
The sites of first termination of cardiac vagal afferent fibres

in the central nervous system have been located in subnuclei

of the nucleus tractus solitarii (NTS), based on results from

both anatomical tracing studies (Chernicky et al. 1984;

Yousfi-Malki & Puizillout, 1994) and functional neuronal

recording studies in which vagal afferent activity was

evoked by electrical stimulation of the vagus nerve (Bennett

et al. 1981; Hines et al. 1994; Zhang & Mifflin, 1995; Silva-

Carvalho et al. 1998) or by chemical or mechanical activation

of cardiac receptors (Hines et al. 1994; Nosaka et al. 1995;

Wilson et al. 1996; Paton, 1998; Silva-Carvalho et al. 1998).

Specific activation of cardiopulmonary vagal afferent fibres

was found to evoke activity in neurones in the dorsomedial,

medial, lateral and commissural subnuclei of the NTS

(Bennett et al. 1981; Hines et al. 1994; Paton, 1998; Silva-

Carvalho et al. 1998). However, the pattern of discharge of

NTS neurones to natural pressure-evoked activation of

cardiac receptors has not been well-characterised in an

intact, in vivo preparation. In addition, the

transmitterÏreceptors responsible for the central

transmission of cardiac-related activity have not been

specifically determined. Studies have identified a role for

glutamate in the transmission of visceral afferent input to

neurones in the NTS, including baroreceptor (Gordon &
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1. Vagal afferent input from cardiac mechanoreceptors excites neurones in the nucleus tractus

solitarii (NTS), but discharge patterns evoked by physiological activation of pressure-

sensitive cardiac mechanoreceptors have not been studied in vivo. The role of glutamate

receptor subtypes in transmission of afferent activity to the NTS neurones has not been

determined. The present study therefore has two aims: first, to characterise the discharge

patterns of neurones in the NTS that receive pressure-sensitive vagal cardiac receptor input

and second, to determine the roles of ionotropic glutamate receptor subtypes in the

transmission of this putative cardiac mechanoreceptor-related activity to NTS neurones.

2. Pulse-synchronous activity of neurones in the NTS evoked by vagal afferent input was

recorded extracellularly in an anaesthetised dog model using multibarrel glass electrodes,

which allowed picoejection of the glutamate receptor antagonists NBQX or AP5 to block

either non-NMDA or NMDA receptors, respectively, during the neuronal recording. Pressure

sensitivity of the recorded neurones was examined by monitoring their response to a small

increase in arterial blood pressure. Selective pressure activation of carotid sinus

baroreceptors in an isolated sinus or selective denervation of aortic baroreceptors were used

to test for convergent excitation of the neurones by arterial baroreceptors.

3. Pulse-synchronous cardiac-related neuronal activity recorded from neurones in both the

right and left NTS was eliminated following section of the left (n = 17) or right (n = 1) vagus

nerves. No spontaneous, non-pulsatile activity was observed in these neurones before or after

vagotomy. Activity transmitted via left vagal afferents was found to be sensitive to changes

in arterial blood pressure. In these neurones, activity was blocked in 13 of 17 neurones by

picoejection of NBQX, with the remainder requiring both NBQX and AP5. None of the

cardiac-related neurones responded to activation of carotid baroreceptors or denervation of

aortic baroreceptors, indicating no convergence of activity from carotid baroreceptors or

aortic baroreceptors with pressure thresholds of approximately 130 mmHg or less.

4. The results suggest that vagal pressure-sensitive afferent input from cardiac

mechanoreceptors is transmitted primarily by left vagal afferent fibres via non-NMDA

receptors to neurones in both the ipsilateral and contralateral NTS. NMDA receptors were

also found to have a role in the activation of a small subpopulation of neurones.
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Leone, 1991; Kubo & Kihara, 1991) and chemoreceptor

(Vardhan et al. 1993) activity. With regard to vagal

afferent input, one study has indicated that glutamate is

released in the NTS during electrical stimulation of vagal

afferent fibres (Allchin et al. 1994). In addition, the broad

spectrum excitatory amino acid (EAA) receptor antagonist

kynurenate (KYN) was found to reduce discharge in NTS

neurones evoked by vagus nerve stimulation (Zhang &

Mifflin, 1995). These earlier functional studies have

limitations due to the non-specific nature of the electrical

stimulation of the vagal afferent fibres. The present study

was undertaken to characterise the discharge patterns and

responses of cardiac receptor-modulated NTS neurones in

dogs evoked by physiological changes in arterial pressure,

examining the contribution of ionotropic glutamate receptor

subtypes to the transmission of cardiac afferent input to the

central neurones.

