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Release of Vasopressin within the Rat Paraventricular Nucleus in
Response to Emotional Stress: A Novel Mechanism of Regulating
Adrenocorticotropic Hormone Secretion?

Carsten T. Wotjak, Masaharu Kubota, Gudrun Liebsch, Alexandra Montkowski, Florian Holsboer,

Inga Neumann, and Rainer Landgraf
Max Planck Institute of Psychiatry, 80804 Munich, Germany

The effects of emotional stressors on the release of arginine
vasopressin (AVP) and oxytocin (OXT) within the rat hypothal-
amus and the origin and physiological significance of AVP
released within the hypothalamic paraventricular nucleus (PVN)
were investigated. First, adult male Wistar rats with a microdi-
alysis probe aimed at the PVN or the supraoptic nucleus were
exposed to either a dominant male rat (social defeat) or a novel
cage. Release of AVP within the PVN was significantly in-
creased in response to social defeat but not to novelty. In
contrast to an activation of the hypothalamic—pituitary—adrenal
(HPA) system, neither stressor stimulated the hypothalamic—
neurohypophysial system (unchanged plasma AVP and OXT
and unchanged release within the supraoptic nucleus [AVP]
and the PVN [OXT]). Next, we demonstrated by simultaneous
microdialysis of the suprachiasmatic nucleus and the PVN that
AVP measured in PVN dialysates during social defeat was

probably of intranuclear origin. Finally, a mixture of a V1 AVP
and the a-helical corticotropin-releasing hormone (CRH) recep-
tor antagonists administered via inverse microdialysis into the
PVN caused a significant increase in the plasma adrenocorti-
cotropic hormone (ACTH) concentration compared with
vehicle-treated controls both under basal conditions and during
social defeat, indicating inhibitory effects of intra-PVN-released
AVP and/or CRH on HPA system activity. The antagonists failed
to affect anxiety-related behavior of the animals as assessed
with the elevated plus-maze. Taken together, our results show
for the first time that AVP is released within the PVN in response
to an emotional stressor. We hypothesize that this intranuclear
release provides a negative tonus on ACTH secretion.
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Within the mammalian brain, the nonapeptides arginine vasopres-
sin (AVP) and oxytocin (OXT) are synthesized in, transported by,
and secreted from two distinct classes of neurons (Sofroniew,
1983). Magnocellular vasopressinergic and oxytocinergic neurons
of the hypothalamic paraventricular (PVN), supraoptic (SON),
and accessory nuclei constitute the hypothalamic—neurohypophy-
sial system (HNS) (Hatton, 1990), whereas parvocellular vaso-
pressinergic neurons are found in the hypothalamus within the
suprachiasmatic nucleus (SCN) and the parvocellular part of the
PVN (de Vries et al., 1985). The latter represents the origin of the
hypothalamic—pituitary—adrenal (HPA) system as its neurons
project predominantly to the external layer of the median emi-
nence (Alonso and Assenmacher, 1981), where AVP and
corticotropin-releasing hormone (CRH) are released into the
portal blood to act synergistically as secretagogues of the adreno-
corticotropic hormone (ACTH) at the adenohypophysis (Plotsky,
1991; Antoni, 1993; Whitnall, 1993).

In the past 30 years, evidence had been accumulated that AVP
and OXT act not only as hormones in the blood circulation
(Cunningham and Sawchenko, 1991), but also as neuromodula-
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tors/transmitters within the CNS (de Wied et al., 1993; Landgraf,
1995). In fact, endogenous, centrally released AVP seems to be
critically involved in a variety of brain functions, including learn-
ing, memory, and emotionality (de Wied et al., 1993; Landgraf et
al., 1995a; Engelmann et al., 1996). However, central effects of
AVP have been revealed mainly by pharmacological approaches,
which presuppose the intracerebral release of the neuropeptide.
Thus, the measurement of dynamic changes in the concentration
of extracellular AVP in distinct brain areas under defined exper-
imental conditions would provide a missing link for the physio-
logical involvement of the endogenous neuropeptide in the regu-
lation of autonomic, endocrine, and behavioral parameters. In this
context, the introduction of push-pull perfusion and microdialysis
as microinvasive perfusion techniques has allowed monitoring of
the release of AVP and OXT not only from nerve terminals in
projection areas (Demotes-Mainard et al., 1986; Neumann and
Landgraf, 1989; Landgraf et al., 1990, 1991) but also at the site of
their synthesis (Neumann et al., 1993a; Landgraf, 1995; Landgraf
et al., 1995b; Ludwig, 1995).

