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Palin K, Moreau ML, Sauvant J, Orcel H, Nadjar A, Duvoid-Guillou
A, Dudit J, Rabié A, Moos F. Interleukin-6 activates arginine vasopressin
neurons in the supraoptic nucleus during immune challenge in rats. Am J
Physiol Endocrinol Metab 296: E1289-E1299, 2009. First published March
3, 2009; doi:10.1152/ajpendo.90489.2008.—The increase of plasma
arginin-vasopressin (AVP) release, which translates hypothalamic
AVP neuron activation in response to immune challenge, appears to
occur independently of plasma osmolality or blood pressure changes.
Many studies have shown that major inflammatory mediators pro-
duced in response to peripheral inflammation, such as prostaglandin
(PG)-E; and interleukin (IL)-1@, excite AVP neurons. However, in vivo
electrical activation of AVP neurons was still not assessed in relation
to plasma AVP release, osmolality, or blood pressure or to the
expression and role of inflammatory molecules like PG-E,, IL-1f3,
IL-6, and tumor necrosis factor-a (TNFa). This study aims at eluci-
dating those factors that underlie the activation of AVP neurons in
response to immune stimulation mimicked by an intraperitoneal
injection of lipopolysaccharide (LPS) in male Wistar rats. LPS treat-
ment concomittanlty decreased diuresis and increased plasma AVP as
well as AVP neuron activity in vivo, and these effects occurred as
early as 30 min. Activation was sustained for more than 6 h. Plasma
osmolality did not change, whereas blood pressure only transiently
increased during the first hour post-LPS. PG-E,, IL-18, and TNFa
mRNA expression were raised 3 h after LPS, whereas IL-6 mRNA
level increased 30 min post-LPS. In vivo electrophysiological record-
ings showed that brain IL-6 injection increased AVP neuron activity
similarly to peripheral LPS treatment. In contrast, brain injection of
anti-IL-6 antibodies prevented the LPS induced-activation of AVP
neurons. Taken together, these results suggest that the early activation
of AVP neurons in response to LPS injection is induced by brain IL-6.

lipopolysaccharide induced-hypothalamic vasopressin neuron activa-
tion; brain cytokines; diuresis; plasma osmolality; blood pressure

ESSENTIALLY RELEASED BY ACTIVATED NEURONS of the hypo-
thalamo-neuropituitary complex, the plasma neurohormone ar-
ginine vasopressin (AVP) has functional significance in body
fluid homeostasis and maintenance of arterial pressure (7).
AVP neurons of the paraventricular (PVN) and supraoptic
(SON) nuclei are well known to be activated in response to
osmotic and volume dehydrations and to decrease in blood
pressure (26, 37, 46). AVP neurons can also be activated in
response to peripheral inflammation, as attested by the increase
in AVP circulating levels after peripheral injection of lipopoly-
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saccharide (LPS) in rat (18, 24, 25) and sheep (36) and intense
nuclear c-fos immunoreactivity in AVP containing magnocel-
lular neurons of the rat SON (35, 40) and PVN (20, 50).

The mechanisms that are responsible for the activation of
AVP neurons in response to an endotoxin challenge need to be
elucidated. Potentially, dysregulation in water homeostasis
caused by LPS-induced fever and inflammation could be re-
sponsible for AVP neuron activation. However, endotoxin-
induced AVP activation occurs independently of changes in
plasma osmolality, systemic blood pressure, and plasma vol-
ume (25). Furthermore, ablation of the lamina terminalis
(consisting of the subfornical organ, organum vasculosum
of the lamina terminalis, and median preoptic nucleus) that
is critical in mediating osmotic sensitivity and associated
AVP release does not prevent LPS-stimulated plasma AVP
release in sheep (36). Thus, it appears that AVP neuron
activation is not secondary to alteration of water balance.
Besides, a direct action of LPS on hypothalamic magnocel-
lular neurons appears unlikely, because endotoxin does not
penetrate the blood-brain barrier (17).

Recent evidence suggests that inflammatory factors induced
in hypothalamus by LPS treatment, such as prostaglandin-E,
(PG-E»), interleukin (IL)-13, IL-6, and tumor necrosis factor-o
(TNFa) (15), could contribute to the AVP neuron activation
process (29, 34). PGs are able to enhance the secretion of AVP
in sheep (4), likely by acting through several receptor types
expressed in the PVN (53) and SON (47), such as EP3 and EP4
(44). IL-1B is also excitatory, as attested by the increase in
AVP concentration in the portal blood of anesthetized rats (43)
and in the plasma of conscious, freely moving rats (39) fol-
lowing intravenous (iv) injection of IL-1[3. This cytokine acts
centrally since the intracerebroventricular (icv) IL-1 injection
increases the content of AVP in blood microdialysates (29) and
iv injection of IL-1 activates the AVP neurons mainly via
ERK1/2 pathway (49). Additionnaly, IL-6 is expressed by
astrocytes (40) and by AVP neurons (16, 20) in rat SON and
PVN, an expression increased by LPS (40) or dehydration (16,
20). Furthermore, systemic injection of IL-6 stimulates plasma
AVP release in humans (34). TNFa is a potential candidate
since TNFa mRNA level is increased by IL-18, TNFa also
increases IL-13 mRNAs (6), and TNF«a is known to activate
the hypothalamo-pituitary-adrenocortical axis (12).

