0013-7227/94/1354-1511803.00/0
Endocrinology
Capyright © 1994 by The Endocrine Society

Vol. 135, No. 4
Printed in I7.8.A.

Cellular Localization of Vasopressin V1a Receptor
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ABSTRACT

Vasopressin V1a receptor (V1aR) transcripts were localized in brain,
pineal, and superficial brain vascular tissues of adult male rats using
hybridization histochemistry and an [**$]riboprobe complementary to
the messenger ribonucleic acid (mRNA) encoding the fifth to the
midseventh transmembrane regions of the receptor. V1aR mRNA was
extensively distributed throughout brain and was expressed in 1) su-
perficial cells of the granule cell layers of the main olfactory bulb,
hippocampal dentate gyrus, and cerebellum; 2) numerous anatomically
distinct brain nuclei; 3) isolated cells dispersed throughout the central
nervous system; 4) cells of the choroid plexus, occasional blood vessels
in the olfactory bulb and interpeduncular nucleus, and extraparenchy-
mal intracranial vasculature; and 5) some white matter structures.
Numerous cells expressing V1aR transcripts were found in forebrain
structures, including primary olfactory (piriform) cortex, the anterior
and posterior olfactory nuclei; dorsal, intermediate, and ventral lateral
septal nuclei; the septo-fimbrial nucleus and accumbens nucleus; and
numerous hypothalamic regions with the most intense hypothalamic
labeling in the arcuate, stigmoid, suprachiasmatic, and periventricular

nuclei and the lateral hypothalamic area. Cells expressing V1aR tran-
scripts were ubiquitous throughout the midbrain, pontine, and medul-
lary regions. A lower intensity signal was found in cells of the parvo-
cellular paraventricular and anteroventral nucleus of the thalamus,
circumventricular organs including the pineal, and the subfornical
organ. V1aR transcripts were not generally detected in parenchymal
vasculature, but could be found over large blood vessels in the inter-
peduncular nucleus and medial olfactory bulb; transcripts were com-
monly detected in perivascular brain cells. VlaR mRNA was abun-
dantly expressed by choroid plexus, endothelial cells of midline blood
vessels between the main olfactory bulbs, and superficial vascular tissue
on all brain surfaces. These data confirm the presence of the vascular/
hepatic-type V1aR gene in brain tissue and document an extensive
expression. The distribution of V1aR mRNA suggests that there are at
least two types of vasopressin-responsive cells in brain: one type
exemplified by lateral septal area neurons innervated by classical axo-
dendritic/somatic synaptic vasopressinergic terminals and a second,
perivascular/vascular type that would facilitate humoral vasopressi-
nergic signaling in the brain. (Endocrinology 135: 1511-1528, 1994)

ASOPRESSIN (VP)-containing magnocellular neurons

in the hypothalamic paraventricular and supraoptic nu-
clei project to the neurohypophysis and release VP into the
peripherai circulation to regulate salt and fluid balance. Par-
vocellular cells in the paraventricular nucleus {PVN), bed
nucleus of the stria terminalis, and suprachiasmatic nucleus
give rise to an extensive network of VP fibers throughout
brain (1, 2).

VP binds to at least three distinct subtypes of receptors,
two of which, the V1a and V2 receptors, have been cloned
from rat libraries (3, 4). Binding to the vascular/hepatic-type
Vla receptor (V1aR) stimulates phosphatidylinositol turn-
over and mobilizes intracellular calcium in liver (5) and brain
tissue (6, 7). As expected, the messenger RNA (mRNA)
encoding the V1aR is abundant in rat liver and kidney and
present in brain (8, 9). Stimulation of cAMP is linked to
binding of VP to the renal-type V2 receptor (V2R) (10), and
V2R transcripts are heavily expressed in cells of the renal
collecting ducts and thick ascending limbs of the loops of
Henile (9), structures involved in mediating the antidiuretic
effects of VP. A unique pharmacological binding profile
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suggests the existence of a third VP receptor, V1b (11, 12),
which is involved in corticotropin release by VP alone and
in combination with corticotropin-releasing hormone. There
is little information on the distribution of this receptor outside
of the pituitary.

The use of subtype-selective vasopressinergic radioligands
suggests that the majority of binding in brain is to the V1aR
(13-18). Brain VP receptors have been proposed to mediate
the effects of VP on memory and learning (19), antipyresis
{(20-22), brain development (23-25), selective aggression and
partner preferences in rodents (26, 27), cardiovascular re-
sponsivity (28-31), blood flow to the choroid plexus and
cerebrospinal fluid production (32), regulation of smooth
muscle tone in superficial brain vasculature (33, 34), and
analgesia (35, 36). The nonspecificity of VP and oxytocin for
binding sites, the nonspecificity of synthetically derived ag-
onists and antagonists for their receptors (37-39), and the
possibility that multiple subtypes of VP receptors or multiple
paths for posttranslational receptor modifications exist in the
brain have made it difficult to confirm the identity of putative
Vla VP receptors. Thus, localization of V1aR transcripts in
brain regions implicated in the central nervous system effects
of VP would strengthen the likelihood that the V1aR me-
diates vasopressinergic actions in the brain and stimulates
further pharmacological development of selective V1aR ag-
onists and antagonists. We provide herein the detailed dis-
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tribution of ViaR mRNA in rat brain. We show that the buffer. Tissue sections were then rinsed in 4 X saline-sodium citrate

. . — buffer (SSC), incubated with 20 ug/ml ribonuclease-A at 37 C for 30
mRNA for the V1a receptor subtype is extensiv ely distributed min, and washed finally in 0.1 X SSC containing 10 mum dithiothreitol

throughout the brain, both supporting PreVIOuSIY Proposed at 65 C. Tissue sections were dehydrated in alcohols containing 300 mm
roles for centrally acting VP and suggesting additional un- ammonium acetate and dried. Some sections were apposed to Hyper-
defined roles for this neuropeptide. film-[°H] (Amersham, Arlington Heights, IL) or imaging plates (Fuji,
Stamford, CT) for macroscopic localization and then dipped in Iiford
" K.5D nuclear emulsion (Polysciences, Inc., Warrington, PA) and exposed

Materials and Methods for 3—-6 months for microscopic localization of ViaR transcripts. To
) facilitate morphological analyses, tissue sections were stained with
Animals thionin or toluidine blue.

