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Abstract

The hypothalamic hormone vasopressin (AVP) has known mitogenic effects on various cell types.
This study was designed to determine whether sustained elevated levels of circulating AVP could
influence cell proliferation within adult tissues known to express different AVP receptors, including
the pituitary, adrenal gland, liver and kidney. Plasmatic AVP was chronically increased by submitting
animals to prolonged hyperosmotic stimulation or by implanting them with a AVP-containing osmotic
minipump. After several days of either treatment, increased cell proliferation was only detected within
the kidney. This kidney cell proliferation was not affected by the administration of selective V, or
V|, receptors antagonists, but was either inhibited or mimicked by the administration of a selective V,
receptor antagonist or agonist, respectively. Kidney proliferative cells mostly concerned a
subpopulation of differentiated tubular cells known to express the V, receptors and were associated
with the phosphorylation of extracellular signal-regulated kinase. These data indicate that in the adult
rat, sustained elevated levels of circulating AVP stimulates the proliferation of a sub-population of
kidney tubular cells expressing the V, receptor, providing the first illustration of a mitogenic effect of
AVP via the activation of the V,receptor subtype.



Introduction

Vasopressin  (AVP) is a nonapeptide,
synthesized by hypothalamic neurons and
released into the blood by axons terminating
in the median eminence and
neurohypophysis. Secreted AVP exerts its
biological effects through its binding to
three subtypes of AVP receptors, the Vi,
Vi, and V,, all members of the G protein-
coupled superfamily of receptors. AVP is
mainly known as an antidiuretic and
vasoconstrictor hormone via its effects on
renal V, receptor (V,-R) (1) and Vi,
receptor (V(,-R) of arteriolar vascular
smooth muscle cells (2). AVP also
stimulates hypophysial corticotroph cell
secretion and regulates stress responses and
anxiety via Vy, receptors (V,-R) (3, 4).
Besides its classical hormonal effects,
evidence has been provided indicating that
AVP is also a potent proliferating factor for
a variety of cell types expressing, in
particular the V,-R, including fibroblasts
(5), intestinal epithelial cells (6), adrenal
gland glomerulosa cells (7), hepatocytes (8),
and kidney mesangial cells (9).

The secretion of hypothalamic AVP is
finely regulated by peripheral and central
receptors that are sensitive to modifications
of the volume and/or osmolality of
extracellular fluids. Therefore, with the
exception of transient rises following
volemic or osmotic modifications (10), the
levels of circulating AVP remain very low
in adult mammals under basal physiological
conditions (less than 4 pg/ml). However, it
is known that levels of circulating AVP can
be chronically increased under pathological
conditions (more than 8 pg/ml), such as the
syndrome of inappropriate antidiuresis
(SIADH; (11, 12), renal insufficiency (13-
15), uncontrolled diabetes mellitus (16, 17)
and major depression (18, 19). To date, the
data supporting a mitogenic role of AVP
mostly derived from in vitro studies (5), (6).
In the present study we investigate whether
in vivo, prolonged stimulation of AVP
receptors by sustained elevated levels of
circulating AVP may influence cell
proliferation within adult organs expressing
these receptors. For this, high levels of
circulating AVP were maintained over
several days by submitting adult rats to
prolonged hyperosmotic stimulation or by

implanting them with a AVP-containing
Alzet osmotic minipump. The rate of cell
proliferation was examined within the
pituitary expressing Vi,-R (20), the adrenal
gland expressing both V,-R and V,-R
(21), the liver expressing V,-R (22), and
the kidney expressing V,-R, V,-R (23) and
perhaps Vy,-R (24). Our data show that
under these conditions, increased cell
proliferation was only detected in the
kidney. This proliferative response involved
V,-R stimulation and mainly affected
differentiated tubular kidney cells localized
to specific medullary regions.

Materials and Methods

Materials

Arginin-vasopressin (AVP) and
desmopressin (dDAVP) were purchased
from Bachem (Basel, Switzerland). AVP
receptor antagonists (SR49059, SR149415,
and SR121463) were kindly provided by
Sanofi-Aventis. Alzet osmotic minipumps
were purchased from Charles River
Laboratories (I’ Arbresle, France), the
bromodeoxyuridine (BrdU), Cremophore
and DMSO from Sigma (Lisle d’Abeau
Chesne, France), and the vasopressin direct
radioimmunoassay kit from Biithlmann
Laboratories (Schonenbuch, Basel,
Switzerland).

Animals

Animals used were adult (2 month-old)
male Sprague Dawley rats (Janvier, France).
They were housed in light (12h dark and
12h  light) and temperature (21°C)
controlled rooms and had free access to
standard dry food and either tap water. All
animals were treated in accordance with the
principles of laboratory animal care
published by the French Ethical Committee.

Hyperosmotic stimulation

Animals received 2% saline (680 mosmol)
as drinking fluid during 1 (n =5), 2 (n =5),
3 (n=10) and 6 (n = 10) days.

Administration _of  vasopressin __and/or
receptors agonists and antagonists

1) acute administration of exogenous AVP
or dDAVP: Animals received one
intraperitoneal (IP) injection of 0.5 ml




saline either alone (n = 5) or containing 13
pg of AVP (n =8) or dDAVP (n = 8).

2) chronic administration of exogenous
AVP or dDAVP: rats were treated by
repeated IP injections of increasing doses of
AVP (twice daily injections of 20 (n = 5)
and 60 pg (n =5) AVP for 3 days), or were
subcutaneously implanted with an Alzet 7-
day osmotic pump filled with 100 pl
phosphate-buffered saline (PBS) alone (n =
5) or containing AVP or dDAVP , infusing
04m=4),13nm=4) or13 ug (n=38)of
peptide per day.

3) administration of vasopressin receptor
antagonists: osmotically stimulated rats
were treated with specific antagonists of
V1,-R (SR49059, n = 4), V,,-R (SR149415,
n = 4), or V,-R (SR121463, n = 5)
receptors during 3 days. AVP-infused rats
(n = 5) were treated with a specific
antagonist of V,-R (SR121463) during 3
days. Since these antagonists are poorly
water soluble, they were dissolved in saline
containing 5% DMSO + 7.5% cremophore
(vol/vol) and administrated via two daily IP
injections (at 1mg/kg) for 3 days.

Plasmatic vasopressin assay

The levels of plasma AVP were determined
by collecting the trunk blood after
decapitation of conscious animals. To
prevent  manipulation-induced  stress,
animals were manipulated two times per
day for 4 days before the sacrifice. Blood
samples were centrifuged at 2000 g in
prechilled tubes containing EDTA for 15
min at 4°C. The plasma concentration of
AVP was determined by the direct Bithlman
radioimmunoassay kit (Biithlman
Laboratories, Basel, Switzerland).