The aim of this study was to elucidate those factors that
underlie the activation of AVP neurons in response to immune
stimulation as mimicked by an intraperitoneal (ip) injection of
LPS in male Wistar rats. Although both PVN and SON neurons
are known to be simultaneously activated by many stimuli, and
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in particular by LPS (50), the present study was focused on the
SON, because this structure is more homogenous than the
PVN, since it contains only magnocellular neurons. We have
hypothesized that the inflammatory molecules such PG-E,,
IL-1B, IL-6, or TNFa could directly activate AVP neurons. In
this work, we first confirmed the LPS induced-activation of
AVP neurons by measuring the plasma AVP concentration, the
diuresis, the expression of c-Fos, and the electrical in vivo activity
of AVP neurons in the rat SON. Then, we assessed the relation-
ship between this activation and possible changes in plasma
osmolality, blood pressure, and mRNA expression of inflamma-
tory molecules (PG-E,, IL-1B, IL-6, and TNFa) in the SON.
In vivo electrophysiological studies of AVP neuron activity were
finally performed in SON with the recombinant and antibody
molecules of the pertinent inflammatory candidate.

METHODS
Animals

Adult male Wistar rats (250-350 g; Janvier) were housed in an
air-conditioned room at 22.5 * 0.5°C on a 12:12-h light-dark cycle
(lights on at 8:00 AM) with food and water provided ad libitum. Each
rat was handled twice/day for 5 min for 3 days to minimize stress of
experimentation. To maintain the nycthemeral cycle of supraoptic
c-Fos expression and AVP release, rats were always euthanized
between 10:00 and 12:00 AM (see explanations in Ref. 40). All
experiments were carried out in accordance with the European Com-
munities Council Directive (November 24, 1986; 86/609/EEC), and
measures were taken to minimize pain and discomfort. All experi-
ments in our paper were approved by the Comité régional d’éthique
Aquitaine et Poitou Charentes pour 1’expérimentation animale. In
addition, the Direction départementale des services vétérinaires de la
Gironde gives us the authorization to perform experiments on live
vertebrate animals.

Treatments

LPS. To induce inflammation, we used LPS (Escherichia coli,
serotype 0127:B8; Sigma) diluted in phosphate-buffered saline (PBS;
0.1 M). The pH of phosphate buffer was adjusted to 7.4, and
osmolality was 300 = 2 mOsm/] in endotoxin-free sterile water. For
all experiments, LPS was injected ip at the concentration of 250 ng/kg
body wt (27). PBS was used as the control for LPS injection.

IL-6. Recombinant rat IL-6 (R & D Systems) was dissolved in
artificial cerebrospinal fluid (aCSF; NaHCO3 26.2 mM, glucose 10
mM, NaCl 120 mM, Na,HPO, 1 mM, KCI 2.5 mM, MgCl, 1 mM,
CaCl, 2.5 mM) and injected in the third ventricle (icv) at the
concentration 80 ng/2 pl.

Anti-IL-6 antibodies. The neutralizing goat anti-rat IL-6 antibodies
(neutralizing mixture; R & D Systems) were also dissolved in aCSF.
Given the dissociation constant (Kq) of IL-6 for its receptor (100
pg/ml), we estimated that at least the 2X Ky (200 ng/rat) concentra-
tions of these neutralizing antibodies were needed to observe an
effect. Thirty minutes prior to ip LPS injection, the anti-IL-6 antibod-
ies were administered icv in 2 pl to nonanesthetized or anesthetized
animals. Each rat received only one combination of treatments (aCSF
and IL-6).

Quantification of mRNA Levels in the SON

The metabolic activation within SON cells was revealed by mea-
suring (RT-PCR) the expression of c-fos mRNA and its product (8,
38) using a sensitive technique, the real-time PCR.

Adult rats were deeply anesthetized with pentobarbital sodium
(Sagatal, Rhone Merieux, Harlow, Essex, UK) and transcardially
perfused with heparinized phosphate-buffered saline, pH 7.4 (Trevi-

BRAIN IL-6 ACTIVATES IN VIVO VASOPRESSINERGIC NEURONS

gen). Both SON were rapidly microdissected and frozen in liquid
nitrogen. Total RNA was extracted using Qiagen RNeasy microcol-
umns, and contaminating DNA was degraded with Qiagen RNase-free
DNase 1 according to the manufacturer’s instructions (Qiagen).
Yields were determined spectrophotometrically at 260 nm. For re-
verse transcription, all reagents were provided by Invitrogen except
for RNasin, which was purchased from Promega. Complementary
DNA (cDNA) synthesis was carried out in a 20-pl reaction final
volume containing 200 ng of total mMRNA, 1 .l of 10 mM dNTP mix
(10 mM each dATP, dGTP, dCTP, and dTTP at neutral pH), and 1 pl
of random hexamers (100 ng/pl) and in RNase free water. After 5 min
of incubation at 65°C, samples were mixed and quickly chilled on ice.
Four microliters of 5X first-strand buffer, 2 pl of 0.1 M DTT, and 0.5
wl of RNasin were then added, followed by incubation at 37°C for 2
min. Finally, 1 wl (200 units) of Moloney murine leukemia virus
retrotranscriptase was added followed by incubation at 25°C for 10
min and then at 37°C for 50 min and inactivation by heating at 70°C
for 15 min.

Real-time SYBR Green polymerase chain reaction. PCR primers
were designed using Primer Express 1.0 software according to pub-
lished sequences for rat (Sigma-Genosys). All primers designed and
used in these experiments are summarized in Table 1. Additionally,
probes were designed to span an intron-exon boundary to be specific
for cDNA and did not amplify genomic DNA. SYBR Green PCR was
carried out in a 10-pl reaction final volume with 1 pl (equivalent to
10 ng of RNA input) of cDNA template, 1 pl of each reverse and
forward primer (0.3 wM), and 5X SYBR Green PCR Master Mix
(Applied Biosystems). Cycling conditions were 50°C for 2 min and
95°C for 10 min, followed by a 40-cycle amplification phase of 95°C
for 15 s and 60°C for 1 min on the Applied Biosystems PRISM 7000
sequence detection system. Samples were assayed in duplicate and
quantified by generating a standard curve, as described below.

mRNA quantification analysis. A standard curve was constructed
from total RNA, which was isolated from the SON of 3 h post-LPS-
treated rats (n = 3). This challenge induces brain transcription of the
genes that were evaluated in these experiments (42). Total RNA was
extracted from this tissue, and cDNA was synthesized using 2 pg
RNA in a 50-pl reaction volume using the reverse transcription
reagents as described above. A dilution series (1/5, 1/25, 1/125, 1/625,
1/3,125) of this cDNA product was then used for each SYBR green
PCR to generate a standard curve of the gene expression. The amount of
each specific gene and GAPDH mRNA expression was quantified rela-
tive to the target mRNA level extracted from the total mRNA of the SON
from 3-h ip LPS-stimulated rats. Results are expressed as the ratio of
specific mRNA normalized to the housekeeping gene GAPDH.