Figures 2-14 were photographed directly from emulsion-coated tissue

Adult male Sprague-Dawley rats (Taconic Farms, Germantown, NY) sections of either 12- or 24-um thickness. Bright- and darkfield images
were decapitated, and their brains were removed and frozen on pow- are of the same tissue section. High power magnifications of cells were
dered dry ice. The brains were stored at —80 C until cut into 12- and typically X400 or X640 under oil.
24-pm thick brain sections at approximately —20 C. Sections were thaw-
mounted onto gelatin-coated slides and stored at —80 C before hybrid- Results
ization. Separate hybridization histochemistry experiments were con-
ducted six times on tissues from different animals and yielded similar VP ViaR transcripts

distributions of V1aR mRNAs.

VP V1aR mRNAs were extensively distributed throughout
the brain. Figure 1 summarizes the distribution of V1aR
transcripts over cells plotted using the atlas of Paxinos and
The hybridization histochemical procedures have been described Watson (41). For ease of presentation, V1aR mRNA distri-

previously (8, 40). Briefly, tissue sections were thawed, immersed in 4% . . . . .
formaldehyde in PBS, treated with acetic anhydride, and delipidated in butions were grouped into five types of labehng patterns: 1)

a graded series of alcohols and chloroform. Sections were incubated for laminar labeling, 2) labeling of cells within an anatomical
20-23 h at 55 C with approximately 1.5 X 10° dpm/60 l hybridization nucleus or circumscribed region (nuclear labeling), 3) random

Hybridization histochemistry

Fic. 2. V1aR mRNA in rat main olfactory bulb. A, This darkfield, low magnification photograph of a coronal section of the main olfactory bulb
was overexposed to show the localization of V1aR transcripts in cells at the border of the internal granule cell layer and the internal plexiform
layer. Note the rarity of the labeled cells and their laminar organization (arrow). Also note label along the midline between the two olfactory bulbs
(arrowhead). V1aR transcript-producing cells were not found in other regions of the olfactory bulb. B, Brightfield image corresponding to A. C,
High magnification of a single V1aR transcript-expressing cell (arrowhead). Note the large, light Nissl-stained nuclei and surrounding cell-poor
zone. The granule cell layer is at the bottom right. gl, Glomerulus; g, internal granule cell layer; ipl, internal plexiform layer; m, mitral cell layer.
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sparse cellular labeling, 4) vascular labeling, and 5) label
within white matter regions.

Laminar labeling pattern. Three brain regions, the main olfac-
tory bulb, the hippocampus, and the cerebellum, demon-
sirated V1aR transcript-expressing cells associated with gran-
ule cell layers.

Main olfactory bulb. Single cells located at the border
between the internal granule cell layer and the internal
plexiform layer showed intense hybridization signal (Fig. 2).
Cell nuclei were light-staining and tended to be larger than
those of surrounding granule cells, and the cells were some-
times surrounded by a cell-poor zone (see Fig. 2C). Only
rarely were cells expressing V1aR transcripts detected in
deeper areas of the internal granular layer or other subdivi-
sions of the main olfactory bulb (see Fig. 2A).

Hippocampus. Whereas most dentate gyrus granule cells
showed near-background levels of hybridization signal, pe-
riodically spaced cells along the hilar surfaces showed high
intensity V1aR mRNA labeling (see Figs. 3, A, B, and C).
Other hippocampal cells that expressed V1aR transcripts (Fig.
3, A and D; and those described below) did not show strict
laminar organization.

Cerebellum. In the cerebellum, V1aR transcript-expressing
cells were often detected intermittently along the outer edges
of the granule cell layers (Fig. 4). Similar to the cells in the
olfactory bulb, some V1aR transcript-producing cells had
large ovoid nuclei that stained less densely with Nissl stain
than the surrounding cells, whereas other V1aR-expressing
cells resembled granule cells (Fig. 4B). Occasional cells deeper
within the granule cell layer were also labeled.

Nuclear labeling pattern. Numerous brain regions demon-
strated uniform or nonuniform patterns of V1aR expression.
An overview of the V1aR mRNA-containing cells is given
below.

Forebrain olfactory systems. In addition to the cells labeled
along the outermost layer of the internal granule cell layer
of the main olfactory bulb (described above), V1aR mRNA
was abundant in cells of the anterior olfactory nucleus; the
medial and ventral subdivisions showed slightly greater
numbers of V1a-expressing cells than the dorsal subdivision.
The posterior olfactory nucleus showed uniform labeling of
a smaller number of cells than the anterior olfactory nucleus.
A cluster of extremely densely labeled cells was located on
the surface of the brain ventromedial to the anterior olfactory
nucleus. The piriform cortex showed a low to moderate

Fic. 3. Laminar organization of V1aR mRNA in hippocampal dentate
gyrus cells. A, Darkfield image of a caudal section of the hippocampal
formation showing the pattern of V1aR mRNA labeling. Note the
“string of pearls” pattern of V1aR expression in cells on the hilar
surface of the granule cell layer (A, double arrow), which is more clearly
seen in the higher magnification photographs, below. B, High magnifi-
cation darkfield. C, corresponding brightfield image showing localiza-
tion of V1aR hybridization signal in cells along the superficial surface
of the caudal dentate gyrus granule cell layer in the rat hippocampal
formation. D, V1aR transcript-expressing cells in the polymorph re-
gion. g, Granule cell layer of the dentate gyrus.
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intensity uniform signal that decreased in intensity at very
caudal levels. Most of the olfactory tubercle was pootly
labeled, although some cells in the extreme medial regions
expressed V1aR transcripts. A few V1aR transcript-express-
ing cells were found in dorsal regions of the olfactory tubercle
(polymorph layer), but most densely labeled cells were scat-
tered above and around the tubercle.