Western Blot analysis

Rat kidney tissues from the cortex, outer
medulla and inner medulla were carefully
dissected and treated for immunoblot
analysis as previously described (29).
Phosphorylated extracellular signal-
regulated kinases (ERK) were revealed by
using a 1:2000 dilution of mouse
monoclonal anti-phospho-ERK antibody
(phospho-p44/42 MAPK Thr202/Tyr204
from Cell Signaling Technology, Inc). After
stripping, total ERK proteins were revealed
by using a 1:750 dilution of anti ERK2
(C14): sc-154 antibody from Santa Cruz

Biotechnology. Blots were then probed with
anti-mouse (Goat anti-mouse IgG HRP:
sc2005 from Santa Cruz Biotechnology,
Inc.) or anti-rabbit (ECL Rabbit IgG, HRP
from Amersham Biosciences) secondary
antibodies and visualized by using
Enhanced Chemiluminescence detection
reagent (Amersham Biosciences).

Immunocytochemistry

After deep anesthesia induced by
Equithesin, animals were perfused through
the ascending aorta with PBS, pH 7.4,
followed by 400 ml of a solution of 4%
paraformaldehyde 0.1 M phosphate buffer,
pH 7. The adrenal glands, the liver and the
kidneys were dissected and fixed by
immersion overnight in the same fixative.
They were then cut with a vibratome into
50-um thick sections that were carefully
rinsed in PBS and subsequently treated for
multiple fluorescence labeling.

The vibratome sections were incubated for
48 hours at 4°C with one or two primary
antibodies (see Table 1 for details on the
different antibodies used in this study).
After rinsing in PBS, sections were
incubated for 4 hours at 4°C with the
corresponding secondary antibodies
conjugated with Alexa-488 (Molecular
Probes, Eugene, USA) or Cy3 (Jackson
Laboratories, USA). The primary and
secondary antibodies were diluted in PBS
containing 1% normal goat or donkey
serum and 0.1% Triton X-100.

Detection of proliferative cells

Thymidine analog 5-bromodeoxyuridine
(BrdU) was administered at the end of the
different treatments (hyperosmotic stimuli,
administrations of AVP and related
molecules): animals received two IP
injection of BrdU (100 mg/kg in 0.5ml of
0.01N sodium hydroxide solution) 16 and 5
hours before their fixation. Sections treated
for the immunodetection of BrdU were
incubated in 2N HCI for 30 minutes at room
temperature, carefully rinsed in PBS, and
incubated for 48 hours at 4°C with a mouse
monoclonal antibody, anti-BrdU, either
alone or in combination with another
primary antibody.

Imaging and quantification
Labeled sections were rinsed in PBS,




mounted in Mowiol and observed under a
Biorad MRC 1024 confocal laser scanning
microscope equipped with a krypton/argon
mixed gas laser. Two laser lines emitting at
488 nm and 568 nm were used for exciting
the Alexa-488 or Cy3-conjugated secondary
markers. The background noise of each
confocal image was reduced by averaging
four image inputs. The organization of the
immunostained structures was studied 1) on
single confocal images or 2) on bi-
dimensional reconstructed images obtained
by collecting 5 to 10 consecutive confocal
images 1 pm apart through the whole
vibratome section thickness, and by
projecting on the same plane. Unaltered
digitalized images were transferred to a PC
type computer and Adobe Photoshop was
used to prepare final figures.

Ten pm thick reconstructed images
obtained by using the x10 or x 20 objectives
were used to evaluate the numerical density
of BrdU-labeled nuclei within the different
organs considered. For this, Image Tool
analysis software (University of Texas
Health Science Center) was used to count
the labeled nuclei detected in squared areas
(side: 250 or 500 pm) centered on different
regions of the organs, with 4 sections per
animal and 4 animals per experimental
group. The proportion of proliferative cells
expressing V,-R was evaluated on sections
immunostained for BrdU and for both
uromucoid (UR) and aquaporin 2 (AQ?2).
The number of double-labeled cells was
pooled from at least 4 sections per rat and 4
rats per experiment. Data were statistically
compared by using the non parametric test
of Mann and Whitney.

Results

Increasing circulating AVP exclusively
stimulates cell proliferation within the
kidney

Effects of prolonged osmotic stimulus

We provided rats with a 2% saline drinking
solution, known to produce a strong
hyperosmotic  stimulus that maintains
increased  synthesis and release of
endogenous AVP for several days without
marked physiological alteration (26). In a

first step, we looked for possible
proliferative effects of a 6 days osmotic
stimulation on several organs known to
express large amounts of AVP receptors,
including the pituitary, the adrenal gland
(zona glomerulosa), the liver, and the
kidney. In control (normally hydrated) rats,
only scarce BrdU-immunostained (IS) cells
were detected throughout the four organs
examined (Fig. 1 A-D). In 6 days
osmotically stimulated rats, the distribution
and numerical density of the proliferative
(BrdU-IS) cells detected throughout the
pituitary, adrenal cortex and liver was not
modified as compared with the controls
(Fig. 1 E-G), whereas a strong increase of
cell proliferation was detected within the
kidney medullary regions (Fig. 1 H).

In a second step, we focused on the kidney
proliferative response to osmotic
stimulation. Adult rats were submitted to
osmotic stimuli from 1 to 6 days, and the
rate of cell proliferation was examined in
four anatomo-functional regions of the rat
kidney: 1) the cortex (CX) that contains
convoluted tubules and the glomerules, 2)
the outer strip of the outer medulla
(OSOM), that contains loop of Henle
tubules 3) the inner strip of the outer
medulla (ISOM), that contains a mixture of
loop of Henle tubules and collecting ducts,
and 4) the inner medulla (IM) that
essentially contains collecting ducts (Fig.
2).

AVP radioimmunoassay confirmed
that increased levels of plasmatic AVP
(from 300% to 400% of controls) were
achieved in rats osmotically-stimulated
from 1 to 6 days (Fig. 2 lower panel). After
1 and 2 days of osmotic stimulation, we
detected no change in the number of BrdU-
immunostained (IS) nuclei within the
different kidney regions as compared with
controls (Fig. 2 B, C). In contrast, after 3
and 6 days of stimulation, we observed an
increase in cell proliferation throughout the
whole kidney, but with marked regional
differences: BrdU-IS  nuclei  were
preferentially localized to the (ISOM) and,
to a lesser extent, the outer border of the
IM, though they were markedly scarce
within the cortical glomeruli and the deep
IM (Fig. 2 D, E). As for the 6 days
stimulation (Fig. 1), we detected no
significant change in the rate of cell



proliferation compared to control after 1, 2
or 3 days of stimulation in the pituitary,
adrenal cortex and liver (data not shown).
These data indicate that prolonged
hyperosmotic stimulation selectively
increases cell proliferation within specific
kidney regions of the adult rat.