Table 1. Rat SYBR Green primer probe sequences used
in this paper

Target Gene (Accession No.) Primer (5'-3")

GAPDH (24383)

Forward AACTCCCTCAAGATTGTCAGCAA

Reverse GGCTAAGCAGTTGGTGGTGC
c-fos (314322)

Forward GTCAACACACAGGACTTTTGCG

Reverse CGTGGGGATAAAGTTGGCACT
1L-6 (24498)

Forward TGAGAAAAGAGTTGTGCAATGG

Reverse GCATCATCGCTGTTCATACAAT
TNFa (24835)

Forward TGGGCTCCCTCTCATCAGTT

Reverse AGAAGATGATCTGAGTGTGAGG
IL-1B (24494)

Forward CCTGAACTCAACTGTGAAATAGCAG

Reverse CAGGTCATTCTCCTCACTGTCG
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Immunohistochemistry in SON

Control handled rats (n = 3) or rats treated with LPS and eutha-
nized 1 or 2 h afterward (n = 3) were terminally anesthetized with
pentobarbital sodium (Sagatal, Rhone Merieux, Harlow, Essex, UK).
They were then fixed by an intracardiac perfusion with PBS, pH 7.4,
followed by 250 ml of fixative, including 4% paraformaldehyde in
PBS, pH 7.4. After dissection, the brains were immersed for 24 h in
the fixative and then cut frontally into 50-pwm thick sections with a
vibratome (VT1000S; Leica, Rueil Malmaison, France). All floating
sections were first saturated for 1 h at room temperature in PBS
containing 4% bovine serum albumin and 0.1% Triton X-100. The
floating sections were then carefully rinsed in PBS. For c-Fos-AVP
double staining, free-floating sections were incubated overnight at
room temperature with the two primary antibodies simultaneously,
diluted in 3% bovine serum albumin/0.3% Triton X-100. Dilution
factor was 1:1,000 for anti-c-Fos antibody (rabbit anti-c-Fos reactive
for c-Fos p32; Santa Cruz Biotechnology, Santa Cruz, CA) and
1:2,000 for guinea pig anti-AVP (Arg-8) antibody (Peninsula Labo-
ratories). After being rinsed, sections were incubated with secondary
antibodies diluted in PBS containing 3% bovine serum albumin for
2 h at room temperature. An anti-rabbit Alexa 488-conjugated sec-
ondary antibody (1:200; Interchim) was used for c-Fos immunostain-
ing. AVP was revealed by a biotinylated goat anti-guinea pig antibody
(1:4,000; Vector Laboratories) and then visualized using a streptavi-
din Alexa 594 (1:4,000) in PBS (Molecular Probes).

For IL-6/glial fibrillary acidic protein (GFAP) double staining,
free-floating sections were incubated overnight at room temperature
with goat anti-IL-6 antibody diluted at 1:500 in PBS containing 0.2%
bovine serum albumin and 0.1% Triton X-100. After being rinsed,
sections were incubated overnight at room temperature with a rabbit
anti-GFAP antibody (Dako, Glostrup, Denmark) diluted at 1:1,000 in
PBS containing 1% bovine serum albumin and 0.3% Triton X-100. To
reveal GFAP immunoreactivity, sections were incubated for 2 h at
room temperature with anti-rabbit secondary antibody Alexa 594
(1:2,000 in PBS-1% BSA-0.3% Triton X-100; Molecular Probes).
Simultaneously, sections were incubated with a biotinylated anti-goat
antibody (1:200 in PBS-0.2% BSA-0.1% Triton X-100, 2 h at room
temperature; Amersham Biosciences) to reveal IL-6 and then visualized
using streptavidin Alexa 488 (1:200 in PBS, 2 h at room temperature;
Molecular Probes). A Leica SP2 confocal laser (Ar/He/Ne) scanning
microscope (Heidelberg, Germany) was used to visualize the fluorescent
signal associated with each antibody. To avoid overlapping and false
positive signals, each fluorescent signal was still scanned independently,
and all scanning parameters were strictly conserved.

Measurement of Plasma AVP Concentration and Measurement
of Osmolality

Plasma AVP release was quantified in control handled (n = 4/time
posttreatment), PBS-treated (n = 4/time posttreatment), and LPS-
treated rats (n = 63) killed at 1, 2, 3, 6, and 18 h posttreatment (for
LPS, n is equal to 20, 19, 8, 8, and 8, respectively according to time
groups). All rats were decapitated to collect blood in chilled tubes
coated with heparin (CML, Nemours, France). Blood was centrifuged
at 1,600 g for 15 min at 4°C. Plasma samples were then analyzed for
AVP levels and osmolality.

