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Abstract

Acute loss of kidney function is a critical internal stressor. Arginine vasopressin (AVP) present in the parvocellular division
of the paraventricular nucleus (PVN) plays a key role in the regulation of stress responses. However, hypothalamic AVP
dynamics during acute kidney dysfunction remain unclear. In this study, we investigated the effects of bilateral nephrectomy
on AVP, using a transgenic rat line that expressed the AVP-enhanced green fluorescent protein (eGFP). The eGFP fluores-
cent intensities in the PVN were dramatically increased after bilateral nephrectomy. The mRNA levels of eGFP, AVP, and
corticotrophin-releasing hormone in the PVN were dramatically increased after bilateral nephrectomy. Bilateral nephrec-
tomy also increased the levels of Fos-like immunoreactive cells in brainstem neurons. These results indicate that bilateral
nephrectomy upregulates the AVP-eGFP synthesis. Further studies are needed to identify the neural and/or humoral factors
that activate AVP synthesis and regulate neuronal circuits during acute kidney dysfunction.
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Introduction

Stress is a state of real or perceived threat to homeostasis.
It is important to adapt internal and external stressors for
the maintenance of homeostasis to ensure the survival and
longevity of an organism. Exposure to various stressors acti-
vates the stress response, which is mediated by a complex
interaction between the central nervous and peripheral sys-
tems including the autonomic nervous system, endocrine
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system, and immune system. The paraventricular nucleus
(PVN) of the hypothalamus is one of the integrative sites
of the autonomic nervous system and neuroendocrine sys-
tem that deals with various aversive stressors. Arginine
vasopressin (AVP) and corticotropin-releasing hormone
(CRH), which are both synthesized in the parvocellular
neurons of the PVN (pPVN), play important roles in the
regulation of stress responses by activating the hypotha-
lamic—pituitary—adrenal (HPA) axis. The functions of AVP,
which maintain water homeostasis by regulating the water
reabsorption in the renal collecting duct, is well known
[1]. In addition, central AVP has many physiological func-
tions as a neurotransmitter, such as stress response, social
behavior, and circadian rhythm [2-5]. In particular, stress-
induced activation of HPA axis is thought to be important
in maintaining homeostasis in the whole body for survival.
Acute immobilization stress leads to the upregulation of AVP
and CRH mRNA expression in the pPVN [6]. Most AVP
is synthesized in the PVN magnocellular division (mPVN)
and the supraoptic nucleus (SON) of the hypothalamus [4,
7]. In addition, AVP neurons also exist in the suprachias-
matic nucleus (SCN), which is responsible for controlling
circadian rhythms [4, 5]. Hypothalamic AVP synthesis and
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release are mainly regulated by several neurohumoral factors
and the autonomic nervous system.

The kidney has important functions that maintain homeo-
stasis in the body by regulating the fluid and electrolyte bal-
ance. Therefore, loss of kidney function is a critical stressor
for the entire body. Our team has investigated the central
AVP changes under various stress conditions [2, 3, 8, 9].
However, the central AVP dynamics under stress condi-
tions induced by bilateral nephrectomy remain unclear. In
this study, we first examined bilateral nephrectomy-induced
changes of AVP in the PVN, SON, and SCN, using a trans-
genic rat line that expressed the AVP-enhanced green flu-
orescent protein (eGFP), which is used as a quantitative
reporter of AVP expression [2, 3, 8, 10]. Second, the gene
expression of eGFP, AVP, and CRH in the hypothalamus
after bilateral nephrectomy was evaluated. Finally, we
counted the number of Fos-like immunoreactive (LI) cells
in the locus coeruleus (LC), area postrema (AP), nucleus
tractus solitarius (NTS), and rostral ventrolateral medulla
(RVLM), which are involved in the regulation of biological
responses to severe stressors by controlling AVP synthesis
and the modulation of sympathetic nerve activity [7, 11-13].

Materials and methods
Animals

Adult male AVP-eGFP transgenic rats weighing 200-300 g
were used. All rats were housed in conditions of three ani-
mals per cage and maintained in an air-conditioned room
(23-25 °C, 12:12 light/dark cycle, lights on at 7:00 am) with
food and water available ad libitum. All rats were screened
by polymerase chain reaction analysis of genomic DNA
extracted from rat ear biopsies, as previously described. All
experiments were performed in accordance with the guide-
lines on the use and care of the laboratory animals as set out
care by the Physiological Society of Japan and under control
of the Ethics Committee of Animal Care and Experimenta-
tion, University of Occupational and Environmental Health
(Fukuoka, Japan).

