% ether, and by 2 = 47
chloroform or trichlorethylene, This effect, which was termed
sensitization, is illustrated in FPig.4 (from Whitteridge, 1958).
In addition, the pressure threshold at which a baroreceptor

fibre began to discharge was lowered by the anaesthetics,

In later experiments (Robertson and Swan, 1957) the addition
of cther to Tyrode solution perfusing the carotid sinus at constant

pressure caused a fall in systemic arterial pressure; this
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SENSITIZATION OF A PRESSURE RECEPTOR
FROM THE CAROTID SINUS, FOLLOWED BY
[E')_?:'EEI;SITIZATION BY INHALATION OF 209

160 —

140 —

120 —

100 p—

| | | | J
110 120 130 140 150

Abscissae: pressure (mm. Hg)
Ordinates: impulses/sec.

@ control observation
(D after administration of 209, ether for 30 sec.

O after administration of the same concentration of ether for
1.5 min.

+ after administration of the same concentration of ether for
4.5 min.

At first the nerve-ending is sensitized, but although its frequency
of discharge remains high, after 1 min. it becomes less sensitive to
a change in carotid blood pressure.

(Whitteridge, 1958)
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suggested, in the absence of complicating actions of the
anaesthetlec on central baroreceptor pathways, that sensitization
of the afferent mechanism was capable of exerting systemic effects,
Subsequently, in the same experiments, arterial pressure increased
and hypotension no longer occurred when the carotid simus pressure
was raised; this implied that depression of the baroreceptor
nerve endings was eventually produced by the anaesthetic,

Additional findings of Robertson and Swan (1957) were that
the reflex fall in arterial nressure, and bradycardia, induced
by raising the carotid sinus pressure were initially inereased by
addition of ether or chloroform to the perfusing fluid, Also,
when cats breathed high coneentrations of ether, chloroform,
or trichlorethylene, the fall in arterial pressure which oecurred
was lessened if the carotid sinus and aortic (depressor) merves
had becn previously divided bilaterally,

The anaesthetic gases, nitrous oxide and cyelopropane, were
tested by Robertson, Swan and Whitteridge (1956) and were found
to be without effect on systemic baroreceptor discharge,

However, baroreceptor sensitization was later reported to occur
during cyclopronane anaesthesia in the cat an? dog (Price and
viddicombe, 1962). The latter workers used static (none
pulsatile) pressures, with the methods employed for Study 1 in
the experiments to be described here.

Halothane was not available at the time of the first studies
of Robertson, Swan and Whitteridge (1956), but it was later

suggested (Whitteridge, 1953) that this anaesthetic had no



definite effect on barorcceptor activity, Since halothane
congistently causes arterial hypotension, further experiments
were carried out to re-investigate the action of the anaesthetic
on carotid simus baroreceptor discharge in the cat, rabbit,

goat and dog.



Results,

An increase in pressure in the carotid sinus, at levels
above the threshold of the baroreceptor unit being studied,
caused an immediate burst of impulses (Fig.5); while the
pressure was held constant over the next 2 or 3 sec the
response diminished as partial adaptation occurred (Figs.

5 and 6).

PFigure 6 illustrates, for representative single baroreceptor
fibres in the dog, cat, rabbit and goat, the usual dlscharge
to pulsatile arterial pressure, together with the responses
to varicus pressures applied artificially to the carotid sinus;
the tinme-marking and resetting functions are also shown,

The means of the three shortest intervals measured, and the
means of three intervals 1 sec later, are plotted separately
against apnlied pressure in Fig.7, which illustrates the effects
of wvarious concentrations of halothane in the four species studied.
These baroreceptor units exhibited an increased discharge over
a wide range of applied pressures during halothane anaesthesia,
shown by a shortening of the intervals between nerve impulses;
subsequently this effect will be termed sensitization,

The shortest times of exposure for an effect to be apparent
were of the order oft 2 -« 3 min at a halothane concentration
of 3%; 3 «-5minat 2%; 6 - 7minat 1 « 1.54 Contimued
administration of the same anaesthetiec concentration resulted in

a progressive increase in sensitization to a maximum with no
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Figs 5
Two responses were recorded from a single baroreceptor
fibre of the ocat (upper trace in each record) on exposure
of the carotid sinus to the pressurs wave form in the lower
trace of each record. a, shows the effect of an inerease
of intrasinusal pressure of 60 mm Hg; b, an increase in
pressure of 105 mm Hg. The pressure was applied at the
arrows Tive mark, 0.5 sec.
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Fig. 6

Single baroreceptor fibre responses, with resetting time
scale, in the cat (A), rabbit (B), goat (C), and dog (D)3
the records on the left show the impulse discharge in response
to the arterial pressure wave, and on the right the responses
to pressure applied at the arrows; this was respectively

161, 91, 59 and 108 mm Hg from above downwardse
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Pis. 7

Graphs relating the mean of the three shortest intervals
between impulses (left) and the mesn of three intervals 1 seo
later (right) to pressurc applied to the carotid sinue, for
single baroreceptor fibres in = cat (A), goat (B), dog (C),

and rabbit (D). Control responses, O3 those during halothane
anaesthesia, @ A, 13 min 2% halothsne; B, 31 min 1/ halothane}
Cy 5 min 2% halothane; D, 6 min 2% halothane.
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evidence of recovery until the anaesthetie was discontinued (Figs.
8 and 9); if the concentration of halothane was reduced, for
example from 2 to 17, there was sometimes a small reverse trend
toward control levels, The effects of inercasing coneentrations,
or of those above 3%, were not studied because of the profound
eirculatory deprcssion which resulted; also, concentrations
above 3/ are seldom required for ansestheeia,

Cats,

In the 6 cats given sodium pentobarbltone as basal anaesthetic
there were 14 exposures of 12 barorecestors to 1 - 37 halothane,
Measurements were made of the effects of halothane administration
at periods extending from 2 to 44 min, The reeiprocal of the
mezn of the three shortest intervals was taken to indicate the
peak frequency of discharge, and similar measurements were made
1 sec later,

Table 1 shows the mean maximum increase in frequencies
during halothane anaesthesia expressed as a percentage of the
averaged pre- and post-halothane control valuss, at two pressures
from the range applied teo the carotid sinus, p, was the lowest
prescure at which baroreceptor discharge continued for longer
than 1 seec, Py, was the nearest recorded pressure equal %o 2 plus
two-thirds of Pye The increases differ significantly from zero.
Table 1. Data from 14 tests on 12 baroreceptor fibres from 6

eats given sodium pentobarbitonss The mean percentage
increase in discharge freouency during halothane

adninistration is indleated at two intrasinus pressures,
Py and po.
- 51 -



peak freouency + 1 sec frequency

h1 g P P,
Mean % increase
with halothane 48 25 80 27
S.E. of mean 210,56 46,7 + 15.1 3 4.9
P £0.005 {0,005 < 0,005 {0,001

P is the probability that the means differ significantly from zere

Further, the increase in discharge was significantly greater
at the lower pressure than at the higher pressure for the 1 sec
measurements; S.E. of the difference between the means £ 15,8,
defe 24, 0,05>P) 0,025, The difference was not significant
at the peak discharge frequency, 2.2, & 12,5, 4,f, 25, 0,1>p)0,05.

From the examples of sensitization shown in Pigs,74 and 8,
the mean percentage change in the rate of discharge was calculated
by converting the interval measurements into fecquencies and
comparing them over the whole of each pressure range, The mean
percentage inerea ses in frequeney were: 4in Fig,7A, 267 for the
peak and 50/ for the 1 see rates of discharge; in Fig.8, the
maximum frequency of discharge was increased by 19, 22 and 39%
after 3, 14 and 44 nin of halothane K respectively, Figure 8
also shows that continued administration was assoeiated with a more
marked effect at the lower prescures, Alth ugh an increased
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Hg- 8

The relation of the mesn of the three shortest intervals
between impulses to the pressure applied to the carotid
sinus, for = single baroreceptor unit in the cat; the
curves represent control responses (0), and those after 3
(@), 14 (&), and 44 (O) min of halothane administration
(concentrations of 3% for 3 min, followed by 1.5%)s The
curve is shifted downwards after 3 miny thereafter there is

an increasing effect especially at the low pressures.
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discharge frequency persiatcd‘_at the high pressures there was a
progressive [lattening of the curve and the baroreceptor became
less sensitive to a change in pressure (Whitteridge, 1958),

In one experiment the carotid sinus was exposed to mressure
stcps of 125 and 162 mm Fig, before and at various times during
ventilation with 2% halothane for 30 min, folliowed by a further
30 min for recovery. Recordings were made from a single baro-
receptor unit of the shortest interval between impulses and the
mean of three intervals [ sec laters Figure 9 illustrates the
results obtained at 125 mm Hg pressures A progressive decrease
in the intervals accompanied halothane administration. When the
halothane was discontinued nrogressive rccovery occurred although
this was still incomplete after 30 min, When expressed as
frequencies the results in Fig,9 show an increase in the peak amd
1 sec firing rates of 1677 and 135% after 27 min, The responses
were of similar magnitude ot 160 mm Hg pressure, the intervals
between impulses being shar ter throughout,

In the tests on the cats given sodium pentobarbitore as basal
anaesthetic, the threshold for contimuous firing of the baroreceptor
during halothane administration was compared with the mean of the
pre- and post-halothane mezsurementss There was a significant
mean fall in thrdshold of 217, S.B. £ 2,5, 0,001)p,

In 2 eats anaesthetized with chloralose the effect of 10
separate administrations on 7 single baroreceptor {ibres was studied,
A similar analysis to that presented for the cats given sodium

e



F:I.g. 9

Graph to show the effect of 27 halothane during = 30 min
exposure, on the activity in a single baroreceptor fidbre of
the onte The ordinate indicates in msec the shortest
interval between impulses (@), and the mean of three intervels
1 sec later (0). The absoissa shows the time in min from

the commenoement of exposure to halothmane, the limits of which
are indicated by the arrows. The observations were made in

response to pressure steps of 125 mm Hg. Lines drawn by eye.
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pentobarbitone showed that the mean percentage ineres ses in
peak frequency at py and ps were 337%, 8.5, % 4,6, and 217,
8.8 26,8 The probability of these wvalues differing
significantly from zero, according to the t test, were 0,001 P
and 0,02)PM01 respectively, Tne freaquencies recorded 1 see later
showed at p; a mean decrease of 0.4%, S.E, & 2,2, 0,995 P 0,93
and at py a mean increase of 11%, S.E. - 3.6, 0,02 P 0.01.

Compariszon of the results obtained in cats given pentobarbitone
with those given chloralose showed that the difference between
the mean percentage incrcases at the peak frequenocy for the
prescures py and pg was not signifieants, The frequencies 1 see
later were signifiecantly lower in the catsz ansesthetized with
chloraloses At py the difference between the means wis 61%,
8.E. of the difference & 17,4, d.f, 21, 0,005>P7 0,001, At
pp the differcnce was 16%, S.B. I 6,5, d.£, 21, 0,025> P 0,02,

In one of the animals given chloralose the left vagus
was divided above the ganglion nodosum and the left sympathetie
trunk was cut low in the neck, Succeansive recordings were then
made from 4 barorecentors in the simus on the same side, There
was no evidence of any change in the sensitization response to
halothane, |

Table 2 shows sensitization of a barorecentor unit in this
ecat, during two successive halothane administrations separated
by an interval for reeoverys The responses of pealk fremuency
to the complete ronge of pressures are indiecated,
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Table 2.

Cat, chloraloses Responses of a single baroreceptor fibre
during two administrations of halothane, separnted and {ollowed
by an interval for recovery. The measurements in columns
represent the psak discharge frecuency in imrulses/sec
(reciprocal of mean of 3 shoartest intervals) at each oressure
levels The times in min from the first control response are
indicated at the top of cach ecolumn; the pressures are shown

in the left-hand column,

Pressure Control 2% - OFF __  SE-91.5% _  OoFf
(ma Hg) O +3min +8min +20min +30min +33min +40min +52min
50 35 83 - 70 56 48 137 - 45
63 23 i21 121 108 89 130 130 91
83 137 149 159 137 1% 167 175 137
106 137 200 200 167 167 20 215 175
124 167 200 213 176 175 233 233 200
141 139 233 250 215 199 250 250 233
159 215 270 250 200 200 270 250 233
178 213 250 260 233 233 270 308 250

Soats,

In the 3 goats studied there were 5 tests of 1 - 2% halothane
on 4 baroreceptor units, The data were analysed as in the Z
peceding section,

The mean percentage increases in the peak frequency of



discharge at the lower and higher pressures were respectively:
at py, 54%, S.E. % 15,2, 0.1y P> 0.05; pg, 40%, S.E. 2 2.3,

0.001) P.

The mean percentage increases in the frequency of discharge
after 1 sec at the two pressures weret st py, 224, S.E. = 6.0,
0.025> p5 0,02 and at pg, 23%, S.5 = 7.1, 0.05) p» 0,025,

Figure 7B shows an example of sensitization in the goat at
the shortest interval and 1 sec later. Conversion of the interval
measurements #o discharge rates shows that the mean percentage
increase in peak frequency was 36% and after 1 sce, 33%, over
the whole range of pressures studied,

Table 3 shows that with continued administration in the
goat, as in the cat, the sensitizing effect of halothane became

more pronounced especially at the lower pressures.

Table 3.

Goat, background anaesthesia, chloralose and urethane. 1%
halothane in oxygen was given throughout,

The columns show the peak frequency of discharge from a single
baroreceptor unit, impulses Per sec, in response to the pressure
steos shown in the left hand column at the indicated times before
(control) and during halothane administration. The percentage
inereases in the discharge frequencies after 31 min, compared %o
the controls, are shown in the right-hand column, The threshold

levels are in the lowest row,
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Pressure Control + 7 + 15 431 % change at

mn Hg min min  min 51 min
40 14 18 23 25 64
59 24 29 35 35 45
73 51 36 42 42 33
98 35 42 48 48 33
117 40 46 55 50 25
154 48 53 56 56 17
172 63 59 63 63 19

Threshold mm 62 59 81
Hg

&

Mean 32

Dogs.,

In the 2 dogs studied there were 9 tests of 1 - 2%
halothane on 5§ barorecentor units, The mean percentage
increases in the peak frequency of discharge at the lower and
higher pressures were: 1pg, 2874, S.B, - 7«2, 0,017 py 0.005;
Por 207, S.E, £ 7.5, 0,057 p 7 0.025,

Similarly the mean vereentage increases in freumency 1 see
later were: py, 2%, S.E. = 6.9, 0,02 P 7 0.01; pg, 9%
S.E. 2 3.8, 0.1%P > 0,05,

The results prescnted in Pig.70, were again converted to
freauencies and the percentase increase in discharge wa= ealculated.
For the peak frequency this was 28%, and after 1 sec 22% for the

whole range of pressures,
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Rabbits.

In the 2 rabbits studied there were 5 tests of 1 = 2%
halothane on & baroreceptor units, The mean percentage increases
in the peak frequency of discharge at the two pressures were!

Pre Ok SeBe T 28, 0,057 270,035 pgy 2% S 5 23,
0.001 > P,

Themean percentage increcases in the frequency of discharge
after 1 sec at the lower and higher pressures were: Py, 7/%
8.Es 3 2.5, 0,13 P»0.05; pgy 9% SeE. = 2.7, 0,055 Py 0,025

In Fig.7D, the mean percentage increcase in peak discharge

was 8% and after 1 sec 9%, for the whole range of pressures shown,



Discussion,

Selection of the carotid simus pressure range over which
recordings of the effects of halotﬁan. were made was determined
by assessment of the normal working range of the receptor under
study. This was to some extent arbitrary., Caleulation of a
mean change in frequency for the whole range of pressures conceals
variations in baroreceptor senmsitization at different pressures.
Two pressure levels were chosen for presentation of the results
in order that comparisons might be made at points having a
reasonably consistent relation within the intervalepressure curve,

The shortest interval between merve impulses occurring after
exposure to the pressure wave probably represents the response
of the baroreeceptor to change in pressure: ¢this, the dynamic
component, is comparable to the nyay of Landgren (1952), the
value for which was given as 260 - 350 impulses/sec. In the present
experiments intervals as short as 2 msec (a discharge frequency

- of 500 1npu1ualuo) were occasionally observed immediately after
exposure to the pressure wave. In Fig.,6A a succession of

3 msec intervals may be seen, The interval betwecn nerve

impulses 1 sec after the shartest interval represents the response
to steady pressure, the static component, at a time when adaptation
may be about 80% complete (Landgren, 1952).

There are two distinct baroreceptor thresholdst the pressure
at which a response first occurs but does not persist, and the
pressure at which aetivity in the afferent nerve continues
indefinitely. The former is in part dependent on the wave-form
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of the rising pressure pulse, and the pressure level at which
this response iz first evoked is diffioult and time-consuming

to measure with accuraeys, The threshold for steady dlscharge

is more easily determined, since it is dependent only on
maintaining a constant pressure, the form of the wave-front being
unimportant; since about 905 of adaptation is orobably eomplete
in 5 sec this measursment can be made quite rapidly (Landgren,
1952). :

Reference is frecuently made to “small® and "large" baro-
receptor fibres, but only on the basis of action potential size
(Landgren, 1952). In the present studies it was not possible
to distinguish two fibre grouvs, and a. small action potential
wars often converted into a large one by thinning the nerve strand
containing the active unit, or by adjusting the poaition of the
strand on the recording electrodes.

It has been shown that variations in the tension of the wall
of the carotid sinus may alter baroreceptor activity (Landgren,
Meil and Zotterman, 1952), and it might be considered that an
eflect of this kind could underlie the sensitizing action of
gereral anacsthetics on baroreceptor discharge. The available
evidence, although conflicting (Heymans & Neil, 1953), sugpests
that the required effect should be constriction; adrenalire and
noradrenaline, for example, increase baroreceptor discharge when
inJected around the sinus of wall, while sodium nitrite reduces
it (Landgren, Neil and Zotterman, 1952), It is clear that of

several anaesthetic agents which sensitize baroreceptors, diethyl
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ether (Millar & Morris, 1961) and cyclopropane (Deutseh, Linde
& Price, 1962) are associated in the dog with increased plasma
catecholamine concentrations, indicative essentially of adrenal
medullary release with both agents, and of extra-adrenal
sympathetic execitation with ethers There are, nevertheless,
reasons against suppesing that an effect of halothane on
baroreceptors is mediated through sympathetic influence on
vascular tone., First, the sensitizing effect was observed in
the present studies in the cat alter vago-sympathetic section
on the same side, and in the rabbit in which the sympathetic
branches to the carotid sinus had been cut, Secondly, it was
observed vreviously that halothane anaesthesia in the dog is not
associated with sympatho-adrenal exeitation (Millar & Morris,
1960). Also, it was noted by Price & Widdicombe (1962) that
baroreeceptor sensitization by eyclopropane was not prevented by
cold biock of the vago-sympathetic trunk in the dog.

The possibillty that halothane may directly affect the tension
of the carotid sinus wall cannot be excluded, although there is
evidence in animals (Burm & Spstein, 1959) and in man (Black &
Me, Ardle, 1962) that halothane is a vascular dilator; an indirect
action on baroreceptor discharge secondary to relaxation of the
blood vessel wall adjacent to the carotid sinus seems unlikely.

While some uncertainty exists about the possible role of
circulating adrenaline and noradrenaline, the evidence points to

an action of halothane at the baroresceptor nerve ending.
1958
Sensitization, defined by Whitteridge(! and by Paintal (1956) as



an increased frequency of discharge in response %o a physiologieal
stimulus, is produced by other anasestheties, not only on systemie
barorecepntors but also on pulmonary stretch afferents (Whitteridge
and Bulbring, 1944) and muscle spindles (Matthews, 1933).
Stimulation by certain anaesthetics of the sciatic nerve of the
bull-frog (Lovente de No, 1947), of nerve elements in the guinea=
pig intestine (quoted by Paton and Speden, 1965), of gamma
efferent nerve fibres - possibly mfiexly (Andrew, 1961) =
and of smooth ruscle (Rang, 1964), are other findings of
poscible relevance, Also, Terda (1943) found that the
contractions of the frog rectus abdominis muscle induced by
acetylcholine were enhanced by ether ani chloroforms Baro-
receptor sensitization by halothane is therefore probably a
non=specific effect which is shared by meny-or all ansesthetie
molecules and exerted on other similar structures. Paintal
(1966), from the work of Katz (1950), described two possible
mechanisme of sensitizing a receptor: (a) by increasing the amount
of depolarization for a given physiological stimulus and (b) by
inereasing the repetition frequency (set up in the nerve fibre)
for a given depolarization, Paintal (1956) and Whitteridge
(1958) discuss these possibilities in greater detail; an
extension of knowledge of baroreceptor sensitization by inhalation
anaesthetics awalts a detailed analysis of the pepperties of the
isolated carotid sinus.

The difference in the degre: of barorcceptor sensitization

between the cats anaesthetized with ehloralose and those anaesthetized
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with pentobarbitone, shown by the discharge rate 1 sec after

the peak frequency, suggests that the infitial anmaesthetic may

have affected the response of the receptors These results support
the observation of Neil, Redwood & Schweitzer (1935)': that
chloralose depresses baroreceptor nerve endings, lMorse, Price

& Price (1963) who used cats anaesthetized with ehloralose and
urethane, have recently reported that halothane (0,5 = 27)

caused an initial baroreceptor sensitization averaging 15%
followed by a return to normal or below normal discharge frequencies
as the inhalation was continueds  Their briefly-described
findings are at vafi.anoe with the results obtained here; a

full description of the study of Morse, Price and Price (1963)

has not yet been published,



1.

Se

Sumnary of Study l.

The nerve ilmpulse discharges from single barorceceptor
units in the carotid sinus nerve were studied before,
during and after pulmonary ventilation with halothane in

coneentrations of 1 = 3% in oxygens

Measurement of the shortest interval between nerve impulses
and the average of three intervals recorded 1 sec later,
during application of statiec pressures to the carotid sinus,
showed thatﬁ.‘npulse discharge was increased and maintained
during halothane anaesthesia, throughout a wide range of

applied pressures.

Cat: whose initial anaesthetic was pentobarbitone were
studied most frecuently, but this effect of halothaie was
also secn in cats ansesthetized with chloralose, in rabbits
given urethane, andi in dogs and goats anaeathet.imd with

chloralose and urethane.



STUDY 2. THE EFFECT OF CYCLOPROPANE, HALOTHANE, AND

ETHER ON CENTRAL BARORECEPTOR PATHWAYS,
Introduetion

Study 1 showed that the anaesthetic halothane caused
baroreceptor sensitigation, an effect which also occurs
during anaesthesia with diethyl ether (Robertson, Swan &
Whitteridge, 1956), and cyclopropane (Price & Widdicombe,

1962). Baroreceptor sensitization could cause hypotension
and bradycardia during ansestheiia but the typical circulatory
response to different anaesthetics varies; for example
cyclopropane is usually assoclated with a normal or raised
arterial pressure, halothane invariably causes hypotension,
while ether is intermediate in its effects, The importance
of baroreceptor sensitization, and the cardiovascular effects
of each anaesthetic, must depend also on simultaneous actions
on central baroreceptor pathways,

The experiments to be described were undertaken to analyze
the effects of the anaesthetics on the reduction in arterial
pressure and preganglionic sympathetic activity which occurs
when the central end of the aortic nerve is stimulated. The
rabbit was selected for experiment because the available evidence
suggests that the aortic (depressor) nerve in this species contains
many barorcceptor afferents but few or no chemoreceptor fibres

(Douglas=, Ritchie & Schaumann, 1956).



RESULTS

Physiological responses to aortic rnerve stimulation
Douglas, Ritchie & Schaumagn (1956) showed in the rabbit

that electrical stimulation of the aortic nerve produced
progrescively greater reductions in arterial pressure as the
applied voltage was increased. The series showed two phases,
attributable to stimulation of low threshold A fibres, and

of C fibres the threshold of which was higher than the maximal

A fibre stimuluss Their observations were confirmed in the
present experiments, and it was shown further that the inhibition
of xreganglionie cervical sympathetie activity which is associated
with sortic nerve stimula tion also has two phases. Fig.l0,

from one experiment, shows the responses of arterial pressure

and sympathetic discharge to two stimulation frequencies; the
second rise in the magnitude of the effect begins at the
threshold for C fibre excitation, and is much more marked at

the lower frequency of stimulation (Douglas, Ritchie & Schaumann,
1956 ).

