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ABSTRACT

Experimental evidence obtained in various animal models of brain injury indicates that vasopressin
promotes the formation of cerebral edema. However, the molecular and cellular mechanisms un-
derlying this vasopressin action are not fully understood. In the present study, we analyzed the tem-
poral changes in expression of vasopressin V1a receptors after traumatic brain injury (TBI) in rats.
In the intact brain, the V1a receptor was expressed in neurons located in all layers of the fron-
toparietal cortex. The V1a receptor-immunoreactive product was predominantly localized to neu-
ronal nuclei and had both a diffused and punctate staining pattern. The V1a receptors were also ex-
pressed in astrocytes, especially in layer 1 of the frontoparietal cortex. In these cells, two distinctive
patterns of immunopositive staining for V1a receptors were observed: a diffused cytosolic staining
of cell bodies and processes and a clearly punctate staining pattern that was predominantly local-
ized to the astrocytic cell bodies. The real-time reverse-transcriptase polymerase chain reaction
analysis of changes in mRNA for the V1a receptor demonstrated that after TBI, there is an early 
(4 h post-TBI) increase in the number of transcripts in the ipsilateral frontoparietal cortex, when
compared to the contralateral hemisphere or the sham-injured rats. This increase in the message
was followed by the up-regulation of expression of the V1a receptors at the protein level. This was
most evident in cortical astrocytes in the areas surrounding the lesion. The number of the V1a re-
ceptor-immunopositive astrocytes in the traumatized parenchyma gradually increased, starting at
8 h and peaking at 4–6 days after TBI. Furthermore, a redistribution of V1a receptors from the as-
trocytic cell bodies to the astrocytic processes was observed. In addition to astrocytes, an increased
expression of V1a receptors was found in the endothelium of both blood microvessels and the large-
diameter blood vessels in the frontoparietal cortex ipsilateral to injury. This increase in the V1a re-
ceptor expression was apparent between 2 and 4 days after TBI. As early as 1–2 h following the im-
pact, there was also a striking increase in the number of the V1a receptor-immunopositive beaded
axonal processes, with greatly enlarged varicosities, that were localized to various areas of the in-
jured parenchyma. It is suggested that the increased expression of V1a receptors plays an impor-
tant role in the vasopressin-mediated formation of edema in the injured brain.

Key words: astrocytes; cerebrovascular endothelium; neurons; rat; V1a receptor; vasopressin

1090

1Department of Clinical Neurosciences, Brown University School of Medicine, Providence, Rhode Island.
2Department of Neurosurgery, Medical Research Center of Polish Academy of Sciences, Warsaw, Poland.



INTRODUCTION

CENTRALLY RELEASED VASOPRESSIN (VP) has been
demonstrated to play an important role in the phys-

iological regulation of brain fluid homeostasis (Raichle
and Grubb, 1978; Rosenberg et al., 1986; DePasquale et
al., 1989; Hertz et al., 2000; Niermann et al., 2001). How-
ever, increasing evidence indicates that VP also promotes
the formation of edema in various types of brain injury,
such as cryogenic brain injury, cerebral ischemia, and 
intracerebral hemorrhage (Dickinson and Betz, 1992;
Rosenberg et al., 1992; Kagawa et al., 1996; Bemana and
Nagao, 1999; Shuaib et al., 2002). Furthermore, centrally
administered VP has been shown to produce edema in
intact animals, including VP-deficient Brattleboro rats
(Rosenberg et al., 1990; Dickinson and Betz, 1992).
These observations are in line with the increased con-
centrations of VP in plasma and cerebrospinal fluid (CSF)
found in patients with traumatic brain injury (TBI), 
ischemic stroke, and subarachnoid hemorrhage (Mather
et al., 1981; Joynt et al., 1981; Sørensen et al., 1985; Bar-
reca et al., 2001; Huang et al., 2003).

Cerebral edema is generally classified into two types:
cytotoxic and vasogenic (Kimelberg, 1995). Cytotoxic
edema refers to cellular swelling, which usually involves
the astrocytic cell bodies and processes, neuronal den-
drites, and cerebrovascular endothelium (Liu et al.,
2001). In comparison, vasogenic edema is related to a
swelling of the brain parenchyma associated with the dis-
ruption of the blood–brain barrier (BBB). A leaky bar-
rier allows for the interstitial accumulation of blood-
borne, osmotically active solutes and water, which results
in formation of edema. The two types of edema fre-
quently coincide, and, for example, in TBI astrocytic and
endothelial swelling (Dietrich et al., 1994; Vaz et al.,
1997; Castejón et al., 1998) is accompanied by the open-
ing of the BBB and formation of vasogenic brain edema
(Baskaya et al., 1997).

