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Abstract

Ž . Ž .The Bezold-Jarisch B-J reflex was activated by serotonin 5-HT, i.v. before and 10 min after bilateral microinjection of increasing
Ž .doses of kynurenic acid, a non-selective antagonist of excitatory amino acid EAA receptors, into the commissural nucleus tractus

Ž . Ž . Ž .solitarii NTS of sino-aortic deafferentated SAD and sham-operated SO unanesthetized rats. Increasing doses of kynurenic acid
Žproduced a dose-dependent blockade of the bradycardic and hypotensive responses to B-J reflex activation in both SO from 0.1 to 10.0

. Ž .nmolr100 nl and SAD from 0.1 to 2.0 nmolr100 nl . Comparison of the effect of kynurenic acid on the hypotension and bradycardic
dose–response curves showed a significant difference between SO and SAD rats, indicating that smaller doses of kynurenic acid are
required in SAD rats than in SO rats to block the neurotransmission of the B-J reflex in the NTS. The data also showed that bilateral

Ž . Žmicroinjection of kynurenic acid into the NTS at doses of 0.5 131"7 vs. 115"8 mmHg and 2.0 nmolr100 nl 140"11 vs. 116"9
.mmHg produced an acute and significant increase in the basal mean arterial pressure of SAD rats similar to that observed with the same

doses in SO rats, which was back to control values 5–10 min later. The increase in basal mean arterial pressure immediately after
kynurenic acid microinjection into the NTS of SAD rats suggests that in the absence of the arterial baroreceptors, the B-J reflex plays an
important role in the autonomic regulation of the circulation. The data also show different dose–response curves for hypotension and
bradycardia in response to B-J reflex activation in SAD than in SO rats in the presence of increasing doses of kynurenic acid into the
NTS, indicating that the neurotransmission of the B-J reflex in the NTS of SAD rats is more sensitive to the blockade of the EAA
receptors than in SO rats.
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1. Introduction

The physiological role of the cardiopulmonary afferent
Ž .C-fibers in the regulation of arterial pressure AP in

w xnormal animals is not completely understood 12,15 . Stud-
w xies performed by Persson et al. 14 have shown that

cardiopulmonary receptors play an important role in the
regulation of AP after the removal of arterial baroreceptors
in dogs. We have shown that the cardiovascular responses

Ž .produced by the activation of the Bezold-Jarisch B-J
Ž .reflex by serotonin 5-HT, i.v. are significantly greater

Ž .after sino-aortic deafferentation SAD than in sham-oper-
Ž .ated SO rats and also that the neurotransmission of the

cardiovagal component of the B-J reflex in the NTS of

) Ž .Corresponding author. Fax: q55 16 633-0017. E-mail: bh-
machad@fmrp.usp.br

w xnormal rats is mediated by NMDA receptors. 3,4 . The
data from our previous studies, taken together, suggest an
important role for the cardiopulmonary receptors in circu-
latory control after removal of arterial baroreceptors and
indicate an important role for the excitatory amino acid
Ž .EAA receptors in the neurotransmission of the B-J reflex
in the NTS. However, the characteristics of the neurotrans-
mission of the B-J reflex in the NTS of SAD rats, particu-
larly under unanesthetized conditions, has not been studied
before.

The aim of the present study was to evaluate whether
the neurotransmission of the B-J reflex in the NTS is
altered after SAD. Thus, we microinjected kynurenic acid,
a non-selective antagonist of EAA receptors, into the NTS
of SO and SAD rats and examined the cardiovascular
responses produced by activation of the B-J reflex and the
changes in the basal MAP and HR of these animals.
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2. Methods

Male Wistar rats weighing 250–270 g were used in the
present study. Four days before to the experiments, after a
12-h fast, the rats were submitted to pentobarbital sodium

Ž Ž ..anesthesia 40 mgrkg, intraperitoneally i.p. and later,
under deep anesthesia, were placed in a stereotaxic appara-

