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Convergence Properties of Solitary Tract Neurons Responsive to
Cardiac Receptor Stimulation in the Anesthetized Cat
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' Department of Physiology, Autonomic Neuroscience Institute, Royal Free Hospital School of Medicine,
London NW3 2PF; and *Department of Physiology, School of Medical Sciences, University of Bristol, Bristol BS3 1TD,

United Kingdom

Silva-Carvalho, L., J.F.R. Paton, I. Rocha, G. E. Goldsmith
and K. M. Spyer. Convergence properties of solitary tract neurons
responsive to cardiac receptor stimulation in the anesthetized cat.
J. Neurophysiol. 79: 2374—-2382, 1998. The convergence pattern
of cardiac receptors, pulmonary C-fibers, carotid chemoreceptor,
and baroreceptor afferents onto neurons within the nucleus of the
solitary tract (NTS) was studied in the anesthetized (pentobarbi-
tone sodium, 40 mg/kg,) paralyzed and artificially ventilated cat.
Extra- and intracellular recordings were made from NTS neurons
while stimulating both cardiac receptors by aortic root injections
of veratridine (1-3 pg/kg) and pulmonary C-fibers by a right
atrial injection of phenylbiguanide (10—-20 pg/kg). Theipsilateral
carotid body was stimulated by using arteria injection of CO,-
saturated bicarbonate solution, whereas inflation of the ipsilateral
carotid sinus was used to activate baroreceptors. The ipsilateral
cardiac vagal branch, cervical vagus, and carotid sinus nerves were
stimulated electrically (1 Hz, 0.2-1 ms, 1-35 V). In 78 NTS
neurons recorded either extracellularly (n = 47) or intracellularly
(n = 31), electrical stimulation of the cardiac branch of the vagus
nerve evoked synaptic potentials (spikes and/or excitatory post-
synaptic potentials) with an onset latency between 4 and 220 ms.
Some neurons displayed both short and long latency inputs
(155 = 1.8 and 160.0 = 8.5 ms; n = 14). Of these 78 neurons,
24 responded to veratridine stimulation of cardiac receptors (i.e.,
cardioreceptive neurons) by exhibiting an augmenting—decre-
menting discharge of 37 + 4 sin duration with a peak frequency
of 30 + 5 Hz. Convergence from other cardiorespiratory receptors
was noted involving either carotid chemoreceptors (n = 7) or
pulmonary C-fibers (n = 4) or from both carotid chemoreceptors
and pulmonary C-fibers (n = 6). In contrast, only one cardiorecep-
tive NTS neuron was activated by distension of the carotid sinus.
Recording sites recovered were confined to the medial NTS at the
level of the area postrema and extended caudally into the commis-
sural subnucleus. Our results indicate a convergence of carotid
chemoreceptor and pulmonary C-fiber afferent inputs to cardiore-
ceptive NTS neurons. With the paucity of baroreceptor inputs to
these neurons it is suggested that sensory integration within the
NTS may reflect regulatory versus defensive or protective reflex
control.

INTRODUCTION

Cardiac vagal receptors may play roles in cardiovascular
homeostasis in both physiological and pathophysiological
conditions (Armour 1994; Hainsworth 1991; Smith and
Thames 1994). From peripheral afferent recordings of car-
diac vagal receptorsit appearsthat the receptors are sensitive
to both chemical and/or mechanical stimulation. Cardiac
vagal receptors with unmyelinated axons have been shown
to be stimulated chemically by either foreign substances such

asveratridine, capsaicin, nicotine, or phenylbiguanide (PBG;
a serotonergic subtype 3 receptor agonist) or by employing
naturally occurring compounds such as adenosine, bradyki-
nin, and prostaglandins applied topically to the myocardium
or injected into either the coronary arteries or pericardial sac
(Coleridge et al. 1964; Drinkhill 1993; Oberg and Thorén
1972; Sleight et al. 1969; Sleight and Widdicombe 1965).
Myelinated cardiac afferents relaying in the vagus nerve are
also excited by veratridine (see Oberg and Thorén 1972;
Paintal 1955). Both adenosine and bradykinin are released
during myocardial ischemia (e.g., Kaufman et al. 1980; Usti-
nova and Schultz 1994), whereas mechanical distension of
the left ventricle releases prostaglandins (Block et al. 1974).
Recently it was estimated that there was a predominance of
chemically sensitive cardiac vagal endings (70%) with a
small multimodal contribution (i.e., mechano- and chemi-
caly sensitive; 10%) (Armour 1994).

Whether the heterogeneity in these cardiac vagal afferents
has physiological significance is not clear, but the finding
that stimulation of chemically sensitive cardiac vagal affer-
ents evoked a potent reflex bradycardia that was not pro-
duced consistently during mechanical stimulation of the left
heart (cf. McGregor et al. 1986 with Tutt et al. 1988) may
indicate separate reflex pathways that may or may not be
common with other cardiorespiratory reflexes. Because the
projection target of cardiac vagal afferents overlap with the
termination zones of other cardiorespiratory afferentsin the
nucleus of the solitary tract (NTS) (e.g., Kaliaand Mesulam
1980; Kubin and Davies 1995; Loewy 1990; Mifflin 1996;
Spyer 1994), we have investigated the origin of convergence
to NTS neurons driven by chemical stimulation of cardiac
receptors in the in vivo anesthetized cat.