METHODS

The discharge of cardiac receptor-modulated neurones in the

NTS was studied in anaesthetised mongrel dogs weighing

12—15 kg (initial dose, 50 mg kg¢ á_chloralose and 500 mg kg¢

urethane, with supplemental continuous infusion of 250 mg

á_chloralose + 2·5 g urethane per hour, i.v.). All experimental

procedures followed were approved by the Animal Care and Use

Committees of the Medical College of Wisconsin and the Zablocki

Department of Veterans Affairs Medical Centre. The left femoral

artery and vein were cannulated to permit measurement of arterial

blood pressure (BP) and infusion of anaesthetic, respectively.

Arterial blood gases were measured using an ABL 30 Radiometer

Blood Gas Analyser (Copenhagen, Denmark) and kept within

normal ranges by adjustment of ventilation and infusion of

bicarbonate. Arterial pressure was measured via the catheter in the

left femoral artery, which was connected to a Statham pressure

transducer and a Grass Model 7D polygraph (Grass Co., Quincy,

MA, USA). To control baroreceptor afferent activity and permit

examination of any convergent carotid baroreceptor input to

cardiac-receptor modulated neurones receiving vagal input, an

isolated carotid sinus preparation was prepared as previously

described (Seagard et al. 1983). Briefly, the left carotid sinus was

vascularly isolated to permit either a flow-through pulsatile

perfusion of the sinus region at constant mean pressure

(130—140 mmHg) or a slow ramp increase (1—2 mmHg s¢) in

carotid sinus pressure (CSP) from 0—200 mmHg. Buffered lactated

Ringer solution was used as the perfusate, oxygenated with 100%

Oµ to chemically denervate any chemoreceptors not physically

eliminated by the isolation technique (Seagard et al. 1990). Carotid

sinus pressure was measured via a catheter in the lingual artery

and recorded using a Statham pressure transducer and the Grass

polygraph. Constant CSP was maintained using a servocontroller

developed in this laboratory (Seagard et al. 1983). The right carotid

sinus nerve was identified and sectioned to limit carotid

baroreceptor afferent input to that from the isolated sinus.

Completeness of right carotid sinus denervation was assured by

occluding the right common carotid artery and observing no reflex

change in arterial BP. The right and left vagosympathetic trunks,

which include the aortic depressor nerves, were isolated from

surrounding tissue and marked with loose sutures for later

identification and section. In four animals, the left aortic depressor

nerve was isolated from the rest of the vagosympathetic trunk and

marked with a loose suture so the nerve could be sectioned

independently from the vagal fibres, allowing specific elimination of

aortic baroreceptor input. In four animals, the chest was opened

and the left and right vagi were crushed below the apex of the heart

to eliminate input from abdominal visceral receptors via the vagus

nerves. In all other animals, a bilateral pneumothorax was

performed to reduce movement associated with changes in thoracic

pressure.

Following nerve isolation, the animal was placed in a head holder

(Kopf, Tujunga, CA, USA) for stereotaxic placement of a central

recording electrode. With the animal in the stereotaxic frame, an

occipital craniotomy was performed, the dura opened, and the

caudal portion of the fourth ventricle exposed by lifting the vermis

cerebelli. This allowed the visualization of the obex, the point where

the central canal opens into the fourth ventricle. Using obex as a

zero reference, electrode penetrations were randomly made into the

left or right NTS from 1·0 mm caudal to 2·0 mm rostral to the obex,

0·0—2·0 mm lateral to the midline, and from the surface to 2·0 mm

deep. An incision was made in the pia through which the electrode

was inserted at identified target co-ordinates and advanced slowly

using a hydraulic microdrive. The recording sites were later verified

histologically, as explained below.

Central neuronal activity was recorded using a multibarrel glass

microelectrode containing a fine (7 ìm) carbon filament in one

barrel, connected via a high-impedance preamplifier (gain = 1000;

0·1—10 kHz passband) and filter/amplifier (4th order Butterworth;

10 Hz to 3 kHz passband). The remaining barrels were filled with

artificial cerebrospinal fluid (ACSF, composition (mÒ): NaCl, 124;

KCl, 2·0; Mg Clµ, 2·0; KHµPO4, 1·3; Ca Cl2, 2·0; NaHCO×, 24 and

glucose, 11·0), or glutamate receptor antagonists or agonists diluted

in ACSF for picoejection onto recorded neurones using a system

designed and constructed in the laboratory. Extracellular unit

activity was recorded to identify neurones that displayed pulse-

synchronous discharge which correlated with arterial pressure. This

focused the study on a subpopulation of NTS neurones that

received a putative cardiac mechanoreceptor input. Raw central

neuronal activity, along with arterial BP and CSP, were recorded

on a Vetter Model 3000A PCM Recording Adapter (Vetter,

Rebersburgh, PA, USA) and VCR for later analysis. Unit activity

was also directed to a time/amplitude window discriminator which

generated a standard pulse for each spike which fell into the preset

window. 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. These signals were displayed on-