AVP was extracted from the plasma by adding an equal volume of
1% trifluoroacetic acid (TFA) to the sample and centrifuged at 17,000
g for 15 min at 4°C. Removed supernates were applied on a 200-mg
C18 column previously equilibrated with 1 ml of acetonitrile and 25
ml of 1% TFA. After being washed with 20 ml of 1% TFA, samples
were slowly eluted in a glass tube by applying 3 ml of a 60:40 solution
of acetonitrile, 1% TFA to the column. Finally, samples were
evaporated until dry using a centrifugal concentrator under vacuum
and stored at —80°C until use. Plasma AVP levels were measured
in duplicate using a specific, nonradioactive, and competitive
binding AVP assay (R & D Systems Europe) as described by the
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manufacturer’s instructions. The sensitivity of this assay was <3.4
pg/ml [intra-assay precision, confidence factor (CF) = 8.0%; and
inter-assay precision, CF = 7.4%].

Plasma osmolality was measured by freezing point depression with
an automatic Roebling type 13 Autocal Micro-Osmometer (Avantec)
in all plasma samples used to measure AVP concentration.

Quantification of PG-E> in SON

Handled 30-min and 1-, 3-, and 6-h post-LPS-treated rats (n =
S/group) were terminally anesthetized with pentobarbital sodium
(Sagatal, Rhone Merieux, Harlow, Essex, UK), perfused via the
carotid artery with heparinized PBS, and then decapitated. Both SON
were rapidly microdissected and frozen in liquid nitrogen. Briefly,
brain extracts were homogenized in the presence of a protease inhib-
itor cocktail (Sigma, St. Quentin Fallavier, France) and centrifuged for
10 min at 12,000 g to remove nuclei, and organelles were then stored
at —80°C before use. Using a PG-E, EIA kit monoclonal, quantifi-
cation of PG-E> in SON was performed as described by the manu-
facturer (Cayman Chemical, Ann Arbor, MI). The sensitivity thresh-
old of this assay was 7.8 pg/ml (intra-assay precision, CF = 3.8%; and
interassay precision, CF = 9.4%). The bicinchoninic acid method
(Interchim, Montlucon, France), using albumin as standard, deter-
mined total protein content in SON (45).

Measures of Metabolic Parameters

Animals were housed individually in metabolic cages for 3 days
prior to initiation of before treatments and managed by the same
person. Rats were injected ip with PBS or LPS at 9:00 AM. Each rat
served as its own control, and cumulative urine flow was measured
every 2 h from 0900 to 1800. Water intake (ml), body weight (g), and
food intake (g) were measured 24 h after treatment.

In Vivo Electrophysiological Recordings

Preparation of animals. Experiments were performed on male
Wistar rats (300-350 g body wt) that were anesthetized with urethane
(ethyl carbamate, 1.25 g/kg ip injected; Sigma) and placed in a
stereotaxic frame at an ambient temperature of 28.5 * 0.5°C. After
trepanning, a bipolar stimulating electrode was inserted into the
pituitary stalk at the limit of the neurohypophysis according to a
stereotaxic atlas (1) [anteriority (A) = 4.7, laterality (L) = 0, height
(H) = 0.5] for antidromic identification of magnocellular neurons
from SON. The exact position of the electrode was attested by a
posteriori observation of the site of lesion provoked by electrical
current (10 mA during a few seconds). Recording glass micropipettes
filled with 0.5 M sodium acetate solution (8 —20 M) impedance) were
placed in the SON (A = 7-8, L = 1-2.3, H = 2-2.5) and connected
to conventional electrophysiological apparatus. Extracellular electri-
cal activities were displayed on a chart recorder (Astromed, Trappes,
France) and simultaneously stored on a computer by means of a
Cambridge Electronic Design (Cambridge, UK) 1401 interface card.

Continuous measurement of arterial blood pressure. Mean arterial
blood pressure was continuously monitored by inserting a polyethylene
catheter (filled with 100 U/ml heparinized saline solution) into the left
femoral artery attached to a transducer (model TDX-300; Micro-Med)
that was connected to a blood pressure analyzer (model BPA-400a;
Micro-Med) and simultaneously stored on a computer by means of a
Cambridge Electronic Design 1401 interface card. Blood pressure was
recorded in anesthetized animals before and =4 h after LPS injection.
Control values were taken for 1 h before the injection of PBS or LPS.

Identification of neurons and data analysis. The magnocellular
neurons were identified by their antidromic response to electrical
stimulation of the neurohypophysis (the response had constant la-
tency, followed high frequency stimulation, and collided with an
orthodromic spike). Because phasic activity is a major characteristic of
AVP neurons (for review, see Ref. 2), presumed AVP neurons were in
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most cases characterized by their phasic activity comprising distinct
periods of activity separated by periods of silence (see example in Fig. 2).

Electrophysiological data analysis. Analysis of the electrophysio-
logical recordings was performed using both in-house programs and
Spike2 analysis software (Cambridge Electronic Design). The phasic
pattern of AVP neurons was characterized by the following parame-
ters: F, the mean frequency of spikes (in spikes/s) during each period
of analysis; f, the intraburst frequency (in spikes/s), i.e., the mean
firing rate during periods of activity; and Q, the proportion of time
spent by a phasic cell in active periods (calculated by exclusion of
silent periods superior to 2 s). This last parameter is equivalent to the
activity quotient described previously (48). All parameters were
calculated for periods of ~600 s.

Experimental design and statistical analyses. All experiments were
arranged as completely randomized designs. Data were analyzed by
ANOVA, and post hoc comparisons of individual group means were
carried out by the protected least significant difference test. All results
were summarized and presented as means = SE. Measures were taken
to minimize the number of animals. We verified that mRNA levels
and plasma AVP concentrations from handled and 1-h post-PBS-
injected rats never differed.