Compound action potentials recorded from an aortic nerve are
shown in Fig.11 . Fig.lla shows a large A fibre spite followed
by smaller potentials continuing for about 4 msec after termination
of theA fibre spike. The compound action potential in Fig.11b
was evoked by a higher voltage and shows a large A fibre spike,

a small potential following the A fibre spike, and about 1lOmsec

later the'Cfibre potential. Three gbups of fibres in the aortic
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HS. 10

Simultaneous % fall in preganglionic cervicel sympathetic
discharge rate, left, closed symbols; and # fall in mean
arterial pressuréd, right, open symbols; against stimulus
voltages ©,0, stimulus frequency 10/sec. A ,A, stimulus
frequency 100/sec.  Stimulus duration 100 psec and period
of stimulation in each case was 20 sec, The C fibre
threshold wae estimated by monitoring the compound action

potential.
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Figo 1

Compound action potential recordings from the rabbit aortio
nerve.
Qe in response to a stimulus of 1.4 voltss % = 1 msecy

b. in response 0 a etimulus of 8 volts, t = 10 meeo.
' The amplifier time constant was 1 sec.
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nerve were described previously by O'Leary, Heinbecker & Bishop
(1934); conduction velocity measurements in cne zortic nerve
from each of 5 rabbits agree with their findings. The velocities
of the fastest condueting fibres were 20, 23, 23, 26, and 39 n/ sec,
and those of the slowest conducting group were in the range 0.5 -
1.5 m/ sec. These are compatible with A and C fibre groups
respectively., The conduction veloeity of the third group of
action potentiels was in the range 4 - 12 m/ sec. All three
groups of fibres showed clear-cut thresholds.

The effects of maximal stimulation of A fibres in the
aortic nerve of the rabbit, in the presence of gallamine,
are shown in Fig.12A. The response to combined A and C fibre
excitation is illustrated in Fig. 12B where the reductions in
arterial pressure and sympathetic discharge were much greater,
and prolonged beyond the period of stimulation, especially in
the case of the arterial pressure, Sympathetic activity began
to increase before aortic nerve stimulation was discontinued;
this was more pronounced with the A type response. In the
example shown in Fib, 12B, excitation of the A fibres reduced
the heart rate from 50 in 10 see, to 48 in the first and
Second 10 sec periods of stimulation. Recovery of heart rate
occurred within 4 sec of discontinuing aortic nerve stimulation,
When both A and C fibre groups were excited maximally the heart
rate was reduced from 48 in 10 sec, to 43 in the first 10 sec of

stimulation and to 39 in the second 10 sec periods Recovery was
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Pig. 12

The records from above down in both A and B are: femoral
artery pressure, um Hg; integrated preganglionic ecerviecal
sympathetic discharge rate in impulses/sec, time constant

3+3 secy film strip taken simultaneously, calibration 200 nve
The time marks are at 10 sec intervals. In each case the
aortic nerve wae stimulated at a rate of 50/mec for 20 mec
with pulees of duration 100 psec. The stimulue intensities
wore 2v (A) and 10v (B). The vagi, sortic and sinus nerves

were cut.
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not complete until 20 sec laters, Similar results were obtained
in 3 rabbits to which, as in all experiments, gallamine had been
given and heart rate changes during sortic nerve stimulation

were analyzed before and after vagotomy, For example in one
experiment, stimulation at 2V, and 15V, reduced heart rate within
the firet 10 sec of stimulation by 3 and by B beats respectively,
and the same responses were obtained in this animal after cutting
the vagi, No consistent alteﬁtion in the magnitude of the
maximum f211 in arterial pre=sure evoked by sortic nerve stimulation
resulted from vagotomy under these conditions. The responses to
both A and C fibre excitation appeared to be reduced in two animals
and increased in the other, but the changes were small.

In 19 rabbits, before administration of the inhalation
anaesthetics, an assessment was made of the lowest levels of
systolic and diastolic pressure reached during aortic nerve A
fibre excitation, TIn each animal, the mean of 2 - 4 responses
was determineds The prestimulation systolie pressure was on
average 39 mm Hg higher than the diastolic pres=ure, and the
reductions in systolic and diastolic pressures induced by aortic
nerve stimulation averaged 41 mm Hg and 32 mm Hg respectively.

The maximum percentage falls in systolic and diastolic prescurcs
were compared in individual animals, and the significance of the
mean difference between the reductions was determined by Student's
t-tests, The percentage peduction in dlastolic pressure excecded
that in systolie pressure by 5% (S.E. £ 0,81, 0,001 > P).

A poseible influence of the prestimulation arterial pressure
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level on the magnitude of the reduction in pressure produced by
aortic nerve stimulation was sought in 20 rabbits during control
neriods prior to administration of any inhalation ansesthetics,
In each rabbit the mean of two consecutive depressor responsas,
and corresponiing arterial pressure levels, was used, The

mean arterial pressures ranged from 70 to 110 mm Hg, and the
reductions in pressure produced by maximal aortic A fibre
excitation were in the range 25 to 45%, with a single measurement
of 6575 No correlation could be established betwesn the mean
arterial pressure level and the magnitude of the depressor
responses Further data were obtained in four experiments by
withdrawing blood in order to lower arterldl pressure to within
the range 20 to 60 mm Hg, several measurements being made in each
rabbit, Again, it was not possible to establish a correlation
beiween the prevailing arterial pressure level and the e rcentage
reduction in pressure caused by aocrtic nerve stimulation,

The experiment of Fig,10 showed that a similar quantitative
response of arterial pressure and o eganglionic discharge wccurred
during depres=or nerve stimulation, and this was substantiated in
several other experiments, However, in an overall direct
comparison involving a total of 91 measurements on 7 sympathetie
nerve strands in 6 rabbits (sinus nerves intact), the maximum
reduction in mean arterial mressure exceeded that in preganglionie
discharge by a mean of 7,87 (S.E, £ 1.6, 0,001 > P)s  In these

experiments action potentials were not always recorded from the
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aortic nerve, although the voltages were adjusted to produce
maximal A fibre responses, Similar results were also obtained

in a small number of experiments involving combined A and C

fibre excitation; in 6 measurements on 5 rabbits the mean

maximum reduction in arterial pressure excecded that in sympathetiec
activity by 11%  Following baroreccentor derervation in 3 rabbits,
however, no simificant Aifferences could be established between
the maximum arterial pressure and sympathetic responses either

to A type or to A and C type excitation of the aortie nerve,
involving 23 and 15 measurements respectively.

Effects of gallamine triethiodide.

1 - 2 mg/kg doses of gallamine had negligible effects on
preganglionic sympathetic activity, heart rate, or arterial pressure
in the rabbit (see Study 3)s 1In conflrmation of the earlier
work of Van Den Ostends (1951), in 5 experiments studied specifically
there was no modification in the arterial pressure or sympathetiec
responscs to aortic nerve stimulation following intravenous
injection of gallamine 1 - 2 mg/kg,

Effects of so obarbito

In the doses used (6 - 12 mg), supplesentary intravenous
injections of pentobarbitone caused variable and transient
effects on sympa’hetle discharge, heart rate, and arterial pressure
(sec Study 3). The effects on the deprescor responses were also
small, and occurred only within 2 to 3 min after injection, At
least 5 minutes were always allowed to e¢lapse after injection of
pentobarbitons before control responses were obtained for asc=essing
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the effects of the inhalation anaesthetics.
Effects of inh:lation amesthetics on conduction in the sortiec nerve.

In agreenent with previcus findings on other nerves (Forbes,
MoIntosh & Sefton, 1914; Larrabee % Posternak, 19523 Austin
& Pask, 1952), the inhalation anaestheties (in the clinical doses
used) aid not affect the conduetion veloeity or stimulation
tﬁreshold of fibres in the aortie nerve.

Fige 13 shows a sequence of compound action potentials,
recorded at voltages maximal for both A and C aortic fibres. The
potentials in Fig. 13A were unaffected by 507 eyelopropane (B)
al though Fig, 150, which was taken 15 min after discontinuing the
inhalation anaesthetic, shows that some decrement occurred with
time,

Pige 14 1llustrates aortic nerve action potentials from
another experiments Records A to € show that halothane had no
effect on the amplitudes. Row € was recorded 24 min after
discontimuing halothane; at this time the C fibre potential was
smaller, probably due to a change in stimulation threshold, since
an increase in voltage (d) brought the potential to above the
previous control level (note here the change in calibration),
Betwe:n records & and € there was also a change in the recording
conditions, shown by a fall in the maximal A fibre potential
height (middle column), Sequence d and € in Fig. [lp demonstrate
that ether did not reduce the height of the aortic nerve action
potentials,

iffects of the inhalation anaesthetics on the barorcceptor reflex.
In the present experiments, the effects of the 3 imhalation
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Fige 13

Aortic nerve compound action potential showing maximal A

and C fibre exoitation in response to l.4v. Stimulus duration,
100 msece A is the control, and B was taken 11% min after
exposure to 507 cyclopropane. €, 15 min after discontimuing
eyclopronane. The amplifier time constant was 1 sec.
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Fig, 14.

Aortic nsrve compound action potential, showing responses to
threshold stimulus, 0.9 volts; to maximal A fibre stimulus,
5vi and to maximal C fibre stimulus 6 volte (a~C) and 60
volts (dend @)  Stimulus duration 100 usee, a, before
halothane, b, after 25 min 37 halothane. G, 24 min after
halothane wae discontimed. d, after 12 min of 10/ ether,
€, responses 15 min after stopping ether, The calibration
for 0,9 and § volts was 800 pv; for 6 volts it was 200 uv,

The amplifier tim
and for 60 volts it was 400 Ve _ . iont ves 1 ss:.
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anaesthetics on central baroreceptor pathways was assessed by
comparison of the percentage reductions in arterial pressure

(and sympathetic Aischarge) evoked by sortic nerve stimulation
before, in contrast to during, administration of the inhalation
anacstheticss The mean of 2 to 4 control responses was used,

and to determine whether changes with time alone were likely

to have introduced errors into assescement of the anaesthetic
effects, a comparison was made betwecn the percentage reductions
in arterial pressure evoked by aortic nerve stimulation before,
and after, administration of each inhalation anaesthetie, Thus,
comparison of the arterial pressure responses before administration
of eyclopropane, and after recovery from this anaesthetic, showed
a mean difference of 2% (% E. £ 1l.4) for 18 measurements in 15
rabbitss For halothane, the mean difference was less than

17 (S.B % 1.6) for 28 administrations in 16 animals, For éther,
the difference was 37 (S.E, & 1.8) for 23 administrations in 18
rabbitss 1In each case, thereflore, the mean difference between
the deprescor responses before and after administration of the
inhalation agent was insignificantly different from zero.

In presenting the reductions in the depressor responses caused
by the three inhalation anaesthetiecs, it is necessary to avoid
weighting of the data attributable to the magnitude of individual
control responses. The Aifferences between the control responses
and those during inhalation anascthesia have becn expressed,
therefore, as a percentage of the control responses, This gives
a figure which indicates the percsntage inhibition of the depres-or
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response caused by the anaesthetics, Thus, if aortie

stimilation caused a fall in arterial pressure of 407 before
administration of an inhalation amsesthetie, and of 207 during
anaesthesia, then the reduction in the depressor respongse was by
205, but the percentage inhibition of the response (as used
subsequently throughout this sh«l,) was 20/40 x 100 = 5074
Cyclopropanes 507 cyclopropane in oxygen caused rapid and
progressive inhibition of the deprescor reflex; the averaged
results obtained from measurements of arterial pressure responses
to aortic nerve stimulation are shown in Table 4o In these
experiments the voltages used produced maximal A fibre @Xcitation.
After 2 = 3 min the depressor response was inhibited by 627,

and by 8 = 12 min there was 937 inhibi ion, Table 4 aleo
indicates the average mean arterial oressure during administration
of 507 eyelopropane, the mreansesthetic econtrol level being 100 mm
Hge There wasia fall in mean arterial pressure averaging 167

in 9 of the 14 tests after 2 « 3 min, with an associated reduction
in the depressor response of 55% the inhibitory effect of
cyclopropane on the depressor response was there*arc not dependent
on the increased artecrial pressure which usually followed,  After
4 -« 6 min, mean pressure was increased by an average of 22% in 11
of the 14 tests; the average levels shown in Table 4 are weighted
by large fdls in arterial pressure which occurred in 3 rabbits in
which the depressor response was complctely abolisheds Mean
arterial pressure was above the control level in 3 of the 8 tests

after 8 - 12 min of 507 cyclopropane; in 6 of the 8 administrations

continued for this time, there was 100% inhibition of the depressor

response,
- 55 -
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8inmilar, although less nronounced, effects occurred with
25 oyclopropane (Table 4), arterial pressure being maintained
close to the ore-anacsthetic control level, Inhibition of the
depressor response was highly significant after only 2 « 5 min
of administering this concentration and there was a 727 reduction
after 14 « 18 min,

Cyclopropane inereased the heart rate, and after 4 - 6 min
abolished or reversed the change in heart rate produced by
maximal exeitation of the aortic nerve A fibresy Fig,l54 shows
the measurements from one experiment,

5075 eyclopronane was given to one rabbit subsequent to mid-
collicular decerebration, Arterial pressure was reduced by the
anaesthetic, from a control level of 71 mm Hg, to 51 and 20 mm
Hg after 3 min and 8 min respectively; at these Vimes the
arterial pressure response to maximal aortic A fibre stimulation
was inhibited by 76/ and 817  The effect of combined A and
C fibre excitation was reduced by 78% from control after 5 min
of 50/ cyclepropanes The arterial pressure d4id not recover when
cyclopropane was discontimzed 2t 3 min.

Halothane

The effects of 3 halothane on the A type arterial prescure
response to aortic nerve stimulation are shown in Table 52 In
contrast to that of 257 or 50/ cyeclopropane, the inhibitory effect
of halothane was less oronounced and slower in onset, After 2 - 3
min there was an apparent increase in the depressor response,
probably due to the hypotensive action of halothane, which

progressively lowered arterial pressure during the period of
- 55 -



The effects on heart rate (0) of a) 507 eyclopropans,

b) 37 halothane, and ¢) 12,5f ether (administered between
arrows), in 3 different experiments, The change in heart
rate in response to aortic nerve stimulation 4s also shown (0).
Ordinate: heart rate, beats per 5 secs The time scale on the
2 lower graphs is twice that on the upper graphs The values

before ansesthéesia are the mean of thres messurements.
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gtimulation, Highly significant reductions in the depressor
response were evident aftcr 4 - 6 min of 87 halothane, and

this effect subsequently became more pronounced (Table 5),
Havever, block of the response newer became complete dl though
arterial pressure was often reducéd by this ansesthetic to
levels of 30 mm Hg or lowers, Comparison of the average
percentage inhibition after 14 - 18 min of 37 halothane (by

46%, Table 5), with that after the same perlod of 257 cyclopropans
(by 72%, Table 5) showed a highly significant difference between
the effects of these anaestheties (S.Z2, : 8.8; & = 203 0.01°>
P> 0,001)

After 20 - 24 min of 3% halothane, at an average mean
arterial pressure of 35 mm Hg, the depreasor response was
inhibited by 577; this was also a significantly smaller effect
than that caused by 11 - 18 min of 257 eyclopropane (S.E, £ 6.3;
@ =113 0,057 PP 0,025)s Thus even in the presence of
extreme hypotension during halothane anaesthesia it Waspossible
to reduce arterial pressure to a relatively grea ter extent than
at the near normal pressure levels accompanying amacsthesia
with c¢yclopropane,

The depressor response was reduced significantly, by 1734,
after 20 - 24 min of 27 halothane (Table 5)» The effects of
a le5/% concentration were variable and insignificant over periods

up to 30 mine
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Heart rate was usually increased by halothane (this was
also observed in the absence of gallamine administration), and
there was partial inhibition of the fall in heart rate nroduced
by A fibre excitation of the sortic nerved In the example
shown in Fig,15h the fall in heart rate caused by aortic nerve
stimulation was minimal after 4 min of halothane, but subssquently
there was some recovery of the response before the anaesthatie
was discontinued at 18 min.

Ethers, _

In high coneentrations (10 « 15%) ether caused significant
blockade of the depressor response after 4 = 6 min (Table 6).
There was 757 inhibition after 14 - 18 min, when arterial
pressure was 53 mutg compared to a control level of 93 mm Hg,
Thus, while lowerinz arterial pressure moderately, high
concentrations of ether produced a roughly similar degre:c of
inh'bition of the depressor response after 14 - 18 min as
did 257 eyeloprooane (Table 4)s At this time, also, 10 « 15§
ether inhibited the despressor response to a significantly greater
extent than did 37 halothsne (5.5, 2 9.8; # = 25; 0.019 P
> 0,001)s However, although in the case of ether these effects
were exerted at a higher arterial pressure level than with
halothans, such high ether concentrations were always liable to

cauge eireulatory collapse, sometimes abruptly.
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5 « 87 ether, whieh produced a gradual moderate lowering
of arterial pressure, significantly reduced the depressor
response after 4 - 8 min, the effect increasing to rcéch 457
inhibition after 20 - 25 ming +thus, although at a higher
arterial pres-ure level, the effects of thece ether concentrations
aporoachsd those of 3% halothane at this time, IHowever, the
inhibitory action of 5 = 3% ether after 20 - 25 min was significantly
less than that of 257 eyclopropans after 14 ~ 18 min (5,E, = 3.8
g = 13; 0.0y P»0.001)s

There was no inhibitory effect on the arterial depressor
response when 2 - 37 ether concentrations were administered over
periods up to one hour (Table 6).

Heart rate was increased during ether anaesthesia, ani there
was progressive imhibition of the heart rate response to aortie
nerve stimul-tion (Pig.15€).

The effects of anaesthetics on preganglionic

Bympathetic responsss to aortic nerve stimulatione

The data presented, while demonstrating highly significant
depregsant hnhibitory efrects -f the inhalation anaesthetics on the
eirculatory resp onses to nortic nerve stimulation, do not establish
conclusively the role of central barorecéptor blockade in this
effecty, A central action of the anaesthetics was demonstrated,
however, by simultaneous measurement of the percentage fall in
arterial pressure and in preganglionic cervical sympathetic discharge

evoked by aortic nerve stimulation before and during administration

of the inhalation ansesthctics, The results are shown in
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Table ], which include§ the mean vzlue of 10 measurements
in the case of cyclopropane and halothane, and 6 measurements
in the case of ethers Tor each anaesthetic there were equal
numbers of A and C type responses to aortic nerve stimulations,

Table 7 shows that the reélative effects of the thrce
anaesthetics, already described in relation to the ai‘terial
pressure response to aortic nerve stimulation, are quite closely
paralleled in their inhibitory action on the associated pre=-
ganglionic sympathetic responsess The inhibition of both
responses was most pronounced and rapid with 507 eyclopropane,
and least marked with 3 halothane after a much longer time
and at a low arterial pressure; the effects of ether were infer-
immediates

The pron-unced block of the depressorrresponse which could
be produced by cyelooropans is illustrated in Fig.18 for both A
and combined A and @ fibre effects on arterial pressure and
cervical sympathetic discharges  "1gs186A ghows well marked
depressor re=ponses before ecyeclopropane, which were completely
blocked after 3 - 4 min of the anaesthetic (B)s The changes in
arterial pressure anl preganglionic sympathetic discharge nroduced
by cyeloprorane are more fully considered in Study 3. The
increased sympathetie discharge rate illustrated in Fig,16B is a
typical response to cyclopropane, oecurring throughout administration,
The loss of the respiratory oscillation in arterial pressure is
also characteristic, but in this experiment the pressure was not

elevated above the control level, as usually occurs (Study 3).
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Fig. 16,

The effect of aartic nerve stimulation at 50/sec for 20 see,
stimulus duration 100 usee, on femoral artery pressure and
cervical sympathetic discharge rate. PBelow each set of

records are the simultaneous filmed traces of the action
potentials; %he period of stimulation is indicated by the line
under the ﬂCo-l‘cl..s-. A, response 1, stimulus intensity 1 volt,
maximal for A fibresj response 2, ‘stimulus intensity 6 volts,
supramaximal for A and C fibres. B, response 3, 1 volt,

after 3 min 507 cyclopropane; recponse 4, 6 volts, after 4 min
507 eyclosropane, Time calibration = [0 sec for the ratemeter
and pressure records, 5 see for the film records, Action
potential amplitude calibration = 200 uve The ranges and time
constants of ratemeter records A and B respectively are 0 to 100,
1 see, and O to 300, 3.3 sec,



+ 507 CYCLOPROPANE

=155

[ Ee—
t=5sec



Ly 5 1s 9°L 3 6L (96) €5 2 oW YSh OL

e ;2 0°L 3 25 (€6) Lt 61 SUSYIOTeH 7€
by 3 v6 £°€ 7 €6 (96) 101 g eusdoxdoyoly 0
*g*g =« usven *§*S = Uvem
( @ mna.w ( ounomnow eanssoxg (utw uy
orjeyjedulfes otuot tfuefaad aimseead TevrIsqIE T2Tae3Iy efeaear)
- JO WOT3TQIYUT ¥ 3O UWOT4TqTUNT & ey ewty,

*OTi0YSoTUR UOTSTBYUT oYJ JO UOTIRIJSTUTHDPR 8I0Feq TeAel oy Suteq

839307aq uT SoanPIy oYz ‘xe1yex Jojdevexoxeq oyy SUT3TOTIe JO ewy oy 38 9BOUY
oxe seanseald [UTIsgde WESW oYY  *UOTIRTNNISS SAISU OTIIO0W 8IqTy H PuUE V peurquoo
20 y £q pesjose eSavyostp oyjeyjuduls otwoySusfead puw canseexd TOIIeqaE UBew UT
suotjonpel eyj jo ‘Ieyje puw ewsygorvy ‘suvdoxzdorolo £q woritqryut efequsozed uvey

oTq®



Fige17A shows recovery from eyclopropane, later in the same
exveriments The partial block nroduced by halothane is
illustrated in Fig,17B, 3 and 4¢ The fimal trace, Fig.17B,5,
was taken after subsequent recovery from halothane and during
exposure to ethers, ‘This shows a response to stimulation at
higher voltage, but inhibition of the depressor responses was
merkeds Changes in preganglionic sympathetic activity during
halothane and ether anaesthesia are considered in Study 3.

In another experiment, recordings were made from the post-
ganglionic nerve from the superior cervical ganglion to the
carotid body., Stimulation of the aortic nerve reduced the
discharge rate in this nerve, an effect which w:s blocked by the
three anassthetics,  Abolition of the depressor responéo after
4 min of cyclooropane is shown in Fig,18B; complete recovery
occurred when the ansesthetic had been discontinued for 27 min,
¥ig.18D,

The actions of 50/ cycloprosane and 5% halothane were
compared, in respect to both arterlal pressure and sympathetic
responses to aortic nerve stimulation, using the data summarised
in Table 7¢ The mean réduction in the cervieal sympathetio
response to aortic nerve stimulation was by 62% for 3/ halothane,
and by 947 for 50,4 cyclopropane; the average durations of
administration were respectively 19 min and 5 min, These reductions
differed significantly (8.5, = 93; & = 185 0.,01> P> 0.001)s
Similarly, arterial pressure responses to aortic rerve stimulation

were reduced by 524 with 37 halothane, and by 937 with 507



m 17

The effect of aortie nerve stimilation at 50/sec for 20 sec,
stimulus duration 100 psec, on femoral artery pressure and
cervieal sympathetic dlscharge rate, Below each set of records
are flinm strips of the simultaneous action potentials; the
period of stimulation 1s indleated by the line under the
potentials, A, response 1, stimulus intensity 2 volts,

maximal for A fibres; response 2, stimulus intensity 8 volts,
maximal for A and C fibres, B, responsze 3, 2 volts, after 13
min of 3% halothame; response 4, 3 volts, after 15 min of

3/ halothane, Subseasuent recovery of the potential oecurred
to the control, A, magnitude, 157 ether was then given.

B, response 5, 3 volts, after 77 min ethers The different
blood pressure calibrations should be noted, Time calibration
0 see for the pressure and ratemeter records, 5 seo for the film
records, Action potential amplitude calibration = 200 pve

The ranges and time constants of ratemeter records A and B (left)
are 0 to 100, 1 sec, and of B (right) 0 to 300, 3.3 sec,
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Fige 13

Recoriing from the branch of the superior cervical ganglion
to the carotid body, with stimilation of the aortic nerve

at the horizontal 1ime in each case. A, before cyclopropans.
B, after 4 nin of 507 cyclopropans. C, after 10 min 50%
cyclopropane, D, 27 min offcyclopropane,






cyclopropanes This difference was again highly significant
(s.B. 2 7.8; # = 18; 0.,001) P).

Comparison betwe:n the inhibitory actions of the anaestheties
on the responses of arterial pressure and of preganglionic
sympathetic discharge to combined A and C fibre stimulation of
the aortic nerve, and applied to coincident measurements using
Student's t-test, showed a significantly smaller inhibition
of the arterial orescure responses (me.n difference between
percentage inhibitions of sympathetic and arterilal pressure responses
127, S.B. & 4,1; #=12; 0,02»P70,01)s A similar comparison
in regard do the A type changes chosed no significant difference
(257 greater inhibition of arterial pressure responses, S.5. 2 5.2).

