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Many receptors, including thermal receptors and mechanical receptors, are only activated by stimuli within a clearly defined
range of intensities. Differences in the receptive ranges enable individual receptors and their sensory centers to precisely detect
the intensity of the stimulus and changes in intensity. Baroreceptors are the sensory terminals of the baroreflex. It is well un-
derstood that an increasing number of baroreceptors are recruited to produce afferent action potentials as the blood pressure
increases, indicating that individual baroreceptors have different pressure thresholds. The present study revealed that individual
baroreceptors could stop their afferent signals when the blood pressure exceeds a certain level, indicating that individual baro-
receptors are sensitive to a specific range of blood pressure. The receptive ranges of individual baroreceptors differ in terms of
the total range, the lower threshold, and the upper threshold. Of 85 baroreceptors examined in this study, the upper thresholds
for about half were within the physiological blood pressure range. These results indicate that supraphysiological blood pressure
is unlikely to be encoded by the recruitment of more baroreceptors. Instead, supraphysiological blood pressure levels might be
signaled by an increase in the frequency of action potentials or by other mechanisms. In conclusion, our results indicate that
rabbit baroreceptors are activated by blood pressure levels within specific receptive ranges. These findings should encourage
further studies to examine the role of population coding of blood pressure by baroreceptors in the baroreflex.
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The baroreflex is the major physiological mechanism in-
volved in the rapid regulation of blood pressure. Stretching
of the aorta following an increase in blood pressure acti-
vates baroreceptors located in the carotid sinus and aorta,
causing stronger afferent signal to the blood pressure regu-
latory center. The reflex system lowers blood pressure by
decreasing the heart rate and the peripheral resistance. This
reflex is also known as the depressure reflex [1,2]. Barore-
ceptors, sensory nerve terminals located beneath the vascu-
lar adventitia, are the sensory components of the depressure
reflex. Variations in blood pressure cause changes in vascu-
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lar extension and thus the stress on baroreceptors. Afferent
neural impulses generated by the baroreceptors then convey
information regarding the changes in blood pressure to the
central nervous system [3].

It is well established that, within the physiological range
of blood pressure, the frequency of impulses generated by
individual baroreceptors is positively correlated with vas-
cular extension, with an S-shaped correlation between the
frequency of afferent impulses and blood pressure [4—7]. As
blood pressure increases, more baroreceptors are recruited
and changes in blood pressure are coded by the frequency of
action potentials derived from the individual afferent nerve
fibers and the number of the recruited active fibers. These
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signaling patterns imply that individual baroreceptors have
specific receptive ranges, because different fibers are acti-
vated at different blood pressure levels [8,9].

For thermal and mechanical receptors, the receptive
range is defined as the intensity range of the stimulus that
induces afferent signals from the corresponding receptor.
For example, some thermal receptors only fire at low tem-
peratures and rest at higher temperature while others only
fire at higher temperatures. Because different fibers in the
thermal afferent nerve are activated by different tempera-
tures, the thermal sensory center can detect different tem-
peratures and initiate appropriate reflex responses. The in-
dividual thermal receptors start firing at their preset lower
temperature threshold and stop firing once the temperature
exceeds the higher threshold. Therefore, these thresholds
denote the receptor’s range. By acting in a cooperative
manner, a population of thermal receptors, each with dis-
tinct thresholds, can detect and encode a range of external
temperatures [10-12].

It is well known that individual baroreceptors start firing
at different blood pressure levels. However, it is currently
unknown whether they stop firing as the blood pressure
increases. Therefore, do individual baroreceptors have lim-
ited receptive ranges, like thermal receptors, where firing
starts at a lower threshold and stops at a higher threshold?
This question needs to be systematically investigated. Alt-
hough previous studies clearly show there is a pressure
threshold for initiating firing, there is no clear conclusion on
the pressure threshold for stopping firing. It is believed that
the firing frequency of baroreceptors may increase to a
maximum rate and become saturated as blood pressure con-
tinues to increase. However, there is no clear evidence for
whether baroreceptors stop firing during further increases in
blood pressure [13].