line on the Grass polygraph in order to monitor activity during the

experiment. Analysis of recorded unit neuronal activity was

accomplished by (1) analog to digital sampling of the three recorded

data channels at 10 kHz using a PCI-MIO-16E-1 AÏD converter

and LabView software (National Instruments, Austin, TX, USA)

and a Power Macintosh 8500Ï120 (Apple Computer Inc., Cupertino,

CA, USA) equipped with a Sonnet 266 MHz G3 card (Sonnet

Technologies Inc., Irvine, CA, USA), and (2) creating systole-

triggered post-stimulus time histograms (PSTHs) of spike activity

using a Nicolet 370 digital averaging oscilloscope (Nicolet

Instrument Corp., Madison, WI, USA) with PSTH capabilities in

conjunction with a Hewlett Packard 310 technical workstation.

The experimental protocol was as follows. Following surgery, a

constant mean pressure (140 mmHg) pulsatile perfusion was

established in the isolated carotid sinus. This pressure level was

chosen to ensure that baroreceptors with higher as well as lower

pressure thresholds were stimulated and therefore capable of

activating central neurones. Animals were given hexamethonium

(20 mg kg¢, i.v.) to block reflex changes in BP and a slow infusion

of phenylephrine (1·0 mg (100 ml)¢ i.v.) was then used to maintain
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mean arterial BP at 110—130 mmHg to provide an adequate level

of stimulation of cardiac mechanoreceptors at physiological levels of

BP. Supplemental doses of hexamethonium were administered

when reflex changes in arterial blood pressure were evident in

response to changes in CSP. The protocol allowed separate

activation of carotid baroreceptors via the isolated sinus, or of

vagal cardiac mechanoreceptors via small increases in BP to

determine the extent of convergence of input from the two receptor

groups. Alteration of phenylephrine infusion rate was used to

elevate BP slightly to test for pressure-sensitive modulation of

recorded neurones.

With pressures controlled, the NTS was randomly explored using

the multibarrel electrode until activity from a single dorsal

medullary neurone that displayed a distinct cardiac rhythm was

obtained. The pulse-synchronous nature of the discharge was

determined by comparing neuronal discharge to the BP pulse. To

test for carotid baroreceptor sensitivity of the central neurone, a

step or ramp pressure change in CSP from 0 to 200 mmHg was

performed. Small changes in BP were produced by changes in

infusion rate of the phenylephrine in order to confirm the pressure-

related sensitivity of the afferent evoked discharge of the NTS

neurone. Pressures were re-established at control levels and

following a control period of recording, 15 nl of ACSF was

picoejected onto the neurone to test for vehicle and ejection

movement effects on the discharge of the NTS neurone. For three

neurones, vehicle effects were observed, possibly due to

miscomposition or contamination of the ACSF. In those cases, the

neuronal recording was sacrificed and a new microelectrode with a

new vehicle was made and tested. The process of searching for a

pulse-synchronous neurone was repeated and in the absence of

vehicle effects on neuronal activity, the test protocol was followed.

Either 5 mÒ (±)_2-amino_5-phosphonovaleric acid (AP5; RBI,

Natick, MA, USA) or 100 ìÒ 1,2, 3,4-tetrahydro-6-nitro-2,3-dioxo-

benzo(f)quinoxaline-7-sulfonamide disodium (NBQX; RBI)

dissolved in ACSF, pH range 7·45—7·65, was picoejected up to a

volume of 15 nl to block either N-methyl-ª_aspartate (NMDA) or

non-NMDA receptors on the recorded neurone, respectively. This

maximum volume was established by separate studies which tested

for the effectiveness and selectivity of the antagonists, as explained

below. Administration of the antagonist was immediately stopped

if lower volumes of the agent abolished activity of the neurone. The

effects of the antagonist were recorded for at least 3 min. Then,

unless activity was completely eliminated, the second antagonist

was picoejected as well. If discharge of the neurone was completely

eliminated by the first antagonist ejected, or following picoejection

of the second antagonist, the activity of the neurone was monitored

until control levels of activity were re-established. Due to the long

duration of action of NBQX, generally 1 h or more was needed for

neuronal recovery. Following recovery, the antagonists were then

administered in the opposite order, if possible. For some neurones,

it was not possible to hold the neurone long enough to test the

reverse order of blockade. However, the effectiveness of NBQX to

block most neuronal activity, as described below, negated the

absolute need for studying the effects of reverse order of blockade

for most neurones. Neurones were not included in the final results

unless recovery of the neurone could be confirmed.