Possible differences in the relative effeets of the inhalation
anaesthetics on A and € type arterial nres-ure responses were
sought in 6 animsls, in 3 of which the carotid sinus and sortie
depressor nerves had been cut previously, Individual mea surements
inevitably had to be made after different times of anaestle tic
administration in each experiment, and the data are insufficiently
homogeneous for precise comparison or for statistical analysis.

In 19 measurements of each type of response, and including all
three inhalation anaesthetics, the mean percentage inhibition

of A and combiped A and C responses was 7475 and 627 respectively,
at equivalent average times of administration of each anaesthetiec.
This suggests that the depressor effects of C fibre stimulation may
be more resistant to blockade by the inhalation anaesthetiecs than

ndt
are the A fibre res-onses, Different efects could;be established
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in vagotomized animals, 12 measurements from which are included
in the above comparison.

The inhibitory effects of the inhalation anacstheties on
the heart rate responses to combined A and C fibre exeitation
in the depressor nerve were similar to those already deseribed
in the case of maximal A fibre stimulation, and were observed

in vagotomized animale,



Discussion

Douglas, Ritechie and Schaumann (1956) found no evidence of
chemosensory afferents in the aortic nerve of the rabbit; this
view was also held by earlier workers (Schmidt, 1932; Gernandt,
1946; Neil, Redwood and Schweitszer, 1949b). However, Mott
(1963) attributed incresses in rate and depth of respiration to
sortic nerve stimulation with 2 mseo pulses; this result could
not be confirmed here with pulses of 100 - 500 psesc, and it was
found that ebove a duration of 500 musec double stimulation of
the A fibres occurs. In a total of some 80 experiments, there
was never any inerease in arterial pressure on aortic nerve stimula-
tion, which agrees with the observations of Mott (1963) and Douglas,
Ritchie, and Schaumann (1956), and contrasts with the effects of
carotid sinus nerve stimulation which in the rabbit excites
respiration and often inoreases arterial pressure. Zlectricel
stimulation of the asortic nerve in the rabbit appears to be a
convenient method of elieciting pure baroreceptor reflexes.

The nature of the third aortic nerve action potential, with &
conduction velocity of 4 = 12 Iq#a. is uncertein beceuse the
diffuseness of the action potential makes it difficult to measure
changes in amplitude with accuracy. The conduction velocity of
the fibres is in the range of aortic chemoreceptor afferents
found by Peintal (1953), but there was no evidence that spontaneous
respiration was stimulated when this group was maximelly excited
in addition to meximal excitation of the A fibres, nor when the
pulse width wes inoreased from 100 usec to 2 msec (Mott, 1963).
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In such an exveriment, it is nossible that respiratory effects

were concealed by simultaneous A fibre exeitatlons

2 Y

*ﬁﬂ A

While the resnonses to aortic nerve stiimlation of arterial
pressure and cervical sympathetic activity were quantitatively
sinilar in many rabbits, an overall comsarison on the basds of
maximum percentage reductions in thesé responscs showed a
significantly smaller inhibition of sym-athetlc Ailscharge. Although
gallamine triethiodide was given in all exnerluents, thisz suggested
the presence of an imnortant vagal component in the rabbit's
depressor response, This could not be confirmed, however, since
the results were similar in vagotomized animals. Tt is possible
that zallawmine, which has an atropine-like action, may have abscured
differences in the reshonses of intact and vagotomized rabbits to
aortic rerve stimulation, and a wvagal component in the d.epressc;r
responses of the normal animal is of course not excluded by the
present experinents, The fa&t that a significant difference
betwe:n the depressor art-rial and sympathetie responses was not

detoetable following barorecéptor denervation suggesis that the

intact baroreceptor nerves may have affected the sympathetic



depresser response more than that of arterial pressures It is
possible that this could depend on differing time~relations of
the two responses; thus, the reflex may operate fast enough to
influence the fall in sympathetic réte although it cannot limit
the slower changes in the effectors which have already commenced,
Bronk, Pitts, and Larrabee (1940) found that inhibition of
efierent sympathetic discharge by afferent baroreceptor impulses
was influenced by variations in hypothalamic activity, It might
be expected, therefore, that in the present experiments the
magnitude of the depressor responses would be related to the
background level of symnathetiec activity, during control periods
before administration of the inhalation anaestheticss The total
sympathetic activity could not be assessed under the experimental
conditions used since recordings were made only {rom one or two
active cervical sympathetic strandss In addition, the magnitude
of the arterial depressor resnonse eould not be significantly
related to the level of arterial pressure, neither in a group of
rabbits, nor in single experiments when arterial pressure was
altered by haecmorrhage; nor was it possible to demonstrate
conclusively any change in the arterial or sympa'hetic depressor
resnvonsee subseaquent to division of the earotid sinmus and aortie
nerves, although there were less consistent differences between
the relative magnitudes of the two responses under those conditions.
Since baroreceptor and chemoreceptor denervation, and haemorrhagie
hypotension, have widespread effects and do not only alter

sympathetic activity and arterial pressure, it is likely that
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failure to demonstrate a correlation between the magnitude
of the depressor response and the background level of arterial
pressure and sympathetic discharge does not nccessarily exclude
such a relationship, particularly in individual animals under
normal conditions,

These experiments have demonstrated inhibitory actions
of inhilation anaestheties on the central pathways linking
systemic baroreceptors and preganglionic sympathetic neurones.
Many previous investigations have referred to the efficacy
of baroreceptor reflexes during anaesthesia with various agents,
but »reecise interpretation of the data is 4difficults In
doge (Brown & Hiltom, 1956) m A rabbite (Gordh, 1945), diethyl
ether aboliched the arterial prescure response to carotid
occluzion; similar changes occurred during halothane anaesthesia
(Raventos, 1956)s Differential effeéts of anaestheties on
eentral chemorecentor and baroreeeptor nathways have also been
sugzested (Dripos & Dumke, 1943; Douglas, Innes & Kosterlitz,
1950)s  Further consideration of the actions of cyelopropane,
halothang and ether on central baroreceptor pathways, will

be ineluded in the Gencral Discussion,
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Summary of Study 2

le The reductions in arterial pressure and preganglionie
sympathetic activity evoked by aortic nerve stimulation in the
rabbit were studied before and during administration of constant
inspirecd concentrations of the inhalation anaesthetics cyclopropans,
halothane, and ethers The background amsesthetic was pentobarbitone,
gollamine triethiodide was given, and pulmonary ventilation was
with 1007 oxygens

2. During light pentobarbitone anaesthesia, aortic nerve
stimulation usually induced similar reductions in arterial pressure
and preganglionic discharge, expresced as the maximum percentage
reduction from prestimulation levelss There wire two components
in the sympathetic responses, attributable to A and C fibre
excitation in the aortic nerve, which was also shown to contain

a third fibre group with properties similar to those of B fibras.

e The arterial pressurd, heart rate, and preganglionie
sympathetic responses to aortic nerve stimulation were rapidly

and profoundly inhibited by 507 cyelovropane, which also nroduced
arterial hypertension,

4, 575 halothane significantly inhibited the depressor responses,
but even in the presence of severe hypotension the arterial pressure
could usually be reduced further byaertic nerve stimulations The
inhibitory effects of 27 halothane were slow in onset and not
pronounced, In the concentrations used, thece actions of

halothane were significantly less than those of cyelopronanes

Ss The inhibitory effects of ether on the depressor responses
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were roughly intermediate betwesn those of cyelopropane and
halothane; complete suppression of the responses occurred with
‘high ether concentrations, which were also 1iable to cause

circulatory collapse,



STUDY 3. PREGANGLIONIC SYMPATHETIC ACTIVITY AND THE

EFFECTS OF INHALATION ANAESTHETICS,

Introduction

Changes in preganglionic sympathetic activity produced
by inhalation anaesthetics have not been studied directly
apart from a brief communication by Martin & Marrazzi (1942),
stating that cyclopropane and chloroform do not affect cervieal
sympathetic discharge in cats. However, Deutsch, Linde &
Price (1962) measured an increased plasma adrenaline level
during cyelopropane anaesthesla in the dog, while in the same
species Millar & Morris (1960) found no increase in circulating
catecholamines when halothane was given, The former result
suggests that exeitation of the sympathetie nervous system by
cyclopropane may account for the arterial hypertension which
usually occurs. This view is supported by head perfusion
experiments (Price et al,,1963), also in the dog, while similar
studies suggest that there is depression of central sympathetic
discharge during halothane anaesthesia (Price, Linde & Morse,
1963), which accords with the reduced arterial pressure and the
catecholamine measurements.

In an attempt to confirm and extend these findings, recordings
have been made directly from preganglionic sympathetic nerves
during the administration of cyclopropane, halothane and diethyl
ether,
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Results

During control periods, when the level of basal anaesthesia
with pentobarbitone was evenly maintai ned, the integrated
preganglionic sympathetic discharge from multifibre strands
usually remained constant for 30 min or longer, and activity
could be monitored for several hours,

The effects of sodium pentobarbitone, when given in doses of

6 = 12 mg intravenously, were inconsistent but produced only
small alterations in arterial pressure and preganglionic
sympathetic activity. Eight experiments were examined in detail,
In four of these arterial pressure was unchanged after injection
of 6 mg doses of pentobarbitone; in 3 of the 4 rabbits showing
transient hypotension in response to 6 or 12 mg, recovery was
complete within 3 min, Sympathetic discharge rate was unaltered
in 2, increased in 2, and reduced in 4 of these 8 experiments;

on 5 of the 6 occasions in which sympathetic activity was modified
there was a return to the pre-injection level within 90 sec.
Changes in arterial prescure, in one experiment, and in pre=
ganglionie discharge rate, in another, had not recovered until
four min after the injection of sodium pentobarbitone.

The effects of gallamine triethiodide on sympathetic activity
appeared to be negligible, In 8 of the 15 injections in 12
animals there was a mean fall in the discharge frecuency of 3,
with complete recovery in 1 min; in the other 7 examples there

was no change, A small fal 1 in arterial pressure, lasting for

-T3 -



less than 30 see, occurred in only two animals. 1In the only
other rabbit to show any response, there was a brief rise in
arterial pressure lasting for 90 secs The injection of gzllamine
wag associated with a fall in heart rate of 10 = 20/min, lasting
less than 30 sec; this represented a small change, since the
control heart rates were usually about 300 per min.

Figel9 illustrates a typically transient reduction in mean
arterial pressure and heart rate, following injection of a
mixture of 12 mg sodium pentobarbitone and 4 mg gal lamins. This
also caused a brief inerease in the mean cervical sympathetic
discharge rate and a temporary loss of the respiratory modulations.
Qﬂ cal sympathetie fibros showed a respiratory rhythm during
positive prescure ventilation of the lungs; towards the end of
expiration and at the start of inspiration there was a burst of
activity; an example is shown in Fig,20, This rhythm was
disrupted hwiefly. by administration of pentobarbitone (¥ig.19).

Further records are shown in Fig. 21, where positive pressure
inflation of the lungs is indicated by changes in end-tidal
Pgo, (expiration upwards). In the example A, the rate of impulse
discharge recached a pe:k during both inspiration and expiration,
Fig, 21B shows the effect on the discharge of stopping mechanical
ventilation; +the pealts of activity continued with the same period
but were no longer coupled as in Fig.21A, The coupling persisted
after the vagil had been cut (Fig.224) but was less constant when

the rate of respiration was slowed (Fig.22B). Inspection of

4
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!‘15.19.

Records from above down; heart rate counted for 5 sec
pericds (m); mean arterial pressurs, mm Hg;

preganglionic esrvical sympathetic ncrve, integrated
discharge rate in impulses/sec (time constant, 1 sec).

At the arrow 12 mg sodium pentobarbitone and 4 mg gallamine
triethiocdide were injected intravenously,
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Fig. 20,

Film records Upper trace: action potentials recorded
from the preganglionic cervieal sympathetic nerve; imoulee
discharge is mainly during expiration, Lower tracet
arterial pressure, mm Ig.
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Fig, 21

From above down: end-tidal Pgog, mm Hg; arterial

pressure, mm Hg; preganglionic cervical sympathetic

merve, integrated discharge rats in impulses/sec (time
constant, 0,33 seec); film record of the action potentials
taken simultaneously. At the sympathetiec discharge shows
gynchronized bursts which are coupled, during both inspiration

and expirations B: ¢the effect on this rhythm of stopping
mechanical ventilation,
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Fig. 27

The records show from above down: end-tidal Ppog, mm Hgg
arterial presrure, ma Hg; preganglionic eervieal sympathetic
norve, integrated discharge rate in impulses/sec (time constant,
0s33 mec); these records are from the experiment illustrated
in Fig, 21, but after the vagl had been cuts A shows
persistence of the coupled rhythn, B shows the effect of
stopping mechanical ventilations
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these records shows that the coupling did not have a constant
relation either to the end-tidal Pcoz or to the arterial pressure
waves

The nature of the rhythmiec activity shown in Figs. 21 and
22 is further clarified by reference to the findings in another
rabbit in which the vagi, carotid sinus, and amtic nerves had
becn cut,  Fig,23a shows above, the end-tidal Fgo, during
positive pressure ventilation (expiration upwards) and below,
the integrated sympathetic discharge with a rhythm which is
faster than the ventilation rates, Fig,23b is a film record
taken later in the same experiment and showe sympathetic action
potentials occurring rhythmically in burstss The end-tidal
Poog trace is irregular because the animal was breathing against
the pump as the effect of gallamine wore off, When the pump
was stopped the animal breathed spontaneously, shown 1n the PGOQ
trace, and the bursts of action potentials were in time with
this spontaneous respiration. This clearly suggests a central
origin for certain types of sympathetic respiratory rhythm (Adrian,
Bronk & Phillips, 1952) which can occur even when the end-tidal
PGOQ is 80 low as about 20 mm Hg (Fig.23)s A further example
of this rhythm ie shown in Pig,34, from another experiment wherein
the vagl and barorsceptor nerves had been cut,

A cardiac rhythm, (grouped impulses in time with the arterial
pulse wave), was seen occasionally in the ecervical sympathetie
nerve, 3 examples being obtaineds In one rabbit in which the

70 @



Pig., 23

a thows above, end-tidal PQOQ’ mm Hgs below, integrated
preganglionie cervieal sympathetic discharge rate in impulses/
see, time constant 3,3 =eec,

b is a film record showing, above, action potentials recorded
in the =ame experiment as in a, and below, the end-tidal

Pcos, _i.n mm Hge During the period marked 'pump off",
mechanieal ventilation of the lungs was stOppo&
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carotid and aortie sinus nerves were divided in stages the
rhythm persisted until the last (aortic) haroruooptai' nerve
was cut,

athetlc responses to an increase in inepired

Records were obtained firom the cervical sympathetic nerve
in 5, and from the adremal nerve in 2, rabbits. In every
experiment an exaggeration of the respiratory modulation of
sympathetic activity was produced by carbon dioxide; when the
inepired carbon dloxide concentration was inercased by 5 « 10%,
the amplitude of the sympathetic rhythm was appfoximatsly doubled,
¥Fige 24 shows a series of action potential records from the
preganglionie cervical nerve, 1In sequence a, the animal was
breathing 1007 oxygen; mean arterial pressure was 68 mm Hg.
Measurements of the amplitude of the variation in sympathetic
discharge, from the ratemeter record, showed a fluctuation of
26 per sec about a mean rate of 90 per sece After 6 min of
5 carbon dioxide the variation was 35 per sec and the mean rate
87 per sec (Figs 24b). Following administration of 5% carbon
dioxide for 6 min, the sympathetic rate was 84 and the variation
33 per sec (Pig. 24c). Sequence d, taken during ventilation
with 8% carbon dioxide, shows more marked synchronization of the
action potential bursts; the variation was now 40 per sec and the
mean rate had returned to the control level, 90 per sec. VWhen
the inspired carbon dioxide was raised to 10/ for 6 min, there was
no further change in mean sympathetic discharge rate or rhythm,

- 76 =



Fig. 24,

Action potentials recorded from the cervical sympathetie
preganglionie nerve, illustrating the effeet on the discharge
rate of increasing the inspired POOQ' The inepired COg
concentration in oxygen is indleated to the left of 'f.ho Figure,
In a the rabbit breathed 1007 oxygen; the time during which
the indicated COp concentrations were administered was 6 min

in each ecasme,
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although there was greater synchronization of the bursts (Pig.

24e), Until this point, mean arterial pressure during administration
of carbon dioxide had remained at 77 mm Hg, but the level increased
to 90 mm Hg when 20% carbon dioxide was given (Fig. 24f). At

this concentration, cervical sympathetic discharge showed a

marked inorease, to 127 per sec, the amplitude of the rhythm
remaining at about 338 per sec, but becoming more regular.

The experiment just described illustrates that at carbonm
dioxide concentrations below about 10%, the effect on the mean
preganglionic sympathetic discharge rate may be relatively small
although there is a pronounced increase in the amplitude of the
rhythmic oscillation associated with pulmonary wventilations

In contrast, Flg, 25 illustrates another experiment wherein
the mean rate of discharge did increase in the cervical sympathetie
nerve when carbon dioxide was administercd, The films of action
potentiales were taken simultaneously with the corresponding
ratemeter records, Sequences a and b show, respectively, the
control responses and those after 5 min of 57 carbon dioxide. The
amplitude of the rhythm had =1ightly increased in b, but there was
also a rise in the mean discharge rate, After 5 min of 8%
carbon dioxide, the rhythm was greatly increased, with a further
small rise in mean rate (Fig, 25¢)s Sequences 4 and e show later
stages of the same process, at carbon dioxide concentrations of
107 and 20/5; the most striking effect was again the increase in

amplitude of the respiratory rhythm.
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Fig. 25.

Action potential recordings firon the cerviecal sympathetie
preganglioniec nerve 4o show the effect on the activity of
increasing the inspired CO; concentration. To. the left are
ratemeter recordings calibrated in impulses/sec (time constant,
1 sec)s To the right are film records taken during the
corregponding ratemeter records, ai the inspired gas was
100/ oxygens In each case the gas mixtures were given for
5 min before the records were taken. b, &7 COg in oxygen;
e, 8% COg in oxygen; &, 10% 00p in oxygen; e, 2054 COp in
oxygens € shows the changes in sympathetic discharge on
returning to 100/ oxygen. Note the different time scales
of the film strips and the ratemeter.
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The final sequence, illustrated in Fig, 25e, shows the
ratemeter record on returning to administration of 10074 oxygen.

A fall in the mean sympathetic discharge rate ocourred to below
the control level, with a reduction in the amplitude of the
rhythmlc oscillations, both effects being observed within 1 minute,
After a further 4 min the respiratory fluctuations were still

more marked than before carbon dioxide administration, and did

not réturn to the previous lewel until another 2 min had passed,
indicated by the gap in the traces The mean impulse discharge
rate remained lowered, however,

A change from ventilation with 1007 oxygen to room air, or
vice versa, caused no detectable alteration in the mean level of
sympathetic activity in several experiments.

Haemcr rhage,

During splanchnic nerve recording, in two experiments,
arterial hypotension was induced by haemorrhage, after allowing
time for elimination of previously administered inhalation
aenaestheticss, Activity in the sympathetic stmnds under study
was shown to be inhlbited by intravenous adrenaline, Pree
ganglionie sympathetic discharge was increased as arterial pressure
was reduced but this was not associated with effects on the
amplitude of the respiratory oscillations in sympathetic discharge.
Changes in the msan splanchnic discharge rate in one experiment
are plotted against mean arterial pressure in Fig, 26, The numbers
adjacent to the points refer tco the order in which the measurements

were made as blood was removed or replaced. The points are grouped
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Fig, 26.

The frequency of firing of action potentials in a strand

from the splanchnic rerve (impulses/sec) is plotted against
the mean arterial pressure (mm Hg.) The changes in pressure
were induced by removing and replacing blood from the femoral
arterys The numerals adjacent to the points indicate the
order in which the measurements were nbtaim_d._ The line

was drawn by 8yCe
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around the line drawn by eye and suggest a positive inverse
correlation,
Vagsomotor fibres

Since recordings were made from the cut end of cervical and
splanchnic gympathetic nerves, it was not possible to be certain
of the destination of fibres whose discharge rates were being
measured, or of their relation to the peripheral vascular control.
The following criteria suggested, however, that their responses
were similar to those of vasomotor fibres, Firstly, there was
a reflex reponse to arterisl pressure changes, This was shown
by partial or complete inhibition of preganglionic discharge
when a rise in arteriel pressure was produced by intravenous
adrenaline (5 = 10 pg), this test being applied one or more
times during every experiment (Fig, 27a); again, by flecting
sympathetie inhibition when a small volume of saline or dextran
in saline was injected rapidly intravenously; also, by the increase
in sympathetic activity which occasionally accompanied the brief
hypotension caused by intravenous pentobarbitone; and by the
inverse linear relation between discharge freauvency and arterial
pressure demonstrated above for haemorrhages

Secondly, electrical stimulation of the depreassor (aortic
baroreceptor) nerve in the rabbit evoked simultaneous reductions
in arterial pressure and preganglionic sympathetic discharge, the
two effects being well correlated cuantitatively in several
experiments (see Study 2).

Thirdly, stimulation of the rabbit during light ansesthesia,
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'l& 27,

Action potentials from the splanchnic nerve (a, b, and @)

and adrenal nerve (d), showing the types of activity which may
be found in different strande, a1 Upper trace shovs grouped
discharge in time with respiration. lLovwer trace, the mean
arterial pressure in ma Hge At the first arrow § pg adrenaline
ddeschioride were injeeted intravencusly, at the second arrow
the drug was washed in with 0.9 NaCl sclution, bt Upper
trace, action potentials, Lower trace, arterial pressure (mm Hg)e
At the first arrow 7.5 pg adrenaline Wydrechloride were
injecte? intravenously, and washed in at the second arvow,

¢t lhper trace, actlion potentials; lower fraoce, resetting time
scale described unﬂqriﬂlthﬁdl- . d: Upner trace, natiﬁn
potentiale recorded from the adremal branch of the splanchnie
nerve and having the same char.oteristles as thoss in of

lover trace, resetting time noale, These spontaneous
high-frequency diaol_mrgas in the splanchnic (c¢) and adrenal (d)

nerves were unaffected by rises in arterial pressure.
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for example by touching the wound edges, commonly produced an
abrupt and parallel fall in both sympathetic discharge and arterial
Dressure,

Lastly, the characteristics of the sympathetic discharge
obaeﬁ’er‘i during the control periods in the present experisents
are similar to those observed by previous workers (Adrian, Bromk
& Phillips, 1932; Iggo and Vogt, 1960) who have assumed a close
interrelation betwecn cervical sympathetic responses and those
of arterial pressure,

The eflectiveness of baroreceptor denervation, when undertaken,

was confirmed by showing a negligible, or no, reduction in

preganglionic discharge in response to intravenous adrenaline

In the adrensl and other branches of the splanchnic merve,
four types of impulse discharge could be distinguishedge
1, Spontaneous activity which showed a respiratory rhythi and
which could be partially or completely imhibited by the rise in
arterial pressure produced by intravenous adrenalines This response
was similar to that of cervieal sympathetic strands (Fig. 27a).
Sixteen groups of fibres showing these characteristics were identified
in 16 nerve strands,
2. An irregular spontaneous discharge apparently without relation
to respiration or arterial pulses, The {ibres exhibiting this

activity were excited by the rise in arterial pressure induced by
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adrenaline, and were present in five of the sixteen strands
(Fig. 27b).
3¢ Spontancous activity showing a fairly regular discharge which
ocould be increased by a rise in arterial pressure, and which was
inhibited during inspiration. This was cbserved in two groups
of fibres in 16 strands,
4, Brief high-frequency bursts of action potentials, unaffected
by a rise in arterial pressure, were seen in 3 of the 16 stands
(Fige 27¢ and d).
Acid=base changes

Measurements of the effects of the inhalation anaesthetics
on preganglionic sympathetic discharge were madé only during
pulmonary ventilation with high oxygen concentrations, In
addition to maintaining a viable preparation for many hours, it
was considered that good oxygemation would limit the degree of
metabolic acidosis which develops during long experiments on the
rabbit, levertheless, a degree of pulmonary over-ventilation
was usually reocuired in order to maintain arterial pH at near
normal levels, This was preferred to under-ventilation, since
in previous studies progreossive inercases in plasma Gatecholamine
concentrations were measured as pH was reduced by COg ventilation
or acid infusions (Morris end Millar, 1962a,b).
Lffects of inhalation ansesthetics

In assessing the actions of the inhalation ansesthetics,

control levels based on the mean preganglionic sympathetic discharge



rate and arterial pressure both before and after anaesthetio
adninistration would have been influenced by the frequent failure
of arterial pressure to return to exactly the same level after
discontinuing each anaesthetic; sometimes, also; § to 20 ml
dextran in saline was required to restore the pressure to near

the initial level. The effects of the anaesthetiecs were ascessed,
thercfore, by comparison only with the impulse discharge rate and
arterial pressure level which preceded administration.

