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Introduction

Serotonin (5-HT) plays an important role as a
neuromodulator of cardiovascular functions including
vasoconstriction and dilatation (20).   5-HT-
immunoreactive cells are distributed not only in the
midline raphe nuclei of the midbrain, but also in the
pons and medulla (12, 22, 25).  Nervous structures
that may be responsible for the maintenance of
vasomotor tone through the regulation of sympathetic
outflow activity are located mainly in the medullary

region.  The rostral ventrolateral medulla (RVLM)
area is a major source of sympathetic vasomotor drive
that provides an excitatory bulbospinal pathway to
the  sympathet ic  pregangl ionic  ce l l s  in  the
intermediolateral column of the spinal cord (6).  The
RVLM plays an important role in the maintenance of
sympathetic tone and SAP, while the dorsomedial
medulla (DM) shares these functions (2, 6, 30).
Moreover, the caudal ventrolateral medulla (CVLM)
is important for sympathetic inhibition leading to
depressor actions (5).
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Abstract

We examined the effects of serotonin (5-HT) on cardiovascular responses and blood flows in the
right common carotid artery (RCCA), superior mesenteric artery (SMA) and right femoral artery
(RFA), stimulated by glutamate (Glu) in the dorsomedial medulla (DM), rostral ventrolateral medulla
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responses.  Microinjection of Glu into the CVLM produced decreases in SAP and flows in the RCCA,
SMA and RFA.  These decreases were potentiated by prior injection of 5-HT.  These findings suggest that
5-HT modulates the cardiovascular and blood flow responses induced by Glu in the medulla.

Key Words: caudal ventrolateral medulla, dorsomedial medulla, rostral ventrolateral medulla, systemic
arterial pressure, glutamate, serotonin



66 WU, WANG, YANG, SU, AND CHAI

Gong et al. have suggested that 5-HT and Glu
appear to be tonically and endogenously released
from nerve terminals in DM, and the 5-HT-induced
decrease in systemic arterial pressure (SAP) could be
attributed to the decreased Glu release resulting from
the inhibitory action of 5-HT in DM (9).  In addition,
5-HT inhibited glutamate (Glu) release in the dorsal
facial area of the medulla and decreased the blood
flow of the common carotid artery (8).  Besides, the
Glu release from the dorsal facial area was dose-
dependently decreased by perfusion of 5-HT agonist
to the same area (14, 15).  This prompted us to
investigate the modulatory effects of 5-HT on
cardiovascular integration in medulla.

In this study we examined effects of 5-HT on the
Glu action not only in the RVLM, DM, but also in
CVLM about the regulation of cardiovascular
functions i.e., SAP, HR, and blood flows of the right
common carotid artery (RCCA), superior mesenteric
artery (SMA) and right femoral artery (RFA).

Materials and Methods

General Procedures

Thirty-seven cats of either sex, weighing 2.5-
4.0 kg, were anesthetized intraperitoneally with urethane
(400 mg/kg) and α-chloralose (40 mg/kg).  All experi-
mental procedures followed were approved by the
Committee of Animal Care and Use of the Institute of
Biomedical Sciences under the guideline of National
Science Council.  The general procedures of experimen-
tation have been described previously (3).  These included
cannulation of the left femoral artery for monitoring
SAP, mean SAP (MSAP), heart rate (HR) and indirect
cardiac contractile force (dp/dt); cannulation of the left
femoral vein for saline or drug injection; intubation of
the trachea for artificial ventilation to maintain the end-
tidal CO2 concentration at 4%; maintenance of the
animal’s rectal temperature at 37.5±1.0°C by a
thermostatically controlled infrared light.

Blood Flow Measurements

The right common carotid artery (RCCA),
superior mesenteric artery (SMA) and right femoral
artery (RFA) were isolated, and each vessel was put
on a proper sized flow-probe (blood flow transducer)
through which the instantaneous pulsatile blood flow
of blood was monitored through the blood flow meter
(Spectramed, SP2204B).  The actual blood flow (in
ml/min) was calibrated using a calibrator (Spectramed,
SP7014).  All recordings were made on a polygraph
(Gold ES2800) and all data were stored on a tape
recorder system (Neuro Data DR-890, Sony slv-400)
for later analysis.