Effects of exogenous  vasopressin
administration

Since prolonged hyperosmotic stimulus
may generate osmotic stress that influences
kidney cell proliferation (27, 28), we
induced a prolonged rise in circulating AVP
without hyperosmotic stimulus. Normally
hydrated rats were implanted with an alzet
osmotic minipump to infuse either PBS
(control rats) or AVP (0.4, 1.3 or 13 pg
AVP per day) for 3 or 6 days.
Measurements of plasmatic AVP indicated
that increasing levels of circulating AVP
were associated with the increasing doses of
infused AVP (Fig. 3 lower panel). As
compared with controls, the kidneys of rats
infused with AVP contained numerous
proliferative cells after 3 and 6 days, mostly
localized to the ISOM and the outer border
of the IM (Fig. 3 A-D and lower panel). As
observed following prolonged hyperosmotic
stimulation, no change in the rate of cell
proliferation was detected in the pituitary,
adrenal cortex or liver of the AVP-infused
rats (data not shown).

The proliferative response of kidney cells
to increased levels of circulating AVP
involves the stimulation of V, receptors

AVP exerts its biological effects via its
binding to three types of receptors, the V,,
Vi, and V; receptors. The kidney has been
shown to express different AVP receptor
subtypes including both V,-R and V-R
(29), and perhaps V,-R (30). We therefore
wished to investigate which of these
subtypes is involved in the proliferative
response to hyperosmotic stimulus or AVP
infusion.

The proliferative response of kidney cells to
hyperosmotic stimulus or AVP infusion is

antagonized by the administration of a
selective V,-R antagonist

Rats  osmotically-stimulated or AVP-
infused were treated twice daily with IP
injections of non-peptidic antagonists of
Vi.-R (SR49059), V,-R (SR149415), or
V,-R (SR121463), or of vehicle alone. We
detected no significant change in the pattern
of kidney cell proliferation in osmotically-
stimulated rats treated with an antagonist to
Vi.-R (Fig. 4 B) or V,,-R (Fig. 4 C),
compared with  osmotically-stimulated
controls (Fig. 4 A). In contrast, in both
osmotically-stimulated and AVP-infused
rats treated with the V,-R antagonist, the
rate of cell proliferation was markedly
decreased compared with controls within
the ISOM and the outer IM, (Fig. 4 D, F).
These data strongly suggest that the
proliferative responses of kidney cells to
either hyperosmotic stimulus or AVP
infusion involved the stimulation of the
V2-R.

The administration of a V,-R agonist
mimics the effects of hyperosmotic
stimulation or AVP infusion

We next examined whether the kidney cell
proliferation induced by hyperosmotic
stimulation or AVP-infusion could be
reproduced by the administration of the
specific V,-R agonist dDAVP to normally
hydrated rats. To verify the
pharmacological specificity of dDAVP in
vivo, rats were fixed 1 hour after an acute
injection of 13 ug of either dDAVP or
AVP, and the early gene product c-Fos was
looked for in the kidney (containing cells
expressing either V,-R or V,-R), and in the
adrenal gland cortex (containing cells
expressing Vi,-R but not V,-R) (21). The
administration of AVP induced a strong
accumulation of c-Fos in both kidney and
adrenal cells, whereas dDAVP only induced
the accumulation of c-Fos in kidney cells
and in fewer numbers to that observed with
AVP (see supplemental Fig. 1). Adult rats
were then implanted with an Alzet osmotic
minipump containing either PBS (controls)
or dDAVP (delivering 0.4, 1.3 or 13 pg
dDAVP/day), and were fixed after 3 or 6
days as described above. Urine osmolarity
was consistently increased after 6 days in
rats infused with dDAVP at 0.4 pg / day
(1920 + 60 mosmol, n = 3), 1.3 pg /day
(2100 + 72 mosmol, n = 3), or 13 g
(23204150 mosmol/l, n = 6) as compared




with control rats (1095+ 95 mosmol/l, n =
6), attesting for the effective stimulation of
kidney V,-R. Whatever the dose of dDAVP
infused and the duration of the infusion, we
detected no change in the rate of cell
proliferation within the adrenal gland, the
pituitary or the liver (not shown) compared
with controls, in contrast to a large increase
observed within the kidney. In all the
dDAVP-infused rats examined, such a
proliferative response was very similar to
what was observed in osmotically-
stimulated or AVP-infused rats: high
concentrations of proliferative (BrdU-IS)
cells were preferentially localized to the
ISOM and the outer portions of the IM (Fig.
5 and lower panel). For the same doses of
dDAVP and AVP infused, such a kidney
proliferative response was always stronger
in the dDAVP-infused rats (compare Figs. 3
and 5). These data indicate that a strong
proliferation of kidney cells can be induced
by the administration of dDAVP to
normally hydrated rats, suggesting that the
proliferative response of kidney cells to
hyperosmotic stimulation or exogenous
AVP administration mainly results from the
stimulation of the V,receptor subtype.

Proliferative kidney cells induced by V,-
R stimulation mainly correspond to V,R-
expressing cells

Within the kidney, V,-R is essentially
expressed by principal cells of the renal
collecting ducts (23) and by the thick
ascending limb of Henle's loop (TAL)
tubular cells (29). Since the
immunocytochemical detection of V,-R
could not be performed (due to the absence
of efficient antibodies), we identified the
V,-R expressing kidney cells by the
detection of kidney cell-type-specific
markers, i.e. aquaporin 2 (AQ2) for
collecting ducts principal cells (31) and
uromucoid (UR) for TAL cells (32). In 3
and 6 day dDAVP-infused rats, the
examination of kidney sections
immunostained for BrdU and for either UR
or AQ2, indicated a predominant
localization of BrdU-IS nuclei in kidney
regions containing either UR- and AQ2-IS
cells (the cortex and the ISOM), or AQ2-IS
cells only (the outer layer of the IM) (Fig. 6
A-C). The examination of double

immunostained kidney sections indicated
that BrdU-IS nuclei frequently associated
with either UR-IS or AQ2-IS cells
throughout the different kidney regions,
preferentially associating with UR-IS cells
in the ISOM and with AQ2-IS cells in the
outer layer of the IM (Fig. 6 D-I). To
determine the proportion of proliferative
cells corresponding to V,-R expressing cells
in these kidney regions, kidney sections of 3
and 6 day dDAVP-infused rats were double
immunostained for BrdU and for both UR
and AQ2 (Fig. 6 J): the quantitative analysis
of these double immunostained sections
indicated that more than 70% of the BrdU-
IS nuclei detected throughout the kidney
regions were associated with UR- or AQ2-
IS cells. In all dDAVP-infused rats
examined, both types of immunostained
tubules appeared more numerous and
exhibited increased diameters (more than 2
fold) compared with controls (data not
shown). Moreover, a comparison of the
kidney weight between 6 day dDAVP-
infused and control rats further revealed a
moderate but significant increase following
prolonged dDAVP infusion (1.81 + 0.07 g
vs. 1.47 + 0.06 g, n = 6, p<0.01). Together
these data indicate that the proliferative
effects of V,-R stimulation mostly
correspond with the proliferation of
differentiated tubular cells expressing the
V,-R.

