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Hypothalamic
CRH neurons
that control
ACTH secretion
from the pituitary gland have secretory
terminals
in the external zone of the median eminence
(ZEME). These neurons
can coprociuce
vasopressin
(AVP), a neuropeptide
that potentiates the ACTH releasing
effects of CRH. Recently, we
found increased
AVP production
in adult rats weeks after
single exposure
to a stressor,
which may play a role in
event-induced
stress
disorders.
Here, we describe
the
long-term
changes in the HPA axis of adult male rats following a single exposure
to a stressor,
the cytokine
interleukin-lf3
(IL-lp).
The effects on storage
and release of
AVP and CRH were established
by quantitative
immunocytochemistry,
the effects on ACTH and corticosterone
responses
by radioimmunoassay.
Single administration
of
IL-lp (5 Pg/kg i.p.) induces a delayed (at least 4 d) and a
long-lasting
(at least 3 weeks)
increase
of vasopressin
(AVP) stores in CRH terminals
of the ZEME without affecting the CRH stores, and a marked increase of the fraction
of CRH terminals that costore AVP. Eleven days after IL-1 p
administration,
a second IL-1 p challenge
causes a marked
depletion
of the AVP stores in the ZEME within 2 hr, which
is not seen in rats treated with vehicle 11 d earlier. This is
accompanied
by twofold
higher ACTH and corticosterone
responses,
as compared
to those in vehicle pretreated
rats.
IL-1 p-pretreated
rats also showed increased
ACTH and corticosterone
responses
to electric footshocks.
We conclude
that transient activation
of the HPA axis by a single administration
of IL-lp induces
a delayed and long-lasting
hyperproduction,
hyperstorage,
and hypersecretion
of AVP
from hypothalamic
CRH neurons that results in hyperresponsiveness
of the HPA axis to subsequent
stimuli.
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Hypothalamic
CRH-producing
neurons of the paraventricular
nucleus (PVN), which control the secretion of ACTH from the
pituitary, have secretory terminals in the external zone of the
median eminence (ZEME). These neurons can coproduce AVP
a neuropeptide that strongly potentiates the ACTH releasing effect of CRH. Under resting conditions, 24-500/c of the CRH
neurons are of the AVP coproducing
phenotype (Whitnall et al.,
1987b; Whitnall,
1988; Whitnall and Gainer, 1988; De Goeij et
al., 1991; Bartanusz et al., 1993). During stress, the rate of secretion of CRH and AVP from the ZEME is determined by the
nature and duration of the stressor, indicating that the two phenotypes (AVP coproducing
and non-AVP producing) are differentially controlled (Plotsky, 1985; Berkenbosch et al., 1989a,b;
Tilders et al., 1989, 1993; De Goeij et al., 199 I ; Romero et al.,
1993; Whitnall,
1993). Exposure of rats to chronic or repeated
stress causes non-AVP-producing
CRH neurons to shift towards
the AVP coproducing
phenotype (De Goeij et al., 1992c,d; Bartanusz et al., 1993; Tilders et al., 1993), resulting in a progressive increase of the AVP stores in the ZEME (De Goeij et al.,
1991, 1992a,b; Bartanusz et al., 1993). In contrast to AVP, the
CRH stores in the ZEME do not increase during chronic or
repeated stress (De Goeij et al., 199la,b).
This phenotypic
change is accompanied by increased release of AVP but not of
CRH (Plotsky and Sawchenko,
1987; Aguilera et al., 1992; De
Goeij et al., 1992a), and thus affects the hypothalamic
signal
driving ACTH secretion.
Recently, we reported that exposure of rats to a single session
of unpredictable
footshocks also increases AVP stores in the
ZEME as measured 2 weeks later (van Dijken et al., 1993). At
this time interval, increased ACTH responses as well as behavioral sensitization to an open-field stress are found (van Dijken
et al., 1992a,b, 1993). This indicates that a single stressful event
can induce long-term changes in CRH neurons that resemble
those observed after chronic or repeated stress. Because of the
potential impact of these findings we set out to analyze whether
this long-term
effect of was a stressor-specific
phenomenon.
Therefore, we studied the long-term responses to a stressor of a
different nature, i.e., the cytokine IL-IB, that causes transient
and CRH-dependent
release of ACTH from the hypophysis
(Berkenbosch et al., 1987, 1989a; Sapolsky et al., 1987; Uehara
et al., 1987).
In the present article we describe the long-term effects of a
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single peripheral administration
of IL- 1l3 on the status and reactivity of the HPA axis. The effects on the AVP and CRH stores
in the ZEME were established by quantitative
immunocytochemistry at the light- and electron-microscopic
levels. To assess
long-term effects on the responsiveness of the HPA axis, we
measured ACTH and corticosterone
responses to a challenge
given I I d later. Finally, we examined the long-term effects of
IL-l l3 on the composition
of the hypothalamic
signal driving
ACTH secretion during the second challenge with IL-l. We
demonstrate that a single administration
of IL- I l3 induces a delayed, but long-lasting
increase of the AVP stores in CRH terminals in the ZEME, which is accompanied
by an increased
stress-induced release of AVP from the ZEME and an increased
responsiveness of the HPA axis.