Ž .tus David Kopf Instruments, USA and implanted with
guide cannulas in the direction of the NTS, according to

w xthe coordinates of Paxinos and Watson 13 and using the
w xtechnique of Michelini and Bonagamba 11 . The deep

level of anesthesia was carefully followed during the
stereotaxic surgery by frequently pinching the paw and
additional anesthetic was injected ip when required. The

Ž .guide cannulas 15 mm long were introduced perpendicu-
larly 0.5 mm lateral to the midline, 14 mm caudal to the
bregma and 7.9 mm below the skull surface. The tip of the
guide cannula was placed in the cerebellum 1.0 mm above
the dorsal surface of the brain stem. The cannulas were
fixed to the skull with methacrylate and watch screws and
occluders were used until the time for microinjection. The

Žneedle used for microinjection 33 gauge, Small Parts,
.Inc., FL into the NTS was 1.5 mm longer than the guide

cannula and was connected by PE-10 tubing to a 1 ml
Ž .syringe Hamilton, Reno, NV .

One day before the experiments one group of rats was
submitted to SAD, under ether anesthesia, by the technique

w xof Krieger 8 . Another group of rats was submitted to
Ž .sham operation SO and both groups, under the same

anesthesia, had a catheter inserted into the femoral artery
Ž .for measurement of pulsatile arterial pressure PAP and

Ž .heart rate HR and a second catheter inserted into the
Ž .femoral vein for serotonin 5-HT and phenylephrine injec-

tion. Both catheters were tunneled and exteriorized through
the back of the neck to be connected to the pressure
transducer under conscious freely moving conditions. PAP

Ž .and mean arterial pressure MAP were measured with a
Žpressure transducer COBE CDX III, COBE Laboratories,
.Inc., Lakewood, CO connected to a Narcotrace 80 Physio-

Ž .logical Recorder NARCO Bio-Systems, Austin, TX and
HR was quantified with a NARCO Biotachometer Coupler
Ž .Model 7302 .

The efficacy of SAD was evaluated by intravenous
Ž .injection of phenylephrine 0.5 mgrrat before the experi-

ments and only the rats that presented a bradycardia of less
than 20 bpm in response to an increase of 35–40 mmHg in

Ž .mean arterial pressure MAP were included in the SAD
group. The B-J reflex was activated by the injection of

Ž .5-HT at a dose 8.0 mgrkg, i.v. that produces significant
w xhypotension and bradycardia 3,4 . The cardiovascular ef-

fects of 5-HT were effectively mediated by the vagus
nerve efferent to the heart, considering that in previous
studies we were able to block the bradycardic and hypoten-
sive responses to B-J reflex activation with methylatropine,

w xi.v. 4 . In SAD rats, which present high arterial pressure
lability, the activation of the B-J reflex was performed

during periods of minor apparent variability in MAP. The
injection of 5-HT was performed before and 10 and 40
min after bilateral microinjection of kynurenic acid into
the NTS. In all groups of rats the cardiovascular responses
to B-J reflex activation were back to control values 40 min
after bilateral microinjections of kynurenic acid into the
NTS, showing the reversibility of the EAA receptor block-
ade.

The kynurenic acid microinjected into the NTS was
Ž .diluted in saline pH 7.0 and the microinjections were

performed in a volume of 100 nl. The needles for micro-
injection were carefully inserted sequentially into both
guide cannulas and the microinjections performed manu-

Žally. Three different doses of kynurenic acid 0.1, 0.5 and
2.0 nmolr100 nl corresponding to 1, 5 and 20 millimolar,

.respectively were microinjected into the NTS of three
Žgroups of SAD rats and four doses 0.1, 0.5, 2.0 and 10.0

nmolr100 nl corresponding to 1, 5, 20 and 100 millimolar,
.respectively were microinjected into the NTS of four

groups of SO rats. The rats of each group received only
one dose of kynurenic acid. The dose of 10.0 nmolr100 nl
was also tentatively microinjected into the NTS of SAD
rats but this dose produced dramatic changes in ventilation
and for this reason this group of SAD rats was not
considered in the data analysis.