Brain Stimulation

The head of each cat was fixed in a David-Kopf
stereotaxic apparatus.  The dorsal surface of the brain
stem was exposed and the obex was used as the
reference point.  Three areas in the medulla were
stimulated, namely the DM, RVLM and CVLM.  The
stereotaxic coordinates of these structures were: DM,
2.0-4.0 mm rostral to the obex, 1.5-3.0 mm lateral to
the midline and 0.5-2.0 mm ventral to the dorsal
surface of the medulla; RVLM, 3.5-5.0 mm rostral to
the obex, 3.0-4.5 mm lateral to the midline and 3.5-
4.5 mm ventral to the dorsal surface of the medulla;
CVLM, 1.0 mm rostral to the posterior obex, 2.8-4.2
mm lateral to the midline and 3.0-4.5 mm ventral to
the dorsal surface of the medulla.

Chemical stimulation was applied through a
double-barrel micropipettes (outside tip diameter of
20-30 µm) inclined at 34° from the stereotaxic frame.
Each micropipette contained Glu or 5-HT in saline
with 0.1% pontamine sky blue, at pH 7.4.  The other
ends of the barrel were connected to the pneumatic
pressure system (PPS-2, PPM-2, Medical Systems
Corp., Great Neck, NY, USA) for chemical injection
under a microscope (Wild M650) fitted with a reticule.
Control injection of the vehicle alone did not produce
any discernible effects.  The cardiovascular sites in
the brain were first activated by microinjections of
Glu.  Thirty minutes later, 5-HT was microinjected,
and about 5 min later, Glu was microinjected again at
the same site.

Histology

At the end of each experiment, the animal was
euthanized by an overdose of pentobarbital.  The
brain was removed and immersed in 10% formalin-
saline for 8 hrs.  After fixation, frozen transverse
sections (50 µm) of the brain were stained with Cresyl
violet for identifying the injection sites.

Data Analysis

The resistance of arteries was calculated by the
formula: (Blood pressure) / (Blood flow).  Percent
changes in SAP, HR, differential of blood pressure (dp/
dt), resistance and blood flow volume of RCCA, SMA
and RFA in response to microinjections of Glu and 5-
HT were measured with the following formula: (Response
value – Control value)/(Control value) × 100%.  Changes
in all data were analyzed by Student’s paired t-tests and
considered statistically significant at P < 0.05.

Results

Dose-response curve of SAP to stimulation of
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RVLM in 5 cats with different concentrations of Glu
(1, 3, 5, 7 nmol) and 5-HT (1, 3, 5, 7 pmol) are shown
in Fig.1.  These results were obtained when Glu or 5-
HT alone was microinjected into the pressor areas of
RVLM through a four-barrel micropipette.  Following
these response curves, we selected a dose of 5 nmol of
Glu and a dose of 5 pmol of 5-HT for chemical
activations.

Changes in cardiovascular responses, namely
the SAP, HR and blood flows in the RCCA, SMA and
RFA, induced by microinjecting Glu (5.0 nmol in 50
nl) in the DM, RVLM or CVLM were compared with
those after microinjecting 5-HT (5.0 pmol in 50 nl) in
the same point.  The reactive sites of Glu and 5-HT are

mapped in Fig. 2.  Judging from the locations and
diameters of the dye spread, the DM sites are
distributed in the dorsal recticular formation, medial
vestibular nucleus and ventral praepositus hypoglossi
nucleus.  The RVLM sites are distributed in the
caudal retrofacial nucleus and rostral Pre-Botzinger
complex, while the CVLM sites are distributed around
the external division of lateral recticular nucleus and
the noradrenergic A1 area. Under control conditions,
the resting MSAP and HR were 122.8±11.4 mmHg
and 205±13.6 bpm, and the blood flows in RCCA,
SMA and RFA were 24.7±4.8, 27.6±5.3 and 5.4±1.3
ml/min, respectively.

Fig. 1. Dose-response curves showing the changes of MSAP elicited by
Glu and 5-HT in RVLM.  (A) The response of MSAP produced
by Glu.  (B) The response of MSAP produced by 5-HT.  In each
group 5 points were studied. Vertical lines are SEM.