RESULTS

Rapid and Sustained Activation of AVP Neurons During
Immune Challenge

To assess activation of SON neurons, we measured the
expression of c-fos proto-oncogene mRNA and its product (8,
38). Compared with control, LPS treatment significantly in-
creased the expression of c-fos mRNA in SON [ANOVA:
F(6,14) = 15.0, P < 0.001; Fig. 1A]. Student-Newman-Keuls
post hoc test assessed that c-fos mRNA peak expression oc-
curred 30 min post-LPS treatment, and, although it declined
with time, the increase was still significant =6 h post-LPS.
Consistent with this result, numerous AVP neurons of the SON
showed Fos-stained cell nuclei as early as 1 h post-LPS
injection (Fig. 2).

To confirm the rapid and sustained activation of AVP
neurons in response to LPS challenge, plasma concentration of
AVP ([AVP]) was measured in handled, PBS-treated, and
LPS-treated rats (Fig. 1B). Compared with control groups,
plasma [AVP] significantly increased after LPS administration
[ANOVA: F(2,88) = 15.7, P < 0.0001]. The plasma [AVP]
increase was significant between 1 and 6 h post-LPS, with a
maximal release at 3 and 6 h.

Functional significance of AVP release was verified by mea-
suring cumulative diuresis in handled, PBS-treated, and LPS-
treated rats (n = 10/group) at 2-h intervals for 8 h (Fig. 1C). As
expected, LPS treatment was associated with a significant de-
crease of urine volume flow compared with handling and PBS
treatment [repeated-measures ANOVA: F(2,40) = 9.8, P <
0.001]. There was no significant difference between handling and
PBS treatment. Post hoc test confirmed that cumulative urine flow
was significantly decreased between O and 6 h post-LPS and
returned toward baseline value thereafter.

Peripheral Immune Challenge Induces an Early Increase
in AVP Neuron Electrical Activity

Because LPS injection has been shown to induce an increase of
plasma AVP concentration in adult rats (18, 25), we studied the
evolution of the electrical activity of AVP neurons in response to
a LPS peripheral injection in anesthetized adult rats. Only AVP
neurons initially displaying a phasic activity were considered.
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Fig. 1. Rapid and sustained activation of arginine vasopressin (AVP) neurons
in supraoptic nucleus (SON) after lipopolysaccharide (LPS) treatment. A: using
real-time PCR, mRNA c-fos level was quantified and normalized to mRNA
GAPDH level (arbitrary units) in control (1 h post-PBS injection) and in
LPS-treated rats at different times postinjection (30 min, 1 h, 2 h, 3 h, 6 h, and
18 h) (n = 3/group). Compared with control, LPS treatment increased mRNA
c-fos level with time (ANOVA followed by Student-Newman-Keuls post hoc
test: ¥*P < 0.05 and **P < 0.01). B: using specific competitive binding assay,
AVP concentration (pg/ml) was measured in plasma of handled, PBS-treated,
and LPS-treated rats at different times posttreatment (1, 2, 3, 6, and 18 h) (see
METHODS for n/group). Compared with handling and PBS treatment, LPS
injection increased plasma AVP release with time (ANOVA followed by
Student-Newman-Keuls post hoc test: *P < 0.05 and **P < 0.01).
C: cumulative urine flow (diuresis, ml) was measured in handled, PBS-treated,
and LPS-treated rats every 2-h period after treatment between 1000 and 1800.
Animals were individually housed in a metabolic cage, and each one was its
own handled and PBS-treated control (n = 10/group). Compared with handling
and PBS treatment, LPS injection decreased urine flow volume with time
(ANOVA followed by Student-Newman-Keuls post hoc test: *P < 0.05). ip,
Intraperitoneal.
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LPS

Saline

D

AVP

c-Fos

AVP‘ | c-Fos

LPS injection induced a progressive activation of all AVP
neurons (n = 8). Activation consisted mainly of an increase in the
duration of the active periods and/or a decrease in the duration of
the silent periods (Fig. 3A). This effect was translated by an
increase in both the mean frequency, F, and in the activity
quotient, Q (Fig. 2B). No change was displayed for the intraburst
frequency, f. Activation was particularly strong 1 h after treat-
ment, as attested by the significant increase in F [repeated-

E1293

Fig. 2. Expression of c-Fos in AVP neurons of the
SON 1 h post-LPS injection. A and D: immunohis-
tochemistry of AVP in control and LPS-treated rats.
B and E: immunohistochemistry of c-Fos in control
and LPS-treated rats. C and F: merge of A and B and
D and E showing colocalization of Fos positive
nuclei in AVP positive neurons (scale bar = 30 pwm).
Compared with control, Fos protein expression was
dramatically increased 1 h post-LPS treatment (n =
3/group) and expressed in numerous labeled AVP
neurons. Boxed areas in C and F are numbered and
enlarged below with scale bars. OC, optic chiasma;
AVP, arginine vasopressin.

measures ANOVA: F(1,7) = 29.464, P < 0.01] and Q [repeated-
measures ANOVA: F(1,7) = 29.008, P < 0.05] (Fig. 3).

Immune Challenge Does Not Change Plasma Osmolality but
Induces a Transient Blood Pressure Increase

Plasma osmolality and blood pressure were measured in
LPS-treated rats to determine whether the LPS-induced acti-
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10 Control

Fig. 3. AVP neuron electrical activity in- ::u;
creases after LPS treatment. Adult rats were o 5
anesthetized, and AVP neuron electrical ac- £
tivity was recorded by electrophysiology in =~ W=
SON. A: discontinuous recordings showing 0
the evolution of the electrical activity of an

AVP neuron recorded before (control) and

1 h after the LPS peripheral injection. Fre-

quency (F) is expressed in spikes/s. B: his-
tograms represent the averaged values of the 10

LPS

frequency of discharge, F, and the activity <
quotient (Q) for 8 neurons (repeated-mea- g
sures ANOVA: *P < 0,05). Each neuron & 5
was its own control. L