The activation of the Bezold-Jarisch reflex was per-
Ž .formed 10 min before control and 10 min after bilateral

microinjection of kynurenic acid into the NTS. The differ-
ent doses of kynurenic acid into the NTS produced maxi-
mal changes in baseline MAP and HR 1–3 min after
microinjection and the values observed at this time were
considered to be the changes in baseline produced by

Ž .kynurenic acid Figs. 1 and 2 . However, 10 min after
bilateral microinjection of kynurenic acid when the B-J

Ž . ŽFig. 1. Mean arterial pressure MAP, upper panel and heart rate HR,
. Ž . Ž .lower panel before open bars and 1–3 min after hatched bars bilateral

Žmicroinjections of increasing doses of kynurenic acid 0.1, 0.5, 2.0 and
.10.0 nmolesr100 nl into the NTS of four distinct groups of sham-oper-

Ž) .ated rats P -0.05 .
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Ž . ŽFig. 2. Mean arterial pressure MAP, upper panel and heart rate HR,
. Ž . Ž .lower panel before open bars and 1–3 min after hatched bars bilateral

Žmicroinjections of increasing doses of kynurenic acid 0.1, 0.5, and 2.0
.nmolr100 nl into the NTS of three distinct groups of sino-aortic

Ž) .deafferentated rats P -0.05 .

reflex was activated again, MAP and HR were back to the
control baseline values. In this case, the exception was the
SO group that received the dose of 10 nmolr100 nl, in
which the MAP remained significantly increased at that
time.

After the experiments carried out under conscious con-
Ž .ditions, 100 nl of Evans blue 2% was microinjected into

the same sites for histological analysis and later, under
ether anesthesia, intracardiac perfusion with saline fol-
lowed by 10% buffered formalin was performed. The
brains were removed and 2 days later serial coronal sec-

Ž .tions 10 mm were cut and stained by the Nissl method.
Only the rats with the microinjection sites located in the
commissural NTS between the rostral and caudal edge of
the area postrema were considered for data analysis. Statis-
tical analysis for comparison between the dose response
curves of SO and SAD rats was performed by analysis of

Ž .variance ANOVA followed by the F-test for the differ-
ences between groups. The differences between changes in
the basal MAP and HR before and after kynurenic acid
were compared by the Student t-test and the level of
significance was set at 0.05 in all cases.

3. Results

Fig. 1 summarizes the changes in basal MAP and HR
observed 1–3 min after bilateral microinjection of increas-
ing doses of kynurenic acid into the NTS of SO rats. The

Župper panel shows that the doses of 0.5 131"10 vs.
. Ž .113"5 mmHg , 2.0 137"11 vs. 112"4 mmHg and

Ž .10.0 nmolr100 nl 168"10 vs. 110"3 mmHg of
kynurenic acid produced a significant increase in MAP

Table 1
Ž . Ž .Mean arterial pressure MAP and heart rate HR 10 min before and 10

min after bilateral microinjection of different doses of kynurenic acid
Ž . Ž .0.1, 0.5, 2.0 and 10.0 nmolr100 nl into the NTS of sham-operated SO
rats

Ž . Ž .Dose MAP mmHg HR bpm n

Before After Before After

0.1 102"3 107"5 355"33 350"27 4
0.5 114"4 114"5 340"24 337"19 4
1.0 120"4 122"6 371"5 377"11 4

aŽ .10.0 107"5 120"8 380"29 368"18 6

a P -0.05.

compared to control values. The lower panel shows that
basal heart rate was significantly increased only after
bilateral microinjection of 10.0 nmolr100 nl of kynurenic

Ž .acid into the NTS 364"11 vs. 314"7 bpm . It is
important to note that 10 min after bilateral microinjection
of the doses of 0.1, 0.5 and 2.0 nmolr100 nl of kynurenic
acid into the NTS of SO rats, baseline MAP and HR were

Ž .back to control baseline values Table 1 .
Table 1 presents the baseline values of MAP and HR 10

min before and 10 min after bilateral microinjection of
different doses of kynurenic acid into the NTS of SO rats
and indicates that only the MAP of the group that received
the dose of 10 nmolr100 nl remained significantly higher

Žthan control 10 min after the microinjection 120"8 vs.
.107"5 mmHg .