It was also reported that, even if blood pressure is in the
physiological range, some baroreceptors generate a tem-
poral pattern in which they stop firing (i.e., rest) in the sys-
tolic phase but resume firing in the diastolic phase [14,15].
The results indicate that at least some baroreceptors can
stop firing as blood pressure increases in the systolic phase.
These findings imply that some baroreceptors exhibit a lim-
ited receptive range, even at physiological blood pressure
levels. To address these issues, the present study assessed
the blood pressure levels corresponding to the start and end
of firing of rabbit aortic baroreceptors. The results demon-
strated the existence and general characteristics of a recep-
tive range of rabbit baroreceptors. The results also highlight
the need for future studies investigating the role of popula-
tion coding by baroreceptors in the baroreflex.

1 Materials and methods
1.1 Animals and electrophysiology

Adult New Zealand rabbits weighing 2-2.5 kg were ob-
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tained from Doumen Experimental Animal Center (Xi’an,
Shaanxi, China). The rabbits were cared for in strict ac-
cordance with the Guiding Principles for the Care and Use
Committee of Shaanxi Normal University, and were housed
two per cage in a fully accredited institution for >1 week
before use. The rabbits had free access to normal rabbit
food and water. Before use, rabbits were anesthetized with
urethane intravenously, at a dose of 1 g kg™, and additional
doses were given if necessary. The rabbits were also infused
with prewarmed physiological saline via a catheter inserted
in a femoral vein to avoid dehydration [16]. The body tem-
perature of the rabbits was maintained at 37°C with a heat-
ing pad.

We used two complementary strategies to investigate the
responses of baroreceptors to changes in blood pressure. In
the first strategy, we observed the firing activity of barore-
ceptors induced by dynamic changes in blood pressure in
vivo. This blood pressure change is dynamic and within the
physiological range. In the second strategy, to investigate
the effects of vascular blood pressure on firing activity, we
artificially controlled the inner vascular pressure by isolat-
ing a segment of the rabbit aorta in situ [17].

1.1.1 In vivo surgical procedures to expose the aorta and
depressor nerve

The rabbits were tracheotomized through a midline cervical
incision and ventilated with room air mixed with oxygen.
Polyethylene catheters were inserted into the right common
carotid artery to measure arterial pressure and in the right
femoral vein for drug administration. Aortic pressure was
measured using a high-fidelity pressure transducer (ML221;
ADInstruments, Sydney, Australia). To record aortic de-
pressor nerve activity, the right aortic depressor nerve was
carefully dissected and marinated in an oil pool. A thin
bundle of depressor nerve fibers was separated, and its af-
ferent firing trains were recorded using a fine platinum
electrode with a nearby reference electrode connected to a
bioelectrical amplifier. Blood pressure and spike trains of
individual fibers were simultaneously recorded using a
Powerlab system (ADInstruments) with a sampling fre-
quency of 10.0 kHz. The system was observed throughout
the study to ensure that each recording was of a single unit.
The systemic blood pressure level was altered by femoral
intravenous administration of norepinephrine (NE, 1:5000)
or acetylcholine (ACh, 1:10000) after a stable baseline of
>20 min. The recovery processes after infusing NE or ACh
were also observed.

1.1.2  In situ surgical procedure to isolate the aorta and
expose the depressor nerve

A midline incision was made in the neck and upper chest.
The sternum was cut and the upper chest was opened. The
trachea was cannulated and ventilated. The innominate ar-
tery was ligated at its root. A polyethylene tube was inserted
into the right common carotid artery at its middle portion.
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The tip of the polyethylene tubing was advanced to the bi-
furcation of the innominate artery. A fluid-filled pressure
transducer and a servo-controlled pump system (LSP02-1Bl;
LongerPump, Baoding, China) were connected to the poly-
ethylene tube. The right subclavian artery was ligated im-
mediately proximal to its first branch at the vertebral or in-
ternal thoracic artery. In this way, we prepared a completely
watertight chamber in the bifurcation of the innominate ar-
tery. The right aortic depressor nerve was identified and cut
at its junction with the superior laryngeal nerve. Then, the
nerve was desheathed. To directly measure the differences
in the receptive ranges of individual baroreceptors, two sin-
gle fibers were isolated and placed on individual platinum
electrodes. The pressure and afferent spike trains of these
two single fibers were simultaneously recorded. To deter-
mine the receptive range of individual baroreceptors, single
nerve fibers were isolated and their afferent potentials were
recorded. The recording site was immersed in a pool of
mineral oil. After stabilization for 5 min during which time
the vascular pressure in the isolated region was kept at 80
mmHg, the pressure was gradually increased from 30 to 300
mmHg at a rate of <2 mmHg s~ [18] using the servo-
controlled pump.

