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Abstract

The dorsal (DRN) and median (MRN) raphe nuclei are important
sources of serotonergic innervation to the forebrain, projecting to sites
involved in cardiovascular regulation. These nuclei have been mapped
using electrical stimulation, which has the limitation of stimulating
fibers of passage. The present study maps these areas with chemical
stimulation, investigating their influence on cardiorespiratory param-
eters. Urethane-anesthetized (1.2 g/kg, iv) male Wistar rats (280-300
g) were instrumented for pulsatile and mean blood pressure (MBP),
heart rate, renal nerve activity, and respiratory frequency recordings.
Microinjections of L-glutamate (0.18 M, 50-100 nl with 1% Pontamine
Sky Blue) were performed within the DRN or the MRN with glass
micropipettes. At the end of the experiments the sites of microinjec-
tion were identified. The majority of sites within the MRN (86.1%)
and DRN (85.4%) evoked pressor responses when stimulated (DRN:
∆MBP = +14.7 ± 1.2; MRN: ∆MBP = +13.6 ± 1.3 mmHg). The
changes in renal nerve activity and respiratory rate caused by L-
glutamate were +45 ± 11 and +42 ± 9% (DRN; P < 0.05%), +40 ± 10
and +29 ± 7% (MRN, P < 0.05), respectively. No significant changes
were observed in saline-microinjected animals. This study shows that:
a) the blood pressure increases previously observed by electrical
stimulation within the raphe are due to activation of local neurons, b)
this pressor effect is due to sympathoexcitation because the stimula-
tion increased renal sympathetic activity but did not produce tachycar-
dia, and c) the stimulation of cell bodies in these nuclei also increases
the respiratory rate.
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Introduction

The dorsal (DRN) and median (MRN)
raphe nuclei provide almost all the seroto-
nergic innervation to the forebrain (1,2). By
contrast, caudal serotonin (5-HT) cell groups
in the lower brainstem (raphe pallidus,
magnus and obscurus) provide descending

projections to the spinal cord (3-8). DRN
and MRN projections are organized in such a
way that some forebrain areas receive mixed
DRN/MRN projections while others have
selective DRN or MRN inputs (9-14). DRN
fibers project mainly laterally to areas such
as the amygdala, lateral preoptic area, sub-
stantia innominata, nucleus accumbens, stria-
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tum, and substantia nigra pars compacta
(13,15). In contrast, MRN fibers make con-
nections with DRN neurons and also ascend
within the medial forebrain bundle, project-
ing to structures such as the perifornical
hypothalamus, medial septum and interpe-
duncular nucleus. In this respect, the MRN
represents a midline/paramidline system of
projections (16). Even though these connec-
tions are supposed to be serotonergic, non-
serotonergic ascending projections from the
raphe cannot be ruled out (9,13,16).

Raphe neurons innervating the forebrain
have a critical and diverse role in regulating
autonomic functions (17-19) as well as mood,
sleep, learning, and memory (20). Tracing
studies revealed the existence of a reciprocal
pathway between the DRN and MRN, which
is at least partially serotonergic (16,21-23).
Electrical or chemical stimulation of either
nucleus elicits similar cardiovascular and
behavioral responses (17-19,24). For in-
stance, electrical stimulation of DRN or MRN
elicits pressor responses in the anesthetized
rat, that seem to require the participation of
the rostral ventrolateral medulla (RVLM),
considered a major component of the for-
merly called “vasomotor center” of the brain-
stem (25,26). If the connections between
DRN or MRN and RVLM are mainly direct
(25,26) or via suprasegmental structures (e.g.,
hypothalamus) is not known.

Several studies have attempted to clarify
the role of the raphe nuclei in cardiovascular
control (16,17,24). These studies employed
electrical stimulation and showed that stim-
ulation of DRN and MRN induces mainly
pressor responses in the rat, and that these
responses are mediated by 5-HT. However,
these conclusions have an intrinsic problem,
due to the technique employed which stimu-
lates not only cell bodies, but also fibers of
passage. In contrast, the few studies employ-
ing chemical stimulation of the DRN in the
cat (19) and rat (27) elicited pressor re-
sponses. However, these studies were re-
stricted to the DRN and did not analyze

respiratory effects. Therefore, the present
study was designed to specifically evaluate
the effects of activation of neurons both in
the DRN and MRN with L-glutamate (L-
Glu) on cardiovascular and respiratory regu-
lation in the rat. Part of these results were
published in abstract form (28).

