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ABSTRACT

In this study, it was aimed to investigate the role of serotonergic neurotransmission in nucleus
tractus solitarius (NTS) for the central regulation of blood pressure and heart rate and its involve-
ment in baroreceptor reflex activation in rats. A microinjection of 5-hydroxytryptamine (5-HT) into
the NTS produced decreases in blood pressure and heart rate. Maximal decreases were 34.4+1.6
mmHg and 41.7+10.2 beats per min by 300 pmol of 5-HT. Microinjections of «-methylnor-
adrenaline (¢-MNE) and clonidine manifested similar decreases in blood pressure and heart rate.

The hypotensive and bradycardial effects of 5-HT were blocked by previous applications of 5-HT
antagonists, ritanserin, methysergide and ketanserin into the NTS, respectively. By pretreatment with
reserpine and 6-hydroxydopamine (6-OHDA, i.c.v.), both hypotensive and bradycardial effects of
5-HT were significantly attenuated. Pretreatment with 5, 7-dihydroxytryptamine (5,7-DHT, i.c.v.)
enhanced the hypotensive and bradycardial effects of 5S-HT. Similarly, following pretreatment with
6-OHDA, the effects of clonidine were increased. Pretreatment either with 5, 7-DHT or 6-OHDA
significantly attenuated the sensitivity of baroreflex produced either by phenylephrine or by sodium
nitroprusside. When either 5, 7-DHT or 6-OHDA was injected into the NTS (5, 7-DHT; 8 ng
6-OHDA; 10 ug), both of the baroreflex sensitivities were impaired. In the immunohistochemical
study, the injection of 6<OHDA into the the NTS led to reduction of axon terminal varicosity,
however, the injection did not reduce the numbers of catecholaminergic cell bodies. Likewise, when
5, 7-DHT was injected into the NTS, the varicosity of serotonergic axon terminals was markedly
reduced.

Based on these results, it is suggested that (1) stimulation of serotonergic receptors in the NTS
leads to decreases in blood pressure and heart rate as observed with the stimulation of cate-
cholaminergic system, (2) both serotonergic and catecholaminergic receptors may be located
postsynaptically, and (3) the serotonergic neurons as well as catecholaminergic neurons may have
a close relevance for the activation of baroreflex.
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relaying the information arising from peripheral
baroreceptors and cardiopulmonary afferents to
the vasomotor center (Kalia and Welles, 1980;
Miura and Reis, 1972; Palkovits and Zaborszky,
1977). The NTS is heavily innervated by

INTRODUCTION

Recently, many studies have focused on the role

of the nucleus tractus solitarius in the central
regulation of cardiovascular function (De Jong
and Nijkamp, 1976; Healy et al., 1981; Laguzzi et
al., 1984; Palkovits and Zaborszky, 1977; Reis et
al., 1981). The NTS is known to have the role for
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catecholaminergic neuron (Armstrong et al.,
1981; Koda and Bloom, 1983; Palkovits and
Jakobowitz, 1974). Microinjection of no-
radrenaline or @-MNE produce a fall in blood
pressure in association with the decrease of heart
rate. Effects produced by both of these drugs are
blocked by phentolamine (Kubo and Misu, 1981;



Zandberg et al., 1979). The effect of a»
adrenoceptor agonists in the NTS was emphasized
by the report of Kubo and Misu (1981), in which
microinjection of #-MNE and clonidine caused a
fall in blood pressure and heart rate while both
variables were increased by phenylephrine and St
587.

Additionally, serotonergic system has been
demonstrated to exert a modulating role for the
cardiovascular system controlled by central ner-
vous system (Kuhn et al., 1980; Palkovits et al.,
1974; Wing and Chalmer, 1974). In the NTS, high
level of 5-HT has been demonstrated in nerve
terminals as well as in fibers (Gaudin-Chazal et
al., 1982; Pickel et al., 1984; Steinbusch, 1984).

Recently, after microinjection of 5-HT into the
NTS, Laguzzi and his collegues (1982; Schvaloff
and Laguzzi, 1986) observed a transient fall in
blood pressure and heart rate, both being blocked
by pretreatment with 5-HT antagonists, meter-
goline or ketanserin. However, the role and impor-
tance of serotonergic neurotransmission in NTS
are unclarified.