The cell proliferation induced by V,-R
stimulation is associated with the
activation of the ERK pathway

ERK is known to be involved in a large
number of signaling pathways initiated by
mitogens (33). We then examined whether
the induction of the proliferation process by
V,-R stimulation correlated with the
activation of ERK1/2 within the kidney
cells. Western-blot analysis was first used
to compare the levels of phosphorylated
ERK (P-ERK) in the different kidney
regions of control rats to those found in rats
infused with dDAVP for 3 days. Compared
with controls, P-ERK labeling was only
increased in the outer medullary kidney
regions of dDAVP-infused rats, with no
change in total ERK (Fig. 7). We then
investigated any direct association between
the ERK activation induced by dDAVP



administration and kidney cell proliferation.
For this, kidney sections of control or 3 day
dDAVP-infused rats were treated for P-
ERK immunostaining. We detected only
faint immunostaining for P-ERK throughout
the different kidney regions in control rats,
in contrast to strong cellular
immunostaining within the ISOM and the
outer portions of the IM in dDAVP-infused
rats (Fig. 8 A, B). The examination of
kidney sections double immunostained for
P-ERK and BrdU indicated a predominant
localization of both immunostainings within
the same kidney regions (Fig. 8 C, D), with
intense P-ERK immunostaining frequently
associated with the cytoplasm and the
nucleus of BrdU-IS cells, although some
did appear P-ERK-negative (Fig. 8 E). We
made similar observations in kidney
sections of osmotically-stimulated or AVP-
infused rats (data not shown). These data
strongly suggest that the proliferative
effects of prolonged V,-R stimulation
relates to the activation of the ERK pathway
and to its accumulation within both the
cytoplasm and nucleus of V,-R expressing
cells located within the ISOM and the outer
IM.

Discussion

The concept that AVP plays a
mitogenic role was principally developed
from a series of in vitro studies on a variety
of cell types. A prominent finding of the
present study is that the proliferative effects
induced in vivo by increasing circulating
AVP in adult rats do not agree with these
previous studies carried out in vitro. Indeed,
under in vivo experimental conditions that
increase the levels of circulating AVP, we
detected no proliferative effect on several
cell types that have previously been
reported to proliferate in vitro following
AVP application (including the adrenal
glomerulosa cells (7), the hepatocytes (8)
and the renal mesangial cells (9)). However,
we did detect an unexpected proliferative
response on tubular cells of specific
medullar kidney regions. Although the
reasons for such discrepant responses to
AVP stimulation remain to be elucidated,
our data reinforce the idea that the
proliferative ability of a given cell type and

its regulation can be markedly modified by
in vitro conditions (34). We would like to
draw attention, however, to the possible
drawbacks introduced by the in vivo
approach used in the present study. Firstly,
a prolonged hyperosmotic  stimulus
generates stressful conditions that may
interfere with cell proliferation,
independently of an augmented secretion of
AVP. However, the fact that similar
proliferative responses were induced by
either osmotic stimuli or exogenous AVP
administration strongly suggests a major
role of circulating AVP. Secondly, since
AVP is a potent vasoconstrictor, it would be
reasonable to assume that the proliferative
response detected within the kidney results
from local tissue lesions due to
vasoconstriction and/or hypertension. In a
complementary study, we demonstrated the
absence of kidney hypoxia and/or lesion
under the experimental conditions used in
the present study to raise the levels of
circulating AVP (i.e. prolonged
hyperosmotic stimulus and infusion of
exogenous AVP). Kidney hypoxia and
lesion were only induced by repeated acute
injections of high (20 and 60 pg) AVP
doses (see supplemental Fig. 2). This agrees
with previous studies indicating that in vivo,
vasoconstriction of renal arterioles can only
be induced by high, non-physiological
doses (nanomolar range) of AVP (35),
whereas low physiological doses (picomolar
range) are efficient in vitro (36). One
possible explanation is the attenuation of
AVP-induced vasoconstriction by nitric
oxide release in vivo (37). In addition, we
found that the patterns of cell proliferation
associated with prolonged hyperosmotic
stimulation or AVP infusion (i.e. absence of
cell lesion markers and proliferation of
differentiated tubular cells of the ISOM and
outer IM) markedly differ from those
associated with kidney hypoxic lesions (i.e.
tissue infiltration by activated macrophages
and proliferation of precursor-like cells of
the OSOM) (supplemental Fig. 2). Lastly,
we found that no kidney cell proliferative
response could be detected in rats implanted
with an osmotic pump infusing high doses
of angiotensin (a potent pressor agent, 13
pg/day for 3 days) or bradykinin (a potent
vasodiltator agent, 13 pg/day for 3 days)
(see supplemental fig3). It can thus



reasonably be assumed that the proliferation
of kidney cells detected in osmotically-
stimulated or AVP-infused rats at least
partly results from a direct activation of
AVP receptors.

Since the three identified AVP
receptor subtypes (Vi,, Vi, and V,) have
been described in the kidney, the effects of
sustained elevated levels of circulating AVP
levels on the proliferation of kidney cells
described here could be attributed to the
stimulation of any of these receptors. Two
findings however, strongly suggest that this
mitogenic effect mainly results from the
activation of V, receptors: kidney cell
proliferation was either inhibited by the
administration of a selective antagonist for
V,-R, or mimicked by the administration of
dDAVP, a selective V,-R agonist.
Moreover, this effect seems to be direct
since most of the kidney proliferative cells
corresponded to cells expressing the V,-R,
i.e. cells of the thick ascending limb of
Henle’s loop (TAL) or of the collecting duct
(immunostained for UR or AQ2,
respectively).

