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A Role for Neuromedin U in Stress Response
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Neuromedin U (NMU) is a hypothalamic peptide that
has been recently found to reduce food intake, but few
is known about its other functions in the central ner-
vous system. We here studied behavioral activities in-
duced by an intracerebroventricular (ICV) adminis-
tration of NMU in rats and mice. NMU increased gross
locomotor activity, face washing behavior, and groom-
ing. NMU-induced stress response was significantly
abolished by pretreatment with an antagonist of cor-
ticotropin-releasing hormone (CRH), «-helical CRH
(9-41) (e-hCRH), or anti-CRH IgG. NMU did not induce
locomotor activity in CRH knockout mice. NMU that
interacts anatomically and/or functionally with the
CRH system is a novel physiological regulator of stress
response. © 2001 Academic Press
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NMU, a 23-amino-acid peptide, was first isolated as
a smooth-muscle-contracting peptide from the porcine
spinal cord and later from the brains of other species
(1). Two receptors for NMU, NMU1R, and NMUZ2R,
have recently been identified by using an intracellular
calcium influx assay in a cell line expressing NMU1R
(2-7). Rat NMUIR is expressed at a low level in the
brain, but NMU2R is abundantly expressed in the hy-
pothalamic paraventricular nucleus (PVN), along the
wall of the third ventricle in the hypothalamus, and
CAL1 region of the hippocampus (2). We and another
group have shown that an ICV administration of NMU
suppressed feeding in rats (2, 3, 8). The PVN is a major
part that produces CRH, a 4l1-amino-acid peptide,
which functions in stress response, anorectic behavior,
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autonomic regulation, and the hypothalamo-pituitary-
adrenal axis (9, 10). An ICV injection of CRH to rodents
increased gross locomotor activity, especially groom-
ing, and face washing behavior (11-13). We here stud-
ied behavioral activities of NMU given to rats cen-
trally. We also investigated the functional relationship
between NMU and CRH in the stress response. Fur-
thermore, we examined the effect of NMU on behav-
ioral responses to stress by the use of CRH-deficient
(knockout) mice.

MATERIALS AND METHODS

Rat experiment. Ten-week-old male Wistar rats weighing 300—
325 g (Charles River Japan, Inc., Shiga, Japan) were maintained in
individual cages under controlled temperature (21-23°C) and light
(light on 0700-1900 h) with ad libitum access to chow and water.
ICV cannulae were implanted into the lateral cerebral ventricle.
Proper placement of the cannulae was verified at the end of the
experiment by the administration of dye. Rat NMU (M, = 2641.3)
was synthesized by the solid phase technique in our laboratory. All
experiments were performed twice. All procedures were done in
accordance with the Japanese Physiological Society’s guidelines for
animal care.

First, movement of rats (n = 8 per group) that had received an
ICV administration of NMU (1 nmol), CRH (1 nmol), or vehicle was
measured using a Rat Locomotor Activity Recording Systems Device
(Muromachi Co. Ltd., Tokyo, Japan) as described previously (14).
After materials were injected to free-moving rats at 0900 h, they
were immediately returned to the individual sound- and light-proof
cages equipped with infrared light-beam detectors. Locomotor activ-
ity counts were made every 15 min and summed up for 60 min after
administration.

Second, rats (n = 10 per group) were administered an ICV injec-
tion at 0900 h with the following reagents: NMU 1 nmol, NMU 1
nmol + «-hCRH (50 ng, Sigma Chemical Co., St. Louis, MO), NMU
1 nmol + anti-CRH IgG (1 ng, Peptide Institute, Inc., Osaka, Japan),
NMU 1 nmol + control serum 1gG (1 ng), CRH 1 nmol (Peptide
Institute, Inc.), CRH 1 nmol + anti-CRH IgG, CRH 1 nmol + control
serum IgG. 1gG was injected 2 h before peptide administration.
Locomotor activity counts were made as above.

Third, rats (n = 6 per group) were administered an ICV injection
at 0900 h with following reagents: 5 nmol NMU, 5 nmol NMU + 100
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FIG. 1. NMU-induced locomotor activity and effects of a-hCRH
and anti-CRH 1gG on NMU-induced locomotor activity. Total loco-
motor activity count was measured for 1 h after injection. *P <
0.001; **P < 0.0001. NS, not significant.

ng a-hCRH, or saline. The behavior of the rats was monitored for 2 h
with a video camera and recorded on videotape. Face washing and
grooming were defined as follows (15): face washing, rubbing and
stroking the face and head (with) both forepaws; grooming, face
grooming with the hindpaws, cleaning the hindlegs, body, tail, and
genitals. The behavioral analysis was performed according to two
criteria. First, the total time taken carrying out each type of behav-
ioral activity during 2 h period was measured. Second, the time
taken carrying out each type of behavioral activity was measured
during consecutive 10-min intervals.

Mouse experiment. CRH knockout (KO) mice generated by tar-
geted mutation in embryonic stem cells (16) and wild-type mice (n =
4 per group, 6-month-old male) were housed individually in sound-
and light-proof cages equipped with infrared light-beam detectors.
ICV cannulation was done as described above. Movement of mice
given an ICV administration of NMU (2.5 nmol/2 ul saline) or the
vehicle was measured in the same Locomotor Activity Record-
ing Systems Device used above. Locomotor activity counts were
made every 15 min and summed up from 30 min to 150 min after
administration.