Thus, the present study was aimed to investi-
gate the role of central serotonergic neurotransmis-
sion in the regulation of blood pressure and heart
rate following microinjection of 5-HT into the
NTS. The second aim is to elucidate the involve-
ment of the serotonergic mechanism in the regula-
tion of baroreflex sensitivity. These results are
being discussed with references to those of the
catecholaminergic mechanism.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats weighing 250-280 g
were used. Rats were housed in isolation units
under constant temperature and humidity on a 12
hr light and dark cycle (6:00 am. —6:00 p.m.).
They were given chip food and water ad libitum.
The animals were anesthetized with urethane (1 g/
kg) and pretreated with atropine (1 mg/kg) unless
otherwise stated. Under anesthesia, the left carotid
artery was cannulated with polyethylene catheter
(PE 50) which contained heparinized saline (500
U/m! of 0.9% NaCl). After trachea was cannulat-
ed, bilateral vagotomy was done.

Stereotaxic procedures

Rats were prepared for direct brainstem mi-

croinjection under stereotaxic control according to
the method of Kubo et al. (1981). Rats were
mounted in a small animal stereotaxic instrument
(David Kopf) with the cranium at an angle of 45°
below the horizontal. Incision was made above
cranial neck muscles to expose the foramen
magnum. The muscles were then dissected away
and atlantooccipital membrane was cut out to
expose the dorsal surface of the brainstem at the
level of the area posirema.

Microinjections were carried out in a volume of
100 nl over a period of 30 s via a glass cannula
(outer diameter 100 m), connected to a Hamilton
microsyringe. All microinjections were made uni-
laterally into the NTS (0.6 mm rostral and 0.6 mm
lateral to the obex, 0.6 mm below the ependymal
surface). Control rats received 100 nl of saline
instead. Different substance was not injected con-
secutively into the same brain area. The accuracy
of NTS injection was confirmed by the fall in
blood pressure and heart rate upon microinjection
of L-glutamate (300 ng/100 nl) into the supposed
area of NTS (Reis et al., 1981).

The left carotid artery was cannulated for
measuring the blood pressure by using Statham
pressure transducer (Madel P450). Heart rate was
monitored by using Biotachometer (Type 7302)
triggered by arterial puises, and recorded on
Physiograph (MK-IV, Narco-Biosystems Inc.)

Measurement of baroreflex sensitivity

Following anesthesia with secobarbital (35
mg/kg, i.p.), polyethylene cannulas (PE 50) were
inserted into the left jugular vein and right carotid
artery to facilitate i.v. injections and to record
blood pressure. The graded increase or decrease in
blood pressure was evoked by injecting serial
bolus iv. doses of phenylephrine and sodium
nitroprusside, respectively. The slope of the linear
regression line relating blood pressure and heart
period represents the gain in baroreflex sensitivity
expressed as milliseconds per millimeters of mer-
cury (Goldstein, 1980).

Histological verification and immunohisto-
chemical determinations

"After cessation of experiment, the animals were
perfused transcardially with zamboni fixative
(Zamboni and Martino, 1967) through the left
atrium. A portion of the medulla was removed and
postfixed in zamboni fixative. Later, the brain
tissues were cut at 25 4 m sections by cryostat and



stained with cresyl violet and thereby, stereotaxic
coordinates of the microinjection cannula were
verified.

For monitoring of the neurotoxin lesions into
the NTS, the indirect immunofluorescence proce-
dure of Coons (1958) and Hokfelt et al. (1978) was
used with minor modification. Briefly, the sections
were incubated overnight at 4°C in phosphate
buffered saline (PBS) containing antibodies raised
in rabbit against dopamine-g-hydroxylase (dilu-
tion 1:1000, personally received from Department
of Pharmacology, Tokushima Medical School
Japan) or in rabbit against 5-HT (dilution 1:200,
BioGenex Laboratories).

The sections were then rinsed with PBS and
incubated with a mixture containing either fluores-
cein isothiocyanate (FITC)-labelled goat anti-
rabbit IgG (dilution 1:1000, BioGenex Labora-
tories).