0

vation of AVP neurons could depend on possible variation of
these parameters (Fig. 4). Plasma osmolality did not change
with time after LPS injection compared with control and PBS
treatment (Fig. 44). Mean arterial blood pressure measured in
the femoral artery transiently increased between 10 and 80 min
after LPS injection and then returned to basal levels [repeated-
measures ANOVA, treatment X time: F(1,21) = 65.8, P <

310 j0Handling

Plasma osmolality 3¥»
(mOsmol kg')

1h 2h 3h 6h 18h
Time post treatment (h)

vy)

= ip. SOL
+ip. LPS

20 4 injection

-
o
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o
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W
o
o

30 60 90 120 150 180

Change in
MABP (mm Hg)

-10 -
Time post treatment (min)

Fig. 4. Plasma osmolality and arterial blood pressure variations after LPS
treatment. A: using an automatic micro-osmometer, plasma osmolality
(mOsmol/kg) was measured in blood samples of handled, PBS-treated, and
LPS-treated rats at different times posttreatment (1, 2, 3, 6, and 18 h)
previously used to measure AVP concentration ([AVP]). No difference was
observed between treatments and time. B: mean arterial blood pressure
(MABP; mmHg) was measured continuously in femoral artery in anesthetized
rats for =3 h after PBS (n = 5) and LPS injection (n = 6). Compared with
PBS treatment, LPS injection increased MABP between 10 and 80 min
(repeated-measures ANOVA followed by Student-Newman-Keuls post hoc
test: *P < 0.05).
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0.05; Fig. 4B], whereas activation of AVP neurons carried on.
Blood pressure was unchanged after PBS injection.

Immune Challenge Induces a Delayed Increase in PG-E>
Concentration in the SON

Because LPS-induced activation of AVP neurons could
potentially result from a direct action of PG-E, (47), which
could be released into the SON in response to immune chal-
lenge (28), we quantified PG-E, production in the SON after
LPS treatment (Fig. 5). Compared with the control group,
PG-E, concentration significantly increased in SON after LPS
administration [ANOVA: F(4,20) = 3.8, P < 0.05]. However,
this increase was only significant between 3 and 6 h post-LPS
and not at earlier times (30 min and 1 h post-LPS injection).

Immune Challenge Induces an Early Increase in the IL-6
mRNA Expression As Well As a Later Increase in the IL-183
and TNFa mRNA Expression in the SON

LPS peripheral injection is known to induce the increase in
the expression of IL-1@3, IL-6, and TNFoa mRNA in pituitary
and hypothalamus in rodents 1 h after injection (15, 31). On the

Z 600 - ®
3
c J
gg 500 *
(o]
2 5 400
ol
§§ 300
€ O 200 -
g 2 200
~
w £ 100
0]
o 0 : , : .
control 30 min 1h 3h 6h

Time post LPS

Fig. 5. Immune challenge induced a PG-E> concentration increase in SON.
Prostaglandin-E> (PG-E») concentration was quantified in SON and normal-
ized to total quantity of SON proteins (pg/g total protein) in control (1 h
post-PBS injection) and LPS-treated rats at different times postinjection (30
min, 1 h, 3 h, and 6 h) (n = 5/group). Compared with control, PG-E: level
increased at 3 and 6 h in LPS-treated rats (ANOVA followed by Student-
Newman-Keuls post hoc test: *P < 0.05).
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other hand, IL-18 and IL-6 induced AVP release (29, 34, 39),
and IL-1B stimulated the activity of AVP neurons (33). Thus,
we studied the effect of LPS peripheral injection on the mRNA
expression of these three cytokines in the SON of adult rats
treated with PBS (control rats) and 30 min, 1 h, 2 h, 3 h, 6 h,
and 18 h after an ip injection of LPS (Fig. 6).

In the SON, the expression of IL-13 mRNA was signifi-
cantly increased 3 h after LPS treatment (n = 3/group) com-
pared with the control rats [F(6,15) = 4.457, P < 0.01]. There
was no significant difference in the expression of IL-13 mRNA
30 min, 1 h, 2 h, 6 h, and 18 h after the LPS treatment
compared with the PBS treatment. The same observations
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Fig. 6. Immune challenge induced an early increase in the IL-6 mRNA
expression as well as a later increase in the IL-183 and TNFa mRNA
expression in the SON. IL-1B (A), IL-6 (B), and TNFa (C) mRNA were
quantified by real-time RT-PCR and normalized to GAPDH mRNA [arbitrary
units (AU)] in SON in control (PBS-treated rats) and LPS-treated rats at
different times post-ip LPS injection (30 min, 1 h,2h,3 h, 6 h, and 18 h) (n =
3/group, ANOVA: *P < 0.05).
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apply for the expression of TNFa mRNA, which significantly
increased only 3 h postinjection (n = 3/group) [F(6,14) =
24.14, P < 0.001]. On the reverse, the expression of IL-6
mRNA increased significantly as early as 30 min after the LPS
treatment compared with PBS injection (n = 3/group)
[F(6,14) = 5.35, P < 0.01]. This increase was maintained,
being still significant 1, 2, and 6 h after LPS treatment. On the
other hand, there was no significant difference in the expres-
sion of IL-6 mRNA 3 and 18 h after the treatment.

The stimulation of IL-6 expression in the SON of adult rats
2 h after LPS injection was confirmed by immunohistochem-
istry (Fig. 7).

Central IL-6 Neutralizing Antibodies Prevents
the LPS-Induced Activation of AVP Neurons

We first tested the effect of icv injection of IL-6 neutralizing
antibodies alone (=60 min) before applying LPS ip (250
pg/kg). The IL-6 neutralizing antibodies (200 ng/rat) were
tested on six AVP neurons displaying a phasic pattern. The
phasic pattern was inhibited by the IL-6 antibodies, as attested
by the decrease in F [repeated-measures ANOVA: F(1,5) =
7.78, P < 0.05] and Q [repeated-measures ANOVA, F(1,5) =
75.07, P < 0.001] characterizing the phasic pattern (Fig. 8).
The decrease in f was not significant. When injected 40 min
later, LPS did not induce activation in any neurons (Fig. 8).