Bilateral nephrectomy

Before all surgeries, the transgenic rats were anesthetized by
intraperitoneal (i.p.) administration of the mixture of three
anesthetic agents, namely butorphanol (5.0 mg/kg), mida-
zolam (4.0 mg/kg), and medetomidine (0.3 mg/kg) [14]. The
transgenic rats were either bilaterally nephrectomized or had
sham surgery; the bilateral kidney was identified and left
Intact.
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Measurement of eGFP fluorescence
in the hypothalamus

To analyze the changes in AVP-eGFP and Fos expression
over time, transgenic rats were transcardially perfused at 3,
12, and 20 h after operation at 10:00-11:00 (n=6 in each
group at each time point). The rats were deeply anesthetized
by i.p. injection of the mixture of three anesthetic agents.
Rats were transcardially perfused with 0.1 M phosphate
buffer (PB, pH 7.4) containing heparin (1000 U/1) and 4%
paraformaldehyde in 0.1 M PB [8, 15]. The brain tissues
were post-fixed in 4% paraformaldehyde in 0.1 M PB for
2 days at 4 °C and immersed in 20% sucrose in 0.1 M PB
for 2 days. Then the tissues were cut at a thickness of 40 um
with a microtome (REM-700; Yamato Kohki Industrial Co.,
Ltd., Saitama, Japan). We observed and analyzed eGFP
fluorescence in the PVN, SON, and SCN by fluorescence
microscopy (ECLIPSE Ti-E; Nikon, Tokyo, Japan) with a
GFP filter (Nikon) and imaging analysis system (NIS-Ele-
ments; Nikon), as previously described [3, 8]. The observa-
tion regions were selected by the rat brain atlas [16].

Immunochemistry of c-Fos in the brainstem regions

As previously described, we performed immunochemistry
for c-Fos [1, 17-19]. The free-floating sections were incu-
bated for 3 days with a 1:500 dilution [in phosphate-buffered
saline (PBS)] of primary rabbit polyclonal anti-Fos antibody
(#sc-52; Santa Cruz Biotechnology, Dallas, TX, USA). After
washing, sections were incubated for 2 h with a 1:1000 dilu-
tion of Alexa Flour 546 goat anti-rabbit IgG secondary anti-
body (#A11035; Molecular Probes, Eugene, OR, USA). We
observed the sections by fluorescence microscopy with a
red fluorescence protein filter (Nikon) to observe the Fos-LI
cells. The observation areas were determined by the rat brain
atlas [16], as described above. Then, we manually counted
the number of Fos-LI-positive nuclei in the LC, AP, NTS,
and RVLM.

In situ hybridization for eGFP, AVP, and CRH mRNA

To analyze the changes in eGFP, AVP, and CRH levels over
time in AVP-eGFP, transgenic rats were decapitated at 3, 12,
and 20 h after surgery at 10:00-11:00 (n=6 in each group at
each time point) as described above, followed by immuno-
chemistry [1, 8, 9]. In brief, the brains were removed, frozen,
and stored. Blood samples were collected to measure the
plasma concentrations of potassium (K*), blood urea nitro-
gen (BUN), and creatinine (Cre). The frozen brain tissues
were cut at a thickness of 12 um with a cryostat at — 20 °C.
The observation regions were selected by the rat brain atlas
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[16]. The probe sequence used for in situ hybridization is
shown in Table 1. The reliability of the probes has been
previously described [1, 20, 21]. Hybridized sections were
exposed to autoradiography film (Amersham Hyperfilm,
Buckinghamshire, UK) for 5 days for eGFP; 8 h for AVP in
the mPVN, SON, and SCN; 2 days for AVP in the pPVN;
and 3 days for CRH. Analysis of the autoradiography images
was conducted using the MCID system (Imaging Research,
Inc., St. Catherines, ON, Canada). Kinoshita et al. showed
the methods using a threshold tool image analysis program
to determine changes in AVP mRNA expression in the pPVN
[22].

Statistical analysis

All data are presented as mean + standard error of the mean
(SEM). Statistical analysis was performed using one-way
analysis followed by the Bonferroni post hoc test for mul-
tiple comparisons. P <0.05 was considered statistically
significant.