Fig. 2. Distribution of the pressor and depressor sites in medulla from the
level of obex (A0) to 5 mm (A5) rostral to the obex consequent to
microinjection of Glu or 5-HT.  The drawing on the right side maps
brain sites that responded first to microinjections of Glu (5.0
nmol), and 30 min later to 5-HT (5.0 pmol), and then 5 min after
5-HT again a second dose of Glu.  Sites that responded to Glu and
30 min later followed by 5-HT alone are mapped on the left side.
On the right side, solid triangles (�) indicate that microinjection
of Glu increased SAP, and microinjection of 5-HT later to the
same point produced increases in SAP over 30 mm Hg.  Empty
triangles (�) indicate that Glu increased SAP.  Glu again
produced lower increases in SAP, below 30 mm Hg. Solid circles
(�) indicate that Glu decreased SAP; 5 min after 5-HT, Glu again
produced more marked decreases in SAP. Empty circles (�)
indicate that Glu produced a SAP decrease; at 5 min after 5-HT,
Glu again produced less SAP decrease.  On the left side, empty
squares (�) and inverse empty triangles  (�) indicate sites that
showed no change or decreases in SAP induced by 5-HT,
respectively.  Abbreviations: AN, nucleus of ambiguous; CUR,
cuneate nucleus, rostral division; CX, external cuneate nucleus;
DMV, dorsomotor nucleus of vagus; FN, facial nucleus; INT,
nucleus intercalates; ION, inferior olivary nucleus; NTS, nucleus
tractus solitarius; P, paramidal tract; PH, nucleus praepositus
hypoglossi; VIN, inferior vestibular nucleus; VMN, medial
vestibular nucleus; 5sp, spinal trigeminal nucleus; 5st, spinal
trigeminal tract; 12N, hypoglossal nucleus; 12n, hypoglossal
nerve.
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In 22 DM points of 10 cats, microinjection of
Glu (5.0 nmol) into the DM produced increase in
MSAP, dp/dt, and decrease in HR associated with
flow increases in RCCA and RFA, but decreases in
SMA (Table 1).  After injecting 5-HT (5.0 pmol) at
the same site, the cardiovascular and blood flow
responses to Glu were attenuated (Fig. 3).  Injection
of 5-HT alone produced slight decreases in the
responses of SAP, HR and blood flow.

In 24 RVLM points of 10 cats, microinjection of
Glu produced increase in MSAP and decrease in HR
associated with flow decreases in RCCA, SMA and
RFA (Table 1).  After injecting 5-HT, the Glu-induced
cardiovascular responses and decrease in flows were
attenuated (Fig. 4).  Microinjection of 5-HT alone
produced decreases in MSAP and HR and increases in
the flow of RCCA and SMA.

In 27 CVLM points of 12 cats, microinjection of
Glu produced decreases in MSAP and HR associated
with flow decreases in RCCA, SMA and RFA (Table
1).  After injecting 5-HT, the Glu-induced decreases
of MSAP, HR and blood flows were enhanced (Fig.
5).  Microinjection of 5-HT alone produced decreases
in MSAP, HR, RCCA, SMA and RFA.

Discussion

Microinjection of Glu into the RVLM, DM and
CVLM produced cardiovascular responses and
changes in blood flow of the RCCA, SMA and RFA.
The effects of Glu in the DM and RVLM on the

Table 1. Effects of 5-HT (5.0 pmol) on the cardiovascular and blood flow responses induced by Glu (5.0 nmol) in
the medulla.

RCCA SMA RFA

MSAP HR dp/dt Flow Res Flow Res Flow Res
(%) (%) (%) (%) (%) (%) (%) (%) (%)

A 45.3 ±6.4 -32.7±4.6   114.5±36.1 52.5±12.1 -47.9±8.3 -34.6±6.1 92.3±11.9 173.6±13.4 -67.5±8.2
 DM B 4.0 ±2.9 -13.1±4.5 -4.8±1.0 6.1±2.2 -5.3±3.5 -8.1±3.7 9.9±3.4 7.3±2.4 -8.2±3.6

C 16.2 ±4.3* -15.4±4.7* 15.6±3.4* 28.6±8.8* -19.5±4.7* -15.8±4.4* 52.9±11.6* 82.6±9.5* -33.5±6.4*

A 53.7 ±8.7 -42.4±7.5 18.7±6.2 -35.2±7.2 32.9±6.5 -38.4±6.9 43.4±7.2 -24.5±5.6 17.1±3.9
RVLM B -7.8 ±1.6 -9.4±2.3 -2.9±6.4 7.3±2.8 -4.2±1.8 9.2±2.7 -3.3±2.4 3.8±2.5 - 2.5±5.3

C 28.5 ±4.7* -38.3±7.6* 33.8±10.6* -18.5±5.4* 15.3±9.8* -24.7±9.3* 27.4±4.1* -12.5±3.2 8.4±5.9

A -23.6 ±5.5 -32.2±6.2 5.5±6.2 -17.5±5.1 18.3±4.5 -23.7±5.8 19.2±5.3 -12.3±4.5 8.5±4.9
CVLM B -15.4 ±4.4 -34.4±5.6 14.3±6.9 -7.8±4.3 9.9±4.3 -8.4±2.5 5.8±1.8 -9.9±3.3 5.1±1.2