Materials and Methods
Animu/.s. Male Wistar rats (Harlan, CPB, Zeist, The Netherlands),
180 gm body weight, were housed two per cage under controlled

160light
conditions (light period from 0700 to 1900 hr) at 22 t- 2°C for 7 d
prior to the beginning
of the experiments.
The experimental
procedures
were approved
by the Animal
Users Care Committee
of the Vrije Universiteit. Food and water were available
ad libitum.
IL-/p
rrrtrtruertt.
Animals
were subjected
to noninvasive
handling
twice daily during 2-3 d prior to i.p. administration
of IL- I B or vehicle.
IL- I B (recombinant
hlL- I B, Glaxo, Geneva,
Switzerland)
was diluted
in endotoxin-free
medium
(vehicle)
consisting
of phosphate-buffered
saline (PBS. IO mM pH 7.3) and 0.01%
w/v bovine
serum albumin
(BSA, Boseral, Organon-Teknika,
Oss, The Netherlands).
Aliquots
were
frozen and stored at -70°C.
The biological
activity
of these preparations remained
stable for at least I year. Appropriate
dilutions
of these
preparations
were made in vehicle just before the experiments
and kept
on ice. Vehicle or IL-I B (5 &kg)
was injected
i.p. (I ml) unless otherwise stated. Groups of 6-10 rats were sacrificed
by decapitation
at
various time intervals
thereafter.
In some experiments,
rats that had been exposed to IL-IB
or vehicle
I I d earlier, were given a second IL- I B challenge
or were exposed to
a single session of scrambled
inescapable
electric footshocks
(80 shocks
0.4 mA, 5 sec. 4 per min. 20 min). Animals
were sacrificed
by decapitation 90 or I20 min after the IL- I B challenge
or immediately
following the footshock
session.
Rndioin?,,llo?otr.s.~~~~.s.
Trunk blood was collected
in ice-cold
heparincoated tubes and centrifuged
(I000
X R. I5 min, 4°C). Aliquots
of
plasma were stored at -20°C
until assayed. ACTH concentrations
were
measured
as described
previously
(Van- Oers et al., 1992) using a specific antiserum
(8514) directed
against the midportion
of ACTH
(Kovats and Makara,
198k). Synthetic
rat ACTH (Peninsula,
Belmont,
CA)
was used as a standard.
The sensitivity
of the assay was IO p&/ml
plasma (0.5 pg/tube).
The intra- and interassay
variations
were 4% and
7%. respectively.
Plasma ACTH
concentrations
are expressed
as pg/ml
plasma.
Plasma corticosterone
levels were determined
by RIA as described
(Van Oers et al., 1992) using antiserum
S-S230676
(de Man and Benraad, 1977). Corticosterone
(Sigma, St. Louis, MO) was used as a standard. The sensitivity
was 0.7 n&/ml plasma (27.5 p&/tube).
The intraand interassay
variations
were 4.7% and 5.4%, respectively.
Plasma
corticosterone
concentrations
are expressed
as nglml plasma.
/r,~r,lrrrlofilro~e.sc,erlc,r
~~zicro.sc~o~~v. Immediately
following
decapitation, the hypothalamus
was dissected
from the brain and fixed in 4%
paraformaldehyde
in 0.1 M phosphate
buffer (pH 7.6) for 2 hr at 4°C.
Subsequently,
tissues were incubated
in 5% sucrose in 0. I M phosphate
buffer for 48 hr at 4°C. Hypothalami
were trimmed,
and up to 42 specimen were embedded
together
in a cryomold
containing
OCT compound. Cryomolds
were frozen in isopentane
cooled with liquid nitrogen and set-ial frontal sections (IO pm) were cut at ~20°C
by using a
motor-driven
cryostat
(Micron
HM 500 M, Walldorf,
Germany).
Adjacent sections were incubated
with rabbit anti-rat/human
CRH antiserum (5Bo. 1500) or with rabbit anti-AVP
antiserum
(Truus, I: 1000) for
2 d at 4°C. The staining
was completed
by incubation
with goat antirabbit antiserum
conjugated
to FITC (TACO,
Burlingham,
CA) for 2
hr at room temperature
(21°C). Thereafter,
the sections were mounted
in Vectashield
anti-fading
medium
(Vector, Burlingame,
CA). For specificity
of the CRH and AVP immunocytochemistry,
see below.
The