The sections were rinsed, coverslipped with a
solution of glycerol and PBS (1:1) and examined
with a fluorescence microscope (Zeiss). Distribu-
tion of catecholaminergic and serotonergic neur-
ons and axon terminals were also observed in the
normal rat using indirect immunofluorescence
procedure.

Drugs

Serotonin creatinine sulfate (Sigma), clonidine
HCl (Boehringer Ingelheim), a-methylnor-
adrenaline HC1 (Sterling-Winthrop), methysergide
maleate (Sandoz), ketanserin tartrate (Janssen),
5-hydroxy-dl-tryptophan (5-HTP, Sigma), a-
methyl-p-tyrosine methylester (a-MPT, Sigma),
phenylephrine HCl (Sigma) and sodium nitro-
prusside (Sigma) were diluted in saline. Ritan-
serin (Janssen) was diluted in dimethyl sulfoxide.
6-Hydroxydopamine hydrobromide (Sigma) and
5, 7-dihydroxytryptamine creatinine sulfate (Sig-
ma) were diluted in 0.2% ascorbic acid solution.
Reserpine (Sigma) and dl-parachlorophenylal-
anine (PCPA, Sigma) were suspended in 1% Tween
80.

Reserpine, ¢-MPT and PCPA were admini-
stered i.p. 48, 24 and 72 h prior to experi-
ment, respectively. 6-OHDA (250 ,g) was inject-
edi.c.vtwotimes, 3 and 7 days before and S, 7-DHT
(200 1 g) was injected i.c.v. 7 days before experi-
ment.

Statistical analysis

The results are expressed as mean+S.E.M. The
statistical significance of the difference was
examined by Student’s t-test and the results indicat-
ing p values less than 0.05 were estimated as signif-
icant.

RESULTS

Effct of 5-HT

A microinjection of 5-HT into the NTS pro-
duced a decrease in blood pressure and heart rate
(Fig. 1). Mean basal blood pressure was 108.6+
5.6 mmHg and mean basal heart rate was 395+ 14
beats per min (bpm). It showed biphasic patterns;
one was a fall in 22.1+2.0 mmHg of blood
pressure in association with decrease in 20.0+5.2
bpm of heart rate by 300 fmol of 5-HT and the
other was decrease in 34.4+ 1.6 mmHg of blood
pressure and 41.7+10.2 bpm of heart rate by 300
pmol of 5-HT. The depressor response to 5-HT
was rapid and transient. It recovered to preinjec-
tion level within 1~3 min. A microinjection of
saline with the same volume showed no significant
effect.

Effect of 5-HTP

A microinjection of 5-HTP (100 nl in volume),
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Fig. 1. Dose-response curves of serotonin (5-HT)

microinjected into the nucleus tractus solitar-
ius. Each value represents mean decreases in
blood pressure (BP) and heart rat (HR) of 6
experiments. S; saline.



the precursor of 5-HT, produced dose-dependent
decreases in blood pressure and heart rate. Maxi-
mum decreases were 27.5+1.4mmHg of blood
pressure and 25.0+ 9.7 bpm of heart rate by 3 nmol
of 5-HTP (Fig. 2).

Effect of pretreatment with PCPA

Following pretreatment with an inhibitor of
tryptophan hydroxylase, PCPA, the hypotensive
and bradycardial responses to 5-HT and 5-HTP
were observed. As shown in Table 1, there was no
difference between the two groups.

Effects of S-HT antagonists

For the purpose of identifying the significance
of the biphasic patterns of 5-HT as shown above,
some 5-HT antagonists were previously injected.
Regardless of pretreatment with methyserside, a
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Fig. 2. Dose-response curves of 5-hydroxytryptophan
(5-HTP) microinjected into the nucleus
tractus solitarius. Others are the same as Fig.
1.

5-HT, antagonist, or ketanserine, a 5-HT, antago-
nist, biphasic patterns of inhibition by 5-HT of
blood pressure and heart rate were consistently
blocked. These antagonists could not discriminate
one from the other. Previous injection of ritanserin
(100 pmol) elicited complete inhibition as shown
in Fig. 3. A microinjection of dimethyl sulfoxide,
a vehicle of ritanserin, into the NTS did not
produce a significant effect.