Fig. 2 summarizes the changes in basal MAP and HR
observed 1–3 min after bilateral microinjection of increas-
ing doses of kynurenic acid into the NTS of SAD rats. The

Župper panel shows that the doses of 0.5 131"7 vs.
. Ž .115"8 mmHg and 2.0 140"11 vs. 116"9 mmHg of

kynurenic acid produced a significant increase in MAP
compared to control values. The lower panel shows that
basal HR was not significantly affected by the three differ-
ent doses of kynurenic acid microinjected into the NTS of
SAD rats. It is important to note that 10 min. after bilateral
microinjection of the doses of 0.1, 0.5 and 2.0 nmolr100
nl of kynurenic acid into the NTS of SAD rats, baseline

Ž .MAP and HR were back to control values Table 2 .
Table 2 presents the baseline values of MAP and HR 10

min before and 10 min after bilateral microinjection of

Table 2
Ž . Ž .Mean arterial pressure MAP and heart rate HR 10 min before and 10

min after bilateral microinjection of different doses of kynurenic acid
Ž .0.1, 0.5 and 2.0 nmolr100 nl into the NTS of sino-aortic deafferentated
Ž .SAD rats

Ž . Ž .Dose MAP mmHg HR bpm n

Before After Before After

0.1 127"11 134"15 376"40 385"39 5
0.5 113"14 103"8 386"28 348"12 5
2.0 110"15 115"3 398"42 392"35 5
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different doses of kynurenic acid into the NTS of SAD rats
and indicates that the MAP of all groups was back to
control baseline values 10 min after the microinjection.

Fig. 3 summarizes the bradycardic responses to B-J
Ž .reflex activation by 5-HT i.v. of SO and SAD rats before

and 10 min after bilateral microinjections of increasing
doses of kynurenic acid into the NTS. The data show that

Ž . Žin SO rats Fig. 3A the doses of 0.1 y190"23 vs.
. Ž .y187"11 bpm , 0.5 y162"31 vs. y160"34 bpm ,

Ž .2.0 y205"15 vs. y127"30 bpm and 10.0 nmolr100
Ž .nl y178"14 vs. y3"24 bpm produced a dose depen-

dent blockade of the bradycardic response to B-J reflex
activation when compared with the responses of their

Ž .respective controls. In SAD rats panel B , the doses of 0.1
Ž . Žy166"25 vs. y150"42 bpm , 0.5 y224"47 vs.

. Žy80"19 bpm and 2.0 nmolr100 nl y212"25 vs.
.y28"9 bpm also produced a dose-dependent blockade

of the bradycardic response to B-J reflex activation. Statis-
Ž .tical analysis ANOVA for comparison of the responses

after kynurenic acid in the 0.1 to 2.0 nmolr100 nl range
showed a significant difference between these two dose–
response curves for SO and SAD rats.

w Ž .xFig. 3. A: bradycardic responses changes in basal heart rate DHR to
Ž .Bezold-Jarisch reflex activation by serotonin 5-HT, 8 mgrkg, i.v.

Ž . Ž .before open bars and 10 min after hatched bars bilateral microinjec-
tions of kynurenic acid into the NTS at doses of 0.1, 0.5, 2.0 and 10.0
nmolr100 nl in four distinct groups of SO rats. B: bradycardic responses
Ž Ž ..changes in basal heart rate DHR to Bezold-Jarisch reflex activation by

Ž . Ž .serotonin 5-HT, 8 mgrkg, i.v. before open bars and 10 min after
Ž .hatched bars bilateral microinjections of kynurenic acid into the NTS in
the doses of 0.1, 0.5, 2.0 nmolr100 nl in three distinct groups of SAD

Ž .rats. Analysis of variance ANOVA shows significant differences be-
Ž . Ž) .tween the dose–response curves of SAD and SO rats P -0.05 .