VP is a ligand for the three types of receptors: V1a,
V1b, and V2. These receptors belong to a large family of
G protein–coupled receptors (Schöneberg et al., 1998;
Thibonnier et al., 1998). The signal transduction in V1

receptors involves the activation of phospholipases C, D,
and A2, the production of inositol 1,4,5-triphosphate and
diacylglycerol, the stimulation of protein kinase C, and
the mobilization of intracellular Ca2� (Thibonnier et al.,
1998). In comparison, the intracellular signaling in V2 re-
ceptors involves the activation of adenylyl cyclase, the
production of adenosine 3�,5�-cyclic monophosphate, and
the stimulation of protein kinase A (Thibonnier et al.,
1998). While the V1a and V1b receptors are widely dis-
tributed within the central nervous system (Ostrowski et
al., 1994; Szot et al., 1994: Hernando et al., 2001), the

V2 receptors do not appear to be expressed in any part
of the adult brain, except the cerebellum (Kato et al.,
1995). These data are consistent with the functional ob-
servations made in various models of brain injury, in
which the selective V1 receptor antagonists, but not the
V2 receptor blockers, decreased the permeability of the
BBB and reduced edema (Rosenberg et al., 1992; Ka-
gawa, et al., 1996; Bemana and Nagao, 1999; Shuaib et
al., 2002).

The aim of the present study was to characterize the
changes in expression of the V1a receptors following TBI.
Our results demonstrated for the first time that in the in-
jured parenchyma, there is a considerable increase in ex-
pression of V1a receptors in astrocytes, neurons, and the
cerebrovascular endothelium. The increased expression
of V1a receptors may play an important role in VP-
mediated formation of post-traumatic brain edema.

MATERIALS AND METHODS

Reagents and Antibodies

ThermoScript RNase H� reverse transcriptase, RNase
inhibitor RNaseOut, and RNase-free DNase I were ob-
tained from Invitrogen (Carlsbad, CA). HotStart Taq and
FastStart Taq DNA polymerases were purchased from
Qiagen (Valencia, CA) and Roche Molecular Biochem-
icals (Indianapolis, IN), respectively. SYBR Green I was
from Molecular Probes (Eugene, OR).

Polyclonal antibody to the V1a receptor, a generous 
gift of Dr. Melvyn S. Soloff (University of Texas), 
was raised in rabbits against the synthetic peptide H2N-
CHSMAQKFAKDDSDS-COOH. This antibody has pre-
viously been characterized (Strakova et al., 1997), and in
this study, affinity-purified antibody was used at 1:50 
dilution. In addition to anti-V1a receptor antibody, mono-
clonal mouse antibodies were used as follows: anti-
neuronal nuclei (NeuN) (clone A60), anti-glial fibrillary
acidic protein (GFAP) (clone G-A-5), and anti-rat CD31
(clone TLD-3A12) from Chemicon International (Temec-
ula, CA). Anti-NeuN antibody was used at a concentra-
tion of 0.5 �g/mL, whereas other monoclonal antibodies
were applied at a concentration of 2 �g/mL. Secondary
antibodies were purchased from Molecular Probes. These
were goat anti-rabbit and anti-mouse IgGs conjugated
with Alexa 594 (red fluorophore) and Alexa 488 (green
fluorophore), respectively. They were used at a concen-
tration of 4 �g/mL. Normal goat serum was obtained from
Jackson Immunoresearch Labs (West Grove, PA). Tis-
sue-Tek OCT Compound and Vectashield mounting
medium were from Sakura Finetek (Torrance, CA) and
Vector Labs (Burlingame, CA), respectively.

EXPRESSION OF V1a RECEPTORS IN THE INJURED BRAIN
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Animals and the TBI Model

Adult male Sprague-Dawley rats weighing 280–320 g
were purchased from the Charles River Breeding Labs
(Wilmington, MA). They were kept at 22°C with a 12-h
light cycle and maintained on standard pelleted rat chow
and water ad libitum. A weight-drop model, as previously
described (Chodobski et al., 2003), was used to produce
TBI. In brief, animals were anesthetized intraperitoneally
with chloral hydrate (450 mg/kg). Rectal temperature was
continuously monitored and maintained at �37°C. Rats
were placed in a stereotaxic frame, and before the inci-
sion, the scalp was infiltrated with 2% lidocaine solution.
A 4-mm craniotomy was performed over the right fron-
toparietal cortex to expose the dura, with the center of
the opening located 1.5–2.0 mm posterior to bregma and
2.5 mm lateral to the midline. A 25-g weight was dropped
on the intact dura from a height of 8 cm. The impactor’s
diameter was 2.5 mm and the depth of brain deformation
was set at 2.5 mm. Immediately after TBI, the scalp was
closed with a silk suture, and the animals were allowed
to recover in their cages. In the sham-injured animals, the
same surgical procedures were performed, but the weight
was not dropped on the dura.

