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Abstract
The presence of melanin-concentrating hormone (MCH) containing processes, projecting from the
lateral hypothalamus to the medial nucleus tractus solitarius (mNTS), has been reported in the rat. It
was hypothesized that MCH acting within the mNTS may modulate the central regulation of
cardiovascular function. This hypothesis was tested in urethane-anesthetized, artificially ventilated,
adult male Wistar rats. Microinjections (100 nl) of MCH (0.25, 0.5, 0.75, and 1 mM) into the mNTS
of anesthetized rats elicited decreases in mean arterial pressure (20.4 ± 1.6, 50.7 ± 3.3, 35.7 ± 2.8
and 30.0 ± 2.6 mmHg, respectively). The decreases in heart rate in response to these concentrations
of MCH were 40.0 ± 8.7, 90.0 ± 13.0, 48.0 ± 7.3 and 48.0 ± 8.0 beats/min, respectively. Maximum
cardiovascular responses were elicited by a 0.5 mM concentration of MCH. Cardiovascular responses
to MCH were similar in unanesthetized mid-collicular decerebrate rats. Control microinjections of
normal saline (100 nl) did not elicit any cardiovascular response. Ipsilateral or bilateral vagotomy
significantly attenuated MCH-induced bradycardia. Prior microinjections of PMC-3881-PI (2 mM;
MCH-1 receptor antagonist) into the mNTS blocked the cardiovascular responses to microinjections
of MCH. Microinjection of MCH (0.5 mM) into the mNTS decreased efferent greater splanchnic
nerve activity. Direct application of MCH (0.5 mM; 4 nl) to barosensitive NTS neurons increased
their firing rate. These results indicate that: 1) MCH microinjections into the mNTS activate MCH-1
receptors and excite barosensitive NTS neurons, causing a decrease in efferent sympathetic activity
and blood pressure, and 2) MCH-induced bradycardia is mediated via the activation of the vagus
nerves.

INTRODUCTION
Melanin concentrating hormone (MCH) was initially isolated from salmon pituitaries
(Kawauchi et al., 1983). Subsequently, an antiserum against salmon MCH was used for
demonstrating the presence of MCH (Skofitsch et al., 1985; Zamir et al., 1986b) and for
isolation and purification of this peptide from the rat hypothalamus (Vaughan et al., 1989).
The rat hypothalamic MCH is a 19-aminoacid cyclic peptide that differs from the salmon MCH
in that it has an N-terminal extension of two amino acids and two other substitutions (Vaughan
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et al., 1989). MCH is derived from post-translational cleavage of the C-terminal of a larger
precursor molecule consisting of 165 amino acids called pre-proMCH (Presse et al., 1990).

In the rat brain, major groups of MCH containing neurons are located predominantly in the
lateral hypothalamic area and zona incerta and MCH-containing fibers are distributed
throughout the brain and spinal cord (Bittencourt et al., 1992; Skofitsch et al., 1985; Zamir et
al., 1986a,b). Moderate density of MCH immunoreactive fibers has been reported in the nucleus
tractus solitarius (NTS) and the medullary reticular formation including gigantocellular
reticular nucleus of the rat (Skofitsch et al., 1985; Zamir et al., 1986a,b). Similar distribution
of MCH neurons and fibers has been reported in the human brain (Bresson et al., 1989; Mouri
et al., 1993).

MCH has been identified as a natural ligand for an orphan G-protein coupled receptor, called
SLC-1 receptor because of its sequence similarity with somatostatin receptor (Bachner et al.,
1999; Chambers et al., 1999; Lembo et al., 1999; Saito et al., 1999; Saito et al., 2000;
Shimomura et al., 1999). The SLC-1 receptor, re-named as the MCH-1 receptor, has been
cloned in the rat and mouse (Kokkotou et al., 2001; Lakaye et al., 1998). The distribution of
MCH-1 receptor in the rat brain and spinal cord (Hervieu et al., 2000) overlaps the areas
exhibiting MCH immunoreactivity (Bittencourt and Elias, 1998). A second MCH receptor,
called the MCH-2 receptor, has also been identified (Hill et al., 2001; Mori et al., 2001;
Rodriguez et al., 2001; Sailer et al., 2001; Songzhu et al., 2001; Wang et al., 2001). Non-primate
species, including the rat, do not possess a functional MCH-2 receptor (Tan et al., 2002).

Information regarding the physiological role of MCH is still emerging (for reviews see: Boutin
et al., 2002; Griffond and Baker, 2002; Hervieu, 2003; Nahon, 1994). In teleost fish MCH has
been reported to regulate skin color (Kawauchi et al., 1983) while in mammals this peptide has
been implicated in regulating feeding behavior and energy homeostasis; MCH increases food
intake and decreases energy expenditure. For example, transgenic mice over-expressing MCH
exhibit hyperphagia (Ludwig et al., 2001) and mice with genetic deletion of MCH are
hypophagic, lean and have an increased rate of energy expenditure (Kokkotou et al., 2005;
Shimada et al., 1998). Intracerebroventricular (i.c.v.) injection of MCH elicits an increase
(Ludwig et al., 1998; Rossi et al., 1997) while pharmacological antagonism of MCH-1 receptor
elicits a decrease in food intake in rats (Kowalski et al., 2004).

The location of MCH neurons in the lateral hypothalamus (Skofitsch et al., 1985; Zamir et al.,
1986a,b), which is known to be involved in the regulation of cardiovascular and other
autonomic functions, suggests that this peptide may play a role in the modulation of autonomic
functions including cardiovascular regulation in addition to its well established role in feeding
behavior and energy homeostasis. Indeed, there are reports in literature which suggest a role
of MCH in cardiovascular regulation. For example, mice lacking MCH-1 receptor exhibit an
increase in heart rate (Astrand et al., 2004) and i.c.v. administration of MCH elicits hypotension
and bradycardia in rats (Messina and Overton, 2007).