Our data suggest that mechanoreceptors and chemosensi-
tive cardiorespiratory receptors converge onto different NTS
neurons, consistent with previous studies in the mouse (Pa-
ton 1998).

A preliminary report of part of this study was communi-
cated to the British Physiological Society (Silva-Carvalho
et a. 1997).

METHODS

Surgical procedures and monitoring of cardiorespiratory
variables

Cats(2.2—4.4kg) of either sex were anesthetized with pentobarbi-
tone sodium (60 mg/kg ip) and supplemented (10 mg bolusiv) as
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necessary by testing corneal and limb withdrawal reflexes. The tra-
chea was intubated below the larynx. The bladder was cannulated
and drained. Femoral blood vessels (artery and vein) were cannu-
lated for monitoring of arterial pressure and for intravenous drug
administration. Theright atrium was cannulated viathe right external
jugular vein for measurement of right atrial pressure and injection
of PBG (see Pulmonary C-fiber). The electrocardiogram (ECG)
was measured with the use of bipolar percutaneous €l ectrodes placed
in a fore- and hindlimb. The ECG was amplified and filtered and
heart rate derived with the use of an instantaneous rate meter. The
right phrenic nerve was recorded with a bipolar silver wire hook
eectrode; signals were amplified and filtered. Rectal temperature
was monitored and maintained at 37 = 0.5°C. Animals were placed
into a stereotaxic head holder and spinal clamps (thoracic and lum-
bar) were used for support. During central recording cats were para-
lyzed by using either gallamine (Flaxedil 4 mg/kgiv) or vecuronium
bromide (250 ug/kg iv) every 40 min and ventilated by changing
minute volume and/or infusing HCO5 solution (0.5 M). A bilateral
pneumothoracotomy was performed and an end-expiratory pressure
of 1-2 cm water maintained. During neuromuscular blockade, anes-
thetic levels were assessed from recordings of arterial pressure, heart
rate, and central respiratory activity.

Electrical stimulation of afferent nerves

The right carotid sinus nerve was stimulated electrically
(0.2-0.5ms, 1 Hz, 1-20V). Additionally, cardiac vaga branches
were identified anatomically and isolated following ligation of the
azygous vein as approached from the right side (see McAllen and
Spyer 1976). Fine insulated silver wires bared at their ends were
wrapped around single or multiple cardiac vagal branches and
insulated with dental impression compound (Reprosyl). Asaphys-
iological test these vagal branches were stimulated electrically (0.2
ms, 20 Hz, 0.5-3 V), which produced an immediate and pro-
nounced bradycardia. In some control experiments (n = 3) pulmo-
nary projecting vagal branches were also isolated and placed on
stimulating electrodes. During central NTSrecording, cardiac vagal
branches were stimulated by using five times the intensity used to
evoke cardiovascular responses (i.e., 2.5-15V) at 1 Hz. Theright
cervical vagus nerve was aso stimulated (0.1-0.5 ms; 1-0.5 Hz;
2-15V). Stimuli were delivered with the use of a pulse generator
(Digitimer) and isolated stimulators ( Digitimer DS2A). All nerves
were insulated in semisolid paraffin.

Simulation of cardiorespiratory reflexes

BARORECEPTOR AND PERIPHERAL CHEMORECEPTOR REFLEXES.
A balloon tipped cannula (Swann Ganz, Edwards size 4F) was
placed within the right carotid sinus by retrograde cannulation of
the external carotid artery. The balloon was inflated with the use
of saline (0.1-0.2 ml). Stimulation of carotid body chemorecep-
tors was achieved by injection of CO,-saturated HCO; solution
(0.5 M, 50—200 wul) via the central lumen of the balloon-tipped
catheter.

CARDIAC RECEPTORS. A cannula was advanced down the left
common carotid artery so that its tip lay either at the root of the
aortic arch or into the left ventricle. During its positioning arterial
pressure was monitored. Placement of this cannulawas determined
by 1) the‘*knocking’’ felt through the cannula caused by the mitral
valve, 2) further advancement that resulted in the cannula either
entering the left ventricle or a coronary artery as seen from the
pressure recording, and 3) injection of veratridine (1-3 ug/kg)
to stimulate cardiac/ coronary receptors and produce potent brady-
cardia and a depressor response. Misplacement of this cannula
was clearly demonstrated by a complete absence of cardiovascular
responses after an injection of veratridine. Five- to ten-minute inter-

vals were alowed between subsequent veratridine injections to
prevent tachyphylaxis of cardiac receptors.

PULMONARY C-FIBERS. PBG was injected into the right atrium
to activate pulmonary C-fibers (PCF) in the cat (10—20 ng/kg).
A positive neuronal response was accepted only if the firing of the
NTS neuron under study occurred within <5 s from the start of
the injection and therefore within the estimated pulmonary circula-
tiontime (Daly 1991). Right atrial pressure was measured in many
experiments via a second cannula. Because pressure changes in
the right atrium can also activate NTS cells (Hines et al. 1994),
a control injection of saline was given in most experiments to
raise pressure to levels produced during PBG injection. This was
necessary to delineate between right atrial stretch and PCF-driven
NTS cells.