1.2 Data analysis

When the nerve fiber stopped firing following an increase in
blood pressure induced by NE in vivo, the mean blood
pressure in one cardiac cycle at the last burst of firing was
calculated as the upper pressure threshold. After injecting
ACh, the mean blood pressure in one cardiac cycle at the
last observed burst was calculated as the lower pressure
threshold.

When the vascular pressure in the isolated aortic segment
was increased gradually from 30 to 300 mmHg, the mean
blood pressure corresponding to the first five action poten-
tials was taken as the lower pressure threshold while the
mean pressure corresponding to the last five action poten-
tials was taken as the upper pressure threshold.

The time between the maximum values of successive
spikes was recorded as the interspike interval (ISI). Numer-
ical data are expressed as the meanzstandard deviation
(SD).

2 Results

2.1 In vivo recording of changes in firing of single de-
pressor nerve fibers caused by changes in blood pressure

We typically observed bursts of firing when blood pressure
changes and the firing of single depressive nerve fibers
were simultaneously recorded in rabbits in vivo. These
bursts occurred in the systolic phase and gaps between two
successive bursts were apparent in the diastolic phase. Dur-
ing transient NE-induced increases in arterial pressure (Fig-
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ure 1A), the firing pattern switched from bursts (Figure 1B)
to continuous firing (Figure 1C), but then resumed a burst-
ing pattern in the diastolic phase (Figure 1D). The number
of spikes in each burst gradually decreased to the final rest-
ing state (Figure 1E). As the blood pressure recovered to the
baseline level (i.e., as measured before NE injection), the
resting fibers that generated spikes in the diastolic phase
displayed a bursting pattern if the bursts appeared in the
diastolic period (Figure 1F). The burst pattern was restored
if the bursts initially appeared in the systolic phase (Figure
1H) following a continuous firing pattern (Figure 1G).

Twenty minutes after the blood pressure had returned to
the baseline level, ACh was injected to transiently reduce
blood pressure. During this reduction of blood pressure, the
bursting firing pattern of the single depressor nerve fiber
gradually declined in terms of the number of spikes per
burst (Figure 1A). The bursting firing pattern observed at
baseline blood pressure resumed as the blood pressure re-
covered.

The injections of NE and Ach caused blood pressure to
increase and recover, and then to decrease and recover, re-
spectively. In this process, the single depressive nerve fiber
stopped firing at a blood pressure level corresponding to the
upper threshold of the receptive range of its baroreceptor.
The fiber also stopped firing at a blood pressure level cor-
responding to the lower threshold of the receptive range of
its baroreceptor. Using this experimental method, we were
able to measure the receptive range of the baroreceptor
connected to this recorded single depressor nerve fiber. The
receptive range was limited and defined by a lower pressure
threshold at which firing started and an upper threshold at
which firing stopped.

Using this experimental method changing the mean
blood pressure from 65 to 160 mmHg, similar changes in
firing patterns were observed for 17 single depressor nerve
fibers. Eight of these fibers stopped firing during increases
and decreases in blood pressure, displaying clear lower and
upper pressure thresholds. If the changes in blood pressure
during each cardiac cycle cross the lower or upper thresh-
olds, the baroreceptors will dynamically switch between
resting and firing, resulting in a bursting firing pattern.
During large, slow increases in blood pressure, a regular
firing cycle becomes apparent, consisting of periods of rest,
systolic bursts (i.e., bursts in the systolic phase), continuous
firing (i.e., the spiking frequency oscillates in each cardiac
cycle), diastolic bursts (i.e., bursts in the diastolic phase),
and back to rest. The systolic burst is generated by dynamic
and repetitive crossing of the blood pressure level across the
lower threshold of the receptive range in vivo, while the
diastolic burst is generated by dynamic and repetitive
crossing of blood pressure across the upper threshold.

