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ABSTRACT Due to the complex nature of generalized limbic seizures, marked distur- 
bances in physiological homeostasis occur. Accompanying the motor manifestations 
which characteristically are associated with generalized limbic seizures, alterations in 
neuroendocrine, behavioral, and autonomic functions may be observed. The paraventric- 
ular nucleus (PVN) of the hypothalamus is known to play a significant role in such 
neuronal responses to stressful stimuli; however, the effect of seizures on hypothalamic 
neurons is unknown. We have used the immunocytochemical detection of the Fos protein 
to anatomically identify neurons in the PVN which are activated following generalized 
limbic seizures. To induce seizures, rats received intraperitoneal injections of kainic acid 
or were kindled from the entorhinal cortex. We have demonstrated that elicitation of 
generalized limbic seizures induces a dramatic number of neurons in the PVN to express 
the Fos protein. Numerous Fos-immunolabeled neurons were identified in both the 
parvicellular and magnocellular component of the PVN. In the latter, this study clearly 
reveals a preferential and selective activation of oxytocin-containing neurons, and it 
extends and supports the hypothesis that oxytocin plays a role in the body’s response 
to specific stress paradigms. Data suggest that an activation of the oxytocin neuronal 
system may be part of the adaptive mechanism that enables the hypothalamus to modu- 
late and maintain an adequate response to stressors (e.g., generalized seizures) to regain 
homeostasis. o 1996 Wiley-Liss, Inc.* 

INTRODUCTION 
Magnocellular neurons of the paraventricular nu- 

cleus (PVN) of the hypothalamus are recognized as pro- 
ducers of the neurohypophysial (posterior pituitary) 
hormones, oxytocin or vasopressin, and they comprise 
the main components of the hypothalamic-neurohypo- 
physial pathway. Their fibers project and terminate in 
the posterior pituitary gland, where their products are 
released into the general circulation. Vasopressin is 
known to regulate electrolyte and fluid balance. Oxyto- 
cin has well-established functions in lactation and par- 
turition in females, and together with vasopressin, ap- 
pears to play a role in the regulation of osmolality. 
Increased levels of both vasopressin mRNA and oxyto- 
cin mRNA are observed in the PVN neurons in response 
to changes in osmolality (Lightman and Young, 1987; 
Pretel and Piekut, 1989; Suemaru et al., 1990; van To1 
et al., 1987; Zingg et al., 1986). Some PVN neurons 
which project to nonneuroendocrine sites, such as the 
spinal cord and brainstem medulla, also respond to the 

stimulus of salt-loading with an upregulation of oxyto- 
cin mRNA and vasopressin mRNA (Pretel and Piekut, 
1989). These data indicate that PVN neurons, which 
respond to an osmotic stimulus, can potentially influ- 
ence medullary and spinal sites, which in turn can mod- 
ulate autonomic functions in peripheral nerve circuits. 

Recent studies also suggest that oxytocin is selec- 
tively involved in the body’s reaction to some stressors in 
both males and females, although the precise function of 
oxytocin remains t o  be elucidated. Physiological immo- 
bilization, forced swimming, and footshock resulted in 
elevated oxytocin release in plasma with a concomitant 
increase of anterior pituitary adrenocorticotropic hor- 
mone (ACTH) secretion, whereas vasopressin (AVP) lev- 
els remained unchanged in both male and female rats 
(Bruhn et al., 1987; Gibbs, 1984; Lang et al., 1983). 
However, plasma AVP levels or AW mRNA of magnocel- 
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lular neurons of the PVN are elevated due to hypoglyce- 
mia (Plotsky et al., 19851, hypoxia (Stegner et al., 1984), 
and the stress of cold and chronic isolation (Angulo et al., 
1991). Thus, not all stressors behave in the same fashion, 
and some peptides can be differentially and selectively 
regulated in response to different stress paradigms. 