Septo-hippocampal system. The bed nucleus of the stria
terminalis was nonuniformly labeled, with cells showing
moderate to high intensity hybridization signal. Most cells of
the intermediate, dorsal, and ventral subdivisions of the
lateral septal nucleus expressed V1aR transcripts (Fig. 5, B
and E), with some cells showing very high levels (Fig. 5, A
and D). More caudally, label was also detected in the septo-
fimbrial nucleus. Cells of the horizontal limb of the diagonal
band of Broca were moderately labeled. The medial septum,
fornix, triangular nucleus, and vertical limb of the diagonal
band showed background signal.

Labeling of the hippocampus proper showed variability
between animals. In some subjects, virtually all regions had
a low abundance of labeled cells, whereas in other animals,
only a few labeled cells were found, usually in caudal regions.
The most consistent and intense hybridization signal was
periodic along the hilar surface of the dentate gyrus (de-
scribed above). However, apparently randomily situated cells
throughout the hippocampal formation showed hybridiza-
tion signals of variable intensities, ranging from extremely
dense to just above background. The sparsest signal was over
the molecular layer adjacent to the granule cells of the
dentate gyrus. Labeling in the polymorph layer of the dentate
and CA3 appeared of greater intensity in mid and caudal
brain sections containing hippocampus (see Fig. 4). The
number of labeled cells in the pyramidal cell layer of CAl
decreased caudally.

Amygdalo-hippocampal system. In the anterior amygdaloid
area and the central nucleus, numerous cells expressed uni-
formly moderate levels of Vla transcripts. Well labeled cells
were in the amygdalo-striatal and amygdalo-hippocampal
transitional areas.

Basal ganglia. Discrete strings of VlaR-expressing cells,
originating primarily on the medial side of the ventral tips of
each lateral ventricle (probably cells of the bed nucleus of
the stria terminalis), coursed ventrally along its dorsolateral
edges before penetrating the accumbens nucleus. Clusters of
well labeled cells were found in the core of the accumbens
nucleus proximal to the anterior limb of the anterior com-
missure. Labeled cells were also dispersed throughout the
ventral forebrain, including the ventral pallidum, regions
dorsal to the olfactory tubercle, the fundus striati (ventral
striatum and substriatal area), and substantia innominata,
with denser aggregations of moderately labeled cells appear-
ing along the path of the medial forebrain bundle and in the
basal nucleus of Meynert. V1aR transcripts were absent from
other structures of the basal ganglia, including the caudate-
putamen (Fig. 5, C and F), subthalamic nucleus, and globus
pallidus, and could not be identified in cells of the islands of
Calleja.

Endo « 1994
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Hypothalamus. Numerous hypothalamic nuclei showed
moderate to dense V1aR transcript expression. In addition,
cells demonstrating low to moderate levels of V1aR mRNA
were found throughout most of the hypothalamic gray mat-
ter with the exception of the supraoptic nucleus, where no
signal was detected (see Fig. 8, for example). Interestingly, a
cluster of cells that densely expressed V1aR transcripts was
found just dorsal to the supraoptic nucleus.

High intensity dense label was evident in the suprachias-
matic (Fig. 6), arcuate (Fig. 7), dorsomedial, and stigmoid
nuclei and in the retrochiasmatic area and the lateral hypo-
thalamus along the path of the medial forebrain bundle. Well
spaced, intensely labeled cells were found in the hypothal-
amic periventricular nucleus (see Fig. 6B, rostral periventric-
ular nucleus; Fig. 7A, caudal periventricular nucleus), each
about equidistant from the ventricle wall.

Hypothalamic regions showing fewer intensely labeled
cells and more moderately labeled cells included the medial
preoptic, anterior, dorsal, and posterior hypothalamic areas;
the parvocellular PVN (Fig. 6; including the medium-sized
cells of the cap of the PVN); and ventral premammiillary and
supramammillary nuclei.

The ventromedial nucleus of the hypothalamus (VMH)
typically appeared on autoradiographs as an ovoid region of
negligible label surrounded by moderately high levels of
hybridization signal in the dorsomedial hypothalamic nu-
cleus, perifornical region, medial tuberal nucleus, arcuate
nucleus, and lateral hypothalamus (Fig. 8). Inspection of
emulsion-coated tissue that was exposed for 4-6 months
using high magnification microscopy revealed that although
the VMH initially appeared devoid of signal, in some animals
one or two cells were detected that expressed extremely low
levels of V1aR transcripts.

Thalamus and subthalamic areas. Fewer cells in thalamic
nuclei expressed the gene encoding the V1aR than in the
hypothalamus, and those cells that did label were typically
of much lower intensity. For example, the anteroventral and
paraventricular thalamic nuclei showed uniform, low inten-
sity VIaR mRNA expression. Some of the highest intensity
labeling was in cells along the third ventricle (the periven-
tricular nucleus) and in the parafascicular thalamic nucleus.
Lower densities of transcript-expressing cells were in the
reticular nucleus, posterior thalamic areas, including the ven-
troposterolateral and ventromedial nuclei, and Forel's fields,
whereas the zona incerta showed labeling of moderate inten-
sity. Thalamic V1aR expression was otherwise undetectable.

Epithalamus. The lateral habenula showed a moderately
high level of transcription, with the highest density of labeled
cells concentrated in the medial division of the lateral haben-
ula. No label was found in the medial habenula or the stria
medullaris. Pinealocytes and the vascular tissue around the
pineal had numerous V1aR transcript-expressing cells (Fig.
9). Interestingly, V1aR-producing cells were sometimes em-
bedded within the lumenal walls of the subcommissural
rosettes within the pineal gland (Fig. 9F).

Circumventricular structures. A few labeled cells were
found in the subfornical organ (Fig. 10). Cells dorsal to the
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F16. 4. V1aR hybridization signal in the cerebellar granule cell layers. A, Overexposed darkfield, low magnification photograph of emulsion-coated

cerebellar section showing localization of individual V1aR-expressing cells. The highest intensity hybridization signal was often associated with
cells dispersed along the peripheral borders of the cerebellar granule cell layers. B, High magnification brightfield image of labeled cells from a
different cerebellar section. Note lightly Nissl-stained ovoid nuclei of deep V1aR-expressing cell (solid arrowhead) and round nuclei of cell at outer
edge of granule cell layer (double arrowhead). g, Granule cell layer of the cerebellum.

anterior portion of the third ventricle showed moderately
high hybridization signal, in contrast to the lower intensity
signal detected in the paraventricular thalamic nucleus (see
above). The area postrema (Fig. 11) had numerous high
intensity, uniformly labeled cells. Signal was not detected
over cells of the ventricular walls, in the vascular organ of
the lamina terminalis, the subcommissural organ, or the
median eminence.

