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Our earlier studies showed that the metabotropic glutamate receptor
5 (mGluR5) antagonist, MPEP, could regulate neuropeptide Y (NPY) neu-
rons in the amygdala, influencing both peptide expression and its antianxiety
effects. Two brain structures are particularly engaged in a regulation of anxi-
ety, namely the amygdala and also the hippocampus. They both belong to the
limbic system and contain NPY neurons and mGlu5 receptors. Therefore, in
the present study, we examined the effect of MPEP on NPY and NPYmRNA
expression in the amygdala and the hippocampus of the rat brain. NPY ex-
pression was studied by immunohistochemical method, and radioimmunoas-
say, and the NPY synthesis was examined using NPYmRNA in situ hybridi-
zation. Immunohistochemical localization of mGluR5 was also carried out.
It was found that MPEP given 3 times every 8 h potently decreased
NPYmRNA expression 30 min after the last dose in both those structures (to
8–20% of the control level). After single MPEP treatment, we did not ob-
serve any changes in NPYmRNA level in the hippocampus, and its decrease
in the amygdala 6 h after MPEP administration. The obtained results suggest
a positive regulatory control of NPY synthesis by mGlu5 receptors in hippo-
campal and amygdalar neurons.
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INTRODUCTION

Glutamate (Glu) is the most abundant excita-
tory neurotransmitter in the brain, hence, it is in-
volved in many physiological functions and patho-
logical states. Glu acts by stimulation of two clas-
ses of receptors: ionotropic (NMDA, AMPA and
kainate) and metabotropic (mGluR 1–8) ones [8,
32]. By acting on ionotropic receptors, Glu acti-
vates neuronal firing, which under normal condi-
tions constitutes a base for all brain functions. On
the other hand, mGluRs modulate the function of
Glu and other neurotransmitters. mGluRs are a family
of eight G-protein-coupled receptors, further di-
vided into 3 groups of which group II (mGluR2,
mGluR3) and III (mGluR4, mGluR6, mGluR7 and
mGluR8) receptors usually work as inhibitors and
group I (mGluR1 and mGluR5) mGluRs as stimu-
lators of Glu transmission [7, 22]. Stimulation of
group I mGluRs has been shown to facilitate Glu
excitatory effects [3, 7, 24], while their blockade
leads to an inhibitory action in the brain. Hence,
antagonists of these receptors may have positive
therapeutic effects in several CNS disorders con-
nected with Glu hyperactivity, such as epilepsy and
neurodegenerations after ischemia [2, 7, 12, 26–28].
Involvement of group I mGluRs in depression and
anxiety has also been postulated [4, 30, 31, 43].
Our earlier study showed that antagonists of group
I mGluRs and agonists of group II and III ones ex-
erted an anxiolytic activity after intrahippocampal
injection [45], however, the used compounds were
not very selective and affected both subtypes of
group I mGluRs, mGluR1 and mGluR5. Recently,
a novel, highly selective mGluR5 antagonist, 2-
methyl-6-(phenylethyl)-pyridine (MPEP) has been
introduced. MPEP is a potent, selective antagonist
of mGluR5 [11]. Moreover, this compound can eas-
ily penetrate into the brain and may be injected sys-
temically. Our previous study showed antianxiety
and antidepressant activity of MPEP in animal tests
[31]. Moreover, we found a crucial role of neuro-
peptide Y (NPY) neurons in the amygdala in the
anxiolytic effect of this compound [48]. NPY is
a 36 amino acid neurotransmitter peptide, widely
distributed in neurons of many brain structures [5,
9, 14]. In the amygdala, NPY was found in the
nerve terminals and cell bodies scattered over the
whole structure [15] and exerted anxiolytic effect
there [3, 16].

Another brain limbic structure connected with
the regulation of anxiety, the hippocampus, has
been postulated to be a part of the behavioral inhi-
bition system [13]. Moreover, we found the anxio-
lytic activity of group I mGluR antagonists as well
as group II and III agonists after intrahippocampal
administration [45]. In the hippocampus, NPY is
present in interneurons, and its inhibitory action on
the glutamatergic activity of hippocampal excita-
tory neurons has been reported [6, 21].