antisera were diluted in “incubation
buffer,”
which consists of 0.1 M
Tris-buffered
saline (TBS, pH 7.6) containing
0.5% Triton X-100, 0.2%
BSA, 1% normal
goat serum (NGS,
Dakopatta,
Glostrup,
Denmark).
and 0.01% sodium azide.
Quantification
of the immunocytochemical
staining intensity
was performed as described
previously
(Berkenbosch
and Tilders.
1988; Tilders
et al., 1989; De Goeij et al., 1991, 1992a,b,c,
1993) by using a computer-controlled
microfluorimeter
(Leitz-Combi,
Leitz.
Wetzlar,
Germany). Previous
validation
studies in animals that were manipulated
to
achieve increases or decreases of the CRH content show that the data
obtained
by the quantitative
immunocytochemical
analysis are strongly
correlated
(r = 0.86-0.99)
with data obtained
by radioimmunassay
(Berkenbosch
et al., lY89b; Tilders et al., 1989). This demonstrates
that
changes as determined
by the quantitative
immunocytochemical
analysis are proportional
to changes in the amounts of CRH and AVP stored
in the ZEME.
Briefly,
from each median eminence
three sections were
analyzed
between
the levels A 4100 and A 4500 according
to Koenig
and Klippel
(57). In each section IO measurements
(spot diameter
12.5
pm) were made in the ZEME.
In the same sections, six “background”
measurements
were collected
in the arcuate nucleus.
which does not
show CRH or AVP immunostaining. After background subtraction, the
mean fluorescence
intensity
was calculated
for each ZEME.
Ir,lmurzoe/ec,tror1
micro.sco/~~~
Rats were anesthetized
with sodium
pentobarbital
(I2 m&/100 gm, Nembutal,
Paris, France)
and tixed by
transaortic
perfusion
of the upper part of the body. Perfusion
with 50
ml ice-cold
tyrode buffer (pH 7.6) was followed
by 300 ml of ice-cold
fixative
containing
4% paraformaldehyde
and 0.25% glutaraldehyde
in
0. I M phosphate
buffer (pH 7.6). During fixation,
the perfusion
pressure
was maintained
at IO mmHg. After perfusion,
the brains were removed
and immersed
in the fixative
for 2 hr at 4°C. Subsequently,
the median
eminence
was dissected, washed in 0. I M sodiumcacodylate
buffer (pH
7.3) and postfixed
with 1% osmium
tetroxide
in 0.1 M sodiun-cacodylate buffer for I hr at 4°C. After Araldite
embedding,
ultrathin
(80
nm) frontal
sections were cut at three levels between
A 4100 and A
4500 according
to Koenig and Klippel
(-57). The sections were collected
on uncoated,
300 mesh high transmission
nickel grids (Athene G2003N,
Agar, Stansted, England)
and processed for immunocytochemistry.
For
standardization
of immunostaining,
all sections
from one experiment
were processed
simultaneously.
The sections were subjected
to either
single or double immunostaining
for CRH (rabbit
antiserum
SBo) or/
and vasopressin-neurophysin
(AVP-NP,
mouse monoclonal
PS4l) using
gold-conjugated
secondary
antibodies.
Primary
antibodies
and gold
conjugates
were diluted in incubation
buffer consisting
of PBS (pH 7.6)
with 0.05% acetylated
linearized
BSA (BSA-C),
0.05% Tween 2OR, 5%
normal goat serum (NGS) (all reagents obtained
from Aurion.
Wageningen, The Netherlands)
and 20 mM sodium azide. After etching with
3% HLOL (IO min, 21”C), washing and preincubation
of the sections in
incubation
buffer (to block free aldehydes),
they were incubated
with
SBo diluted
I : 100 or PS4l diluted
I : IO0 or with a mixture
of these
antibodies
(double
staining).
Immunostaining
was
completed
with a
mixture
of goat anti-rabbit
IgG conjugated
with 15 nm gold particles
(for demonstration
of CRH) and goat anti-mouse
conjugated
to IO nm
gold particles
(for demonstration
of AVP-NP;
both conjugates
were diluted I:50 and were obtained
from Aurion
(Wageningen.
The Netherlands). Between
incubations,
sections
were extensively
washed. After
the last incubation,
sections were extensively
washed and postfixed
in
2.5% glutaraldehyde
in phosphate-buffered
saline (pH 7.6) for 20 min
at 21°C. After subsequent
washing in water, the sections were contrasted
with uranyl acetate (5 min 40°C) and lead citrate (4 min 20°C) in an
LKB 2168 Ultrostainer
and examined
in an electron
microscope
(Phillips EM 300A).
CRH immunostaining
was prevented
by incubating
antibody
5Bo
with IO FM r/hCRH4I
for 2 hr at 37°C. Incubation
of sections with
5Bo or PS41 (single staining)
followed
by incubation
with a mixture
of gold-conjugated
secondary
antisera resulted in single/specific
labeling with IO or I5 nm gold particles,
respectively.
depending
on the
primary
antibody.
In a pilot experiment,
the AVP and CRH labeling
densities
were examined
by analyzing
at least 200 secretory
granule
profiles per animal in randomly
taken, standardized
micrographs
of the
ZEME
of two control animals (final magnification
X 60,000).
Analysis
of gold labeling
of the individual
secretory
granules revealed
that the
labeling
densities
of CRH and AVP-NP
were similar to those reported
earlier (Bertini
and Kiss, 1991): approximately
65% of the secretory
granules
were labeled for CRH and about 30% for AVI? The labeling
density for CRH was one to eight gold particles
per secretory
granule
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profile (approximately
200-1600
per pm?), The labeling
densities
for
AVP ranged between one and six Darticles per profile (20&1200
per
pm’). Bavckground
labeling
with both antisera was less than I.5 g&d
particles
per +m’ tissue area and less than 0.5 particles
per pm’ in the
Araldite
outside the tissue.
For the determination
of the fraction
of AVP-NP-labeled
CRH terminals.
SO CRH terminal
profiles
per animal were examined
in two
sections at different
levels in the ZEME.
A terminal
profile was considered to represent
a CRH terminal
if it contained
at least IO CRHlabeled secretory
vesicles.
AVP-NP-containing
CRH
terminals
contained at least two AVP-NP-labeled
secretory
vesicles.
A~zribodiex
For the specificity
of the AVP antiserum
“Truus”
(provided by Dr. R. M. Buijs), see Van der Sluis et al., 1988).
The characteristics
of the monoclonal
antibody
to AVP-neurophysin.