The mitogenic effects of AVP that
have been previously described on various
cell types, generally involved the
mobilization of intracellular calcium and the
activation of several kinases via V,-R
stimulation (38). The molecular
mechanisms  triggering  kidney  cell
proliferation via V,-R activation remain to
be established. The stimulation of V,-R
induces a strong accumulation of cAMP
within kidney tubular cells through the
positive coupling to the stimulatory Gs
protein (39). Although both positive and
negative interactions between cAMP and
ERK have been reported in various systems
(40), it is generally admitted that increased
levels of cAMP inhibit both the activation
of ERK and the proliferation of normal
kidney cells (41). This appears inconsistent
with the present finding of an association
between kidney cell proliferation induced
by V,-R  stimulation and ERK
phosphorylation. It is noteworthy that a
proliferative response of kidney cells could
only be detected after at least 3 days of
hyperosmotic stimulation or of AVP or
dDAVP infusions. It can therefore be
reasonably  assumed that prolonged
stimulation of the kidney V, receptors

progressively  alters  the  associated
intracellular signaling pathways.
Yamaguchi et al. previously reported the
conversion of kidney cells normally
exhibiting growth inhibition by cAMP into
cells in which growth is stimulated by
cAMP, by altering their calcium
metabolism (42, 43). A first possibility is
thus that prolonged stimulation alters
calcium metabolism within a subpopulation
of V,R-expressing kidney cells, converting
them to a cAMP-dependent proliferative
phenotype.

Interestingly, we have shown that
the proliferative response to V,-R
stimulation concerns a subpopulation of the
V;,R-expressing  kidney cells, mostly
localized to the ISOM and the outer IM that
contain numerous TAL cells. Upon
prolonged V,-R activation, TAL cells have
been shown to secrete prostaglandins that
eventually inhibit the V,-R-dependent
increase in intracellular cAMP (44, 45). A
second possibility is that locally secreted
prostaglandins modulate intracellular cAMP
contents. Ongoing studies based on the
inhibition of prostaglandins synthesis in
AVP- or dDAVP-infused rats should clarify
the role played by locally secreted
prostaglandins in ERK activation and cell
proliferation.

High levels of plasma AVP,
comparable to those obtained here
following hyperosmotic stimuli or infusion
of the lowest AVP doses, have been
reported in a number of pathologies
including SIADH (11, 12), renal
insufficiency (13-15), uncontrolled diabetes
mellitus (16, 17) and major depression (18,
19). To our knowledge, it is not known
whether these pathological conditions have
any affect on kidney cell proliferation. By
contrast, the abnormal proliferation of
tubular kidney cells is a hallmark of the
polycystic kidney diseases (PKD), a group
of genetic disorders causing dramatic renal
failure and death both in children and adults
(46, 47). Interestingly, AVP levels have
been reported to increase in patients and in
animal models with PKD, possibly in an
attempt to compensate for reduced
concentrating capacity of the lesioned
kidney (48). Moreover, the involvement of
circulating AVP in PKD has been supported
by a series of recent studies demonstrating a



limited progression of PKD following the
administration of V, receptor antagonists
(49, 50) or decreasing circulating AVP
levels (51, 52). Since the kidney cell types
that were found to proliferate following
prolonged hyperosmotic stimulation of
AVP or dDAVP infusions, i.e. TAL and
collecting ducts tubular cells, are those
kidney cells that form cysts in PKD (53), it
can reasonably be assumed that elevated
levels of circulating AVP may play a key
role in PKD. In agreement with previous
studies (54, 55), we observed that the
proliferation of kidney cells induced by the
longest infusions of dDAVP (6 days) was
consistently  associated with  marked
hypertrophy of tubular cells in the TAL and
collecting ducts of the ISOM region, and
with a moderate (+23 + 5 %), but
significant increase in kidney weight (data
not shown). However, whatever the
experimental conditions used in this study,
kidney cell proliferation was never
associated with the formation of renal cysts.
It can thus be assumed that, although they
do not represent determinant factors for the
development of PKD, pathological
deregulation of endogenous AVP secretion,
or prolonged therapeutic administration of
AVP or dDAVP may constitute aggravating
factors to this renal disease.

In conclusion, the present findings
provide new insight into the mitogenic roles
of wvasopressin in vivo. In adult rats,
sustained elevated levels of circulating AVP
induce strong proliferation of a specific
population of kidney tubular cells
expressing the V,-R. Although the
molecular mechanisms involved remain to
be elucidated, these findings provide a

10

unexpected explanation of the role played
by V, receptors in the development and/or
progression of PKD.
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vasopressin, BrdU: bromodeoxyuridine;
CX: cortex; dDAVP: desmopressin;
DMSO: dimethyl sulfoxide; EDI: rat
activated macrophages antigen; ERK:
extracellular signal-regulated kinase; IM:
inner medulla; IP: intraperitoneal; IS:
immunostained

ISOM: inner strip of the outer medulla;
OM: outer medulla; OSOM: outer strip of
the outer medulla; PBS: phosphate buffer
saline; PKD: polycystic kidney disease;
SDS: sodium dodecyl sulphate; TAL: thick
ascending limb of Henle’s loop; UA: uranyl
acetate; UR: uromucoid; AVP: vasopressin;
V-R: vasopressin receptor



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Bankir L, Bouby N, Trinh-Trang-Tan MM 1991 Vasopressin-—
dependent kidney hypertrophy: role of urinary concentration
in protein-induced hypertrophy and in the progression of
chronic renal failure. Am J Kidney Dis 17:661-5

Nemenoff RA 1998 Vasopressin signaling pathways in vascular
smooth muscle. Front Biosci 3:d194-207

Antoni FA 1993 Vasopressinergic control of pituitary
adrenocorticotropin secretion comes of age. Front
Neuroendocrinol 14:76-122

Shimazaki T, Iijima M, Chaki S 2006 The pituitary mediates
the anxiolytic-like effects of the vasopressin V1B receptor
antagonist, SSR149415, in a social interaction test in rats.
Eur J Pharmacol 543:63-7

Yang XD, Zhao LY, Zheng QS, Li X 2003 Effects of arginine
vasopressin on growth of rat cardiac fibroblasts: role of V1
receptor. J Cardiovasc Pharmacol 42:132-5

Chiu T, Wu SS, Santiskulvong C, Tangkijvanich P, Yee HF, Jr.,
Rozengurt E 2002 Vasopressin-mediated mitogenic signaling in
intestinal epithelial cells. Am J Physiol Cell Physiol
282:C434-50

Gallo-Payet N, Guillon G 1998 Regulation of adrenocortical
function by vasopressin. Horm Metab Res 30:360-7