Several lines of evidence suggest that oxytocidvaso- 
pressin may have functions in the brain other than 
their known role as posterior pituitary hormones. Ex- 
trahypothalamic projections of these peptidergic neu- 
rons have been described (Buijs, 19781, and immobiliza- 
tion stress is reported to effect both hypothalamic and 
extrahypothalamic values for oxytocin and vasopressin 
(Miaskowski et al., 1988). Thus, the oxytocin and vaso- 
pressin magnocellular neurons of the PVN may not only 
be capable of regulating and modulating the neuroendo- 
crine functions of the pituitary gland, but they may also 
coordinate and integrate this neuronal stress response 
with that of behavioral and autonomic functions associ- 
ated with extrahypothalamic regions, such as limbic 
areas and brain stedspinal cord sites. 

A large variety of experimental stressors (e.g., sei- 
zures) have been used to examine neuronal responses in 
the central nervous system. Generalized limbic seizures 
are known to exhibit characteristic motor behaviors, 
which may be accompanied by alterations in neuroendo- 
crine, behavioral, and autonomic functions. Although 
the PVN nucleus is recognized as an integration and 
coordination center in the hypothalamus for such re- 
sponses (for review, see Antoni, 1986a; Swanson, 19911, 
very little is known of the effects of seizures on hypotha- 
lamic neurons. We hypothesized that following seizure 
induction, activation of specific hypothalamic neurons 
will occur. Piekut et al. (1992,1994) have previously dem- 
onstrated that elicitation of generalized limbic seizures 
induced a dramatic number of CRF-containing parvicel- 
lular neurons in the PVN to express the Fos protein, and 
their potential effect on the central control of the pitu- 
itary-adrenal axis was discussed. The focus of the pres- 
ent study was to determine the potential activation of 
magnocellular (oxytocin, vasopressin) PVN neurons in 
the neuronal response to seizure induction. 

The oncogene c-fos and its protein product Fos are 
known to be expressed in activated, depolarizing neu- 
rons, and are not observed in quiescent neurons (Morgan 
and Curran, 1986). They are therefore used as a cellular 
marker to identify activated neurons. Combined in situ 
hybridization and immunocytochemical methodology 
and dual antigen immunocytochemical procedures were 
employed in the present study to identify the activated 
(e.g., Fos-expressing) neurons, and to characterize neu- 
rochemically these seizure-activated neurons. 

MATERIALS AND METHODS 
The Fos protein was visualized immunocytochemi- 

cally in the brains of male Sprague-Dawley rats (200- 
225 g) following seizure elicitation. Two seizure-evoking 

protocols were used: protocol (1) Animals (n = 30) re- 
ceived an intraperitoneal injection of kainic acid (18-20 
mgkg in 1 ml phosphate-buffered saline (PBS), pH 7.2 
(Sigma Chemical Co., St. Louis, MO), or PBS alone 
(n = 151, for control rats. Rats were injected between 
8:30-9:30 AM, and the progression of seizure behavior 
was closely monitored. Administration of kainic acid 
caused a stereotype behavioral sequence as described 
by Racine (19721, in which animals exhibited behavioral 
arrest (seizure stage 1); repetitive behavior, such as 
licking, chewing, sniffing, or wet-dog shakes (stage 2); 
limbic convulsions which involved clonic jaw move- 
ments, rhythmic head nodding, andfor unilateral fore- 
limb clonus (stage 3); bilateral forelimb clonus with 
rearing (stage 4); and bilateral forelimb clonus, rearing, 
and loss of postural control, i.e., a full-blown limbic 
motor seizure (stage 5). This -behavior developed over 
a period of 1-3 h postinjection and culminated in status 
epilepticus. In addition to kainate administration, ani- 
mals received a subcutaneous injection of 5 cc Ringer's 
solution, since they do not usually eat or drink during 
convulsive behavior. Control animals were also de- 
prived of food and water for the identical period of time, 
and they received the same treatment as the experimen- 
tals, except that 1 ml PBS was administered. Animals 
were housed individually in their cages. Protocol (2) 
Animals (n = 20) were stereotaxically implanted, under 
pentobarbital anesthesia, with bipolar stimulatinglre- 
cording electrodes into the region of the entorhinal cor- 
tex as described in Applegate et al. (1986). Seven days 
after surgery, entorhinal-kindled animals were stimu- 
lated with current pulses consisting of 1-sec trains, mo- 
nophasic square wave pulses at 100 Hz, with a pulse 
width of 1 msec at 50 microamperes above threshold 
for after discharge. Kindling stimulation was applied 
twice daily until the animals reached a kindling crite- 
rion, e.g., had exhibited stage 5 seizure behavior in 
at least three subsequent sessions. Coulombic control 
animals (n = 10) received current trains of a different 
frequency, not inductive of seizure, e.g., 3 Hz/sec, and 
current intensities were matched to those of the experi- 
mental animals. 