Real-Time Reverse-Transcriptase Polymerase
Chain Reaction (RT-PCR)

At 4 and 8 h, and at 1, 2, 4, 6, and 14 days after TBI,
rats (4 animals per time point) were reanesthetized with
intraperitoneal pentobarbital sodium (50 mg/kg) and were
perfused transcardially with 100 ml of ice-cold 0.9%
NaCl. The samples of the frontoparietal cortex adjacent

to the lesion and those from the contralateral side were
collected. Samples of the frontoparietal cortex from the
brains of the sham-injured rats were collected as well.
Total RNA was isolated using the acid guanidinium thio-
cyanate-phenol-chloroform extraction method (Chom-
czynski and Sacchi, 1987). Ethanol-precipitated RNA
was resuspended in H2O and stored at �80°C. Before 
the first-strand cDNA synthesis, RNA was treated with
RNase-free DNase I for 15 min at room temperature us-
ing 1 U of DNase I. First-strand cDNAs were synthe-
sized using oligo(dT)20 primer (0.5 �g) and 15 U of Ther-
moScript RNase H� reverse transcriptase. Forty units of
RNase inhibitor RNaseOut were also added to the re-
verse-transcription reaction. For each 20-�L reaction, 1
�g of total RNA was used and the reaction was carried
out for 1 h at 50°C.

The following primers were used: 5�-CGACACAG-
CAAGGGTGACAAGG-3� (forward primer for the V1a

receptor), 5�-AGGAAGCCAGCAACGCCG-3� (reverse
primer for the V1a receptor), 5�-ACCCCACCGTGTT-
CTTCG-3� (forward primer for cyclophilin A), and 
5�-CTTGCCATCCAGCCACTC-3� (reverse primer for
cyclophilin A). Cyclophilin A was used for the normal-
ization of mRNA for the V1a receptor. The predicted sizes
of the PCR products were 265 and 368 bp for the V1a

receptor and cyclophilin A, respectively. Single bands
corresponding to these predicted sizes were observed 
on agarose gels, and the identity of these PCR products
was confirmed by Southern blotting, as previously de-
scribed (Chung et al., 2003). Real-time PCR was per-
formed using the DNA Engine Opticon System (MJ 
Research, Waltham, MA). The 50-�l PCR reaction mix-
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FIG. 1. Real-time RT-PCR analysis of the changes in expression of the V1a receptor after TBI. The changes in mRNA for the
V1a receptor in the ipsilateral frontoparietal cortex adjacent to the impact area (Ipsi Cx), as compared to those in the contralat-
eral cortex (Contra Cx) and in the cortex from the sham-injured brains (Sham Cx), were analyzed. The number of copies of tran-
scripts for the V1a receptor relative to the message for cyclophilin A (Cycl-A) is shown. *p � 0.05, **p � 0.01 for Ipsi Cx vs.
Contra Cx. †p � 0.05, ††p � 0.01 for Ipsi Cx vs. Sham Cx.



tures contained 0.2 mM mixed dNTPs, 0.2 �M each
primer, 2 mM MgCl2, 2 U HotStart Taq DNA polymerase
(V1a receptor) or FastStart Taq DNA polymerase (cy-
clophilin A), SYBR Green I diluted 1:100,000, and 1/20
(V1a receptor) or 1/2000 (cyclophilin A) of the reverse-
transcription reaction product. The reaction mixtures

were heated to 95°C for 15 min (HotStart Taq) or 4 min
(FastStart Taq) and then were subjected to 40 cycles of
denaturation (94°C, 30 sec), annealing (67°C for the V1a

receptor or 59°C for cyclophilin A, 30 sec), and exten-
sion (72°C, 1 min). The final extension was carried out
at 72°C for 10 min.