So far, however, little information is available about the intra-
hypothalamic release of these neuropeptides under physiological
rather than pharmacological conditions. Although some authors
have monitored changes in the release of OXT within the SON
and PVN during parturition and in response to suckling in the
lactating rat (Moos et al., 1989; Neumann et al., 1993a), there are
no reports about changes in AVP release within the hypothalamus
in a similar, naturally occurring and challenging situation. The
present study was designed to demonstrate changes in the intra-
hypothalamic release of AVP in response to ethologically relevant
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stimuli. Because (1) central AVP seems to be critically involved in
the general stress response of the organism, especially with re-
spect to the regulation of the HPA system (van Dijk et al., 1981;
Kalsbeek et al., 1992); (2) the PVN represents the hypothalamic
origin of the HPA system, integrating autonomic, endocrine, and
behavioral responses to stress (Kiss, 1988; Swanson, 1991); and
(3) AVP is synthesized and released within this nucleus in detect-
able amounts (Landgraf, 1995; Ludwig, 1995), in a first series of
experiments we studied AVP release within the PVN of male
Wistar rats during exposure to emotional stressors (social defeat,
novel cage). To evaluate the extent to which both the HPA system
and the HNS were activated by emotional stress, we measured
plasma ACTH, corticosterone, OXT, and AVP. In addition, we
monitored the release patterns of AVP within the SON and of
OXT within the PVN, which are thought to reflect the state of
activity of the magnocellular nonapeptidergic system. In two ad-
ditional series of experiments, we investigated possible sources of
AVP detected in dialysates from the PVN and the physiological
significance of intra-PVN-released AVP.

Parts of the present study have been published previously in
abstract form (Wotjak et al., 1995).

MATERIALS AND METHODS

Experiments were carried out on adult male Wistar rats [320-370 gm
body weight (b.w.)] that were housed in groups of six in the breeding unit
of the Max Planck Institute under standard laboratory conditions (12:12
light/dark cycle with lights on at 7:00 A.M., 22 * 1°C, 60% humidity, and
food and water ad libitum) for at least 1 week after delivery from the
supplier (Charles River, Sulzfeld, Germany).

Surgery

Surgery was performed under halothane (experiments 1 and 3) or ure-
thane anesthesia (experiment 2: ethyl carbamate, 1.2 gm/kg b.w. i.p., 25%
w/v solution).

Microdialysis. Before its implantation, a U-shaped microdialysis probe
(dialysis membrane: molecular cutoff of 18 kDa; Hemophan, Gambro
Dialysatoren, Hechingen, Germany) (for a detailed description, see Neu-
mann et al., 1993b) was flushed and filled with sterile Ringer’s solution
(147.1 mM Na*, 2.25 mm Ca®*, 4 mm K™, 155.6 mm Cl-, pH 7.4;
Fresenius, Bad Homburg, Germany). The probe was then stereotaxically
implanted according to the atlas of Paxinos and Watson (1986) with its tip
aimed at either the right PVN (experiment 1: 1.5 mm caudal to bregma,
1.6 mm lateral to midline, 8.9 mm beneath the surface of the skull, angle
of 10° to avoid sagittal sinus damage; nose: —3.5 mm) or the right SON
(experiment 1: 0.6 mm caudal to bregma, 1.7 mm lateral to midline, 9.4
mm beneath the surface of the skull) or between the two PVN (experi-
ment 3: 1.5 mm caudal to bregma, 1.3 mm lateral to midline, 8.9 mm
beneath the surface of the skull, angle of 10°). In experiment 2, two
microdialysis probes were lowered into the brain so that their tips reached
the right SCN (1.4 mm anterior to bregma, 1.1 mm lateral to midline, 9.8
mm beneath the surface of the skull, angle of 6°, nose +5 mm) or the
right PVN. The probes were secured with dental cement to two stainless
steel screws inserted into the skull. Afterward, two pieces of PE-20
polyethylene tubings (adapters, 5 cm long each) were filled with Ringer’s
solution, connected to the probes, and fixed with dental cement. At the
end of surgery, animals received a subcutaneous injection of an antibiotic
(Tardomycel, Bayer, Leverkusen, Germany) and were housed singly in
polycarbon cages (23 X 39 X 36 cm?) until testing.

Jugular venous catheter. Rats were implanted with jugular venous cath-
eters under aseptic conditions (experiments 1 and 3). The jugular vein
was exposed by blunt dissection, and a small incision was made using
iridectomy scissors. The catheter, consisting of a silicone tubing (3.5 cm
long; Dow Corning) and a PE-50 polyethylene tubing (15 cm long), was
inserted into the vein ~3 cm in the cardial direction, ligated to the vessel,
tunneled subcutaneously, and exteriorized at the neck of the animal. The
cannula was filled with sterile saline containing gentamicin (30,000 U/
rat; Centravet, Bad Bentheim, Germany).