Bhora FY, Kothary PC, Imanishi H, Eckhauser FE, Raper SE 1994
Vasopressin stimulates DNA synthesis in cultured rat
hepatocytes. J Surg Res 57:706-10

Ganz MB, Pekar SK, Perfetto MC, Sterzel RB 1988 Arginine
vasopressin promotes growth of rat glomerular mesangial cells
in culture. Am J Physiol 255:F898-906

Meinders AE 1985 Current concept of the role of antidiuretic
hormone in osmoregulation and volume regulation in man. A
review. Neth J Med 28:401-7

Robertson GL 2006 Regulation of arginine vasopressin in the
syndrome of inappropriate antidiuresis. Am J Med 119:536-42
Baylis PH 2003 The syndrome of inappropriate antidiuretic
hormone secretion. Int J Biochem Cell Biol 35:1495-9

Horky K, Sramkova J, Lachmanova J, Tomasek R, Dvorakova J
1979 Plasma concentration of antidiuretic hormone in patients
with chronic renal insufficiency on maintenance dialysis.
Horm Metab Res 11:241-6

Bald M, Gross P, Rascher W 1991 Elevated plasma concentration
of arginine-vasopressin in renal insufficiency is not caused
by nonspecific binding of metabolic breakdown products.
Nephron 59:520-1

Gross P, Rascher W 1986 Vasopressin and hyponatremia in renal
insufficiency. Contrib Nephrol 50:54-63

Zerbe RL, Vinicor F, Robertson GL 1979 Plasma vasopressin in
uncontrolled diabetes mellitus. Diabetes 28:503-8

Zerbe RL, Vinicor F, Robertson GL 1985 Regulation of plasma
vasopressin in insulin-dependent diabetes mellitus. Am J
Physiol 249:E317-25

van Londen L, Kerkhof GA, van den Berg F, Goekoop J G ZKH,
Frankhuijzen-Sierevogel A C, Wiegant V M, de Wied D 1998
Plasma arginine vasopressin and motor activity in major
depression. Biol Psychiatry 43:196-204

van Londen L, Goekoop JG, van Kempen GM 1997 Plasma levels of
arginine vasopressin elevated in patients with major
depression. Neuropsychopharmacology 17:284-92

Jard S, Gaillard RC, Guillon G, Marie J SP, Muller AF,
Manning M, Sawyer WH, 1986 Vasopressin antagonists allow



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

demonstration of a novel type of vasopressin receptor in the
rat adenohypophysis. Mol Pharmacol 30:171-7

Grazzini E, Boccara G, Joubert D, 1998 Vasopressin regulates
adrenal functions by acting through different vasopressin
receptor subtypes. Adv Exp Med Biol 449:325-34

Howl J, Ismail T, Strain AJ, Kirk CJ, Anderson D, Wheatley M
1991 Characterization of the human liver vasopressin
receptor. Profound differences between human and rat
vasopressin-receptor-mediated responses suggest only a minor
role for vasopressin in regulating human hepatic function.
Biochem J 276 ( Pt 1):189-95

Bankir L 2001 Antidiuretic action of vasopressin:
quantitative aspects and interaction between Vla and V2
receptor-mediated effects. Cardiovasc Res 51:372-90

Lolait SJ, O'Carroll AM, Mahan LC, Felder CC HD, Young WS
3rd, Mezey E, Brownstein MJ 1995 Extrapituitary expression of
the rat V1b vasopressin receptor gene. Proc Natl Acad Sci U S
A 92:6783-7

Pena A, Murat B, Trueba M, Ventura MAB, G.Cheng, L. L.Stoev,
S.Szeto, H. H.Wo, N.Brossard, G.Serradeil-Le Gal, C.Manning,
M.Guillon, G. 2007 Pharmacological and physiological
characterization of d[Leu4, Lys8]vasopressin, the first Vl1b-
selective agonist for rat vasopressin/oxytocin receptors.
Endocrinology 148:4136-46

Paterson JA, Leblond CP 1977 Increased proliferation of
neuroglia and endothelial cells in the supraoptic nucleus and
hypophysial neural lobe of young rats drinking hypertonic
sodium chloride solution. J Comp Neurol 175:373-90

Zhang Z, Cai Q, Michea L, Dmitrieva NI, Andrews P, Burg MB
2002 Proliferation and osmotic tolerance of renal inner
medullary epithelial cells in vivo and in cell culture. Am J
Physiol Renal Physiol 283:F302-8

Dmitrieva NI, Burg MB 2005 Hypertonic stress response. Mutat
Res 569:65-74

Imbert-Teboul M, Champigneulle A 1995 [Functional expression
of vasopressin receptors Vla and V2 along the mammalian
nephron]. C R Seances Soc Biol Fil 189:151-67

Saito M, Tahara A, Sugimoto T, Abe K, Furuichi K 2000
Evidence that atypical vasopressin V(2) receptor in inner
medulla of kidney is V(1B) receptor. Eur J Pharmacol 401:289-
96

Marples D, Knepper MA, Christensen EI, Nielsen S 1995
Redistribution of aquaporin-2 water channels induced by
vasopressin in rat kidney inner medullary collecting duct. Am
J Physiol 269:C655-64

Holthofer H, Kumpulainen T, Rapola J 1990 Polycystic disease
of the kidney. Evaluation and classification based on nephron
segment and cell-type specific markers. Lab Invest 62:363-9
Boulton TG, Nye SH, Robbins DJ, Ip N Y RE, Morgenbesser S D,
DePinho R A, Panayotatos N, Cobb M H, Yancopoulos G D 1991
ERKs: a family of protein-serine/threonine kinases that are
activated and tyrosine phosphorylated in response to insulin
and NGF. Cell 65:663-75

Rubin H 2002 The disparity between human cell senescence in
vitro and lifelong replication in vivo. Nat Biotechnol
20:675-81

Rose CE, Jr., Rose KY, Kinter LB 1991 Effect of V1/V2-
receptor antagonism on renal function and response to
vasopressin in conscious dogs. Am J Physiol 260:F273-82

12



36.

37.

38.

39.

40.

41.

42.

43.

44 .

45.

46.

47.

48.

49.

50.

51.

52.