The nucleus tractus solitarius (NTS) is one of the medullary structures that plays an important
role in the central regulation of cardiovascular function (for reviews see: Coote, 2007; Gordon
and Sved, 2002; Guyenet, 2006; Sapru, 2002, 2004; Talman et al., 1984). The presence of
MCH containing fibers and MCH-1 receptors has been demonstrated in the NTS (Hervieu et
al., 2000; Zamir et al., 1986a,b). Based on these reports, it was hypothesized that the NTS may
mediate the depressor and bradycardic responses to centrally administered MCH via activation
of MCH-1 receptors. In order to test this hypothesis, MCH was directly microinjected into the
NTS in rats and the mechanism of cardiovascular effects studied.
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EXPERIMENTAL PROCEDURES
General Procedures

Adult male Wistar rats (Charles River Laboratories, MA, USA), weighing 300–350 g, were
used in this study. All animals were housed under controlled conditions with a 12-hour light/
dark cycle. Food and water were available to the animals ad libitum. The experimental
procedures were performed in accordance with NIH “Guide for the Care and Use of Laboratory
Animals” (Publication No. 80-23, revised 1996). All protocols were approved by the
Institutional Animal Care and Use Committee at New Jersey Medical School, Newark. The
number of animals used was the minimum required for statistical analyses of the data and every
effort was used to minimize suffering to the animals.

Surgery
The rats were initially anesthetized with isoflurane (2–3% in 100% oxygen) delivered via a
nose-mask, and the femoral vein and artery on one side were cannulated (using polyethylene
50 tubing) for intravenous injections and for monitoring the blood pressure (BP), respectively.
The BP was monitored via a pressure transducer (Grass Instruments, West Warwick, RI, USA,
model P23 Db) and the heart rate (HR) was monitored by a tachograph (Grass Instruments,
model 7P4) that was triggered by the BP waves. Mean arterial pressure (MAP) was derived
electronically from BP waves. Urethane (1.2–1.4 gm/kg) was injected intravenously in 6–7
aliquots at 2-min intervals and the administration of isoflurane was discontinued. The animal
remained artificially ventilated with room air throughout the experiment. The depth of
anesthesia was periodically tested by pinching the hind paw of the rat; the absence of a pressor
response and/or withdrawal of the limb indicated that the rat was adequately anesthetized.
Rectal temperature was continuously monitored and maintained at 37 ± 0.5° C using an infrared
lamp connected to a temperature controller. A polygraph (Grass Instruments, model 7D) was
used for all recordings.

Vagotomy was necessary in experiments designed to investigate the role of parasympathetic
innervation to the heart in mediating the bradycardic responses elicited by microinjections of
MCH into the mNTS. For these experiments, silk sutures were placed loosely around the vagus
nerves bilaterally for subsequent identification and sectioning of the nerves.

Decerebration
Anesthesia was induced and maintained by tracheal administration of isoflurane as described
earlier. The external and internal carotid, and pterygopalatine arteries were ligated bilaterally.
The rats were placed in a prone position in a stereotaxic instrument (David Kopf Instruments,
Tujunga, CA, USA, model 1430 adapted for rat) with the bite bar 18 mm below the interaural
line. The parietal bones were removed, the dura was incised, a transection was made at mid-
collicular level, the portion of the brain rostral to the transection was removed by suction and
the cranial cavity was loosely packed with cotton balls. Administration of isoflurane was
terminated at this time and a stabilization period of 50–60 min was allowed after the
decerebration.

Microinjections
The anesthetized or decerebrate rats were fixed in a stereotaxic instrument in a prone position
as described earlier. The medulla was exposed and the calamus scriptorius (reference point)
was visually identified using an operating microscope (Carl Zeiss, Thornwood, NY, USA,
model OPMI-1H). Four barreled glass-micropipettes (tip size 20–40 μm) were mounted on a
micromanipulator (David Kopf Instruments, model 1460 with an AP slide 1262) and each
barrel was connected via polyethylene tubing to one of the channels on a picospritzer (General
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Valve Corp, Fairfield, NJ, USA). The micropipettes included barrels containing L-glutamate
(L-Glu), normal saline, MCH and MCH-1 receptor antagonist (see Drugs and Chemicals). The
coordinates for the mNTS were: 0.5–0.6 mm rostral to the calamus scriptorius, 0.5–0.6 mm
lateral to the midline and 0.5–0.6 mm deep from the dorsal medullary surface. The site eliciting
depressor and bradycardic responses was identified by microinjections of L-Glu (5 mM) into
the mNTS. A 100 nl volume was selected for all microinjections (unless indicated otherwise)
because this volume elicited maximum cardiovascular responses (Brown et al., 2006). The
duration of microinjection was 10 sec. Controls for microinjections consisted of 100 nl normal
saline (pH 7.4).

Intracerebroventricular injections
Anesthetized rats were fixed in a prone position in the stereotaxic instrument as described
earlier. The dorsal surface of the skull was exposed, bregma identified and parietal bones
partially removed to create a window (4 × 4 mm) exposing the cortex. A triple barreled
micropipette (one barrel filled with MCH, the second with normal saline and the third with
India ink) was mounted on a micromanipulator and intracerebroventricular (i.c.v.) injections
were made (coordinates: 0.3 mm caudal to Bregma, 1.5 mm lateral to the midline and 3 mm
deep from the dorsal surface of the cortex). Diluted India ink (5 μl) was injected into the lateral
ventricle and the location of the dye was examined postmortem under an operating microscope.