For nine single fibers, the firing pattern differed slightly
from the scenario described above. Intriguingly, these nine
fibers did not exhibit both lower and upper thresholds,
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Figure 1 Firing patterns of a typical aortic baroreceptor induced by changes in blood pressure in vivo. A, Changes in firing patterns induced by NE (1:5000;
¥ ¥)and ACh (1:10000, ¥). B, This baroreceptor displayed a systolic bursting pattern at physiological blood pressures. Injection of NE induced the baro-
receptor to burst in a continuous manner (C), followed by diastolic bursts (D) and rest (E). As blood pressure returned to the baseline level, the baroreceptor

resumed diastolic bursting (F), continuous firing (G), and systolic bursting (H).

which indicates that the receptive ranges of the barorecep-
tors connected to those nine fibers did not cover the range
of blood pressures induced by NE or ACh in this experi-
mental setting. Therefore, we used an in situ isolation pro-
tocol to artificially control the vascular pressure of the rab-
bit aorta across a wider range and therefore detect the re-
ceptive ranges of the upstream baroreceptors.

2.2 Simultaneous recording of two single fibers during
changes in blood pressure

To detect possible differences in the receptive ranges of
individual baroreceptors, we simultaneously recorded the
changes in firing activity of two single depressor nerve fi-
bers while gradually increasing the vascular pressure of a
segment of the isolated aorta. As shown in Figure 2, both
fibers exhibited regular changes in their firing patterns, in-
cluding initiation of firing, continuous firing at an increas-
ing frequency, and stopping of firing. Notably, the lower
and upper pressure thresholds at the start and end of firing
differed between the two fibers, which indicates that the
baroreceptors connected to the two fibers had different re-
ceptive ranges. The results provide strong evidence that the
receptive ranges of individual aortic baroreceptors are lim-
ited and differ markedly between receptors (n=3 pairs).

2.3 Pressure thresholds for the start and end of firing
in 85 single depressor nerve fibers

To assess the overall distribution of the receptive ranges of
rabbit aorta baroreceptors, we recorded the activities of sin-
gle depressor nerve fibers during gradually increasing the
vascular pressure from 30 to 300 mmHg using in situ prep-
arations. We successfully recorded the activities of the right
depressor nerves in 85 single fibers in a total of 24 rabbits.
At this range of blood pressures, we observed lower and
upper thresholds for 39 fibers. A further 40 fibers were al-
ready firing at a vascular pressure of 30 mmHg, indicating
that their lower thresholds are <30 mmHg. For statistical
analyses, the lower threshold of these fibers was defined as
30 mmHg. The other 16 fibers were still firing when the
vascular pressure reached 300 mmHg, indicating that their
upper thresholds are >300 mmHg. The upper threshold for
these fibers was defined as 300 mmHg in the statistical
analyses.

The pressure thresholds at the start and end of firing in
the 85 single depressor nerves reflect, respectively, the low-
er and upper thresholds of their corresponding baroreceptors.
As shown in Figure 3, the receptive ranges differed mark-
edly. The lowest and the highest values for the lower
threshold were 30 and 170.74 mmHg, respectively (meanz+
SD: 56.38+34.63 mmHg) (Figure 3B), while lowest and
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Figure 2 Simultaneous recording of the changes in firing patterns in response to an increase in vascular pressure in two depressor nerve single fibers
(units). A, Changes in vascular pressure and firing activities of the two units. In unit one, firing started at 102 mmHg and stopped at 167 mmHg. In unit two,
firing was apparent at 30 mmHg and stopped at 127 mmHg. B, ISI-pressure curves demonstrate the distinct receptive ranges of both fibers, and confirm that
ISI decreases (i.e., the firing frequency increases) as vascular pressure increases.

highest values for the upper threshold were 58.18 and 300
mmHg, respectively (mean+SD: 219.26+67.81 mmHg)
(Figure 3C). Therefore, the absolute range of blood pressure
values that could be detected by individual baroreceptor
units varied from 26.7 to 270 mmHg (mean+SD for the ab-
solute range: 162.88+70.32 mmHg) (Figure 3A).

The number of active baroreceptors recruited at specific
vascular pressures could be determined using the data
shown in Figure 3A. As shown in Figure 3D, only some of
the 85 baroreceptors were active at specific vascular pres-
sures. The number of recruited fibers reached a maximum at
125 mmHg but declined at higher vascular pressures. These
results indicate that the number of recruited baroreceptors
and the frequency of firing from each baroreceptor can de-
pict changes in blood pressure at levels <125 mmHg. How-
ever, if the blood pressure is >125 mmHg, the number of
active baroreceptors decreases as blood pressure increases.
Therefore, above this level, the increase in blood pressure is
no longer represented by the recruitment of additional baro-
receptors, but might be encoded by increases in the firing
frequency in the active baroreceptors or by other methods.