Different compared to the control response.

wFig. 4. A: hypotensive responses changes in basal mean arterial pressure
Ž .x ŽD MAP to Bezold-Jarisch reflex activation by serotonin 5-HT, 8

. Ž . Ž .mgrkg, i.v. before open bars and 10 min after bilateral hatched bars
microinjections of kynurenic acid into the NTS at doses of 0.1, 0.5, 2.0
and 10.0 nmolesr100 nl in four distinct groups of SO rats. B: hypoten-

w Ž .xsive responses changes in basal mean arterial pressure D MAP to
Ž .Bezold-Jarisch reflex activation by serotonin 5-HT, 8 mgrkg, i.v.

Ž . Ž .before open bars and 10 min after bilateral hatched bars microinjec-
tions of kynurenic acid into the NTS at doses of 0.1, 0.5 and 2.0
nmolesr100 nl in three distinct groups of SAD rats. Analysis of variance
Ž .ANOVA shows significant differences between the dose–response

Ž . Ž) .curves of SAD and SO rats P -0.05 . Different compared to the
control response.

Fig. 4 summarizes the hypotensive responses to B-J
Ž .reflex activation by 5-HT i.v. of SO and SAD rats before

and after bilateral microinjections of increasing doses of
Ž .kynurenic acid into the NTS. In SO rats Fig. 4A , the

Ž . Ždoses of 0.1 y46"4 vs. y44"4 mmHg , 0.5 y39"7
. Ž .vs. y42"8 mmHg , 2.0 y51"4 vs. y31"5 mmHg

Ž .and 10.0 nmolr100 nl y45"3 vs. y15"2 mmHg
produced a dose dependent blockade of the hypotensive
response to B-J reflex activation when compared with their

Ž .respective control responses. In SAD rats Fig. 4B , the
Ž . Ždoses of 0.1 y47"8 vs. y49"12 mmHg , 0.5 y54

. Ž"6 vs. y29"4 mmHg and 2.0 nmolr100 nl y55"6
.vs. y10"3 mmHg also produced a dose-dependent

blockade of the hypotensive response to Bezold-Jarisch
Ž .reflex activation. Statistical analysis ANOVA for com-

parison of the responses after kynurenic acid in the 0.1 to
2.0 nmolr100 nl range showed a significant difference
between the dose–response curves for SO and SAD rats.

Fig. 5 is a photomicrograph of a coronal section of the
brainstem showing the sites of microinjection into the
commissural NTS at the level of the rostral edge of the
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Fig. 5. Photomicrograph of a coronal section of the brain stem of one rat representative of the groups studied showing the sites of microinjection in the
lateral portion of the commissural NTS at the level of the rostral edge of the area postrema.

area postrema of one rat representative of all groups
studied.

4. Discussion

The removal of aortic and carotid baroreceptors pro-
duces an important imbalance in the autonomic regulation
of blood pressure with a marked increase in arterial pres-
sure lability, but no maintained hypertension has been

w xobserved in dogs and rats after deafferentation 1,5,7,9,10 .
The unexpected absence of hypertension in SAD rats is an
intriguing question that has been addressed by different

w x w xstudies 1–3,7,9 . In a recent study 3 we observed that the
activation of the B-J reflex 1 and 15 days after SAD
produced greater depressor and bradycardic responses than
in SO rats and we suggested that SAD rats present in-
creased sensitivity of the B-J reflex. These possibility was

w xin accordance with studies by Persson et al. 14 showing
that surgical removal of cardiopulmonary afferent C-fibers
after SAD produces a significant increase in MAP in dogs.
The increased sensitivity of the B-J reflex observed in our
previous study could be explained by a possible change in
neurotransmission at the NTS level, considering that stud-