Greater splanchnic nerve recording
The greater splanchnic nerve (GSN) was exposed, using a retroperitoneal approach, in
anesthetized rats. The segment of the GSN immediately proximal to the celiac ganglion was
identified under an operating microscope sectioned at its junction with the celiac ganglion and
a few mm of the central end of the nerve were desheathed (for a diagram, see Sapru et al.,
1982). The exposed portion of the nerve was placed on a bipolar silver hook electrode and the
nerve and the tips of the electrode were embedded in a silicone elastomer (WPI, Sarasota, FL,
USA; Kwik-Sil) which was allowed to set for 5–10 min. The electrode was connected to a
probe head-stage (CWE Inc., Ardmore, PA, USA, model Super-Z) and the whole nerve
discharge was amplified (X10,000–20,000, using CWE, model BMA-830 amplifier) and
filtered (100–5000 Hz). Amplified signals were digitized (22 kHz) using Neuro-Corder
(Cygnus technologies, Delaware Water Gap, PA, USA), visualized on an oscilloscope
(Tektronix Beaverton, OR, USA, model R5103N) and stored together with BP and HR on a
video cassette recorder. The whole greater splanchnic nerve activity (GSNA) was full-wave
rectified and a moving average (integrated) signal was obtained (CWE, model MA-821 moving
averager, time-constant 100 msec). At the end of the experiment, the GSN was sectioned
centrally and the remaining activity was considered to be the noise level which was subtracted
from the GSNA amplitude. The amplitude of the GSNA was expressed as μV and the moving
average signal was expressed as μV/100 msec.

Extracellular Neuronal Recording
A 5-barreled glass micropipette (Medical Systems, Greenvale, NY, USA) was pulled in a
vertical pipette puller (Narishige, Tokyo, Japan, model PE-2) and the tip size was adjusted so
that the resistance of the barrels was 4–8 mega Ohm. The micropipette was mounted on a
micromanipulator (David Kopf Instruments, model 1460 with an AP slide model 1262). The
barrel used for recording was filled with 4 M NaCl, the second barrel contained normal saline
and other barrels contained L-Glu, MCH and MCH-1 receptor antagonist. The spontaneous
extracellular activity of mNTS neurons was filtered (300–10,000 Hz) and amplified (X10,000–
20,000; WPI, model DAM 80 amplifier). The signals were fed into a window discriminator
(Frederick Haer, Brunswick, ME, USA, model 2503), visualized on an oscilloscope, and spike
activity was monitored using a rate meter (CWE, model RIC-830). Ejection of the contents in
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different barrels on neurons was accomplished by application of pressure pulses (15 msec
duration, 20 psig) and the volume of ejected solution (4 nl) was visually confirmed under a
modified binocular horizontal microscope. Controls consisted of 4 nl pressure applications of
normal saline (pH 7.4) to mNTS neurons.

Histology
The typical sites of microinjections were marked by a unilateral microinjection (100 nl) of
diluted India ink. The animals were perfused with arterial administration of heparinized normal
saline followed by 10% formalin, and the brains were removed and fixed in 10% formalin for
72 hrs. After the fixation procedure was completed, serial sections of the medulla were cut (30
μm) in a vibratome (The Vibratome Company, St Louis, MO, model 1000), mounted on slides,
stained with cresyl violet and the microinjection site (marked with India ink) was identified
under a microscope (Olympus Provis, Middlebush, NJ, USA, model AX70). The sections were
photographed and compared with a standard atlas (Paxinos and Watson, 1986).

Drugs and chemicals
The following drugs and chemicals were used: L-Glu monosodium, isoflurane, MCH (Rat),
PMC-3881-PI (Ac-Arg-[Cys-Met-Ava-Arg-Val-Tyr-Ava-Cys]-NH2) (antagonist for MCH-1
receptors) (Bednarek et al., 2002) and urethane. Rat MCH used in this study is identical to
human MCH (Herviev, 2003). All solutions for microinjections were freshly prepared in
normal saline (pH 7.4); the selection of normal saline as a vehicle instead of the artificial
cerebrospinal fluid (aCSF) was prompted by better solubility of MCH in the normal saline.
Where applicable, the concentrations of drugs injected into the mNTS refer to their salts. All
drugs, except MCH, PMC-3881-PI, and isoflurane, were obtained from Sigma Chemicals (St.
Louis, MO, USA). Isoflurane was purchased from Baxter Pharmaceutical Products (Deerfield,
IL, USA), and MCH and PMC-3881-PI were purchased from Peptides International
(Louisville, KY, USA).

Statistical analyses
For comparison of MAP and HR responses, the means and standard error of mean (SEM) were
calculated for maximum changes in these values in response to microinjections of MCH or L-
Glu into the mNTS. In dose-response and tachyphylaxis studies, comparisons of maximum
decreases in MAP and HR in different groups of rats were made by using a one-way analysis
of variance (ANOVA) followed by Tukey-Kramer’s multiple comparison test. Comparisons
of the maximum decreases in MAP and HR elicited by microinjections of MCH or L-Glu into
the mNTS, before and after the microinjections of an MCH-1 receptor antagonist (PMC-3881-
PI) and also before and after bilateral vagotomy were made by using the Student’s paired t-
test. For the analyses of nerve activities, control values of nerve activity represented the
averages of GSNA amplitudes during 35 sec periods before the microinjections of various
agents into the mNTS or intravenous injection of phenylephrine. Maximum inhibition in GSNA
amplitudes, in response to different treatments, was averaged over a period of 35–60 sec and
expressed as percent of the control value of GSNA amplitude. The mean values of the integrated
signals before and after the administration of drugs were compared using Student’s paired t-
test. For the analyses of neuronal activities, the mean values of the neuronal firing rate were
determined after intravenous injections of phenylephrine, and microinjections of L-Glu, saline,
MCH and PMC-3881-PI into the mNTS. The differences in neuronal firing in induced by
microinjections of MCH into the mNTS, before and after the microinjections of PMC-3881-
PI at the same site, were determined by ANOVA followed by Duncan’s multiple range test. In
all cases, the differences were considered significant at P < 0.05.
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RESULTS
Baseline values for MAP and HR in urethane-anesthetized rats used in this study were 107.5
± 2.0 mmHg and 406.3 ± 7.4 bpm, respectively (n = 86). The values for baseline MAP and HR
in the decerebrate rats (n = 8) were 91.4 ± 9.5 mmHg and 400 ± 20.0 bpm, respectively.