2.4 Complex firing rhythms of single depressor nerve
fibers near the thresholds for starting or stopping firing

Previous neurodynamic studies demonstrated that if the
membrane potential of a neuron is held very near to its ex-
citation threshold, it will exhibit spontaneous and specific
firing patterns. The dynamic properties of the complex fir-

ing patterns of neurons highlight the dynamic bifurcation
mechanisms underpinning the generation of firing patterns
when a neuron is at the threshold of excitation [19,20].
Consistent with this concept, we observed complex firing
patterns of single nerve fibers when the vascular pressure of
an isolated aorta segment was carefully adjusted to a pres-
sure very close to the fiber’s lower or upper threshold. A
typical example of this phenomenon is shown in Figure 4A.
When the vascular pressure was increased across the lower
threshold, the baroreceptor started to fire intermittently,
alternating between a firing train and long periods of rest
(Figure 4B1). This firing pattern was defined as an inter-
mittent pattern. The ISI of the firing train showed relatively
wide variation. The first return map of the ISI is shown in
Figure 4C1, which indicates that subcritical Hopf bifurca-
tion dynamics underpin this lower threshold of excitation.
Following this point, the firing became continuous (Figure
4B2) and the ISI decreased with increasing vascular pres-
sure. The first return map of periodic firing is shown in
Figure 4C2. When the vascular pressure was increased to a
level that held the baroreceptors near the threshold for de-
polarization block, the firing rhythm exhibited a character-
istically layered structure in its ISI (Figure 4A). The first
return map of this ISI is presented by a lattice structure
(Figure 4C3). The firing pattern of this feature is defined as
a multiple integer rhythm, indicating that supercritical Hopf
bifurcation dynamics underpin the threshold for depolariza-
tion block.

The present study revealed that, at the lower pressure
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Figure 4 Effects of increasing vascular pressure on the changes in firing patterns in isolated aorta segments in situ. A, Overall changes in firing activities.
B and C, An increase in vascular pressure led to sustained firing and intermittent periods of rest (B1) at 57 mmHg, characteristic of the first return map of ISI
(C1). A stable period one firing (B2) and the first return map of ISI (C2). At 135 mmHg, integer multiple firing appeared (B3), exhibiting lattice structure in
its first return map (C3) corresponding to a layered ISI (A).

threshold, 12 baroreceptors started to fire from rest with a with an intermittent firing pattern. At the upper threshold,
multiple integer firing pattern, while 29 baroreceptors fired 49 baroreceptors stopped firing through the multiple integer
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firing pattern, while nine baroreceptors stopped firing at an
intermittent firing pattern.

Analysis of the dynamics of the firing rhythms close to
the threshold levels revealed that neural excitability was
responsible for the lower threshold of the baroreceptors
while depolarization block was responsible for the upper
threshold. When the vascular pressure increases to the lower
pressure threshold of the receptive range, the receptor po-
tential drives the membrane potential of the spike-initial
segment to move to the threshold of excitability, resulting in
spike generation and the formation of a firing train. When
the vascular pressure increases to the upper pressure thresh-
old of the receptive range, the receptor potential causes the
membrane potential of the spike-initial segment to cross the
threshold for depolarization block, resulting in over-
depolarization of the initial segment and cessation of firing.

