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Abstract
Activation of the cardiac “sympathetic afferent” reflex (CSAR) has been reported to depress the
arterial baroreflex and enhance the arterial chemoreflex via a central mechanism. In the present study,
we used single-unit extracellular recording techniques to examine the effects of stimulation of cardiac
sympathetic afferents on baro- or chemosensitive neurons in the nucleus tractus solitarius (NTS) in
anesthetized rats. Of 54 barosensitive NTS neurons tested for their response to epicardial application
of capsaicin (0.4 μg), 38 were significantly (P<0.01) inhibited by 38 % while 16 did not respond. Of
42 NTS chemosensitive neurons tested for their response to capsaicin, 33 were significantly (P<0.01)
excited by 47 % while 9 did not respond. In addition, of 12 both barosensitive and chemosensitive
NTS neurons tested for capsaicin, 2 were excited, 7 were inhibited, and 3 did not respond. In
conclusion, this study indicates that CSAR activation inhibited NTS barosensitive neurons and
excited NTS chemosensitive neurons, suggesting that the NTS plays an important role in processing
the interactions between these cardiovascular reflexes.
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The cardiac “sympathetic afferent” reflex (CSAR) is known to activate the cardiovascular
system and is activated by metabolic mediators, myocardial ischemia and cardiac enlargement
[1;2]. It has been demonstrated that an enhanced CSAR may be an important factor resulting
in abnormalities in sympathetic tone and cardiovascular reflexes such as the arterial baroreflex
and the chemoreflex in heart failure [3;4]. The importance of the arterial baroreflex and
chemoreflex in controlling cardiovascular and respiratory functions is well established. CSAR
activation enhances sympathetic outflow, and also produces a decrease in arterial baroreflex
sensitivity as well as an increase in the sensitivity of the arterial chemoreflex [5–7]. Recently,
it has been reported from this laboratory that central application of an Angiotensin (Ang II)
receptor antagonist completely abolishes the CSAR-induced depression of the baroreflex and
enhancement of the chemoreflex, suggesting that the interaction between these cardiovascular
reflexes occurs in the central nervous system [5;7].
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The nucleus tractus solitarius (NTS) is the site of termination of afferent fibers from arterial
baro- and chemoreceptors. Neurons within the NTS are involved in the production of
appropriate patterns of the baro- and chemoreflex responses elicited by the activation of these
peripheral receptors [8;9]. On the other hand, it has been suggested that cardiac sympathetic
afferents project to the dorsal horn of the upper thoracic spinal cord through the stellate ganglia
and the sympathetic chain [10;11]. Some ascending fibers from the dorsal horn of the spinal
cord terminate in the NTS [12]. Therefore, the NTS has been implicated to be an important
area for integrating the central transmission of the CSAR [13;14]. Taken together, it is
reasonable to hypothesize that the NTS may be an important region for integrating the
processing of interactions between the CSAR and the arterial baro- or chemoreflex. Hence, we
investigated the effects of chemical stimulation of cardiac sympathetic afferents by epicardial
application of capsaicin on the discharge of baro- or chemosensitive neurons in the NTS,
respectively.

All experiments were performed on adult male Sprague-Dawley rats weighing 300–350 g (n
= 45) and were approved by the Institutional Animal Care and Use Committee of the University
of Nebraska Medical Center and were carried out under the guidelines of the American
Physiological Society and the National Institutes of Health Guide of the Care and Use of
Laboratory Animals. All data were recorded via a computer-based data acquisition and storage
system (ADinstrument Powerlab).

Rats were anesthetized with urethane (800 mg/kg, ip) and α-chloralose (40 mg/kg, ip). The
trachea was cannulated and the rats were ventilated artificially with room air supplemented
with 100 % oxygen. The right common carotid artery was exposed and the peripheral end
catheterized for measurement of arterial pressure (AP) and heart rate (HR). A cannula was
introduced retrogradely into the right external carotid artery so that its tip was at the origin of
the artery supplying the carotid bodies. The femoral vein was cannulated for intravenous
injections. The rats were paralyzed with pancuronium bromide (1 mg/kg, iv). Rats were placed
in a stereotaxic frame and the dorsal surface of the medulla was surgically exposed by incising
the atlanto-occipital membrane and removing part of the occipital bone and dura. Supplemental
doses of α-chloralose (20 mg/kg, iv) were administered to maintain an appropriate level of
anesthesia. Body temperature was maintained at 37°C by an animal temperature controller.