Stressors

Social defeat. This procedure, adapted with modifications from Miczek
(1979), consisted of placing the experimental animal in the home cage of
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Figure 1. Social defeat. The experimental rat was exposed to a dominant
male rat (resident, housed together with a female) for 30 min. The
resident attacked the intruder rat, which subsequently showed submissive
body postures. Wire mesh prevented physical contact between the in-
truder and the other animals and put emphasis on the emotional compo-
nent of the stressor. The intruder was dialyzed during the stress exposure.

a dominant male resident (Wistar rats from our own breeding colony,
500-600 gm b.w., housed together with a female) that had been trained
to be aggressive toward intruders. The intruder was attacked and subdued
by the residents within the first 5 min of the exposure encounter. Imme-
diately after the first attack, intruder and residents were separated by wire
mesh, allowing visual and olfactory contact, but preventing further phys-
ical contact (Fig. 1). Social defeat was considered successful if the
intruder showed submissive body postures according to Koolhaas et al.
(1980) or freezing behavior for at least 15 min during the 30 min stress
exposure.

Novel cage. In this paradigm, animals were placed in a novel cage.
Similar to social defeat conditions, wire mesh was inserted that restricted
the experimental animal in one part of the cage.

Experiments

After surgery, rats were handled for 3 min twice a day to familiarize them
with the microdialysis and blood collection procedures and to minimize
nonspecific stress responses during the experiments with conscious ani-
mals. Experiments were performed between 8:00 A.M. and 2:00 P.M.

Experiment 1: effects of emotional stressors on central and peripheral
release of AVP and OXT and on HPA system activity. Two days after
surgery, one adapter of the microdialysis probe was connected to a
microinfusion pump with a PE-20 tubing. The other adapter was
equipped with a tube holder that allowed sample collection in a 1.5 ml
Eppendorf tube (containing 10 wl 0.1N HCI) (Fig. 1). Microdialysis
probes were initially perfused with 3.3 ul/min of sterile Ringer’s solution
for 2.5 hr. During this time period, sample collection was simulated by
changing the Eppendorf tubes every 30 min and discarding the dialysates.
After this adaptation period, five consecutive 30 min dialysates were
collected and immediately stored on dry ice. Animals were exposed to
one of the two different emotional stressors (social defeat or novel cage)
during the third dialysis interval.

To monitor stress-mediated alterations in endocrine parameters,
plasma ACTH, corticosterone, AVP, OXT, and lactate concentrations
were measured in two other groups of animals. On the fourth day after
surgery, the end of the jugular venous catheter was opened and attached
to extension tubing that was connected to a plastic syringe. The catheter
was then flushed with sterile heparinized saline (20 IU/ml; Ratiopharm,
Ulm, Germany). Thereafter, the rats remained undisturbed for 2.5-3 hr.
Blood samples (0.6 ml) were taken 30 min before and then at 15, 45, and
105 min after onset of a 30 min exposure to one of the two stressors and
replaced by sterile saline. Blood samples were collected in prechilled
tubes containing EDTA and a protease inhibitor (10 ul Trasylol, Bayer)
and centrifuged (5 min, 4000 rpm, 4°C). Plasma samples were stored at
—80°C until measurement of ACTH (50 ul plasma), corticosterone (10
wl), lactate (50 ul), and AVP and OXT (160 wl).

Experiment 2: effects of stimulation of the SCN on AVP release within the
PVN. After implantation of the microdialysis probes, the urethane anes-
thetized animals were placed on heating pads to ensure a stable body
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temperature of 37°C. Microdialysis probes were connected to a microin-
fusion pump (see experiment 1) and perfused with 3.3 wl/min of Ringer’s
solution for 2 hr. Afterward, seven consecutive 30 min dialysates were
collected and stored on dry ice. The SCN was locally stimulated by
dialyzing with a high K* solution (56 mMm in Ringer’s solution) (The
concentration of Na™ was reduced to keep the osmolality of the dialysis
medium in a physiological range.) during the third dialysis interval and
with 1 M NaCl-hypertonic Ringer’s during the fifth dialysis interval. The
PVN was simultaneously dialyzed with Ringer’s solution. The dialysis
medium of the PVN was switched to hypertonic solution during the
seventh dialysis interval to confirm the precise localization and proper
functioning of the microdialysis probe ante mortem (Neumann et al.,
1993a).