Both in the amygdala and in the hippocampus,
a medium to high density of mGlu5 receptors has
been found [25, 33, 37, 48]. In our previous study
of the amygdala, we observed a decrease in NPY-
IR level after triple MPEP administration [48].
Therefore, in the present study, we examined the
effect of MPEP on the regulation of NPY neurons
in both the amygdala and the hippocampus, by
studying the expression of the peptide and its syn-
thesis.

MATERIALS and METHODS

Male Wistar rats weighing 200–250 g were in-
jected intraperitoneally (ip) with MPEP, (Novartis,
Switzerland), at a dose of 10 mg/kg, 3 times every
8 h. Control rats received similar injections of
physiological saline. Brains were taken out 30 min
after the last dose; afterwards, the hippocampi and
amygdalae were analyzed for the expression of
NPY and NPYmRNA. MPEP was given also once
at a dose of 10 mg/kg, and the brains were taken
out 0.5, 6 and 24 h after the injection. During the
experiments all efforts were made to minimize ani-
mals’ suffering and to reduce the number of ani-
mals used, in accordance to the National Institutes
of Health Guide for the Care and Use of Laboratory
Animals. The protocol of the experiments was ap-
proved by the local Ethics Committee.

The following methods were used.

NPY radioimmunoassay (RIA)

The rats (7 for the experimental and 8 for the
control groups) were decapitated. The hippocampi
were dissected, weighed, immediately frozen on
dry ice, and then processed according to the modi-
fied procedure of Warner et al. [47], as described
previously [42, 48]. A synthetic porcine NPY and
an anti-porcine NPY antiserum (RAS 7172) were
from the Peninsula Lab., and an ��- I-labeled syn-
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thetic NPY (IM 170, Amersham) applied as a tra-
cer, were used. Supernatant radioactivity was
measured using an LKB gamma counter. The assay
detection limit was 14 pg per tube. The intraassay
and interassay coefficients of variations were 5 and
11%, respectively. The control and experimental
samples were run in the same assay and were statis-
tically analyzed.

Immunohistochemical staining

The rats (5 controls and 5 experimental ani-
mals) under deep Vetbutal anesthesia were per-
fused through the ascending aorta with 50 ml of
physiological saline, followed by cold buffered 4%
paraformaldehyde. Their brains were dissected,
postfixed for 3 h and immersed for a few days in
a 20% buffered sucrose solution at 4°C. Then,
30 �m frontal sections were cut on a freezing mi-
crotome at levels containing the dorsal hippocam-
pus and the amygdala (bregma –2.56 to –3.30 mm,
according to Paxinos and Watson [29] stereotaxic
atlas). Free-floating sections were incubated in
a polyclonal rabbit anti-NPY antiserum (Sigma,
USA) diluted at 1:6000, and adjacent sections
(from control rats only) in a polyclonal rabbit anti-
mGluR5 antiserum (Novartis) diluted at 1:2500.
The antibodies were diluted in phosphate buffered
saline (PBS) with Triton X-100 (0.2%) and 1%
normal goat serum; the sections were incubated at
4°C for 48 h. After incubation with the primary an-
tibody, the sections were processed according to
the avidin-biotin-peroxidase complex method us-
ing an ABC kit (Vector Lab) and diaminobenzidine
as a chromogen, as described previously [38, 43].
Staining specificity was controlled by omitting the
primary antiserum or incubating a tissue section
with a preabsorbed antiserum. No immunostaining
was detected in those hippocampi and amygdalae.
The sections were analyzed under a light micro-
scope. NPY-IR was compared with mGluR5-IR. In
sections stained for NPY-IR, the treated rats were
compared with the controls.