Responses to a,-adrenoceptor agonists
As shown in Fig. 4, when a,-adrenoceptor

agonists, either -MNE or clonidine was injected
into the NTS, dose-dependent fall in blood pres-
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Fig. 3. Dose-response curves of 5-HT which were
antagonized by 5-HT antagonists, ritanserin
(A—aA, 100 pmol), mehtysergide (M—M, 100
pmol) and ketanserin (@—@, 100 pmol). Each
antagonist was microinjected into the nucleus
tractus solitarius. Each value represents mean
decreases in blood pressure (BP) and heart
rate (HR) of 6 experiments. a, p<0.05; b, p<
0.01, significantly different from control (O
—(Q). S; saline.

Table. 1.Effect of pretreatment with PCPA (400 mg/kg, i.p.) on the cardiovascular responses to S-HTP and 5-HT
which were microinjected into the nucleus tractus solitarius

Decrease in BP (mmHg)

Decrease in HR (beats per min)

Drugs
Control PCPA Control PCPA
5-HTP (1 nmol) 25.5+10 26.2+1.9 30.8+9.2 20.8+5.2
5-HT (100 pmol) 262+54 25.0+6.1 31.7+12.2 24.8+4.6

PCPA; p-chlorophenylalanine, 5-HT; 5-hydroxytryptamine, 5-HTP; 5-hydroxytryptophan.

Results are mean+S.E.M. of 6 experiments.



sure and heart rate were observed; maximum
decrease was 38.7+2.9 mmHg of blood pressure 50
with 52.0+6.3bpm of heart rate by 1 nmol of
a-MNE and 34.8+3.7mmHg of blood pressure
with 30.2+10.2 bpm of heart rate by 1 nmol of
clonidine (Fig. 4).

Effects of pretreatment with adrenolytic drugs

~
o
T

Cardiovascular responses to 5-HT after
pretreatment with adrenolytic drugs were obser-
ved. When pretreated with the adrenolytic drugs,
reserpine (2 mg/kg, i.p.), 6-OHDA (250 ygx 2, i.c.
v.) and o-MPT (2mg/kg, i.p.), respectively, the
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ly different from control (data not shown). How- s 10 9.5 9 s 10 9.5 9
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pressure and heart rate was significantly attenuat- Fig. 4. Dose-response curves of @-methylnoradrena-
ed by pretreatment with reserpine and 6-OHDA, line («-MNE) and clonidine microinjected
but not with #-MPT (Table 2). The hypotensive into the nucleus tractus solitarius. Others are
effect of clonidine 300 and 1000 pmol after 6-OHDA the same as Fig. 3.

Table 2. Effects of pretreatment with adrenolytic drugs on cardiovascular responses to 5-HT which was microinject-
ed into the nucleus tractus solitarius

5-HT (300 pmol)

Decrease in BP (mmHg) Decrease in HR (beats per min)
Control 344+16 41.7+10.2
Reserpine (2 mg/kg) 21.34+2.7* 13,3+3.3**
6-OHDA (250 ugx2) 275430 22.545.3**
a-MPT (200 mg/kg) 25.8+17.8 266+7.2
intraperitoneally and 6-OHDA (6-

Reserpine and «-MPT (a-methyl-p-tyrosine) were administered
hydroxydopamine) was administered intracerebroventricularly. Each value represents mean+S.EM. of 6

experiments. * p<0.05, ** p<0.0l, significantly different from control.

Table 3. Effects of pretreatment with adrenolytic drugs on the cardiovascular responses to clonidine which was
microinjected into the nucleus tractus solitarius

Decrease in BP (mmHg) Decrease in HR (beats per min)

Clonidine Clonidine
(300 pmol) (1 nmol) (300 pmol) (1 nmol)
Control 26.7+3.8 34.8+3.7 26.3+9.7 30.2+10.2
Reserpine (2 mg/kg) 22.0+2.7 29.6+7.2 20.5+3.2 23.6+72
6-OHDA (250 xgx2) 33.2+2.6* 46.5+3.6** 33.0+72 40.0+6.8*
a-MPT (200 mg/kg) 33.0+4.0 39.8+5.7 242+43 28.3+33

6-OHDA,; 6-hydroxydopamine, «-MPT; a-methyl-p-tyrosine. Each value represents mean+S.E.M. of 6
experiments. * p<0.05, ** p<0.01 significantly different from control.
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was consistently potentiated as shown in Table 3.
In this case, the effect of #-MPT or reserpine was
less in degree in comparison to 6-OHDA.