Experiment 3: physiological significance of AVP released within the PVN.
Four days after surgery, animals equipped with both a jugular venous
catheter and a microdialysis probe placed between the two PVN were
connected to a blood sampling syringe and a microinfusion pump (see
experiment 1). Two hours later, the microdialysis probes were perfused
with Ringer’s solution for 30 min. Thereafter, the microdialysis medium
was switched to Ringer’s solution (controls) or Ringer’s solution contain-
ing a mixture of the V1 AVP receptor antagonist d(CH,)sTyr(Me)AVP
(10 pg/ml, Dr. M. Manning, Medical College of Ohio, Toledo, OH) and
a CRH receptor antagonist (a-helical CRHy_4;; 10 ug/ml, Sigma, De-
isenhofen, Germany) by changing the tubings at the adapter, and animals
were dialyzed for 30 min (Presupposing a comparable passage of the V1
or CRH receptor antagonists and AVP through the dialysis membrane, a
total amount of ~5 ng of the antagonists was delivered into the PVN area
during a 30 min perfusion period.) (Engelmann et al., 1992). Rats were
then exposed to social defeat for another 30 min under ongoing micro-
dialysis with the respective dialysis medium. Immediately after the stress
exposure, animals were disconnected from the microinfusion pump/blood
sampling syringes and tested on the elevated plus-maze according to the
procedure described by Liebsch et al. (1995). The following behavioral
parameters were measured for 5 min by means of a video setup: (1)
entries into open arms (ratio of open-arm entries to total number of
entries into all arms); (2) time spent on the open arms (ratio of time spent
on open arms to total time spent on all arms); and (3) overall activity
(total number of entries into enclosed arms). At the end of the plus-maze
test, rats were transferred to their home cages.

A total of four blood samples (0.2 ml) replaced by sterile saline was
collected at 15, 45, 75, and 105 min after initiation of the microdialysis
procedure (¢ = 0 min). Plasma samples were treated as in experiment 1.

Histology

Animals were killed with an overdose of halothane at the end of the
experiments. Brains were removed, frozen in prechilled n-methylbutane
on dry ice, and stored at —80°C. For histological verification of the
probes’ placement, brains were sectioned in a cryostat, and 25 wm coronal
sections were stained with cresyl violet.

Radioimmunoassays and measurement of plasma lactate

AVP and OXT content was measured in lyophilized dialysates and
plasma samples after extraction by highly sensitive and selective radio-
immunoassays (detection limit: 0.1 pg/sample; cross-reactivity of the
antisera with other related peptides, including AVP or OXT, was <0.7%)
(for a detailed description, see Landgraf et al., 1995b). Plasma ACTH and
corticosterone were measured using commercially available kits (ICN
Biomedicals) according to the respective protocol. Plasma lactate con-
centrations were measured enzymatically (MPR1 Lactat, Boehringer
Mannheim, Mannheim, Germany).

Statistics

Experimental subjects were included in the statistical analysis only if (1)
the microdialysis probes had been localized in the respective target brain
area (Fig. 2), and/or (2) social defeat was successful (for criteria, see
Stressors). The microdialysis data of experiments 1 and 2 are expressed as
a percentage of averaged baseline values. All data are presented as
mean = SEM. Statistical analysis was performed with a statistical soft-
ware package (GB-Stat version 5.4, Dynamic Microsystems, Silver Spring,
MD). Statistical significance was determined between the groups using
two-way ANOVA for repeated measures (experiment 1: Stressor X Time;
experiment 3: Pharmacological Treatment X Time) and within the groups
(experiments 1-3) by one-way ANOVA for repeated measures, followed
by Tukey’s ¢ test or Fisher’s lowest significant difference test, if appropri-
ate. Plus-maze behavior was analyzed using a completely randomized
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Figure 2. Representative coronal sections of the rat brain showing the
localization of the tip of the microdialysis probes (arrowhead) in the PVN
(@), SON (b), and SCN (c), as well as between the two PVN (d).

one-way ANOVA (experiment 3), and the plasma lactate concentrations
were compared with the paired ¢ test (experiment 1). p < 0.05 was
considered to be statistically significant.