NPYmRNA in situ hybridization studies

The rats (5–6 from each group) were decapi-
tated. Their brains were taken out, frozen in isopen-
tane at –70°C, and then cut in a cryostat into 20 �m
frontal sections containing the dorsal hippocampus

and the amygdala at the levels ranging from –2.3 to
–3.8 mm with respect to bregma, according to the
Paxinos and Watson atlas [29]. The sections were
thaw–mounted on chrome-alum-gelatin-coated mi-
croscopic slides and stored at –20° – –80°C until in
situ hybridization experiment. The sections were
then fixed in a 4% paraformaldehyde for 10 min
and processed for in situ hybridization according to
Young et al. [49], as described previously [41]. The
sections were hybridized with an NPY oligonucleo-
tide probe (1 × 10. c.p.m./100 �l) for 18 h at 42°C
in a humidified incubator. A forty-four base syn-
thetic deoxynucleotide (Genset-Oligo) with the se-
quence 5’TTGATGTAGTGTCGCAGAGCGGAG-
TAGTATCTGGCCATGTCCTC3’ of rat NPY-
mRNA was used. The specificity of the probe was
confirmed by competition experiments. The probe
was labeled using [�-S] dATP, 1250 Ci/mmol
(ICN), to obtain specific activity of about 2 × 10.

Ci/mol. After hybridization and washing, the sec-
tions were exposed to a Kodak BioMax MR film
for 4 weeks. Then, the sections were dipped in
a photosensitive emulsion (Amersham) at 42°C,
dried, and exposed in darkness at 4°C for 6 weeks.
The X-ray films and the dipped slides were devel-
oped in a Kodak Rapidfix. The sections were
lightly counterstained with cresyl violet, dehy-
drated, cleared and cover-slipped with a Canada
Balsam. Quantification of the signals was carried
out on the films in the regions corresponding to the
hippocampi and amygdalae in the brain sections,
using MCID software. Quantitative changes in the
hybridization signal were recorded as relative opti-
cal density (ROD) units after subtraction of the
film background density. The ROD was measured
in the amygdala and in three regions of the hippo-
campal formation, CA1, CA3 and dentate gyrus
(DG), as shown in Fig. 3. Measurements were per-
formed on at least 8 sections for each rat, and were
then expressed as a mean value for each group.
A statistical analysis was carried out using Student’s
t-test or one-way ANOVA followed by the Dun-
nett’s post-hoc comparision. The sections covered
with the emulsion were analyzed under a light mi-
croscope and compared with the autoradiographic
films and with the picture of NPY-IR obtained after
immunohistochemical staining in both control and
MPEP-treated groups.
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RESULTS

NPY radioimmunoassay

No significant changes in NPY-IR level were
found after MPEP-treatment in the hippocampus.
Only a slight tendency to a decrease was observed.

Immunohistochemistry

NPY-IR and mGluR5-IR in control rats

In the amygdala of control rats, NPY-IR nerve
cell bodies and terminals were found to be scat-
tered over the whole amygdala region, with a gre-
ater number of cell bodies in the lateral and baso-
lateral nuclei. In the hippocampus, NPY-IR oc-
cured in some interneurons of the CA fields and in
many nerve cell bodies of the hilar region of DG.
Terminals were scattered, especially in CA3 field.
Immunoreactive staining for mGluR5 was seen in
the neuropil of both those structures. In the hippo-
campus, receptor protein was very strongly ex-
pressed in the stratum oriens, radiatum and lacu-
nosum-moleculare of the CA1-CA2 regions, and in
molecular layer and polymorphic layer of DG.
Staining was less intense in the CA3 region. No
mGluR5-IR expression was found in a pyramidal
cell layer of the CA1-3 as well as in a granule cell
layer of the DG. In the amygdala mGluR5-IR stain-
ing had medium intensity. It was more intense in
a narrow region on the border between the central
and the baso-lateral nucleus (intercalated cell
masses) and in lateral and baso-lateral nuclei.

A comparison of NPY-IR and mGluR5-IR in the
hippocampus and amygdala is shown in Fig. 1.

NPY-IR in MPEP-treated rats

Some decrease in immunoreactivity, in both cell
bodies and terminals, was seen after triple MPEP
treatment in comparison to control rats (Fig. 2).