EXPRESSION OF V1a RECEPTORS IN THE INJURED BRAIN
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FIG. 2. Immunohistochemical localization of V1a receptors in the intact brain. (A) The microphotograph shows the V1a recep-
tor-immunopositive staining of neuronal nuclei and astrocytic processes in the frontoparietal cortex. Note that some of these as-
troglial processes are associated with the pial blood vessels penetrating the brain parenchyma (arrows). (B) The control experi-
ment in which the brain section was incubated with the primary antibody that had been preabsorbed overnight with the antigenic
peptide fragment of the V1a receptor (100 �g/mL). (C) Confocal microscopy image of the choroid plexus. Consecutive optical
sections through the choroidal tissue were acquired at 0.5–1-�m intervals and were subsequently projected into one image. Note
that the V1a receptor-immunoreactive product having a punctate staining pattern is localized to the apical (CSF-facing) plasma
membrane domain of choroidal epithelial cells. The nuclei of these cells are also diffusely stained. (D) Control experiment in
which the choroid plexus was incubated with the primary antibody preabsorbed with the antigenic peptide. (E) Double staining
of cortical neurons with anti-V1a receptor (red fluorophore) and anti-neuronal nuclei (NeuN) (green fluorophore) antibodies ex-
amined with confocal microscopy. Note that the neuronal cytoplasm is also stained with anti-NeuN antibody. (F) Higher magni-
fication confocal microscopy images of cortical neurons. A single optical section across neuronal nuclei is shown. These images
demonstrate that the V1a receptor-immunoreactive product is predominantly localized to neuronal nuclei and has both a diffused
and punctate staining pattern. (G) Double staining with anti-V1a receptor (red fluorophore) and anti-glial fibrillary acidic protein
(GFAP) (green fluorophore) antibodies examined with confocal microscopy. The co-localization of the immunoreactive products
for the V1a receptor and GFAP confirms the astroglial expression of V1a receptors and their cytosolic distribution. Note that some
long astroglial processes have unusually strong cytosolic staining (arrows). (H) High-magnification confocal microscopy images
of cortical astrocyte with a long, heavily stained process. Double staining for the V1a receptor and GFAP is shown. Bar � 100
�m (A,B), 20 �m (C,D), 50 �m (E,G), 10 �m (F,H).



Immunohistochemistry

Separate rats were used for immunohistochemistry.
Two to three animals per group were sacrificed after TBI
or sham injury at time points described above. In addi-
tion, two early time points, i.e., 1 and 2 h post-TBI, were
analyzed. Rats were reanesthetized, as described above.

and were perfused transcardially with ice-cold 0.9%
NaCl, followed by ice-cold 4% paraformaldehyde in 0.05
M phosphate-buffered saline (PBS; pH 7.4). Brains were
removed and postfixed for an additional 4 h in the
paraformaldehyde/PBS solution at 4°C. They were then
incubated overnight in 20% sucrose in PBS and embed-
ded in Tissue-Tek OCT Compound. The coronal brain
sections were cut on a cryostat at 10 �m.

Immunohistochemical procedures were performed at
room temperature, except for the incubation with primary
antibodies that was completed at 4°C. All incubations
were performed in PBS containing 0.5% of bovine serum
albumin (BSA) and 0.2% of Triton X-100 (TX-100). For
washes, PBS containing 0.1% BSA and 0.1% TX-100
was used. To minimize non-specific staining, the sections
were incubated for 30 min with 10% normal goat serum.
Four percent of normal goat serum was also included
when the specimens were incubated with primary or sec-
ondary antibodies. Following the initial blocking step, the
sections were incubated overnight with primary antibod-
ies. Six 10-min washes were then performed and the sec-
tions were incubated for 1 h with secondary antibodies.
After four 10-min washes, the sections were mounted
with Vectashield mounting medium. The specimens were
viewed with either a conventional fluorescence Olympus
BH2-RFCA microscope (Figs. 2A,B,D and 4B,D) or a
Nikon PCM2000 confocal laser-scanning microscope
(the rest of the images).

Statistical Analysis

The results of real-time RT-PCR are presented as mean
number of copies of mRNA for the V1a receptor per 100
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FIG. 3. Schematic illustration of injured areas. (A,B) Coro-
nal brain sections cut at the level of septum, 0–1 mm posterior
to bregma, and at the hippocampal level, 2.5–3.5 mm posterior
to bregma, respectively. Since the post-TBI changes in the V1a

receptor expression occurred predominantly in the frontopari-
etal cortex adjacent to the lesion, this brain area was mainly an-
alyzed (marked with rectangles). CL, LV, 3rdV, and FH are the
area of cortical lesion, lateral and 3rd ventricles, and fimbria
hippocampi, respectively.

FIG. 4. The up-regulation of the V1a receptor expression in cortical astrocytes 4 days after TBI. Double staining for V1a re-
ceptors (red fluorophore) and GFAP (green fluorophore) was examined with confocal microscopy. (A,C) Images of an area of
the frontoparietal cortex adjacent to the lesion and of the contralateral frontoparietal cortex, respectively. Note that the changes
in the intensity of astrocytic staining following TBI are most evident in the cortical layer 1; however, they are also readily no-
ticeable in deeper cortical layers in the vicinity of the impact. These astrocytes have a diffused cytoplasmic staining pattern, and
are frequently of a reactive, hypertrophic type, with increased levels of GFAP expression. (B,D) The frontoparietal cortex ipsi-
lateral and contralateral to injury, respectively, from the brain section that was incubated with the primary antibody preabsorbed
with the antigenic peptide (for further details, see the legend to Fig. 2B). (E,F) High-magnification images of the frontoparietal
cortex (layers 1–2) ipsilateral and contralateral to injury, respectively. Note that, after TBI, there is a redistribution of the V1a re-
ceptor-immunoreactive product with a punctate staining pattern from the astrocytic cell bodies (arrowheads) to the astrocytic
processes (arrows). Bar � 50 �m for (A–D), 10 �m (E,F).