Two h following a generalized limbic seizure (stage 5) 
elicited with kainate or the kindling stimulus, animals 
were anesthetized with sodium pentobarbital (35 mgl 
kg body weight intraperitoneally) and perfiused through 
the ascending aorta with sodium phosphate-buffered 
saline (PBS, 0.05 M sodium phosphate with 0.9% so- 
dium chloride, pH 7.6), followed by 4% paraformalde- 
hyde in PBS, pH 7.4. Brains were removed from skulls, 
immersed overnight in furative, and blocked for vibra- 
tome sectioning the following day. Brains were cut seri- 
ally at 30 pm into PBS buffer on a Vibratome 2000 
(Technical Products International, Inc., St. Louis, MO) 
and rinsed in PBS overnight. The immunocytochemical 
labeling protocol used in our laboratory has been pre- 
viously described in detail (Piekut and Joseph, 1986). 
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Briefly, free-floating tissue sections were incubated 
with: 1) antiserum to the first antigen, diluted in PBS 
containing 1% BSA (bovine serum albumen) and 0.4% 
Triton X-100 for 48 h a t  4°C; 2) biotinylated goat anti- 
rabbit immunoglobulin G (IgG) of the Vectastain ABC 
kit (Vector Laboratories, Burlingame, CA) in PBS con- 
taining 0.04% Triton X-100 for 60 min; and 3) ABC 
reagents (avidin DH and biotinylated horseradish per- 
oxidase H) as  described in the Vectastain ABC kit. Visu- 
alization of the antibody-antigen complex was accom- 
plished by application of the horseradish peroxidase 
catalyst of 3.3'-diaminobenzidine (DAB; 75 mg/100 ml 
in 0.05 M PBS buffer, pH 7.6) in the presence of the 
cosubstrate hydrogen peroxide (0.03%, added just prior 
to use); tissue sections were incubated with DAB mix- 
ture until the brown color developed, or with nickel 
sulfate intensification of the DAB mixture until the 
black color developed. 

For dual immunolabeling of two antigens with con- 
trasting colors in the same tissue section, the first anti- 
gen (usually the Fos protein) was visualized as a black 
reaction product. Tissue sections were rinsed overnight 
prior to application of antiserum to the second antigen. 
Steps 1-3 were repeated, and the tissue sections were 
incubated with DAB mixture until the second antigen 
(usually oxytocin or vasopressin) was visualized as a 
brown immunoreaction product. 

Antiserum to arginine vasopressin and oxytocin was 
generated in rabbits, and antiserum to the Fos protein 
was purchased from Santa Cruz Biotechnology Inc. 
(Santa Cruz, CA). Dilution of the primary antisera was 
1:10,000,1:8,000, and 1:5,000, respectively. Controls for 
the immunocytochemical procedures consisted of re- 
placing the primary antisera with buffer or preabsorbed 
antisera. Diluted anti-oxytocin and anti-vasopressin 
were preincubated with both synthetic oxytocin and 
synthetic arginine vasopressin (2-50 p,g/ml) for 48 h 
prior to application to the tissue sections; diluted anti- 
Fos was preincubated with 1-20 yg/ml of the Fos 
protein. 

The protocols for in situ hybridization and combined 
in situ hybridization and immunocytochemistry have 
been described in detail previously (Pretel et al., 1995). 
In brief, free-floating immunolabeled brain tissue sec- 
tions were pretreated with 0.25% acetic anhydride in 
0.1 M triethanolamine for 10 min and dehydrated in 
70% ethanol. Tissue sections were hybridized overnight 
in a humidified chamber at 37°C. Sections were then 
washed with 1 x standard sodium citrate (SSC) at 
55"C, 4 X 15 min at 55°C and 1 h at room temperature, 
followed by 0.1 x SSC for 1 h at room temperature. 
Tissue sections were mounted and then dipped briefly 
in deionized water, and air-dried. Slide autoradiography 
was obtained by dipping the hybridized slides in NBT2 
emulsion and exposing them for 5-7 days at 4°C. Slides 
were developed with D-19 and fixed with Kodak fixer. 