Results
Plasma concentrations of K*, BUN, and Cre

The plasma concentrations of K*, BUN, and Cre are shown
in Table 2. They markedly increased over after bilateral
nephrectomy (Table 2).

eGFP intensity in the hypothalamus

Representative digital images of eGFP fluorescent intensity
in the PVN (Fig. 1A), SON (Fig. 1B), and SCN (Fig. 1C) of
untreated (Fig. 1A—C-a), sham-operated (Fig. 1A—C-b-d),
and bilaterally nephrectomized (Fig. 1A-C-f-h) rats were
observed at 3 (b, ), 12 (c, g), and 20 h (d, h). Strong eGFP
fluorescence could be seen in the pPVN at 12 and 20 h after
bilateral nephrectomy (Fig. 1A-g, h). The ratio of eGFP
fluorescence significantly increased (Fig. 2A-a) at 12 and
20 h after bilateral nephrectomy. There were no significant
differences in the mPVN (Fig. 2A-b), SON (Fig. 2B), and
SCN (Fig. 2C) after bilateral nephrectomy.

Table 2 Effects of i.p. bilateral nephrectomy (Nx) or sham opera-
tion on plasma concentrations of potassium (K*), blood urea nitrogen
(BUN), and creatinine (Cre) at 3, 12, and 20 h after treatment

Time after treatments 3 12 20

()

Plasma concentration of Kt (mEq/1)

Sham operation 8.1+04 6.9+0.3 7.0+0.3
Bilateral nephrectomy  8.6+0.3 8.5+0.4%* 10.2+0.6%%*
Plasma concentration of BUN (mg/dl)

Sham operation 34.6+5.8 203+1.5 17.7+0.7
Bilateral nephrectomy  48.8+2.0 94.9+2.4%%  123.8 +£2.9%*
Plasma concentration of Cre (mg/dl)

Sham operation 0.23+0.02 0.22+0.01 0.23+£0.02
Bilateral nephrectomy  0.66+0.03** 1.58+0.16%*  2.7+0.02%*

Data are presented as the mean+SEM (each group at each time
point, n=6)

*P<0.05, **P<0.01 compared with the saline-treated group. Plasma
K*, BUN, and Cre in untreated rats (n = 6) were 8.6 + 0.1 mEq/L,
17.4 = 0.5 mg/dl, and 0.25 + 0.01 mg/dl respectively

Gene expression of GFP gene in the hypothalamus

Representative images of GFP gene expression were taken
in the PVN (Fig. 3A), SON (Fig. 3B), and SCN (Fig. 3C)
from untreated (Fig. 3A—C-a), sham-operated (Fig. 3A-C-b,
¢, d), and bilaterally nephrectomized (Fig. 3A—C-f-h) rats
at 3, 12, and 20 h post-surgery. The GFP levels markedly
increased in the pPVN at 12 and 20 h after bilateral nephrec-
tomy compared with sham-operated rats (Fig. 6A-a). There
were no significant differences in GFP levels in the mPVN,
SON, and SCN among the three groups at all time points
(Fig. 6A-b—d).

Gene expression of AVP in the hypothalamus

Representative images of AVP gene expression were taken in
the PVN (Fig. 4A), SON (Fig. 4B), and SCN (Fig. 4C) from
untreated (Fig. 4A—C-a), sham-operated (Fig. 4A—C-b—d),
and bilaterally nephrectomized (Fig. 4A—C-f-h) rats at 3, 12,
and 20 h post-surgery. The AVP levels markedly increased in
the pPVN at 12 and 20 h after bilateral nephrectomy com-
pared with sham-operated rats (Fig. 6B-a). There were no
significant differences in AVP levels in the mPVN, SON,
and SCN in the three groups at all time points (Fig. 6B-b—d).