Recording peripheral vagal afferent activity

The time to effect of both veratridine and PBG injections on
cardiac and pulmonary vagal receptors was assessed by recordings
of the activity of afferent fibers taken from either the cervical vagus
or the pulmonary and cardiac intrathoracic branches of the vagus.
Single and multiunit discharges were recorded with either bipolar
silver wire or suction electrodes. In the case of those recorded from
the cervical vagus, conduction velocities were calculated from both
the latency of an evoked action potential after electrical stimulation
(0.2-0.5 ms; 1-5 V, 1 Hz) of either the cardiac or pulmonary
branch and also the measured conduction distance between the
recording and stimulating electrodes (see RESULTS).

Recording central neuronal activity

Intracellular current clamp recordings were made of NTS neurons
with sharp microelectrodes (50—-80 MQ) filled with 3 M KCI by
using an Axoclamp 2A amplifier. The pia was removed and re-
cordings made with the use of a stabilizing foot placed on the
surface of the dorsa medulla. NTS neurons were aso recorded
extracellularly with the use of either glass microelectrodes filled
with 3 M NaCl (0.9-11 MQ2), 1 M Na acetate with Pontamine sky
blue (29%) to mark a number of recording sitesionophoreticaly (—1
to —5 pA; 5-10 min), or tungsten stee microelectrodes (5-5.5
MQ; World Precision Instruments). Signals were amplified (Neuro-
log 104), filtered (8 Hz-3 kHz; Neurolog 125), and displayed on an
oscilloscope and/or computer monitor. Recording electrodes were
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Fic. 1. Right atrial injection of phenylbiguanide (PBG) induced affer-
ent activity in a multifiber preparation from a pulmonary vagal branch
recorded intrathoracically. This evoked afferent barrage occurred just before
the reflex bradycardia and depressor response. Note the onset time of this
evoked activity was <2 s. Importantly, intraventricular injection of veratri-
dine (verat) to stimulate cardiac receptors did not increase pulmonary vagal
activity but did produce potent bradycardia and hypotension. The conduc-
tion velocity of these units was estimated to be 0.8—1.0 nV/s.
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FIG. 2. A suction electrode recording from an unmyelinated vagal affer-
ent recorded from the cervical vagus that responded to aortic root injection
of veratridine (verat) at a latency of ~1 s. All cardioreceptive neurons
(i.e., cells responding to veratridine) contained in this study fired 0.5-2 s
from the time of the injection. Note that the reflex cardiovascular responses
occurred just after the afferent volley. This single fiber also responded to
right atrial injection of PBG but the time to effect was 5—-6 s after the
injection. It is likely that this delayed afferent discharge reflects an action
of PBG on a cardiac vagal receptor because the delay closely reflects the
circulation time through the pulmonary circulation (Daly 1991). The PBG
evoked reflex arterial pressure and heart changes were ailmost fully mani-
fested at the time of the afferent discharge. The conduction velocity of this
fiber was 1.1 m/s. On the basis of recordings of this kind NTS neurons
were only considered as receiving a synaptic input from pulmonary C-fibers
if they responded within 5 s of an injection of PBG.

placed into the NTS under visual guidance by using a binocular
microscope and driven with a stepping motor using 1- to 2-um steps.
Surface landmarks of the dorsal medulla (e.g., midline and area
postrema) were used for orientation. Microelectrodes were posi-
tioned at rostro-caudal sites were corresponding to area postrema
and 1-2 mm caudd to it and up to 2 mm lateral to midline.

Histological procedures

A proportion of recording sites were marked either by breaking
off thetip of theintracellular recording electrode or by ionophoretic
deposition of Pontamine sky blue (-1 to —5 pA; 5 min). The
brain stem was removed and fixed in 2% paraformaldehyde over-
night and then placed into 2% paraformal dehyde with 20% sucrose
for >12 h. Tissue was sectioned transversely (50 um) and stained
with neutral red and recording sites were documented with the use
of a microscope fitted with a camera lucida

Analysis

All recorded variables were digitized (Instrutech VR100B) and
stored on VCR tape for off-line analysis. Peak neurona firing
frequency and response durations of single units responding to

SILVA-CARVALHO, PATON, ROCHA, GOLDSMITH, AND SPYER

cardiac stimulation were quantified off-line with the use of Spike2
CED software. Rate histogram plots of firing frequency were con-
structed with the use of 1-s bins. Poststimulus time histograms
were plotted for synaptically evoked spikes following cardiac vagal
branch stimulation. All data are expressed as mean + SE; a Stu-
dent’ st-test was used to test statistical significance by using paired
data.

RESULTS

Cardiorespiratory reflex responses to cardiac and
pulmonary C-fiber stimulation

In every experiment the cardiorespiratory responses that
were evoked on the application of veratridine to either the
aortic root or left ventricle and PBG into the right atrium
were assessed. Both stimuli €elicited an abrupt bradycardia
(55—130 bpm) and systemic hypotension (35—-65 mmHg;
see Figs. 1, 2, 5, and 6). PBG produced a marked suppres-
sion of ventilation consistently (i.e., apnea with or without
tachypnea) , whereas there was a modest slowing and reduc-
tion in phrenic nerve amplitude with veratridine. The onset
of the cardiovascular responses was between 2—3 s. These
responses were anaogous to those described before in the
anesthetized cat (Daly 1991) and dog (Crisp et al. 1989).