Dose-response of MCH
In this and other series of experiments, the mNTS was always identified by microinjections of
L-Glu which stimulate neurons but not fibers of passage. Microinjections of L-Glu (5 mM)
into the mNTS elicited depressor (46.4 ± 2.9 mmHg) and bradycardic (93.0 ± 12.3 bpm)
responses (n = 28). As mentioned earlier, the volume of all microinjections was 100 nl unless
indicated otherwise. The interval between microinjections of L-Glu and subsequent injections
of other agents was at least 5 min.

Microinjections of MCH (0, 0.25, 0.5, 0.75, and 1 mM) were made into the mNTS; 0 mM
concentration refers to normal saline (n = 28). A minimum of 5 rats was used for each
concentration and no more than 2 concentrations were injected in each rat. The decreases in
MAP elicited by these concentrations of MCH were 0 ± 0, 20.4 ± 1.6, 50.7 ± 3.3, 35.7 ± 2.8
and 30.0 ± 2.6 mmHg, respectively (Fig. 1A). Preliminary studies showed that smaller
concentrations (e.g., 0.125 mM) elicited small and inconsistent responses; therefore, detailed
dose-response was not studied for this concentration. ANOVA of MAP values was found to
be highly significant (F = 22.5, df = 3,24, P < 0.0001). A Tukey Kramer post hoc multiple
comparisons test showed that the depressor responses elicited by 0.5 mM concentration were
significantly greater (P < 0.001) than those of 0.25, 0.75 and 1.0 mM concentrations (P < 0.001).
The depressor responses to 0.5 mM and 0.75 mM concentrations were also significantly greater
than those of 0.25 mM concentration (P < 0.001–0.01). The depressor responses elicited by 1
mM and 0.25 mM and 0.75 mM were not statistically different from each other (P > 0.05). The
decreases in HR in response to the same concentrations of MCH (i.e., 0, 0.25, 0.5, 0.75, and 1
mM) were 0 ± 0, 40.0 ± 8.7, 90.0 ± 13.0, 48.0 ± 7.3 and 48.0 ± 8.0 beats/min (bpm), respectively
(Fig. 1B). An ANOVA of HR values was also found to be significant (F = 15.68, df = 4,30, P
< 0.0001). A Tukey Kramer post hoc multiple comparisons test showed that the effect of 0.5
mM concentration was significantly greater than that of 0.25, 0.75 and 1 mM concentration (P
< 0.05). However, the differences between the effects of 0.25, 0.75 and 1.0 mM were not
statistically significant (P > 0.05). Thus, maximal BP and HR responses were elicited by 0.5
mM concentration of MCH. The onset and duration of cardiovascular responses to
microinjections of MCH (0.25–1 mM) were 2–4 sec and 30–80 sec, respectively. The peak
effect was observed at 5–20 sec.

Diminution of responses to the repeated administration of the same concentration of the agonist
(tachyphylaxis) was tested by making 3 consecutive microinjections of MCH (0.5 mM) into
the mNTS at 20 min intervals (n = 5). The decreases in MAP in response to these
microinjections were 43.9 ± 3.1, 41.2 ± 3.1, and 41.1 ± 3.0 mmHg, respectively; a repeated
measure ANOVA showed that these values were not statistically different (P > 0.05). Likewise,
the decreases in HR in response to 3 microinjections of the same concentration of MCH in the
same group of rats were 70.0 ± 10.0, 61.0 ± 8.5 and 61.3 ± 15 bpm, respectively; these responses
were also not statistically different from each other (P > 0.05). Since maximal MAP and HR
responses were elicited by 0.5 mM concentration of MCH and repeated microinjections of this
concentration did not exhibit tachyphylaxis, this concentration was used for other experiments.

Leakage of the MCH, if any, from the injection site in the mNTS into the systemic circulation
or CSF was not responsible for the MCH-induced depressor and bradycardic responses. This
conclusion was based on our observation that the concentrations of MCH (0.5 mM, 100 nl)
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that elicited depressor and bradycardic responses when microinjected into the mNTS, did not
elicit a response when injected intravenously (n = 5) or i.c.v. (n = 4).

Experiments were carried out to exclude the possibility that MCH microinjected into the mNTS
may have spread to adjacent regions and elicited depressor and bradycardic responses. In these
experiments (n = 9), a site in the mNTS where microinjections of L-Glu elicited depressor and
bradycardic responses, was first identified in each rat; microinjections of MCH (0.5 mM) at
this site elicited decreases in MAP (50.7 ± 3.3 mmHg) and HR (90.0 ± 13.0 bpm). In the same
group of rats, microinjections of L-Glu and MCH (0.5 mM) into an adjacent area (e.g., the
cuneate nucleus) elicited no cardiovascular responses. Similar microinjections of L-Glu and
MCH into the ventrolateral NTS of the same rats did not elicit cardiovascular responses. In
another group of rats (n = 3), L-Glu (5 mM; 30 nl) was microinjected into the area postrema;
pressor and tachycardic responses were elicited from this region. Microinjections of MCH (0.5
mM, 30 nl) at the same site elicited no responses. These results indicate that responses elicited
by MCH in the mNTS are not mediated by spread of the injected peptide to brain regions
adjacent to this nucleus.

Effect of urethane-anesthesia on MCH responses
In urethane-anesthetized (n = 9) and unanesthetized decerebrate (n = 8) rats, microinjections
of L-Glu elicited MAP decreases of 50.4 ± 1.5 and 57.0 ± 7.3, respectively. The decreases in
MAP induced by microinjections of MCH (0.5 mM) into the mNTS of the same groups of
urethane-anesthetized and unanesthetized decerebrate rats were 50.7 ± 3.3 and 51.9 ± 2.0
mmHg, respectively. Thus, the L-Glu-induced decreases in MAP in urethane-anesthetized and
unanesthetized decerebrate rats were not statistically different (P > 0.05) (Fig. 1C). The
decrease in HR induced by L-Glu (5 mM) into the mNTS of the same group of urethane-
anesthetized and unanesthetized decerebrate rats were 126.7 ± 21.0 and 136.3 ± 23.2 bpm,
respectively. The decreases in HR induced by MCH (0.5 mM) into the mNTS of the same
group of urethane-anesthetized and unanesthetized decerebrate rats were 90.0 ± 13.0 and 124.0
± 9.3 bpm, respectively. Thus, the L-Glu-induced decreases in HR in urethane-anesthetized
and unanesthetized decerebrate rats were not statistically different (P > 0.05) (Fig. 1D). These
results indicated that the urethane did not significantly (P > 0.05) affect the cardiovascular
responses to microinjections of L-Glu or MCH into the mNTS.