RESULTS

Experiment 1: effects of emotional stressors on central
and peripheral release of AVP and OXT and on HPA
system activity
The AVP content of dialysates collected in the PVN under basal
conditions was comparable in the two groups that were then
exposed to either social defeat or a novel cage (0.64 = 0.12 and
0.61 = 0.08 pg/dialysate, respectively). With respect to the influ-
ence of the emotional stressors on AVP release within the PVN,
the two-way ANOVA revealed a significant effect of both factors
(Stressor: F(; 55y = 7.57, p = 0.009; Time: F, 54, = 6.52, p <
0.001) and a significant interaction (F, j25) = 2.51, p = 0.044).
The post hoc test showed a significant difference in the AVP
content of the dialysates collected during exposure to the stressors
(p < 0.05). Social defeat caused an increase in AVP release
within the PVN (F 4 5y = 5.73, p < 0.001, to 211 = 32%) that was
still elevated 30 min after offset of the stressor (fourth collection
interval, to 185 * 30%, p < 0.05) and returned to prestimulation
values during the fifth collection interval (to 106 * 14%, not
significant). In contrast, exposure to a novel cage had no signifi-
cant impact on AVP release within the PVN (F, 45 = 0.95, p =
0.440) either during (to 123 = 11%, not significant) or 30 min
after the stress exposure (to 114 = 16%, not significant) (Fig. 3).
Social defeat failed to affect either the AVP content in dialy-
sates collected in the SON (averaged baseline value: 2.70 = 0.86
pg/dialysate; F, .6 = 0.46, p = 0.762) (Fig. 4a) or the OXT
content of dialysates collected in the PVN (averaged baseline
value: 1.36 = 0.32 pg/dialysate; F, »4y = 0.65, p = 0.626) (Fig. 4b).
With respect to endocrine parameters, no significant differences
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Figure 3. Effect of emotional stress on AVP content of 30 min dialysates
collected consecutively in the PVN of freely moving rats. Data are ex-
pressed as a percentage of baseline (100%, dotted line). Animals were
exposed to a dominant male rat (social defeat) or to a novel cage during
the third dialysis interval. +, p < 0.05 versus novel cage; *p < 0.05; **p <
0.01 versus dialysates 1 and 2.

were detectable between the effects of social defeat and exposure
to a novel cage on plasma ACTH, corticosterone, AVP, and OXT
(statistics not shown). As shown in Table 1, both exposure to
social defeat and exposure to a novel cage caused an increase in
plasma ACTH (F 5 ;5) = 3.92,p = 0.029; F (5 ;5) = 6.05, p = 0.036)
and corticosterone (F5 15y = 5.85, p = 0.027; F(5 1,y = 391, p =
0.036), whereas plasma AVP (F5 5, = 1.63, p = 0.233; F(5 15, =
1.05,p = 0.396) and OXT (F 5 15, = 0.63, p = 0.600; F 5 15, = 2.12,
p = 0.130) remained almost unchanged. Plasma lactate concen-
trations before and during social defeat did not differ significantly
(p = 0.558; Table 1).

Experiment 2: effects of stimulation of the SCN on AVP
release within the PVN

AVP release within the SCN was increased during dialysis of the
nucleus with either high K™ solution (to 277 + 74%; F 3 ;5, =
3.608, p = 0.038; averaged baseline value: 1.23 = 0.35 pg/sample)
or 1 M NaCl-hypertonic solution (to 527 * 112%; F 4 50, = 7.61,
p < 0.01; Fig. 5). Similarly, dialysis of the PVN with hypertonic
medium caused a significant increase in AVP release within the
PVN (to 480 * 190%; F 6 30y = 3.20, p = 0.015; averaged baseline
value: 0.59 = 0.26 pg/sample). However, stimulation of the SCN
with high K* or hypertonic medium was not accompanied by
significant changes in the AVP content of dialysates collected
simultaneously in the ipsilateral PVN, and PVN stimulation, in
turn, had no effect on AVP release within the SCN (Fig. 5).

Experiment 3: physiological significance of AVP
released within the PVN

As shown in Figure 6, basal plasma ACTH levels during dialysis
with Ringer’s solution were not significantly different in the two
groups of rats perfused subsequently with either the antagonists or
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Ringer’s solution. Changing the tubing at the adapter and con-
tinuing dialysis of the PVN with Ringer’s solution had no signif-
icant influence on the plasma ACTH concentration in the control
group (increase to ~140%; F(; 5y = 1.92, p = 0.224). In contrast,
administration of the mixed V1/CRH receptor antagonists into
the PVN was followed by an increase in plasma ACTH content (to
~280%, F(, 7y = 31.33, p < 0.001), which was approximately twice
as high as in the control group (Pharmacological Treatment:
Fi12y = 2432, p < 0.001; Time: F 1) = 24.43, p < 0.001;
Interaction: F, 15, = 10.60, p = 0.006). The effect of the phar-
macological treatment on plasma ACTH remained statistically
significant throughout the experiment, i.e., during social defeat
and after exposure to the elevated plus-maze (Pharmacological
Treatment: F(; 15, = 5.33, p = 0.039; Time: F(,,4y, = 3040, p <
0.001; Interaction: F, 54y = 0.88, p = 0.425).

Antagonist- and vehicle-treated animals did not differ signifi-
cantly in their behavior on the elevated plus-maze, as evidenced
by a similar number of entries into (F ;,, = 3.39, p = 0.090) and
a similar amount of time spent on the open arms (F, ;,y = 0.17,
p = 0.683) (Fig. 7). The overall activity did not differ between the
groups (11.3 = 1.10 and 9.7 = 1.20 entries into closed arms,
respectively; F, 15, = 1.07, p = 0.319).