Peripheral vagal afferent activity

Both veratridine (into the left ventricle) and PBG (into
the right atrium) excited vagal fibers in the cervica vagus;
however, individual or few-fiber preparations responded to
either but not to both at latencies ~1 s (Figs. 1 and 2). In
total 49 single or few-fiber preparations were challenged
with these stimuli. Four pulmonary branch fibers excited on
pulmonary branch stimulation responded to PBG injections
into the right atrium but not to veratridine given to the aortic
root or left ventricle (Fig. 1). Threefibers or groups of fibers
in the cervical vagus excited on cardiac branch stimulation
responded to veratridine alone, but three further fibersin the
cervical vagus responded to veratridine and aso PBG but
only after a considerably longer delay (i.e.,, >5 s; Fig. 2).
This response we take as a direct effect of PBG or cardiac
receptors because thislatency is accounted for by the circula-
tion time through the lungs (see Daly 1991). Control saline
injections via each route failed to evoke changes in vaga
afferent activity and cardiorespiratory variables. Notably all
cardiorespiratory responses to both PBG and veratridine
were abolished by bilateral section of the cervical vagi
(n=3).

The fibers in the cervical vagus that were excited by the

20
18 12 FIG. 3. Thelatencies of the synaptic response
w 18 w 10 (spikes, extracellular; EPSPs, intracellular)
S 14 T evoked following electrical stimulation of the
O 12 O 81 cardiac branches of the vagus nerve are compared
S 10 ° 6 - for the total population of NTS neurons recorded
S 2 (n = 73) and those that also responded to intra-
E ¢ E 4 ventricular or aortic root injection of veratridine
z z (n = 24). The finding that only % of cardiac
4 2 - vagal branch—driven NTS also responded to ve-
2 ratridine stimulation of cardiac receptors reflects
0 04 the heterogeneity of afferents contained within

5 15 25 35 45 >75 this nerve.
Latency (ms) Latency (ms)
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FIG. 4. Cardioreceptive NTS neurons were characterized by their
evoked excitatory synaptic responses following both electrical stimulation
of the ipsilateral cardiac vagal branch and chemical stimulation of cardiac
receptors by aortic root injection of veratridine (verat; 2 pg/kg). Two
neurons are depicted. A: cardiac vagal branch was stimulated with 8 V (0.5
ms; 3 consecutive superimposed sweeps). This neuron also received a
synaptic input following cervical vagus nerve stimulation (not shown). B:
cardiac vagal branch was stimulated with 11 V (0.5 ms; 4 consecutive
superimposed sweeps). The NTS neuron in B aso received convergent
synaptic inputs following electrical stimulation of the carotid sinus (0.2
ms; 15 V) and cervical vagus nerves (7 V, 0.5 ms).

application of these two chemoexcitants had conduction ve-
locities in the range to be expected of C-fibers (i.e., 0.6—
1.6 m/s, n = 10). We did not make exhaustive recordings
from peripheral fibers and so do not have data regarding the
involvement of myelinated afferents in any of the responses
to cardiac afferent activation, although there is well-estab-
lished evidence in the literature for their involvement (see
Oborg and Thoren 1972; Paintal 1955) (also see Technical
considerations).

Central electrophysiological studies

The present observations are based on 78 neurons re-
corded either extracellularly (n = 47) or intracellularly
(n = 31). From intracellular data the mean resting mem-
brane potential was below —45 mV [i.e, —47 = 1.7 (SE)
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mV]. The mgjority of all neurons received a synaptic input
following cardiac branch stimulation (n = 73), whereas the
remainder (n = 5) were antidromically activated at latencies
ranging from 7—180 ms. The latter group of neurons did not
respond to injections of veratridine into the aortic root or
left ventricle or to PBG and are not considered further.

Evoked synaptic responses following cardiac vagal branch
stimulation

Stimulation of the cardiac branch of the vagus nerve
evoked an excitatory response consisting of spikes (recorded
extracellularly) or excitatory postsynaptic potentials
(EPSPs)/spikes as seen intracellularly over a latency range
of 4—220 ms (Figs. 3, 4, 6, and 7; n = 59). (In one NTS
cell recorded intracellularly an inhibitory postsynaptic poten-
tial was observed at a latency of 12 ms.) Many cells dis-
played multiple action potentials per stimulus (maximally
12). In 14 cells cardiac branch stimulation evoked both
short- and long-latency synaptic responses (action potentials
or EPSPs) of 15.5 = 1.8 and 160.0 + 8.5 ms, respectively
(eq., Fig. 6).

Because it is unlikely that the cardiac branch of the vagus
nerve originates solely from receptors located in the heart
(see Bennett et al. 1985) it was necessary to characterize
physiologically NTS neurons that were synaptically driven
by cardiac vagal branch stimulation by recording their re-
sponses to an injection of veratridine as a means of chemi-
cally activating cardiac receptors.