The probes for OX (oxytocin) and VAS (vasopressin) 

mRNA were 48-mer oligonucleotides (generously pro- 
vided by Dr. s. Young, NIH). The OX probe was comple- 
mentary to bases 247-294 of the OX gene; the VAS 
probe was complementary to bases of the VAS gene, 
coding for the last 16 amino acids of a glycoprotein 
which had no homology with the OX gene (Ivell and 
Richter, 1984). Both probes were 3I-end-labeled with 
TdT (GibcoBRL, Grand Island, NY) and 35S-deoxy-ATP 
(1,000 Ci/mM, NEN Dupont Co., Boston, MA) to a spe- 
cific activity of 1-2 x Ci/mM. 

RESULTS 
A dramatic and specific induction of Fos was observed 

in neurons localized in defined regions of the brain, 
including the PVN nuclei of the hypothalamus, follow- 
ing a generalized limbic seizure induction. Animals in- 
jected with kainate, an  analog of glutamate, produced 
generalized limbic seizures of long duration, which re- 
sulted in status epilepticus as described in Materials 
and Methods. The convulsive behavior of stage 5 sei- 
zures occurred intermittently and repeatedly during 
the 2 h prior to sacrifice. In contrast, kindling convulsive 
seizures (stage 5) are characterized by a single ictal 
event of short duration. 

In  the kainate-induced seizure model, the Fos protein 
is observed consistently in nuclei of a substantial num- 
ber of neurons localized in the parvicellular component 
and in specific magnocellular regions of the PVN (Fig. 
1A). Few Fos-expressing neurons are observed in the 
control animals which received an  intraperitoneal injec- 
tion of PBS (Fig. 1B). In the kainate-treated animal, 
Fos induction is seen predominantly in the medial par- 
vicellular component (pc) of the PVN (Fig. 2A), the pos- 
terior component of the PVN, and magnocellular re- 
gions of the PVN in which oxytocin (OX)-containing 
neurons are known to predominate (Fig. 2A). Few im- 
munolabeled neurons are observed in the magnocellu- 
lar area of the PVN in which vasopressin (VAS)-con- 
taining neurons are localized (Fig. 2B). However, in 2 
of 20 animals, the administration of kainate induced 
Fos expression in vasopressinergic magnocellular 
neurons. 

Dual immunolabeling procedures, which allowed the 
sequential labeling of two antigens in the same tissue 
section as evident by contrasting color substrates, were 
employed in these studies. In the kainate-treated ani- 
mals, which exhibited fully generalized limbic seizures, 
the majority of oxytocin-immunoreactive magnocellular 
neurons in the PVN (brown cytoplasm) coexpressed the 
Fos protein (black nuclei, arrows) as observed in Figure 
2C,D. Vasopressinergic neurons (brown cytoplasm) in 
the PVN presumably were not activated in the seizure 
model of the current protocol, in that few vasopressin- 
immunoreactive magnocellular neurons in the PVN ex- 
hibited Fos-immunolabeled nuclei (arrows), as evident 
in Figure 2E,F. 

Combined in situ hybridization and immunocyto- 
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Fig. 1. A: Numerous activated (e.g., Fos-expressing) neurons are observed in specific nuclei of the 
hypothalamus, including the PVN, following generalized limbic seizures induced by kainic acid (X40). 
B: Few Fos-immunolabeled neurons are seen in control animals (X40). 

chemical methodology were employed on the same tis- 
sue sections. The majority of magnocellular neurons 
in the PVN, which contained the messenger RNA for 
oxytocin, coexpressed the Fos protein (Fig. 3A) following 
administration of kainate, which elicited fully-general- 
ized seizures. Higher magnification (Fig. 3B) clearly 
demonstrates the accumulation of autoradiographic sil- 
ver granules for the oxytocin mRNA overlying the neu- 
ronal cytoplasm of neurons which exhibit Fos immuno- 
labeled nuclei. The PVN magnocellular neurons, which 
contained the mRNA for vasopressin, did not coexpress 
the Fos protein following kainate-induced seizures, as 
shown in Figure 3C,D. However, in 2 of 20 animals, the 
administration of kainate induced Fos expression in 
magnocellular neurons which contained the mRNA 
for vasopressin. 