MCH-induced bradycardia: effect of vagotomy
The decrease in MAP induced by microinjections of MCH (0.5 mM) into the mNTS in another
group of rats (n = 7) was 38.3 ± 4.4 mmHg. After ipsilateral and bilateral vagotomy MCH-
induced decreases in MAP were 41.4 ± 3.3 and 39.2 ± 2.4 mmHg, respectively (P > 0.05) (Fig.
1E). In the same group of rats, the decrease in HR induced by microinjections of MCH into
the mNTS was 53.3 ± 8.4 bpm. After ipsilateral and bilateral vagotomy in the same group of
rats, the MCH-induced decreases in HR were 26.6 ± 3.3 and 18.3 ± 3.1 bpm, respectively (P
< 0.05) (Fig. 1F). Thus, ipsilateral and bilateral vagotomy did not significantly alter MCH-
induced depressor responses but these procedures significantly attenuated the HR responses
to microinjections of MCH into the mNTS.

Blockade of MCH-induced responses
A typical recording from one rat is shown in Fig. 2. The mNTS-region was identified by a
microinjection of L-Glu (5 mM) (Fig. 2A). About 5 min after the BP and HR returned to basal
levels, a microinjection of normal saline (pH 7.4; 100 nl) at the same site elicited no responses
(Fig. 2B). About 2 min after the microinjection of saline, microinjection of MCH (0.5 mM) at
the same site elicited decreases in pulsatile arterial pressure (PAP), MAP and HR (Fig. 2C).
About 20 min after recovery of the responses, PMC-3881-PI (2 mM; antagonist at MCH-1
receptors) was microinjected at the same site (20 min time interval was selected to avoid MCH-
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induced tachyphylaxis, if any). The MCH-1 receptor antagonist did not elicit a cardiovascular
response by itself (Fig. 2D). Within 2 min, MCH (0.5 mM) was again microinjected at the
same site; the responses to MCH were blocked (Fig. 2E) and the blockade persisted for at least
20 min. Microinjection of L-Glu (5 mM), 2 min after MCH injection, elicited a decrease in
MAP and HR which was not significantly different than the initial L-Glu response (Fig. 2F).
Group data for these experiments (n = 5) are shown graphically in Fig. 3. The decrease in MAP
in response to microinjections of MCH (0.5 mM) into the mNTS (52.3 ± 5.8 mmHg) was
completely blocked by prior microinjection of PMC-3881-PI (2 mM) at the same site (P <
0.001) (Fig. 3A). Similarly, the decrease in HR (76.0 ± 26.0 bpm) by the same microinjection
of MCH in the same group of rats was also completely blocked by prior microinjection of
PMC-3881-PI at the same site (P < 0.0001) (Fig. 3B). The lack of responses to MCH after
microinjections of PMC-3881-PI was not due to tachyphylaxis because, as described earlier,
repeated microinjections of MCH (0.5 mM) did not exhibit tachyphylaxis when the interval
between injections was at least 20 min. The decreases in MAP elicited by microinjections of
L-Glu (5 mM) into the mNTS before and after the microinjection of PMC-3881-PI (2.0 mM)
were 54.3 ± 7.2 and 46.3 ± 4.6 mmHg, respectively (P > 0.05, Fig. 3C). Similarly, in the same
group of rats, the decreases in HR elicited by the same concentration of L-Glu into the mNTS
before and after the microinjection of the same concentration of PMC-3881-PI were 86.0 ±
20.0 and 74.0 ± 7.5 bpm, respectively (P > 0.05) (Fig. 3D). This experiment indicated that
PMC-3881-PI did not exert any deleterious effects at the site of injection because the responses
to an unrelated agonist (L-Glu) at the same site remained unaltered. The concentration of
PMC-3881-PI used in this experiment (2 mM) for blocking MCH responses was selected based
on the observation that smaller concentrations of this antagonist (e.g., 1 mM) were not sufficient
to block the effects of MCH (0.5 mM).

Effect of MCH on sympathetic nerve activity
A recording showing the effects of microinjections of MCH into the mNTS on efferent greater
splanchnic nerve discharge is presented in Fig. 4. Efferent discharge was recorded from a
segment of the nerve rostral to the celiac ganglion. An intravenous bolus injection of
phenylephrine (PE; 10 μg/kg) increased BP which, in turn, elicited reflex bradycardia and
inhibition of efferent sympathetic nerve discharge (not shown). About 5 min later, when the
effects of PE subsided, microinjection of L-Glu (5 mM) into the mNTS inhibited the nerve
discharge which lasted for 6–12 sec (Fig. 4A). After 5 min, microinjections of saline (100 nl)
into the mNTS did not alter the sympathetic nerve activity (not shown). Within 5 min, MCH
(0.5 mM) was microinjected at the same site in the mNTS; a decrease in efferent nerve discharge
was elicited which lasted for 15–50 sec (Fig. 4B). Group data (n = 6) for this experiment are
shown in Fig. 4C. Microinjections of L-Glu (5 mM) and MCH (0.5 mM) into the mNTS elicited
significant (P < 0.0001) decreases in the greater splanchnic nerve activity (89.8 ± 0.8 and 60.5
± 4.1 %, respectively) when compared to basal nerve activity.