Characterizing cardioreceptive NTS neurons

From the 73 neurons responding to electrical stimulation
of the cardiac vagal branch, 24 were also excited by veratri-
dine injected into the aortic root or left ventricle (n = 18
extracellular; n = 6 intracellular). There was a latency of
between 1-2 s from the start of the injection to the response
(Figs. 4—7). Longer latency responses were not included in
this analysis for the reasons described earlier. Thus neurons
responding to both cardiac vagal branch stimulation and ve-
ratridine were termed ‘‘cardioreceptive.”’ The use of this

Fic. 5. Convergence of carotid chemore-
ceptor inputs to a cardioreceptive NTS neuron.
Firing frequency is depicted as a rate histo-
gram and the reflex responses in arterial pres-
sure are shown during stimulation of cardiac
receptors (left, intraventricular veratridine 2
ng/kg), carotid chemoreceptors (close arte-
rial injection of CO,-saturated bicarbonate so-
lution into the carotid body), pulmonary
C-fiber stimulation with PBG; 15 pg/kg), and
baroreceptor stimulation by inflation of the ip-
silateral carotid sinus. In this group neurons
failed to respond to PBG and baroreceptor
stimulation. In all cases the stimuli produced
reflex falls in arterial pressure. The evoked
synaptic input from the cardiac vagal branch
occurred at alatency of 90 ms. Rate histogram

Caro tid S binwidth was 1 s.

Sinus Inflation
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term is for convenience and is not meant to imply that the
only input impinging on these cells was from cardiac recep-
tors.

Firing response of cardioreceptive NTS neurons following
veratridine injection

The pattern of firing elicited by 1-3 ug/kg veratridine
injections recorded extracellularly or intracellularly con-
sisted of at least two components (i.e., rapidly augmenting
and slow decrementing) with often an intermediate plateau
phase in both extra- and intracellularly recorded neurons
(Figs. 4—6). These responses lasted between 20-50 s in
duration (mean 36.9 = 4.5 s) with a peak frequency of
30.2 + 4.9 Hz (range 17—60 Hz; Figs. 4—6). From intracel-

—57}

Cardlac Vagus

Carotid Smus Nerve
(10V, 0.5ms)

FIG. 6. An example of a cardioreceptive
NTS neuron that was both synaptically driven
by electrical stimulation of the ipsilateral car-
diac branch, asrevealed in aperistimulustime
histogram (10-ms binwidth, 60 sweeps) and
excited by aortic root injection of veratridine
(2 ng/kg; bottom left panel ). Neuron activity
is displayed in a rate histogram (1-s bin-
width). Neurons in this group exhibited con-
vergent excitatory inputs from carotid chemo-
receptors and pulmonary C-fibers stimulated
by CO,-saturated bicarbonate solution and
PBG (20 pg/kg), respectively. These neu-
rons were not influenced by inflation of the
ipsilateral carotid sinus. Reflex falls in heart
rate are depicted for each of 4 stimuli.

Carotid 10s
Sinus Inflation

lular recordings veratridine evoked a membrane depolariza-
tion of 9-11 mV (n = 6; Fig. 7), which led to action poten-
tial discharge in four neurons (Fig. 7). The firing response
commenced either 0.5-2 s before or was coincident with
the reflex cardiovascular changes described in the previous
paragraphs (Figs. 5 and 6).

Electrically evoked synaptic responses in cardioreceptive
NTS neurons

In cardioreceptive NTS neurons the latency of the synaptic
input (spikes or onset of an EPSP) following stimulation of
the cardiac branch of the vagus nerve was 7—182 ms (Figs.
3, 4, 6, and 7) with a maximum of 12 spikes being evoked
per stimulus. In six neurons two Synaptic responses were

FIG. 7. An intracellularly recorded NTS
neuron that was synaptically driven following
electrical stimulation of the cardiac vagus
(top left) and carotid sinus nerves. This neu-
ron was depolarized and discharged follow-
ing chemical stimulation of cardiac receptors
(aortic root injection of veratridine 2 ug/kg)
and carotid chemoreceptors with CO,-satu-
rated bicarbonate solution. Carotid sinus in-
flation did not evoke a synaptic response (not
shown).

20ms

5V, 1.0ms
ST el ,
mV 4 ! 1SmV| e
| ]
veratridine Ss

]
CO2/HCO3  axsons
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observed, one early (30.9 = 5 ms) and the other late
(151.3 = 7.0 ms; Fig. 6). From the six intracellular re-
cordings, cardiac vagal branch stimulation evoked either
EPSPs of 55 = 0.4 mV in amplitude and 12—-26 ms in
duration (n = 4) or action potentials (n = 2; Fig. 7) over
the stimulus intensity range used (see METHODS).

All cardioreceptive neurons either discharged spikes or
produced EPSPs (6.9 = 0.5 mV; n = 6) to electrical stimula-
tion of the cervica vagus nerve a a mean latency of
13.3 £ 1.5 ms(n = 16) and 42.4 = 7.1 ms (n = 6; Fig.
7). On the basis of the differences between these latencies
and those evoked from the cardiac vagal branch (see previ-
ous paragraphs), conduction velocities of 7.9 + 1.1 ms™*
and 1.3 = 0.2 m s™* were calculated for the early and late
synaptic responses, respectively.