A few animals (n = 4) injected with kainate exhibited 
preconvulsive seizures which were classified as stage 
1 or 2. In these animals, substantially fewer Fos-ex- 
pressing neurons were observed in the parvicellular 
component of the PVN, as compared to the number seen 
in animals which exhibited fully-generalized convulsive 
seizures (stage 5). Also, in these animals, few Fos-ex- 
pressing neurons were seen in either the oxytocin or 
vasopressin magnocellular regions of the PVN. 

Following the last of three stage 5 seizures in animals 
kindled from the entorhinal cortex, a vast amount of 
Fos-expressing neurons was evident in specific regions 
of the brain, as described in Pretel et al. (1995). Fos- 
containing neurons were seen in the parvicellular com- 
ponent of the PVN. For the most part, the number of 
neurons which expressed Fos in the parvicellular com- 
ponent of the PVN in kindled animals was less than that 
observed in kainate-induced seizure rats. Additionally, 
some variability was seen in the quantity of Fos-immu- 
nolabeled cells in the PVN of kindled rats. Some magno- 
cellular oxytocin-containing neurons in PVN coex- 

pressed Fos, but the number was substantially less than 
that observed in the drug-induced seizure model. Vaso- 
pressin-containing magnocellular neurons in the PVN 
were not induced to express the Fos protein in kindled 
animals, although Fos induction was observed in 1 of 
20 animals. Few Fos-expressing neurons were seen in 
the brains of the coulombic control animals. 

DISCUSSION 
The present study is the first to report that the stress- 

ful stimulus of generalized limbic seizures activates and 
recruits a dramatic and specific population of magnocel- 
lular PVN neurons, preferentially those neurons ex- 
pressing the oxytocin mRNA and oxytocin peptide. The 
functional significance and physiological consequence 
of the increase of Fos expression in numerous brain 
sites following different paradigms of stress are cur- 
rently under considerable investigation. Seizures in- 
duce Fos expression in brain areas which are known to 
be related to a stress response, and this may provide a 
substrate in which activation of these areas of the brain 
elicits the neuroendocrine and autonomic responses 
which may accompany the motor behaviors characteris- 
tic of some seizure models. Induction of the Fos protein 
could lead to short- andor long-term changes in expres- 
sion of hormone and/or neurotransmitter genes. Neither 
the vasopressin or oxytocin gene is known to contain 
the AP-1 binding site; thus, the specific role of Fos in 
magnocellular neurons is unknown. It is feasible that 
oxytocin neurons exhibit multipotentiality and that the 
induction of the Fos protein in these neurons does not 
necessitate a change specifically in the oxytocin mRNA. 
However, recent studies by Sun et al. (1994, 1996) sup- 
port and extend the involvement of oxytocin in response 
to seizure induction. Sun et al. (1994, 1996) have re- 
ported an upregulation of oxytocin mRNA in PVN mag- 
nocellular neurons following kainate-elicited seizures. 
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Fig. 2. A: In the drug-induced seizure model, a dramatic number 
of activated (e.g., Fos-expressing) neurons is observed in the parvicel- 
Mar (pc) component of the PVN and the magnocellular region, in 
which oxytocin (OX) neurons are known to predominate (X40). B: 
However, few Fos-immunolabeled neurons are seen in the magnocellu- 
lar region ofthe PVN, in which vasopressin (VAS) neurons are localized 
(x40). C, D: Dual immunolabeling procedures demonstrate that the 