The effectiveness of the receptor blocking protocol was tested in six

neurones, utilising a slightly different protocol. For these neurones,

the agonists for the glutamate receptor subtypes NMDA (RBI;

100 ìÒ) and AMPA (non-NMDA receptor agonist; Sigma-Aldrich;

40 ìÒ) were picoejected onto the neurone before and after

administration of the receptor antagonists AP5 or NBQX. Each

antagonist was tested in random order, with sufficient time given

between picoejections for recovery of discharge of the neurone.

These studies established 15 nl as the maximum volume needed to

block receptors excited by picoejection of the agonists.

Following the final recovery of the neurone, activity of the neurone

was monitored while the right and then the left vagi were

sequentially sectioned. In the four animals in which the left aortic

depressor nerve was isolated from the left vagal trunk, the aortic

nerve was sectioned prior to the left vagus. The right aortic nerve

was not separated from the right vagal trunk and was therefore

eliminated in combination with sections of that trunk. At the end

of the experiment, the exact location of the recording site of the

cardiac receptor-modulated neurone was marked by passing a

20 ìA direct positive current through the recording electrode for

30—60 s. Animals were killed at the end of the study by an

overdose of anaesthetic followed by saturated KCl. The medulla

was removed post mortem and frozen. Sequential 40 ìm transverse

sections were cut, stained with Neutral Red and examined

microscopically to identify the recording site histologically.

Diagrammatic representations of the locations of recording sites

were compiled from all animals.
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Figure 1. Composite transverse sections through

the dorsomedial aspect of the dog medulla

illustrating the location of recording sites

For clarity all recording sites are represented on the

left side of the medulla at the closest rostro-caudal

level of 0·5 mm caudal (−0·5) and 0·5 mm (0·5) and 1·5

(1·5) mm rostral to obex. 0, location of neurones

recorded on the left side of the medulla;2, location of

neurones recorded on the right side of the medulla;

and@, location of the single neurone activated by

right vagal afferent input. Abbreviations: AP, area

postrema; cc, central canal; G, nucleus gracilis; nTS,

nucleus tractus solitarii; TS, tractus solitarii; X, dorsal

motor nucleus of the vagus; XII, hypoglossal nucleus;

IV, fourth ventricle.



RESULTS

A total of 18 pulse-synchronous central neurones were

recorded from 12 dogs. The 12 recording sites confirmed

histologically were located in the medial, dorsomedial or

commissural subnuclei of the NTS (Fig. 1). Discharge of 17

of the 18 NTS neurones was eliminated by left vagotomy,

indicating activation by afferents with a left vagal pathway.

This includes three neurones recorded from the right side of

the medulla. Activity of one pulse-synchronous neurone

recorded from the dorsomedial subnucleus of the left NTS at

1·2 mm rostral to obex was eliminated by right vagotomy.

Regardless of the neuronal location or type of vagal afferent

input, none of the neurones responded to pulsatile, step or

ramp changes in CSP, indicating a lack of convergence of

input from carotid baroreceptors (Fig. 2). In addition, in

four animals, section of the left aortic depressor nerve alone

prior to section of the left vagus did not alter the firing

pattern of neurones with left vagal input, indicating a lack

of aortic baroreceptor modulation of these neurones. Pulse-

synchronous cardiac-related neuronal activity persisted

following elimination of lower vagal input produced by

crushing of the vagus nerves below the heart, indicating

that the origin of the afferent input was not from abdominal

structures.

The frequency of discharge of neurones at mean arterial

pressures of 110—130 mmHg ranged from 1 to 12 spikes

(arterial pulse)¢, with a mean of 2·6 spikes pulse¢ and a

median of 2·1 spikes pulse¢. Examples of discharge rates

from neurones with a higher frequency discharge and lower
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Figure 2. Lack of neuronal response to a step

change in carotid sinus pressure

Tracings of arterial pressure (upper trace), raw

neuronal activity of a pulse-synchronous NTS

neurone with left vagal afferent input (lower trace)

and a step change in carotid sinus pressure

(pressure step; middle trace). Reflex changes in

arterial pressure evoked by the carotid sinus

pressure step were prevented by prior

administration of hexamethonium. The lack of a

neuronal response to the change in carotid sinus

pressure indicated a lack of convergence of carotid

baroreceptor input to the neurone. This lack of

convergence was found for all neurones tested.