Table 1 The probe sequence for

I o Probe Sequence

in situ hybridization
eGFP 5'-CGG CCA TGA TAT AGA CGT TGT GGC TGT TGT AGT TGT ACT CC-3'
AVP 5'-CAG CTC CCG GGC TGG CCC GTC CAG CT-3'
CRH 5'-CAG TTT CCT GTT GCT GTG AGC TTG CTG AGC TAA CTG CTC TGC

CCT GGC-3'
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Fig.1 Effects of bilateral nephrectomy (Nx) or sham operation
(Sham) on eGFP in the PVN (A), SON (B), and SCN (C) in AVP-
eGFP transgenic rats. Sections were obtained from untreated (A—C-
a), sham-operated (A-C-b—d), and bilateral-nephrectomized rats
(A—C-f-h) at 3, 12, and 20 h after treatment (each group at each time

Gene expression of CRH in the PVN

Representative images of AVP gene expression were
taken in the pPVN of untreated (Fig. 5a), sham-operated
(Fig. 5b—d), and bilaterally nephrectomized (Fig. 5f, g,
h) rats at 3, 12, and 20 h after operation. The CRH levels
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point, n=6). Schematic anatomic representation of the nuclei (green
shading) adapted from the rat brain atlas (A—C-e). OT optic tract, 3V
third ventricle, pPVN parvocellular division of PVN, mPVN magno-
cellular division of PVN. Scale bar 100 um

markedly increased in the pPVN at 12 and 20 h after
bilateral nephrectomy compared with sham-operated rats
(Fig. 6C).
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Fig.2 eGFP fluorescence intensity in the PVN (A-a; pPVN, -b;
mPVN), and SCN (C) at 3, 12, and 20 h after bilateral nephrec-
tomy (Nx) or sham operation (Sham). Data are presented as the

Expression patterns of Fos-LI cells in the brain stem
neurons are responsible for the control of AVP
synthesis

Representative images of c-Fos-LI cells were taken in the
LC (Fig. 7A), AP (Fig. 7B), NTS (Fig. 7C), and RVLM
(Fig. 7D) from untreated (Fig. 7A-D-a), sham-oper-
ated (Fig. 7A-D-b-d), and bilaterally nephrectomized
(Fig. 7TA-D-f-h) rats at 3 (b, ), 12 (c, g), and 20 h (d, h). The
number of Fos-LI cells in the LC (Fig. 8A), AP (Fig. 8B),
NTS (Fig. 8C), and RVLM (Fig. 8D) after bilateral nephrec-
tomy was significantly increased compared with the sham-
operated group.

Discussion

A transgenic rat line expressing AVP-enhanced green fluo-
rescent protein enabled us to evaluate hypothalamic AVP
changes by observing eGFP fluorescence [2, 9, 10, 23]. First,
we observed the upregulation of AVP-eGFP after bilateral
nephrectomy in the pPVN. Second, our data clearly showed
that eGFP, AVP, and CRH mRNA levels in the pPVN after
bilateral nephrectomy were dramatically increased. Finally,
the number of Fos-LI cells in the LC, AP, NTS, and RVLM
were significantly increased after bilateral nephrectomy. To
the best of our knowledge, this is the first report to reveal
an increase in hypothalamic AVP synthesis after bilateral
nephrectomy.

In this study, we revealed the upregulation of AVP syn-
thesis in the pPVN after bilateral nephrectomy by analyzing
eGFP fluorescence and eGFP gene transcription. In general,
the synthesis of AVP in the pPVN does not reflect plasma
AVP levels, because AVP synthesized in the pPVN is not

mean+SEM (each group at each time point, n=6). P <0.05,
P <0.01 compared with the untreated group. *P <0.05, **P <0.01
compared with the sham-operated group

secreted into the systemic circulation [24]. Thus, analyzing
fluorescence and gene transcription are important methods
for evaluating AVP synthesis of pPVN. Upregulation of
AVP and CRH expression in pPVN was expected to activate
adrenal function via HPA axis. This adrenal hyperactiv-
ity could cause various complications (immunodeficiency,
osteoporosis, and hypertension) related to kidney dysfunc-
tion. Therefore, it is important to reveal the hypothalamic
AVP dynamics after bilateral nephrectomy to understand the
mechanisms underlying biological responses to severe stress
induced by kidney dysfunction. In the present study, we have
focused on hypothalamic AVP change in acute phase as the
first step in research on the central effect of stress induced by
kidney dysfunction. However, the complications are often a
problem mainly in the chronic phase of kidney dysfunction.
Further studies are needed in order to clarify whether the
upregulation of AVP and CRH keep for a long time under
kidney dysfunction or not.