Neuronal Recording
The results obtained in microinjection studies were confirmed by single mNTS neuronal
recordings as follows. A typical tracing is shown in Fig. 5. An intravenous bolus injection of
phenylephrine (3 μg/kg) increased the NTS-neuronal firing rate from the basal rate of 8 to 46
spikes/sec) indicating that the neuron was involved in baroreflex and, therefore, cardiovascular
regulation (Fig. 5A). Smaller doses of phenylephrine (i.e., 3 μg/kg, instead of 10 μg/kg used
in sympathetic nerve recording experiments) were used in neuronal recording experiments in
order to avoid the possibility of losing the neurons due to large increases in BP. Pressure micro-
application (4 nl) of L-Glu (5 mM) elicited an increase in neuronal firing (from a basal rate of
8 to 58 spikes/sec) which lasted for 0.8 sec (Fig. 5B). Pressure micro-application of normal
saline (pH 7.4) elicited no response (not shown) indicating that pressure micro-application
alone was not responsible for the changes in neuronal firing. MCH (0.5 mM) was pressure
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micro-applied to the mNTS neuron 2–3 sec after the saline; an increase in the neuronal firing
(from the basal rate of 10 to 28 spikes/sec) was elicited which lasted for 0.8 sec (Fig. 5C). The
duration of the effects of L-Glu and MCH was short because the ejection volumes were very
small volume (4 nl) in all pressure micro-applications to the mNTS neurons. PMC-3881-PI (2
mM) was applied to the neuron 2–3 sec after the application of MCH; the firing of the neuron
was not altered (not shown). Within 2–3 sec, MCH was again applied to the neuron. PMC-3881-
PI blocked the excitatory effect of MCH (Fig. 5D). Group data of neuronal recording
experiments are shown in Fig. 6. The basal firing rate of mNTS neurons (25 neurons) in this
group of rats (n = 5) was 10.4 ± 3.3 spikes/sec (not shown). An intravenous bolus injection of
phenylephrine (PE; 3 μg/kg) increased the NTS-neuronal firing rate; the peak increase (31.9
± 4.2 spikes/sec from the basal neuronal firing, P < 0.001) was reached within 3.5 sec. The
firing of the neuron returned to basal level within 3.4 ± 0.4 sec. When the BP and neuronal
firing returned to basal level, L-Glu (5 mM) was directly applied to the neurons by pressure
micro-application. L-Glu increased the neuronal firing; the peak increase (32.7 ± 5.0 spikes/
sec, P < 0.01) was reached within 0.7 sec and lasted for 1.12 ± 0.4 sec. Pressure micro-
application of normal saline (pH 7.4) did not elicit a response. Subsequent pressure micro-
application of MCH (0.5 mM) increased the firing of the mNTS neurons; the peak increase
(8.2 ± 3.1 spikes/sec, P < 0.05) was reached within 0.5 sec and lasted for 0.7 ± 0.3 sec.
PMC-3881-PI (MCH-1 receptor antagonist; 2 mM) was directly applied to the neuron 2–3 sec
after the application of MCH; no significant change in the neuronal firing compared to the
basal firing rate was observed. Within 2–3 sec, MCH was again applied to the neurons;
PMC-3881-PI blocked the excitatory effect of MCH (a small increase of 0.25 ± 0.4 spikes/sec
was observed).

Histology
The mNTS sites, where microinjections of MCH elicited depressor and bradycardic responses,
were marked in 12 rats. A typical mNTS-site marked with India ink (100 nl) is shown in Fig.
7A (arrow); the site was 0.5 mm rostral to the calamus scriptorius, 0.57 mm lateral to the
midline and 0.65 mm deep from the dorsal medullary surface. Composite diagrams of these
sites are shown in Fig. 7B and C in which each spot represents one site of microinjection. The
sites were located in mNTS, 0.5–0.6 mm rostral to the CS, 0.47–0.65 mm lateral to the midline
and 0.43–0.65 mm deep from the dorsal medullary surface.

DISCUSSION
In this study we have demonstrated for the first time that MCH microinjections into the mNTS
elicit depressor and bradycardic responses. Although an earlier report (Messina and Overton,
2007) indicated that MCH elicits decreases in BP and HR, the peptide was injected i.c.v. in
that study. Since substances injected by i.c.v. route can reach several central cardiovascular
regulatory areas, it became necessary to investigate the possible central site of action of MCH.
In our study, microinjection of normal saline into the mNTS did not elicit any responses, thus
local distortion of brain tissue or other non-specific effects can be disregarded. Leakage, if any,
of MCH into the peripheral circulation from the microinjection site was also excluded because
the doses of MCH that elicited depressor and bradycardic responses when microinjected into
the mNTS, did not elicit responses when injected intravenously. This observation is important
considering that the presence of fenestrated capillaries and perivascular spaces in the caudal
NTS may permit entry of solutes into the brain parenchyma in the commissural subnucleus of
NTS and vice versa. The site-specificity of MCH-induced cardiovascular responses was
established by the lack of responses to MCH microinjections into the areas located adjacent to
mNTS such as the cuneate nucleus and area postrema. Moreover, the doses of MCH that elicited
depressor and bradycardic responses when microinjected into the mNTS did not elicit
cardiovascular responses when injected into the lateral ventricle. Microinjections of MCH into
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the mNTS showed a non-linear bell-shaped dose-response. This type of dose-response has been
reported for several enzymes, peptides, and hormones and has been explained by homotropic
allostery in which the agonist at higher concentrations binds to a modulator site, which is
different from the primary binding site, and thereby affects the function of the receptor resulting
in attenuated responses (Bindslev, 2004).

Anesthesia did not alter responses to MCH microinjections because the responses observed in
unanesthetized mid-collicular decerebrate rats were qualitatively similar to those elicited in
anesthetized rats. Contribution, if any, of structures rostral to the superior colliculi (e.g.,
hypothalamus) in mediating the responses to microinjections of MCH into the mNTS was also
excluded based on the lack of alteration of cardiovascular responses by mid-collicular
decerebration. Thus, MCH receptors in the mNTS may independently play a role in
cardiovascular regulation. However, our results do not exclude the possibility that direct
microinjections of MCH into other areas implicated in the central regulation of cardiovascular
function, such as the lateral hypothalamic area, can elicit cardiovascular responses. These
possibilities remain to be investigated in future studies in this and other laboratories.