Figure 3. Two pulse-synchronous NTS neurones

Representative tracings of discharge patterns (upper trace in each

panel) of two pulse-synchronous NTS neurones with left vagal input,

indicating the rates of discharge/arterial pulse (lower trace in each

panel). Neuronal discharge was found to range from 1 to 12 spikes

per arterial pressure pulse for all neurones studied.



frequency discharge are shown in Fig. 3. Little spontaneous

tonic activity, indicated by spikes between pressure-induced

bursts of activity, were observed in these neurones. NTS

neurones with left vagal afferent drive (17 of 18)

demonstrated a pressure-sensitive discharge, with increases

in activity correlated to increases in BP (Fig. 4). Only small

changes in arterial pressure were attempted, since movement

of the brain from larger changes resulted in the loss of the

neuronal recording, and therefore the saturation firing rates

of the neurones could not be determined. The one neurone

with right vagal input reflected heart rate, but did not

demonstrate any arterial pressure sensitivity (Fig. 5).

The pressure-evoked nature of the discharge in pulse-

synchronous neurones was verified by constructing PSTHs of

neuronal firing, using systole of the arterial pressure pulse as

a trigger (Fig. 6). Triggered spike activity was accumulated

for 14 beats neurone¢ using 2 ms bins. Histograms for the

neurones were summed and divided by the number of

neurones to create an average histogram. The peak NTS
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Figure 4. Pressure-sensitive pulse-synchronous NTS neurone

Tracings of arterial pressure (upper trace) and raw neuronal activity of a pulse-synchronous NTS neurone

(lower trace) with left vagal afferent input, demonstrating the pressure sensitivity of the neuronal

discharge. Firing of the neurone was found to increase with a small increase (about 30 mmHg) in mean

arterial pressure.

Figure 5. Non-pressure-sensitive pulse-synchronous NTS neurone

Tracings of arterial pressure (upper trace) and raw neuronal activity (lower trace) of the single neurone

recorded with afferent input transmitted via the right vagus. The neurone discharged synchronously with

each heart beat, but did not respond to a 25 mmHg increase in arterial pressure, unlike the pressure-

sensitive neurones with left vagal afferents, an example of which is shown in Fig. 4.



neuronal discharge occurred prior to peak aortic pressure

(Fig. 6), indicating that most cardiac receptors that

initiated the NTS activity fired during ventricular

diastoleÏearly systole. Using the best estimates of average

conduction velocity (C-fibres, 1—2 m s¢), synaptic processing

and delay of the recorded aortic pressure pulse relative to

ventricular pressure pulse, the peak discharge of the cardiac

receptors occurred approximately 20—80 ms prior to peak

ventricular systole. Close coupling between the pulse

pressure and neuronal firing confirms the cardiac-related

rhythm of these neurones and provides a high-fidelity signal

concerning cardiac rhythm to the central nervous system.
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Figure 6. Average post-stimulus time histogram of pulse-synchronous NTS neurones

Average systole-triggered post-stimulus time histogram showing the cardiac-related nature of the pulse-

synchronous NTS neuronal discharge (lower) relative to the arterial blood pressure pulse (upper). Spikes for

individual neurones were accumulated for 14 triggers (bin width, 2 ms), and the resulting histograms for

the neurones were averaged. The peak discharge rates of firing for individual neurones relative to the

following peak aortic pressure are shown as 0, with the average peak rate of discharge ± standard error

shown as 8. The average time of peak neuronal discharge preceded peak aortic pressure by 95·9 ± 6·6 ms

and the average duration of discharge for the neurones was 66·6 ± 8·9 ms. There was a relatively tight

cluster of individual peak discharge times around the average value.

Figure 7. Effects of NBQX on discharge of a pulse-synchronous NTS neurone

Tracings of arterial pressure (upper trace) and raw neuronal activity (lower trace) of a pulse-synchronous

NTS neurone in the nucleus tractus solitarii before and after blockade of non-NMDA glutamate receptors

by local exposure to NBQX. The cardiac-related discharge of the neurone was eliminated by picoejection of

7 nl of NBQX (100 ìÒ).



Exposure to NBQX produced a decrease in pulse-

synchronous discharge in all pressure-sensitive NTS

neurones (n = 17), completely eliminating all neuronal

activity in 13 (Fig. 7). Four of the neurones required

exposure to both NBQX and AP5 in order to abolish

discharge (Fig. 8). In the 13 neurones in which NBQX could

eliminate discharge, initial exposure to AP5 alone produced

some decrease in the pulse-synchronous discharge in three

of these neurones. However, after recovery, NBQX alone

could abolish firing in these neurones. In an additional six of

these neurones, AP5 alone had no effect on the discharge

rate. Although higher, there was no significant difference in

the mean firing rates of the neurones that required AP5 and

NBQX to eliminate activity (3·9 ± 1·3 spikes pulse¢)

versus those in which discharge could be eliminated by

NBQX alone (2·2 ± 1·6 spikes pulse¢).

The concentrations of the antagonists employed were found

to selectively block the effects of their respective agonist

without altering the response to ejection of the other agonist.