Statistics. Comparisons between groups of data (mean = SEM)
were made using ANOVA with a post-hoc Fisher’s test. Time-course
curves were compared by analysis of variance followed by Dun-
can’s multiple range test. P < 0.05 was accepted as statistically
significant.

RESULTS

A single ICV administration of NMU markedly in-
creased total locomotor activity in rats (Fig. 1). CRH
also increased locomotor activity but the NMU-induced
locomotor activity count was three times that induced
by the same molar dose of CRH. Although administra-
tion of either a«-hCRH or anti-CRH 1gG also had no
effect on locomotor activity (data not shown), they sig-
nificantly reduced NMU-induced locomotor activity
(Fig. 1). Anti-CRH 1gG also canceled CRH-induced lo-
comotor activity.

An ICV administration of NMU robustly increased
face washing behavior and grooming for 2 h (Fig. 2A).
a-hCRH significantly reduced NMU-induced behavior.
Face washing and grooming began within 10 min after
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NMU injection and lasted for 2 h after the injection
(Fig. 2B).

An ICV administration of NMU increased total loco-
motor activity in wild-type mice (Fig. 3A). Neuromedin
U-induced locomotor activity lasted for 2 h after the
injection (Fig. 3, upper panel). In contrast, NMU did
not affect locomotor activity in CRH KO mice.

DISCUSSION

We studied here behavioral activities of NMU ad-
ministered centrally to rats and mice. NMU increased
gross locomotor activity and induced certain stress re-
action, such as face washing and grooming. NMU2R
MRNA is expressed in the PVN, ependymal layer in the
wall of the third ventricle, and CA1 layer of the hip-
pocampus (2). NMU-immunoreactive fibers are abun-
dantly projected to the PVN (17), which produces CRH
that induces anxiety-related behaviors such as face
washing, grooming, and gross locomotor activity when
administered ICV to rats (10—13). We thus studied the
functional relationship between NMU and CRH. The
anti-CRH IgG and antagonist of CRH partially abol-
ished NMU-induced stress reaction. NMU induced
gross locomotor activity in wild-type mice but not in
CRH KO mice. Taken together, NMU is thought to
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FIG. 2. Effects of ICV injections of 5 nmol NMU and 5 nmol

NMU + 100 ng a-hCRH on face washing and grooming behavior. (A)
Total time spent carrying out face washing and grooming during a
2 h period after administration of peptides or saline. *P < 0.005;
**pP < 0.001. (B) Time course of face washing and grooming after
administration. *P < 0.001 vs saline; **P < 0.01 vs NMU +
a-hCRH.
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FIG. 3. Movement of CRH KO mice and wild-type mice given ICV administration of saline (white bars) or 2.5 nmol NMU (black bars).
(A) Total locomotor activity counts for 2 h after administration and (B) every 30-min locomotor activity counts after administration. The first
30-min locomotor activity was not used in analysis, because locomotor activity was stimulated nonspecifically during the first 30 min even
when control vehicle was administered to mice. *P < 0.05 in (A). *P < 0.05 vs saline-injected group in (B).

interact anatomically and/or functionally with the
pathway of CRH. A central administration of NMU
suppressed food intake in rats (2, 3, 8). CRH is also
capable of acting centrally to inhibit feeding (12). Fur-
ther investigation is needed to define the interaction
between NMU and CRF in the regulation of feeding.

In addition to NMU and CRH, many neuropeptides
such as adrenocorticotropic hormone (ACTH), alpha-
melanocyte-stimulating hormone, bombesin, cholecys-
tokinin, and oxytocin induce stress reaction when ad-
ministered centrally (18, 19). In the first stage of stress
reaction, the anterior pituitary secretes ACTH to stim-
ulate the adrenal cortex, thereby releasing glucocorti-
coids. If exposure to a stressor is prolonged, a second
stage of stress response develops during which synthe-
sis and secretion of glucocorticoids and catecholamines
increase, facilitating metabolic processes crucial for
survival, whereas inhibiting inessential ones, includ-
ing feeding. NMU stimulates the secretion of ACTH
(20). NMU as well as all the above peptides sup-
press feeding, which appears to adapt to stressful
environment.

Neuromedin U-producing cells are most abundant in
the pituitary, and next in the arcuate nucleus, median
eminence, solitary tract, area postrema, dorsal motor
nucleus of vagus, inferior olive, and spinal cord (2, 17),
suggesting that the NMU system is in a position to
modulate the autonomic functions. To examine this
possibility, we investigated the systemic effects of cen-

trally administered NMU on the autonomic nervous
system. NMU increased body temperature and heat
production in conscious unrestrained rats (8). An ICV
administration of NMU also dose-dependently in-
creased heart rate and blood pressure (H. Kannan and
M.N., unpublished observations). The NMU system is
probably involved in the central regulation of auto-
nomic functions. In conclusion, NMU may be a novel
physiological regulator of stress response and auto-
nomic functions.
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