donated by Dr. H. Gainer, are described elsewhere (Ben-Barak et al.,
1985: Whitnall et al., 1985a).
The characteristics of antiserum SBo, as seen in immunospot assays
and in immunocytochemistry, are similar to those of the CRH antiserum
3B3 used in our previous studies (De Goeij et al., 1991, 1992a,b,c,
1993). Immunostaining
was prevented
by preincubation
of 5Bo with IO
FM r/hCRH41
(2 hr, 37”C), whereas
cubation
of SBo with up to 100
oxytocin
(Bachem
Feinchemicalien)

no inhibition
was seen after preinAVP (Sigma,
St. Louis, MO),
or (YMSH
(Ciba
Geigy,
Basel,

FM

Switzerland).
Srcrtisrics.
Data were analyzed
by a one- or two-way
analysis of variance followed
by the Fisher Least Significant
Difference
test or by twotailed t test, unless stated otherwise,
using the NCSS statistical
software
program
(Kaysville,
UT).

Results
Single administration
of IL- 1p induces a marked, long-lasting
increase in AVP stores of the ZEME. This becomes manifest
with a delay of at least 4 d, as illustrated in Figures 1 and 2.
Although AVP stores are not different 1 and 4 d after the ILIp challenge, they increased to 196% of vehicle-injected
controls 7 d after IL-I p injection and remain high after I 1 d (I 80
and 165% in experiment
I and 2, respectively).
Twenty days
after IL-Ip injection, AVP is still elevated to 144% of that in
vehicle-injected
controls, but no differences between vehicle or
IL- 1P-treated groups are found after 40 d. Single administration
of IL-l p does not induce changes in CRH content of the ZEME
at any of the time intervals studied, with the exception of a small
increase to 121% on day 20. In a separate experiment, we found
that the AVP and CRH stores of the ZEME of vehicle-injected
animals do not differ from those of untreated controls at 4, 7,
II, or 20 d after injection (data not shown). Quantitative
immunocytochemical
measurements of the AVP stores in the internal zone of the median eminence, a zone that contains the
projections of magnocellular
AVP neurons to the neurohypophysis, reveals no differences between vehicle and IL-lp-treated groups at any of the time intervals studied (data not shown).
To determine whether the IL-I P-induced
increases of the
AVP stores in the ZEME are accompanied by changes in AVP
content within the secretory terminals of the CRH neurons, median eminences obtained from rats injected with IL- 1p or vehicle
11 d earlier were processed for immunoelectron
microscopy.
Analysis of the ultrathin immunogold
double-labeled
sections
reveals the occurrence of AVP positive and of AVP negative
CRH terminals in the ZEME of rats given vehicle or IL- I p I I
d earlier (Fig. 3). Both CRH and AVP immunoreactivity
is confined to dense-cored secretory gianule profiles that have a mean
diameter of approximately
90-100 nm. Diameters do not differ
between vehicle and IL- 1P-treated groups. Both types of CRH
terminals contain clear vesicles with a diameter of approximately
40-50 nm both in vehicle and IL- 1 P-treated groups (Fig. 3). In
the AVP-containing
population
of CRH terminals, secretory
granules are labeled to a variable degree for the two peptides.

Besides secretory granules showing both CRH and AVP immunoreactivity,
other secretory granules are found that show
only CRH or AVP immunoreactivity
(Fig. 3). Quantitative analysis shows that the fraction of CRH terminals costoring AVP
has increased from 40.3 ? 4. I o/o in vehicle controls to 63.3 +
4.6% 07 < 0.0 1) in IL- I P-treated rats 1 1 d after single administration (Table I). Further analysis reveals that there are no
differences between vehicle and IL-l P-treated groups in the
numbers of secretory granules per terminal profile (Table 2) nor
in the labeling densities of the secretory granule protiles (Fig.
4). In both groups, approximately
40 % of the secretory granule
profiles are not labeled for CRH and 7.5% not labeled for AVP
(Fig. 4). Furthermore,
the CRH labeling densities of secretory
granules in non-AVP-containing
CRH terminals did not differ
from that in AVP-containing
CRH terminals (Fig. 4) for both
vehicle and IL- I P-treated groups. In the AVP-containing
CRH
terminals of both vehicle and IL-l P-pretreated groups, about
half of the AVP-labeled
secretory granule protiles are singly
labeled for AVP (59.6 and X.3%, respectively, data not shown).
Terminals that are only labeled for AVP are only incidentally
found in the ZEME and contained dense-cored secretory granules with a mean diameter of approximately
I75 nm, which is
similar to those found in the zone interna of the median eminence and therefore are derived from magnocellular
neurons.
The changes in the AVP stores in the ZEME as depicted in
Figure 2 are not associated with reproducible
changes in the
resting levels of plasma ACTH or corticosterone
as measured
during the trough of the diurnal cycle. Analysis of these and of
four additional experiments reveals that resting ACTH and corticosterone concentrations in plasma are significantly elevated in
three out of six experiments
at day II (increases were up to
125% and 400% of vehicle control levels for ACTH and corticosterone, respectively). Elevated ACTH and corticosterone levels are not correlated across the experiments. The mean plasma
levels of vehicle treated controls in these experiments are SO74 pg/ml ACTH and 3.5-35 rig/ml corticosterone,
which is not
different from values generally found in untreated controls in
our animal facilities.
In order to determine possible long-term effects of single IL1p exposure on the responsiveness of the HPA axis to stressors,
rats are given a second injection with either vehicle or IL- I p (I
kg/kg) 11 d later, and plasma concentrations
of ACTH and corticosterone are measured 2 hr later, when these responses are
(near) maximal (Berkenbosch
et al., 1987; Uehara et al., 1987;
Schotanus et al., 1993). In rats given vehicle I I d earlier, administration of vehicle results in mean plasma ACTH and corticosterone levels of 56 pg/ml and 7 rig/ml, respectively. Injection of vehicle in IL-lfi pretreated rats results in slightly higher
(68 + 2 pg/ml, I> < 0.05) ACTH levels as compared to those
of vehicle pretreated rats, but does not result in different (10 ?
3 rig/ml) corticosterone
levels. Administration
of IL-lp to vehicle-pretreated
rats elevates plasma ACTH and corticosterone
levels to 139 5 50 pg/ml and to 92 + 33 rig/ml, respectively @
< 0.01 vs vehicle-injected
controls). IL- 1P-induced ACTH and
corticosterone
levels in IL- I P-pretreated
rats are approximately
twice as high as those found in vehicle-pretreated
rats (I, < 0.01)
(Fig. 5) and are 284 2 36 pg/ml and 173 -+ 39 rig/ml, respectively.
To study whether the IL- I P-induced
long-term hyperresponsiveness to IL-lp is stimulus specific, groups of rats that have
been injected with vehicle or IL- 1p I I d earlier, are exposed to
electric footshocks. Pilot studies revealed that after 20 min of