Effects of pretreatment with 5, 7-DHT

The responses to 5-HT, -MNE and clonidine
were compared with those of control, following
5,7-DHT pretreatment (200 4g, i.c.v.). The
responses to a-MNE and clonidine observed
following pretreatment with 5,7-DHT were not
significantly different from control, but the

response to 5-HT was significantly potentiated
(Fig. 5).

Baroreflex sensitivity

Changes in heart period (reciprocal of heart
rate expressed in milliseconds) produced by
vasoconstrictor, phenylephrine and vasodilator,
sodium nitroprusside were plotted against changes
in blood pressure induced by these drugs as shown
in Fig. 6. 6-OHDA and 5,7-DHT were injected
i.cv. 5 days before experiments, respectively.
Otherwise, 6-OHDA (8 yg) or 5,7-DHT (10 ug)
was microinjected into the NTS bilaterally 4 days
before experiments to confirm the toxic effect of
these neurotoxins. The slopes of linear regression
lines of experimental groups exposed to the
neurotoxins were less steep in comparison to

Decrease in BP{mmHg}

Decrease in HR(bpm)
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*—e 5,7-DHT
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Effect of pretreatment with 5,7-dihydroxy-
tryptamine (5.7-DHT; 200 gg, icv.) on
cardiovascular responses to 5-HT (n=6), «
-methylnoradrenaline («#-MNE, n=6) and
clonidine (n=6) which were microinjected
into the nucleus tractus solitarius. Each value
represents decreases in blood pressure (BP)
and heart rate (HR). ** p<0.01, significantly

vehicle. different from control. S; saline.
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(A and C) and sodium nitroprusside (B and D) following 6-hydroxydopamine (@—@) or 5,7-
dihydroxytryptamine (A—4) i.c.v. injection (A and B) and injection into the nucleus solitarius (C and D).
Vehicle (O—O). Each point represents mean+S.E.M. of 6 experiments.
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Fig. 7. Immunofluorescent micrograph of nucleus tractus solitarius in normal and rat treated with 6-
hydroxydopamine (6-OHDA) and 5,7-dihyroxytryptamine (5,7-DHT). Reduction of catecholaminergic cell
bodies was not observed but the axon terminal varicosities were markedly reduced (b) in comparision to
normal rat (a). The varicosity of serotonergic axon terminal was markedly reduced (d) in comparision to
normal rat (c). 6-OHDA (8 xg) and 5,7-DHT (10 yug) were respectively microinjected into the NTS
bilaterally 4 days before experiments. Injection sites are indicated by arrows. AP; area postrema, Gr; gracile

nucleus, Sol; solitary tract. Magnification, X 100.

Immunohistochemical determinations

Neuronal changes of the NTS after injection of
neurotoxins into the NTS were compared with
normal rats (Fig. 7). In normal rats, cate-
cholaminergic cell bodies, axon terminal var-
icosities and serotonergic axon terminals were seen
in the NTS as shown in Fig. 7 a and c. The
reduction of catecholaminergic cell bodies was not
observed, whereas the axon terminal varicosities
were markedly reduced by injection of 6-OHDA.
Similarly, the varicosity of serotonergic terminals
was markedly reduced by injection of 5,7-DHT
(Fig. 7 b and d).

DISCUSSION

NTS is one of the most important sites regulat-

ing the cardiovascular function in the brain and it
is the major site of termination of afferents of the
ninth and tenth cranial nerves (Miura and Reis,
1972; Palkovits and Zaborszky, 1977). Further, it
is characteristically related to the baroreceptor
function (Brown, 1981; Spyer, 1981).

In the present study, microinjection of 5-HT
and 5-HTP into the NTS produced decreases in
blood pressure and heart rate. These are in agree-
ment with the reports of Laguzzi (1984) and
Schvaloff (1986). Characteristically, a depressor
response to 5-HT was observed biphasically at
femtomolar level of 5-HT as well as at picomolar
concentrations of 5-HT. These biphasic effects of
5-HT on the blood pressure and heart rate were
blocked similarly not only by the ketanserin or
ritanserin, but also by methysergide, suggesting
that the receptors of the NTS responding to both
the femtomolar and picomolar concentrations of
5-HT are pharmacologically identical. If this



observation is true, it remains to be clarified why
there are two different binding affinity sites.