FIG. 5. The up-regulation of the V1a receptor expression in cortical astrocytes associated with parenchymal blood vessels (BVs).
Confocal microscopy images were acquired from the coronal brain sections doubly stained for V1a receptors and GFAP. (A,B)
Astrocytic processes closely associated with blood microvessels in the frontoparietal cortex ipsilateral and contralateral to injury,
respectively, 4 days post-TBI. Note that the astrocytes surrounding the lesion area are reactive and hypertrophied, and express
high levels of V1a receptors and GFAP, compared to the contralateral cortex. (C,D) The ipsilateral and contralateral frontopari-
etal cortices, respectively, at 14 days after the trauma. The images of astrocytes associated with the large-diameter blood vessels
are shown. Bar � 10 �m (A,B), 20 �m (C,D).
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copies of cyclophilin A mRNA � SEM. For statistical
evaluation of data, ANOVA was used, followed by the
Newman-Keuls test for multiple comparisons among
means. p � 0.05 was considered statistically significant.

RESULTS

RT-PCR

The real-time RT-PCR analysis of the changes in
mRNA for the V1a receptor in the ipsilateral frontopari-
etal cortex adjacent to the impact area demonstrated that
at 4 and 8 h after TBI there was a significant increase in
the number of transcripts, compared to the contralateral
hemisphere or the sham-injured rats (Fig. 1). This in-
crease in the message preceded the up-regulation of the
V1a receptor expression at the protein level (see below).
The elevated levels of mRNA for the V1a receptor were
also found 1, 4, and 6 days post-TBI; however, these
changes did not attain statistical significance. The ex-
pression of the V1a receptor in the frontoparietal cortex
contralateral to injury or in the brains of the sham-injured
animals did not change at any time point following TBI
(Fig. 1).

Immunohistochemistry

Expression of V1a receptors in the intact brain. The
frontoparietal cortex was mainly analyzed to character-
ize the expression of V1a receptors in the normal brain
and in the brains of rats subjected to TBI. For this pur-
pose, the coronal brain sections were cut at the level of
septum, 0–1 mm posterior to bregma, and at the hip-
pocampal level, 2.5–3.5 mm posterior to bregma. In the
intact brain, the most prominent immunopositive stain-
ing for V1a receptors was associated with neurons located
in all layers of the frontoparietal cortex (Fig. 2A). Neu-
ronal localization of these receptors was confirmed by
co-staining with anti-NeuN antibody (Fig. 2E,F). Inter-
estingly, the V1a receptor-immunoreactive product was
predominantly localized to neuronal nuclei and had both
a diffused and punctate staining pattern (Fig. 2F). This
nuclear distribution of V1a receptors was clearly seen 
in high-magnification confocal microscopy images of
cortical neurons doubly stained with anti-V1a receptor
and anti-NeuN antibodies (Fig. 2F). The V1a receptor-
immunopositive beaded axonal processes were also spo-
radically observed in various layers of the frontoparietal
cortex (data not shown).

In addition to neurons, the V1a receptors were ex-
pressed in astrocytes, especially in layer 1 of the fronto-
parietal cortex (Fig. 2A). The V1a receptor-immunoreac-
tive product appeared as a diffused cytosolic staining of

astrocytic cell bodies and processes that were frequently
associated with parenchymal blood vessels (Fig. 2A). 
Occasionally, very strong cytosolic staining of long as-
troglial processes was observed (Fig. 2G,H). The V1a re-
ceptor-immunopositive product also had a clearly punc-
tate staining pattern and was predominantly localized to
the astrocytic cell bodies [shown in high-magnification
images of astrocytes in the frontoparietal cortex con-
tralateral to injury (Fig. 4F)]. The astrocytic localization
of V1a receptors was confirmed by a double staining 
with anti-V1a receptor and anti-GFAP antibodies (Fig.
2G,H). The immunopositive staining of neurons and as-
trocytes was completely eliminated when the primary an-
tibody had been pre-absorbed with the antigenic peptide
(Fig. 2B).

Among the non-parenchymal cells, the choroid plexus
epithelium was found to express high levels of the V1a

receptor (Fig. 2C). In this tissue, the V1a receptor-
immunopositive product, seen as a punctate staining, was
localized to the apical (CSF-facing) plasma membrane
domain of epithelial cells. The nuclei of these cells were
also diffusely stained. This staining of the choroid plexus
was abolished when the primary antibody had been pre-
absorbed with the antigenic peptide (Fig. 2D).

