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Neuropeptide Y and 1,25-dihydroxyvitamin D3
receptors colocalize in neurons of the rat
cerebral cortex
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SUMMARY

Using immunocytochemistry we studied the dis-
tribution of 1,25-dihydroxyvitamin D3 receptors
(VDR) in series of vibratome sections of intact
rat brains. With subsequent immunofluorescen-
ce we investigated whether calcitriol target neu-
rons express neuropeptide Y (NPY). Single pyra-
midal cells in the primary motor cortex showed
nuclear staining for VDR. A fraction of these
cells also contained cytoplasmic NPY immuno-
fluorescence. About 20% of the interneurons in
layers 2 and 4 throughout the cerebral cortex
stained for VDR, and 10% of these cells were
NPY positive. Similar findings were observed in
the prefrontal and cingulate cortex, the sensory
cortex, the entorhinal cortex and the piriform
cortex. In the CA2 and CA3 regions of the hip-
pocampus, numerous non-pyramidal cells and
basket cells were seen to be VDR immunoreac-
tive. A fraction of these neurons stained with the
NPY antibody. The hypothalamus showed
numerous NPY positive perikarya and widely
distributed NPY networks. However, no coexis-
tence of VDR and NPY could be observed in this
region. Our findings further emphasize that cal-
citriol may be another important neurosteroid
with distinct target areas throughout the brain.
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INTRODUCTION
Extensive mapping studies have revealed the

widespread neuroanatomical distribution of
Neuropeptide Y (NPY) in the rat CNS (De Quidt
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and Emson, 1986). Since its discovery, NPY has
been found in many brain regions at relatively
high concentrations. NPY systems have been
shown to innervate hypothalamic and basal
forebrain regions involved in neuroendocrine
regulation. Hypothalamic nuclei are particularly
rich in NPY expressing neurons; the paraventri-
cular nucleus contains perhaps the densest
supply of NPY in the brain (Magnuson et al.,
1984). In humans, NPY immunoreactivity has
been found in the basal ganglia, the nucleus
accumbens and amygdala. Moderate amounts of
NPY were found in the hippocampus, the septal
nuclei, the cortex and the periaqueductal gray. A
large number of NPY-positive neuronal cell
bodies was found in the caudate putamen.
Immunoreactive neuronal cell bodies were also
localized in cortical areas, particularly in layers 5
and 6 (Adrian et al., 1983). The distribution of
NPY in the rat parallels the findings in humans:
NPY neurons and fibers were most abundant in
the periaqueductal gray, the nucleus accumbens,
hypothalamus, septum and amygdala. Lower
amounts of NPY have been found in the basal
ganglia, globus pallidus, hippocampus and cor-
tex (Allen et al., 1983).

Throughout the CNS, NPY is widely distribu-
ted either in local interneurons of, for example,
the cerebral cortex or in long neuronal projec-
tions, such as the brainstem-hypothalamus nora-
drenergic tract, where NPY is colocalized with
catecholamines (Everitt et al., 1984). Little is
known about the functional properties of NPY
in the brain. Like most other neuropeptides,
NPY seems to be involved in many different
functions in several neuronal circuits. McShane
et al. (1994) suggested that NPY neurons in the
arcuate nucleus modulate gonadotropin-relea-
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sing hormone function via an innervation of the
medial septum-diagonal band (MSDB). They
observed large populations of NPY neurons in
the ventromedial arcuate nucleus. Some of these
cells seem to project to the MSDB. NPY levels
were observed to increase significantly in the
paraventricular nucleus and in the arcuate nucle-
us after 3-4 days of food deprivation, and to
return to baseline levels in the paraventricular
nucleus with refeeding (Calza et al., 1989). Brain
NPY concentrations are reduced in olfactory bul-
bectomized rats (Widerlov et al. 1988). Following
bilateral removal of the olfactory bulb from rats,
changes in behavior and endocrine regulation
have been observed. Chronic treatment with anti-
depressant drugs results in increased NPY con-
centrations in many rat brain regions (Heilig et
al., 1988; Widdowson and Halaris, 1989). Further-
more, NPY can modulate cognitive processes.
NPY was localized in the hippocampus and amy-
gdala, two regions strongly involved in normal
memory processing (Mohs, 1988; Ordy et al,
1988; Flood and Morley, 1989). NPY enhances
memory processing and memory retention after
administration into the rostral portion of the hip-
pocampus (Flood and Morley, 1989).