majority of oxytocin-immunoreactive neurons (brown cytoplasm) coex- 
press the Fos protein (black nuclei, arrows) in the kainate-treated 
animals which exhibited generalized limbic seizures (C, X40; D, x64). 
E, F Vasopressinergic neurons (brown cytoplasm) are usually not 
activated in this seizure model, e.g., few vasopressin-immunoreactive 
neurons display Fos-immunolabeled nuclei (arrows) (E, X40; F, X64). 
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Fig. 3. A, B Oxytocin mRNA-containing neurons (OX) in the PVN 
coexpress Fos-immunoreactive nuclei following kainate-induced sei- 
zures. Accumulation of autoradiographic silver grains overlying the 
neuronal somata represents oxytocin mFWA. The majority of neurons 

with oxytocin mRNA contain Fos-immunolabeled nuclei (arrows) (A, 
X25; B, X400). C, D The majority of F" neurons containing mRNA 
for vasopressin (VAS) do not coexpress the Fos protein (arrows) follow- 
ing kainate-induced seizures (C, X25; D, X400). 

This upregulation of oxytocin mRNA is detected at 
1; h following a generalized seizure, and remains ele- 
vated in animals allowed to survive for extended periods 
of time (1-6 weeks). The functional significance of an 
upregulation of oxytocin following seizure induction re- 
mains to be determined. 

Although we did not observe an activation (e.g., Fos 
expression) of vasopressin magnocellular neurons in 
the PVN in the protocol used in the present study, this 
does not preclude that vasopressin-containing neurons 
may respond to this stressor at alternate time periods. 
Sun et al. (1994, 1996) and Greenwood et al. (1994) 

have reported an upregulation of vasopressin mRNA 
in PVN magnocellular neurons following kainate- and 
kindling-induced seizures, respectively, in animals 
which were allowed to survive for extended time periods 
following stage 5 seizures. 

The expression of Fos has become a tool in mapping 
neuronal activation at the cellular level in response to 
a specific stimulus. The c-fos mRNA synthesizes the 
nuclear protein Fos, and Fos can regulate transcription 
of a target gene (Curran and Franza, 1988). Fos forms 
a heterodimer with Jun; the Fos-Jun heterodimer then 
binds to sequence-specific regions of DNA known as the 
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AP-1 binding site, which is present in the regulatory 
regions of many genes. Fos has been used as a marker 
of neuronal activation following elicitation of seizures 
in response to several experimental models of epilepsy. 
Using focal lesions, seizure-evoking drugs, or kindling, 
the expression of c-fos andor Fos has been detected with 
in situ hybridization and immunocytochemical methods 
in several areas of the central nervous system (Dragu- 
now et al., 1988; Morgan et al., 1987; White and Gall, 
1987; White and Price, 1993a,b), which include hippo- 
campal and amygdala structures; little, if any, attention 
has been focused on the involvement of the hypothala- 
mus in response to seizure elicitation. In the present 
study, both the kainate- and kindling-elicited seizures 
induced the expression of a large number of activated 
(e.g., Fos-expressing) neurons in the brain, including 
the PVN of the hypothalamus. In kainate-treated ani- 
mals, there appeared to  be a greater number of Fos- 
immunolabeled neurons consistently seen in the pami- 
cellular component of the PVN as compared to that 
observed in kindled animals. In the latter, some vari- 
ability as to the number of Fos-positive neurons in the 
PVN was observed. Additionally, a dramatic number of 
oxytocin-containing neurons coexpressed the Fos pro- 
tein in the kainate-treated model; substantially fewer 
oxytocinergic magnocellular neurons coexpressed Fos 
in the kindled seizure model. It would be of interest 
and value to determine whether this quantitative differ- 
ence as observed in the two seizure-evoking protocols 
reflects the recruitment of specific and distinct PVN 
hypothalamic neurons in a stepwise activation, propor- 
tional to the intensity and duration of the stimulus, or 
whether the pattern of activation reflects the method 
of seizure induction. The extent of neuronal activation 
has been reported to progressively increase in numer- 
ous brain regions during the progression of kindling 
development (Clark et al., 1991; Nierenberg et al., 1994; 
Pretel et al., 1995). Whether such a progression in hypo- 
thalamic Fos expression is present in the PVN during 
the development of kindling is presently unknown, but 
it is the subject of current investigations in our labora- 
tory (Piekut et al., 1992, 1993). Kindling is a graded 
stressor, and following the elicitation of three stage 5 
seizures, the animal may not perceive this focal ictal 
event as a stressor. Thus, habituation in the kindled 
animal may occur and this may be accompanied by a 
reduction of Fos expression. 