It is possible that gradual deterioration of the aninals
during the orogress of an experiment may have influenced
measurements made during the latter part; this could have affected
certain responses, though no difference in the qualitative effects
observed could be detected when the order of administration of
agents was altereds Nevertheless, in apparently healthy rabbits
the responses observed in consecutive adminisgtrations of one
ansesthetic were seldom identieal quantitatively, In order
to minimise effects attributable to repeated administrations, mean
values and statistical inferences usually refer only to one (almost
invariably the first) administration of each of the three
anaesthetiecs in any animal,

io cervica thetle nerve
Cyelopropane

Nine rabbite were ventilated with 507 cyclopropane in oxygens
In 8 of these animals, arterial pressure increased progressively )
after 2 to 3 min, to a maximum level averaging 217 above control
after 4 to 8 minutes (S,E, 2 4.1, 0.01>P »>0.001s 1In each
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case there was an associated rise in preganglionie cervical
sympathetic discharge rate, to a mean of 807 above the pree
anaesthetic level at the times corresponding to the peak rise

in arterial pressure, This incre se was highly significant
(8.B, %18, 0,01>P>»0,001)s In the single rabbit which did not
show an increase in arterial pressure above control, the
sympathetic discharge rate was inereased by 50% after 4 min

of eyclopronane,

The maximum increase in sympathetic activity evoked by
eyclopropane, which was by a mean of 93% above the control level
(5.8. = 5,5, P<0.001), coincided with the peak rise in arterial
nressure in 3 of the 8 tests; 1in 4 instances the effects were
geparated by 2 min, and in one case by 4 min, At the time of
peak sympathetic discharge rate, the average increase in arterial
pressure in all O tests was by 107 above control, which was
insignificant (3.B, . 4,7, 0.1> P¥ 0,05).

rArtérial pressure showed variable effects within the first
2 « 3 min of adn%nistratien of 507 eyclopronane, In one of the
9 rabbita studieé.. there was no change from the control level.
In another three animals, arterial pressure had already started
to rise, A brief period of hypotension, most pronounced 2 min
after induction, occurred in 4 other experiments, in 3 of which
cervical sympathetic discharge had alre dy increased above the
control level, One of these 3 is illustrated in Fig, 23 (left),

where the mean arterial pressure fell as preganglionie sympathotic

activity increased, After 2 min the arterial pressure alse
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The upper granhs, @, are plots of the impulse discharge

rate in the eerviecal symoathetic preganglionic nerve (impulses/
see) against time (min)s The lower graphs, 0, represent

mean arterial pressure, ma Hg, taken at the same time as the
upper granha and on the same time scale in min, 507 cyelopropans
was given between the arrows. Left, the response with all

other nerves intaet, Right, the response with the vagus,

eimus, and aortic nerves cut bi.la.terally. |
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started to rise. The ons experiment in which there was an
initial fall both in sympathetic rate and arterial pressure is
illustrated in Fig, 29a, In this case the pressure ra ched

ite lowest point about 30 sec before the sympathetic discharge
rate, and then began to rise elowlys By contrast, cervical
sympathetic activity showed a slower fall but recovered more
rapidlye Both arterial pressure and gympathetic rate eventually
excecded their control levels,

Pigs 23 (left) also shows the characteristic, and associated,
inerease in preganglionic discharge and arterial pressure within
the first 8 min of cyelopropane administration. After geaching
a peak the pressure usually declined towards control levels as
the 50% concentration was maintaineds In Fig. 23 (left) this
effect was very marked; after 10 min the prescure was below
control while the sympathetic rate, after showing a transient fall,
remained elevated, This maintained increase in sympathetie
discharge was the usual response, and in only one experiment did
the rate l2ll transiently below the control level during contimous
administration of 507 cyclopronanes This is shown in Fig. 30
Arterial pressure and sympathetic rate were both at s maximum at
4 min; subsequently the pressure fell and remained at a level
more than 50,° below control, until the anaesthetic was discontimued
at 80 mins In contrast, the sympathetic activity, though alse
ghowing a fall in rate below control at 10 min, later recovered to
a new level maintained 11j% above control throughout the remainder

of the administrations Both pressure and sympathetic rate
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Fig., 29,

a: Preganglionic cervieal sympathetie diacharge frecuency,

®, in impulses/sec; 0O, systolic art-rial pres=ure in mn Hg;

O, diastolie arterial pressure in ma Hgy absclesa, time in min,
At the arrow the administration of 507 eyolopropane was started,
b: Recording from the splanchnic nerve. The upper record

is traced from the ratemeter output (impulses/sec). The lower
records as in d.. Time is inmin., At the arrow 507

cyclopropane was given,






Fig. 50,

Preganglioniec cervieal symnathetic norve responses,  Upper
graph, @, impulses/sec; lower granh, 0, msan arterial pressure,
mn Hgs Dboth are plotted agrinst the same time seale inmin,

507 eyclopronane was adninistered betwesn the arrows,
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recovered to near control levels when cyclopropane was discontimed.

Filmed records of action potentials illustrating the effects
of cyclopropane are shown in Fig, 31 a~de The first trace shows
the discharge before administration, and Figs 31 b,c that after
6 min and 14} min of 50/ cyclopronanes There was a progressive
increase in activity and a loss of the synchronized bursts shown
in the first trace, a3 these returned after recovery from
cyelopropane, d.

Following induction with 507 eyclopropane, this concentration
was continued beyond the time of maximum increase in arterial
pressure in 7 of the 9 rabbits studied; in the other 2 animals
the anzesthetic concentration was reduced to 25/4  The sympathetiec
discharge rate continued to increase in 7 animals, while the rate
declined in 2 to levels below those corresponding to the maximum
rise in arterial pressure, After administration of 507 cyelopropane
throughout, or of this concentration followed by 257 eyclopropans,
for periods of 14 = 30 min in 4 animals, arterial pressure was
finslly reduced on average by 257 whercas the sympathetic rate was
etill 467 above the control level,

In 2 experiments, following a first administration of the
higher concentration, 257 cyclooropane was given subsequently for
periods of 2% and 30 min respectively. Sustained increases in
systolic und diastolic pressures and cervical sympathetic discharge
were then measured throughout the entire period, as shown for a

50 min exposure in Fig, 32,
An early but brief rise in arterial pressure oecurred within
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Fig. 31.

Action potential records from preganglionie cervical
sympathetic strands. a, 100% oxygen; b, after 6 min

50% eyclopropane in oxygeny ¢, after 14% min 50% cyclopropane
in oxygensy d, 15 min off cyclopropane.

Records e = i from a second experiment: e, 100% oxygen;

f, after 4 min of 3% halothane in oxygen; g, after 13 min

3% halothane in oxygeny h, after 14 min off halothane;

i, 14% min off halothane.
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nSQ 32.

Upper graph, @, preganglionic cervical sympathetic
discharge rate (impulses/sec); lower graph, 0, systolie
and [J 4 diastolic arterial pressure (A.P.). Same time

scale. 25k oyclopropane was administered between the arrows,.
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1 to 3 min of discontimuing cyclopropane. At this time
sympathetic discharge was unchanged or already beginning to
decline, This effect was noted in 7 of the 8 rabbits
anaesthetized with 507 cyelopropane for periods of 8 to 12 min
during eervical sympathetic recording; in the other animal,
studied for 30 min, arterial pressure responses were obscured

by cardiae arrhythmias (which ecsased within 30 see of stopping
eyclopropane)e The changes in one exveriment are shown in Pig, 35;
in this case sympathetie discharge fell as cyclopropane was
discontinued, an effect perhans attributable, reflexly, to the
rise in arterial pressures The maximum effect noted, and occurring
as in all the other experisents without an associated increase

in preganglionic discharge, was a rise in mean arterial pressure
from 59 mm Hg after 8 min of 5077 eyclopropane, to 118 mm Hg S min
latere After the early rise in arterial pressure the level fell
and later increased gradually, with a reduction in preganglionie
discharge, as the anaesthetic was eliminated,

Eifects of cyclonronane after division of ecarotid sinus, aortie,

and vagus nerves in another groun of animels,
In the 8 demervated rabbits studled, the average initial

arterial pressure level, 114 mm Hg, was higher than that in the
animals with intact ncrves, 1In one animal, the pressure increased
to reach a maximum 237 above the control level after 6 min of

5072 eyelopropane (Figs 28 right), while another rabbit showed a
small transient rise in arterial pressure only on a second

administration (excluded from the statistical analysie below)s
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Recordings above of mean arterial pressure (mm Hg)s

belowy; integrated impulse discharge rate in the preganglionie
cervicsl sympathetic nerve (impulses/sec, time constont 3.3 sec).
At the arrow, when 50% cyclopropsne was discontinued, 100%

oxygen was given.
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Otherwise, although cervical sympathetic discharge was increased

by eyelopropane in all the dsmervated animals, arterial pressure
was reduced by an average of 20% (S.5. = 8,4, 0,055 P 0.02)

at the time of the maximum rises in sympathetic activity; <these
occurred 4 $o 8 min after induction, and were significant (mean
increase 55%, S.5. % 22, 0.05) Py 0.02)s The response to 50%
eyclopronane in & denervated animal is shown in the filmed records
of Figs 34 a=c, In b after 10 min the rate of the counted impulses
was inercased from 48/sec to 57/see; +there was also fragmentation
of the sympathetie rhythm of econtral origine

Halothane
3% halothane was administered to 7 rabbits, the other §

animals studied being given a concentration of 1l.57 or 2.0/%

Since arterial pressure was consistently lowered by concentrations
above 1,57, the effects in all 10 animals have been considered
together, Changes in cervical sympathetic activity have been
related arbitrarily, to two levels of artcrial pressure during
halothane anaesthesia, corresponding as ncarly as possible %o

307 and 60% reductions from the control value, For each pressure
level, 8 me surements were available from the 10 rabbits, Cervieal
sympathetic activity was incrcased by a mean of 43% (SE. = 13,
0,027 PY 0.01) above control at an average arterial pressure of
64 mm Ig reached after 2 to 22 min of halothane anaesthetice At

a mean pressure of 37 mm Hg, attained after 6 to 24 min, the impulse

discharge rate was 457 above control (s,83 16, 0.0;) P>0.02)
{ ]
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l"is. “o

Vagi, sinus and aortic nerves cut. Film records of zction
potentials from the preganglionic cervical sympathetic nerve.
2y 100% oxygen; b, after 10 min 50% eyelopropsne in oxygen;
¢, 14 min off cyelopropsnes d, after 10 min of 10§ ether.
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The results in one experiment are shown in Fig, 35, where the
time course of a 26 min exposure to 57 halothane is plotted
for sympathetiec rate and mean arterial pressure, The pressure
fell progressively for 16 min and eventually aporoached a steady
low levels By contrast, sympathetic activity incrcased to
reach a peak at 9 min; at 16 « 20 min there was a decline,
followed by subsequent recovery. When halothane was discontinued,
a precipitous full in sympathetiec rate oecurred, and there was
a rise in arterial pressure followed by a more gradual recovery
to control lewéls, The photographic records of Fig, 31 e « §,
show the increase in sympathetic activity during halothamne
anaesthesia in snother experiment, The control rate, e, was
70/se0 and there was a synchronized respiratory rhythm, After
4 min, £, the discharge rate reached a maximum of 120/see, which
subsequently fell slightly to 111/sec after 13% min, In addition
to this considerable increase, the rhythmical characteristics
of the sympathetic discharge were partly abolished, but returned,
aquite suddenly, between 14 and 14} min after discontinuing
halothane (compare Fige 51 h and i),

While arterial pressure became progressively lower as
anaesthesia with halothane was continued, sometimes reaching
20 mm Hg with the 3% inspired concentration, the result shown
in Fig, 35 1llustrates the typical finding that in the rabbit
these low arterial pressure levels were mnot associated with
reductions in the eervisal sympathetic discharge rate.

Similarly, although administration of 1.5 and 2,07 halothane
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Fi‘o 35.

Preganglionic cervical sympnthetic nerve responses.
Upper graph, @, discharge rate in impulses/secy lower graph,
0y mean arterial pressure, mm Hgs The time scale in min

is the same for each graph. Between the arrows 3% halothane

was given.
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was associated with greater variability of sympathetic activity,
the mean impulse discharge m te generally remained slightly or
moderately above control levels,

In 2 rabbits, the arterial pr€ssure and sympathetlc responses
to halothane were studied over 30 min periods during which the
expired halothane concentration was held constant at approximately
1 vol%  This required adjustment of the inspired concentration
to match the uptake of halothane, which became progressively
less as the inhalation anaesthetic was contimieds, In one animal
there were 2 4-mimute periods, 9 « 13 mir and again 20 - 24 min
after starting administration, when the inspired coneentration
was at 2,07 and the mixed expired concentration rem;i.md steady
between 0,95 and 1,14 vol &  Since pulmonary ventilation was
unaltered, it may be assumed that the uptake of halothane by the
animal stayed almost constant during these periodss 1In this
experiment, arterial pressure was lowered from a control level
of 107 mm Hg, to 43 mm Hg after 12 min and to 41 mm Hg after
22 min of halothane; the associated increased in preganglionie
sympathetic discharge were by 127 and by 167 respectively. The
results in the other experiment were similar,

Thus, while most of the measurements reported here were
assoclated with a fixed inspired concentration of halothane, there
was no evidence that preganglionic sympathetie discharge was
reduced by halothane when the uptake of the anaesthetic was

maintained at a more constant level,



LEffects of halothane after division of Carotid sinus, Aortie, _gml

Yagus nerves in another group of rabhits.

Before halothane administration, the average control arterial
pressure in 6 denervated animals was 118 mm Hge € measurements
of sympathetic discharge were available during halothane anaesthesia
at the selected arterial pressures of approximatéy 307 and 6074
below the control level, At a 30 reduction in arterial pressure,
sympathetle aoctivity showed variable increases above control im
every animal, although the mean rise, by 207%, was ins gnificantly
different from zero (S.8. 2 9.6, 0.1>P)0.05)s At an arterial
pres=ure level 807 below control, sympathetic discharge was
increaced by 29%, this being a significant change (S.B. 4 82,
0,05 7 0,02)s  In 3 of the 6 halothane administrations, arterial
pressure and sympathetic discharge showed a parallel decline
within the first 2 « 5 min; sympathetic activity increased
subsecuently, This early resnonse was not observed in the rabbits

with intact baroreceptor connections,

Diethyl ether.
9 to 147 ethor in oxygen was given to 7 rabbits, After 4

min, ¢ervical sympathctic dlscharge was inereased by an average
of 29/ above control; this was a highly significant change

(.8, £ 7.4, 0,01) P>0,001)s At this time, mean arterial
pressure was reduced by 117 (5.8, & 3.1, 0,05> P >0,02). After

10 min of ether, the rises in sympathetle discharge rate were

90 -



greater, reaching a mean of 717 above control, but due to the

wide range of increase (by 7 to 2247) this effect was not
statistically significant (2.5, = 30, 01> P70,05); at this

time, arterial prescure was reduced on average by 237, a highly
significant change from the control level (S.E, & 6,9, 0,01)P7
0.001)s Tig, 36 (left) illustrates the time course of the

changes in sympathetic rate and mean arterial pressure in response
to 12,57 ether, There was a progressive increase in the discharge
rate, until after 10 min a new level was maintaineds The

arterial pressure showed initial variation, followed by progressive
decline reversed only by diseontinuing the administration,

Effects of ether after division of carotid sinus, sortic and

¥agus nerves in another grous of animals.
Seven to fifteen per cent ether was administered to 6

denervated rabbits, After 8 min, cervieal sympathetie activity
was inecreased by 36%, which was a significant change from control
o.8 £12, 0,055 P>0.02). At this time, arterial pressure was
reduced by a mean of 29%, which was also significant (S.BE. 2 7,7,
0.05> P> 0,02). The records in Fig. 34¢ and 4 show some effects
of ether adminietration after the barorecentor nerves and wmagi
had been cute The sympathetic rhythm seen in Pig. 34 whiech
was presumably of eentral origin, increased in frequency after
10 min of 127 ether, while the mean discharge rate rose from
57/sec to 62/seC (d)s A similar incremse in frequency of the
rhythm was seen in other experiments during ether administration,

Pige 36 (right) also shows a response to ether in a dencrvated
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Hg. 36-

Pregunglionic cervical sympathetic nerve responses.

Upper graph, @, impulses/sec; lower graph, O, mean arterial
pressure, mm Hge Same time scale in min for cach vertieally
aligned pair. Left, 12,57 ether was given between the arrows.
Right, from another experiment, tho vagi, asortic and sinus

nerves had been cut, and 14% ether was given between the arrows.
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rabbit anaesthetized for 11 min. There was a steady rise in
sympathetic rate throughout, while the arterial pressure, after a
rapid fall, recovered to a higher level which was still below
control, This pattern of partial recovery of arterial pressure
was seen on 2 other occasions when the carotid sinus, sortie, and

vagus nerves had been divided,

Splanchnic Nerve

Nine strands were dissected from the splanchnic nerve in 6
rabbits. Variable responses to the anaesthetics of the atypical
fibre groups mentioned previocusly, were usually concealed in the
total integrated discharge rates, but were identified on film,

Changes in the activity of rhythmically discharging fibres
which were unaffected by adrenaline were not studied during
administration of the inhalation ansesthetics, although their
activity was seen to persist.

Those units whose discharge frequency was reduced by
intravenous adrenaline showed similar responses to cyclopronane,
halothane, and ether as those previously deseribed for cervical
sympathetic nerve strands, The results presented below refer
to one administration of each anaesthetic in individual animals.

Cyelopropane.
In 4 rabbits, 4 splanchnic sympathetic strands showing
uniform inhibition by intravenous adrenaline were studied during
ventilation with 50/ cyclopropane for periods of 3 to 14 min,

Arterial pressure increased to reach a maximum averaging 447%



above control levels after 6 to 10 min, this being associated
with a mean inorease in the sympathetic disoh-arge rate of
124% (S.8. & 34, 0.05> P>0.02)s ‘The results in one of these
experiments are illustrated in Fig. 37 (right). In this case
the major rise in sympathetic activity was delayed, uncharactere
istically, for 8 min, The arterial pressure had already risen,
and increased more steeply as the sympathetie rate increased,
The photographic records of Fig, 58 illustrate several features
of cyelopropane execitation, 1In a, there was synchronization of
the activity of a single unit, which became more marked, b,
after 2 min of 50% cyclopropane, when the rate of firing was
incrcased from 35 to 48 per 20 sec¢ period, After 6 min, c,
the rhythm began to fragment, and the discharge rate increased
further, to a maximum of 55 per 20 sec period. At 4, 15 min
after the start of anaesthesia, the rate was reduced to 41 in
a 20 sec period, and the activity within bursts was irregular,
In addition a second downward-going spike was recruited. Record
e shows the discharge 12 min after discontinuing cyclopropane,
when the frequency was 19 per 20 sec periods

Fig. 38 £ = h shows the offect of 5075 eyelopropane on a
splanchnie nerve strand in another experisent, The rate of
firing of all the spikes was increased after 8 min, and there was
recruitnent of a =mall upward going potential towards the centre

of the record, PFig. 39 a - ¢ is unusual, and shows depression

by eyelopropare of an upward going spike (compare b, after 7 min
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Hg. 37-

Graphs above, @, nerve impulses/sec and below, O, mean
arterial pressure, both plotted against the same time in
mine Between the arrows 50% cyclopropane was given. Left,
from the adrenal nerves Right, from the splanchnic nerve in

the same experiment.
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Fig. 38.

Aotion potential records from the splanchnic nerve.

ay = 1004 oxygeny b = after 2 min, ¢ - after 6 min, and

d = after 15 min 50% eycloprovane in oxygen. e, 12 min off
cyclopropane.

£, from another rabbit given 100% oxygens g, after 8 min

50% oyclopropane in oxygenj h, 15 min off oyclopropsne.
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n‘. 39.

Action potential records from the splanchnic nerve.

ay 100% oxygeny b, after T min 50% oyclopropane in oxygens
gy 6 min off cyclopropene. d to g, a seocond strand from the
pame nerve. d, 100f oxygen; e, after 6% min and f, after
12} min 3% halothane; g, 20 min of{ halothane.
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5070 eyclopropane, with a and e¢)s The other potentials show
marked exeitations 1In one animal a splanchnic cardiac rhythm
became sudible during cyclopropane administration,

Halothane,

Five splanchnic sympathetic strands were studied in 5 rabbits
anaesthetized with 8% halothane., At arterial pressure levels
307 below control (reached after 2 to 14 min of anaesthesia)
changes in sympathetic discharge were variable; the average
increase, by 207, was insignificantly different from zero
(S.Be 2 17, 044> P> 0.3)s A 60% reduction in arterial pressure
was reached after 6 to 24 min, when the discharge frequency was
76% above control. This inecrease was significant (S.E. = 28,
0.05) P >0,02). A representative experiment is illustrated
in Fige 40 (right); the sympathetic rate was at first reduced
with the arterial pressurc, but at 4 min the activity recovered
and remained above control, with some variation until the
halothane was discontinueds Fig. 39 4 - g are film records
taken during this experiment. Fig. 3%¢ shows a marked increase
in sympathetic discharge corresponding to the first peak on the
graph in Fig, 40 (right); after 12 = 13 min of halothane
(Fig. 39f) there was a fall towards control levels, and the last
sequence, g, shows the subsequent fall in activity below control
when the halothane was stoppeds

In one animal from this group the arterial pressure responses

to 37 halothane were umasual; after an early small reduction in

pressure (associated with a rise in sympathetic discharge), the
- 94 -



Fig. 40,

Graphe above, @, norve impulaes/aoo and below, 0, mean

arterial pressure, mm Hg. Same time scale for each vertiecally
aligned vair. 3% halothane was given between the arrows.

Left, from the adrenal nerves; Right, from the splanchnic nerve,

in another experiment.
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pressure increased {o above control levels betwecon 6 and 12
mimtes; at the latter time splanchnic sympathetic dilscharge
had increased by 917  Thereafter arterial pressure fell to
reach a level 66% below control after 25 mimutes of 37 halothanes
at this time sympathetic activity was increased by 1004
Subsequently, recovery of both arterial pressure and sympathetic
discharge occurred to control levels,

Diethyl ether,

Four splanchnic sympathetic strands were studied in four
rabbits during administration of diethyl ether in concentrations
of 8 to 10/ The impulse discharge rate was increased, aftar
periods of 16 to 20 min, to an average of 777% above control, this
being significant (S.B. £ 24, 0.05) PY0.02)e Arterial pressure
was progressively reduced to a level 227 below control, at these
times, In Pig. 41 (right), ether is shown to cause a progressive

rise in sympathetiec rate and an associated fall in arterial pressure.

Adrenal nerve

In three experiments the response of the adrdnal branch of
the splanchnie nerve was studied during anaesthesia with cyclopropane,
In two of these experinments, one of which is shown in Fig. 37
(1eft), increases in sympathetic activity (mean, 110%) occurred
over approximately the same periods as the rises in arterial pressure
(mean, 72%) produced by 507 cyclopropane. In the third study
the responses were unlike those of other sympathetic nerves;
the rise in arterial pressure induced by cyclopropane reached a
maximum 507 above control after 4 min, but at this time adrenal
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Hgo ‘O-‘a

Graphs above, @, nerve impulees/see =nd below, Oy mean

arterial pressure, mm Hge Seme time smcale for esch vertiecally
aligned pair. 87 ether was given between the arrows. Left,
from the adrenal nerves Right, from the splanchnic¢ nerve, in the

same experiment.
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nervous activity was reduced by 33%; subsequently arterial
pressure foll to 8074 of control after 10 min, when the impulse
discharge rate was 27% above control level. These umusual
effects may have resulted from persisting activity of central
baroreceptor pathways during cyclepropane anaesthesia,

Adrenal nervous activity was studied in two rabbits during
ventilation with 3% halothane, 307 and 50% reductions in
arterial pressure were associated with mean inereases in the
discharge rate of 69% and 777 respectively, In the example
illustrated in Pig, 40 (left) there was a rise in sympathetie
activity of over 1007 at 3 min; recovery from halothane was
very rapids

Ether, administercd to 2 rabbits for periods of 12 and 14 nin,
raised arterial pressure at these times by 67 and 47 respectively,
while the corresponding inereases in adremal impulse discharge
rate were by 2047 and 14/4 The former dramatie increase in
sympathetic rate is plotted in Fig. 41 (left), which shows the
associated small change in mean arterial pressure.
Changes in heart rate. These were assessed by counting the number
of beats in five second periods. 1In the rabbit, all three
inhalation anaesthetics usually produced increases in heart rate
of about 10 - 207% (shown in Fig. 15 of Study 2); in only one
of the 9 animals given halothane there was a fall in heart rate

whieh persisted throughout a 12 nin administrations
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DISCUSSION

Many original observations of Adrian, Eronk, and Phillips
(1932) on the activity recorded from the eerviecal sympathetic nerve
of the rabbit were confirmed in these experiments, and the usefulness
of a pulse~heightselector and rate meter was established for
assessing changes in the activity of multifibre sgympathetic strands.