Figure 1. Micrograph showing immunofluorescence staining of AVP (A and B) and CRH (C and D) in adjacent frontal sections of the ZEME of adult rats. A and D, Animal given
vehicle 11 d earlier. B and D, Animals given a single injection of IL-1B (5 kg/kg i.p.) 11 d earlier. Note IL-l B-induced increase of AVP immunostaining in external zone of the median
eminence (ZEME) (A vs B), but no change in CRH immunostaining (C vs D). Bar: 100 pm.
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Figure 2. AVP and CRH in the ZEME at different intervals (l-40 d)
after a single administration of vehicle (gray bars) or IL- 1B (hatched
bars). Results from two independent experiments (experiment 1; experiment 2) are expressed as percentage of mean values of time-matched
vehicle-treated groups. Data are presented as mean and SEM (n = 8).
*p < 0.05,**p < 0.01, ***p < 0.0001 vs time-matched vehicle group.

Figure 3. Electronmicrograph
showingtwo phenotypes
of CRHterminals in the external zone of the median eminence of a rat. A, Terminal
containing secretory granules showing only CRH immunoreactivity (15
nm gold, arrowheads). B, Terminal containing granules exhibiting immunoreactivity for CRH and/or AVP-neurophysin (10 nm gold particles,
arrows). Note the heterogeneity in labeling density between granules.
c: clear vesicles; m: mitochondrion. Bar: 500 nm.

stores(44% depletion,p < O.Ol), without a detectabledecrease
of the CRH content in the ZEME of IL- 1P-pretreated rats.
footshocks,plasmaACTH levels are still high andcorticosterone
levels peak (data not shown). As illustrated in Figure 6, ACTH
and corticosteronelevels of footshockedrats are elevatedin both
vehicle and IL- 1P-pretreatedgroups(p < 0.01 vs untreatedcontrols). However, the ACTH and corticosteronelevels in the ILI@-pretreated group are higher than those in the vehicle-pretreated group (676 +- 120 vs 436 +- 60 pg/ml ACTH and 193
? 17 vs 150 + 8 rig/ml corticosterone,respectively @ < 0.05).
In view of our observations that exposure of rats to IL-lp
induceshyperresponsiveness
of ACTH to stimuli 11 d later, we
studied the acute effects of a second IL-lfi challenge on the
peptide stores in the ZEME in IL-l p or vehicle pretreated
groups.Data are obtained from the sameexperiment as shown
in Figure 5. A pilot experiment revealed that vehicle challenge
in vehicle or IL-l p pretreated rats does not affect the AVP or
CRH storesas comparedto thosein unchallengedcontrols (data
not shown). As illustrated in Figure 7, IL-l@ does not lead to
acute changesin the CRH or AVP storesin the ZEME of rats
given vehicle 11 d earlier. In accordancewith data presentedin
Figure 2, IL- I p, given 11 d earlier, causesa significant increase
(p < 0.001) of the AVP storesin the ZEME to 203% of vehiclepretreatedcontrols, but no changein the CRH stores.In contrast
to the absenceof acute IL-lfi effects in the vehicle-pretreated
group, IL-l p causesa marked reduction of the elevated AVP

Discussion
In the presentstudy we demonstratethat transient activation of
hypothalamic CRH neuronsof adult rats by a single peripheral
administrationof IL- 1p inducesa remarkableform of neuronal
plasticity, i.e., a delayed and long-lasting increaseof the AVP
storesin CRH terminals of the ZEME. In addition, we provide
evidence that this increaseinduceshypersecretionof AVP and
a subsequenthypersecretionof ACTH and corticosteronein responseto later stressors.
The increaseof the AVP storesin the ZEME, which appears
Table 1. Long-term effect of IL-ID
terminals in the ZEME