Changes in expression of V1a receptors after TBI. Fig-
ure 3 illustrates schematically the location of injury that
mostly involved the frontoparietal cortex. The changes in
expression of V1a receptors in astrocytes, cerebrovascu-
lar endothelium, and neurons were examined at 1, 2, 4,
and 8 h and 1, 2, 4, 6, and 14 days post-TBI. Since the
post-TBI changes in the V1a receptor expression occurred
predominantly in the cortical areas adjacent to the lesion,
these brain regions were mainly analyzed.

Beginning at 8 h post-TBI, there was a gradual increase
in the expression of V1a receptors in cortical astrocytes
surrounding the lesion area (Fig. 4A,E). The changes in
the intensity of astrocytic staining were most evident in
layer 1 of the ipsilateral frontoparietal cortex; however,
they were also readily noticeable in deeper cortical layers
in an area adjacent to the impact (Fig. 4A). The number
of astrocytes expressing the V1a receptor peaked at 4–6
days after TBI, but the increased astroglial expression of
this receptor was maintained to the end of the observation
period, i.e., 14 days post-TBI. These astrocytes had a dif-
fused cytoplasmic staining pattern, and were frequently of
a reactive, hypertrophic type, with increased levels of
GFAP expression (Fig. 4A,E). Furthermore, after the in-
jury, there appeared to be a redistribution of V1a receptors
from the astrocytic cell bodies to the astrocytic processes
(compare the changes in a punctate astrocytic staining pat-
tern in Fig. 4E,F). In contrast to the traumatized hemi-
sphere, in the frontoparietal cortex contralateral to injury,
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FIG. 6. The increased expression of the V1a receptor in the cerebrovascular endothelium 2 days post-TBI. Double staining for
V1a receptors (red fluorophore) and the endothelial marker CD31 (green fluorophore) was examined with confocal microscopy.
(A,B) Blood microvessels (arrowheads) from an area of the frontoparietal cortex adjacent to the lesion and from the contralateral
frontoparietal cortex, respectively. Note a robust, clearly distinguishable punctate staining of endothelial cells in the traumatized
parenchyma, which contrasts with a weak endothelial staining in the contralateral cortex. Also, note a punctate V1a receptor-pos-
itive staining of endothelial nuclei (arrows) in the ipsilateral cortex. (C,D) Large-diameter blood vessels (BVs) from the ipsilat-
eral and contralateral frontoparietal cortices, respectively. Note a distinctive punctate staining of endothelial cells in the injured
parenchyma that is similar to the staining of blood microvessels shown in A. Also, note both a diffused and punctate nuclear
staining of endothelial cells (arrows) in the ipsilateral cortex. Bar � 10 �m (A,B), 20 �m (C,D).

EXPRESSION OF V1a RECEPTORS IN THE INJURED BRAIN

there were no obvious changes in astrocytic expression 
of V1a receptors (Fig. 4C,F), compared to the sham-
injured rats (not shown) or the intact animals. The V1a re-
ceptor-immunoreactive staining in the injured brains was
completely eliminated when the primary antibody had
been pre-absorbed with the antigenic peptide (Fig. 4B,D).
Many astrocytes located in the frontoparietal cortex were
intimately associated with blood microvessels. After the
injury, in an area adjacent to the lesion, these astroglia fre-
quently became reactive and hypertrophied, and expressed
high levels of V1a receptors, when compared to the con-
tralateral hemisphere (Fig. 5A vs. 5B). Similar changes in
the expression of V1a receptors were observed in cortical
astrocytes whose processes were in close contact with the
large-diameter blood vessels (Fig. 5C vs. 5D).

During a short period between 2 and 4 days after TBI,
the increased expression of V1a receptors was observed
in the endothelium of both blood microvessels and the
large-diameter blood vessels in the frontoparietal cortex
ipsilateral to injury. The distribution of blood vessels ex-
pressing high levels of V1a receptor was not uniform, with
a number of the V1a receptor-positive microvessels rang-
ing between 0 and 4 per 0.01 mm2. The changes in the
expression of the V1a receptor included a robust, clearly
seen punctate staining of endothelial cell bodies in the
traumatized parenchyma (Fig. 6A,C), which contrasted
with a weak endothelial staining noted in the contralat-
eral cortex (Fig. 6B,D) or in the brains of the sham-
injured rats (not shown). Moreover, both a diffused and
punctate nuclear staining of endothelial cells, especially



noticeable in the large-diameter blood vessels, was found
in the ipsilateral cortex (Fig. 5A,C).