The identification of the destination of the sympathetic
fibres under study was, and to some extent remains, an obvious
problem but data relevant to the effects of the inhalation
ansesthetics was restricted to those units whose zotivity was
closely related to alterations in arterial pressure. 4All nerve
strands dissected from the cervical sympathetic of the rabbit
appeared to reflect the inter-relation of arterial pressure and
sympatnetic discharge, in a reproducible and consistent manner.

Eccles (1935a), confirming the earlier work of lishcp and
Heinbecker (1932) described 4 components in the main spike
potential wave set up in the aupérior cervical ganglion by
preganglionic stimulation. These correspended to L groups of
preganglionic sympathetic fibres, and there was no evidence for
functional overlap within the ganglion i.e. each fibre group
was in functionsl relationship with its own ganglion cells.

The fastest conducting fibres - the 8, group deseribed by Eccles
(193;3, corresponding to the My group of Bishop and Heinbecker
(1932) - were in functional relationship with postganglionic nerves

to the orbit (pupillodiletor end nictitating membrane); their
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conduction velocity was sbout 20 metres/sec. The M, group

of pregarglionic fibres described by Eishop and Heinbecker (1932)
(82 of Zeeles, 195;) conducted at about 12 metres/sec, and was
funotionslly related to postgenglionie vasoconstrictor nerves.
Presumably, this slower conduction rate implies that the !2
fibres ave smaller than those responsible for pupillomotor
responses. llowever, the amplituds of the 52 ganglionic spike
potential exceeds that of the 31 wave (Zcoles, 1935a), indicating
that there ars greater numbers of preganglionic fibres with a
vasoconstrictor than with a pupillomotor distribution. Lecles
(1952) suggested that the X, preganglionic fibres synspse in

the ganglion cell group of intermediate size; thie was shown
histologloally by de Castro (1932) to include 507 of the total
number of genglion cells, compared with 27% of the total
ocoupled by genglion cells with pupillomotor comnections.

TFrom the above evidence it seems likely that when dissecting
multifibre syszpathetic strands there iz a greater likelihood
of recording from fibres which are ultimetely pupillomotor
ratler than vasoconstriotor, on the basis of fibre size, and a
greater likelilhood of recording from vasosonstrictor {ibres on
the basis of relstive numbers.

On the facts of the present studies, it is not considered
reliable evidence to draw conclusions about fibre size {ron the
action potentials as recorded, since the bspike amplitude of single
sympathetic units depended closely on the teecinique of nerve
disssction. FProvided that the fibres were not killed as a result

“ 9



of the manipulations required, it was usually possible to
alter the signaleto-noise ratio of individual sympathetic
fibres either by further division of the nerve strand under
study, or somstimes merely,by adjusting its position on the
reecording electrodes, On the other hand, the larger fibres
may have been more likely to survive nerve dissections

There is Als=0 no evidence to sugzest that the preganglionic
component of the pupillomotor sympathetie outflow shows
physiologleal responses which are different to those of the
vasoconstrictor outflows For example, sympathetie discharge
in the long ciliary nerve is inhibited by afferent baroreceptor
stimulation, when the carotid simue pressure is raised by
perfusion (Okada, Kado, and Nisida, 1961) or by intravenous
injection of adrenaline (Wisids, Okada, and Nakano, 1960).
A systematic study of the pupillary responses to the three
anaesthetics tested was not undertaken in the present studies;
while ether is well known $o cause pupillary dilatation in
animals and man, this is not a constant feature of cyclopropane
or halothane anaesthesia,

While many splanchnie nerve fibres responded similarly
%o the preganglionic cerviecal sympathetie, there was less
uniformity; no information w:s obtained regarding the funetions
of the atypical splanchnic and adrenal units.

These experimnents confirm the previous observation of Iggo

and Vogt (1960), that rhythms in preganglionic sympathetic
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activity may have several origins, invelving both central

and peripheral mechanisms, S8ingle baroreceptor units show

a8 rhythm in time with the respiratory variations in arterial
pressure in artificially ventilated rabbits (unpublished
observations), while chemorcoeptor fibres in the cat also show

a respiratory rhythm (Biscoe & Purves, 1965). Systenmio
baroreceptor and chemoreceptor stimuli, separately or together,
appear to be mainly responsible for sympathetic rhythms of
peripheral origin, . Bursts of sympathetic activity, synchronized
with inspiration, were occasionally observed in the present
experiments in rabbits; but an exviratory rhythm was more

usual, as described for this speecies by Adrian, Bronk, and
Phillips (1932). The eat is said to show a predominant
inspiratory synchronization (Iggo & Vogt, 1960), but some of
these apparent specles differences may depend on whether respiration
is spontaneous or mechanieal,

Contimaous monitoring of the rhythmical sympathetic discharge
clarified the effects of inereasing the inspired carbon dioxide
econcentrations Thus, while there was always a striting increase
in the amplitude of the sympathetie rhythm, the mean rate of
discharge either remained unchanged or inercaseds It may therefore
be questioned whether an inercsase in the rate of change of
sympathetic efferent discharge could be a more effective stimulus
to liberation of sympathetic transmitter at effector organs than

is a2 rise in the mean frequency of firing, It is at any rate
curious that increases in the mean sympathetie discharge rate did
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not invariably accompany administrztion of carbon dioxide
concentrations up to 107, since these have been shown to
inerease plasma noradrenaline levels in the dog (Morris &
Millar, 1962a).

It was {found that 6 =« 12 mg sodium pentobarbitone, given
at intervals of about 45 min, suffices to maintain light but
adequate anaesthesia in the rabbit, without influenecing
preganglionic sympathetic discharge other than temporarily.
This was fortunate, and unexpected in view of known depressant
actions of pentobarbitons on nervous. Transmission
(Brooks & Becles, 1947; Eocles, 1946; Rccles, Schmidt 2 Willis,
1963; Pradham & Galambos, 1985; Schmidt, 1963; Thesleff, 1958).
However, Elmes & Jefferson (1942) measured a fall in the
adrenaline content of the innervated, compared to the denervated,
adrenal gland when pentobarbitone preceded by morphine was given
to catss While this result is difficult to interpret, it does
show, in accord with the present experiments, that excitation of
the sympathetic nervous system can occur in the presence of
pentobarbitone,

Discussion of the preganglionic effects of cyclopropane,

halothane, and ether is deferred until the General Discussion,
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Samnary of Study S

le Preganglionic eervical and splanchnic sympathetic discharge
was recorded before and during administration of inhalation
anaesthetics in rabbits ventilated with oxygen and given gallamine,
The background anaesthetic was pentobarbitone,

2  Cycloprorane increased arterial pressure and preganglionic
activity, which reached a maximum af'ter 4 to 8 min with the

507 eoncentration, Subsecuent effects on arterial pressure
depended on the inspired concentration, sympathetie discharge
remaining above control levels. Similar sympathetie responses
occurred in rabbits in which the vagus, carotid, and aortic nerves
had been divided,

S« Halothane reduced arterial pressure and inercased preganglionie
discharge; the effect on sympathetic activity was usually
maintained, and occurred after baroreceptor demervation. The
evidence indicates that in the rabbit halothane hypotension is
not attributable to central sympathetic depression,

4, Preganglionic sympathetic discharge was increased during
ether anaesthesia,

5¢ Inercased arterial sz exagoerated the amplitude of the
respiratory sympathetic rhythm, and had more variable effects

on the mean preganglionie discharge rate.

6s In rabbits, central sympathetic activity is increased by
cyelopropane, diethyl ether, and halothane, in descending order
of effect; the actions of eyclopropane and halothane appear to
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be partly influenced, respectively, by blockade of central
barorceceptor pathways and by reflex eflects secondary to
arterial hypotensions

7« Since a raised level of preganglionic sympathetie discharge
was consistently associated with the arterial hypotension
produced by sufficiently high coneentrations of these agents,
the present‘ experiments question the concept of "ecentral
vasomotor depression" during inhalation anaesthesia in the
rabbit,



STUDY 4, THE EFFECT OF CYCLOPROPANE, HALOTHANE, AND

ETHER ON TRANSMISSION THROUGH SYHPARHSTIC GANGLIA

Introduction
Depression of transmission through the superior cervieal

ganglion was demonstrated in cats by Larrabee and Holaday
(1952) during administration of ether, chloroform, and
thiopentone, Similar effects were shown on the isolated
periused stellate ganglion of the cat, in anaesthetic -
concentrations lower than those required to depress conduction
along nerve fibres (Larrabee and Posternak, 1952)., These
results were confirmed in experiments on the rabbit's superior
cervieal ganglion (Larrabee, Ramos, and Bulbring, 1952)e
Aecording to Norman and LURstrdm (1955), eyclopropane also
caused weak depression of transmission in the stellate ganglion
of the eat, while Raventos (1956, 1961) emphasised ganglion |
blockade as a cause of arterial hypotension during anaesthesia
with halothane,

Study 3 showed that there was an increase in the impulse
discharge rate in preganglionic sympathetic nerves during
anaesthesia with cyclopropane, halothane, and diethyl ether,
The effects of these ansesthetices on impulse transmission
through sympathectie ganglia, under identical conditions of

anaesthetic administration, will now be described.



esult

erior cervical ga on of bbit

Cyclopropanes In five rabbits, the effect of 50, cyclopropane
was tested on the compound action potential evoied in post-
ganglionie branches of the superior cervical ganglion by
gtimulation of the preganglionic cervical sympathetic nerve,
The height of the maximal potential was reduced by a mean of
40%, the range being from 15/% to 60/% The stimulation threshold
was raised in 4 of the § experiments; in the other rabbit there
was no change. In one test, administration of 50/ cyclopropane
for 7imin raised the threshold voltage firom 0.7 volt %o 6 volts,
although the maximum action potential height was reduced by
only 1074

The time course of these changes was variables. In 3
experiments, depression of the maximal potential approached
50% within 3 min of starting administration of cyclopropane,
In the other two exveriments the effect was leses marked and
slower in onset, but progressed to rcach a maximum after about 10 min.

Pig. 42 illustrates the ganglionic action of eyclopropane in
the rabbit, There was a change in the stimulation threshold
during the experiment, shown by the failure of the potential to
return to the control level at the lowest voltage} recovery
over the remaining voltage rangs was good, howevers

Haolothane, In five experiments, 3/ halothane reduced the height

of the maximal compound aetion potential by an average of 28%,
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Hg. 42,

Graph of ecompound action potential amplitude (pv) from

the internal earotid postganglionic branch of the superior
cervical ganglion of the rahbit, plotted againet the stimulating
voltege applied to the preganglionic cervical sympathetice @ ,
before oyclopropane; A , efter 4% min 50% cyclopropane; O,
18% min off cyclopropane.
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with a range of 147 to 50 depression, The effeets were
apparent within 4 min, progressing to a2 maximum in 10 to 15
mine The threshold voltage was increased in 4 of the § tests,

The time course of the ginglionie actions of 3% halothans
in one experiment is shown in Fig. 43, where the amplitudes
of the postganglionie compound action potential are plotted
against the stimulation voltages. Depression of the actiom
potential appeared gquickly, then progressed more slowly; there
was eventually a rise in the threshold voltage, Virtually
eomplete recovery occurred after halothane was discontimed,.

In a single administration of 17 halothane, the height of
the maximal compound actlon potential was reduced by 287 after
10} min, and there was a rise in the threshold voltage.

Bther, In two rabbits, 57 and 10 concentration of ether reduced
the maximal height of the compound action potential by 25% afd
247 respectively after 10 min; there was little change when
ether administration was contimued for a further 10 min. The
effects of ether, as with the other inhalation agents, were
relatively greater at lower stimulus voltuges, when reductions

in the action potential height of up to 507 were recorded.

Suoerior eervical ganglion of the cat
In one decerebrate cat, the compound action potentials

evolked in the internal carotid and carotid body postganglionie
rnerves by preganglionie cerviecal stimulation, were monitored
alternately before and during administration of the 3 inhalation

amnthetieg,
- 108 =
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Graph of compound action potentisl amplitude (uv) from the
internal carotid postganglionic branch of the superior cervicsl
goanglion of the rabbit, plotted sgainst the stimulating voltage
applied to the preganglionic cervical sympathetic. Same
experiment as Fig. 42 @ , before halothane; A, after 3 min
3% halothanes O y after 8 win and A, after 22 min 3% halothanes
Oy 25 min off halothane.
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The effects of 257 cyclopropane, followed after an interwval
for recovery by those of 507 cyclopropane, were tested over
periods of 12 mins The lower cyclopropane concentration had
little effect on the responses to near-threshold voltages, but
depressed the maximal action potential height in the internal
carotid and carotid body branches by 207 and 157 respectively.
The 505 concentration of eyclopropane reduced the height of the
internal carotid and carotid body action potentials, at all
stimulus voltages, by 507 and 30§ respectivelys the stimulation
thresholds were raised, and the effects were apparent after 8 min
of administration, remaining unchanged at 10 min. Recovery
occurred 10 min after discontinuing cyclopropane.

The responses in these nerves were studied during administration
of 2% halothanes, The intcrnal carotid branch showed 657 and 70%
depression of the maximal action potential after 4 and 10 min
respectivelye The carotid body nerve action potential was
reduced by 307 at maximum voltage, and by 507% at just-above
threshold voltage after 4 min of 27 halothane. After 11 min,
the responses were reduced to only 5% of the control height, with
an associated rise in the threshold voltage,

For both nerves, recovery was complete within 11 min of

discontinuing halothane,

Stellate ganglion of the cat
Cyclopropanes In 4 experiments, 50/ cyclopropane consistently
reduced the height of the compound action potential evoked in the
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cardiac nerve by preganglionic stimulation, although the time
course and magnitude of the responses varied, Fig, 444, B,

and € illustrate the most rapid and proncunced effects observed;
after 3 min of 50% cyclopropane, B, the maximel potential was
dspressed by 80%, and the threshold veltage was increased, Rapid
recovery occurred within 7 min of discontinuing cyelopropans, O
Halothape. In the 3 experiments undsrtaken, 37 halothans
depressed the postganglionic action potentials in the cardiae
rerve, The most profound effect was a 807 reduction in the
maximal response after 5 min of halothane, In the experiment
11lustrated in Fig. 45, there was 407 depression of the maximal
response after 3 min of halothane, without a threshold change, Bj
there was a greater effect aftter 5 min, Cs The partial recovery
noted after 11 min of halothane, D, may have L_’;_.ean associated with
a change in the recording conditions sinee tﬁe stimulus artefact
is increased in sizes Recovery is shown in Fig, 45E.

Bther, Effeots of ether on impulse transmission tirough the
stellate garglia, which were studied in two experiments, are
11lustrated in Pig.44 C, D, and By  After 9} min of 9% ether

in this cat, the maximal responses were depressed by 20/%; the
effect increased to 80% dcpression after 13} min of ether, D
Recovery followed when the anaesthetic was stopped, Ee

Inf) ic ion of the rabbit

In two of the three experiuents in which transmission through
the inferior mesenteric ganglion complex was investigated, recordings
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Fig. L4,

The postganglionic potential evoked in the left cardiac

nerve by stimulation of the thoracic preganglionic trunks

% 4L and 5« The stimulstion voltage for esch coluamn is
indicated at the top. A, before administration of inhalation
anaesthetioy B, after 3 min of 50% oyclopropane, C, T min off
oyclopropenes D, after 134 min of 8% ethers E, 11 min off ether.

The amplifier time constant was 1 sec.






’180 L5,

The postganglionic potential evoked in the left cardiasec

nerve by stimulation of the thoracie preganglionic trunks

T 3,4, and 5.  The stimulation voltage for each column is
indicated at the top. A, before administration of halothane;

B, C, and D after 3, 5 and 11 min of 3% halothane; B, 18 min

off halothane, The amplifier time constant was 1 sec.
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wore made from the inferior mesenteric nervey in the other
experiment, the hypogastric branch was used, The poat'ganslimil}
action potentials were ummliy dispersed in time, and there was

no discrete action potential. In one experiment, short-latency
compound action potentials were observed while recording responses
from the inferior mesenteric nerve; these were probably pre-
gangllioniec in origin.

Cyclopropanes The two tests undertaken involved the inferior
mesenteric nervess In one rabbit, there was almost complete
disappearance of the postganglionic action potentials after only

2 min of 508 cyclopropane, with little further change over the
ensuing 8 min of administration. The responses in the other
experiment, for 2 of the runge of stimulus voltages, are shown

in Fig, 46, Depression of the temporally dispersed postganglionie
potentials appeared after 5 min, and was more proncunced after

10 min of eyclopropane, Be Those potentials which appeared to

be preganglionic in origin per sisted throughout the administration
of eyclopropanes Recovery of the postganglionic potentials was
eomplete 11l min after discontimuing cyclopropane, C.

Halothane, The effects of this anaesthetic werc tested on inferior
mesenteric and hypogastric pathwayse The potenti:la evoked from
the hypogastric nerve in response to preganglionic stimulation
showed a progressive reduction, at all voltages, after 10 min

of 37 halothane, The reduction in the maximal potentisl was by about
25%, and there was a vise in the threshold voltages The effect

was sinilar after 15 min of halothane, and there was recovery when
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Recordings of potentials evoked in the inferior mesenteriec

nerve of the rabbit by preganglionioc stimulation at 2

voltagesy A, before eyclopropanes B, after 10 min of 50%
oyclopropanes; C, 11 min off cyclopropanes D, after 83 min

3% halothane; &, 23 min off halothane; F, after 17 min 9%

ethory G, 22 min off ether, The amplifier time constant was 1 sec.






the anaesthetic was discontinued.

In one of the two studies inmvolving the inferior mesenterie
nerves, depression of the evoked postganglioniec potentials was
complete within 2 min of starting administration of 3% halothansj
this effect persisted until the anaesthetic was discontimued af'ter
15 mine Recovery then followed, In the other experiment,
illustrated in Fig, 46 C,D,E the effect was less pronounced;
thus, there was 1ittle change from the control responmse, G, after
3 min of halothame, but depression of the dispersed postganglionie
spikes was evident after 8% min, D, Recovery followed when
halothane was discontinued, B. [alothane ecaused little or no
change in the amplitude of the shortelatency potentials.

Bther, A concentration of 9F ether was used to test the effects

on the inferior mesenteric pathways, in two experiments. 1In ome
rabbit, depression of the maximal action potential height was

almost complete after only 3 min of ether administration. In the
other experiment, the results from which are illustm ted in Fig,
46 E, F, G, there was little change from control, B, afte 6 min

of ether, but depression was evident after 17 min, P, with

subsequent recovery, @3 the short-latency potentials were unaffected
by ether,

Pige 47 illustrates the action of hexamethonium tartrate on
the action potentials shown in Fig, 46, Ganglion block appeared
rapidly, leaving the two large, shortelatency potentials umaltered
(see especially Fig. 47F); as stated above, these potentials were
also unchanged by the inholation anaesthetics.
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Fig. 47.

The same postganglionic potentiels es in Fig. 46 showing

the effect of the injection of hexamethonium tartr:te

20 mgw/Kgm. A is the control response while B, C, D, E

and F are 2, 4y 6, 12 and 24 sec later. Note the persistence

of the 2 large potentiale which are probably preganglionie.

The amplifier time constant was 1 sec.






Discussion

The use of hexamethonium at the end of these experiments
established that the compound action potentials studied were
arising postegymaptically and were not preganglionic potentials
to ganglion cells outSide the well-defined sympathetic ganglia.
This was an important consideration, sinee myelinated fibres
have been identified in the exbtermal earotid nerve (Runtsz,
Hoffman) and Napolitano, 1957), and in the postganglionic nerve
to the ecarotid body (Byzagulrre and Uschizomo, 1961). Foley
and Dubois (1940) found many, probably postganglionie, nerve
fibres surviving degereration in the cervieal sympathetic trumk,
while Pokrovsicya (1959) described merve eells in the internal
carotid branch of the superior cervieal ganglion, In gpite
of these findings, evoked potentials with a short enough
latency to be preganglionic in origin were not observed in
any postganglionie branches of the superior cervical ganglion
in the present experimentss The compound action potential
usually had a smooth outline, presumably because any preganglionie
potentials formed only a small part of the total.

In the inferior mesenteric region ganglion cells have been
identified over a wide area (Kuntz and Jacobs, 1955; Kuntsz,
1956); in accord with this, the postganglionic action potentials
were often temporally dispersed, as in the experiments of Brown
and Pascoe (1952). 1In 2ddition in ome experiment potentials
were recorded which were not affected by the anaesthetics.

Athough definite evidence for their origin was not obtained,
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the fact that they were not depressed by hexamethonium while
the longer latency potentials were suppressed, suggests that
they were from preganglionic fibres,
The observation that stimulation of the thoracic roots,
T3 « 4, evoked the largest stellate postganglionic action potential
supports earlier work (Langley, 1900; Bromnk et al., 1936).
Confirmation of the ganglionic effects of anaesthetics
deseribed by earlier workers has therefore been obtained, although
the action of cyclopropans on the cat stellate ganglion was
congiderably more potent than that suggested by Normen and
15Fstr®m (1955)s Raventos (1956, 1961) emphasised the role
of ganglion block, particularly in the splanchnic area, in the
hypotension caused by halothane, but the results obtained do
not show that halothane exerts a more profound depressant action
on transmission through the inferior mesenteric ganglion than
do ether and eyelopropane.
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Summary of Study 4

1s The effects of cyclopropane, halothane, and ether on
sympathetic ganglionic transuission were investigated by
recording the compound action potential evoked in postganglionic
nerves by single shock stimulation of the preganglionic pathways.
The ganglia studied were the superior cervical and inferior
mesenteriec in the rabbit, and the superior cervical and stellate
ganglia in the catse Except in one decerebrate aat, the
background anaesthetic was pentobarbitons, and gallamine was
givens

2. All three anaesthetics reduced the height of the post-
ganglionic compound action potentiale The time course of the
effects wae variable, and quantitative differences in the
magnitude of the changes produced by each amsesthetic could not
be demonstrateds

e« It is concluded that cyelopropane, halothane, and ether
depress impulse transmission through sympathetic ganglia.



STUDY 5, POSTGANGLIONIC SYMPATHETIC DISCHARGE AVD THE
B/FECT OF INHALATION ANARSTHETICS

Introduction

In the preceding Study 5 it was shown that preganglionic
activity was incrcased by cyclopropane, which raised arterial
pressure, A similar a!though less pronounced sympathetie
response also ogcurred in the rabbit during ansesthesia with
halothane, which lowered arterial pressures Diethyl ether
inoreased preganglionic discharge, but shart of overdose this
change was accompanied by less distinetive alterations in arterial
prossures

The responses of effector argans (heart and blood vessels)
to the incroased sympathetic excitation induced by these
anaesthetics is complicated by the occurremee of partial ganglion
blockade, as demonstrated in the previous Study 4. In the
present experiments, therefore, postganglionic sympathetie
activity has been recorded in rabbits before andi during anaesthesia
with cyelopropans, halothane, or ether,
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Besults

The patterns of activity recorded in

postganglionie sympathetie nerves were very similar to those
observed in preganglionic fibres (Study 3)s A respiratory
rhythn, with an increased sympathetic discharge during expiration,
was usually present, Fig. 43 {Qlustrates an example from the
external curotid nerve: the pronounced rhythmical wariation
showed a constant relation to the respiratory modulation of
arterial pressure. Similar examples, from the cardiac and
hypogastric nerves, arve shown in several later figures., This
resplratory rhythm was at least temporarily disrupted by
barorsceptor densrvation, as occurred in the case of preganglionie
fibres (Study 3)s In one rabbit in which the vagus, ecarotid
sinus, and aortic nerver had besen out, rhytimlcal variations in
cardiac sympatietic dlscharge became more proncunced tinxoughout
the expericent (Fig. 404, B, G)s Fig. 50A & B, from later in
the same experiment, shows that thers was a constant relation
of the sympathetic rhythm to the preceding phrenic Aischarge
(Gownmgoing spikes), but not to the pulmonary stretch afferent
(up=-going spikes) whose discharge was determined by the mechanieal
ventilation. Since the major chemorecentor ani barorecentor
afferents lad been cut ‘!.‘!i Gan be presumed that the postgangiionie
sympathetic rhythm nsro; eentral origin.