13

Barthelmebs M, Krieger JP, Grima M, Nisato D, Imbs JL 1996
Vascular effects of [Arg8]vasopressin in the isolated
perfused rat kidney. Eur J Pharmacol 314:325-32

Loichot C, Cazaubon C, De Jong W, Helwig J J ND, Imbs J L,
Barthelmebs M 2000 Nitric oxide, but not vasopressin V2
receptor-mediated vasodilation, modulates vasopressin-induced
renal vasoconstriction in rats. Naunyn Schmiedebergs Arch
Pharmacol 361:319-26

Thibonnier M, Conarty DM, Plesnicher CL 2000 Mediators of the
mitogenic action of human V(1) vascular vasopressin
receptors. Am J Physiol Heart Circ Physiol 279:H2529-39
Breyer MD, Ando Y 1994 Hormonal signaling and regulation of
salt and water transport in the collecting duct. Annu Rev
Physiol 56:711-39

Dumaz N, Marais R 2005 Integrating signals between cAMP and
the RAS/RAF/MEK/ERK signalling pathways. Based on the
anniversary prize of the Gesellschaft fur Biochemie und
Molekularbiologie Lecture delivered on 5 July 2003 at the
Special FEBS Meeting in Brussels. Febs J 272:3491-504
Yamaguchi T, Nagao S, Wallace DP, Belibi F A CBD, Pelling J
C, Grantham J J 2003 Cyclic AMP activates B-Raf and ERK in
cyst epithelial cells from autosomal-dominant polycystic
kidneys. Kidney Int 63:1983-94

Yamaguchi T, Hempson SJ, Reif GA, Hedge AM, Wallace DP 2006
Calcium restores a normal proliferation phenotype in human
polycystic kidney disease epithelial cells. J Am Soc Nephrol
17:178-87

Yamaguchi T, Wallace DP, Magenheimer BS, Hempson SJ, Grantham
JJ, Calvet JP 2004 Calcium restriction allows cAMP activation
of the B-Raf/ERK pathway, switching cells to a cAMP-dependent
growth-stimulated phenotype. J Biol Chem 279:40419-30
Culpepper RM, Andreoli TE 1983 Interactions among
prostaglandin E2, antidiuretic hormone, and cyclic adenosine
monophosphate in modulating Cl- absorption in single mouse
medullary thick ascending limbs of Henle. J Clin Invest
71:1588-601

Torikai S, Kurokawa K 1983 Effect of PGE2 on vasopressin-—
dependent cell cAMP in isolated single nephron segments. Am J
Physiol 245:F58-66

Orellana SA, Avner ED 1995 Cystic maldevelopment of the
kidney. Semin Nephrol 15:341-52

Nadasdy T, Laszik Z, Lajoie G, Blick KE, Wheeler DE, Silva FG
1995 Proliferative activity of cyst epithelium in human renal
cystic diseases. J Am Soc Nephrol 5:1462-8

Danielsen H, Nielsen AH, Pedersen EB, Herlevsen P, Kornerup
HJ, Posborg V 1986 Exaggerated natriuresis in adult
polycystic kidney disease. Acta Med Scand 219:59-66

Gattone VH, 2nd, Wang X, Harris PC, Torres VE 2003 Inhibition
of renal cystic disease development and progression by a
vasopressin V2 receptor antagonist. Nat Med 9:1323-6

Wang X, Gattone V, 2nd, Harris PC, Torres VE 2005
Effectiveness of vasopressin V2 receptor antagonists OPC-—
31260 and OPC-41061 on polycystic kidney disease development
in the PCK rat. J Am Soc Nephrol 16:846-51

Wang X, Wu Y, Ward CJ, Harris PC, Torres VE 2007 Vasopressin
Directly Regulates Cyst Growth in Polycystic Kidney Disease.
J Am Soc Nephrol

Nagao S, Nishii K, Katsuyama M, 2006 Increased water intake
decreases progression of polycystic kidney disease in the PCK
rat. J Am Soc Nephrol 17:2220-7



53.

54.

55.

Thomson RB, Mentone S, Kim R, Earle K DE, Somlo S, Aronson PS
2003 Histopathological analysis of renal cystic epithelia in
the Pkd2WS25/- mouse model of ADPKD. Am J Physiol Renal
Physiol 285:F870-80

Kriz W, Bankir L 1982 ADH-induced changes in the epithelium
of the thick ascending limb in Brattleboro rats with
hereditary hypothalamic diabetes insipidus. Ann N Y Acad Sci
394:424-34

Bouby N, Bankir L, Trinh-Trang-Tan MM, Minuth WW, Kriz W 1985
Selective ADH-induced hypertrophy of the medullary thick
ascending limb in Brattleboro rats. Kidney Int 28:456-66

14



Figures legend

Fig. 1: Effects of osmotic stimulus on cell proliferation within organs expressing vasopressin
receptors.

Detection of BrdU-immunostained (IS) nuclei within pituitary, adrenal gland, liver and kidney of
normally hydrated controls (A-D) and 6 days osmotically-stimulated (E-H) rats.

Lower panel: quantitative analysis of the numerical density of BrdU-IS nuclei within the different
organs. Data represent the means + SD of the number of BrdU-IS nuclei counted within a 500 pm
side squared field centered on specific organs regions (shown in Fig. A-D). **P<0.01. Scale bar =
250 pm.

Fig. 2: Effects of hyperosmotic stimuli on kidney cell proliferation.

A-E: montages of adjacent images showing the distribution of BrdU-immunostained (IS) nuclei
throughout the different kidney regions of rats normally hydrated (Ct), osmotically-stimulated by
drinking a 2% saline solution during 1 (os 1d), 2 (os 2d), 3 (os 3d) and 6 days (os 6d). Note that
BrdU-IS nuclei are scarce within the cortical glomeruli (arrows in D and E).

Lower panel: quantitative analysis of the numerical density of BrdU-IS nuclei within the different
kidney regions of rats normally hydrated rats (Ct) or osmotically-stimulated (os 1, 2, 3 and 6d).
Data represent the means + SD of the number of BrdU-IS nuclei counted within a 500 pm side
squared field (shown in Fig. 1 A) centered on the different kidney regions of three animals.
*P<0.05; **P<0.01. Inset shows the plasmatic AVP concentrations in normally hydrated rats (Ct)
and rats osmotically-stimulated for 1 to 6 days (os 1d to 6d).

CX: cortex; g: glomerulus; IMi: internal portion of the internal medulla; IMo: outer portion of the
internal medulla; ISOM: inner strip of the outer medulla; OSOM: outer strip of the outer medulla.
Scale bar = 250 pm

Fig. 3: Effects of exogenous AVP infusion on kidney cell proliferation.

A-D: montages of adjacent images showing the distribution of BrdU-immunostained (IS) nuclei
throughout the different kidney regions of rats normally hydrated rats implanted with an osmotic
pump infusing either PBS (Ct), or increasing doses of AVP (0.4, 1.3, and 13 pg/day) during 6 days.
Note that in all the AVP-infused rats, the number of BrdU-IS nuclei appear to increase throughout
the medullary kidney regions as compared with controls, whereas the glomeruli appear devoid of
BrdU-IS nuclei (arrows in D).