Based on the available information regarding medullo-spinal cardiovascular regulatory areas
(Coote, 2007; Gordon and Sved, 2002; Guyenet, 2006; Sapru, 2002, 2004; Talman et al.,
1984), the following mechanism may be involved in mediating the cardiovascular responses
elicited by MCH microinjections into the mNTS. MCH stimulates mNTS neurons as shown
by direct pressure micro-applications of this peptide to these neurons. Involvement of these
neurons in cardiovascular regulation was indicated by their excitation in response to
baroreceptor input which was activated by pressor responses to intravenous bolus injections
of phenylephrine. Activation of mNTS neurons by MCH results in the stimulation of a
population of GABAergic neurons located in the caudal ventrolateral medullary depressor area
(CVLM). As a result, GABA released in the rostral ventrolateral medullary pressor area
(RVLM) causes a decrease in the activity of neurons located in this region. Consequently, the
activity of excitatory pathways from the RVLM neurons to the sympathetic preganglionic
neurons (SPGNs) located in the intermediolateral cell column of the thoraco-lumbar cord
(IML) is decreased. Since the output of SPGNs to the arterioles is decreased, the blood pressure
decreases. Indeed, in this study, sympathetic activity recorded from the central end of the
greater splanchnic nerve was decreased by microinjections of MCH into the mNTS.

Bradycardia elicited by microinjections of MCH into the mNTS was primarily mediated via
the activation of the vagal innervation to the heart because ipsilateral as well as bilateral
vagotomy significantly reduced bradycardic responses. The events that lead to MCH-induced
bradycardia can be speculated as follows. Microinjections of MCH into the mNTS activate
secondary mNTS neurons which, in turn, stimulate the parasympathetic preganglionic neurons
located in the nucleus ambiguus and the activity of vagal innervation to the heart is increased
causing bradycardia. The presence of an excitatory projection from the mNTS to the nucleus
ambiguus and the predominant role of this nucleus in the vagal control of heart are consistent
with this conclusion. However, decrease in the activity of the sympathetic innervation to the
heart must also contribute to the MCH-induced decrease in HR because bilateral vagotomy did
not completely abolish bradycardia.

PMC-3881-PI has been reported to be a potent antagonist at MCH-1 receptors (Bednarek et
al., 2002). This compound is an effective antagonist at MCH-1 receptors (KB 3.6 nM) and
exhibits 1000 fold selectivity for MCH-1 receptor compared to MCH-2 receptor. It does not
show agonist effects at MCH receptors even at micro-molar concentrations (Bednarek et al.,
2002). Since the effects of microinjections of MCH into the mNTS were blocked by prior
microinjections of this antagonist at the same site, it was concluded that MCH-induced
responses were mediated via MCH-1 receptors. PMC-3881-PI did not exert any deleterious
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effects at the site of injection because it did not alter responses to another unrelated agonist,
L-Glu. However, microinjections of PMC-3881-PI alone did not elicit any cardiovascular
responses suggesting the MCH is not involved in the control of cardiovascular function under
normal physiological situations. This observation prompts a hypothesis that the MCH system
may be activated under specific circumstances. One such situation is stress. It is well known
that initial autonomic, endocrine and behavioral responses to stress provide a short-term
metabolic lift to an individual. However, prolonged and inappropriate stressful situations can
perturb homeostasis which may lead to disease. Increase in BP is one of the consequences of
prolonged stress. It is possible that MCH is released in the mNTS in order to cope with this
adverse effect of stress, causing decreases in BP and HR to ameliorate the hypertensive
response.

CONCLUSION
In summary, microinjections of MCH into the mNTS elicit depressor and bradycardic
responses which are mediated via MCH-1 receptors. The decrease in BP is mediated via
excitation of mNTS neurons which results in a decrease in sympathetic activity. Bradycardia
is mediated predominantly via the vagus nerves, although decrease in sympathetic nerve
activity also contributes to this effect. MCH may be released in the mNTS in response to
prolonged stress so that the adverse effects of stress on cardiovascular function can be
ameliorated.
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Abbreviations
aCSF  

