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Review article
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In socially organized mammals the predominating stressors are not physical events
but arise from the immediate social environment of the animal. Crowding typically
evokes social stress reactions with prominent psychosocial components mimicking
emotional state alterations. Depending on the nature, intensity and duration
of the initial stimuli, they can either reduce or increase the response of the
hypothalamic-pituitary adrenal (HPA) axis. In homologous desensitization only
stimulation by desensitizing hormone is attenuated, in heterologous desensitization
diminished responsiveness to additional activators occurs. Social stress of crowding
(21 rats in a cage for 7) for 3, 7, 14 and 21 days considerably reduced the
corticosterone response to intracerebroventricular (icv) administration of carbachol,
a cholinergic muscarinic receptor agonist due to a homologous desensitization and
down-regulation of central muscarinic receptors by an increased secretion of
acetylcholine. Crowding stress significantly reduced the HPA response to icv
isoprenaline, a B-adrenergic agonist and clonidine, an a,-adrenergic agonist and only
moderately diminished the response to phenylephrine — an o,-adrenergic agonist.
The stimulatory effect of dimaprit, a nonselective histamine H,-receptor agonist on
HPA axis' was considerably impaired in crowded rats while the response to
2-pyridylethylamine, a H;-receptor agonist was moderately affected. Social crowding
stress did not substantially alter the CRH-induced ACTH and corticosterone
response while it suppressed the vasopressin-induced responses. Indomethacin did
not change basal plasma ACTH and corticosterone levels, indicating that
prostaglandins are not involved in basal regulation of the HPA activity. Inhibition
of prostaglandins synthesis by indomethacin significantly diminished the
vasopressin-induced HPA response under both basal and social stress conditions,
whereas it did affect the CRH-elicited HPA stimulation under both these
circumstances. Social stress inhibits the nitric oxide effect on the CRH-induced
ACTH response but it does not alter the AVP-induced responses. These results
indicate a specific and distinct influences of social crowding stress on the
neurotransmitters- néurohormones- prostaglandins- and nitric oxide-induced HPA
responses.

Key word s: social crowding stress, adaptation, HPA response, neurotransmitters,
neurohormones, prostaglandins, nitric oxide.
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INTRODUCTION

Man and animals have physiological and psychological mechanisms that
are activated in dangerous situations (1). Any actual or perceived threat to
homeostasis or expectations of an organism initiates a series of central nervous
system mediated, adaptive behavioural, autonomic and neuroendocrine
responses (2, 3). In general, stress responses result from coordinated
activation of several effector systems, including the sympathoncural and
sympathoadrenal system as well as the hypothalamic-pituitary-adrenal (HPA)
axis (4—6).

The majority of our current informations on the stimulation of the central
stress responsive systems or some state of stress pathology is derived from
animal reactions to various kinds of physical stressors e.g. restraint, electric
foot-shocks, cold stress, noise. Many of these procedures bear little or no
relation to the environmental challenges experienced by an animal (7). In
socially organized mammals, however, the predominating stressors are not
physical events but arise from the immediate social environment of the animal
and psychosocial conflicts (8).

Physiological stress is caused by strong physical or environmental changes
treatening internal homeostasis, whereas psychosocial or psychological stress 18
evoked by subjective perception and cognitive processes that control the
behavioral interactions of the group members and determine their
relationships. Crowding typically induces social stress reactions with
prominent psychosocial components and mimicking emotional state
alterations. Social interactions have a profound influence on neuroendocrine
functions in mammals (9, 10).