Due to their lipophilic nature, steroids are
capable of crossing the blood brain barrier. The-
refore, steroids are predestined peripheral
modulators of central neuroendocrine functions.
McShane et al. (1994) suggested an interaction
of NPY with steroid hormones. Thus, the locali-
zation of steroid receptors in NPY neurons may
provide new insights into the functional proper-
ties of NPY in the brain. One of the most abun-
dant steroid receptors in the central nervous sys-
tem is the one for 1,25-dihydroxyvitamin D3
(calcitriol), the VDR. VDR has been extensively
studied in the central nervous system of several
species by autoradiography of radiolabelled lig-
and binding (Stumpf and O'Brien, 1987; Bidmon
and Stumpf, 1994) as well as by immunocyto-
chemistry for the receptor protein (Priifer et al.,
1999). With both approaches, it was established
that VDR are widely distributed in brain and spi-
nal cord, indicating that calcitriol is another
important neurosteroid. Calcitriol is known to
play an important role in calcium homeostasis
(Kumar et al., 1994; DeLuca, 1988; Kumar et al.,
1992). In addition, calcitriol interacts with its
nuclear receptor (VDR) to regulate the transcrip-
tion of several genes (Kumar et al., 1994; DeLu-
ca, 1988; Kumar et al., 1992; Hannah and Nor-
man, 1994; Carlberg, 1995). In recent studies, we
observed VDR immunoreactivity in the rat olfac-
tory system (Glaser et al., 1999), in the hypotha-
lamus (Priifer et al., 1997), throughout the limbic
system, and in the spinal cord.

Bidmon and Stumpf (1996) observed coloca-
lization of vasopressin and neurophysin with
[3H] 1,25-dihydroxyvitamin D3 binding. In a

recent study we found that a fraction of the mag-
nocellular oxytocinergic perikarya of the rat
hypothalamus contains nuclear VDR immuno-
staining (Prifer and Jirikowski, 1997). These fin-
dings indicated that numerous different neuro-
peptidergic systems are calcitriol targets.

In the present study, we employed combined
immunoperoxidase and immunofluorescence
methods in order to assess the topographical
distribution of VDR immunoreactive NPY neu-
rons in the rat brain.

MATERIALS AND METHODS

Three male and three female Sprague-Dawley
rats, kept under normal conditions with an arti-
ficial 12 h day-night rhythm and with free access
to food and water, were killed by CO, inhalation.
The animals were immediately perfused with
Bouin's fixative. Brains were postfixed for 48
hours in the above fixative and then cut on a
Vibratome (Plano Instruments) into 50pm thick
serial sections. Free-floating sections were collec-
ted in PBS (pH 7.4) supplemented with 0.5%
NaN; and 0.5% Triton X-100.

Immunohistochemistry was performed with a
rat anti-VDR monoclonal antibody, clone 9A7
(Chemicon) as previously described (Priifer et al.,
1997).

This antibody has been well characterized
and has been shown to not cross-react with the
estrogen or glucocorticoid receptors. To unmask
the antigens, sections were placed in 10 mM
citrate, pH 6.0, and heated twice for 2 min in a
780 W microwave oven set on high. Endogenous
peroxidase activity was blocked with 5% normal
rabbit serum in PBS followed by incubation with
a 1:300 dilution of rat anti-VDR antibody (over-
night at 4°C). After several washes with PBS, the
sections were treated with a 1:200 dilution of
biotinylated rabbit anti-rat IgG, (Vector, Burlinga-
me, CA) followed by a 1:500 dilution of peroxi-
dase-labeled streptavidin (Dako, Carpintine, CA).
Diaminobenzidine and hydrogen peroxide were
used for color development. For control purpo-
ses, VDR antibody that had been preadsorbed
with an excess of VDR was used instead of the
first antibody. After successful VDR immunostai-
ning had been confirmed, the immunocomple-
xes were removed by incubating the sections for
10min at room temperature in 0.01N HCl. The-
reafter, sections were incubated with rabbit anti-
NPY polyclonal antibody (Chemicon) diluted
1:500 in PBS-Triton overnight at 4°C. After was-
hing in PBS-T, sections were stained with Cy3-
labeled anti-rabbit IgG (Jackson Immuno
Research Laboratories, Inc.) diluted 1:500 in PBS-
T for 60 min at room temperature. Immunocyto-
chemical controls were performed with rabbit
normal serum instead of the specific NPY antise-
rum. Finally, sections were rinsed in tap water,
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mounted onto slides, and coverslipped with
Mowiol (Aldrich). The topographical distribution
of immunostained cells was assessed by light
microscopy or epifluorescence. The atlas by
Paxinos and Watson (1985) was used for verifi-
cation of anatomical structures.