The chest was opened through the fourth intercostal space. The pericardium was removed to
expose the left ventricle. A piece of filter paper containing capsaicin (3×3 mm, 0.4 μg in 2
μl) was applied to the anterior surface of the left ventricle for stimulating the cardiac
sympathetic afferents [5]. The drug was applied for 2 min and then the epicardium was rinsed
three times with 10 ml of warm normal saline (37 °C). The time interval of repeated capsaicin
was at least 30 min in order to allow the AP and discharge of NTS neuron to return to and
stabilize at their control levels. In order to test the barosensitivity of NTS neurons, a vascular
occluder was placed around the descending thoracic aorta above the diaphragm and was used
to elevate AP by constricting the aorta.

Single-unit extracellular recording was obtained using a single-micropipette (resistance 5–12
MΩ) filled with 0.5 M sodium acetate dissolved in 2 % Pontamine sky blue. The calamus
scriptorius was used as a visual landmark for guiding the placement of the electrode. Single-
unit recording was restricted to two areas: the chemoreceptor projection site (commissural
NTS: 0.2 rostral to 0.3 caudal, 0–0.5 lateral, and 0.3–0.5 deep) [15] and the baroreceptor
projection site (dorsal medial NTS: 0.3–0.6 rostral, 0.3–0.5 lateral, and 0.4–0.5 deep) [16]. The
spontaneous action potentials were amplified (gain: 1000, 0.1–10 kHz passband) and fed into
a window discriminator which generates a standard pulse for each spike. Potentials were
visualized on an oscilloscope. The pulse output of the discriminator was then fed into a digital
counter/timer whose analog output was proportional to the number of spikes per unit time (1
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s). Spontaneously active neurons in the bilateral dorsal medial NTS and the ipsilateral (right)
commissural NTS were tested by baroreceptor and chemoreceptor stimulations, respectively.
The barosensitive NTS neuron was identified by its excitatory response to a transient AP
elevation (20–50 mmHg) in response to aorta occlusion (5–10 s) [17]. The chemoreceptive
NTS neurons were identified by their excitatory response to bolus injections of potassium
cyanide (KCN) solution (10 μg in 0.1 ml) into the vicinity of the carotid body. Cyanide has
been demonstrated to effectively stimulate the arterial chemoreceptors [18]. Although the rats
were paralyzed for avoiding brain movement during neuronal recording, the pressor action and
bradycardia induced by KCN injection were significantly observed. Some specific NTS
neurons that were inhibited either by aorta occlusion or by KCN injection were not further
studied in this work. After a neuron of interest was identified, pontamine sky blue was
iontophoresed (−15 μA, 20 min) to mark the recording location. At the end of the experiment,
the rat brain was removed, frozen, sectioned (50–μm) and stained with neutral red. The dye
spots for recording sites were identified according to the atlas [19]. Fig. 1 shows the
distributions of all types of tested NTS neurons.

The data are presented as the mean ± SEM. The discharge rate of neurons was averaged during
a 30-s control, 5-s (during aorta occlusion), 10-s (after KCN injection), and 1-min (epicardial
capsaicin) response periods. The NTS neurons were considered to be responsive if their peak
discharge frequency after treatments was changed by at least 30% above the baseline.
Comparisons between pre and post-interventions were made by Student’s paired t-test.
Differences were considered to be statistically significant when P<0.05.

A total of 54 spontaneous neurons from the dorsal medial NTS, identified as barosensitive by
exhibiting increases in their discharges by 102 ± 9 % in response to transient AP elevation
(36.4 ± 3.1 mmHg) by aorta occlusion, were studied for their responses to stimulation of cardiac
sympathetic afferents. Fig. 2A shows original tracings of a barosensitive NTS neuron in
response to capsaicin application. Epicardial application of capsaicin produced significant
(P<0.01, n=54) increases in AP (from 92 ± 3 to 109 ± 4 mmHg) and HR (from 354 ± 8 to 396
± 9 beats/min). Of 54 barosensitive neurons tested for epicardial application of capsaicin, 38
were inhibited by 38 ± 2 % (from 5.3 ± 0.6 to 3.4 ± 0.4 spikes/s, P<0.01) and 16 did not respond
(5.2 ± 0.7 vs. 5.3 ± 0.8 spikes/s, P>0.05) (Fig. 2B). The effective time of capsaicin on neuronal
discharge lasted about 1 min. In 8 capsaicin-inhibitory barosensitive NTS neurons, epicardial
application of 0.9 % normal saline (0.2 μl) did not significantly modify the neuronal discharge
(5.8 ± 0.8 vs. 5.2 ± 0.7 spikes/s, P>0.05) (Fig. 2B).