VEH
IL-l@

on the phenotype of CRH

Numbers of CRH terminal profiles
AVP+
AVP-

AVP+
% total CRH

18.3 5 2.5
30.0 2 2.8

40.3 t 4.1
63.3 -c 4.6*

27.7 -e 3.4
11.5 + 2.4

Eleven days after single administration
of vehicle (VEH) or IL-l@ rats were
sacrificed. ZEME was analyzed by quantitative
immunoelectron
microscopy
using postembedding
immunogold
double-labeling
for CRH and AVP-NI? Data
are presented as mean ? SEM (n = 4-5).
* p < 0.01 versus VEH.
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Table 2. Long-term effect of IL-lp
granules in CRH terminals

Hyperresponsiveness

of the HPA Axis

on the numbers of secretory

ACTH

CORT

(pg/ml)

(nglml)

Number of secretory granules
per CRH terminal profile
VEH
IL-1p
For details.

see Table

AVP+ profiles

AVP-

profiles

40.7 k 6.3
39.8 2 4.9

38.7 + 4.2
44.6 + 5.5

1 note.
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CRHl

Day 1:
Day 11:

VEH
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VEH
IL-1

IL-1
VEH

VEH
VEH

IL-1
IL-1

VEH
IL-1

IL-I
VEH

IL-1
IL-1

Figure
5. Effect of IL-1B on plasma ACTH and corticosterone
(CORT) concentrations in rats given a single dose of vehicle (VEH,
gray bars) or IL-l f3 (IL-l,
hatched bars) 11 d earlier. On day 11, each
group received vehicle or IL-1B (1 pg/kg) and were sacrificed 2 hr
later. Data are presented as mean and SEM (n = 6-S). **p < 0.01.
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with a delay of severaldays and persistsfor at least 3 weeks,is
not accompaniedby appreciablechangesin the CRH stores.The
phenomenadescribedaboveresemblethoseseenafter prolonged
periods(weeks)of chronic (e.g., psychosocial)or repeatedstress
(e.g., immobilization, hypoglycemia) (De Goeij et al., 1991,
1992a,b;Bartanuszet al., 1993;Tilders et al., 1993).Also, under
theseconditionsa progressiveincreasein AVP storesis preceded by a period of several days in which AVP stores do not
change(De Goeij et al., 1992a).The similarity in the time courses of the AVP changesin the ZEME lead us to proposethat
slowly developing effects to the first challengerather than cumulative effects of repeatedexposuresmay underliethe changes
seenduring chronic or repeatedstress.
Electron-microscopicanalysisshowsthat the increaseof AVP
storesin the ZEME, as observed11 d after singleadministration
of IL-l& is accompaniedby a 60% increaseof the fraction of
the CRH terminalsin the ZEME that costoreAVl? Becauseneither the density of the secretory granulesin the terminals, nor

100 (
A CTH

*

(pg/ml)

P

:ORT

(rig/ml)

25
0
0

1

2345678

Goldparticles/Secretory

granule

Frequency histograms of CRH and AVP-neurophysin labeling of secretory granules in CRH terminals of the ZEME. A, CRH
labeling densities of secretory granules in non-AVP-containing
CRH
terminals. B, CRH labeling densities of secretory granules in AVP-containing CRH terminals. C, AVP labeling densities of secretory granules
in AVP containing CRH terminals. (Each panel based on analysis of
600 secretory granules per rat, two per group). Bars show relative frequency versus the numbers of gold particles per secretory granule profile after a single administration of vehicle (gray bars) or of IL-1B (5
pgkg,
hatched bars) 11 d earlier.

Day 1:
Day 11:

Contr

VEH

Contr

FS

IL-I
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Contr
Contr

VEH
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IL-1
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Figure
6. Effect of electric footshocks (FS) on plasma ACTH and
corticosterone (COR7) concentrations in rats given a single dose of
vehicle (VEH, stippled bars) or IL-I p (IL-I, hatched bars) 11 d earlier.
Twenty minutes after the onset of the footshock session the animals
were sacrificed. Black bars: nonshocked controls (Contr). Data are presented as mean and SEM (control: n = 4; shocked groups: n = 8). *p
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CRH

AVP
G--l

Day 1:
Day 11:

VEH
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VEH
IL-l

IL-1
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IL-I
IL-I

VEH
VEH

VEH
IL-I

IL-1
VEH

IL-1
IL-I

Figure
7. Acute effects of IL-I@ on AVP and CRH stores of the
ZEME in rats given a single dose of vehicle (VEH, gray bars) or IL18 (hatched bars) 11 d earlier. For details, see legend of Figure 5.
Rks;lts are expressed as percentage control (vehicl&hallengei
group
pretreated with vehicle 11 d earlier: 100%). Bars represent mean and
SEM (n = 6-8). *p < 0.01, n.s. not significant.