In previous reports, we revealed that dramatic increases
in hypothalamic eGFP levels compared with endogenous
AVP levels in several stress conditions by using AVP-eGFP
rats [2, 3, 8]. Thus, we could detect small changes that were
undetectable in wild-type rats by observing the changes in
AVP-eGFP. In particular, this property helps to evaluate the
change in AVP of pPVN, since the problem that endoge-
nous AVP expression of pPVN is much smaller than that of
mPVN makes analysis of AVP synthesis in pPVN difficult.
Indeed, eGFP fluorescence and eGFP expression responded
robustly to bilateral nephrectomy in this study. In addition,
we have previously shown that there were no differences in
plasma AVP level and AVP-mRNA level between wild-type
and transgenic rats under normal conditions and salt-loaded
conditions [9]. From this result, the change of endogenous
AVP after bilateral nephrectomy in AVP-eGFP transgenic
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Time after treatment (h) 3
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SCN

Fig.3 Representative autoradiographs of sections hybridized with a
38-labeled oligodeoxynucleotide probe complementary to eGFP in
the PVN (A), SON (B), and SCN (C) at 3, 12, and 20 h after bilat-
eral nephrectomy (Nx) or sham operation (Sham). Sections were
obtained from untreated (A—C-a), sham-operated (A-C-b—d), and

rats is considered to be similar to the change of AVP in wild-
type rats. Thus, AVP-eGFP transgenic rats are beneficial
transgenic animal models for investigating AVP dynamics
in pPVN under stressful conditions.

We demonstrated that the number of Fos-LI cells in
the LC, AP, NTS, and RVLM dramatically increased after
bilateral nephrectomy. Fos, also known as c-fos, has been
widely used as a marker for investigating neuronal activity
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bilateral-nephrectomized rats (A—C-f-h) at 3, 12, and 20 h after treat-
ment. Schematic anatomic representation of the nuclei (orange shad-

ing) adapted from the rat brain atlas (A—C-e). Scale bar 1 mm. Signal
intensity ranges from high (red) to low (blue)

in the central nervous system under various physiologi-
cal conditions [25-27]. We estimated that the sympathetic
nervous system was activated after bilateral nephrectomy,
because these nuclei are responsible for modulating sym-
pathetic nervous system activity [7, 13, 20]. Previous
studies have reported that bilateral nephrectomy increased
norepinephrine levels in the hypothalamus and medulla
oblongata [28, 29]. Brainstem noradrenergic neurons
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Time after treatment (h) 3

SON

SCN

Fig.4 Representative autoradiographs of sections hybridized with
a 33S-labeled oligodeoxynucleotide probe complementary to AVP in
the PVN (A), SON (B), and SCN (C) at 3, 12, and 20 h after bilat-
eral nephrectomy (Nx) or sham operation (Sham). Sections were
obtained from untreated (A-C-a), sham-operated (A—C-b-d), and

mainly originating from the NTS are closely connected
with HPA axis [30, 31]. Previous studies have reported
that noradrenergic neural inputs differentially regulate
hypothalamic AVP and CRH synthesis [32, 33]. Therefore,
we estimated that sympathetic nervous system activation
was one of the principal factors that increased the synthe-
sis of AVP and CRH after bilateral nephrectomy.

20

o
@.’f

bilateral-nephrectomized rats (A—C-f-h) at 3, 12, and 20 h after treat-
ment. Schematic anatomic representation of the nuclei (orange shad-
ing) adapted from the rat brain atlas (A—C-e). Scale bar 1 mm. Signal
intensity ranges from high (red) to low (blue)

We hypothesized that there were several mechanisms
underlying sympathetic nervous system activation after
bilateral nephrectomy. First, previous studies have reported
that autonomic nervous dysfunction occurs in patients
with acute or chronic kidney disease, but the pathogene-
sis remains unknown [34-36]. Recent investigations have
reported that uremic toxin (uric acid, indoxyl sulfate, and

@ Springer
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Time after treatment (h)

PVN

Fig.5 Representative autoradiographs of sections hybridized with a
35S-labeled oligodeoxynucleotide probe complementary to CRH in
the PVN at 3, 12, and 20 h after bilateral nephrectomy (Nx) or sham
operation (Sham). Sections were obtained from untreated (A-a),
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Fig.6 Effects of bilateral nephrectomy (Nx) or sham operation
(Sham) on the gene expression of the eGFP (A), AVP (B), and CRH
(C) in the pPVN (A-C-a), mPVN (A, B-b), SON (A, B-c), and
SCN (A, B-d) in the AVP-eGFP transgenic rats. Data are presented
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sham-operated (A-b—d), and bilateral-nephrectomized rats (A-f-h) at
3, 12, and 20 h after treatment. Schematic anatomic representation of
the nuclei (orange shading) adapted from the rat brain atlas (e). Scale
bar 1 mm. Signal intensity ranges from high (red) to low (blue)
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Time after treatment (h) 3 12