ResuLTS

VDR immunostaining was observed mostly wit-
hin neuronal nuclei. At higher magnification it
was often possible to determine distinct immu-
nostained patterns within the nuclei. Some of
the magnocellular neurons of the hypothalamo-
neurohypophysial system also contained cyto-
plasmic VDR immunoreactivity. NPY immuno-
fluorescence was confined to the perinuclear
cytoplasm. In many regions we observed widely
distributed networks of NPY-positive fibers. This
was especially true for the hypothalamus, the
preoptic region and the CA2 and CA3 portions
of the hippocampus. Neurons containing both
NPY and VDR were visualized and counted with
combined epifluorescence and interference con-
trast illumination. Immunocytochemical controls
were devoid of either immunostains. The distri-
bution of VDR- and NPY- like immunoreactivity
in the rat brain is shown in Fig.1. VDR immuno-
reactivity was observed in numerous neurons
throughout the neocortex. In the motor cortex a
small fraction of the pyramidal cells contained
VDR staining. Single pyramidal cells in layers 3

and 5 showed NPY immunofluorescence (Fig.
2/1) and most of them were in addition VDR-
positive (Fig. 2/2). About 20% of the granular
cells in layers 2 and 4 throughout the motor cor-
tex stained for VDR (Fig. 2/4). About 10% of
these cells were NPY-positive (Fig. 2/3). Similar
observations were made in the prefrontal and
cingulate cortex, the primary sensory cortex, the
entorhinal cortex and the piriform cortex.

In the hippocampus, nuclear VDR staining
was visible in many of the pyramidal and non-
pyramidal cells, including basket cells. NPY
immunofluorescence was confined to basket
cells in the CA2 and CA3 region (Fig. 2/5). Most
of these neurons also stained for VDR (Fig. 2/6).
Single NPY-positive neurons were visible in the
molecular layer. These neurons were in all cases
devoid of VDR-staining. VDR-positive neurons
were visible in the magnocellular portion of the
paraventricular nucleus (PVN), the supraoptic
nucleus (SON), the suprachiasmatic nucleus
(SCN) and the arcuate nucleus (ARC). The PVN,
the periventricular nucleus (PEV) and the preop-
tic area (POA) showed numerous perikarya with
cytoplasmic NPY staining. Many of these cells
extended long processes with specific NPY
immunofluorescence. Dense networks of NPY-
positive fibers were abundant in the thalamus
and hypothalamus. However, no coexistence of
VDR and NPY could be observed in these
regions. The approximate numerical distribution
of VDR-positive and NPY-immunostained neu-
rons is given in Table 1.

Table 1.- Percentage distribution of VDR-positive and double stained neurons in rat cortex and hippocampus.

pirifom cortex hippocampus region

cingulate cortex CA2 and CA3

prefrontal cortex

entorhinal cortex

prim. motor cortex

prim. sensory cortex

VDR VDR+NPY VDR VDR+NPY
pyramidal cells 10% 6% 8% 4%
interneurons 20% 10%
non pyramidal incl. basket cells 36% 25%

DISCUSSION

VDR immunoreactivity has been shown to be
broadly distributed throughout the rat brain,
indicating that the VDR is involved in a multitu-
de of neuronal and neuroendocrine functions.
Topographical assessment of calcitriol targets in
the brain has been performed in several species
by in vivo autoradiography using [*H] 1,25-dihy-
droxyvitamin D3 (Stumpf and O'Brien, 1987,
Stumpf et al., 1992; Musiol et al., 1992; Bidmon
and Stumpf, 1994; Stumpf, 1995; Bidmon and
Stumpf, 1996). Several different neuronal and

behavioral functions have been linked to calci-
triol, including the central control of reproduc-
tion (Stumpf, 1988; Stumpf, 1995). Light-induced
production of calcitriol is thought to be partly
responsible for the therapeutic action of photo-
therapy in the treatment of depression (Stumpf
and Privette, 1989).