the CRH and AVP immunoreactivitiesof the secretory granules
are grossly affected, the increasein the AVP storesappearsprimarily related to increasednumbersof CRH terminals that costore AVP, as demonstratedin the presentstudy. Becausethis is
associatedwith increasedAVP secretion (see below), we presumethat the increasein AVP storesresultsfrom increasedAVP
synthesisin CRH neurons. Recently, we reported similar increasesin the fraction and numbersof AVP costoring CRH terminals of rats exposedto chronic intermittent stress(De Goeij
et al., 1991; Bartanusz et al., 1993). This shift in the peptide
makeupof CRH nerve terminals in the ZEME was parallelled
by an increasedfraction of CRH neuronsin the mediodorsalpart
of the PVN that coproduce AVP (De Goeij et al., 1992~) and
by increasednumbersof parvocellular PVN neuronsthat express
AVP mRNA (Bartanuszet al., 1993). Apparently, chronic intermittent and single exposureto a stressorinduce the sameform
of neuronal plasticity, i.e., transition of non-AVP-producing
CRH neuronsinto the AVP coproducing phenotype.
A similar increasein the fraction of AVP costoring CRH terminalsin the ZEME and in the proportion of CRH neuronsthat
coproduceAVP or coexpressAVP mRNA, is induced by adrenalectomy (Zimmermanet al., 1977; Bugnon et al., 1983; Tramu
et al., 1983; Kiss et al., 1984; Sawchenkoet al., 1984; Davis et
al., 1986; Sawchenko, 1987; Whitnall et al., 1987a;Bertini and
Kiss, 1991). It has been proposedthat this phenotypic shift is
due to the absenceof inhibitory effects of glucocorticoids on
AVP production (Sawchenko,1987). Instead,we previously postulated that hyperactivity of CRH neurons,which is a common
denominatorof stressand adrenalectomy,causesCRH neurons
to shift from the non-AVP-producing into the AVP-coproducing
phenotype (Tilders et al., 1993). Together with our presentdata,
thesefindings implicate that this phenotypic shift can occur irrespectiveof the exact paradigmusedto activate the CRH neuron. Although the cellular mechanismsunderlying the phenotypic changesremain elusive, it should be noted that transcription
and translation of the prepro AVP-gene is more sensitive than
that of the prepro CRH-gene for the inhibitory actions of corticosteroids (Swanson, 1991; Bertini et al., 1993) and ACTH
(Sawchenko, 1989). Therefore, we speculatethat reduced effi-

of Neuroscience,

November

1995,

15(11)