NPY mRNA in situ hybridization

The distribution of autoradiographic grains in
control animals showed typical localization of NPY
mRNA in the hippocampus and the amygdala (Fig.
3), similar to that of NPY-IR nerve cell bodies in
the studied structures. The labeling detected in the
autoradiographic films corresponded to the specific
labelling of neurons in the emulsion-covered sec-
tions. Triple MPEP treatment considerably dimin-
ished the expression of NPYmRNA in the hippo-
campus and in the amygdala. It was seen in both the

autoradiographic films (Fig. 4) and the emulsion-
covered sections (Figs. 6, 7). Quantitative evalua-
tion of grains’ density on the films showed a strong
decrease in NPYmRNA expression in both struc-
tures, to 7.4–20.6% of the control level (in hippo-
campus and amygdala, respectively) (Fig. 4). Sin-
gle MPEP injection induced, after 6 h, a diminution
in the expression of NPYmRNA in the amygdala to
59% of control. No significant changes were found
after both 0.5 and 24 h after MPEP injection. In the
hippocampus, no changes were seen at any time
point.

DISCUSSION

Our results show that triple MPEP injection
considerably diminishes the expression of NPY-
mRNA in both the hippocampus and the amygdala.
These results seem to be in line with observations
that an increase in Glu activity enhances the ex-
pression of NPY and its mRNA, which was found
in the C6 glioma cell line [20], hippocampal DG
[36], hypothalamus [46] and frontal cortex [23].
Morever, a prominent role of mGluRs in the regula-
tion on NPYmRNA was found in granule cells of
rat DG [36] since an increase was observed after
DHPG, an agonist of group I mGluRs, and that ef-
fect was partially blocked by antagonists of those
receptors. We also reported an increase in NPY ex-
pression after 1S,3R-ACPD, an agonist of mGluRs
[40]. Thus, it may be assumed that if the activation
of Glu transmission (via ionotropic GluRs and
stimulatory group I mGluRs) increases NPY and its
mRNA expression, the inhibition of this system
may have opposite effects. In fact, in our experi-
ment, MPEP, an antagonist of mGluR5, decreased
the expression of NPYmRNA and to some extent
also the peptide level.

The examination of peptide level was per-
formed after triple MPEP administration, as we
wanted to have strong and prolonged blockade of
mGlu5 receptors for inducing visible changes. In
the present study, the level of NPY-IR was exam-
ined in the hippocampus only, because amygdala
was studied previously [48] and a decrease had
been found both by immunohistochemical and RIA
methods, after triple MPEP treatment. In the pres-
ent investigations, no such changes were found in
the hippocampus. Only a slight tendency to dimi-
nution of NPY-immunoreactivity was seen in sec-
tions under a microscope.
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Fig. 1. Distribution of the NPY (A, C) and mGluR5 (B, D) immunoreactivity in the rat hippocampus (A, B) and amygdala (C, D) in
frontal sections at the level –3.14 from bregma, according to the Paxinos and Watson stereotaxic atlas. BL – basolateral nucleus, C –
central nucleus, CA1, CA3-fields of the hippocampus, DG – dentate gyrus; CAstrata: o – oriens, p – pyramidale, r – radiatum, lm – la-
cunosum moleculare, l – lucidum; DG layers: md – molecular, g – granular, h – hilus, S – striatum, Scale bar for all photographs corre-
sponds to 300 �m

Fig. 2. NPY-IR in the frontal sections of CA3 hippocampal region. Small decrease in the staining intensity and density of nerve cell
bodies is seen after MPEP treatment (B) in comparison to the control (A). Some nerve cell bodies are shown by arrows. Scale bar cor-
responds to 100 �m
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Fig. 3. In situ hybridization autoradiography from a frontal section of a control rat brain in the film autoradiogram is seen on the left
side. The right side shows regions in the amygdala (A) and in the hippocampal formation (CA1(with CA2), CA3, DG) where density
of grains were calculated
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Fig. 4. The effect of MPEP on the density of hybridization sig-
nal (ROD) of the NPYmRNA in the rat hippocampus and amyg-
dala after triple MPEP treatment. Each column represents the
mean value of ROD ± SEM. ROD were evaluated in fields
shown in Figure 3. 1 – CA1 field, 3 – CA3 field, D – dentate gy-
rus (DG). p < 0.0001. The statistical significance was calcu-
lated by Student’s t-test
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Fig. 5. The effect of MPEP on the density of hybridization sig-
nal (ROD) of the NPYmRNA in the rat hippocampus and
amygdala after single MPEP treatment. Each column repre-
sents the mean value of ROD ± SEM. p < 0.001. The statistical
significance was calculated by one-way ANOVA followed by
Dunnett’s post-hoc comparision
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Fig. 7. Photomicrographs showing NPYmRNA expression in emulsion-covered sections of the basolateral amygdala, taken from the
control (A) and triple MPEP-treated rat (B). In the section from a control animal, more neurons are densely covered by silver grains
(empty arrows) than in MPEP-treated rats. One of the weakly labeled neurons after MPEP is marked with a black arrow. Sections are
slightly counterstained with cresyl violet. Scale bar corresponds to 50 �m