An example of the selectivity of the blockers is shown in

Fig. 9, which uses post-stimulus triggering from systole of

the arterial pressure pulse to present the firing pattern of

pressure-evoked discharge of a pulse-synchronous neurone.

As seen in this example, picoejection of both NMDA or

AMPA increased the discharge of the neurone. Picoejection of

15 nl of NBQX eliminated discharge of the neurone and

subsequent picoejection of AMPA had no effect on the unit

activity, indicating blockade of the non-NMDA receptors.

However, the response to NMDA was unchanged following

NBQX, demonstrating that NMDA receptors were not

blocked by the concentration of NBQX used in the study. A

similar selectivity and effectiveness of AP5 in blocking

NMDA receptors was observed when comparable trials

were performed.

DISCUSSION

The majority of neurones recorded in this study were

identified in the medial and dorsomedial subnuclei of the

NTS, areas which were previously reported to receive vagal

afferent activity (Kalia & Mesulam, 1980; Bennett et al.
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Figure 8. Effects of NBQX and AP5 on discharge of a pulse-synchronous NTS neurone

Tracings of arterial pressure (lower trace in each panel) and raw neuronal activity (upper trace in each

panel) of a pulse-synchronous NTS neurone in the nucleus tractus solitarii whose discharge was decreased

by both NBQX (100 ìÒ), a non-NMDA glutamate receptor antagonist and AP5 (5 mÒ), an NMDA

glutamate receptor antagonist. Picoejection of 15 nl of either NBQX (A) or AP5 (B) decreased discharge of

the neurone (middle panels), with activity completely abolished by additional administration of the other

antagonist (lower panels). Thus, cardiac-related discharge of the neurone was eliminated only after local

picoejection of both ionotropic glutamate receptor blockers.



1981; Chernicky et al. 1984; Hines et al. 1994; Yousfi-Malki

& Puizillout, 1994). The loss of NTS neuronal activity

following left vagotomy (17 of 18 neurones) confirmed the

left vagus as the primary source of input to initiate the

pulse-synchronous discharge observed in these neurones.

The lack of convergent input from either the carotid or

aortic baroreceptors is in agreement with the minimal

convergence from these receptor groups on central neurones

reported by others (Silva-Carvalho et al. 1998). However,

there are reports of varying degrees of convergence from

vagal and baroreceptor inputs to NTS neurones in other

preparations (Bonham & Hasser, 1993; Rogers et al. 1993;

Nosaka et al. 1995; Zhang & Mifflin, 1995; Paton, 1998).

The difference between this study and previous studies may

be related to the type of stimuli used to initiate afferent

input from these different receptor groups. The use of

electrical stimulation of nerves in some studies may evoke

afferent input from different receptor groups (e.g. chemo-

receptors, pulmonary receptors, chemosensitive cardiac

receptors) or different afferent patterns from the pressure-

encoding receptors than more physiological changes in

pressure, thus altering the ability to observe any effects of

stimulation of a given receptor pathway.

All neurones recorded in this study had pulse-synchronous

discharge that was eliminated following vagotomy,

indicating the discharge was synaptically evoked and not

due to movement of the brainstem. Small changes in arterial

pressure were used to verify the pressure sensitivity of the

discharge pattern of the majority of neurones (17 of 18), all

of which were found to be driven by left vagal afferent

input. In addition, the close relationship of peak discharge

rates for all neurones relative to the arterial pressure pulse
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Figure 9. Post-stimulus time histogram showing the effects of glutamate receptor subtype

agonists and antagonist on discharge of a pulse-synchronous NTS neurone

Post-stimulus time histogram (bin width, 0·5 ms) of discharge of 1 neurone, triggered off systole of the

arterial pressure pulse, which demonstrates the pulse-synchronous nature of the discharge of the neurone

(A) and the selectivity of blockade of non-NMDA receptors by the concentration of NBQX utilised in the

study. Picoejection of either AMPA (B) or NMDA (D) increased discharge of the neurone, indicating the

presence of both non-NMDA and NMDA receptors, respectively, on the neurone. Following a return to

control (not shown), picoejection of NBQX to block non-NMDA receptors completely abolished discharge of

the neurone (E) and eliminated any response to an ensuing picoejection of AMPA (F), indicating an

effective block of non-NMDA receptors on the neurone. However, the response to picoejection of NMDA

was not changed from control (G), indicating that NMDA receptors were not affected by administration of

NBQX. Comparable responses were obtained to blockade of the NMDA receptors by AP5, indicating the

selectivity of both antagonists used in the present study.



and to each other (Fig. 6) suggests that the receptors may

represent a functionally similar population of neurones

driven by a common type of afferent input. These results

would suggest that the input driving all but one neurone

originated with left cardiac mechanoreceptors, since the

pressure sensitivity appeared to track changes in arterial

pressure. The neurones studied were selected based on the

presence of a pulse-synchronous discharge, thereby limiting

the study to a subpopulation of NTS neurones. It is not

known if other neurones without a pulse-synchronous

discharge are also activated by cardiac mechanoreceptors.