Lower panel: quantitative analysis of the numerical density of BrdU-IS nuclei within the different
kidney regions. Data represent the means + SD of the number of BrdU-IS nuclei counted within a
500 pum side squared field (shown in Fig. 1 A) centered on the different kidney regions of three
animals. *P<0.05; **P<0.01. Inset shows the plasmatic AVP concentrations in rats infused with
PBS (Ct) and with the different AVP doses during 6 days .

CX: cortex; g: glomerulus; IMi: internal portion of the internal medulla; IMo: outer portion of the
internal medulla; ISOM: inner strip of the outer medulla; OSOM: outer strip of the outer medulla.
Scale bar = 250 um.

Fig. 4: Effects of selective AVP-receptor antagonists administration on kidney cell proliferation
induced by hyperosmotic stimulus or AVP infusion.

A-F: montages of adjacent images showing the distribution of BrdU-immunostained (IS) nuclei
throughout the different kidney regions of rats osmotically-stimulated during 3 days and treated
with the vehicle (os 3d + veh = control) or with an antagonist to V,-R (os 3d + V{,-R ant), V,-R
(os 3d + V,-R ant) or V,-R (0s 3d + V,-R ant), or normally hydrated rats AVP-infused during 3
days (13 pg/ day) and treated with either the vehicle (AVP 3d + veh = control) or with an
antagonist to V,-R (AVP 3d + V,-R ant).

Lower panel: quantitative analysis of the density of BrdU-IS nuclei within the different kidney
regions. Data represent the means + SD of the number of BrdU-labeled nuclei counted within a 500
pm side squared field centered on the different kidney regions of three animals (see Fig. 1 A).
*P<0.05; **P<0.01.
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CX: cortex; IMi: inner portion of the inner medulla; IMo: outer portion of the internal medulla;
ISOM: inner strip of the outer medulla;, OSOM: outer strip of the outer medulla. Scale bar = 250
pum.

Fig. 5: Effects of dDAVP infusion on kidney cell proliferation.

A-D: montages of adjacent images showing the distribution of BrdU-IS nuclei within the different
kidney regions of normally hydrated rats implanted with an osmotic pump infusing either PBS (Ct)
or different doses of dDAVP (0.4,1,3 and 13 pg/day) during 6 days (dADAVP 6d).

Lower panel: quantitative analysis of the density of BrdU-IS nuclei within the different kidney
regions. Data represent the means + SD of the number of BrdU-labeled nuclei counted within a 500
pm side squared field centered on the different kidney regions of three animals (see Fig. 1 A).
*P<0.05; **P<0.01

CX: cortex; IMi: internal portion of the internal medulla; IMo: outer portion of the internal
medulla; ISOM: inner strip of the outer medulla; OSOM: outer strip of the outer medulla. Scale bar
=250 ym.

Fig. 6. Identification of proliferative kidney cells in 3 days dDAVP-infused rats.

A-C: montages of adjacent images of kidney sections immunostained for BrdU (A), uromucoid
(UR, B), and aquaporin 2 (AQ2, C). D-J: colored images of superimposed double immunostainings
for BrdU and either UR or AQ2 showing that BrdU-labeled nuclei are associated with either UR-
or AQ2-labeled cells of the OSOM (D, E), the ISOM (F, G) and the outer portion of the IM (I). J:
colored image of superimposed double immunostaining for BrdU (red) and both UR and AQ2
(blue) showing that a majority of the BrdU-labeled cells detected in the ISOM are associated with
either UR- or AQ2-labeled cells. The frames in A illustrate the anatomical localization of the
kidney areas shown in D-J.

AQ?2: aquaporin 2; IMi: inner portion of the internal medulla; IMo: outer portion of the internal
medulla IMo: outer portion of the internal medulla; ISOM: inner strip of the outer medulla; OSOM:
outer strip of the outer medulla; UR: uromucoid. Scale bar = 250 pm in C (applies for A-C); 50
um in J (applies for D-J).

Fig. 7. Western blotting analysis of phosphorylated ERK (P-ERK) and total ERK in different
kidney regions of rats infused with saline (Ct) or dDAVP (dDAVP) during 3 days. The ERK
phosphorylation signal of each kidney region was normalized to the relative amount of
corresponding total ERK and expressed as the percentage of P-ERK signal detected in dDAVP-
infused vs the corresponding control rats. Results are the means + SEM of 4 independent
experiments. * = p<0.05 (Mann-Whitney test).

CX: cortex; OM: outer medulla; IM: inner medulla

Fig. 8. Cellular localization of phospho-ERK.

A-B: montages of adjacent images of kidney sections from normally hydrated rats infused during 3
days with saline (control) (A), or dDAVP (dDAVP 3d) (B), immunostained for P-ERK. Note that
P-ERK immunostaining that is faint throughout the kidney of the control rat, is highly increased
following dDAVP-infusion, with a preferential localization to the ISOM and the outer portion of
the IM. C-E: kidney sections from 3 days dDAVP-infused rats. C-D: Paired images of a section
double immunostained for P-ERK and BrdU showing a close anatomical association of both
immunostainings at the limit between the ISOM and IM regions. E: color image of superimposed
double immunostaining showing that P-ERK and BrdU immunostainings are frequently
colocalized within the nucleus of double labeled cells (yellow color, arrows). The frames in B
illustrate the anatomical localization of the kidney areas shown in C-D.

AQ2: aquaporin 2; CX: cortex; IMo: outer portion of the internal medulla; ISOM: inner strip of the
outer medulla; OSOM: outer strip of the outer medulla; UR: uromucoid. Scale bar = 250 pm in B
(applies for A-B); 100 um in D (applies for C-E); 25 umin F.
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Table 1. Antibodies used for immunochemistry

Antibody Species Working Vendor or
dilution productor
Bromodeoxyuridine (BrdU) Mouse 1: 500 Novo Castra
1gG (Newcastle, UK)
Aquaporin 2 (AQ2) Goat IgG 1:500 Santa Cruz
Biotechnoly
(Santa Cruz, USA)
Aquaporin 2 (AQ2) Rabbit 1:500 Abcys
1gG (Paris, France)
Uromucoid (UR) Sheep 1:200 AbCys SA
1gG (Paris, France)
Vimentin (VIM) Mouse 1:500 Sigma
IgM (StLouis, USA)
Phosporylated  extracellular  signal- Rabbit 1:500 Biosource
regulated kinase (P-ERK) 1eG (Camarillo, USA)
EDI1 Mouse 1:2000 Chemicon

IgG

(Temecula, USA)
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