As early as 1–2 h following the impact, there was 
a striking increase in the number of the V1a receptor-
immunopositive beaded axonal processes, with greatly
enlarged varicosities, that were localized both to the cor-
tical lesion area and to the cortex adjacent to the lesion.
At later time points, including the longest observation pe-
riod (14 days post-TBI), these axonal processes were not
only found ipsilaterally in the frontoparietal cortex adja-
cent to the impact, but also in the brain parenchyma sur-
rounding the lateral ventricle (Fig. 7A) and in the fim-
bria hippocampi (Fig. 7C) of the injured hemisphere. In
comparison, a few beaded axonal processes with small
varicosities that were immunoreactive for the V1a recep-
tor were noted in the contralateral hemisphere (Fig. 7B,D)
or in the brains of the sham-injured rats (not shown).

DISCUSSION

In the present study, a weight-drop model of TBI orig-
inally described by Feeney et al. (1981) was used. This

model produces an injury that is reminiscent of surface
contusion observed in humans (Povlishock et al., 1994).
A similar experimental model was employed more re-
cently to analyze the neutrophilic invasion following TBI
(Clark et al., 1996; Carlos et al., 1997; Chodobski et al.,
2003). In our hands, a reproducible injury with no mor-
tality was obtained with this model of TBI.

This study demonstrated that, after TBI, there is a grad-
ual and relatively long-lasting (8 h to 14 days) increase
in expression of the V1a receptor in cortical astrocytes
surrounding the impact area. Astrocytic swelling is usu-
ally the most prominent feature of cytotoxic brain edema
(Kimelberg, 1995), and, based on our observations, the
astroglia appear to be important target cells for VP in the
traumatized parenchyma. Consistent with this idea, VP
has been shown to increase the astrocytic cell volume
(Latzkovits et al., 1993; Sarfaraz and Fraser, 1999). This
VP action could be blocked by bumetanide, an inhibitor
of the Na�-K�-2Cl� co-transporter that plays a critical
role in cell volume regulation (Russell, 2000). In a more
recent study (Johnson and O’Donnell, 2003), direct evi-
dence for stimulatory effect of VP on the Na�-K�-2Cl�

co-transporter activity has been provided. VP has also
been shown to stimulate the activity of the Na�-K�-2Cl�
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FIG. 7. The changes in neuronal expression of the V1a receptor 6 days after TBI. (A,B) Beaded axonal processes (arrows) sur-
rounding the lateral ventricle (LV) in the ipsilateral and contralateral hemispheres, respectively. The coronal brain section was
cut at the level of septum. Note that the V1a receptor-immunopositive axons in the ipsilateral hemisphere have greatly enlarged
varicosities. This contrasts with a few beaded axonal processes with small varicosities seen in the contralateral hemisphere. Also,
note an intense nuclear staining of ependymal cells (arrowheads). (C,D) Fimbria hippocampi (see Fig. 3 for anatomical location)
in the ipsilateral and contralateral hemispheres, respectively. Note the presence of numerous axonal processes with large vari-
cosities in the ipsilateral fimbria hippocampi. These beaded axonal processes are absent in the contralateral side. Bar � 50 �m.



co-transporter in cerebral microvascular endothelium
(O’Donnell et al., 1995) and aortic endothelial cells (O’-
Donnell, 1991), in which this VP action was, in part, me-
diated by Ca2�. Interestingly, the stimulation of protein
kinase C inhibited the Na�-K�-2Cl� co-transporter ac-
tivity, suggesting that protein kinase C plays a negative
regulatory role in VP-mediated control of the activity of
this co-transporter. While these studies have demon-
strated the VP’s ability to regulate a cell volume, it is 
important to note that in these experiments, only short-
lasting effects of VP were analyzed. It is therefore un-
clear whether VP-dependent increase in intracellular wa-
ter content would contribute to prolonged swelling of
astrocytes and vascular endothelium observed in the in-
jured brain (Dietrich et al., 1994; Vaz et al., 1997; Caste-
jón et al., 1998). A bumetanide-mediated reduction of
edema found in rats subjected to a transient (Yan et al.,
2001) or a permanent (O’Donnell et al., 2003) occlusion
of the middle cerebral artery warrants further investiga-
tions to clarify the above matter.

In addition to astroglia, we showed that in the trau-
matized parenchyma, the expression of V1a receptors is
up regulated in the endothelial cells of blood microves-
sels and the large-diameter blood vessels. The augmented
expression of the V1a receptors on the cerebrovascular
endothelium was observed between 2 and 4 days after
TBI, which coincided with the secondary increase in the
permeability of the BBB and the brain water content pre-
viously found in the weight-drop and controlled cortical
impact models of brain injury (Holmin and Mathiesen,
1995; Baskaya et al., 1997). It is thus possible that the
increased expression of the endothelial V1a receptors
plays a role in VP-mediated changes in the permeability
of the BBB and the formation of edema in the injured
brain. Our immunohistochemical analysis did not allow
for the precise localization of V1a receptors to the lumi-
nal vs. abluminal plasma membrane of endothelial cells.
However, the previous functional studies (Reith et al.,
1987) implied that these receptors are expressed on the
luminal side of blood vessels. Consistent with the lumi-
nal expression of V1a receptors is the reduction in the
permeability of the BBB and the brain water content
found after peripheral administration of the V1 receptor
antagonist in a rat model of cryogenic brain injury (Be-
mana and Nagao, 1999).