The heartbeat-locked discharge has not been observed in

NTS neurones which have been shown to receive afferent

input from other pressure-sensitive cardiovascular receptors,

such as the arterial baroreceptors (Lipski et al. 1975;

Feldman & Moises, 1987; Mifflin et al. 1988; Rogers et al.

1993; Seagard et al. 1995). The lack of pulse-synchronous

discharge in neurones that are part of the baroreflex has led

to a question regarding the origin of cardiac-related

discharge in efferent sympathetic and parasympathetic

outflow. It is possible that at some point in the central

pathways, there is convergence of information transmitted

by neurones receiving baroreceptor versus left cardiac

mechanoreceptor information, leading to the re-

establishment of pulse-related activity in the efferent

pathways. However, due to the lack of convergence found in

this study between centrally directed activity from vagal

cardiac mechanoreceptors and arterial baroreceptors, the

site of convergence would seem to be at a higher level of the

reflex arc than the NTS. One NTS neurone had a pulse-

synchronous discharge pattern, but did not respond to

arterial pressure changes. The pattern of discharge of the

neurone plus the finding that activity was eliminated by

right vagotomy suggests that this neurone was driven by

input from right cardiac mechanoreceptors, possibly arising

from atrial receptors. The encoding of cardiac rate by this

neurone may also reflect a type of central activation that

could converge at some point in the central baroreflex

pathway, leading to the generation of cardiac-related

efferent outflow.

The rates of discharge of the pulse-synchronous neurones

evoked by left vagal input ranged from 1—12 spikes (arterial

pressure pulse)¢. This discharge rate is much lower than

peak rates reported for the discharge of cardiac receptors

with myelinated (50—200 spikes s¢) (Coleridge et al. 1973;

Thoren, 1977) or non-myelinated (14 spikes s¢) (Gupta &

Thames, 1983) afferents recorded from peripheral vagal fibres.

However, the discharge of regularly firing cardiac receptors

has been reported to be between 1 and approximately

20 spikes (cardiac cycle)¢, occurring at various phases of the

cardiac cycle, dependent on receptor location (Coleridge et al.

1964). One study found that firing occurred primarily during

diastole, with increases occurring during systole with

increases in arterial pressure (Gupta & Thames, 1983). Thus,

while the pulse synchronicity of the cardiac receptor

discharge pattern is encoded in the firing pattern of the

NTS neurones, the absolute firing rates of the cardiac

receptors may not be reflected at higher pressures. However,

since the patterns of integration of NTS neuronal activity at

higher levels of the reflex arc are not known, the relevance

of this factor is not clear. In an earlier study in rats (Hines et

al. 1994), it was found that NTS neuronal activity evoked

through activation of cardiac mechanoreceptors by bolus

saline injections demonstrated a volume threshold, with no

further increases in discharge despite larger saline

injections. However, the number of neurones excited by the

saline injections increased with increasing volumes of

injections. Investigators suggested that increased reflex

responses due to mechanoreceptor activation resulted from

recruitment of more NTS neurones at larger volumes, not to

increases in discharge of individual neurones. A related

type of integration may also be operative with the pressure-

sensitive neurones recorded in the present study. While the

individual neurones did demonstrate some increases in

activity to increases in arterial pressure, the discharge rates

never approached peak rates reported for peripheral afferent

activity from the receptors, particularly those reported for

receptors with myelinated afferents which also demonstrate

the greatest degree of pulse-synchronous discharge

(Coleridge et al. 1964; Gupta & Thames, 1983). However, the

possible recruitment of more neurones at higher arterial

pressure may lead to enhanced reflex responses reported for

increasing activation of cardiac mechanoreceptors.

Glutamate has been proposed to be the primary neuro-

transmitter released by baroreceptor and vagal afferents in

the NTS (Guyenet et al. 1987; Meeley et al. 1989; Kubo &

Kihara, 1991; Andresen & Yang, 1993; Allchin et al. 1994;

Andresen & Kunze, 1994; Lawrence & Jarrott, 1994;