In the cardiaec nerve, a rhythm in time with the heart beat

was always present; an example is shown in Fig. 50F, from another

-115-



n‘. kso

From above downy arterial pressure, mm Hgs mean integrated
discharge rate in postganglionic sympathetic external csrotid
nerve (time constant O.1 see); film strip shewing, above,
external carotid nerve action potentials, and the arterisal
pressure below, The impulse discharge is modulated by raythms

in time with both respiration and heart rate.
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Fis. 49.

Cardiac sympathetic nerve action potentials in a rabbit in
which the vagus, carotid sinus and aortic nerves had been
divided bilaterally.

As  ventilated with 100# oxygen, and showing the arterial
prescure, B, C, and D¢ during snaesthesia with 3% halothane.
E, F, and G: Dbefore, during and after oyeclopropane snaesthesia.
H and It during anaesthesia with 11.5% ether.
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From later in the experiment illustrated in Fig. 49.

Records A and Bs from above down, cardisc sympathetic nerve
action potentials, vagal afferent asction potentials (upgoing
spikes), and phrenic nerve action potentisls (downgoing spikes).
C - Et above, cardiac nerve action potentialesy Dbelow, phreniec
nerve potentials. [Record Ft ocardiac nerve action potentials

and artserial preszure trace.,
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experinent, where a secondary modulation in time with respiration
led to periodic complete quiescence of sympathetie activity
when only a mmall E.C,.G, artefact was visible (noted especizlly
towards the right of the film strin)s Fig. 49A suggests that
the cardiasc modulation of the discharge largely disappcared when
the wvagi, aortie, am? carotid sinues nerves had been divided,
The close relation between bursts of activity in the eariise
nerve and arterial oressure changee is clearly demonstrated in
Fig. 51, where the spasmodic variations in impulse discharge
nrecede the changes in pres:urc.
A eardisc rhythm was also eometimes secn in records from
the external carotld nerve, as shown in Fig. 48, Smaller peaks
with the same neriod as the pulse wave are superimposed on the
respiratory rhythm; these are also secn in the film strip.
Inoreases in arterilal nressure produced by intravenous
injection of =mall doses of adremaline #@Memchloride inhibited
postganglionic sympathetie discharge, as with pregangiionie
fibres (Adrian, Brork, amd Phillips, 1932, Study 3). Partial
ichibition of external carotid sympathetic Alscharge is ~hown
in Fig, 02, and of hypogastric nerve discharge in Fig. 66, both
in response to 5 pg adrenaline. lMore comvlete and prolonged
depreesion of hypogastric activity in responce to 10 ug adrenaline
is 1llustrated in Fig. B3, Such delays in recovery were frequent
in postganglionic nerves, but rare in preganglionie strands.
Aortiec nerve stimulation prodnmﬁ similar effects on post-
ganglionie sympathetic discharge to those deseribed for nreganglionie
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Fig. 51.

Showing a close direct relation between changes in cardiac
sympathetic discharge and arterial pressure. From above
domt end-tidal Peoo,, mum Hgs arterial pressure, am Hgs
mean integrated cardiso sympathetic discharge, impulses/mee,
time conetant 0.33 secy film strip of cardiac nerve sction

potentiale.
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n‘o 52.

Postganglionic external ocarotid mction potentianls.

A: partial inhibition of the discharge produced by 5 ug
adrensline kydeechloride injected intravenously at thoe arrow
snd washed in with saline at second horizontal mark. B and Cs
after 6 and 13} min of anaesthe-ia with 3% halothane. D - s
before and after 8} and 17 min of snaesthesia with 117 ether.
G: inhibition of postganglionic discharge by 25 mg/kg

hexamethonium injected intravenously at the arrow.
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"1‘. 53

Effect of adrenaline-induced arterial hypertension on
postganglionie hypogemstric sympathetic activity. Above: mean
arterial pressure, mm Hgy below: mean integrsted sympathetic
discharge (impulses/sec), 'There is s postgenglionic sympathetic

respiratory raythm.
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nerves in Study 2, Fig. 18 shows responses in the nerve %o

the carotid body.

Lffects of sodium pentobarbitons, As stated under Msthod,

in all these studles basal anassthesia was maintalned by
intermittent injections of 6 - 12 mg pentobarbitons, the required
frequeney being asssssed during the preparative period,
Lightening anesthesia was often ass clated with spontansous
changes in sympathotic rate, as In the right cardiac nerve
record shown in Fig. 54, there belng an accompanying reduction
in mean arterial srescure. In this sxperiment, ilntravenous
injection of 12 mg sodium -entobarbitone produeced = transicnt
incresse in the sympathetie dlacharge rate and a more prolonged
fall in arterial oressure, The Shythmical modulation in
activity -ersisted throughout these changes, Siuilarly in

Fig. 55, from another experiment, spontanecus variations in
hyvogaistric nervous discharge were abolished by injection of

6 mg sodium pentobarbitons, although this had a negligibie

effect on the mean sympathetic discharge rate and coused only a
&auknt alteration in mean arterial pressures Thece sharteterm
eflscts of sodium pentobsrbitone were charseteristie, and similap

to those observed in the experimmnta on preganglionie sympathetic
fibres (Study 3).

as pronounced as shown in ¥ig. 56, where there was a brief increase
in external carotid nerve activity and some fluctuation in
arterial pressure after injection of gallamine 4 mg.

17 -



Fi.s. ﬁt.

Spontanecous changes in arterisl pressure (mm Hg), and
cardiac sympathetic discharge (impulses/sec), and the

effect of 12 mg sodium pentobarbitone injected at the arrow.
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?18. 55-

fSipontaneous variations in postganglionic hypogastric
sympathetic sctivity (impulses/sec). Also shown are the
effects on the discharge and on arterial pressure (mm Hg) of

6 mg sodium pentobarbitone injected =t the arrow,
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’isu %'

Mecan arterial pressure (mm Hg) and integrated external
carotid sympathetic discharge (impulses/sec). 4 mg gallamine

triethiocdide were injected at the arrow.
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Some effects of earbon dioxide, Incrcases in the inspired
Poog caused inorcased synchronization of the rhythmic activity

in preganglionic sympathetic nerves, (Study 3)s The same
effect was observed while recording from the cardiac nerve.

Fig, 50 C, D, B are parts of a continuous record; adainistration
of 10% carbon dioxide was started 10 sec after the beginning of
record C and there was progressive ayneiwonization of the
sympathetic discharge accompanied by a fall in the mean discharge
rate, The bursts of activity were in time with the pluwenie
activity (downegoing spikes) which also showed recruitment,

Fig. 57, from another experiment, also demonstrates this
enhanced synehronigation, although the most marked efiecis
mdﬁymm%na given, There was a progres=ive
increase in mean cardiac sympathetic discharge rate throughouts
thue, in A the counted rate was 10/see, in B after 5 min of

5% carbon dioxide it had risen to 17/sec, and in C after 10 min
of 20/ carbon dioxide the rate was 40/secs Moan arturial
pressure was inoreased from 83 mm Hg in A& B to 110 ma Hg in G,
This drug was given to confirm that

the sympathetic activity being studied was postganglioaic in
origine Pig, 88 illustrates the action of hexamethonium (20mg/kg)
on the activity in strands from the cardiac nerve (A & B),

and hypogastric nerve ( C & D)o  Figs 52 @ shows the efiect

on an external earotid nerve strand,
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HS. 5?0

Cardiac sympathetic nerve zction potentials. A: during
ventilation with 100% oxygen. B and C: ventilation with

5% and 203 earbon dioxide in oxygenm.






Hg. 580

Effect of hexamethonium, 20 mg/kg, injected intravenously as
the first horigontal mark, and washed in at the second mark,
on cardiae (A and B) end hypogastriec (C and D) sympnthetic

nervous sotivitiy.






CARDIAC I

Cyelonroane., Sympathetic activity was recorded from the left
eardiae nerve in one rabbit, and from the right nerve in 4
rabbits, during administration of 507 ayclopropans for perioda
of 12 %o 20 min,  Tn 2 exoeriments involving the right cardise
nerve, the vagus, carotid simuse, and aortic nerves had heen
Adivided previously, and in these animals 507 eyclopropane
reduced arterial prescure below control levels, 1In the 3
remaining rabbits, with these nerves intact, ayclopropans
increased artorial pressure, by 377 above control level after
8 min in the ease of ths left eardiae merve, and by 97 and
8% for the other two experiments involving the right nervej
in thesc animals the associated inereases in eardiae gymoathetie
activity were by 2087, 1407, and 437 respectively. The msan
maximum inerease in Alscharge rate caused by 507 eyoloovronane,
for all 5 rabbite studied, was by 118% (8.E 2 38,8; 0,05) P>
0,085 )s

Increased activity in the loft cardiae nerve Auring
cyclopropane eamaesthesia is shown in Pig., 59, The mean dlscharge
rate was 56/sec before oyclopropane (A), and was modulated by
respiration; there was an increase to 168/sec after 12 min of
50% ayelopropane (B), arterial mrescure was raised, and there was
pulsus alternans, a common accompaniment to the ventricular
arrhythnias produced by cyolopropans, Arterial pressure had
returned to above the control lewel 33 min after discontimuing

“ 119 -



Hg. 59.

Cardiac sympathetic action potentials, and arterial pressure
trace. Al ventilation with 100% oxygen. Bi after 12 min
of 50% eyelopropane, C3 100% oxygen, 33 min after torminating

oyclopropane. Same experiment as in Figs. 62 and 6j4.
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Hg. 600

Craph of changes in mean integrated cardiac sympathetio
discharge, ® , impulses/eec, and mean arterial pressurs,
0, mm Hg, sgeinst time. At 507 cyclopropsne was given
(between the arrows) to » rabbit in which the vagus, carotid
sinus, and sortic nerves had been divided, B: &ffects of

3% halothane in another rabbit in which these nerves were intact.
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eyniopropam, and the mean sympathetic discharge rate was then
60/sec (C).

Pige 49 illustrates the changes in right cardlac nervous
activity caused by ayclopropans in a rabbit in which the wvagus,
ecarotid sinue, and aortic nerves had becn ocuts The control
record (Fig. 49B) was taken 47 min ai'ter a previous administration
of halothane, and the trace ¥ refers to 8 min of 50/ ayclopropane.
The sympathetic rhytlm, which was of central origin (B), was
less marked during cyelopropane (F) and the mean discharge rate
bad increszsed from 35/sec to 105/see; mean arterial pressure
was reduced to 27 wms Hg at this time, from a control lewel of
63 mm Hg, Fig, 49G shows recovery, 24 min after discontinuing
cyclopropane, %o a mean sympathetie discharge rate of 80/sec,

The time course of the clanges in eardiiae sympathetic rate and
artorial pressure are shows in Fig, G0A, from another experiment,
in which the simus, aortic, and vagus nerves had been cuts The
unusual and progreseive fall in mean arterial pressure caused by
804 cyeclopropane was associated with a maximum increase in mean
sympathetic discharge rate of 354

¥hen eyclopropane was stopped, there was usually a transient,
and sometimes pronounced rise in arterial pressure within the
ensuing fow mimutes, wille the cardiac sympathetic rate remained
unchunged or was gradually declining. This effect on arterial
pressure has been shown to occur in man (Price, Obmer, and Dripps,
1953). An examnle is shown in Fig, 61 where the lower traoce,
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Fiso 61,

Effects of resuming ventilation with 100% oxygen following
administration of 50% eyclopropane. From above down: mean
arterial pressure, mm Hgy meen integrated cardianc sympathetie
nervous discharge (impulses/sec); respir=tion, and the uhmgo
from oyclop‘éopnnc to oxygen, monitored by a thermistor bead
plased in the airway.






obtained from a thermistor flowmeter (Millar and Marshall, 1963)
placed in the tracheal cannula, shows the start of cyclopropane
elimination; this was followed by a rise in mean arterial
pressure which was only temporary, although full recovery of
pressure later oocurred, Similar effects were noted mring
preganglionic sympathetic recording (Fige 33, in Study 3).
Halothane, Recordings were made from the left cardiae nerve
in one rsbiit, and from the right nerve in 5 prabbits, before
and during admlnistration of 3% halothane; the duration of
anacsthesia pranged from 10 to 24 min for the right side and
was 12 min for the lefts As in the case of preganglionie
studies (Study 3), changes in postganglionic sympathetic activity
have been rélated to two levels of arterial pressure - 30% and
607 btelow control.

In tvwo experiments involving the right eardiiae nerve, the
vagus, sinue, and acrtic nerves had been divided bilaterally,
In these animals, at a 30K reduction in arterial pressurs during
halothone amaesthesia, the cardlae gymsathetic dlscharge rate was
inercased by 147 and by 943 corresponding with a 60% fall in
preseure, the activity wes increased by 38% and by 4% respectively;
the control arterial pressures were 187 mm Hg and 1082 wmm Hg,

When the latter results are included with those obtained
in the other 4 yrabbits (whose control arterial pressure averaged
90 mm Hg), the mean increase in cardiac sympathetio rate at 30%
feoression of pressure was by 647 (7.5 I 82,9; 0.08) P70,028),

and at a 60% pressure reduction by 84% (S.E £ 24,9; 0,0257 P70.02).
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The largest incresses wers measured in the left eardiac nexve,
and were by 18075 and 174% at 30% and 608 reductions in arterial
prassure pespectively, Records from this merve are shown in
Figs 68; the control levsl was 80/sec, with synchronized bursts
of sympathetic activity (A). After 6 min of 37 halothans

mean arterial préssure was reduced from the control lewel of

89 ma Hg, to 73 mm Hg, and the cardiae impulse dlscharge rate
wap increased to 163/sec (B)s The activity was still modulated
by reepiration but the respiratory wvariations in arterial
pressure were much @iminlshed, The discharge remaiped essemtially
unchanged as arterlal pressure fell to a level of 27 mm Hg after
12 min of 3% halothene, Fig, 620 shows the substantial recovery
19 min after dlscontlnuing halothane; the mean sympathetie
discharge rate was 74/sec and there was a respirstory modulation
of artericl pressure. Later in the sume experisent, records
were obtnined from a second ocurdise gympathetie nerwve strand,

In this case, there was a 637 inercase in activity after € min
of 5% halothane, in assoclation with a fall im arterial pressure
from 104 ma Hg to 47 wum Hg,

Recordings firom one of the two rabbits studied following
gection of the vagus, simus, and aortio nerves, showed some
evidence of enhancdment of a centrally driven rhytha when halothans
was adminiotered (covpare Fig, 494 with B). In this experiment
the totel cardise sympathetic discharge in the dissected nerve
strand was discriminated into "mmall spice® and “large spike”
groups by mcans of the pulss helight selecter, After 4 min of
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Hx. 62&

Left cordiac sympathetic actien potentials, and arterisl
pressure trace, At 1004 oxygen. Bt =after 6 min of 3%
halothanes Ct oxygen, 19 min aftsr discontinuing halothenes

Same experiment as in Figs. 59 and 64.
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halothane (Fig, 498), whea ertorial pressure had fallen from
102 ma Kg to 50 mm Mg, the large spikes had increcased in rate
from 46/368 %0 43/sec while the small spikes had decreased from
4 /sce o 832/sec; thers was, therelore, a 7% redustion in the
total dlscharge rate being counted,  After 10 min of halothane
(Fige 40C). the lavge anﬂ. snall spike counts were feapootiuly
45/see snd 85/sec and the sympathetie rhythm was nore proncunced
although mean arterial pressure was only 16 mm Hge There was
no discernible rhytim after 15 min of halothane (Fig,40D),

when the large and small spike counts were 850/se¢ and 54/see
respectively, Tubsequently, mean arterial pressure recovered
to 65 mm Hg and the total firing rate, both large and small
spikes, waz 85/sec, Thus, this experiment on a barorecentore
denervated rabbit showed that aftcr early increases in cardlag
syapathetic rate within the firat 4 win of halothans, and some
dissociation in the time course of the responses of two groups
of action potentiasls, a progressive full in sympathetic rate
was reversed only when arterial pressure had reached very low
lmls. In faet the arterial pressure after 4 min was below
60% dopression, so that these later rates were not included in
the statistical calculations already presented,

The time course of the effects of halothans on cardiac
sympathetie activity is 11llustrated in Fig, 60B where the impulse
@ischarge rate wag inversely related to the wregsure and both
changes were largsly roversed when the amesthe'ic was discontimmed.
In this anlmal the baroereceptor nerves were intact,
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Further evidence that halothams occasionally enhanced a
central sywpathetic rhythm iz found in the records of Fig, 83,
The spasmodie activity shown in A (from the same experisent as
Fig. 51) became well synchronized after 19 min of halothane (B)s
the burste do not have the same period as the end-tidal COg
record and thely rhythm is orobably of central arigin, lLater
(), thers is a return to the earifer spasmodie activity, although
it is nore rhrtimie,
Ethers 5 rablits were studied, in 4 of which recordings were
made from the right eardiac nerve and in one from the left cardlae
nerves In two right cardiac nerve exseriments the vagus, asortie,
and sinue nerves were divided, The sther coneentrations were
in the rane 7 - 1554

The left cardiae nerve showed increaces in impulse discharge
frequency of 437 and 11674 after 4 min and 10 min of 97 ether,
respectivelye The corresponding changes in arterial pressure,
from a control level of 91 mm Hg, were a rise to 105 mm Ig at
4 aln, and & m1ton&.emnm

The right cardiac nerves from the rabbits in which the sinus,
sortic, and wagus nerves had been divided, showsd increasges of
5% and 107 after 4 min, and of 327 and 567 after 10 min of ether;
the control arterial pressures were reduced from 119 mm Hg and
63 ua Hg, to 90 ma Hg and 35 mm Mg respectively after 4 min,
remalning at these levels after 10 min of ether,

When all the ether data are grouped together, the mean

increase in cardiac sympathetic activity after 4 min of ether was
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Fig. 63.

From sbove downt end-tidal Peo,, mm Hgy mean arterial
pressure, wn Hgy mean integrated cardiac sympothetie
discharge rete, impulses/sec; cardiac syﬁpathutio nerve

- metion pogentials. In this experiment ths vegus, earotid
einus, end sortic nerves had beoen divided, At ventilation
with 100% oxygen. B: after 19 min of 3% halothane.

Ct after return %o oxygens






by 247 (8.5, 2 8,9; 0s1Y PY0,05), and after 10 min the mean
rise was by 647 (5,8, £ 2%,1; 0,05 PY0,085).

The effeat of 9% ether on left cardise sympathetic activity
is illustrated in Pig, 64, The mean control discharge rate
was 72/ sec (A) and ths activity shows a respiratory sodulationg
after O min of ether (B) the sympathetic discharge was 156/sec
and the freauency of the respirstory rhythm was increiseds This
may be compared to Fig, 62, where a simllar inorease in the rate
of sympathetic discharge ccowrred after 6 min of halothane, but
without a change in the frequency of the respiratory medulations
When ether had becn discoutinued for 33 min, the discharge rate
was reduced to 98/sec (Fig. 64C), and the bursts of impulses
wore more clearly defined slthough still at a higher rate than in
the control recmrtll (A)s .

Fige 49 1llustrates responses of the right cardiac nerve
during ether anaesthesia in oms of the two rabbits studied
following vagotouy and division of the sinus and aortic norves,
Trace G shows the control discharge rate of 70/se¢, 24 min after
a previcus study of cyclopropans. After 10 min of 11,55
ether the sympathetic rate was inmorcased to 95/see (Fig. 49H)
and the synchronized bursts had beecoms more diserete; the mean
discharge rate was further raised, to 110/sce, after 22 min of
ether (Fig. 491) and thers was contimuous firing between the
bursts of activity, vhich also reached a higher pesak frequency.
Subsequent recovery is shown in Fig. 50,



Fig. 64

Left cardiac sympathetic action potentials, =nd arterial
pressure. At ventilstion with 100% oxygen. Bt after 9
min of 9% ether., €1 33 min after discontinuing ether.

Same experiment as in Figes. 59 and 62.
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Zxtermal Carotid Nerve

Gyelopropane.  Responses were recordsd from the branoh of the
superior cervieal ganglion to the earotid body in 2 ;nbbits,
the results from two strards in one merve being ineluded, and
from the ¢xturnal carotid branches of the superlor cervieal
ganglion in O rabbits, The anaesthetic was given ina .
concentration of 507 for periods of 4 to 20 min. The baro~
reeeptor nerves were intact in these experiments.

The time course of the postganglionle carotil responses
to oyclopropane was similar to that recorded in preganglionie
cervical nerves (Study 3)s The rea” increase in symp:thetic
activity was usually resched after 4 - 8 nin, and the Aischarge
rate fell slightly thercafter; in only a single instance, which
involved one of the 3 tests on the carotid boldy nurve, was the
activity roduoc.i below the control level, and then only aftier
14 min of 507 cyclopropane. In 81l experiuents recovery to
control levels occurred 8 - 20 min after Alscontinuing the
ansesthetie,

The rise in arterial rressure roduced by cycloprosane
roached a maximum averaging 237 abowe the control levél in 7
of the B tests, and there was an assoclated imcreazz in sympathetie
discharge, by a mean of 717 (5.2, & 19,5; 0,02 P> 0,01)s The
peak increase in sympathetic activity usually oecurred sbout 2
min later, averaged 327, and was also significant; at this time

arterial prescure was incrcaced by 177%
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In ore animal the responses were quits atyplesal; the
arterisl pressurc fell quickly after starting eycloorepans,
then after about 3 min showed soume recovery, The sympathetioc
discharge rate was at that time 297 above the contrel level,
although early in the administration the activity was reduced
in parallel with the arterial pressures lLater, the snimal
responded sinilarly when 257 cyclopropane was given, Because
of these atypical changes in arterisl pressur¢, 2nd singe this
rabbit failed to survive a subsequent administration of halothane,
the data have been excluded from the statistical oal@ulatim

In 8 experiments, with the aid of the pulse height selocﬁ.
the responses of nerve fibrs spikes of different waplitudes
were examined on film, ALl the fitres tested showed an
increase in activity during oyclopropane amithem, and the
time courses were similar to those of the whole nerve strandes

Fig. 65 shows action potentials recorded firom the external
carctid nerve; A is the econtrol record and B shows the effect
of 16 min of 504 cyclopropzne. A4fter 6 min of snaestiesia the
sympathetlc discharge rat@ had inereased to 120/sec from the
control level of 77/see, in sssociation with a rise in mean
arterial pressure to 127 ma Hg from the previcus level of 95 mm Hg,
In Figs 858 the éisaharge rate and pressure were respectively
100/sec =nd 90 mm Hg; this level of symn-thetic sctivity persisted
for the remaining 20 min of administration, with eventusl recovery
as shown in trace C,

Halothones Recordings were made from the carotid body nerve in 2
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m. 650

Sympathetic action potentials recorded from the external
carotid branch of the superior gerviesl ganglion. At during
ventilation with 100% oxygens Bs after 16 min of 50%
ocyclopropane. C and D1 return to oxygen after oyelopropane.

BEr after 21 min of 3% halothsne. F: return to 1007 oxygen.
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rabbits, and from the external oarotid nerve in 5 rabbits. Two
different nerve strands were studied in one of the carotid body
rerve experinents,

Arterinl pressure fell steadlly during halothane anaesthesia,
and the postganglionie sympothetie discharze usu:lly showed a
coineident increase in rate, as with preganglionic fibres (Study 8).
However, there were exeeptions to thiu gymoathetic response, as
deneribed belows Also, the rabbit whiech had responded to
cyolopropans with a progressive fall in arterial pressure 4id
not survive 12 min of 37 halothane; arterial pressure had fallem
rapldly to very low levels, and there was alsc an initial reduction
in the external carotid sympathstic discharge rate, whi.tizh wasg
reversed after 8 min, After 12 min of halothene, as arterial
oressure failed, the rate of postganglionic sympathetid discharge
reached a level 74% above control. This response was excluded
fron the statistical summary,

The changes in sympathetic aotiﬂﬁy during halothane
anaesthesia were asseszed, as before, =4 artdirial pres-ure levels
of 307 and 607 below control, In 5 nexve recordings from 5 animals,
exgluding the experiment dlscusced below, at a 307% reduction in
arterial pressurs, thers was a mean increase in postgangiionie
discharge rote of 765 (8.5, I 22.2; 0,082 P 0.025)s Pour
measurcments were obtained at a 607 reduction in pres-ure, when there
was an average increase in symoathetic rate of 597 (8.5, = 14.1;
0,085 P> 0s02).  Mean arterial pres-ure before administration of
halothane sveraged 98 mm Hg for these 5 animils, and sll showsd
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subsequent recovery to neay control levels after disecontiming
the amecsthetic,

In the remaining rabbit studied, there was a reduction in
extornal earotid sympathetic discharge during halothane anaesthesiaj
the control arterial pressure was 92 mm Hg, and the usual
hypotensive response occurred. The nerve strand was tested
with 3% halothans and then, after recovery, with 47 halothane}

a second strand waes tested subsequently during 2 further
administration of 37 halothane. At a 307 fall in arterial
pressure the reductions in postganglionie discharge rate in these
3 administrations of halothane were by 15%, 127, and 107
respectively; at 607 depression of arterial pressure, sympathetic
activity was reduced by 55%, 817 and 437 respeotively.