Psychosocial stimuli act through higher nervous processes which trigger the
release of glucocorticoids and catecholamines into the blood stream. During
chronic social stress there is no single, unique response by the animal, but
a highly complex set of neuroendocrine changes, which are dependent on the
interaction between situational factors and individual characteristics of the
animal. Psychological stress, like a variety of stressful stimuli cause marked
increases in neurotransmitters release in brain structures, preferentially in th.e
hypothalamus, amygdala and locus coeruleus regions (11). The monoaminergi
neurotransmitters e.g. catecholamines, histamine, serotonin and acetylchollr}e
are significantly involved in the synthesis and release of hypOthSiOtr_Oplc
hormones by neurons in the hypothalamus, and ACTH from anterior pituitary
corticotrophs (12—14). Neurotransmitters and hypothalamic corticotropin
releasing hormone (CRH) and vasopressin (AVP) activate the pituitary—adlfenal
system and stimulate adrenal glucocorticoid secretion. Most forms of stres>
considerably and in different way alter the brain monoaminergic neuronal and
hypothalamic CRH and AVP activity by their enhanced synthesis or release.
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The effect of social stress on the hypothalamic-pituitary-adrenal system
responses to neurotransmitters and neuropeptides, CRH and AVP, has not
been elucidated yet.

TOLERANCE, ADAPTATION, DESENSITIZATION

It is well known that an initial exposure of the hypothalamic-pituitary-
adrenal axis to a stressor can alter the response of this axis to the same, as well
as other, noxious signals (15, 16). Daily exposure of the animals to the same
stressors reduces the pituitary-adrenal response to the stimulus. Tolerance,
subsensitivity, adaptation or desensitization refers to the situation in which
repeated exposure to the same stimulus elicits a diminishing effect on ACTH
and corticosterone secretion and appears to be due to diminished emotional
arousal evoked by the stimulus (17, 18). Desensitization is a common property
of virtually all membrane receptors and is the process by which receptors are
inactivated in the prolonged presence of agonist.

Homologous or specific desensitization is characterized by the fact that only
stimulation by the desensitizing hormone is attenuated. Homologous
desensitization appears to occur in response to nearly all hormones that
stimulate or inhibit adenylate cyclase. Homologous hormone induced decrease
in adenylate cyclase activity occurs rapidly and reversibly. In homologous
desensitization uncoupling of receptor-adenylate cyclase and sequestration of
receptors from the cell surface is involved in the subsensitivity (19).

In contrast, heterologous desensitization is characterized by a diminished
responsiveness to additional hormones and to other activators of adenylate
cyclase. Heterologous desensitization is not associated with receptor
Squestration or down-regulation but instead involves a functional uncoupling
of the receptors and other components of the adenylate cyclase system (20).

On the other hand, repeated exposures to relative intense stimuli or
Persistent stress regimen may induce a state of semsitization, marked by
Stronger response of hormone release than was initially observed (21, 22).

- NEUROTRANSMITTER SYSTEMS ADAPTATION DURING CROWDING

4. Cholinergic Muscarinic System Adaptation

In the brain acetylcholine (ACh), a major central and peripheral autonomic
n<?ur0transmitter, is one of the neurotransmitters clearly involved in the
Simulation  of hypothalamic release of CRH (23). Acute stress of
'mmobilization increases the synthesis, binding and release of ACh 1n the
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hippocampus and limbic structures (24). Chronic stress induces adaptive
changes in cholinergic terminals expressed as a reduction of the choline
uptake and an increase in the number of muscarinic binding sites in the septo-
hippocampal cholinergic system which is involved in the pituitary-
adrenal response to stressful stimuli (25). We found that social stress of
crowding (21 rats in a cage for 7) for 3, 7, 14 and 21 days considerably
reduces the increase in serum corticosterone level induced by
intracerebroventricular (icv) administration of carbachol a cholinergic
muscarinic receptor agonist (26—28). Acute and chronic stress cause an
increase in ACh release and compensatory down-regulation of muscarinic
receptors. The reduced responsiveness of the HPA axis during crowding
stress may be elicited by a homologous desensitization and down-regulation
of hypothalamic and/or anterior pituitary muscarinic receptors (29) following
an increased secretion of ACh. Although icv carbachol stimulates the release
of CRH from hypothalamic paraventricular nucleus, CRH receptors on
anterior pituitary corticotrophs retain their reseponsiveness to CRH during
crowding stress (27, 28). Muscarinic acetylcholine receptors coupled to
phospholipase C (PLC) desensitize by both homologous and heterologous
mechanism and modulation of the activity of protein kinase (PKC) can
affect the development of desensitization. Homologous desensitization of
muscarinic receptor may be regulated by B-adrenergic receptor-like kinase,
while phosphorylation by protein kinase C (PKC) or cAMP- dependent
protein kinase may regulate heterologous desensitization of the muscarinic
receptor during social crowding stress (20).