A total of 42 spontaneous neurons from the commissural NTS were identified as
chemosensitive by exhibiting increases in discharge by 73 ± 5 % in response to intra-arterial
injection of KCN (10 μg). A transient pressor action (10 ± 2 mmHg) and bradycardia (−12 ±
2 beats/min) were significantly (P<0.01, n = 42) observed following KCN injection. Fig. 3A
shows a representative response of a chemosensitive NTS neuron to epicardial application of
capsaicin. Of 42 chemosensitive neurons tested for capsaicin, 33 were excited by 47 ± 3 %
(from 4.4 ± 0.4 to 6.3 ± 0.5 spikes/s, P<0.01) and 9 did not respond (4.6 ± 0.7 vs. 4.8 ± 0.8
spikes/s, P>0.05) (Fig. 3B). Usually, the excitatory effect of capsaicin on chemosensitive
neurons persisted about 1 min. In control tests, in 6 capsaicin-sensitively chemosensitive NTS
neurons, epicardial application of normal saline (0.2 μl) did not significantly modify the
discharge rate (4.6 ± 0.9 vs. 4.7 ± 0.8 spikes/s, P>0.05) (Fig. 3B).

Interestingly, we also found that another 12 neurons (basal activity: 6.3 ± 1.0 spikes/s) from
the medial NTS (5 units) and the commissural NTS (7 units) were sensitive to stimulation of
both baroreceptors and chemoreceptors. During application of capsaicin, a majority of these
neurons (7/12, 2 from the medial NTS and 5 from the commissural NTS) were inhibited by 45
%, 2 were excited by 63 %, and 3 did not respond.
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It is well known that the arterial baroreflex and chemoreflex are very important mechanisms
for controlling autonomic outflow. The NTS receives convergent inputs from baroreceptor
afferents, chemoreflex afferents and cardiac sympathetic afferents [12;13;15], and also plays
a crucial role in integrating these cardiovascular reflexes [20]. So we chose the NTS as the
target region where the interactions between the CSAR and the baro- or chemoreflex may
occur. In the present study, we found that CSAR activation significantly inhibited the discharge
of 38 of the 54 (70 %) barosensitive NTS neurons. We believe that the CSAR is effectively
activated by epicardial application of capsaicin. Similar to our previous study [5], it was found
that epicardial capsaicin significantly increased AP and HR. Moreover, vagus afferent
stimulation of capsaicin was excluded because the decreases in AP and HR were not observed
in the present study. In addition, we suggest that the inhibitory effect of capsaicin on NTS
neurons is not due to baroreflex activation because AP elevation by CSAR activation will
produce an excitation of NTS barosensitive neurons. It is well known that NTS barosensitive
neurons, which receive input from the peripheral baroreceptors, excite the caudal ventrolateral
medulla (CVLM) neurons via a glutamatergic projection, whereas the CVLM neurons inhibit
the RVLM vasomotor neurons via a GABAergic projection [8;21]. The RVLM has been
recognized as a critical site for generating sympathetic outflow and controlling baroreflex
function [8]. Therefore, it is logical to assume that the inhibitory effect of CSAR activation on
the NTS barosensitive neurons would increase sympathetic outflow and decrease the baroreflex
function. Therefore, this new finding contributes to our understanding of the mechanism
responsible for CSAR-induced sympathetic overactivity and baroreflex impairment. However,
little is known concerning the mechanism(s) by which stimulation of cardiac sympathetic
afferents inhibits the barosensitive NTS neurons. It has been reported that excitatory amino
acids are involved in synaptic transmission of the CSAR in the NTS [14]. The
electrophysiological evidence further shows that a group of neurons exists within the NTS
which can be excited by CSAR activation [13]. Therefore, it is possible that the barosensitive
NTS neurons may not directly receive cardiac sympathetic afferent input. It is possible that
NTS neurons, which receive the cardiac sympathetic afferents, are interneurons that release
inhibitory neurotransmitters. CSAR-induced excitation of this inhibitory interneuron may
produce an inhibition of NTS barosensitive neurons, which is consistent with CSAR activation
resetting resting discharge and barosensitivity. The central pathway of the interaction between
baroreceptor afferents and cardiac sympathetic afferents is outlined in Fig. 4. There is
substantial evidence that GABA may be the inhibitory neurotransmitter in the NTS. For
example, iontophoretic application of GABA markedly reduced or abolished the responses of
NTS neurons to stimulation of baroreceptors [22]. An inhibitory interneuron mechanism in the
NTS has become a well accepted notion to explain baroreflex resetting under some conditions
[23].