C -48.6 ±7.3* -36.7±4.1 -3.0±4.7* -24.8±5.5* 25.4±6.4* -38.6±4.4* 26.1±7.4* -28.4±6.4* 23.4±7.9*

Values are mean ± S.E.M.; A: effects of Glu; B: effects of 5-HT; C: after 5-HT, effects of Glu again; DM: dorsomedial
medulla; RVLM: rostral ventrolateral medulla; CVLM: caudal ventrolateral medulla; MSAP: mean systemic arterial
pressure; HR: heart rate; dp/dt: differential of blood pressure; RCCA: right common carotid artery; SMA: superior
mesenteric artery; RFA: right femoral artery; Res: resistance of artery.  The symbol * indicates the values-induced by Glu
before and after 5-HT activation are statistically significant compared to the control value calculated by Student’s paired
t-test with P < 0.05.

Fig. 3. Microinjection of 5-HT attenuates the DM responses induced by
Glu.  (A) Microinjection of Glu (5.0 nmol) into the DM produced
a marked increase of SAP (47.5%) and decrease in HR (27.7%).
Blood flows of RCCA increased 76.5% and RFA 290%, while
SMA decreased 25.3%.  (B) Thirty minutes later, microinjection
of 5-HT (5.0 pmol) into the same point produced slight change in
SAP and blood flows of the three arteries.  (C) Five minutes after
5-HT, microinjection of Glu again to the same site produced an
increase in SAP (8.7%) and a decrease in HR (20.5%).  Blood
flows of RCCA and RFA increased by 31.5% and 130%, while
the SMA decreased by 17.4%.  The arrow (↑) under the tracings
indicates the time of chemical injection.  Dot (�) in the brain
drawing shows the point of stimulation. In this and following
figures, from top to bottom are tracings of SAP, systemic arterial
pressure; MSAP, mean SAP; HR, heart rate; RCCA, right com-
mon carotid artery; SMA, superior mesenteric artery; RFA, right
femoral artery.
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cardiovascular and flow responses were attenuated
but those in the CVLM were enhanced by prior
treatment of 5-HT in the same point.  This suggests
that 5-HT modulates the effects of Glu not only in the
DM, RVLM, but also in the CVLM to regulate
cardiovascular functions including SAP, HR, dp/dt
and blood flows of different vascular beds.

Previous studies showed that microinjections of
5-HT into the NTS and the dorsal motor nucleus of
vagus (DMV) produced hypotension, bradycardia and
modulation of gastrointestinal functions (7, 23, 26).
In addition, microinjection of 5-HT into the RVLM
produced decreases in SAP and HR associated with
vasodilation (16).  The pressor areas of the DM which
plays an important role on cardiovascular regulation
are located close to the vagal complex area.
Microinjection of Glu into DM produced pressor and
bradycardic responses associated with sympathetic
vertebral nerve activity (2, 30, 31).  In general, increase
in SAP always induces change in blood flow.  Besides
measuring blood flow, changes in the vessel resistance
were calculated in this study.  Vasoconstriction
induces an increase in vessel resistance resulting in a

decrease in blood flow, whereas vasorelaxation
induces a decrease in vessel resistance with increases
in blood flow.  Changes of blood flow in the RCCA,
SMA and RFA have been examined in the studies of
behavioral defense reactions and cardiovascular
regulation (3, 27).  In the present study, microinjection
of Glu into DM produced increases in SAP and flow
in the RCCA and RFA but decrease in flow in the
SMA.  Although 5-HT alone produced slight changes
in cardiovascular and blood flow responses, it
attenuated these effects of Glu on cardiovascular
response and blood flow.