Midbrain nuclei. In general, there was a decrease in the
anatomical specificity and an increase in the number of V1aR
transcript-expressing cells in midbrain regions and more
caudally (see Fig. 1). Moderate to high levels of nonuniformly
expressed V1aR transcripts were found throughout the ven-
tral tegmental area, zona compacta, caudal zona reticulata,
and pars lateralis of the substantia nigra; the medial subdi-
visions of the interpeduncular nucleus; and the nucleus
commissuralis of Darkschevich. The optic nerve layer of the
superior colliculus showed homogenous moderate receptor
transcript expression. Receptor transcripts were found in the
midbrain dorsal nucleus of the raphe, and the rostral and
caudal linear raphe. Generally, V1aR transcript-expressing
cells were found throughout most of the ventral half of
midbrain gray matter, including the periaqueductal gray. The
red nucleus, retrorubral fields, and medial and lateral genic-
ulates did not express V1aR message.

Pons and medulla. High expression of V1aR transcripts was
detected in the medial inferior olivary nuclei (Fig. 12) of some
animals, but not others. Labeled cells were found in most
pontine and medullary raphe nuclei, including the median
and paramedian, pallidus, and raphe magnus, and in cells
surrounding the raphe obscurus and the raphe pontis nuclei.
Cells in the locus ceruleus and both small and very large

cells in some nuclei (intermediate reticular nucleus and par-
agigantocellular reticular nucleus) expressed V1aR mRNA.
With the exception of the optic chiasm (see below), V1aR
mRNA production was not typically seen in the cranial nerve
bundles. A moderate to high level of signal was frequently
detected in cells of parenchymal tissue adjacent to the nerve
roots, and this was particularly notable along the fibers of
the facial nerve root. Cells expressing the V1aR gene were in
the nucleus of the solitary tract (see Fig. 11) and the large
cells of the nucleus ambiguus; in nuclei of the oculomotor,
facial, accessory facial, motor hypoglossal, and prepositus
hypoglossal; and in the sensory and motor nuclei of the
trigeminal, supratrigeminal, and dorsal motor nucleus of the
vagus. A wide range of label intensity was demonstrated,
with densely labeled large cells (e.g. motor hypoglossal) and
smaller cells dispersed throughout most gray matter regions.

Cerebellum. Occasional cells within the cerebellar granule
cell layer expressed V1aR mRNA. In addition to the super-
ficial laminar localization of most V1aR transcript-expressing
cells in the cerebellum (described above), randomly distrib-
uted cells labeled deep within the granule cell layer. They
frequently had large ovoid nuclei, were proximal to cell-free
zones, and stained less densely than neighboring unlabeled
cells with Nissl stain (see Fig. 4B, solid arrowhead). However,
not all cells fitting this description (which may correspond to
Golgi cells) expressed V1aR transcripts, even within the same
tissue section, and some dark-staining round-nucleated cells,
probably granule cells, also appeared to express low levels
of V1aR mRNA (Fig. 4B, see double arrowhead). No label was
detected over deep cerebellar nuclei.

Sparse cellular labeling pattern. Although labeled cells could
be found in most cortical areas, slightly higher incidences of
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F16. 6. V1aR transcripts detected in VP-synthesizing nuclei. A, Nissl-stained tissue section from a male rat showing the suprachiasmatic and
paraventricular nuclei of the hypothalamus, both of which contain VP-synthesizing cells and V1aR transcripts. B, Corresponding darkfield image
from the same tissue section that shows high intensity labeling of cells of the suprachiasmatic nucleus (solid arrowhead) and moderate intensity
labeling of parvocellular and medium-sized cells in the PVN (double arrowhead). Isolated V1aR transcript-expressing cells in the periventricular
hypothalamic nucleus could also be detected (double arrow). A few labeled cells were found in the anterior hypothalamic nucleus, which does not
have VP-containing cells (single arrow). C, High magnification photomicrograph of Nissl-stained cells within the suprachiasmatic nucleus. Note
high levels of silver grains, indicating Vla receptor mRINA expression in cells (e.g. arrowhead). ah, Anterior hypothalamic nucleus; pev,

periventricular hypothalamic nucleus; pvn, paraventricular nucleus; sen, suprachiasmatic nucleus; 3V, third ventricle.

labeling occurred in cingulate, temporal, perirhinal, and en-
torhinal cortex. Single isolated V1aR-expressing cells were
detected, usually in cortical layer I, using high power mi-
croscopy in emulsion-coated tissue sections.

Outside of the anterior amygdala, central nucleus, and
transitional areas (discussed above), amygdaloid labeling was
rare. Individual cells or small clusters (e.g. two or three cells)
expressing low hybridization signal were occasionally seen
in the medial nucleus, posteromedial cortical nucleus, lateral
nucleus (dorsolateral part), basolateral nucleus (posterior
part), and basomedial nucleus (anterior part). V1aR tran-
scripts were also expressed by cells of the subiculum and
presubiculum.

Vascular labeling. VP receptor mRNAs were detected over
cells of superficial brain blood vessels. Label was notably
heavy over vessels between the hemispheres (Fig. 13), on
the ventral and dorsal surfaces of the brain, between the
midbrain and the hippocampal formation, and ventrolateral
to the median eminence. Labeling of blood vessels within
the brain parenchyma was uncommon, but in several ani-

mals, cells of large vessels that penetrated the ventral surface
and coursed through the interpeduncular nucleus expressed
V1aR transcripts. V1aR mRNA transcripts were also found
within brain tissue on a few blood vessels in the olfactory
nerve layer of the main olfactory bulb and in brain cells in
the immediate vicinity of midline vessels (Fig. 13, A and B,
double arrowheads). Otherwise, V1aR transcripts were not
observed in blood vessels. Brain cells expressing V1aR tran-
scripts were sometimes apposed to vascular elements.