Material and Methods

Experiments were performed on 65 anes-
thetized, spontaneously breathing, male
Wistar rats (280-300 g). Anesthesia was pro-
duced with urethane (1.2 g/kg, iv) after in-
duction with ether. Supplementary doses of
anesthetic (0.2 g/kg, iv) were administered
when necessary, as indicated by the pupil
size, paw pinch reflexes and unstable heart
rate (HR) and/or blood pressure (BP). The
left femoral artery was cannulated with a
polyethylene catheter filled with heparin-
ized saline (40 units/ml) for BP measure-
ments. The arterial catheter was connected
to a strain gauge transducer (Viggo-Spectra-
med, P23XL, Oxnard, CA, USA) and the
pulsatile BP was recorded on a polygraph
(Gould RS3400, pressure processor Gould
20-4615, Valley View, OH, USA). HR was
derived from the arterial pressure pulse wave
using a rate-meter (Gould 13-64615). The
left femoral vein was cannulated for drug
administration. A tracheotomy was per-
formed on all animals and respiration was
recorded with a pneumotachograph (Fleisch
model 0000, Richmond, VA, USA) con-
nected to a low-pressure transducer (Vali-
dyne DP45, Northridge, CA, USA) and a
carrier amplifier (Gould 20-4615).

The left renal sympathetic nerve was dis-
sected retroperitoneally. Fine silver wire elec-
trodes were carefully applied; the nerve and
electrode were covered with dental resin
(President, Coltene, Mahwah, NJ, USA) to
avoid movement and to isolate the nerve
from surrounding fluid or air. Electrophysi-
ological signals were amplified (pre-ampli-
fier NL 100AK, AC amplifier NL 104, fil-
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ters NL 126, Digitimer, Welwyn Garden,
Hertfordshire, England) and connected to an
audio amplifier (NL 120) and to an oscillo-
scope (Tektronix 2205, Portland, OR, USA).
Renal nerve activity was integrated with a
Spike Processor D130 (Digitimer). All data
were digitalized (Biopac MP100, Santa Bar-
bara, CA, USA) and stored on a PC hard disk.

The head of the animal was fixed on a
stereotaxic frame (Stoelting, Wood Dale,
IL, USA). An occipital craniotomy was per-
formed so as to expose the brainstem, in
order to allow the insertion of the micropi-
pettes. Rectal temperature was maintained
between 36-37ºC with a homeothermic blan-
ket (Harvard, South Natick, MA, USA).

L-Glu (0.18 M, with 1% Pontamine Sky
Blue dye) or saline (plus 1% Pontamine Sky
Blue dye) was microinjected (50-100 nl)
with a micropipette (internal diameter 1.17
mm and tip size 25-50 µm; Narishige PW6
Puller, Tokyo, Japan) positioned with a hy-
draulic micromanipulator (Narishige MO
10). The microinjections at sites within the
DRN or MRN were made with a pressure
pulse and the injection volume was con-
trolled with the eye grid of a Zeiss micro-
scope. Only one microinjection was made in
each nucleus, so that for a given experiment
a maximum of two microinjections were
made (L-Glu, N = 41; saline, N = 5 animals).
A 30-min interval was allowed to elapse
between injections. For the access to the
DRN or MRN, the coordinates of the Paxinos
and Watson (29) atlas were used (coordi-
nates in relation to the interaural line; DRN
AP 1.7 to 1.0 mm, lateral 0.0 to 0.2 mm,
ventral -6.2 to -6.0 mm; MRN AP 1.7 to 1.0
mm, lateral 0.0 to 0.2 mm, ventral -8.2 to
-8.50 mm). In separate experiments, a stain-
less steel electrode was positioned at the
same target point for electrical stimulation
(isolated cathodal square wave pulses for 10
s at 100 Hz, 40-100 µA and 1-ms pulse
duration). This was done to compare the
effects of chemical stimulation (L-Glu) with
those of electrical stimulation within the

same nucleus.
At the end of the recording period the

position of the stainless steel electrode was
marked by passing a DC current of 200 µA
for 30 s (stainless steel electrode anode); in
this manner a small deposit of iron was made
at the stimulus site. At the end of the experi-
ment the brainstem was removed and placed
in 1% potassium ferrocyanide in 10% for-
maldehyde saline for 7 days, so that the
ferrocyanide would cause the conversion of
the iron deposit to an identifiable Prussian
Blue spot. The microinjection sites were
marked by the Pontamine Sky Blue dye that
was added to saline or the L-Glu solution.
Brainstem 60-µm thick frontal sections were
cut with a freezing microtome (Ernst Leitz,
Wetzlar, Germany) and stained with neutral
red. Individual maps were drawn for each
experiment.