7423

cacy of glucocorticoid and/or ACTH feedback may contribute
to selective hyperproduction of AVP in CRH neurons.
The mechanisminvolved in the delay of the IL-l&induced
phenotypic shift of CRH neurons remainsenigmatic. In PVN
neurons,stressorscan increaselevels of CRH and AVP mRNAs
within 30 min (Suda et al., 1990; Harbuz et al., 1991, 1992;
Herman et al., 1992; Imaki et al., 1992) and newly formed peptides can reach the terminalsof the ZEME fast enoughto maintain AVP and CRH storesin the ZEME at a fairly constantlevel,
even during the course of most stimuli (Berkenbosch et al.,
1989a,b; Tilders et al., 1989, 1993; De Goeij et al., 1992a).
Therefore, the delayed increaseof the AVP storesseemsnot to
be related to intrinsic delays in peptide production or transport.
Instead, the slowly developing changesmay evolve from singleevent-induced cascadesof gene-mediatedprocesseswithin the
CRH neuronsor in the brain circuits involved in the stressresponse.The latter possibility is supportedby the gradual developing (days) and long-lasting (weeks)behavioral and autonomic
hyperactivity following exposure of rats to a single sessionof
electric footshocks(van Dijken et al., 1992a,b).
Discordant data have been presentedconcerning the involvement of AVP in the acute ACTH responseto IL-lp. We and
others reported that IL-1 P-induced ACTH responsesare primarily driven by CRH (Uehara et al., 1987; Sapolsky et al.,
1987; Berkenbosch et al., 1987, 1989a; Saphier and Ovadia,
1990; Spinedi et al, 1992). Others focused on the involvement
of AVP in theseresponses(e.g., Whitnall et al., 1992;Watanobe
and Takebe, 1993). Our presentfindings may explain thesediscordancies,aswill be briefly discussed.It can be anticipatedthat
secretionof CRH and/or AVP result in an acute decline of the
storesof thesepeptidesin the ZEME. Nonetheless,exposureof
naive rats to IL- 1p doesnot lead to overt depletion of the CRH
or AVP stores(present study) becausefast axonal transport effectively compensatesfor peptide lossesin the ZEME. Indeed,
blockade of fast axonal transport reveals that IL-1 p inducesa
progressivedecline of CRH stores(15% per hour) but doesnot
affect AVP in the ZEME (Berkenboschet al., 1987, 1989a).This
illustratesthat IL-1 p inducesselective releaseof CRH, possibly
by activating non-AVP-producing CRH neuronsin naive rats.
In contrast, rats that have beenpreexposedto IL- 1p 11 d earlier
show a marked IL-l@-induced depletion of AVP (presentdata)
even without blockade of axonal transport. Thesedata clearly
show that preexposureto IL-lp causesa shift of the ACTH
releasing signal towards hypersecretion of AVP in responseto
a subsequentIL- 1p challenge. Therefore, we conclude that the
involvement of AVP in the IL- 1P-induced ACTH secretiondepends on the phenotypic state of the CRH neurons,which is
affected by the recent stressor immune history of the animals
(long-term effects of single events). In fact, the samemay hold
for discrepanciesreported concerning the contribution of AVP
in the control of the ACTH responsesto other stressorsas well
(Berkenboschet al., 1989b; Plotsky, 1985; Plotsky et al., 1985;
De Goeij et al., 1992a).
BecauseAVP potentiatesthe ACTH releasingeffects of CRH
(Gillies et al., 1982; Rivier and Vale, 1983; Linton et al., 1985;
Antoni, 1986) cosecretionof AVP is anticipated to result in a
more powerful hypothalamic signaldriving the ACTH secretion.
Indeed, the ACTH and subsequentcorticosterone responsesto
IL- 1p are potentiated in IL-1 p preexposedrats as comparedto
those in vehicle preexposedcontrols. Exaggerated ACTH and
corticosteroneresponsesare also found when IL- 1p pretreated
rats are exposedto footshocks.This excludesthe possibility that
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HPA hyperresponsiveness
is due to a specific hypersensitivity
to
IL-I B. Taken together, these data made us conclude that the ILI@induced
long-lasting
phenotypic shift of CRH neurons towards the AVP coproducing
phenotype leads to an increased
contribution
of AVP to the hypothalamic
signal driving the
ACTH response to a stressor. Also, adrenalectomy
and chronic
stress-induced increases in AVP stores in the ZEME are associated with increased secretion of AVP (De Goeij et al., 1992a,
1993). Whether or not IL-l-induced
increases in AVP stores is
also associated with hypersecretion
of AVP under resting conditions, is not clear. Our observations at the nadir of the diurnal
cycle are not conclusive and require additional information during the zenith of the diurnal cycle, a period during which the
plasma ACTH and corticosterone levels are highly dependent on
the activity of the hypothalamic
CRH neurons (Van Oers and
Tilders, I99 I, Van Oers et al., 1992).
It should be noted that chronic intermittent stress and longterm adrenalectomy are also accompanied by an increased AVP/
CRH ratio of the hypothalamic
signal driving ACTH secretion
(Plotsky and Sawchenko,
1987; Fink et al., 1988; Spinedi et al.,
1991; De Goeij et al., 1992a. 1993). However, repeated stress
usually does not result in ACTH and corticosterone
hyperresponses, unless animals are exposed to a novel stimulus (Amario
et al., 1988; Hauger et al., 1990; Rivest and Rivier, 1991; Scribner et al., I99 I ). Apparently, the increased power of the different
elements of the HPA axis (Dallman, 1993) induced by repeated
(chronic) stress is compensated for by stimulus-specific
habituation processes. In addition,
chronic stress can cause hyposensitivity to CRH and downregulation
of CRH receptors, a process
that is facilitated by AVP (Holmes et al., 1987; Hauger et al.,
1988). However, because single exposure to IL-I B or footshocks
(Mos et al., in preparation) both induce a long-lasting hyperresponsive state, we propose that such habituating mechanisms do
not become effective following
single exposure to a stressor.
It is known that bacterial infection, surgical trauma, burns,
and other forms of tissue injury cause inflammatory
responses
that lead to the production of IL- I B and other proinflammatory
cytokines (Dinarello,
1988; Michie et al., 1988; Cannon et al.,
1990; Berkenbosch,
1994; Berzi and Nagy, 1994; Tilders et al.,
1994; Hopkins and Rotwell, 199.5; Rotwell and Hopkins, 1995).
Inllammation
is associated with activation of the HPA axis and
glucocorticoids
are considered to play an essential role in restraining acute phase reactions as well as many steps in humoral
and cellular immune responses (Munck et al., 1984; Berkenbosch, 1994; Berzi and Nagy, 1994). Furthermore,
IL-I B is
known to mediate the acute and transient activation of the HPA
axis in response to certain inflammatory
stimuli, i.e., endotoxin
(e.g., Uehara et al., 1987; DeRijk et al., 1991; Schotanus et al.,
1993; Tilders et al., 1994). Because IL- I B induces a delayed and
long-lasting hyperresponsiveness
of the HPA axis, we speculate
that inflammation-associated
acute activation of the HPA axis
may induce delayed and long-lasting
changes in the HPA axis
that serve to remodel the immune responses to later challenges.
CRH neurons in the PVN that project to the ZEME form only
one element of the CRH system in the brain and CRH neurons,
nerve fibers, as well as CRH receptors are present in many brain
structures (Sawchenko et al., 1993; De Souza and Grigoriadis,
1995). Of these CRH systems, CRH neurons in the PVN are
most clearly involved in the coordination
of (neuro)endocrine,
metabolic, immune, and behavioral aspects of the stress response
(Vale et al., 1983; Dunn and Bet-ridge, 1990; Elkabir et al., 1990;
Chrousos and Gold, 1992; Bonaz and TachC, 1994). According-

ly, in addition to CRH neurons projecting to the ZEME, the PVN
also harbors CRH neurons projecting
to various areas in the
brainstem that are associated with the control of behavioral and
vegetative functions (Swanson et al., 1987; Swanson,
1991;
Chrousos and Gold, 1992). Because several behavioral and other
effects of CRH are potentiated by AVP (e.g., Elkabir et al.,
1990) our observations
raise the challenging
possibility
that
long-term hyperproduction
and hypersecretion of AVP as found
for the CRH neurons that control ACTH secretion, may also
apply for CRH neurons in the PVN controlling other functions.
If so, the long-lasting behavioral, autonomic, and (neuro)endocrine
stress-hyperresponses
induced by single exposure to electric
footshocks (van Dijken et al., 1992a,b) and to IL-IB (present
study) may relate to phenotypic changes (hyperproduction.
-storage, and -release of AVP) in such CRH neurons. This possibility,
that needs to be studied in further detail, may have major consequences for our understanding
of stress hypersensitivity
syndromes.
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