Cells within the choroid plexus were labeled, and the
densest label was associated with cells that stained purplish
with thionin and were frequently close to the origin (Fig. 14;
also see Fig. 10B).

Label in white matter structures. Occasional V1aR transcript-
labeled cell bodies were in the anterior limb of the anterior
commisure, optic chiasm, cingulum, posterior commisure,
and fimbria. Occasional strings of cells and single cells in the
brainstem embedded within the cerebral peduncle, pyramid,
and pyramidal decussation expressed V1aR message. These
cells did not resemble neurons.

FiG. 5. VlaR transcripts are abundant in the lateral septal nucleus and absent from the caudate-putamen in the rat. A and D are matched, high
magnification, brightfield and darkfield images of V1aR transcripts labeled in the male lateral septal nucleus. Note that most cells express V1aR
transcripts, ranging from very low levels (open arrowhead) to very high levels (solid arrowhead). Also note the low background of labeling between
cells. B and D, Corresponding low magnification brightfield and darkfield images showing the pattern of V1aR transcript-expressing cells in the
lateral septal nucleus; V1aR transcripts were not seen in the medial septum. C and F, Corresponding bright- and darkfield photomicrographs
showing cells from the caudate-putamen at the same magnification as A and D. Images were obtained from the same tissue section as A and D,
but approximately 1.5 mm lateral to the septal nucleus. Note the virtual absence of hybridization signal in caudate nucleus from the same animal.
¢p, Choroid plexus; Is, lateral septal nucleus; ¢, caudate nucleus; v, lateral ventricle.
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Fic. 7. Hybridization signal of ®S-labeled sense and antisense riboprobes to V1aR mRNA in the arcuate nucleus. A, Darkfield image of ViaR
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hybridization signal in the arcuate nucleus detected with the 559.]abeled antisense probe. B, Corresponding brightfield image of Nissl-stained
tissue section. C, Adjacent control section that was hybridized under identical conditions in the presence of the ¥*S-labeled sense riboprobe. Note
the high intensity, specific hybridization of V1aR transcripts in the arcuate nucleus in A and the absence of hybridization signal in the control
section, C. Also note signal in occasional cells along the third ventricle in the periventricular hypothalamic nucleus and the absence of detectable
signal in the median eminence. arc, Arcuate nucleus; pev, periventricular hypothalamic nucleus; 3 v, third ventricle; me, median eminence.

Fic. 8. Darkfield, low magnification photomicrograph showing the
ViaR mRNA in cells surrounding the VMH. Cells in the VMH proper
show extremely low levels of V1aR transcript expression relative to
that in the surrounding hypothalamus, including the arcuate nucleus
(dorsolateral to the median eminence) and the dorsomedial hypothal-
amic nucleus. Silver grains appear white and can be seen surrounding
the bilateral, ovoid, poorly labeled nucleus. me, Median eminence; vmmh,
ventromedial hypothalamic nucleus; dm, dorsomedial hypothalamic
nucleus.

Nonspecific labeling. In all experiments, adjacent tissue
sections were incubated with the control **S-labeled Vla
sense probe under identical conditions. As shown in Figs. 6
and 14, the sense probes yielded negligible hybridization
signal. The labeling pattern of each batch of probe synthe-
sized was also characterized in hepatic and renal tissue to
verify V1aR transcript specificity.

Discussion

We provide here a detailed description of the distribution
of the mRNA encoding the V1aR for VP in brain, pineal,

and cerebral vasculature. These data confirm the existence
of the V1aR subtype in brain tissue. Moreover, we show that
V1aR transcripts are extensively distributed throughout the
brain and are present in numerous regions where VP-im-
munoreactive fibers have been detected and where binding
of VP and related compounds has been demonstrated. These
data support the ideas that the calcium-mobilizing effects of
VP in brain are mediated by the V1aR subtype and that it is
the same subtype that is found in hepatic tissue. This subtype
may be the predominant VP receptor in the central nervous
system, as V1aR radioligands selectively bind in brain (12,
13, 42), and to date, we have been unable to demonstrate
specific hybridization of the V2R cRNA in rat brain.

Specificity of probes for V1aR

Arginine VP binds to mammalian receptors in the kidney,
liver, brain, and other tissues (13-16, 43~-45). Recently, com-
binations of selective receptor ligands have been used to
attempt to discriminate binding among putative Vla, V1b,
V2, and oxytocin receptors (14, 18, 45). Here, instead of
targeting the receptor proteins, we labeled the unique mRNA
encoding the Vla receptor. Specificity was achieved in the
present study by using riboprobes, ribonuclease treatment,
and high stringency washes. In addition, control sense probes
were used in all experiments and yielded negligible hybridi-
zation signal. Ongoing experiments in pituitary, liver, kidney,
and brain show no evidence for cross-hybridization of la-
beled V1aR cRNA with rat V1b, V2, or oxytocin receptor
mRNAs. Further, riboprobes constructed to label V2R, V1bR,
and oxytocin receptor mRNAs each yield distinct and fre-
quently nonoverlapping patterns of labeling (8) (Ostrowski,
N. L., and S. J. Lolait, unpublished). Finally, the correspond-
ence among the patterns of V1aR transcript labeling, VP-
immunoreactive fibers in brain, and selective Vla receptor
binding strongly suggest that the hybridization signal repre-
sents the localization of cells that synthesize the G-protein-
linked V1a receptor that selectively binds VP in brain.
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Fic. 9. V1aR mRNA in the pineal. A, Low magnification image of an adult male rat pineal. The right arrowhead designates the parenchyma; the
left arrowhead designates & more vascularized region, which may be contiguous with the pineal stalk. The large round subcommissural rosettes can
be viewed in this section (see small arrowhead and F). B, Higher magnification darkfield image depicting V1aR hybridization signal in the
pinealocytes. White silver grains represent positively labeled cells. C, Brightfield, higher magnification photomicrograph showing nonuniform
labeling of individual pinealocytes. V1aR transcripts are represented by black grains overlying Nissl-stained cells. D, Brightfield photomicrograph
showing a different, more vascular-like pattern of cell labeling in the segment of the pineal indicated by the left arrow in A; in E, individual cells,
within the bracketed area of D, can be seen at high magnification to express ViaR mRNA and appear to include vascular tissue. F, High
magnification of a subcommissural rosette from the pineal (see small arrowhead in A) and a V1aR-expressing cell on the lumenal surface (large

arrowhead at right).