Our present study indicates that seizures have a pro- 
found effect on the neuroendocrine hypothalamus. Data 
from some animal models corroborate this finding. In 
the rat kindling model of epilepsy, basal levels of circu- 
lating pituitary ACTH and adrenal corticosteroids have 
been reported to be elevated 3-4 times above control 
values (Szafarczyk et al., 19861, and adrenal weights 
have been reported to be increased in rats exposed to 
this paradigm (McIntyre, 1976; McIntyre and Wann, 
1978). While the studies addressing this issue are lim- 

ited, the data suggest an influence of limbic kindling 
on the regulation of the hypothalamic-pituitary-adrenal 
axis. Studies have emphasized the importance of the 
hippocamal formation andor amygdaloid complex in 
the pathogenesis of most complex partial seizures (re- 
viewed in White and Price, 1993a,b). Limbic structures 
are known to have direct connections to the hypothala- 
mus, and the hippocampus has been proposed as a regu- 
lator of the hypothalamic-pituitary axis (reviewed in 
Jacobson and Sapolsky, 1991). Hypothalamic alter- 
ations have been detected in animals bearing hippocam- 
pal lesions (Herman et al., 1989). Thus, kindling-in- 
duced reorganization of limbic circuitry could have a 
significant effect on hypothalamic function. 

Kainic acid elicites generalized limbic seizures in ro- 
dents and is used as an acute model of seizures, and is 
reminiscent of temporal lobe epilepsy (Ben-Ari, 1985). 
Limbic structures (e.g., hippocampus, amygdala) are 
areas known to  be adversely affected by kainate-in- 
duced seizures (reviewed in Sperk, 1994). Therefore, it 
is likewise feasible that epileptic discharges in kainate- 
treated animals disrupt limbic neural circuits, which, 
in turn, can modify hypothalamic functions, and this 
was the premise of our study. Data presented in our 
laboratory indicate that neurons of the hypothalamus 
are activated in response to generalized seizures elic- 
ited by kainate or limbic kindling, thus demonstrating 
a direct effect of seizures on neurons of the PVN. 

Stressors generate a complex neuronal response in 
the brain. Seizures are regarded as a severe stressor 
in that they disrupt the body’s homeostasis. Activation 
of the pituitary-adrenal axis is clearly a response to 
most stressors, and the regulation of pituitary ACTH 
secretion appears to be a multifactorial process that 
involves numerous peptides in addition to the hypotha- 
lamic corticotropin-releasing factor (CRF), which is 
known to play a significant role in this response. It is 
becoming increasingly evident that oxytocin and vaso- 
pressin serve functions in the brain other than their 
classical neuroendocrine function. Oxytocin and argi- 
nine vasopressin are peptides, which are also known to 
potentiate the action of CRF, and, therefore, they may 
play a role in enhanced ACTH release from anterior 
pituitary adrenocorticotrophe cells (Antoni et al., 1983; 
Gillies et al., 1982; Rivier and Vale, 1983). Vasopressin 
and oxytocin receptors have been identified in rat 
adenohypophysial tissue (Antoni, 1984, 198613; Lutz- 
Bucher and Koch, 1983), but the cellular origin of vaso- 
pressin and oxytocin in portal blood is at present contro- 
versial. Although CRF parvicellular neurons of the PVN 
have been demonstrated to coexpress the vasopressin 
protein or vasopressin mRNA in adrenalectomized rats 
(Piekut and Joseph, 1986; Tramu et al., 1983; Wolfson 
et al., 19851, there is evidence to suggest that the vaso- 
pressin and oxytocin magnocellular neurons of the PVN 
and supraoptic nuclei of the hypothalamus are involved 
in control of the anterior pituitary ACTH secretion (An- 
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toni et al., 1990; Buma and Nieuwenhuys, 1988; Holmes 
et al., 1986; Pow and Morris, 1989). Additionally, oxyto- 
cin and vasopressin have been identified in numerous 
extrahypothalamic sites which include forebrain, brain 
stem, and spinal cord by immunocytochemical (reviewed 
in Zimmerman et al., 1984) and radioimmunoassay (Val- 
iquette et al., 1985) studies. They terminate synaptically 
at some sites (Buijs and Swabb, 1979), and these peptides 
can be released upon a depolarizing stimulus (Buijs and 
van Heerikhuize, 19821, which suggests that oxytocin 
and vasopressin a t  extrahypothalamic sites may func- 
tion as neurotransmitters. Whether an increase in the 
activation of oxytocin neurons, as demonstrated in the 
present study, reflects an influence on posterior o r  ante- 
rior pituitary neuroendocrine functions, andor alterna- 
tively modulates functions at extrahypothalamic sites 
(e.g., behavior, autonomic) is speculative at present. 
Therefore, the activation of hypothalamic peptides fol- 
lowing seizure induction could be responsible for the neu- 
roendocrine, autonomic, and behavioral alterations 
which accompany the motor manifestations characteris- 
tic of generalized limbic seizures. 