DISCUSSION

Central release of AVP and OXT

The present study demonstrates for the first time that AVP is
released within the rat PVN not only after pharmacological stim-
ulation but also in response to an ethologically relevant emotional
stressor. Confrontation of the experimental animals with domi-
nant residents and the resulting social defeat caused a significant
increase in AVP release within the PVN (Fig. 3). During the
exposure, the intruder and the resident rats were separated by a
wire mesh screen after the first attack. Despite this barrier, on-
going threats from the residents produced a marked emotional
stress in the intruder rat with a negligible physical component,
which was evident in the activation of the HPA system (increased
levels of plasma ACTH and corticosterone; Table 1), the freezing
behavior/submissive body postures of the intruder rat (Fig. 1), and
unchanged plasma lactate concentrations (Table 1). In contrast to
social defeat, exposure to a novel cage failed to change the release
of AVP within the PVN (Fig. 3), apparently because a novel cage
is less stressful for the animals than an aggressive conspecific
(Table 1). Hence, alterations in extracellular AVP concentrations
might have been too small to be clearly detected in the dialysates
even with a highly sensitive radioimmunoassay.

The increase in AVP release within the PVN in response to
social defeat was not accompanied by similar changes either in
OXT release within the same nucleus or in AVP release within
the SON (Fig. 4a,b). These findings seem to correspond with
unchanged plasma AVP and OXT concentrations during and
after social defeat (Table 1), pointing to an unaffected HNS. In
this context, it is noteworthy that AVP release into the blood was
suppressed in response to emotional stressors under selected
experimental conditions (Yagi, 1992). Interestingly, in the present
study there was a similar tendency to reduced plasma AVP con-
centrations after social defeat (Table 1).

Until now, the only studies investigating the stress-induced
intracerebral release of AVP and OXT reported changes in non-
apeptide concentration in the CSF during strong physical/phar-
macological stress (increase in AVP and OXT concentration) and
in response to emotional stress (increase in OXT but not AVP
concentration) (Laczi et al., 1984; Ivanyi et al.,, 1991). At first
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Figure 4. Effect of social defeat on AVP content of dialysates collected in the SON (a; n = 5) and on OXT content of dialysates collected in the PVN
(b; n = 7). Data are expressed as a percentage of baseline (100%, dotted line). Animals were exposed to social defeat during the third dialysis interval.

glance, the latter result seems to contradict the findings of the
present study. However, a major problem in interpreting data
obtained from measurements of selected neuropeptides in the
CSF arises from the fact that a variety of locally occurring release
patterns are “integrated” in the CSF. Moreover, because the
neuropeptides diffuse from their sites of release through the
extracellular space to the ventricles, where they are further diluted
in the CSF, it is likely that their concentration in the CSF de-
creases with increases in the distance between the site of release
and the site of CSF collection (Simon-Oppermann et al., 1987).
Hence, stress-induced release of OXT in the brainstem, which has
been assumed by Callahan et al. (1989), would be more likely to
be reflected in CSF samples taken from the cisterna magna than in
dialysates collected in the PVN.

Origin of AVP released within the PVN

Two findings support the hypothesis that parvocellular neurons of
the SCN project to and release AVP within the PVN area. (1)
Immunohistochemical studies demonstrated a vasopressinergic
innervation of ventral parts of the PVN and of the dorsomedial
nucleus of the hypothalamus (de Vries et al., 1985; Buijs et al.,
1993), which is localized near the PVN. (2) Pharmacological and

lesion studies suggested that endogenous AVP originating from
the SCN might be involved in the regulation of the HPA system at
the level of the PVN/dorsomedial nucleus of the hypothalamus
(Kalsbeek et al., 1992). To investigate the extent to which this
intrahypothalamic projection was responsible for the increase in
extracellular AVP within the PVN in response to social defeat and
whether AVP collected by microdialysis in this nucleus derived at
least partially from AVP release within the dorsomedial nucleus
of the hypothalamus, we stimulated neurons of the SCN and
concomitantly monitored the AVP release within both the SCN
and PVN. Although dialysis of the SCN with depolarizing agents
triggered a significant increase in local AVP release, supporting
the findings of Kubota et al. (1996), no similar changes could be
observed in the ipsilateral PVN dialyzed simultaneously with
Ringer’s solution (Fig. 5, dialysates 3 and 5). Because the efferents
of the SCN represent the only known vasopressinergic innervation
of the PVN, the results of this experiment indicate that AVP
released within the PVN, e.g., in response to social defeat, most
likely originated from intranuclear sources. At present, it is im-
possible to determine whether AVP was released from parvocel-
lular or magnocellular neurons. Both cell types are generally