In 16 of the 24 cardioreceptive NTS neurons (12 extracel-
lular; 4 intracellular) there were a convergent synaptic input
following stimulation of the carotid sinus nerve (mean la
tency 10.6 + 1.9 ms, range 5-21 ms; Figs. 4 and 7). In
neurons recorded intracellularly, carotid sinus nerve either
evoked spike discharge (n = 2; Figs. 4 and 7) or EPSPs
(45-9 mV; n = 2).

Characterization of convergent inputs to cardioreceptive
NTS neurons

In addition to testing for a convergent input from pulmo-
nary vagal C-fibers, the carotid sinus nerve inputs were char-
acterized further by stimulating the carotid body chemore-
ceptors with CO,-saturated bicarbonate solution and dis-
tending the carotid sinus to stimulate baroreceptors afferent
endings. From extracellular recordings, 18 of the 24 cardio-
receptive NTS neurons were shown to receive convergent
inputs from other cardiorespiratory receptors (Figs. 5-8).
These included carotid chemoreceptors (excitatory n = 7,
Figs. 5-8), pulmonary C-fibers (excitatory n = 4, Figs. 6
and 8; inhibitory n = 1; Fig. 5) or jointly from both carotid
chemoreceptors and pulmonary C-fibers (both excitatory
n = 6; Figs. 6 and 8). In contrast, it was rare to find conver-
gence from the ipsilateral carotid sinus baroreceptors (Figs.

Chemo

VT-driven
NTS neurone

FIG. 8. A Venn diagram summarizing the convergence of synaptic in-
puts to 24 characterized cardioreceptive NTS neurons from either carotid
chemoreceptors (Chemo) and/or pulmonary C-fibers (PCF) and barorecep-
tors (Baro). The greatest convergence was from carotid chemoreceptors
and jointly from both chemoreceptors and PCF. Converging inputs from
baroreceptors were rarely observed. VT, veratridine (1-3 pg/kg), which
was injected into the left ventricle or aortic root.

PR,
- N

4
~
\\‘/ _1 O
L]

FIG. 9. Representative transverse sections of the dorsomedial medulla
of the cat depicting the recording sites of six characterized cardioreceptive
NTS neurons. Recording sites are from both extracellular (pontamine sky
blue dye) and intracellular recordings: in the latter the glass microel ectrode
was cut and left in place. Abbreviations: C, central canal; G, gracile nucleus;
ts solitary tract; X, dorsal vagal nucleus; XII, hypoglossal motor nucleus.
Numbers refer to distance from the obex in mm. Scale bar = 1 mm.

5-8). Of the 20 cardioreceptive NTS neurons tested only
one responded to inflation of the ipsilateral carotid sinus.

The technical difficulty of maintaining stable intracellular
recordings during the reflex cardiovascular responses limited
the number of observations with a full characterization of
the response pattern to physiological stimuli. However, con-
sistent with the extracelular data two intracellularly re-
corded cardioreceptive neurons were shown to receive excit-
atory inputs following carotid body but not carotid sinus
stimulation (Fig. 7). In both cases cardiac and chemorecep-
tor stimulation depolarized the membrane potentia leading
to action potential discharge (Fig. 7).

Concomitant with the neuronal responses of NTS neurons
evoked by carotid chemo- and baroreceptor stimulation,
there were reflex changes in the cardiorespiratory variables
recorded that are consistent with those reported previously
in the cat (e.g., Daly 1991). For example, stimulation of
carotid chemoreceptors augmented the rate and amplitude
of phrenic nerve discharge and produced a pressor response
(17-22 mmHg; Fig. 5) and bradycardia (13-25 bpm;
Fig. 6). Baroreceptor stimulation produced no obvious
change in phrenic nerve activity but decreased both heart
rate (5-18 bpm) and arterial pressure (8—15 mmHg;
Figs. 5 and 6).
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Cardiorespiratory inputs to noncardioreceptive NTS
neurons

Of the 73 NTS neurons excited by stimulation of the
cardiac vagal branch, 49 failed to respond to veratridine
injection; 19 of these 49 neurons were both tested and ex-
cited by electrical stimulation of the cervical vagus nerve
with many also responding to carotid sinus nerve stimulation
(excitatory, n = 14; inhibitory, n = 1).

Of these 19 neurons (16 extracellular; 3 intracellular), 4
received convergent inputs from carotid chemoreceptors, 2
cells were driven by both chemoreceptors and pulmonary
C-fibers, and 2 by pulmonary chemoreceptors alone. Four
of the 19 neurons responded to distension of the ipsilateral
carotid sinus but failed to respond to either carotid chemore-
ceptor or pulmonary C-fiber stimulation. The latency of the
vagus nerve—evoked synaptic responses in cells activated
by pulmonary C-fiber stimulation was 54 + 6.6 ms (n =
4), whereas cells activated by carotid body or carotid sinus
stimulation received an input from the carotid sinus nerve
a72+11ms(n=10).