On the other hand, we found that stimulation of cardiac sympathetic afferents produced an
increase in discharge rate of 33 of 42 (79%) chemosensitive neurons in the commissural NTS.
The commissural NTS has been reported to be a termination site for peripheral chemoreceptor
afferents [15], and also receive excitatory inputs from cardiac sympathetic afferents [14].
Moreover, the existence of neurons in the commissural NTS with direct projections to the
RVLM has been well documented [24]. This projection includes monosynaptic connections
with vasomotor neurons in the RVLM which, in turn, project monosynaptically to
preganglionic sympathetic neurons in the spinal cord [24]. Therefore, the direct sympatho-
excitatory pathway from the NTS chemoreceptor neurons to the RVLM has been documented
to play an important role in mediating sympatho-excitatory reflexes such as the arterial
chemoreflex [15;25]. Furthermore, the neurons within the commissural NTS convey a tonic
excitatory drive of chemoreceptor origin to the RVLM neurons [26;27]. As indicated in Fig.
4, it is suggested that excitation of chemosensitive NTS neurons by CSAR activation probably
produces increases in sympathetic output and arterial chemoreflex sensitivity. The evidence
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from this study may be very important for interpreting the phenomena of enhanced sympathetic
output and chemoreflex function induced by CSAR activation.

In this work, we did not further determine which neurotransmitters in the NTS mediate the
interactions between these cardiovascular reflexes. Ang II has been indicated to be a strong
candidate for integrating the interactions between these cardiovascular reflexes [4;28]. For
example, microinjection of Ang II into the NTS attenuates the arterial baroreflex and enhances
the arterial chemoreflex [29;30]. Importantly, the evidence from this laboratory has shown that
central Ang II antagonism not only normalized the augmented CSAR in heart failure, but also
completely abolished the CSAR-induced blunted baroreflex and augmented chemoreflex [5;
6]. More recently, we reported that blockade of NTS Ang II receptors effectively prevented
the enhanced chemoreflex sensitivity evoked by CSAR activation [7]. However, the precise
mechanism(s) of neurotransmitter transmission for mediating the interactions between these
cardiovascular reflexes within the NTS require further experiments.

In addition, 12 specific NTS neurons were recorded in the present study to be sensitive to both
baroreceptor and chemoreceptor stimulations. We did not confirm the effects of epicardial
capsaicin on these NTS neurons and could not identify the roles of these neurons in mediating
the interactions between the CSAR and the baro- or chemoreflex. It has been demonstrated
that some NTS neurons simultaneously receive many sensory inputs [31]. However, little is
known concerning the roles of these neurons in integrating cardiovascular function.

In summary, stimulation of cardiac sympathetic afferents significantly decreased the basal
discharge of barosensitive NTS neurons and increased the basal discharge of chemosensitive
NTS neurons, suggesting that the NTS plays an important role in processing the interactions
between the CSAR and the baro- or chemoreflex. Because of the acute nature of the
experiments in the present study, it is not known if these interactions at the NTS level exist in
more chronic pathological conditions such as heart failure.
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Fig 1.
Anatomic locations of recorded neurons plotted on standard coronal sections. Barosensitive
neurons in which discharge was decreased (●, 38 sites) or did not respond (○, 16 sites) to
epicardial capsaicin; Chemosensitive neurons in which discharge was increased (▪, 33 sites)
or did not respond (□, 9 sites) to epicardial capsaicin; Neurons in which discharge was increased
by both baroreceptor and chemoreceptor stimulation (×, 12 sites). AP, area postrema; CC,
central canal; Cu, cuneate nucleus; Gr, gracile nucleus; NTS, nucleus tractus solitarius; 10,
motor nucleus of vagus nerve; 12, nucleus of hypoglossal nerve.
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Fig 2.
Response of barosensitive neurons in the dorsal medial NTS to epicardial application of
capsaicin. A, original tracings showing responses of arterial pressure (AP), heart rate, and
discharge of a barosensitive neuron to aorta occlusion and epicardial capsaicin (0.4 μg). B, bar
graphs showing the mean data for the discharge of barosensitive NTS neurons before and after
epicardial capsaicin (n=38) or normal saline (NS, n=8). *P<0.01 vs. before level.
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Fig 3.
Response of chemosensitive neurons in the commissural NTS to epicardial application of
capsaicin. A, original tracings showing the arterial pressure (AP), heart rate, and discharge of
a NTS neuron in response to intra-arterial injection of potassium cyanide (KCN, 10 μg) and
epicardial capsaicin (0.4 μg). B, bar graphs showing the mean data for discharge of
chemosensitive NTS neurons before and after epicardial capsaicin (n=33) or normal saline
(NS, n=6). *P<0.01 vs. before level.
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Fig 4.
A schematic representation of the pathway for the proposed synaptic interactions between
cardiac sympathetic afferents and arterial baro- or chemoreceptor afferents in the NTS. Filled
arrows, inhibitory pathways; open arrows, excitatory pathways, CVLM, caudal ventrolateral
medulla; RVLM, rostral ventrolateral medulla.
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