Central IL-6 Induces an Early Increase in the Electrical
Activity of AVP Neurons

We studied the effect of IL-6 icv injection (80 ng/rat) on
AVP neuron activity initially displaying a clear phasic pattern
(n = 5 neurons) (Fig. 9). IL-6 induced a progressive activation
of all neurons, consisting mainly of an increase in the duration
of the active periods and/or a decrease in the duration of
silences. These effects were translated by an increase in F
[repeated-measures ANOVA F(1,4) = 9.22, P < 0.05] and Q
[repeated-measures ANOVA F(1,4)= 3549, P < 0.05], and
these changes were highly significant 40 min postinjection,
with each neuron being its own control. The change in the
mean intraburst frequency, f, was not significant.

DISCUSSION

We investigated which changes in physiological parameter
(plasma osmolality, blood pressure) or inflammatory brain
factors (IL-1P, IL-6, TNFa, and PG-E,) could be correlated to
and responsible for the activation of AVP neurons in response
to an immune challenge (peripheral LPS injection). Using
in vivo electrophysiological recordings, we emphasized the
role of IL-6 in the early activation of AVP neurons. Indeed,
central injection of IL-6 induced a progressive activation of
AVP neurons that lasted 1 h and was similar in intensity and
kinetics to that obtained after ip LPS injection. Prior treatment
with anti-IL-6 antibodies decreased the basal phasic activity and
prevented the LPS-induced activation of AVP neurons. These
data suggest that IL-6 is a pertinent candidate underlying the onset
of activation of AVP neurons during an immune challenge.

AVP Neurons are Rapidly Activated by Peripheral
LPS Injection

Stimulation of c-fos mRNA in SON occurs as soon as 30
min after LPS and was maintained for =6 h later. Accordingly,
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2h post LPS

GFAP / IL6

v

Fig. 7. IL-6 protein expression is increased in SON in response to immune challenge and expressed by astrocytes. Rats were injected ip with PBS (n = 3) or
LPS (n = 3) and euthanized 2 h later to perform single-fluorescent staining of IL-6 (A; scale bar = 40 wm) or double-fluorescent staining of IL-6 and glial
fibrillary acidic protein (GFAP) in the SON of LPS-treated rats (B; scale bar = 30 wm), followed by analysis on a confocal microscope.

1 h after LPS treatment, we detected /) Fos immunoreactivity
in cell nuclei located in the ventral part of SON, known to
contain mainly AVP neurons, and 2) an increase in plasma
[AVP]. This release was maintained at a high level =6 h
post-LPS and was coupled to a decrease in diuresis. These
results corroborate precise previous data reporting /) an in-
crease in c-fos mRNA expression in rat SON 2 h after ip LPS
that vanished 6 h later (41, 42), 2) an increase in Fos protein
expression in rat AVP neurons 2 h after LPS ip injection (35,
51), and 3) an increase in rat plasma [AVP] from 1 to 3 h after
LPS (19, 25). The differences in the kinetics of changes

10 Control
Fig. 8. IL-6 neutralizing antibodies blocked — ~
LPS-induced AVP neurons electrical activa-
tion. Adult rats were anesthetized, and AVP % 5
neuron electrical activity was recorded by elec- T
trophysiology. A: discontinuous recordings
showing the evolution of AVP neuron electri-
cal activity before (control) and after intracere-
broventricular (icv) injection of IL-6 neutraliz- 10
ing antibodies. Forty minutes after the IL-6
neutralizing antibody treatment, LPS was ip
injected and the electrical activity of the same
AVP neuron further recorded for 1 h. The
frequency, F, is expressed in spikes/s. B: his- 0
tograms of the averaged values of the fre-
quency of discharge F (n = 6, repeated-mea-
sures ANOVA; *P < 0.05, IL-6 neutralizing
antibodies vs. control) and the activity quotient
Q (n = 6, repeated-measures ANOVA; *P <
0.001, IL-6 neutralizing antibodies vs. control).
Each neuron was its own control.
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between our results and those of the literature may be due to
the differences in doses and routes of LPS injection. In vivo
electrophysiological recordings in anesthetized rats confirmed
the rapid activation of AVP neurons in SON with significant
changes occurring as early as 1 h post-LPS. For all AVP
neurons tested, the phasic pattern was strengthened with a clear
increase in the duration of active periods and/or decrease in the
duration of silences, an effect translated by an increase in the
mean frequency, F, and in the activity quotient, Q. Such
changes are known to increase AVP release (21), as our present
data also attest.
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The LPS Increases the Activity of AVP Neuron
Independently of the Plasma Osmolality
and the Blood Pressure