It is widely reported that NTS is densely inner-
vated by serotonin-containing neurons (Gaudin-
Chazal et al., 1982; Pickel et al., 1984; Steinbusch,
1981), in which high levels of aromatic L-amino
acid decarboxylase is found (Jaeger et al., 1984).
Thus, a question arises as to why the depressor
response to the exogenous 5-HT are clearly
manifested in spite of the presence of the
endogenous 5-HT within NTS. Following an
injection of 5,7-DHT, a selective destroyer of
serotonergic neuron (Chalmer er al., 1984), the
response to 5-HT was highly exaggerated.
However, upon pretreatment with PCPA, a
tryptophan hydroxylase inhibitor that decreases
the content of 5-HT in the brain (Koe and
Weissen, 1966), the effect of 5-HT and 5-HTP was
not exaggerated. Based on these results, it is pos-
tulated that the exogenous 5-HT injected may have
acted preferentially on the postsynaptic sites.

In the present study, a,-adrenoceptor agonists,
a-MNE and clonidine were demonstrated to
inhibit the cardiovascular function. These results
are consistent with the previous reports (Kubo and
Misu, 1981; 1987; Zandberg et al., 1979). After
injection of 6-OHDA for chemical sympathectomy
(Jonsson and Sachs, 1971; Kubo and Hashimoto,
1978), the inhibitory effect of clonidine was also
enhanced as was observed with 5-HT upon
destruction of serotonergic neuron with 5,7-DHT.
Following pretreatment with either reserpine
(Araki et al., 1981) or @-MPT (Green et al.,
1983), the inhibition of cardiovascular responses
by clonidine was not affected. Interestingly,
depressor effect of 5-HT (300 pmol) was reduced
when pretreated either with reserpine or with
6-OHDA. Therefore, it can be deduced form these
results that as the inhibition by clonidine is
mediated by postsynaptic a,-adrenoceptors the
inhibitory effects of 5-HT when injected into the
NTS may be mediated by the activation of
postsynaptic serotonergic receptors. Thus, it is
suggested that the action of serotonergic neuron
may be interdigitated with a,-adrenoceptor
activation in the NTS.

Activation of baroreflex induced by either
phenylephrine or sodium nitroprusside was char-
acteristically attenuated by pretreatment with 6-
OHDA or 5,7-DHT. This finding was consistently
evidenced when both neurotoxins were injected
into the NTS directly or i.c.v. As reported for the
catecholaminergic neuron (Armstrong et al., 1981;

8

Bucholtz and Nathan, 1984; Snyder et al., 1978),
the obtained results indicated that the serotonergic
neuron also plays a pivotal role in the activation of
baroreflex.

In the NTS, the serotonergic axon terminals
were associated with catecholaminergic cell bodies
and axon terminals (Koda and Bloom, 1983;
Palkovits and Jacobowitz. 1974). According to
Pickel (1982; 1984), catecholaminergic neurons
receive direct synapses from 5-HT-containing axon
terminals in NTS. It has been demonstrated that
the pathway from catecholaminergic axon termi-
nals of NTS to Al catecholaminergic neuron group
of rostral ventral medulla (Blessing et al., 1982;
Sawchenko and Swansson, 1982) may have a close
relevance to baroreflex activation. Consequently,
the reduction of axon terminal varicosity of
catecholaminergic neuron by 6-OHDA may cause
impairment of baroreflex sensitivity. Likewise, the
change in serotonergic neurons may lead to change
in baroreflex sensitivity. However, a further study
is required as to how the two neurons couple each
other in controlling peripheral cardiovascular
responses.

In conclusion, it is suggested that (1) stimula-
tion of serotonergic receptors in the NTS leads to
decreases in blood pressure and heart rate, (2) the
responsible serotonergic and catecholaminergic
receptors are located postsynaptically, and (3)
both serotonergic and catecholaminergic neurons
in the NTS may have a close relevance to the
baroreflex activation.
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