Time after treatment (h) 3 12

Fig.7 Effects of bilateral nephrectomy (Nx) or sham operation
(Sham) on fluorescent immunohistochemistry (FIHC) for Fos in the
LC (A), AP (B), NTS (C), and RVLM (D) in the AVP-eGFP trans-
genic rats. Sections were obtained from untreated (A-D-a), sham-

operated (A-D-b—d), and bilateral-nephrectomized rats (A—D-f-h) at
3, 12, and 20 h after treatment (each group at each time point, n==6).
Schematic anatomic representation of the nuclei (pink shading)
adapted from the rat brain atlas (A-D-e). Scale bar 100 um
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Fig.8 Number of Fos-LI cells in the LC (A), AP (B), NTS, and
RVLM (D) at 3, 12, and 20 h after bilateral nephrectomy (Nx) or
sham operation (Sham). Data are presented as the mean+ SEM (each

methylguanidine) increases neuronal activity in the RVLM
[37]. Thus, there is a possibility that the sympathetic nerv-
ous system is activated by uremic toxin. Second, depletion
of Angiotensin II (Ang II) induced by bilateral nephrec-
tomy might play key roles in sympathetic neural activation.
It has been reported that plasma renin activity and Ang II
are significantly decreased after bilateral nephrectomy [38].
Fernandez et al. have reported that Ang II could modulate
synthesis, uptake, and metabolism of noradrenaline in the
central nervous system [28, 29, 39]. Thus, depletion of
Ang II in bilateral nephrectomized rats could activate the
sympathetic nervous system. Removal of the renal nerve in
bilaterally nephrectomized rats may cause activation of the

Time after treatment (h)

3 12 20 3 12 20

Time after treatment (h) Time after treatment (h)

group at each time point, n=6). "P<0.05, ""P<0.01 compared with
the untreated group. *P <0.05, **P <0.01 compared with the sham-
operated group

sympathetic nervous system and/or AVP neurons, because
afferent renal nerve stimulation reportedly excites AVP-
producing cells in the hypothalamus [40, 41]. Due to the
changes in several parameters after bilateral nephrectomy,
such as fluid volume and plasma electrolyte levels, there is
a possibility that these factors may directly influence hypo-
thalamic AVP dynamics. Additional experiments are needed
to determine the detailed mechanisms underlying activation
of the sympathetic nervous system and AVP synthesis after
bilateral nephrectomy.

We should note that bilateral nephrectomy as animal
models of kidney dysfunctional have a number of prob-
lems. For example, we could not evaluate the hypothalamic
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AVP dynamics for a long time after bilateral nephrectomy.
The survival time of the bilateral nephrectomized rat is
up to 2 days after operation, because bilateral nephrec-
tomy-induced hyperkalemia can cause lethal arrhythmia.
Therefore, animals with bilateral nephrectomy are not
appropriate models for examining the effects of chronic
kidney dysfunction on hypothalamic AVP synthesis and
neuronal circuits. A subject of future investigations will
be to determine whether a better physiological model rat
of renal function degeneracy, such as 5/6 nephrectomy and
renal ischemia reperfusion injury, will show upregulation
of hypothalamic AVP synthesis and activation of the sym-
pathetic nervous system.

Conclusions

The HPA axis has a key role in maintaining homeostasis
under several stress conditions. The biological response to
stress is mediated by the regulation of complex systems,
such as the nervous, endocrine, and immune systems. AVP
and CRH are principal factors in the endocrine system for
biological responses to several stressors. Previous stud-
ies have reported that the upregulation of AVP and CRH
synthesis mainly depends on the complex neural pathway
to the PVN from the brainstem NE neurons. In conclu-
sion, we were able to successfully use transgenic rats to
reveal the upregulation of hypothalamic parvocellular AVP
after bilateral nephrectomy. In addition, Fos-LI expression
in brainstem neurons revealed that bilateral nephrectomy
might activate the sympathetic nervous system. These find-
ings provide novel insights into the hypothalamic response
in stress conditions induced by acute kidney dysfunction.
Additional studies are needed to identify the neural and
humoral factors that activate the central nervous system
after bilateral nephrectomy.
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