Table 1. Plasma concentrations of ACTH, corticosterone, AVP, OXT, and lactate in conscious male rats under basal conditions and in response to

an emotional stressor

Concentrations at different times after onset of the stress exposure

Basal
Hormone Stressor concentrations 15 min 45 min 105 min
ACTH (pg/ml) Social defeat (n = 6) 257 +24 415 + 159* 351 = 258* 106 = 110
Novel cage (n = 6) 252 +24 164 + 41.0** 106 *+ 49.6* 329 +34
Corticosterone (ng/ml) Social defeat (n = 5) 94 *81 386 + 84.0* 346 + 134* 238 =102
Novel cage (n = 5) 4.6 = 3.7 269 + 56.0%* 197 *+ 71.0* 119 = 88.2
AVP (pg/ml) Social defeat (n = 6) 50=*1.6 2607 21+07 20=*1.0
Novel cage (n = 6) 32+06 26 1.1 20*+08 24*06
OXT (pg/ml) Social defeat (n = 6) 11.8 £ 43 13.6 =32 119 £ 25 143 6.3
Novel cage (n = 6) 79 +0.9 123 £28 9.7 23 8923
Lactate (ug/ml) Social defeat (n = 6) 569 22 61.7 =89

*p < 0.05, **p < 0.01 versus basal.



7730 J. Neurosci., December 1, 1996, 16(23):7725-7732

—O— SCN
—e— PVN

800 - K* NaCl (NaCl)

700

600 -

500 +

400

300

AVP (% baseline)

200 -

100 —

0 T T T T T
1 2 3 4 5 6 7

number of 30-min dialysates

Figure 5. AVP content of consecutive 30 min dialysates collected simul-
taneously in the SCN and PVN of urethane-anesthetized rats (n = 6).
Data are expressed as a percentage of baseline (100%, dotted line). The
SCN was dialyzed with high K™ solution (56 mm) during the third dialysis
interval and with 1 M NaCl-hypertonic medium during the fifth dialysis
interval, whereas the PVN was dialyzed with 1 M NaCl-hypertonic me-
dium during the seventh dialysis interval. a, p < 0.05 versus dialysates 1
and 2; b, p < 0.01 versus dialysates 1, 2, 4, and 7; ¢, p < 0.01 versus
dialysates 1, 2, 3, 4, and 7; d, p < 0.01 versus all other dialysates collected
in the same region.

capable of releasing the nonapeptide locally as shown in the SCN
(Kalsbeek et al., 1995; Kubota et al., 1996) and SON (Pow and
Morris, 1989; Ludwig, 1995).

Physiological significance of AVP released within

the PVN

The relatively high concentration of AVP in the extracellular fluid
of the PVN, together with the expression of V1 receptors within
or adjacent to this brain area (Ostrowski et al., 1994), suggests a
local autocrine/paracrine action of the neuropeptide. Therefore,
in a first attempt to elucidate the physiological significance of
basal and stress-induced AVP release on HPA system activity, we
administered a mixture of V1 and CRH receptor antagonists into
the PVN and measured the effects on plasma ACTH levels and
the emotionality of the animals. Because (1) CRH may be re-
leased within the hypothalamus in response to selected stimuli
(Merlo Pich et al,, 1993a); (2) CRH and AVP seem to interfere
mutually with their intrahypothalamic release (Bernardini et al.,
1994); and (3) intracerebroventricular (ICV) injections of both
peptides have clear synergistic effects on the investigative behav-
ior of rats (Elkabir et al., 1990), we included a CRH receptor
antagonist, together with the V1 antagonist in the dialysis me-
dium, to prevent possible interfering or even counter-regulating
effects of CRH. The continuous administration of both antago-
nists increased ACTH secretion into the blood in resting animals
and during stress (Fig. 6), pointing to an inhibitory effect of
intra-PVN-released AVP and/or CRH. Taking into account that
(1) central CRH has rather stimulatory effects on HPA system
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Figure 6. Effect of mixed AVP (V1) and CRH receptor antagonists on
basal and stress-induced plasma ACTH levels. After the rats had been
dialyzed with Ringer’s solution for 30 min (white horizontal bar), the
antagonists were administered directly into the PVN via inverse microdi-
alysis (hatched horizontal bar). Animals were exposed to social defeat at
t = 60 min for 30 min during ongoing microdialysis with either Ringer’s
solution (control group) or Ringer’s solution containing the antagonists,
and then tested on the elevated plus-maze ( pm) for 5 min. A total of four
blood samples was taken at 15, 45, 75, and 105 min after initiation of the
microdialysis procedure. The pharmacological treatment caused a signif-
icant increase in basal plasma ACTH concentration (*p < 0.01 vs blood
sample 1 and vs the respective blood sample of the control group). This
effect remained statistically significant during social defeat and after
exposure to the elevated plus-maze.