Cellular localization of V1aR transcripts

The majority of V1aR mRNA labeling was in gray matter,
and transcripts were most often associated with regionally
distinct neuronal morphology (i.e. cells in the septal, supra-
chiasmatic, paraventricular, and arcuate hypothalamic nuclei
and the dopamine cell-containing layer of the substantia
nigra). There is also evidence that V1aR may be expressed in
nonneuronal cells (46). Our data indicate that the V1aR gene
is expressed by cell types in addition to neurons in the brain,
because 1) cells expressing V1aR mRNA are sometimes found
in white matter structures; 2) V1aR transcripts are in the
pineal, which does not contain neurons {47); and 3) V1aR
are expressed in cells of vascular origin.

V1aR mRNA distribution includes regions with high densities
of VP-binding sites and VP-synthesizing cells

There is a striking correspondence between those regions
where specific [*H]arginine VP binding (particularly Vla
receptor labeling) has previously been reported (14, 15, 17,
18, 42, 44, 45) and the distribution of V1aR transcripts.
Receptor transcripts tended to be more discretely localized
(e.g. superficial granule cells on the hilar surface of the
dentate gyrus and optic nerve layer of the superior colliculus)
and receptor proteins more diffusely distributed [throughout
the polymorph and molecular layers of the dentate gyrus
(17, 18) and dorsal layers of the superior colliculus (15)].
Nonetheless, numerous brain regions that show high recep-

tor densities using receptor autoradiography also show abun-
dant ViaR transcripts, including the anterior olfactory nu-
cleus; portions of the accumbens nucleus; the lateral septal
nuclei; most subdivisions of the bed nucleus of the stria
terminalis; ventral forebrain regions, including the fundis
striati and the horizontal limb of the diagonal band; the
suprachiasmatic, stigmoid, and arcuate nuclei; the hippocam-
pal dentate gyrus; the central nucleus of the amygdala; the
interpeduncular nucleus; central gray; the nucleus of the
solitary tract; the area postrema; medial inferior olivary nu-
clei; and the choroid plexus (18, 42, 45).

The close correspondence between the hybridization signal
and VP receptor distribution also suggests that V1aR tran-
scripts are frequently translated into receptors locally (i.e
near somatic regions) rather than being transported signifi-
cani distances in the brain. The few differences that exist at
the cellular level (17) may be accounted for by 1) well
described neuronal circuitry (e.g. the V1aR transcript-con-
taining granule cells of the dentate gyrus have dendrites
throughout the molecular layer of the dentate, where recep-
tor labeling is reported) (17), 2) immperfect discrimination
between oxytocin and VP receptors by currently available
radioreceptor ligands (37-39), 3} the reduced detectability of
labeled receptors (which are dispersed over cellular mem-
branes) compared to labeled receptor transcripts (which ac-
cumulate near the soma), and 4) unknown and possibly
variable rates of translation of transcripts into receptor pro-
teins, A possible localization of V1aR on cell bodies and/or
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Fic. 10. Subfornical organ cells encode V1aR. A, Brightfield, low mag-
nification view of the subfornical organ, bordered dorsally by the
ventral hippocampal commisure and laterally by the ventricles contain-
ing choroid plexus. B, Corresponding darkfield image showing the
central location of several V1aR transcript-expressing cells in the
gubfornical organ and label in the choroid plexus (white arrow). Note
additiona) labeled cells at the dorsal border of the subfornical organ.
C, High magnification brightfield photomicrograph showing two cells
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proximal dendrites is consistent with data from a previous
ultrastructural study showing that most vasopressinergic ter-
minal boutons in the lateral septum make synaptic contacts
with dendritic shafts either near or on the soma of somatos-
piny and other septal neurons (48). VP regulatory actions are
suggested, as several areas containing VP cell bodies, such
as the suprachiasmatic nucleus, PVN, and bed nucleus of the
stria terminalis show moderate to high hybridization signal.
Although there is little evidence to support the idea that VP
influences V1aR transcript expression (48a), Landgraf et al.
(49) showed positive feedback control of calcium-dependent
arginine VP release from septal fragments, suggesting local
signal amplification mechanisms. VP is also released locally
by PVN cells (50), can stimulate PVN neuronal cell firing
(51), and may regulate its own release from PVN neurons in
the rat (52). The presence of V1aR mRNA in the parvocellular
PVN as well as in other VP-synthesizing regions, including
the suprachiasmatic nucleus, bed nucleus of the stria termi-
nalis, locus ceruleus, and amygdala, strengthens the possi-
bility of a local site for VP regulatory actions. Interestingly,
not all sites that synthesize VP express the V1aR gene. For
example, no V1aR transcripts were found in the supraoptic
nucleus, which synthesizes much of the VP destined for
release from the posterior pituitary, or in the median emi-
nence.

V1aR transcript expression in isolated cells and regions
previously shown to demonstrate nonspecific
radioligand binding

In addition to regions where both receptor transcripts and
binding are seen, many other areas were found to contain
V1aR transcript-expressing cells. For example, V1aR tran-
script label was over single, rare, and occasionally highly
expressing cell bodies in the internal granule cell layer of the
main olfactory bulb; in all cortical areas; and in the subiculum
and presubiculum. This accumulation of signal over cell
bodies was seen in emulsion-coated tissue sections micro-
scopically, but was not visible using film autoradiography in
our initial in situ hybridization experiments (8). Receptor
binding techniques using film would be unlikely to detect
these receptors. Interestingly, [PH]VP receptor binding in the
olfactory bulb has been reported in sheep (53) and guinea
pigs (54) and in the cingulate cortex in the neonatal (55, 56),
but rarely the adult (1, 55, 57), rat, suggesting that in some
instances, developmental and species variations in regional
distributions of VP receptors may be quantitative, rather than
qualitative.