Fig. 6. Photomicrographs showing NPYmRNA expression in emulsion-covered sections of the hippocampus taken from the control
(A, C, E) and triple MPEP-treated rat (B,D, F). Dense silver grains are seen over many neurons in the control hippocampus. Some of
them are marked with empty arrows. Much weaker expression is seen after MPEP treatment. Few grains only can be observed over
some neurons (black arrows). The following hippocampal regions are shown: CA1 in A and B, CA3 in C and D, DG in E and F. Sec-
tions are slightly counterstained with cresyl violet. Scale bar corresponds to 50 �m



It was previously observed in many studies that
classic neurotransmitters may regulate the synthe-
sis and level of neuropeptides in some neurons. In
the case of NPY, such a regulatory function was
found for dopamine [19, 35, 39, 41] but later on,
also Glu systems have been implicated (see above).
These previous reports and our present study sug-
gest a positive regulation of synthesis of NPY by
Glu activation. This regulation is strongly signifi-
cant in both structures after triple MPEP treatment,
but was not observed or only slightly seen (in the
amygdala) after single MPEP injection.

What physiological significance may be attrib-
uted to this regulation? In the hippocampus, NPY is
present in interneurons and inhibits excitation in
the Glu hippocampal loop [1, 6, 21]. Such inhibi-
tion may protect neurons against toxic effects of
Glu hyperactivity, as was reported in our earlier
study in which NPY microinjection diminished the
lesion induced by kainic acid in the hippocampus
[44]. It may also be hypothesized that the inhibitory
NPY action in the hippocampus can diminish anxi-
ety by modulation of the septo-hippocampal sys-
tem which is engaged in the regulation of anxiety
[13]. The high density of mGluR5 in the hippocam-
pus detected in the present and some earlier studies
[37] may constitute an anatomical basis for the
regulation of NPY hippocampal neurons by the Glu
mGluR5.

In the amygdala, NPY is also present in inhibi-
tory interneurons, more abundant in lateral and ba-
solateral nuclei (see Results) which are postulated
to be connected with the antianxiety action of the
peptide [10, 34]. There is also visible mGluR5-IR
staining in the amygdala, and its distribution corre-
lates with the distribution of NPY-IR (see Results
and Fig. 1). Earlier behavioral studies showed that
NPY exerted an anxiolytic effect [17, 18]. In our
most recent study into the anxiolytic effects of
MPEP, we concluded that the above effect was pro-
duced through NPY in the amygdala, as it was
abolished by the blockade of Y1 receptors in that
structure [48]. In the above-mentioned paper, we
also observed a decrease in the level of NPY-IR in
the amygdala after the triple MPEP injections and
we suggested an increase in NPY release. More-
over, we expected an increase rather than a de-
crease in NPY synthesis, as this peptide is an anx-
iolytic agent. Surprisingly enough, in the present
study, a very potent decrease, not an increase, in
NPY mRNA expression was found in both studied

structures. Such unexpected results are difficult for
interpretation. It may be hypothesized that the
regulatory action of MPEP on NPY synthesis
seems to be an effect of mGluR5 blockade (which
is in agreement with other studies mentioned
above), but the effect on anxiety might be depend-
ent on a balance between Glu and NPY in more
complicated neuronal loops. The doses and time
course of MPEP action may be also important in
the observed effects, as we found a small, insignifi-
cant tendency to the increase in NPYmRNA ex-
pression 30 min after single MPEP injection.
Futher studies are needed to solve this problem
deeper.

Summing up, our results indicate the powerful
regulatory control of NPY synthesis in neurons of
the hippocampus and amygdala by mGluR5. It
seems to be a positive regulation, as a blockade of
these receptors inhibits NPYmRNA expression in
studied structures.
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