The BP and HR responses (∆ mean blood
pressure (MBP), ∆HR) to microinjections of
L-Glu or saline are reported as peak effects.
Unless otherwise stated, data are reported as
means ± SEM. The paired Student t-test was
used for statistical comparisons of the means,
with the level of significance set at P < 0.05.

Results

Cardiovascular and respiratory effects of
L-Glu microinjected into the DRN

The baseline MBP of the urethane-anes-
thetized rats was 82.6 ± 1.6 mmHg, while
the HR was 372 ± 6.0 bpm. Microinjections
of L-Glu (0.18 M, 50 nl) into the DRN (N =
41 animals) induced pressor responses
(∆MBP = +14.7 ± 1.2 mmHg) in 85.4% (35/
41) of the microinjection sites, while no
response or a decrease in BP was observed
in 7.3% of the sites (3/41 in each case).
Overall, the effect on BP was hypertension,
as shown in Figure 1. Changes in HR elicited
by L-Glu were minimal, and the overall
effect did not differ statistically from pre-
drug values (Figure 1).
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The pressor responses were accompa-
nied by increases in renal nerve activity
(RNA) and respiratory rate of variable mag-
nitude. A typical tracing showing these ef-
fects is seen in Figure 2. The overall changes
in RNA (reported as arbitrary units) and
respiratory rate (baseline = 81 ± 3.5 cpm)
caused by L-Glu were +45 ± 11 and +42 ±
9%, respectively (P < 0.05%). The distribu-
tion of pressor sites within the DRN was not
homogenous. The rostral pole of the nucleus
concentrated the majority of pressor sites,
while “no response” sites were more fre-
quent in the caudal extremity of the nucleus
(Figure 3). A typical injection site into the
DRN is shown in the histological plate in
Figure 4.

Microinjections made outside the DRN
(N = 12 animals) did not change the cardio-
vascular parameters or induce a different
pattern of responses (data not shown). Chem-
ical stimulation within sites lateral to the
DRN induced biphasic responses (a decrease
followed by an increase in BP; ∆MBP = -10
to +15 mmHg, N = 2) accompanied by an
increase in respiratory rate and in RNA. In
four other animals the stimulation induced
an increase in BP (MBP = 83.8 ± 2.3 to 99.5
± 3.1 mmHg) and apnea. A decrease in BP
(MBP = 87 ± 3.7 to 77.3 ± 3.2 mmHg) and
no change in respiratory rate was observed
in two other animals. In four other animals,
no change in cardiovascular parameters were
induced by the stimulation (MBP = 98.4 ±
2.5 mmHg; HR = 388.1 ± 2.9 bpm).

Cardiovascular and respiratory effects of
electrical stimulation of the DRN

For this group (N = 6 animals), baseline
MBP was 81.5 ± 1.1 mmHg and HR was 373
± 8.2 bpm in the anesthetized rats. Electrical
stimulation (1 ms, 100 Hz, 100 µA, for 10 s)
of sites within the DRN caused cardiorespi-
ratory effects quite similar to those obtained
from chemostimulation with L-Glu. The pres-
sor response had a magnitude of 36.6 ± 2.5
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Figure 1. Effect of L-glutamate
(L-Glu; 0.18 M/50 nl) microin-
jected into the DRN (N = 41) and
MRN (N = 36) on mean blood
pressure (MBP) and heart rate
(HR) in anesthetized rats. DRN
= dorsal raphe nucleus; MRN =
median raphe nucleus. Open
columns = control; filled columns
= L-Glu. *P < 0.05 compared to
pre-drug values (control; paired
Student t-test).