Hormonal and neural (synaptic) inputs to the PVN 
are factors that potentially mediate the effects of a stres- 
sor. Activation of the pituitary-adrenal axis, as seen in 
chronic stress, appears to be mediated via neuronal 
input to the PVN (Sawchenko et al., 1993). Character- 
ization of the neural circuitry which conveys stress- 
related information to the PVN is unknown; these 
neural inputs may directly or indirectly influence oxy- 
tocinergic neurons. The hippocampal formation, an 
area of proposed importance in seizure pathogenesis, 
is reported to effect hypothalamic neurons, specifically, 
CRF-containing neurons (Herman et al., 1989). Piekut 
et al. (1992, 1994) have shown that CRF-containing 
neurons are activated following seizure induction. The 
CRF neuron clearly plays a significant role in the activa- 
tion of the pituitary-adrenal axis in response to stress. 
Studies by Bruhn et al. (1986) have suggested that the 
CRF neuron may play a role in mediating stress-in- 
duced oxytocin secretion. Intraventricular injection of 
CRF has been reported to  increase oxytocin release in 
male and female rats (Bruhn et al., 1986). Jezova et al. 
(1993) have shown that an intact PVN is essential for 
immobilization stress to induce oxytocin release, which 
may suggest that this response is due to the lack of 
PVN afferents or that the CRF neuron may be needed 
to trigger oxytocin release during stress. Preliminary 
data in our laboratory suggest that few magnocellular 
neurons in the PVN are activated in animals exhibiting 
preconvulsive seizures, therefore implying that the in- 
tensity andor duration of seizure may be responsible for 
the activation of distinct and specific neuronal groups. 
CRF-containing neurons may recruit additional neu- 
ronal substrates, which would increase their efficiency 
to maintain a homeostatic response to seizure induc- 
tion. Anatomical relations between CRF neurons and 

magnocellular neurons have been proposed (Piekut and 
Joseph, 19851, and a recent study by Hisano et al. (1992) 
has shown that CRF-containing axons make synaptic 
contacts with oxytocinergic magnocellular neurons in 
the PVN. These studies suggest that both the CRF and 
oxytocin peptidergic systems play a role in some stimuli- 
induced stress response. Multiple neuropeptideheuro- 
transmitter systems may function to coordinate and 
integrate the body’s response to some stress paradigms 
(e.g., generalized limbic seizures). 

In summary, the present study is the first to demon- 
strate that elicitation of fully-generalized limbic sei- 
zures induces a dramatic number of neurons in the 
PVN of the hypothalamus to express the Fos protein. 
It further demonstrates that specific subpopulations of 
PVN neurons are activated in the parvicellular and 
magnocellular components of the PVN. In the latter, 
this study clearly shows a preferential and selective 
activation of oxytocin-containing neurons, and it ex- 
tends and supports the hypothesis that oxytocin plays 
a role in the body’s response to certain stress paradigms. 
This data suggests that an activation of the oxytocin 
neuronal system may be part of the adaptive mecha- 
nism that enables the hypothalamus to modulate and 
maintain an adequate response to stressors (e.g., gener- 
alized limbic seizures) to regain homeostasis. 
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