Because the increases in plasma [AVP], metabolic activity
(c-fos expression), and electrical activity of AVP neurons
(reinforcement of their phasic pattern) occurred as early as 30
min delay, we then determined the physiological factors that
could be responsible for this early activation. Because AVP
neurons are highly osmo-, volo-, and barosensitive (reviewed
in Ref. 9), we first checked whether LPS treatment could
induce an increase in plasma osmolality or a decrease in blood
pressure that could be responsible for their activation. In the
present study, and similarly to Kasting et al. (25), we did not
detect any change in plasma osmolality during the first 18 h
post-LPS injection. As to the blood pressure, LPS peripheral
injection has been shown to induce a hypotension (25), and in
rats, both systolic and diastolic blood pressures significantly
decreased at different time points after LPS administration
(52). In our anesthetized rats, we observed a clear increase in
blood pressure, which developed gradually during the first 30
min post-LPS and lasted around 1 h before returning to control
values. This hypertension may result from the increase in
plasma release of key vasoregulators like angiotensin, renin,
and endothelin in response to LPS. However, the increases in
plasma renin, endothelin-1, and angiotensin II levels have been
shown to occur much later, peaking at 2, 3, and 6-8 h
post-LPS, respectively (32, 52). On the reverse, the early
increase in AVP plasma release might sustain the progressive
increase in blood pressure observed. The fact that AVP neuron
activity and plasma [AVP] still continued to increase whereas
blood pressure returned to control values suggests the involve-
ment of other mechanisms regulating arterial pressure that
remain to be elucidated. However, our data bring clear evi-
dence that plasma osmolality and blood pressure are not
involved in the LPS-induced early activation of AVP neurons.
Thereafter, we searched for the central molecular factors sus-
ceptible to underlie this early activation.

Involvement of Brain IL-6 in the Early Activation of AVP
Neurons in Response to an Immune Challenge

We studied the expression of several inflammatory media-
tors likely to affect directly the activity of AVP neurons after
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Fig. 9. Brain injection of IL-6 increases elec-
trical activity of AVP neurons. Adult rats
were anesthetized, and AVP neuron electrical
activity was recorded by electrophysiology in
SON. A: discontinuous recordings showing
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the evolution of an AVP neuron electrical
activity recorded before and 1 h after icv IL-6
injection. The frequency, F, is expressed in
spikes/s. B: histograms of the averaged values
of the frequency of discharge, FF (n = 5,
repeated-measures ANOVA; *P < 0.05), and
the activity quotient, Q (n = 5, repeated-
measures ANOVA; *P < 0.05). Each neuron
was its own control.

IL-6

IL-6

LPS treatment, in particular prostanoids like PG-E, (3, 15, 31)
and cytokines such as IL-1B, IL-6, or TNFa (11, 13, 23).
PG-E; could mediate this neuronal activation since PG recep-
tors are expressed by SON neurons. Their activation is known
to activate nonselective cation channels, to induce membrane
depolarization, and to increase firing rate (47). However, in our
study, PG-E, cannot underlie the early AVP neuron activation
since its mRNA expression increased 3 h post-LPS. Among the
main cytokines released during the immune challenge (30),
IL-1B expressed mainly by microglial cells appeared to be a
good candidate; it stimulates AVP release (29) by activating
SON neurons (33), which are known to express type 1 IL-1
receptors (IL-1R1) (10). More precisely, IL-13 depolarizes
magnocellular neurons in the PVN as a result of PG-E;-
mediated activation of a nonspecific cationic channel (14), an
effect mediated via an IL-1R1-mediated induction of PG-E,
synthesis and EP,4 receptor-dependent autocrine upregulation
of the nonselective cation conductance that underlies osmore-
ception (5). However, IL-13 mRNA expression increased in
the SON only 3 h post-LPS and consequently cannot underlie
the early activation of AVP neurons. The same applies for
TNFa, which is known to provoke a marked sensitization of
c-fos staining within the PVN and SON (22), since the expres-
sion of TNFa mRNA in the SON increased only 3 h post-LPS.
Finally, the last putative cytokine tested, IL-6, appeared to be
the best candidate to mediate the LPS-induced early activation
of AVP neurons, since the expression of IL-6 mRNA increased
as early as 30 min post-LPS. Using pharmacological treatments
during electrophysiological recordings of AVP neurons in
anesthetized adult rats, we demonstrated that icv injection of
IL-6 activated AVP phasic neurons similarly to LPS treatment,
whereas the neutralizing anti-IL-6 antibodies had inhibitory
effect, thus revealing that the basal expression of IL-6 in the
SON underlies part of the basal phasic activity of AVP neu-
rons. Finally, prior brain injection of anti-IL-6 antibodies
prevented the LPS-induced activation of AVP neurons, attest-
ing that IL-6 is involved in the earlier activation of AVP
neurons in response to an immune challenge in rat. In situ
hybridization and immunocytochemistry studies have shown
that IL-6 is robustly expressed in the SON and the PVN of the
hypothalamus (16). As to its cellular origin, IL-6 has been
described to be expressed mainly by AVP neurons under basal
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conditions or after dehydration (16, 20) or by astrocytes during
the LPS-induced challenge and in aged rats (40). Whatever the
cell origin of IL-6, the IL-6 receptors are expressed by AVP-
neurophysin-immunoreactive neurons (40), which suggests a
direct regulation by IL-6 of AVP neuron activity. Furthermore,
these two localizations are not incompatible. The direct regu-
lation of AVP neuron activity by IL-6 may result from either a
neuronal autocontrol mechanism (short-loop feedback release
of IL-6 from soma or dendrites of AVP neurons) or a glio-
neuronal volumic transmission of IL-6, both of which could be
blocked by the injection of IL-6 antibodies. On the other hand,
the LPS-induced sustained activation of AVP neurons might be
ensured mainly by astrocytic IL-6, since LPS injection is well
known to induce activation of glial cells that consequently
express cytokines (11, 13, 23). Although it is very interesting
and enlarges our concepts of neuronal regulation by cytokines,
such a dual control mechanism remains to be confirmed.

In conclusion, our data give evidence for the involvement of
IL-6 in the onset activation of AVP during an immune chal-
lenge. The early peak of AVP release induced antidiuresis, a
physiological process that could be useful in preventing a
possible water dysregulation that may result from LPS-induced
fever or inflammatory process. Furthermore, our results sug-
gest a delayed role for IL-1B, TNFa, and the prostanoid
PG-E,, which are expressed much later than IL-6 and likely
underlie the sustained activation of AVP neurons for several
hours. Studies are in progress to discover the role ensured by
these molecules.
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