3 Discussion

Populations of receptors that sense the intensity of physical
or chemical stimuli can encode a range of intensities by
recruiting individual receptors with different receptive
ranges. In such populations, individual receptors start firing
at a low stimulus intensity and stop firing at a higher stimu-
lus intensity, and each receptor has a limited and distinct
receptive range. Differences in the receptive ranges of indi-
vidual receptors are necessary for the receptor population to
detect different levels of stimulus intensity. In the present
study, we first found that the firing of rabbit aortic barore-
ceptors started and stopped in response to changes in blood
pressure levels within the physiological range. We recorded
a series of regular firing patterns when the blood pressure
was varied within physiological ranges to activate the baro-
receptors. By artificially controlling the vascular pressure of
a segment of isolated aorta in sifu, we found that pairs of
single nerve fibers displayed distinct blood pressure thresh-
olds even though vascular pressure was identical for both
fibers. By observing 85 individual baroreceptors, we found
that individual aortic baroreceptors in rabbit exhibit limited
and distinct receptive ranges. Notably, there were marked
differences in the pressure range covered and the upper and
lower thresholds of the receptive ranges among individual
nerve fibers. We also found that the upper pressure thresh-
old that stopped the firing of many baroreceptors was within
the physiological blood pressure range. Therefore, there was
no increase or even decrease in the number of baroreceptors
that were recruited when blood pressure was increased to a
supraphysiological level. These results indicate that at su-
praphysiological blood pressure, the change in blood pres-
sure is no longer represented by the recruitment of active
fibers in the depressor nerve, and might be depicted by an
increase in the firing frequency or another method instead.
Aortic baroreceptors are stretch-sensitive mechanical re-
ceptors. An increase in blood pressure extends the blood
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vessel and its receptors, increasing the membrane potential
and causing depolarization of the spike-initial segment to
the excitation threshold, representing an all-or-none action
potential. Therefore, the lower pressure threshold of indi-
vidual baroreceptors is determined by this mechanism of
excitation and the pressure value corresponding to the ex-
citability threshold is the lower limit of the receptive range.
As observed in the present study, rabbit aortic baroreceptors
also stopped firing despite further increases in blood pres-
sure above a threshold level. This mechanism is thought to
involve depolarization block. Direct intracellular recording
of the receptor may reveal over-depolarization and the ces-
sation of spike generation, and could confirm our assump-
tion. However, it is very difficult to perform intracellular
recording of the baroreceptor and the initial axon segment
simultaneously, because both of these components are tiny
and are embedded in the blood vessel. Therefore, we ob-
served the stable firing rhythms that were spontaneously
generated near the threshold level from firing to rest during
over-depolarization. The observed multiple integer rhythm
and the intermittent rhythm indicate that depolarization
block of rabbit aortic baroreceptors is mediated by Hopf
bifurcation, a common and dynamic mechanism of excita-
bility.

The results of the present study might be of general
physiological importance. Previous studies have shown that
different fibers in the depressor nerve innervate different
regions of the blood pressure regulation center. Considering
the anatomical specificity of individual fibers and the varia-
tions in the receptive ranges of individual fibers of the de-
pressor nerve, we think it is vital to investigate whether the
anatomical specificity is related to the receptive range of
fibers in depressor nerve. Depressor nerve fibers are mainly
of types A and C. Type A fibers are fast conductors and
start firing at lower pressure levels while type C fibers are
slow conductors and start firing at relatively higher pressure
levels [8]. These two types of fibers innervate different
subregions of the nuclei tractus solitarii, and they rarely
terminate on the same neurons [21]. It is interesting to note
that neurons in the nuclei tractus solitarii can be categorized
according to their firing patterns into two subtypes; one
subtype starts firing at lower pressure levels while the other
starts firing at higher pressure levels [22]. Neurons firing at
lower pressure thresholds are mainly innervated by type A
fibers, which also start firing at lower pressure thresholds.
By contrast, neurons firing at higher thresholds are mainly
innervated by type C fibers, which also start firing at higher
thresholds [23]. These results indicate that the afferent pro-
jections of different types of baroreceptors are different, and
these differences might be important in the stimulus encod-
ing by the population of baroreceptors.

In conclusion, the results of our study indicate that baro-
receptors, like thermal receptors and stretch receptors, start
signaling at a low stimulus threshold and stop signaling at a
high stimulus threshold, thus manifesting a receptive range.
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Afferent fibers with different receptive ranges may project
to central neurons located in different subregions of the nu-
clei tractus solitarii, where they activate different reflex
responses, allowing delicate control of the depressure reflex.
Our novel findings mean it is necessary to modify the tradi-
tional view of how changes in blood pressure variation are
encoded by the baroreceptor population. Our results should
also introduce new directions for future research examining
the afferent signaling of blood pressure changes and the
delicate control of the depressure reflex.

This work was supported by the National Natural Science Foundation of
China (30770701) and the Fundamental Research Funds for the Central
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