Figure 2. Typical tracing show-
ing that L-Glu (0.18 M/50 nl) mi-
croinjected into the dorsal raphe
nucleus (DRN) (1.2 mm AP; -6.6
mm V; 0 mm L) causes in-
creases in blood pressure (BP),
mean blood pressure (MBP), re-
nal nerve activity (RNA), inte-
grated RNA (IRNA), and respira-
tory parameters (Resp), while
the effect on heart rate (HR) is
negligible. The time bar corre-
sponds to 20 s for all measure-
ments except for the lower respi-
ration tracing where it is 2 s.
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Figure 3. Schematic diagram of
transverse sections of the rat
brain stem showing the sites of
L-glutamate microinjections.
Upward triangles, downward tri-
angles and circles denote an in-
crease, decrease and no effect
on blood pressure, respective-
ly. Injection sites of 41 animals
are shown.

Figure 4. Transverse sections of
the rat brain stem showing the
sites of L-glutamate microinjec-
tions plus Pontamine Sky Blue
into the DRN and MRN. DRN =
dorsal raphe nucleus; MRN =
median raphe nucleus.

mmHg (P < 0.05) and was accompanied by a
small increase in HR (+5 ± 1 bpm). In these
animals, the electrical stimulation caused a
brief tachypnea (+38 ± 10%), and the RNA
was increased by +63 ± 22%. Figure 5 de-
picts a typical tracing from an animal, show-
ing these effects.

Cardiovascular and respiratory effects of
L-Glu microinjected into the MRN

The baseline MBP of anesthetized rats was
81.0 ± 1.6 mmHg and HR was 369 ± 7.5 bpm.
Microinjections of L-Glu (0.18 M, 50 nl) into
the MRN (N = 36 animals) induced pressor
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Figure 5. Electrical stimulation of the DRN causes car-
diorespiratory effects qualitatively similar to those ob-
tained by chemostimulation with L-Glu. A brief tachyp-
nea occurred in this representative animal. Abbrevia-
tions are defined in the legend to Figure 2. The time bar
corresponds to 20 s for all measurements except for
the lower respiration tracing where it is 2 s.

Figure 6. Typical tracing showing that L-Glu (0.18 M/
50 nl) microinjected into the MRN (1.2 mm AP; -8.5
mm V; 0 mm L) increases blood pressure (BP), mean
blood pressure (MBP), renal nerve activity (RNA),
and integrated RNA (IRNA), while the effects on res-
piratory parameters (Resp) and heart rate (HR) are
negligible. The time bar corresponds to 20 s for all
measurements except for the lower respiration trac-
ing where it is 2 s.

responses (∆MBP = +13.6 ± 1.3 mmHg) in
88.9% (32/36) of the microinjection sites,
hypotension in 2.8% (1/36) and no effect in
8.3% (3/36). Overall, the effect on BP was
hypertension, without significant changes in
HR (Figure 1). The pressor responses were
accompanied by increases in RNA and res-
piratory rate of variable magnitude. A typi-
cal tracing showing these effects is shown in
Figure 6. The overall changes in RNA and

respiratory rate caused by L-Glu were +40 ±
10 and +29 ± 7%, respectively (P < 0.05).

The pressor sites within the MRN were
dorsoventrally distributed along the mid-
line, without preference for caudal or rostral
localization. Figure 3 shows the localization
of the microinjection sites in both raphe
nuclei. A typical injection site into the MRN
is shown in the histological plate in Figure 4.

Microinjections made outside the MRN
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(N = 13 animals) usually did not change the
cardiovascular parameters. Chemical stimu-
lation within sites lateral to the MRN in-
duced pressor responses (MBP = 82.2 ± 1.8
to 95.4 ± 2.0 mmHg; N = 4) accompanied by
a decrease in respiratory volume. In two
animals a biphasic response occurred (a de-
crease followed by an increase in BP and
HR; ∆MBP = -9 to +13 mmHg; ∆HR -5 to +9
bpm, N = 2), while a reduction in MBP was
observed in two other rats (MBP = 85 ± 3.7
to 75.3 ± 3.2 mmHg). In five other animals
no change in the cardiovascular parameters
was induced by the stimulation (MBP = 82 ±
1.4 mmHg; HR = 303 ± 3.3 bpm). On the
other hand, when the microinjection site was
close to or inside the adjacent periaqueduc-
tal gray matter, pressor responses accompa-
nied by an increase in HR were observed
(data not shown).