The possible mechanisms underlying the VP-mediated
increase in the BBB permeability may involve the for-
mation of stress fibers in endothelial cells, followed by
increased paracellular permeability (Nathanson et al.,
1992; Gohla et al., 1999). However, it cannot be excluded
that VP modulates the cerebrovascular permeability in-
directly by promoting the astrocytic synthesis and/or se-
cretion of vascular endothelial growth factor (VEGF), a

potent vascular permeability factor (Bates et al., 1999).
Indeed, the processes of the V1a receptor-positive astro-
cytes make a close contact with blood microvessels (Fig.
5A,B), and VP has previously been shown to have the
ability to up-regulate VEGF synthesis (Tahara et al.,
1999). The astroglial expression of this growth factor is
rapidly increased following TBI (Chodobski et al., 2003),
and in the injured brain parenchyma, many astrocytes ex-
pressing high VEGF levels were found to co-express the
V1a receptor (data not shown). The redistribution of V1a

receptors from the astrocytic cell bodies to the astrocytic
processes observed after TBI (Fig. 4E,F) may facilitate
the access of these receptors by circulating VP that
crossed the disrupted BBB. This concept is also supported
by the observations of post-traumatic increase of VP syn-
thesis in the hypothalamus, a major source of circulating
VP (unpublished observations).

In the present study, an early (within 1–2 h after TBI)
increase in neuronal expression of V1a receptors in the
traumatized parenchyma was found. The immunohisto-
chemical analysis revealed the presence of numerous V1a

receptor-immunopositive beaded axonal processes, with
vastly enlarged varicosities, that were localized to vari-
ous areas of the injured hemisphere. In this context, it is
interesting to note that axotomy has previously been re-
ported to increase the VP binding and the message for
the V1a receptor in the cranial and spinal motor nuclei
(Tribollet et al., 1994; Chritin et al., 1999). The physio-
logical significance of these findings is unclear, but may
be related to the neurotrophic activity of VP that has pre-
viously been observed in the cultures of cortical neurons
(Chen et al., 2000).

The real-time RT-PCR analysis indicated that after
TBI, an increase in the message preceded the up-
regulation of expression of the V1a receptor at the protein
level. The molecular mechanisms underlying this increase
in mRNA for the V1a receptor are currently unknown, but
it is possible that the expression of this receptor is con-
trolled by the transcription factors nuclear factor–�B (NF-
�B) and AP-1. These transcription factors are activated
after TBI (Yang et al., 1994, 1995; Hayes et al., 1995;
Nonaka et al., 1999), and the promoter region of the V1a

receptor gene has the putative consensus binding sites for
NF-�B and AP-1 (Murasawa et al., 1995). Further work
will be needed to determine whether NF-�B and AP-1
play a mediatory role in transcriptional regulation of the
V1a receptor expression in the injured brain.

In addition to the increased expression of V1a recep-
tors observed after TBI, a new finding of this study is the
nuclear localization of these receptors in neurons, the
cerebrovascular endothelium, and choroidal epithelial
cells. A similar cellular distribution, that is, to both the
plasma membrane and the nucleus, has previously been

EXPRESSION OF V1a RECEPTORS IN THE INJURED BRAIN

1099



described for another G protein-coupled receptor, an an-
giotensin type 1 (AT1) receptor (Lu et al., 1998). The
functional studies have also suggested that the nuclear re-
ceptors for endothelin-1 exist (Bkaily et al., 2000). The
nuclear retention appears to depend on the presence of a
putative nuclear localization signal (NLS) consensus se-
quence (Boulikas, 1993) in the AT1 receptor, since a pep-
tide containing the putative NLS sequence interfered with
the nuclear targeting of this receptor (Lu et al., 1998).
Unlike the AT1 receptor, the V1a receptor does not have
the putative NLS sequence, and, therefore, other than
NLS-mediated molecular interactions must exist to main-
tain the nuclear retention of this latter receptor. The phys-
iological role of nuclear V1a receptors is presently un-
clear. The biochemical studies have demonstrated that
unlike endothelin-1, VP does not bind to the nuclei of rat
hepatocytes (Hocher et al., 1992), even though the V1a

receptors are localized to the nuclei of these cells (un-
published observations). Further work will therefore be
required to clarify the physiological importance of nu-
clear distribution of V1a receptors.
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