activity (Ono et al., 1985; Arnold et al., 1992), and (2) in anes-
thetized rats, ICV injections of an AVP antagonist (Plotsky et al.,
1984), but not of a CRH antagonist (Plotsky et al., 1985), stimu-
lated the release of CRH into portal blood, i.e., of the predomi-
nant secretagogue of ACTH under basal conditions (Whitnall,
1993) and during social defeat (Merlo Pich et al., 1993b), the
effects observed in the present study are most likely attributable to
the action of the V1 antagonist. Therefore, we hypothesize that
AVP released within the PVN both under basal conditions and in
response to an emotional stressor provides a negative tonus on the
HPA system probably by inhibiting release of ACTH secreta-
gogues from the median eminence into portal blood (Plotsky et
al., 1984) and hence of ACTH from the corticotropes. This hypoth-
esis is supported by findings of Kalsbeek et al. (1992, 1996), who
demonstrated that the same V1 antagonist as used in the present
study exerted a stimulatory effect on plasma concentrations of corti-
costerone after its administration into the area of the PVN/dorso-
medial nucleus of the hypothalamus. However, the exact mecha-
nisms by which AVP released within the PVN influences the HPA
system and the site of action remain to be elucidated.

The effects of central AVP on the regulation of the HPA system
are a subject of controversy. Whereas ICV injections of synthetic
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Figure 7. Lack of effects of the mixed AVP and CRH receptor antago-
nists administered into the PVN on rats’ anxiety-related behavior. The
elevated plus-maze test was performed immediately after social defeat, as
shown in Figure 6. Parameters measured: percentage of total arm entries
that were entries into the open arms and percentage of total time that was
spent on the open arms.

AVP in picogram amounts were followed by a decrease in plasma
ACTH and corticosterone concentrations (van Dijk et al., 1981),
opposite effects were observed after ICV injections at higher
dosages (nanogram-microgram range) (van Dijk et al., 1981;
Bugajski et al., 1995). A possible explanation of this phenomenon
is that low amounts of synthetic AVP reach periventricular brain
structures near the injection site (including the PVN) in concen-
trations high enough to partially inhibit ACTH release. In con-
trast, AVP injected in higher dosages might reach brain structures
relatively far from the injection site, where it could superimpose
such inhibitory effects by stimulating release of ACTH directly at
the corticotropes (Antoni, 1993) or indirectly via its influence on
blood pressure and heart rate (Andretta-van Leyden et al., 1990;
Berecek and Swords, 1990). Compared with these pharmacolog-
ical studies, the continuous administration of the antagonists
directly into the PVN via inverse microdialysis might provide a
more suitable approach to investigating the physiological signifi-
cance of AVP released within a distinct brain region. In this
context, it is of importance that the plasma ACTH levels were
almost unaffected by the microdialysis procedure per se (Fig. 6,
samples 1 and 2 of the control group; Table 1).

To elucidate behavioral consequences of AVP or CRH release
within the PVN, we tested the rats on the elevated plus-maze after
administration of the antagonists and social defeat. The mixed
antagonists had no significant effects on anxiety-related behavior
of the experimental animals (Fig. 7), which argues against a
critical influence of intra-PVN-released AVP or CRH on the
emotionality of rats. Although stimulation of the PVN might
trigger release of AVP also within the septum (Neumann et al.,
1988), where this neuropeptide probably exerts anxiogenic effects
(Landgraf et al., 1995a), AVP released within the PVN is unlikely
to be critically involved in this extrahypothalamic projection.
Additionally, the results of the present study support earlier
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observations of a dissociation between the activity of the HPA
system and the animals’ behavior on the elevated plus-maze
(Merlo Pich et al., 1993b; File et al., 1994).

Conclusion

In conclusion, emotional stress produced by a confrontation with
a dominant conspecific may be relayed to PVN neurons, which
then respond with an increased release of AVP into the extracel-
lular fluid of this nucleus. Once locally released, the neuropeptide
could exert a negative tonus on the HPA system via inhibition of
ACTH secretion from the adenohypophysis by as yet unknown
mechanisms. Taking into consideration that AVP released into
the portal blood might become the primary secretagogue of
ACTH during chronic emotional stress (de Goeij et al., 1992), we
herewith suggest that the same neuropeptide influences the activ-
ity of the HPA system in two completely different ways at the level
of the PVN and the median eminence/adenohypophysis. Al-
though the fine-tuned coordination of this regulatory pattern
remains to be elucidated, it underscores the need to monitor the
dynamics of AVP release into different compartments. The pro-
posed novel mechanism of regulating ACTH secretion opens up a
wide range of studies, which could include experiments investi-
gating the effects of physical stress on AVP release within the
PVN and SON, as well as the extent to which this regulatory
principle is involved in coping strategies and alterations of the
HPA system observed in psychiatric disorders (Holsboer, 1995;
Abelson and Curtis, 1996).
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