VP-binding sites have previously been detected in associ-
ation with the vascularized areas of the subfornical organ
and the pineal (45). Here, we show V1aR transcript-express-
ing cells in the parenchyma of these structures as well.
Similarly, we found several isolated examples of V1aR tran-
scripts in brain blood vessels, in addition to the heavy
expression in superficial vasculature.

Previous investigators concluded that receptor binding in
three brain regions, the arcuate nucleus, the parvocellular

from the parenchyma of the subfornical organ that label with the [*S]
V1aR riboprobe (black arrowheads). ep, Choroid plexus; sfo, subfornical
organ; vhe, ventral hippocampal commissure.
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region of the paraventricular nucleus of the hypothalamus,
and the polymorph layer of the dentate gyrus of the hippo-
campus, may have been nonspecific, because either high
concentrations of VP were required to obtain binding or
these concentrations did not eliminate radiolabeled VP bind-
ing (14, 18). Although we cannot determine from these
experiments whether receptors are expressed at the site of
mRNA detection, we found moderate to heavy V1aR tran-
script expression in these areas, strengthening the idea that
cells in these areas synthesize the V1aR.

In the course of these experiments we noted that the
detectability of V1aR mRNA in some brain regions varied
from animal to animal. Whereas most brain regions (e.g. the
arcuate nucleus, suprachiasmatic nucleus, lateral septal nu-
clei, and dentate gyrus) varied little among animals, some
anatomical structures showed much greater variability. For
example, animals typically showed labeled cells in the cere-
bellum, Ammon’s horn of the hippocampal formation, and
medial inferior olivary nuclei, but a few animals showed
little or no label in these regions, Although we cannot easily
account for these observations, they suggest that transcrip-
tion may be more dynamically regulated in some brain
regions than in others.

Regions that bind arginine VP, but express few
VliaR transcripts

The ventral subiculum, amygdaloid nuclei, olfactory tu-
bercle, VMH, and thalamus have been occasionally reported

to show VP receptor binding (13, 18, 58), but we show very
low levels of V1aR transcript labeling. Although, the VMH
initially appeared devoid of ViaR mRNA compared to the
surrounding hypothalamus, high power microscopy sug-
gested that a few cells may express extremely low levels of
V1aR transcripts. Nonetheless, the apparent differences be-
tween receptor transcript densities and receptor binding may
be accounted for in several brain regions mentioned (the
subiculum, olfactory tubercle, and VMH) if, as suggested by
the data of Kremarik, Tribollet, Yoshimura, and associates
(17, 18, 45, 59), the receptor binding was to oxytocin, and
not VP, receptors. Alternatively, relatively few cells may be
sufficient to synthesize large amounts of the receptor protein.
Overall, however, the distribution of V1aR transcripts and
their relative densities are in good agreement with the pub-
lished distribution of VP-binding sites when oxytocin recep-
tors are selectively blocked (17, 18, 44).

With the exception of labeled cells concentrated in the
central nucleus and amygdalo-striatal transitional areas, very
few cells showed signal in the amygdala. Instead of moderate
to heavy V1aR label in the thalamus, as has been suggested
by some investigators {13, 58), we found low levels of
transcripts restricted primarily to the anteroventral, ventral
reticular, and posterior nuclei at levels proportional to the
density of VP binding reported in the presence of competitive
ligands (45). The reason for the low abundance of V1aR
mRNA in amygdaloid and thalamic nuclei is not clear, but

FiG. 11. V1aR hybridization signal in the area postrema, nucleus of the solitary tract, and motor hypoglossal nucleus. A and B are corresponding
bright- and darkfield photomicrographs, respectively. A, A Nissl-stained tissue section containing cells of the area postrema (top, dark arrow),
nucleus of the solitary tract (left, open arrow), and motor hypoglossal nucleus (12; bottom, two arrows). B, Uniformly high hybridization signal in
the area postrema (top, double arrowhead). Several intensely labeled cells in the nucleus of the solitary tract (open arrow) and two large cells in
the hypoglossal nucleus (cranial nerve 12; white triangles at bottom right) show hybridization signal. Note that cells surrounding the cerebral
aqueduct are not labeled. ap, Area postrema; sol, nucleus of the solitary tract; a, cerebral aqueduct; 12, nucleus of the 12th cranial nerve, the motor

hypoglossal nucleus.
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FiG. 12. Vla receptor mRNA in medial subnuclei of the inferior olive. A and B are bright- and darkfield photomicrographs, respectively, of
emulsion-coated tissue sections hybridized with [¥S]V1aR antisense probe. Note the varying intensities of labeled cells in different subnuclei and
cells labeled at the dorsal edge of the pyramid (double arrowhead). io, Medial inferior olive; ¢, subnucleus C, medial nucleus; b, 8-subnucleus; k,

cap of Kooy; py, pyramid.

Fic. 13. V1aR in and around midline
bleod vessels. A, Darkfield photomicro-
graph showing intense labeling of vas-
cular (arrowhead) and perivascular cells
between and in (double arrowhead) the
anterior olfactory bulbs. B, Higher mag-
nification, brightfield image showing lo-
calization of grains over endothelial vas-
cular cells (e.g. open arrow), over sur-
rounding cells (solid arrowhead), and
over cells within the olfactory bulb (dou-
ble arrowheads).

may include 1) unknown influences of factors regulating
receptor expression (e.g. stercid hormones); 2) nonoptimal
standardization of variables, such as seasonal or diumnal
variations in receptor transcription (48a, 60); 3) the presence
of posttranslationally modified receptor subtypes; 4) slow
turnover of the receptor proteins; and of course, 5) differ-
ences between the sites at which mRNA is detected and the
receptor protein is functional.