Recording sites of cardiac-receptive NTS neurons

The recording sites of six neurons driven synaptically fol-
lowing cardiac branch stimulation and excited by chemical
stimulation of cardiac receptors were marked and found to
be within the NTS (Fig. 9). The positions of other neurons,
determined by extrapolation relative to the marked recording
sites, were restricted to regions dorsomedial, medial, and
ventromedial to the solitary tract at rostro-caudal levels coin-
ciding with the area postrema (particularly its caudal most
half) and extending into the commissural subnucleus

(Fig. 9).

DISCUSSION

Our results give the first description of the response char-
acteristics of NTS neurons following chemical stimulation
of cardiac (ventricular) vagal receptors in the anesthetized
cat. The major finding of this study was that the majority of
cardiac vagal receptor-driven NTS neurons received conver-
gent input from other cardiorespiratory receptors originating
from carotid chemoreceptors and pulmonary vagal C-fibers
and to a far lesser extent from baroreceptors. These data
support the observations of Paton (1998a,b) in the mouse
who showed that NTS neurons appear to receive either
chemo- or mechanosensory information.

Technical considerations

With regard to the cardiac receptors stimulated with verat-
ridine it is likely that these will include receptors close to
the coronary arteries as well as within the ventricular wall
because we injected veratridine into either the root of the
aorta or the left ventricle. Stimulation of cardiac receptors
with aortic root injections of veratridine depressed phrenic
nerve activity and elicited areflex bradycardia and depressor
response that is similar to that described in other reports that
used comparable methods for stimulating these receptors
(Daly 1986; Hainsworth 1991; Paton 1998a,b). We believe
that this stimulus is effective in activating receptors that

relay with unmyelinated axons, as we were able to record
such activity in cervical vagal fiberswhere we also measured
the conduction delay after stimulation of their axons in the
cardiac vagal branches, and it isknown that myelinated vagal
afferents are also affected (Oberg and Thorén 1972; Paintal
1955). Notably such stimulation failed to activate fibers in
pulmonary vagal branches. Interestingly, the excitatory re-
sponses observed in NTS neurons on veratridine application
appeared to be mediated over pathways involving unmyelin-
ated vagal afferents although there was often a short latency
excitatory responseto cardiac branch or cervical vagal stimu-
lation. We measured the conduction velocity of the afferents
involved with some accuracy as we had electrodes around
both cardiac branches and the cervical vagus and could thus
measure the conduction distance between them as well as
the latencies of the responses. In many cases we had good
evidence of both unmyelinated (i.e., latency >45 ms) and
myelinated inputs. This is in direct contradiction to the ob-
servations of Bennett et al. (1985) who claimed discrete
actions of myelinated and unmyelinated cardiac vagus nerve
afferent inputs. In those cases where we fail to report an
unmyelinated component to the response (10 cardioreceptive
neurons with latencies of <45 ms following cardiac vagus
stimulation), these neurons were not subjected to exhaustive
tests of all the cardiac vagal brancheswith increasing intensi-
ties of stimulation. Thus we cannot exclude the possibility
that they also received an unmyelinated input that might
contribute to the evoked effects of veratridine. The heteroge-
neity of afferentsin the cardiac vagal branch may contribute
to our observations as only cells driven by cardiac vagal
branch stimulation (24 of 73) responded to aortic root or
ventricular injections of veratridine. Thus the cardiac vaga
branch may contain other afferents of noncardiac origin (i.e.,
oesophageal and pulmonary) as was discussed by Bennett
et a. (1985) and Donoghue et a. (1981). However, we
believe that convergence of myelinated and unmyelinated
inputs is the norm rather that the exception and it is possible
that this convergence involves chemosensitive inputs (see
Peripheral vagal afferent activity).

We believe that right atrial injections of PBG affect pri-
marily receptors within the pulmonary bed that relay to the
medulla with unmyelinated axons; the receptors correspond
to Jreceptors as defined by Paintal (1955). Fibersin pulmo-
nary vagal branches were activated by such injections and
the activity of unmyelinated fibersin the cervical vagus were
recorded that also responded abruptly (latency <1 s) to
PBG. Theseinjectionsfailed to excite cardiac vagal branches
at short latency with effects observed only after >6 s when
as a consequence of circulation through the pulmonary bed
they could directly affect cardiac receptors (Daly 1991).
Because NTS responses following right atrial injection of
PBG were evoked well within 5 s, we believe that the re-
sponses can be attributed to activation of pulmonary recep-
tors. The cardiorespiratory responses to both veratridine and
PBG were abolished by vagal section implying that they
activate only receptor endings of vagal afferents.