artificial cerebrospinal fluid

ANOVA  
analysis of variance

CS  
calamus scriptorius

CNS  
central nervous system

CVLM  
caudal ventrolateral medullary depressor area

GSNA  
greater splanchnic nerve activity

i.c.v  
intracerebroventricular

IML  
intermediolateral cell column of the thoraco-lumbar spinal cord

L-Glu  
L-glutamate

MAP  
mean arterial pressure

MCH  
melanin concentrating hormone

mNTS  
medial subnucleus of NTS

NTS  
nucleus tractus solitarius

PAP  
pulsatile arterial pressure

SEM  
standard error of the mean

RVLM  
rostral ventrolateral medullary pressor area
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Fig. 1.
Cardiovascular effects of MCH. Dose-response for decreases in mean arterial pressure (MAP;
A) and heart rate (HR; B) responses to microinjections (100 nl) of MCH (0, 0.25, 0.5, 0.75,
and 1 mM) into the mNTS (n = 28); 0 mM refers to normal saline (pH 7.4) which elicited no
responses (indicated by # symbol). The decreases in MAP and HR elicited by 0.5 mM
concentration of MCH were significantly greater than those of other concentrations (*P <
0.001–0.01). Comparison of MAP (C) and HR (D) responses induced by microinjections to L-
Glu (5 mM) and MCH (0.5 mM) into the mNTS of urethane-anesthetized (n = 9; dark bars)
and unanesthetized decerebrate (n = 8; open bars) rats; L-Glu or MCH-induced decreases in
MAP and HR were not statistically different (P > 0.05) in the two groups of rats. Effect of
vagotomy on MCH-induced effects on MAP (E) and HR (F) (n = 7); ipsilateral (ipsilat) and
bilateral (bilat) vagotomy did not significantly (P > 0.05) alter MCH-induced depressor
responses but the HR responses were significantly (*P < 0.05) attenuated.
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Fig. 2.
Microinjections of MCH into the mNTS elicit depressor and bradycardic responses. Top trace:
Pulsatile arterial pressure (PAP, mmHg), middle trace: Mean arterial pressure (MAP, mmHg),
bottom trace: Heart rate (HR, beats/min). A: mNTS was identified by a microinjection of L-
Glu (5 mM). B: 5 min later, microinjection of normal saline (pH 7.4) did not elicit any response.
C: 2 min later, microinjection of MCH (0.5 mM) elicited a decrease in BP and HR. D:
PMC-3881-PI (2.0 mM, MCH-1 receptor antagonist) was microinjected 20 min after the
microinjection of MCH; no responses were elicited. E: Microinjection of MCH (0.5 mM) at
this time failed to elicit a response. F: Microinjection of L-Glu (5 mM) 2 min later elicited the
usual decrease in BP and HR.
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Fig. 3.
Blockade of MCH responses by PMC-3881-PI. A: The decrease in MAP in response to
microinjections of MCH (0.5 mM) into the mNTS was completely blocked after the
microinjection of PMC-3881-PI (2.0 mM) at the same site (*P < 0.001) (n = 5). B: Decrease
in HR in response to microinjections of MCH (0.5 mM) into the mNTS in the same group of
rats was also completely blocked by prior microinjections of PMC-3881-PI at the same site
(**P < 0.0001). The decreases in MAP (C) and HR (D) elicited by microinjections of L-Glu
(5 mM) into the mNTS of the same group of rats were not significantly (P > 0.05) altered by
prior microinjections of PMC-3881-PI at the same site.
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Fig. 4.
Effect of MCH on sympathetic nerve activity. In each panel, top trace: PAP (mmHg), 2nd trace:
MAP (mmHg), 3rd trace HR (bpm), 4th trace: Integrated greater splanchnic nerve activity
(GSNA; μV/100 msec), and 5th trace: whole GSNA. Inhibition of GSNA by a pressor response
induced by phenylephrine (10 μg/kg, i.v.) indicated that the GSNA was barosensitive (not
shown). A: Microinjection of L-Glu (5 mM) into the mNTS decreased PAP, MAP, HR,
integrated GSNA and whole GSNA. B: Microinjection of MCH (0.5 mM) into the NTS also
decreased PAP, MAP, HR, integrated GSNA and whole GSNA. C: Group data (n = 6) for this
experiment. Microinjections of L-Glu (5 mM; dark bar) and MCH (0.5 mM; open bar) into the
mNTS elicited significant (*P < 0.0001) decreases in the GSNA when compared to basal nerve
activity.
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Fig. 5.
Excitation of mNTS neurons by MCH. In each panel, top trace: MAP (mmHg), 2nd trace:
neuronal firing rate (spikes/sec), and 3rd trace: neuronal action potentials (μV). A: Basal firing
rate of this neuron was 8 spikes/sec. Increase in MAP induced by phenylephrine (PE; 3 μg/kg,
i.v.) elicited an increase in the neuronal activity (46 spikes/sec) indicating that the neuron was
barosensitive. B: When the neuronal firing returned close to basal level (8 spikes/sec), pressure
micro-application (4 nl) of L-Glu (5 mM) directly to the neuron increased its firing (58 spikes/
sec) which lasted for about 0.8 sec. C: When the neuronal firing returned close to the basal
level (10 spikes/sec), pressure micro-application (4 nl) of MCH (0.5 mM) increased the
neuronal firing (28 spikes/sec) which lasted for about 0.8 sec. When the neuronal firing returned
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to the basal level (10 spikes/sec), MCH-1 receptor antagonist (2 mM) was applied (4 nl) (large
arrow between panels C and D); no change in neuronal firing was elicited (not shown). D:
Subsequent pressure micro-application (4 nl) of MCH (0.5 mM) to the neuron failed to elicit
an increase in neuronal firing.
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Fig. 6.
Graphical representation of neuronal group data (n = 5; 25 neurons). An intravenous bolus
injection of phenylephrine (PE; 3 μg/kg) increased the NTS-neuronal firing rate indicating that
the neuron was involved in cardiovascular regulation. Pressure micro-application (4 nl) of L-
Glu (5 mM) elicited an increase in neuronal firing. Micro-application of normal saline (pH 7.4)
elicited no response. Micro-application of MCH (0.5 mM) to the neuron elicited an increase
in its firing. Application of PMC-3881-PI (2 mM; MCH-1 receptor antagonist) to the neuron
did not alter its firing but blocked the effect of subsequent (within 2–3 sec) pressure micro-
application of MCH (0.5 mM).
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Fig. 7.
Histological identification of microinjection sites. A: Coronal section of the medulla at 0.5 mm
rostral to the calamus scriptorius (CS) showing a typical mNTS microinjection site marked
with India ink (100 nl; arrow). The center of the spot was 0.57 mm lateral to the midline and
0.65 mm deep from the dorsal medullary surface. B: A drawing of a coronal section at a level
0.5 mm rostral to the CS showing the mNTS microinjection sites as dark spots. Each dark spot
corresponds to a microinjection site in one animal. C: A drawing of a coronal section at a level
0.6 mm rostral to the CS showing mNTS microinjection sites. The microinjection sites in B
and C were located in the NTS, 0.5–0.6 mm rostral to the CS, 0.47–0.65 mm lateral to the
midline and 0.43–0.65 mm deep from the dorsal medullary surface. Abbreviations: 10, dorsal
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motor nucleus of vagus; Amb, nucleus ambiguus; AP, area postrema; CC, central canal; NTS,
nucleus tractus solitarius; Py, pyramidal tract; Sp5, spinal trigeminal nucleus.
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