Cells of the bed nucleus of the stria terminalis and medial
amygdala give rise to VP-containing fibers in the amygdala,
lateral septum, lateral habenula, ventral hippocampus, cen-
tral gray, and other regions (1, 61, 62), regions where V1aR
transcript-expressing cells were abundant. Interestingly, the
vasopressinergic innervation of these regions is sexually di-
morphic and dependent on the presence of gonadal steroids
(61, 63-65). The presence of V1aR mRNA in these brain
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F16. 14. Cells of the choroid plexus express high levels of V1aR transcripts. A, Low magnification, darkfield image showing the localization of

silver grains (which appear white) over cells of the choroid plexus embedded within the third ventricle. B, Corresponding Nissl-stained image. C,
Darkfield image of the adjacent section of choroid plexus that was incubated with the control V1a sense probe and exposed for the same amount
of time. Note high accumulation of V1aR-hybridized transcript and negligible accumulation of silver grains in control tissue. ep, Choroid plexus.

areas suggests that this receptor may play a role in sexually
dimorphic functions.

Role of Via receptors

From a functional perspective, the distribution of the
V1aR-synthesizing cells throughout the brain supports sev-
eral well established hypotheses about VP's role in homeo-
stasis and behavior and suggests new and as yet undeter-
mined roles for VP,

One of the earliest recognized functions of VP was vaso-
constriction, and V1aR transcripts were heavily expressed by
cells of superficial brain vasculature, indicating a likely target
for regulation of cerebral blood flow (28-31, 33). The nucleus
of the solitary tract, nucleus ambiguus, and area postrema,
regions important in mediating VP’s peripheral vasoregula-
tory and autonomic effects (31), also expressed V1aR tran-
scripts. The presence of V1aR mRNA in the choroid plexus
and some circumventricular organs (i.e. subfornical organ
and area postrema) is consistent with a role for VP receptors
in regulating electrolyte balance and the synthesis of cere-
brospinal fluid (32, 66). Perhaps as important, the absence
of V1aR transcripts in other circumventricular organs, such
as the organum vasculosum of the lamina terminalis, the
median eminence, and the subcommissural organ, substan-
tially decreases the likelihood that these structures play any
significant role in transducing the V1aR-mediated effects of
VP. Conversely, the abundance of V1aR transcripts in pineal
cells provides supportive evidence for a V1aR site of action
of VP in the regulation of pineal melatonin secretion (67).
Finally, the effects of VP and related peptides on learning
and memory could well be through actions at the numerous
V1aR sites in the hippocampus or septum (19, 68-70).

We confirm here that V1a receptor transcripts are ex-
pressed abundantly in the lateral septum, increasing the
likelihood that the V1aR mediates the effects of endogenous
and exogenous VP in this nucleus. This limbic structure
receives dense, sexually dimorphic vasopressinergic input
(61, 62, 64, 71), binds radiolabeled arginine VP (13, 45, 72)
and responds to iontophoretic application of VP with in-
creased cellular firing rates (73). Septal neurons integrate
afferent signals from the hypothalamus, brain stem, spinal

cord nuclei, and hippocampus and are reciprocally connected
to the telencephalon (47, 74). Microinjections of VP into
septal nuclei delay the extinction of conditioned avoidance
behavior in rats (75), alter social memory, and facilitate the
perception, storage, and retrieval of olfactory information
(76). The ventral septal area has also been found to be a
primary antipyretic site of action of VP (77), The high density
of V1aR transcripts in the septum strengthens the likelihood
that the V1aR plays a critical role in these and other behav-
ioral and physiological responses.

The majority of granule cells in the brain are negative for
V1aR expression. However, high concentrations of V1aR
transcripts were found in superficial, periodically spaced cells
of granule cell layers of the main olfactory bulb, hippocampal
dentate gyrus, and cerebellum. We are not aware of any
previously described cell types specific to granule cell layers
that might correspond to those labeled in these experiments;
this may be the first evidence to suggest that these cells are
functionally distinct from surrounding granule cells. The
morphology and staining characteristics of some of these
cells labeled in the olfactory bulb and cerebellum were
similar, suggesting the possibility of a cell type localized to
the boundaries of granule cell layers. It will be interesting to
determine whether or in what manner the VlaR mRNA-
producing cells influence the well described local circuitry
and signaling of surrounding cells of the olfactory bulb,
dentate gyrus, and cerebellum. Moreover, because of the
well characterized nature of hippocampal neurotransmission,
the dentate gyrus may provide a useful in vivo or in situ
model system by which synaptic, hormonal, or pharmaco-
logical signals that promote V1aR transcription can be iden-
tified.

Important questions remain regarding whether V1a brain
receptors respond to VP released within the brain proper or
whether the receptors also respond to VP from the peripheral
circulation. Recent work (78, 79) suggests that a specific
vasopressinergic transporter and/or Vla-like receptor may
mediate significant bidirectional transport of VP across the
blood-brain barrier. With two exceptions, the main olfactory
bulb and the interpeduncular nucleus, V1aR transcripts were
notably absent from cells of vasculature identifiable within
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brain parenchyma in our experiments. However, in several
brain regions, cells expressing V1aR transcripts were sorne-
times visualized abutting vascular elements. Although elec-
tron microscopic experiments are required to confirm
whether processes of brain cells expressing V1la receptors
penetrate blood-brain or brain-cerebrospinal fluid bounda-
ries, these initial observations are consistent with the possi-
bility that some brain regions possess the ability to transduce
signals derived from VP in the peripheral circulation.

Considering the extensive distribution of ViaR transcripts,
it is difficult to propose an integrative hypothesis regarding
the role for VP at V1a receptors in brain, In a recent review,
Dantzer and Bluthe (80) speculate that VP regulates the
access of sensory cues to neural circuits involved in various
aspects of reproductive function. Although it might be argued
that virtually all sensory, learning, and memory, endocrine,
autonomic, and motor systems are required for integrated
reproductive functions, the heavy limbic, hypothalamic, and
hind brain distributions of the Vla receptor mRNA shown
here, the sex differences in immunoreactive VP distributions
(67, 81), and the steroid hormone sensitivities of the vaso-
pressinergic innervation in brain (48a, 57) are consistent with
this very interesting proposal.
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