Lawrence, 1995; Zhang & Mifflin, 1995). However, no

studies have previously examined the effectiveness of

selective blocking of glutamate receptor subtypes on the

discharge of NTS neurones evoked by physiological pressure

stimulation. Brain slice preparations have been utilised to

examine mechanisms of transmission of afferent input from

putative arterial baroreceptor and vagal afferent fibres in

the solitary tract to neurones in subnuclei in the NTS. Since

electrical stimulation must be used as the method of evoking

afferent input in these preparations, the exact origin of

afferent input cannot be determined. However, results from

these studies indicate roles for both NMDA and non-NMDA

receptors in the initiation of activity in the NTS neurones

due to primary afferent stimulation. Some results indicate

that non-NMDA receptors are those primarily responsible

for the transmission of afferent input to the second-order

NTS neurones receiving primary afferent projections

(Andresen & Yang, 1990). However, there is also evidence

for a contribution from NMDA receptors in the activation of

these second-order neurones, which may not be seen until

the neurones become depolarised via activation of non-

NMDA receptors, since the NMDA channel is blocked by

Mg¥ until membrane potential reaches approximately

−45 mV (Miller & Felder, 1988; Brooks & Spyer, 1993;

Aylwin et al. 1997). Evidence from microinjection studies of
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ionotropic glutamate receptor antagonists into the NTS,

which can affect neurones receiving afferent inputs from

many possible peripheral receptors, also suggests that

NMDA receptors, non-NMDA receptors or combinations of

the subtypes contribute to the activation of NTS neurones

responsible for the transmission of the depressor responses

that could be attributed to either vagal cardiopulmonary or

arterial baroreceptor reflexes. Depressor responses evoked

by NTS microinjection of glutamate have been found to be

attenuated by both NMDA and non-NMDA receptor

antagonists (La Galloudec et al. 1989; Leone & Gordon,

1989; Talman, 1989; Kubo & Kihara, 1991). Similarly,

reflex responses produced by pharmacologically induced

changes in arterial pressure have also been shown to be

blunted by NMDA or non-NMDA antagonists or

combinations of the two (La Galloudec et al. 1989; Ohta &

Talman, 1994). Since both of the above techniques could

activate NTS neurones involved in the transmission of

either arterial or cardiopulmonary baroreflexes or both, the

role of each glutamate receptor subtype in the transmission

of a specific reflex cannot be determined from these studies.

The contribution of glutamate receptor subtypes to the

transmission of cardiac vagal afferent input has been less

studied than the roles of the receptors in the transmission of

baroreceptor afferent input, but the respective roles of

NMDA versus non-NMDA receptors appear to be similar to

those proposed for the transmission of baroreceptor input.

Blockade of EAA receptors with kynurenate was found to

eliminate discharge in NTS neurones evoked by either vagal

or aortic nerve stimulation in rats (Zhang & Mifflin, 1995).

Neurones with monosynaptic and polysynaptic inputs were

similarly attenuated, but antagonists for specific ionotropic

glutamate receptor subtypes were not utilised in the study.

In studies that examined the transmission of vagal C-fibre

chemosensitive input to the NTS, it was found that blockade

of non-NMDA but not NMDA receptors significantly

decreased synaptic activation of neurones primarily located

in the commissural NTS (Wilson et al. 1996). However, this

afferent input originated from chemosensitive C-fibre cardiac

receptors, not mechanoreceptors, and the NTS neurones did

not demonstrate any pulse-synchronous activity. The results

of the present study indicate that non-NMDA receptors play

the major role in the transmission of putative left vagal

cardiac mechanoreceptor activation of NTS neurones. It was

not possible to determine if the neurones recorded in the

present study were second-order or higher, which could be

important in evaluating the roles of the glutamate receptor

subtypes. If the roles played by these receptor subtypes for

transmission of vagal cardiac input are similar to those

observed for transmission of activity evoked by generalised

solitary tract stimulation, the non-NMDA receptors would

play the largest role in the transmission of activity to second-

order neurones. NMDA receptors could contribute to

transmission at higher rates of afferent input, plus be more

importantly involved in polysynaptic activation of neurones.

Since the roles of the receptors in the transmission of vagal

input at lower versus higher arterial pressures were not

tested, it is not possible to determine if NMDA receptors

could play a greater role at higher pressures. However, this

does remain a possible area of investigation for future studies.

In conclusion, NTS neurones with pulse-synchronous

discharges were recorded from subnuclei of both the right

and left NTS. Activity in most neurones (17 of 18) was

found to be arterial pressure sensitive and evoked by left

vagal afferent input. No convergent activation was found

from either carotid or aortic baroreceptors. The cardiac-

related activity was either attenuated (4 of 17) or eliminated

(13 of 17) by blockade of non-NMDA glutamate receptors.

Remaining activity in the four neurones was eliminated

with additional blockade of NMDA receptors. A single

neurone, activated by right vagal input, did not

demonstrate pressure sensitivity, but did reflect heart rate.

These results indicate that a population of NTS neurones

with a heart rate-locked pattern of discharge encodes

arterial pressure-related information, primarily through

activation of non-NMDA receptors.
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