We observed VDR immunoreactivity in nume-
rous neuronal cells throughout the rat neocor-
tex, hippocampus and diencephalon. The vari-
ous locations of VDR immunoreactivity in the
CNS suggest that calcitriol might be involved in
several neuropeptidergic systems (Prifer et al.,
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Fig. 1.- Distribution of the VDR and NPY immunoreactive neurons in the rat brain. Frontal sections in rostro-caudal sequence showing the
approximate localization of VDR-positive neurons (dots), NPY neurons (squares) and coexistence of both antigens (+). Abbreviations
and outlines of structures, according to the atlas of Paxinos and Watson.

Symbols: ®  NPY-reactive neurons
VDR-targets
+ NPY-reactive VDR-targets
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Fig. 2.- Coexpression of VDR and NPY. NPY immunofluorescence of a multipolar neuron in the temporal cortex (1). This cell also shows
nuclear VDR immunostaining (2). NPY immunostained neurons represent only a small fraction of the total number of VDR-positive
neurons. Pyramidal cell in the postcentral gyrus with cytoplasmic NPY fluorescence (3). This cell is one of many VDR-positive neu-
rons in this region (4, arrow). Numerous neurons in the CA3 region of the hippocampus show nuclear VDR immunostaining (6), sin-
gle cells within this region also contain NPY immunotluorescence (5). Scale bar = 5 pm.
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1999). Here, we were able to confirm and
extend these findings: both cortical pyramidal
cells and granular cells were in part VDR-positi-
ve, suggesting that both the efferent and the
afferent cortical pathways may be in part res-
ponsive to calcitriol. In the hippocampus, VDR
was present in most pyramidal cells but only to
a much smaller extent in basket cells and related
interneurons. Since VDR is a classical nuclear
receptor, direct genomic actions of calcitriol in
these regions can be assumed. The multiple ana-
tomical locations of VDR suggest the involve-
ment of calcitriol in a large range of neuronal
functions, affecting various different transmitter
systems. Thus, the peptidergic specificity of cal-
citriol targets is of significant importance. In a
recent study we observed VDR in fractions of
oxytocinergic magnocellular hypothalamus neu-
rons (Prifer and Jirikowski, 1997). Our present
findings indicate that NPY might also be among
the neuropeptides present in VDR-containing
neurons. The distribution of NPY immunofluo-
rescence observed in our study confirms pre-
vious findings by De Quidt and Emson (1986).

In the present study we found double-labeled
pyramidal and non-pyramidal cells in the soma-
tomotory cortex. We conclude that both afferent
and efferent systems are in part VDR containing
NPY neurons, which may contribute to the
mechanisms controlling light-dependent path-
ways for motion or hormonal action. Most of the
NPY immunostained neurons in the hippocam-
pus were non-pyramidal cells and basket cells;
70% of NPY-containing hippocampal neurons
were VDR-positive. A small fraction of VDR
positive pyramidal cells also contained NPY. We
were able to show in this paper that two widely
expressed proteins, - the VDR and NPY -, colo-
calize in specific areas of the CNS. Further stu-
dies are necessary to assess the physiological
importance of this colocalization.
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ABBREVIATIONS

ARC arcuate nucleus

CNS central nervous system

LH luteinizing hormone

LHRH  luteinizing hormone-releasing hormone

MSDB  medial septum-diagonal band
NPY neuropeptide Y
PBS phosphate-buffered saline

PEV periventricular nucleus

POA preoptic area

PVN paraventricular nucleus

SCN suprachiasmatic nucleus

SON supraoptic nucleus

VDR 1,25 dihydroxyvitamin D3 receptor
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