Pigs 65 illustrates film strips from the second extermal
carotid sympathetic strand dissected froa this merve, As
previously described, there was a rise in activity in the typieal
manner with ocycloprosane (A, B)s In the interwval between traces
C and D, 15 ml of dextran in saline was given introvenously.

Trace B shows the postganglionie carotid sympathetic discharge
after 21 min of 37% halothane, when the rate had fallen from the
control level of 80/sec (D), to 59/sec (E), and mean arterial
pressure was reduced to 40 mm Hg from the control level of 92 mm
Hg, ‘The sympathetic rate had been largely unchanged for the first
8 min of administration of halothane as arterial pressure fell

to below 70 mm Hg, When halothane was discontirmed, recovery

of the postganglionic discharge rate oecurred to 72/see (Pig. 65F),
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at a mean arterial pressure of 100 ma Hg,

A similar, and umisual, contrast between the effects of
cyclopropane and halothans in this rabbit was apparent when the
preganglionic cervical sympathetic responses were studied
subsecuently on the same side. Cyclopropane produced a maximum
rise of 106X in the mean preganglionic discharge rate, while
during halothane anaesthesia therec was little change in sympathetiec
activity although arterial pressure had fallen firom 100 mm Hg
to 50 mm Hg after 10 min, At this time the discharge rate
declined, and was reduced Yy 1774 below the control level after
20 min of halothane, when the arterial pressure was 40 mm Hg
This response is atypical, since in 8 measurements reported in
Study 3, 37% halothame inmcreased preganglionie sympathetie activity
significantly by a mean of 457 at a 607 reduction in arterial
preosure,

In 2 other rabbits a fall in the discharge rate of large
spikes was observed in film strips taken during halothane
administration, although this was concealed on the ratemocter
record which showed increases in the total activity being counteds

Increases in extermal carotid sympathetic dlscharge during
halothane ansesthesia are shown in Fig. 52, where the activity
of all the spikes appears to be incrcased, The first traoce,

Ay 1llustrates partial inhibition of activity by intravenous
adrenaline and in B, the discharge rate had incrcased after 6
min of halothane to 62/sec from the control level of 47/see;

after 13% min (C) the rate was 79/se0. There was a reduction
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to 45/ssc 18} min after discontinuing halothans, D. Trace B

of Pigs 52 suggests that the sympethetie respiratory rhythm was
at first prowvoked by halothane, but this effeet was lost in trace G
Ethep, Four rabbits were studied before and during anaesthesia
with ether in concentrations of 10 - 124, The nerve to the
carotid body and the external carotid nerve ware studied in

2 aninals eachy There was a progressive inorease in poste
ganglionie dlscharge rate over neriods of 16 to 26 min, without
evidenoo of depression in amy of the nerve strands testeds The
moan inorease in rate after 4 min was 197 (%5 2 8,3; 0,022 P)
0s01), and after 10 min the inorease was by 63% (5.2, 2 12.8;
0.02> PY0,01)s The control mean arterial pres-ure averaged

92 mm Hg, and there ware average incrsases of 4 mm iig and 3 mm Hg
after 4 min and 10 min respectively, Fig. 53 D = G illustrate
an incroased discharge frequency in the external carotid nerve
during exposures %o 117 ethers, Record D was taken after recovery
from a previous 37 halothane administration, the mean discharge
fremency being qsm and the mesn arterisl pressure 77 ma Mg
After 8% min of ether (E) the sympathetic rate was 66/sec and
after 17 min of ether it had risen to 105/sse (F)e The msan
arterial pressures were 82 mm Hg and 53 mm Hg at these times,
Then ether had been discontinued for 31 min, ocarotid sympathetie
dlscharge had returned to 63/sec (Pig. 526) and mean arterial
pressure was 76 mm Hg,



Hypogastrio norve

Gyvelonropans, Responsss ware recorded from 6 sympathetic strands
in 5 rabbits, during administration of 507 cyclopropane for
pariocds of 8 %o 10 min, The baroreceptor ncrves were intact

in these experiuents, 1In the ense of 5 nerve strands studied
for 10 min in 4 animsls, arterisl preseure increased to 2 maximm
averaging 307 above the control level of 87 mm Hg after 4 to 8 minj
the amsoclated increase in hypogastrie discharge was by 09%

(%.2. 218,13 0.,02) P20,01)s The maximm incroass in
sympathetie activity oocurred about 2 min later, and averaged

73%, which wae also a significant increase; at this time arterlal
pressure was 227 above the ecntrol level,

The fifth yabbit to reoeive cyclopropane during hypogastrie
nerve recording showed an initial fall in arterial pressure from
the control level of 33 mm Hg, but this inorsased to 105 mn Hg
after 6 mina A similar arterial pressure resnonse was sesn in
two of the other rabbits, However, in this experiment the change
in postganglionic dlscharge vwaes nuite atypleal, showing only a
reduction which persisted throughout the 3 min of eyelopronnne
anaesthecia, Thin nerve strand also showed unusual responses
to halothane and ether, as desaribed below, The Jata are
there fore oxcluded from statistic:l evaluwation,

Racovery to mnear control levels of sympathetic discharge and
arterial pressuce oocurred after discontimuing cyelopropans in all
these exporimentes,
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BEalothanes 2ix hypogastric strands were studied im 5 rabbits.
The effects on sympathetic discharge were acsessed, as before,

at 307 and 60F reductions im artorial pressure during halothane
anag=thesia, In the cage of § rerve strands in 4 rabbits, the
mean arterial »regsurc averaged 335 mm Hg before adninistration,
and halothane was administered for neriods of 8 to 16 min,

Three gtrands, from three rabbits, showed inereases in the
postganglionic discharge rate of 9, 14%, and 167 at the 307
reduetion in arterial pressure; in the other two nerve sirands,
from the fourth rabbit, there were decrecases in activity of 8%
and 83%  These responses all occurred betwoen 2 aml 4 min after
starting adainistration of 37 halothane, and the mean incre:se for
the group of 5 nerve strands, by 8%, was not significant,
Thereaftar, however, the sympathetic rate consistently inersased
above the control level, and at a 607 reduction in arterial
nressure the mean rise in postganglionie hypogastrie activity in
the five tests was by 457 (8.8, 2 14,9; 0,05 P> 0,025).

The fifth rabblit respondsd umusually during halothane
anaesthesla, as was the case with cyelopropans noted above,
Artepial pressure foll from a control level of 79 mmHg, to
24 ma Hg after € min of 37 halothune, and there was a coincident
reduction in sympathetie activity from 137/sec to 48/sec with at
no point a rise above the oreamaesthetic level.

In all these experiments, recovery of arterial nressure
and hypogastric activity occurred ¢o near-control levels,
~Ethers Reocordings were made firom 6 nerve strands in 5 rabbits
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during administration of 10 - 19% ethers In the oasec of 5
strands studied 4in 4 rabbits during 12 to 18 =in of ether
anasathesia, the average control srterisl pressure was 81 ma Hg,
After 4 min of ether there was n mean increase in nostganglionie
hypogastrie activity of 117 Gé.n._ & 2,85; 0,01) P) 0.005);

after 10 min the increcse was by 357 (5.2, & 8,08; 0.02> P>0.01)e
Artarial pressure ususlly showed a small dscline, although in

one rabbit there was an incrense above the control lewvel after

6 to 12 min of 107 other,

The remaining animal, not included in the preceding
statistical ascesrment, showed a fall in arterial pressure from
78 mm Hg to 89 mm Mg after 10 min of 11¥ ether, and there was a
simml taneous refuction in the sympathetie discharge rate from
128/sec to 90/sec, = Thus, this yabbit showed uncharscteristic
reductions in postganglionis sympathetic activity during ether
amestheris, in 2 manner similar to the responses evoked by
eyelopropane and halothane (sec above),

Recoviry to near control lewvels ogcurred in these experiments
when ether was discontimed.

Fig. 66 1llustrates chamges in hynogastrie nervous activity
in response to 10% ethers The ﬁisoharga rate before cther,
counting 2ll spikes, was 56/sec (A), and mean arterial pressure
was 109 mm Hg, After 6% min the rate had risen to 78/sec (B),
and after 11 min it was 90/sec (0)s  Mean arterial pressure was
almost unchanged firom ths control level at ‘he time of records
B anmd C,



?1.5. 66,

Sympathetic action potentiales recorded from the post=
ganglionic hypogastric nerve. A: ventilation with 100%
oxygen, 5 pg adrenaline hydrochloride injected intravenously
et the firet horizontal mark and weshed in at the second mark.

Bt after 65 min of 10% ether. C: after 11% min of ether,
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Digcussion

Postganglionic sympathetic nerves have been shown to
resemble preganglionic fibres in regard to respiratory rhythams,
and in the relation of the discharge to changes in arterial
pressure whether these are spontaneous or evoked by intravenous
adrenaline or by electrical stimulation of baroreceptor afferents.
The responses demonstrated in the cardiac nerve of the rabbit
were similar to those desoribed in cats by Eronk et 21. (1936)
and by Pitts, Larrabee, and Bronk (1941). It is interesting
that IPronk et al., found an increased cardiac sympathetic discharge
during expiration, in mechanically ventilated cats, as was the
case here in rabbits. Iggo and Vogt (1960) deseribed a
predominantly inspiratory rhythm in preganglionic fibres in the
cat breathing spontaneously, and this has also been observed in
the present studies. It appears, therefore, that the type of
ventilation mey largely determine whether the peak sympathetic
discharge occurs in inspiration or expiration.

Pulmonary ventilation with carbon dloxide increased the
synchronization of cardiac sympathetic activity, and usually
raised the mean discharge rate. While it is possible that
variations in the rate of change within the bursts of sctivity
could be as important, or more so, in determining transmitter
release at postganglionic nerve endings than are altorations in
the mean level of discharge, this erucial question remains

speculative at present.
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There was usually a slower recovery of postganglionic
activity, following injection of adrenaline, than was noted for
preganglionie fibres; this effect might be attributable to
ganglionie effeots of adremaline (Marrazzi, 1942).

A roythm synchronized with the heart rate was always nresent
in eardiae sympathetic strands, and also apoeared to be more
frequent in branches of the superior cervical ganglion than in
preganglionic cervieal {ibres; it was not found in hypogastrie
branches, Cardiae rhythms appear to depend largely on afferent
barorceeptor activity, although partial synehronization with
the heart rate may persist after sino-aortic denervation (Bronk
et al., 1938),

Satisfh ctory evidence that the nerves undsr study contained
mainly postganglionic fibres was obtained by the abrupt inhibition
of impulse discharge produced by intravenous hexamethonium, although
tiere was often a partial returm of activity within the ensuing
few minutes; occéasionally, continued discharge of a few
identifiable single units sugcested that the mumber of preganglionie
fibres in the nerves studied was too small to influenee the
results oresented,

In spite of readily demonstrable ganglionic effects of the
inhalation amaesthetics (Larrabeec and Holaday, 1952; Study 4),
there is clear evidence from the present experiments that
postganglionic sympathetic _exci.tation accompanied c¢yclopropans or
ether administration in the rabbit, and was usual during halothane

anassthesia, The changes recorded in the cardiae, carotid, and
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hypogastrie nerves resembled those deseribed for preganglionde

fibres {Study 3), Purther consideration of the effeects of the

inhalation anaesthetics will be continued in the General

Discussion which follows,
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of Study 5

1. Postganglionie cardiae, carotid, and hypogastriec
gympathetic nervous discharge wus recorded before and during
administration of the inhalation ansestheties eyclopropane,
halothiane, and diethyl ether, in rabbits ventilated with oxzygens
gallemine triethiodide was injected, and the background
anagsthetic was pentobarbitones

%  Except for a delayed recovery from the inhibition caused
by intravenous adrenaline, greater synchronization of the
discharge, and a more frequently observed cardiac rhythm, the
pliysiclogical responses of sympathetie postganglionic nerves
resembled those of preganglionic fibres,

J¢ Cyclopropane increased arterial pressure and postganglionie
cardiaeg, carotid, and hypogastric discharge; the changes were
similar to those recorded in preganglionic fibres,

4y VWith the exception of a few external carotid sympathetio
unite which showed depression, an increase in postganglionie
sympathetic activity accompanied the arterial hypotension
caused by halothane,

S¢ Postganglioniec sympathetic discharge was incre sed by ether,
6s The increases in the mean integrated discharge rate, caused
by the anaesthetics, were associated with inhibition of the
respiratory rhythms normally present in postganglionie sympathetie
Pibres.



A nt on the uge of rabbits £ onzed
neurophysiologle.] exnsriments.

The results presented here were largely obtained in the
rabbit, which is gensrally regarded as : less hurdy expsrisental
animal than the cate Initially, during the period when
techniques of nerve dissection were being practised, a number of
rabbits were amaesthetized with a single intravenous injection
of urethane, aporoximatdy 1.8 g/kgs Acid-base determinations
were carried wut on arterial blood sampies, and it was noted
that in many instances a metabolic acidosis became progressively
more scvere as the experimental time inorcaseds 1In these
animals respiration was spontansous, without added oxygens
Standsrd bicarbonate levels (Siggaard-indersen et al., 19603
soc Methods) so low u 12 mil/1. were sometimes measureds

Sinilar findings resulted when the experiments described
here were started. VWhen intravenous pentoburbitone sodium
was used for the initial amaesthesia, it became wvery obvious
that rabblits were more rcadily deprecs-ed by this agent than were
cats; mnot notably in regard to depth of ansesthesia but rather
to respiratory effects, The initizl dose had to be carefully
regulated for each aniual, with mg/kg ascessment an approximate
guide only, @elative overdose resulted in severe respiratory
depression and deaths ‘These effects could be regulated only
up to a point, and thie fact may have prevented previous more

widespread use of intravenouz pentobarbitone in the rablits
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Eowever, if tracheal canmulation was earried out quickly, amd
the lungs were then mechaniecally ventilated with air or oxygen,
the ability of the rabbit $o withstand many hours of experimental
procedures was greatly inercaseds It is beliecved that the use
of imtravenous pentobarbitone for the present studies, with the
advantsge of a short action in the rabbit, would have bsen
imposedble without the aid of mechanical ventilations

Tn most instances, the lungs were ventilated with 100%
oxygen for.l = 3 hours before the period of actual mesasurement,
This was probably an important adlltional factor enabling long
exporinents to be continued in the rabbit, Disturbances of
ventilation/perfusion ratios in the lungs are to be expected
when animals are kept in the supine position for long perlods
this may be pronounced in the rabbit, which apparently sover
adopts the supine positions 1007 oxygem will pravent
reductions in arterial oxygen tension from reaching dangerous
lavels.

Machanical ventilation of the lungs, and 1007 oxygen,
holped to delay the development of a severc metabolic acidosis,
but such acii-base changesz were not preveanted. For exwmaple,
in 17 experiments there were 2 or more determinations of arterial
pil; Peog, and standard blcorbonate at interwals of one hoar or
longers The average di{f«tiM&ss in standard bicarbtonate were as
followst

3p.to 1 hour between samples (n = 9) 1.7 m¥/l.

1 = 2 hours between sumsles {n = 7) %8 mif/1,
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2 = 3 hours between samples (n = 12) 3.6 wi/l.
5 » § hours between samples (n = 7) 8.7 mi{/l.

These changes, although progreszive with time, werc
generally smaller than those found in rendom measurements made
in rabbits anasesthetized with urethane and Preathing spontaneously,

In addition to control of pulmonary ventilation, the level
of arterial pressure was observed over the initial hours of
preparatlion, When the mean pressure was below about 100 =m Hg,
intravenous injections of dextran in saline were given,
Usually 10 - 20 ml, sufficed to ralse the arterial pressure,
the anlmal subsscuently reuhﬂ.ng in goodl condition,

An initial measurement of standard bicarbonate was made
in each of 33 experimente, approximatsly 3 hours after the first
dose of pentobarbitons, This group comprised 27 rabbits which
survived for the duration of the experiment (approximately 18
hours) and anothsr 6 animals all of which died ia spite of close
attentlion to ventilation and blood volume., “tandard bicarbomate
in the survivors averaged 21.5 mM/l, Tn the animals which
dled, within the lat € hours of the experinental proecedure,
standard blcarbonate averaged 15,5 m{/l. ‘These values wire
gignificantly aifferent (5.2 2 1,1, d.of . 81, + = 5.5,
< 0.001)s Apparently, therefore, fallure to survive long
experizents in the rabbit 1s assoclated with sovere metabolie

acidosis, Thether this is a cause or effect relation is not

known. However, it might be possible, by messurement before
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the start of physiological experiments, to exciude those animals
showing a reduced standard bicarbonate,

The metabolie acidosis vhich Jdeveleps during laboratory
experinents is not confined to the rabbit, although 1% may be
- more marked in this speoies. TI% has al=o becn cbserved in
eats, dogs, anl goats, and may be at least partly rolated o
the affects of the operative procedures. In all specles, it
appears to be limited by efTiclent ventilation of the lungs
with 1007 oxygen, bloed wolume replacement with dextran, amd
malntensncs of body tempsrature olose %o 37°C, '



GENERAL DISCUSTION

The findings presented here demonstrate widespread effects
of the three inhalation anaesthetics on the neurocirculatory
pathways represented in Figure 1.  Although the eomplexity of
these actions clearly precludes a comprehensive analysis at this
stage, an attempt will be made in this discusaion to suggest the
poseible or probable role of the effects demonstrated, and their
interrelations, in the overall eirculatory pleture presented by
each anaesthetic,

It requires emphasis that in the present experinents the
anaesthetio concentrations used were usually sufficiently high
to be considered as induction rather than maintenance concentrations,
under clinical conditions, In the normal (non-experimental)
situation the induction concentrations of cyclopropane, halothane,
and ether might (as an approximation) be reduced after 5, 10 and
15 min respectively, This was avoided here, both to ensure
consistency anl to demonstrate the full effects of each anaesthetic.
Because of the constantly efficient pulmonary ventilation (assisted
by the use of the muscle relaxant gallanine) and the relatively
high inspired concentrations employed, the arterial blood
concentrations of each anaesthetic were likely to be above those
which would exist, at the same time, in an animal or human
anaesthetized normally and breathing spontanecously., The constaney
of the inspired anaesthetic concentration meant also that a steady
state of amesthetic uptake was not attained; 4o achieve this

continuous measurement of the alveolar (endeexpirea) concentration
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of each anassthetie would have be:n required, and fheilities
for this were not available.

A further point is that the various times of anaesthetic
administration presented under Results, and discussed here,
include the delay of about 1 min due to the capacity of the
®inspiratory” tubing between the respiration pump and the animal,
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Cyelopropzne

Mo effect of cyclopropaune on carotid sinus baroreeeptor
discharge was shown by Robertson, 9wan, and Whitteridge (1956)
but Price and Wid'icombe (1962) found that 25 - 337 concentrations
of this ansesthetic increased by approximately 20/ the discharge
rote of single baroreceptor fibres exposed to static carotid
simue pressures of 120 and 160 mm Hg, This effect occurred
in the dog and cat, and persisted when preganglionie ecervical
sympathetie fibres were inactivated by cooling, suggesting that
the actlon was a direct one on the carotid simus wall or nerve
endings, The lack of effect noted by Robertson, Swan, and
Whitteridge (1956) might have been due to the very brief (2 min)
duration of eyeclopropane administration in their experiments.

The following comments relate to the possible role of
baroreceptor sensitization in the circulatory effects of

eyclonropans, During eyclopropane anaecthesia in the unsedated
dog, heart rate is increased (Robbins and Baxter, 1933); in
unpremedicated man, the changes are inconstant (Jones et aﬁf)f

The comuon occurrence of bradycardia during certain studies of
cyclopropane anaesthesia appears to depend on the preliminary
adninistration of morphine and other drugs (Price, Comnmer, and
Dripos, 19563; Li and Ltsten, 1957), In the presence of
gallamine, and a baczground of pentobarbitone anaesthesis,
eyclooropane increa sed the heart rate in the rabbits studied here.
This is of interest sinece it was shown in the dog that another

barbiturate, amytal, d4id not prevent the increase in heart rate
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czused by eyclopropare (Robbins and Baxter, 1940).

Responses of artsrial prescure during eycloprooane anaesthesia
alro denend on whether oplate drugs have been given beforehand,
Without sedation, cyclopronane causes artsrial hypertension in
the dog (Robbina and Baxter, 1940) and in wan (Jones et .al.,1960),
In the presence of morphine, an already reduced arterial pressure
is lowered further by cyclopropane (Robbins and Baxter, 1940),
but in man arterial hypertension is usua’  even after premedication
(Price, Conner, and Dripps 1053; Jones et al., 1960). Again,
it is interesting that preliminary administration of amytal did
not result in a lowering of arterial pres=ure when cyecloprojpans
was given (Robins and Baxter, 1940).

These findings suggest that the physiologleal responses
which on theoretical grounds might result from baroreceptor
sensitization, arterial hypotension and bradycardia, do not in
fact accompany eyelopronene adninistration exeent in the presence
of other drugs, most notably morphines On superficisl grounds,
namely thoee of occasional measurements made during surgleal
operations, arterial hypotension (systoliec nressure levels below
100 ma Hg) are a rarity during the clinical administration of
cyclopronsane in man. ‘The evidence ummmtﬁtmmw
sensitisation during established oyclopropam amacsthesia is of
academic interest and unlikely to be an important eclement in the
eirdiovascular changes observed. There remains, inevitably,
some doubt about the induction period; in 2 experiments reported

here (Study 3) the initial response to eyclopronane was a
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simul tancous decline in arterial prescure and preganglionie
syanathetic discharge.

Study 2 demonstrated that cyclopropane producsd early and
pronounced deoression ef impulse transmission between
baroreceptor afferent and preganglionic sympathetic efferent
nerves, The early onset of this action further precludes
the attachment of pharmacological importance to baroreceptor
sensitization by eyClopropane, execept perhaps within the first
2 « 3 min of inductions Under clinical conditions, accurate
measurenents of arterisl pressure have probably been made
infrequently during the first few min of cyclopropans anaesthesia,
but there is no evidence from these sources, nor firom the
~ literature (Robbins, 1968; Price, 1980), that arterial hypotension
has occurred in this neriod,

The significance of the potent action of eyclopropans on
eentral baroreceptor pathways (Study 2) extends beyoni the
counteraction of baroreceptor sensitization, to an apvarently
almost complete removal of the inhibition normally exerted by
afferent barorcceptor discharge on efferent sympathetic activity.

Division of the earotid simus and aortic nsrves causes an
imaediate incresse in arterial prescure, amd tachyeardia (Hering,
1927; see Heymans and Neil, 1953); preganglionic cerviecal
(Iggo and Vogt, 1962) and splanchnie (Gernandt, Liljestrend,
and Zotterman, 1948; Dontas, 1955) sympathetic activity is groatly
enhanced, These effects all accompany cyclopropane anacsthesia
in the rabbit, as shown here., Coneidered alone, therefore,
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fnhibition of transnission through central baroreeeptor
pathways, by pharmaecological action, could be at most an
important cause of an increased arterial mressure, or at least
could result in a state wherein arterial pressure is rarely
lowered below contrel levels as a result of afferent stiauli,
Before discugeing this further, the effects of eyclopropans on
preganglionie sympathetie discharge measured in the present
studies will be related to relevant obsorvations made more
indirsetly by other workers.

Robbins (1953) reviewed the pharmacological actions of
eyclopronane, but did not attempt to examine their basis, It
seems clear that in all species studied - which include the
dog (Robbins and Baxter, 1940), man (Jones et als, 1960), the
monkey (Shackell and Blumenthal, 1934), the cat (iillar,
unreported observations), and the rabbit (present investigations) =
oyclopropans raises arterial pressure at some stage in the
administration, There are two obvious mechanisams which eould
be responsible; firstly, increcased sympathetic dlscharge, and
secondly a direet excitant action on the heart and/or blocd
ves-els, or soms combination of both these effects,

Martin and Marrazei (1940) failed to show any effect of
cyclopronane on preganglionic cervieal sympathetie discharge, but
their experiments receive only Wrief mention, Other evidenece,
although indirecet, suggested that sympathetic excitation occurred
during eyclopropane amaesthesia, Elmes and Jeflerson (1942)
shoved that this anaesthetic depleted the adremaline content of

the adrenal glands Inopeases in the plasma concentrations of
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adrenalire and noradrenaline were measured during eyclopropane
anaesthesia in man (Price et al., 1959; Millar and Morris,
1961)s TWhen unsedated dogs were given cyclomropane, the
plasma adrenaline lsvel inereased (Deutsch, Linde, and Priee,
1962)s The indircet and circumstantial nature of dednctions
from changes in plasma catecholamine concentrations is revealed
by the findings (Price et al., 1989) that intravencus infusions
of noradrenaline in man produced signifiecantly higher plasma
conoentrations during oyclopropane anaesthesla than in the
consclous state; 1t could be, therefore, that the amsesthetic
inhibited the metabolic transformation of ecatecholamines,
Theoretically, intreases in plasma noradrenaline during anaesthesia
might result from levels of sympathetic activity not greatly
different to control.