Microinjections of Glu into the RVLM produced
an increase in SAP, while bilateral microinjections of
5-HT receptor agonist into the same area produced
decreases in SAP, HR and renal sympathetic nerve
activity (13).  In this study, microinjection of Glu into
the RVLM produced pressor and bradycardic
responses associated with blood flow decreases in the
RCCA, RFA and SMA.  Although 5-HT alone induced
slight decrease in SAP, it attenuated effects of Glu on
the cardiovascular and blood flow responses.  Based
on these observations, 5-HT might inhibit sympathetic
neurons in the RVLM, and then it reduced the
responses to Glu.  This is consistent to the reports that
microinjection of 5-HT into RVLM produced
h y p o t e n s i o n ,  b r a d y c a r d i a  a n d  p e r i p h e r a l
vasodilatation (1, 16), and inhibited the activation of
sympathoexcitatory neurons evoked by amino acid

Fig. 5. Microinjection of 5-HT potentiates the depressor and blood flow
response in the CVLM induced by Glu.  (A) Microinjection of
Glu (5.0 nmol) decreased the SAP (29.7%) and HR (25.3%) in
association with decreases in blood flow in the three arteries;
RCCA (18.2%), SMA (22.4%) and RFA (12.5%).  (B) Thirty
minutes after Glu, microinjection of 5-HT (5.0 pmol) into the
same point produced more apparent decreases in the SAP
(35.6%) and HR (25.2%).  (C) Five minutes after 5-HT, Glu at the
same site again produced more marked responses in the reduction
of SAP (58.6%), HR (42.5%) and blood flow of the three arteries;
RCCA (35.8%), SMA (34.3%) and RFA (27.8%).

Fig. 4. Microinjection of 5-HT attenuates the Glu-induced cardiovascu-
lar and blood flow responses in RVLM.  (A) Microinjection of
Glu (5.0 nmol) into the RVLM increased the SAP (58.3%) and
decreased the HR (54.2%).  Blood flows in the RCCA and RFA
were decreased by 32.8% and 26.5%.  The SMA was decreased
by 43.2% following an increase of 35.6%.  (B) Thirty minutes
later, microinjection of 5-HT (5.0 pmol) produced a decrease in
SAP (12.5%) and increases in the RCCA (9.2%) and SMA
(15.3%).  (C) Five minutes after 5-HT, microinjection of Glu
produced an increase in the SAP (27.3%) and a decrease in HR
(56.3%).  Blood flow in the RCCA and RFA were decreased by
18.2% and 12.3%.  The SMA was decreased by 27.6% following
an increase of 42.3%.
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(28).  Furthermore, 5-HT decreases Glu-induced
excitation of neurons in rat cerebral slices (10) and
attenuates the excitation of locus coeruleus neuron
discharges evoked by Glu (4).

The CVLM plays a significant role in the
inhibitory regulation of sympathetic nerve activity
and SAP (11, 32).  Depressor neurons in this region
form a serial link in the central baroreceptor-vasomotor
pathway, constituting an inhibitory connection
between the NTS and sympathoexcitatory bulbospinal
neurons in the RVLM (21).  Microinjection of Glu
into the CVLM elicits decreases in SAP, HR and
mesenteric and hindquarter vascular resistance (29).
In this study, microinjection of Glu into the CVLM
produced decreases in SAP, HR and blood flows of
the RCCA, SMA and RFA.  Microinjection of 5-HT
alone produced decreases in SAP and HR. It enhanced
the effects of Glu on cardiovascular and blood flow
responses.  According to the results of the present
study, 5-HT might activate parasympathetic neurons
in the CVLM, subsequently it increased its responses
to Glu.  These are similar to the findings that activation
of the 5-HT2A receptor potentiates the depolarizing
responses mediated by Glu and NMDA receptors in
neocortical neurons (19).

CNS serotonergic projection regulates the
extracellular Glu concentration and consequently
modulates the sensitivity of neurons to excitatory
inputs.  For instance, the extracellular concentration
of Glu in the suprachiasmatic nucleus, which contains
NMDA receptors, is significantly reduced after treating
with 5-HT (24), and activation of 5-HT3-like receptors
in the hippocampal CA1 region effectively reduces
the efficacy of glutamatergic neurotransmitters (33).
In addition, 5-HT and DOI inhibit Glu release in the
dorsal facial area (8, 14, 15).  Besides, 5-HT and other
neurotransmitters are also frequently found to coexist
in axon terminals along with other hormones or
neuropeptides.  There is evidence implying a role of
5 -HT in  modu la t ing  the  r e l ea se  o f  o the r
neurotransmitters and hormones such as catecholamine
(18) and dopamine (17).

In conclusion, Glu produced cardiovascular
responses associated with changes in the blood flow
of the RCCA, SMA and RFA.  5-HT alone produced
change in cardiovascular responses and blood flow.
It modulated the SAP, HR and blood flow effects
induced by Glu.  Thus, 5-HT attenuated the Glu-
induced increases in SAP in the DM and RVLM,
while it potentiated the Glu-induced decreases in
SAP in the CVLM; all associated with changes in
blood flow.
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