w x w xies by Vardhan et al. 17 and Verberne and Guyenet 18
demonstrated that the first synapse of the afferent C-fibers
occurs at this level and is mediated by EAA receptors. In a

recent study performed on unanesthetized rats we demon-
strated that the neurotransmission of the cardiovagal com-
ponent of the B-J reflex in the NTS is mediated by NMDA

w xreceptors 4 .
In the present study we evaluated the possibility that the

increased sensitivity of the B-J reflex could be due to
changes in neurotransmission at the NTS level, where the
cardiopulmonary, baro- and chemoreflex have their first
synapse in the central nervous system. All of these 3
afferent systems seem to use L-glutamate as a neurotrans-

w xmitter 6,16–18 . Therefore, in the absence of the arterial
baroreceptor afferents in SAD rats, the neurotransmission
of the B-J reflex may be modified, with a consequent
change in the responses to the activation of this afferent
system. The data obtained in the present study are consis-
tent with this hypothesis, considering that kynurenic acid,
a non-selective EAA receptor antagonist, produced a
greater dose-dependent blockade of the hypotension and
bradycardic response to the B-J reflex activation in SAD
rats than in SO rats, probably because a smaller amount of
the neurotransmitter is released at the NTS level. In addi-
tion, it is possible that the activation of cardiopulmonary
receptors and baroreceptors produces cardiovagal excita-
tion and sympatho-inhibition by activation of the same
pool of EAA receptors in the post-synaptic neurons in the
NTS. In this case, it is also possible that the absence of
baroreceptor afferents to the NTS reduces the release of
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the neurotransmitter, with a possible increase of post-syn-
aptic receptors sensitivity to the EAA receptor involved in
the neurotransmission of the B-J reflex.

The activation of sympatho-inhibitory pathways by the
cardiopulmonary afferents may modulate the basal sympa-
thetic outflow keeping the MAP within a normal range
considering that SAD rats are not hypertensive. This possi-
bility is supported by the significant acute increase of
MAP observed after bilateral microinjections of kynurenic
acid into the NTS of SAD similar to the increase observed
in SO rats. This increase in MAP after injection of
kynurenic acid into the NTS of SAD rats, associated with
the greater dose-dependent blockade of the B-J reflex by
kynurenic acid in these rats, indicates that the neurotrans-
mission of the B-J reflex at the NTS level is altered and
suggests that this afferent system plays an important role
in the cardiovascular regulation after removal of arterial
baroreceptors.

No significant increase in HR was observed after
kynurenic acid in the NTS of SAD rats, probably because
basal HR was already increased due to the absence of
arterial baroreceptors, while in SO rats a significant tachy-
cardic response was observed. These differences in the
changes in the basal HR and MAP between SO and SAD
rats also suggest a dissociation of the autonomic process-
ing of heart rate and vascular resistance at the NTS level
and agree with our previous study showing that the neuro-
transmission of the cardiovagal component of the Bezold-

w xJarisch reflex is mediated by NMDA receptors 4 . There-
fore, considering that the increase in the basal MAP of
both SAD and SO rats after bilateral microinjection of
kynurenic into the NTS and that the bilateral microinjec-
tion of AP-5, a selective NMDA receptor antagonist, pro-

w xduced no effect on baseline MAP in control rats 4 , we
may suggest that the sympatho-inhibitory component of
the B-J reflex is mediated by non-NMDA receptors. How-
ever, additional studies are required to confirm this possi-
bility.

We conclude that the neurotransmission of the B-J
reflex in the NTS of SAD rats is more sensitive to the
antagonism of EAA receptors and the findings that the
basal MAP of SAD rats was significantly increased after
kynurenic acid support the hypothesis that this reflex plays
an important role in the autonomic regulation of the circu-
lation after removal of the arterial baroreceptors.
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