The present experiments in the rabbit (Study 3) have shown
that the rise in arterial pressure -roduced by cyelopropane
(to a peak of 217 above control after 4 - 3 min with the 50%
concentration) was associated with proportionately greater
increases in preganglionic sympathetie diacharge (by 807).
When plotted together, the two responses seemed to be closely
related, although only up to the time of the maximum increase
in pressures This assocla'ion, while highly suggestive, does
not of course nrove a specific correlation between these effects
in view of actions of cyclopropane on effector organs, to be
considered belows

In the rabbits, fiilure of arterial pressure to remain
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eleovated for longer than about 10 min after induction with
505 eyelopropane, in spite of a persistently inereased symnathetie
discharge, points to depressant effects exerted distal to
oreganglionic neurones, Such actions were clearly demonstrated
by the proncunced, transient, rise in arterial pressure which
was usually observed in the early moments after discontinuing
cyclopropane, This cecurred without any inerease in preganglionie
discharge rate, andi was observed similarly when recoriing from
postganglionie peurones (Study 5); 4t is therefore definite
evidence that increases in sympathetic activity wers eventually
overcone by deprossion of the cardiovascular effectors = heart
and/or blood vessels « or of impulse transmission to these
eflectors, Presumably, under the conditions of study (with
especial emphasis on the background ansesthesia with pentobarbitone),
deprescion at sites distal to postganglionic neurones oecurs
after aporoximately 10 min of 50/ cyclopropane in the rabbit,

Tt was noted, however, (Study 3) that arterial pres-ure
could be maintoined above the control level for up to 30 min
when 257 eyclopropane was given; there was 4hen a striking
parallelism between the levels of nressure and of preganglionie
cervical symoathetie discharge (Fig.32)s The apnarent disercpancy
betwaen the relatively brief arterial hypertension evoked in the
rabbit by eyelopropane, in contrast to the more prolonged
response described in man (Jomes et al., 1960), is probably
attributable in large measure to the use of a high, and {ixed,

inspired concentration in the present studies, Reference to
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records published in the review by Robbins (1953), and cliniecal
observations during surgery, shows that arterial hypotension
occurs in the dog and man when the appropriate limits of
congentration and time are excecded,

Returning now tc the mechanisms whereby cyclopronans
increa ses preganglionic sympathetic dlscharge, there are in
theory at least three obvious possibilities. Firstly, there
may be direcet excitition of sympathetiec pathways in the spinal
cord medulla, or hypothalemus, Except for the finding that
decsrebrate dogs showed the usual hypertensive response to
cyelonropane, and that transsction through the medulla prevented
any rise im sressure (Price ot al., 1963), there is no other
or more direct information avallable. Seoondly, there may be
stimulation or sensitization of systemlic receptors - for exam-le,
chemoreceptors = afferent impulses from which might produce
centrsl sympathetic excitotion (Heymans and Meil, 1953). In
one publication it Ias be.n stated that cycloprovane produced
no change in carotid body chemoreceptor discharge (Price and
widdicombe, 1962) but work currently in progross (Millar,
unreported observations) suggests that cycleopropane alters
chemoreceptor responses in the dirsction which eould result in
sympathetic excitations

Thirdly, eyclopropane may increase sympathetic discharge by
depreseing physioclogical mechanisms which normally cause 1lnhibition
of preganglionic activity; the most important of thess, the

systesic barorcceptor reflex, has been shown here (Study 2) to



be markedly depressed through an action of gyclopronane om
central baroreceptor internsuroncs. Since the present
investigations were started in 1963, Price et al. (1963) have
described findinge in support of those described in Study 2
In dogs, the carotid simus area was distended either by statie
or pulsatile pressure, and the depression of systemic arterial
pressure oaused by this manoeuvre was said to be"essentially
abolished at cyclopropane concentrations of 40 - 504"  These
workers re soned that cyclopropane caused arterial hypertension
and gympathetic exeitation by "selectively depressing ’depressor'
neurones in the medulls oblongate."

The experiments in Study 3 showed that preganglionic discharge
was slgnificantly inereased (average 557 after 4 - 8 uin) by 50%
eyclopropans in rabbits in which the major systemic baroreceptor
areas had becn densrvated, The degres of change was less than
in the animals with iastset carotid simus, aortic, and vagus ncrves,
but the findinges show cle:rly that removal from central sywpathetie
neurones of the influence of the systemic baroreceptor (and
chemoreceptor) arsas is not the sole mechanism ressonsible for
sympathetic exoitation by oyclopropane, It is worth noting that
a dfferent eoncluslion might have been drawn from consideration
of the arterial pressure responses along; the arterial pressure,
which was raised after baroreceptor denervation, was usually
lowered when eyclopropane was given to these animilse, It secms
likely, from these findings, that a "pharmacologle:l baroreceptor

denervation® by ecyclopronane is only partly responsible for its
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characteristic circulatory effectss Specific analysis of the
responsee after surgical section of the carotid simus, sortle, and
vagus nerves is complicated by the inevitably assoolated
chemorsceptor denervation,

Study O showed that cardiae, carotid, and hypogastric
postganglionic sympa’'hetie discharge was inereased by cyclopropans.
The responges were similar in magnitude to those in preganglionie
nerves, indiecating that the central sympathetie exeitation evoked
by cyclopropane is transmitted effectively to the cardiovascular
enl-organgs This was sursrlsinsg in view of the ganglion-blodking
action of cyclopropane demonstrated in Study 4; the eff ots were
more pronounced than those described for this snaesthetie by
Nerman . and I8fstrBa (1955)¢  There may be several explanations
for the apprarent contradietion revealed by an inoreased poste
ganglionic sympathetic dlecharge in the presenee of partial
ganglionic blockades, The ratlo of postganglioniec to preganglionie
fibres is of the order 30 : 1 (Billingsley and Ransom, 1918;
Ebbeszon, 1963)s If it is assumed, from the decrement in the
compound action potential produced by eyelopropane, that a proportion
of the ganglionic synspses are blocked completely, the remaining
functional pathways might still produce sufficlent amplification
for an inoreased postganglionlec discharge to ocgcurs If all the
ganglionie pathways are partially Vlocked, spatizl faeilitation
of the subliminal fringe, and temporal facilitation, might largely
overcome the blodks fuch faecilitation was shown to ccour (in the
absence of iphalation anaesthetics) in the superior cervieal gangliom

b
(Becles, 1935),
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It secms possible that the test for ganglion block uced
in the present studies and by other workers, namely stimulation
by a single shock, may be inappropriate. A more suitable test,
but requiring more elaborate apparatus, might be a series of
shocks having 2 random time sequence and random amplitude
distribution and whose mean frequency could be modulated

The possibility that the inhalation anaestheticx exert
direet actions on sympathetie ganglion cells, producing an
inerensed postganglionic discharge in the presence of ganglion
block, must be mentioned, Mo information on this has yet been
obtained., Large doses of hexamethonium have becn shown to exeite
sympathetic ganglion cells (3. A. Bower, persomal communication)s

As stated above, definite evidence was obtained in Studles
3 and 5 that the hypertcensive action of eyelopronane was countere
acted (after about 10 min, under the conditions used here) by
depressant effects exerted distal to postganglionie symn:thetic
fibres, When arterial pressure is raised by cyelopropane,
earlier in induction with high concentrations, or throughout the
administration of lower concentrations, the mechanism camnot yet
be attributed with absolute certainty to an inorcased discharge
rate in sympathetic vasoconstrictor fibres, The evidence is
s&om, however: whereas the force of the dencrvated dog heart
was reduced by cyelopropane (Price and Helrich, 1985), the increases
in cardiae output and heart rate evoked by cyclosropane in man
wore reduced by blockade of the stellate ganglia with local
anaesthetio (Price ot al., 1962), This infers that the cardio=
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vascular vesponse to this anaesthetic is dependent, at least
in part, on impulses car-ied in the csardiae nerve, The present
experinents (Study 5) demonstrated inereases in cardiac nervous
activity averaging more than 10074

Loc:l effecte of eyelopropane are exerted on smooth muscle,
Tsolated strips of rabbit sorta have shown an enhanced contractile
response to noradrenaline (Price ard Price, 1962). Potentiation
of adrenal ine-induced contractions of the eat niectitating
membrane has also be.n reported (Gravenstein, Sherman, amd
Andersen, 1980). In man, cyelopronane reduced blood-flow in
the nerve-blocked forearm (McArdle and Black, 1933). Vascular
constriction, indueced direetly, or as a sensitization response
to loeally liberated or humoral wasoconstrictor substances, may
therefore be important in initiating or maintaining arterial

hypertension during cyelopropane anaesthesia,

lislothane

Falothane consistently produces arterial hypotension and
slowing of heart rate (Burn et al., 1357). Baroreceptor
sengitization, shown ia Study 1 to accompany the administration
of halothamne in the cat, dog, goat and rabbit, would be expected
to produce these two efiectss The experiments of Study 2,
coneerning central barorcceptor pathways, have a special
relevance to this possibility, therefores It was shown that
while halothane produced significant inhibition of the arterial
pressure and preganglionic sympathetic responses to baroreceptor
stimulation, it was still possible to reduce further an already
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low arterial prescure by acrtie nerve stimulatiom during

halothane snacsthesia, The degreec of inhibition of transmission
through the central baroreceptor intermeurones secmed sufliclently
groat to counteract the eflects of barorccentor sensitizationm,
although exact quintitative analysis is not possible from the
studies described, The findings of Study 2, together with the
other dircet actions of halothane to be considered below, make it
unlikely that barorsceptor semsitization plays a major role in
establiched halothane anaesthesia, There remains the induetion
perlod, when it secems evident that direct effects on systemie
barorseceptors might be importants This possibility ¥ again
offset by the fact that in 3 of 6 administrations of halothane

to baroreceptor-denervated rabbits there was an initial decline

in sympathetic rate in parallel with the usual fall in arterial
pressure, within the first 2 min of administration, Thus,

early effects similar to those resulting from baroreceptor
stimulation (or sensitization) oscurred in the absence of afferent
baroreceptor connections, while such changes were not observed when
halothane was given to rabbits with intact barorsceptor nerves.

The role of baroreceptor semsitization in the cardiowascular response
to halothane must therefore be seriously cquestioned, although it
cannot be excluded on the basis of the present experiientse In
agreoment with the conclusion of Robertson, Swan, and Thitteridge
(1956) in regard to ether and chloroform, baroreceptor sensitization
remains a possible contributory cause of sudden cardiovascular

depression early in induction of ansesthesia,
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In the abssnee of an adequate definition of anaesthetie
potency, the comparison of "oquipotenth concentrations of different
anaesthetics is largely based on a superficial correlation of
several experimental and c¢linical observations, 8o far as
general cmaesthesia for surgical operations is concerned, it
se-ms valid to consider 257 cyelopropane, 2 ~ 37 halothane, and
5 = 37 ether as roughly equivalent in potency, although in
accord with their relative solubilities in blo-d the order given
is also ona of decreasing specd of onset of anaesthesia, 1In
terms of cardiovascular effects, such comparisons contaln obvious
fallaciee « for exsmple, in the concentrations mentioned above,
halothane is obviously the mort potent circulatory deprescant
on the other hand, the fact that reductions in arterial pressure
may e#till be induced by barorcceptor stimulation in the presence
of severe hypotension caused by halothane renders precise
considerations of potenecy irrelevant, since a further increase
in the inspired halothane concentration would be likely only to
cause clreculatory collapse rather than produce any leasurlhly
grenter eflect on the ecentral baroreceptor pathwayse Such a '
situation did not exist during cyclopropane anaesthesia, with
inspired coneentrations high cnough to completely abolish the
baroreceeptor responses, 1t secms a valid conclusion, therefore,
that the depreseion of impulse transmiseion through central
baroreceptor pathways caused by halothans is les:z than that
produced by cycloprosans.

It may now be asked whether such quantitative differences
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between halothane and cyclopropane could depend on their

relative effects on sympathetic discharge and arterial pressurs,
This cammot be answered with certainty, but pronounced inhibition
of the deprescsor response was noted in a decerebrate rabbit whieh
responded to eyclopropans with progressive arterial hypotensionp
in other animals when sympathstie discharge and arterial pressure
were lowered transiently within the first 2 - 3 min of cyclopropans
ansesthesia (Fig, 29a ); and in several a&ni..nistratiom of
halothane when arterial pressure had at the time scarecely changed
from control levels, It dld not appear that inhibition of the
depressor response by the anaesthetics was dependent on the
associated changes in arterial pressure produced by cach agent}
however, the increased state of exeitation of sympathetic nsurones
produced by the anaesthetics could antagonize simultaneocus
inhibition by barorseceptor stimulation, in a similar way to the
effects of hypothalamine stimulation dnaori&d by Bronk et al.,

I (1940).  Such antagonizm would probably be greater with
cyclopropane than with halothane, in accord with the zotions of
each anaesthetlie on preganglionic sympathetic discharge.

Many reports have attempted to explain the hypotensive action
of halothane. A central effect was sugrested in pharmacologleal
studies (Burn et al., 1957; Paton, 1959), and as a result of
complex head perfusion experisents in the dog it has been afirmed
that most or all of the circulatory eflects of halothane depend
upon deprescion of central sympathetic discharge (Priee, Linde, and

Morse, 1963). I the absence of a species differcnce, the present



results do not support this; concentrations of halothame which
produced arterial gpressures so low as 20 - 30 mm Hg were
nevertheless associated with an increased nreganglionie
gympathetic discharge. This waes a surprising but consistent
finding in the rabbit (Study 3); the reason night lle either
in direet centrsl exeitation of symoathetic reurones, in a
reflex inecrease in sympathetic discharge secondary to a reduced
arterial pressure, or to a combination of these factors.

%hen halothane was given to barorcceptor-denervated
rabbits, preganglionie cervical sympathetic discharge showed
inores ses of about 20% at arterial »ressure levels 307 and 60%
below control, “compared to an approximately 407 inerease at
the same levels of pressure in the animals with baroreceptor
nerves intact, These findings suggest that Alrect central
sympathetic excitation (more explicitly, excitation whiech is
not mediate] through afferent baroreceptor mechanisms) is
responsible in small part for the nreganglioniec changes measured
in the present studiess The remaining increase in sympathetie
activity eould be induced reflexly, as a result of the arterial
mommm caused by halothane, This conclusion is supported
by the persisting setivity in ecentral barorecentor pathways
during halothane ansesihesia, as shown in Study 2.

Messurement of plasma catecholanmine comantratim during
halothane amaesthesia have falled to demonstrate any execept
slight, variable, and statistleally insignificant rises [Price
et al., 1959; Millar and Morris, 1961)s This is curious,

particularly in view of tie large increases in adremsl nervous
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discharge measurcd in the present experiments (Study 3).
Several explunations may be sugrested: that the presence of
a particular "bactground" anaesthetic may influence the responses
to halothape; that sympathetic activity is not inoreased during
halothane anasethesia in speocies other than the rabbit; that
econcurrent effects distal to preganglionic fibres prewent the
releass of increased amounts of transmitter substance at poste
ganglionic nerve-endings; that transmitter release is poorly
correlated with changes in the mean integrated rate of preganglionie
dlscharge, or that methods of assaying nlasma catecholamine levels
have be'n unable to detect increases below a certain gross order
of magnitude. This last possibility seems most likely, although
species differences cannot be ruled out from the present s‘m.di;cl.
Another eonsideration remains, which would apply ‘o any
inhalation amassthetic studled in the manner described; this
arises from the transient arterial hypotension, and fall in
preganglionic sympathetic Alscharge, which occur readily when,
for example, the incised sicin edge is touched in rabbits which
appear othervise to be adequately ansesthetized (whather vespiration
is spontansous or controlled)s This response (which is infrequent
in species such as the dog ani cat) sugrests that Auring
experimental proeedures im the rablit afferent stimill resulting
from the experlnental procedures, could induce contimuocus
sympathetic inhibitions Adminlstration of inhalation anaesthetics
in amounts sufficlent to prevent cenmtral effects of such stimuld
might then be responsible for a rise in sympathetic activity which
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is non-gpecific for individual anaesthetics and based on an
analgesic action, The importance of this is doubtful, since
in a few experiments the addition of either 807 nitrous oxide
or 1.57% trichlorethylens in oxygen to the background ansesthesia
with pentobarbitone, in order to increase analgesia with only
slight deepening of anaeshbhesia, produced only small changes

in preganglionic activity.

These doubts can scareely influence a major conclusion
from the findinge of Study 3, that halothane lowers the arterial
pressure in spite of inereases in central sympathetie discharge,
and that the ciuse of the hypotension lies distal to pre-
ganglionic nsurones, It should be noted also that in one study
involving plasma catecholamine measurements, the sympathetic
responses to an increased arterial carbon dioxide tension, and
to haemarrhage, appeared to be essentially unaffected during
halothane anaesthesia (Millar and Morris, 1960).

The role of ganglion blockade in halothane hypotension
was emphasized by Raventos (1956), although thies was not confirmed
when ganglion blockade was induced in the course of complex
studies by Severinghaus and Cullen (1953), Study 4 shows here
that although halothane produces inhibition of ganglionie
transmission, so also do eyclopropane and ether, which do not
usually reduce the arterial pressure except in overdose, Also,
postganglionic sympathetic discharge was usually increased
during halothane administration (Study 5).

To the. absence of econtrary evidence it is ascumed, when
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measuring changes in the mean rate of postganglionic sympathetic
discharge, that partial inhibition of the physioclogleal
sympathetie yhythas by the anaesthetie under stuly is mot in
iteelf as important an influence at postganglionic transmitter
gites as are alterations in the mean level of sympathetie activity,
On this assumption, halothane hypotension is not attributable

to a reduced postganglionic sympathetie discharge.

Burn and Epstein (1950) deseribed a smmall inerease in
sympathetic activity during halothane anmaesthesia in eats, They
also shored that this anaesthetic caused vascular dilatation
in the perfused limb of the dogs This and other wark (Beaton,
1959) suggested that halothane caused direct depression of
vascular uboth muscle, Similar direet actions might underlie
reported reductions in the contractile force of the myocardium
(Mahaffey et al,, 1961; lMorrow and Morrow, 1961; Priee, Linde,
and Morse, 1963) and in cardiac output (Deutsch ot al., 1962).
Such changes have also besn measured following cardiae denervation
Morrow, Gaffney, and Holman, 1961), 'The finding, in man, that
halothans did not cause further vascular dilatation when the
1limb vessels were denervated (Black and Me. Ardle, 1962) may not
prove that the anaes‘hetic acted by lessening sympathetic tone,
but may indicate only that demervation pro&amﬁfl::i!ml dilatation,

The foregoing evidenece, therefore, which is supported by
the experiments described here, indicates that a eritiecal
cireculatory action of halothane is exerted either direetly on
cardiac and vascular muscle, or at sites of transmission of
postganglionie impulses to these effectorss Althaugh it cannot
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be asserted that depres-ion of sympathetic activity plays no
role in halothane hypotension in species other than the rabbit,
and while there may remain slight uncertainty in this species
because of the few postganglionic fibres which were denressed
by halothane, the results show that this anassthetic can lower
arterial pressure nrofoundly in spite of sympsthetiec sxcitation,

Disthy) ether

Robertson and Swan (1957) obtained evidence from experiments
involving carotid simus perfusion and the sudden administration
of high inspired ether oconcentrations to cats, that baroreceptor
sensitization was capable of exerting systemic offects in the
early period of induction with this anaesthetie. In the course
. of Study 3, parallel reductions in arterial pressure and prc-
ganglionic sympathetic discharge (effects to be expected from
baroreceptor simulation and sensitization) were not encountered
in rabbits given, up to 15% ether in oxygen, The role of
baroreoeptor sensitization by ether (Robertson, Swan, and Whitteridge,
1956) is therefore difficult to assess, but its poseible
importance during the induction period camnot be denied at present,
The resulls of Study 2 show, in accord with the slow onset of
anaesthesia with ether, that depression of central baroreceptor
transamission occurs progressively with time and that the effect
becomes pronounced when inspired concentrations of 10 - 157
are given, Such depression would be likely to inhibit the
transnission of afferent stimuli resulting from baroreeceptor
sensitization, .
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Sympathetie exeitation by Adlethyl ether has been recognized
for many yearss For examnle, in 1912 RElliott showed that ths
anaesthetiec dspleted the adrenaline content of the cat's
adrenal gland, and that this change war prevented by splanchnie
denervation; sinilar findings were renorted by other workers
(Blmes and Jefferson, 1942), A reductiom in the noradrenaline
content of the hypothalamus and mid-brain of the dog was shown
to follow ether anaesthesia (Vogt, 1954). Increases in plasma
adremaline and noradrenaline have also been measured, in the dog
and man (Millar and Morris, 1961),

In a olassicil paper which attempted to resolve the
apparent contradiction between the dlrecctly depressant actions
of ether in the dog heartelung preparation (Bhatia and Burn,

1983; Prime and Grey, 1952) and *he increases in cariiac output
measured in intact doge (Blalock, 1927), Brewster, Isaace, and
Vaing-Andersen (1953) regarded stimulation -f the vasoconstrictor
outflow and the adrenal medulla as wvital reflex mechanisms in the
maintenance of ecirculatory homeostasis during ethsr anaesthecia.

In bilaterally adremalectomized dogs in which a total sympathetie
block had been induced with local anaesthetie, ether produced .
myocardial depression which could be antagonized by the intravencus
infusion of adronaline and noradremaline, These workers concluded
that direct depression of vascular and cardiac depression by ether
was antagonized quantitatively by release of adrenaline and
noradrenaline at rates of liberation approximating to 1 pg/kg/min.

While the general conclusions of Brewster and his colleagues are
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convineing, it is probably not possible to draw comparisons on

a ouantitative basis between the actions of infuced ecatecholamines
and those of adrenergic nerve stimulation (as a result of which
only small quantities of. liberated tranemitter are likely to
roach the eirculation)s |

The present experiments confirm by direct measurement that
diethyl ether incrcases preganglionic mpathe#i.o discharge, but
the eite of action remains unidentified, Aes with all 3 inhalation
agents studied, the increase in sympathetic activity was smaller
in rabiits in which the systemic baroréceptor (and chemoreceptor)
areas had been denervateds The effect was still present to a
significant extent, hovever, whiech precludes the poaaiﬁiliv
that ether incrcases preganglionie discharge solely by
pharmacological blockade of central baroreceptor pathways,

Because of the notably irritant properties of ether, reflex
effects arising from peripheral reeeptors, for examsle in the
respiratory tract, may influence sympathetle discharge; in
addition to systemic barorcceptors (Robertson, Swan and Whitteridge,
1956), ether has been shown to exurt excitatory effectz on
pulmonary stretch receptors (Whitteridge and Bulbring, 1944)
and muscle spindle nerve endings (Matthews, 1933). In recent
studies carried out by the author, carotid sinus chemorsceptor
activity was increase? by ether, However, an action of ether
on the spinal cord was implied by Bhatia and Burn (1933), who
demonstrated sympathetie stimoulation during ether anaesthesia in
spinal cats,

As in the case of cyclopronane and halothams, the ganglionic
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effects of ether falled to prevent inercases in postganglioniec
syapathetio discharges Since 1t is umueual for arterial pressure
to rise above control levels during anae=thesia with ether, and
in view of the ease with which cardiovascular collapse can be
caused by a relative ovirdose, it can be presumed in accord with
the deductions of Brewster, Isases and Waind-indersen (1953) that
depression of the cardiovasoular effectors accompanies sympathetic
excitation during ether ansesthesia, It is possible, in certain
stagee of anaesthesia, that this may involve vascular smooth
muscle to a greater extent than the heart; 4in a recent study in
man, for sxam-le, cardiac output increased as ether administration
continued, whereas total peripheral resistance declired (Jones et
al., 1962)s The haemodynamic actions of diethyl ethsr are
rumerons and at present remain too complex for detailed anaiysis.

In eoncluding this discussion, the following point descrves
re-emphasis, The studies undertazen have shown that in association
with the typlecal hypotensive action of halothane, and in the case
of relative overdose elther with a rapldly acting gas such as
cyclopropang or a more slowly acting vapour csuch as diethyl ether,
préganglionle sympathetic activity continued at a dlscharge rate
above that existing before administration of the anaestheties It
is a comaon text-book statoment that anaesthetics cause central
vasomotor depression, but this remuires a more precise explanation
in view of the lack of any such effect in the experiments

described, even in the prosence of severe arterial hypotensions
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