Cardiovascular and respiratory effects of
electrical stimulation of the MRN

For this group (N = 6 animals), the base-
line MBP of anesthetized rats was 87.5 ± 2.5
mmHg and the HR was 306 ± 4.0 bpm.
Electrical stimulation (as described) of sites
within the MRN caused cardiorespiratory
effects qualitatively similar to those obtained
by chemostimulation with L-Glu. The pres-
sor responses had a magnitude of +28.3 ±
2.5 mmHg and were accompanied by a small
increase in HR (+6 ± 1.5 bpm). In these
animals, the electrical stimulation caused a
brief tachypnea (∆ respiratory rate = +33 ±
8%) and RNA was increased by +57 ± 18%.
Figure 7 depicts a typical tracing for an
animal, showing these effects.

Discussion

A large body of evidence indicates that
the DRN and MRN are the origin of almost
all 5-HT terminals innervating the forebrain
(1,2). Projections from these nuclei are pres-
ent in various regions of the hypothalamus

and limbic system which are involved in
cardiovascular regulation. The anatomical
and biochemical findings raise the possibil-
ity that serotonergic projections from the
DRN to the RVLM play a role in modulating
cardiovascular function (26). However, the
raphe nuclei also have non-serotonergic neu-
rons which can also be excited by L-Glu
microinjection.

Studies using mostly extensive electrical
stimulation have suggested the participation
of these areas in cardiovascular control (17-
19,24). These studies showed that electrical
stimulation of the DRN and MRN induces
mainly pressor responses in the rat, and that
these responses are mediated by 5-HT. How-
ever, the studies using excitatory amino acid

Figure 7. Electrical stimulation
of the MRN causes cardiorespi-
ratory effects qualitatively simi-
lar to those obtained by chemo-
stimulation with L-Glu. A brief ta-
chypnea occurred in this repre-
sentative animal. Abbreviations
are defined in the legend to Fig-
ure 2. The time bar corresponds
to 20 s for all measurements ex-
cept for the lower respiration
tracing where it is 2 s.
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microinjections were limited and did not
precisely map the DRN and MRN regarding
cardiovascular, respiratory and sympathetic
nerve activity responses. As stated before,
the technique of electrical stimulation is not
selective because it may stimulate fibers of
passage as well as cell bodies.

The present study used excitatory amino
acid microinjections that have an excitatory
effect only on neuronal perikaria, therefore
yielding reliable and precise results. A single
microinjection was made in each nucleus
(DRN and MRN) of each animal so as to
avoid an excessive concentration of excita-
tory amino acids that could induce cytotox-
icity. Our goal was to microinject 70 nl into
each stimulation site, but since this was not
always technically possible we referred to a
range of volumes. Regarding variation, we
observed no change in the direction of the
response but only in its magnitude, i.e., no
pressor response was inverted to a depressor
one due to volume or dose variations. Re-
garding the L-Glu dose, in previous studies
(e.g., Ref. 30) some investigators employed
the same or similar doses in the raphe and
other nuclei with adequate results.

The localization of the pressor sites within
the DRN and MRN in the present study was
similar to that of sites previously mapped by
electrical stimulation experiments in rats. In
addition, Piper and Goadsby (19) demon-
strated in the cat that 5-HT depletion with p-
chlorophenylalanine significantly reduces the
pressor response induced by DRN stimula-

tion. It has been shown in cats that 5-HT
microinjected into the DRN elicits hyperten-
sion that is blocked by methysergide (31), a
nonselective 5-HT receptor antagonist. It
has also been shown that microinjection of
5-HT1A receptor agonists into the DRN in-
duces a fall in BP due to the inhibition of 5-
HT neurons (32). Taken together, these lines
of evidence indicate the participation of 5-
HT neurons in mediating such responses.

In our study the sites evoking pressor
responses and sympathoexcitation were lo-
calized within the boundaries of the two
raphe nuclei, while stimulation sites outside
or DRN or MRN provoked no response or a
diverse pattern of responses. Despite the
paucity of data concerning the role of the
DRN/MRN in respiratory control, our re-
sults demonstrate an excitatory effect of these
nuclei on respiratory rate. To the best of our
knowledge, there are no data describing the
pathways involved in this response, although
there is indirect evidence suggesting the par-
ticipation of the DRN in respiratory function
in the rat (33) and cat (34).

In conclusion, our results show that the
stimulation of the DRN and MRN in the rat
induces mainly pressor and sympathoexci-
tatory responses. In addition, they also indi-
cate that DRN and MRN neurons are in-
volved in cardiorespiratory regulation and
that their projections to forebrain structures
and descending projections to the spinal cord
(26) participate in blood pressure control.
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