Cardiorespiratory afferent convergence to cardioreceptive
NTS neurons

The observations that NTS neurons received convergent
inputs from cardiac receptors stimulated by veratridine, pul-
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monary chemosensitive receptors, and carotid chemorecep-
tors may add to our understanding of the organization and
integration of reflex inputs. Recently distinctive and comple-
mentary patterns of cardiorespiratory afferent convergence
based on peripheral receptor modality were demonstrated
(Dawid-Milner et a. 1995; Paton 1998a,b). This data was
based on the finding that mechanoreceptors and chemosensi-
tive receptors affected different NTS neurons in an appar-
ently ordered manner. This is both further supported and
extended by the present data. In the present studies in the
anesthetized cat, stimulation of both baroreceptors and dis-
tension of the right atrium failed to excite cardioreceptive
NTS neurons. However, these cardioreceptive NTS neurons
were synaptically driven by inputs from carotid chemorecep-
tors and/or pulmonary C-fibers. This evidence further sub-
stantiates the idea that cardiovascular mechanoreceptors do
not excite those NTS neuronsthat areinvolved in theintegra-
tion of chemosensitive cardiorespiratory receptor inputs.
Baroreceptor activation did on occasion inhibit NTS neurons
that were excited by chemosensory inputs (see aso Silva
Carvalho et al. 1995). It is, however, notable that Mifflin
(1996) describes a less distinct pattern of convergence be-
tween laryngeal mechanoreceptor inputs and carotid sinus
nerve inputs. He reports convergence of laryngeal mechano-
receptive and carotid chemoreceptor inputs and a separate
convergence of laryngeal mechanoreceptor and carotid baro-
receptor input on the other. He argues that the convergence
pattern is output related (i.e., related to the effects on heart
rate of the various inputs as an example). He did not, how-
ever, distinguish between mechanical and chemical activa-
tion of the larynx as in the study of Dawid-Milner et al.
(1995) and a marked mechanical stimulus might elicit sec-
ondary chemical effects within the larynx that could affect
his interpretation. Clearly more studies are required to eluci-
date the discrepancies between these observations.

Our finding of separate central reflex pathways for chemo-
sensory and mechanoreceptor inputs from a range of recep-
tors within the cardiorespiratory system also is contentious;
there is evidence, at least with cardiac receptor inputs, to
suggest that they comprise a spectrum ranging from pure
chemical to pure mechanical sensitivity (Kaufman et al.
1980; Oberg and Thoren 1972; Sleight et al. 1969). Armour
(1994) suggests a ratio of 70:30% chemica to mechanore-
ceptor. Although we did not attempt to delineate the nature
of the cardiac receptor input in the present study, stimulation
of cardiac mechanoreceptorsin the mouse proved ineffective
in exciting NTS neurons responding to both intraventricular
injection of veratridine and pulmonary C-fiber stimulation
(companion paper Paton 1998b). We do have preliminary
data indicating that unmyelinated vagal afferents excited by
balloon inflation of the left ventricle are not affected by
intraventricular injections of either veratridine or adenosine
5’-triphosphate (Silva-Carvalho, Rocha, Paton, and Spyer,
unpublished observations) It follows, therefore, that cardiac
receptors may provide the central nervous system with infor-
mation containing different sensory modalities as recently
described by Paton (1998a) in the mouse. Consistent with
this possibility is the finding that selective activation of
chemically versus mechanically sensitive cardiac receptors
produced different reflex effects on the cardiovascular sys-
tem (cf. McGregor et al. 1986 with Tutt et al. 1988). At

present we have not investigated the interaction of cardiac
mechanoreceptor inputs and chemical stimuli in the cat be-
yond the controls in the present study that involved control
saline injections, but this is an important issue that requires
detailed attention in further investigations. This interaction
may parallel the situation with laryngeal receptors (see Wid-
dicombe 1986) and affect the interpretation of earlier pub-
lished accounts (see Dawid-Milner et a. 1995; Mifflin
1996). However more compelling support comes from the
observations outlined in studies in the mouse (Paton
1998a,b).

Functional consequences of patterns of convergence

The tendency for cardiac chemically sensitive inputs to
converge onto neurons receiving either or both arteria che-
mosensory input and pulmonary C-fiber input is comparable
with that seen in the mouse (Paton 1998a,b) and supports
the notion of information channeling in the NTS. This chan-
neling may indicate dedicated projection targets of NTS neu-
rons to specific outputs such as cardiac vagal motoneurons,
premotor sympathetic, or the respiratory network (Mifflin
1992, 1996; Paton 1998a,b; Spyer 1994) implying that the
NTS is coded for output rather than input. There may, how-
ever, be additional conseguences of the patterns of conver-
gence revealed in the present investigation. It is perhaps
surprising that afferent inputs that have distinctly different
effects on certain physiological variables converge so early
in the central processing network. This is exemplified with
regard to the cardiac and pulmonary effects on respiration
that are to ow partially respiratory rate by exciting postin-
spiratory activity (Paton 1997). Arterial chemoreceptors act
to enhance respiratory rate and depth but also excite postin-
spiratory neurons. The former two reflex inputs could be
considered to be protective in function and are related to
primitive reflex functionsin our fish ancestors. In this context
it is notable that with respiration, controlled peripheral che-
moreceptor stimulation provokes a bradycardia as with the
other two reflex inputs (Daly 1991) . This allows usto specu-
late that the arterial chemoreceptor reflex may also function
as a protective reflex as well as acting as a primary homeo-
static mechanism as suggested previously (Coleridge et al.
1991). Thisdual role may well underliethe facilitatory inter-
action between the arterial chemoreceptor reflex and the hy-
pothalamic defense response (Marshal 1977; Silva-Car-
valho et al. 1995) that is mediated at least in part in the
NTS. Indeed many of the neurons in the present study that
were shown to have convergent excitatory inputsfrom differ-
ent chemosensory afferents were also excited upon stimula-
tion within the hypothalamic defense area (Silva-Carvalho,
Paton, Rocha, and Spyer, unpublished observations).
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