B. Adrenergic System Adaptation

Adaptive changes induced by psychological stress include monoaminerg.ic
systems. Repeated or chronic stress increases the release of brqln
catecholamines and their chronic availability elicites reduction in the denSIt.Y
and desensitization of B-adrenoceptors in several regions of the brain (30). Th}5
is considered one of the biochemical mechanisms in receptor adaptation. n
order to prevent some dangerous effects of the persisting stress-induced high
levels of catecholamines.

Crowding stress for 3—7 days considerably reduces the rise in serufm
corticosterone elicited by icv administration of isoprenaline, a B-adrener'glC
receptor agonist and clonidine, an a,-adrenergic agonist. However, crowdl‘ng
diminishes to a lesser extent the increase in serum corticosterone evoked by 16V
phenylephrine, an o;-adrenergic agonist (13, 31). Adrenergic B- receptors, like
cholinergic muscarinic receptors are linked to stimulatory G-protelns t0
stimulate adenyl cyclase and are regulated by phosphorylation Wh{Ch 15
obligatory for desensitization of receptors to their agonists. Phosphorylation of
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the B-adrenergic receptor by cCAMP dependent kinase and PKC during stress is
intimately involved in the desensitization of the receptor.

Receptors are not lost during short-term desensitization since receptor
function restores rapidly after removal of agonist. Long-term exposure to
agonist down-regulates receptor expression for many G protein-coupled
receptors. In the presence of noradrenaline which stimulates a,-receptors, these
receptors down regulated to about 50%. The down-regulation of the
a,-adrenergic receptors in vitro is evoked by an increase in the rate of receptors
degradation since their density decreases for a prolonged period of time (32).
Increased release of noradrenaline during crowding stress may decrease
w,-adrenergic receptor density and markedly diminish the stimulatory effect of
clonidine on corticosterone secretion (31). Crowding stress does not
significantly affect the pituitary-adrenocortical response stimulated via
w-adrenergic receptors which couple to a distinct class of G proteins to
activate production of the second messengers inositol triphosphate and
diacylglycerol.

C. Histaminergic System Adaptation

Histamine seems indispensable to the normal functioning of the central
nervous system and the HPA axis (33). Histamine-immunoreactive neuronal
fibres and terminals are most numerous in different hypothalamic nuclei (34).
Histamine and its central receptors are known to induce or mediate the HPA
response (35, 36). Different kinds of stressors affect central histamine receptors
as well as the synthesis and turnover of histamine. It is generally accepted that
the histaminergic systems modulate the HPA axis, predominantly through
stimulation of the hypothalamic release of CRH (37).
~ Social crowding stress applied for 3, 7 and 14 days, markedly though
Insignificantly, diminished the corticosterone response to pyridylethylamine
(PEA), a histamine H;-receptor agonist measured 1h after administration. On
the other hand crowding stress caused a highly significant impairment of the
corticosterone response to dimaprit, a histamine H,-receptor agonist (38) and
4 moderate H; receptor antagonist (39). A maximum decrement of
dimaprit-induced response was observed after 3 days and gradually fell down
after 14 days of crowding (28, 40).

Dramatic impairment by chronic social crowding stress of the
Iesponsiveness of the HPA axis to histamine H,-receptor stimulation is
“mparable, regarding its time-course and intensity, to a similar reduction in
the corticosterone response to P-adrenergic and cholinergic muscarinic
feCeptor stimulation in crowded rats (26). Signal transduction through
!“Stamine H,-receptors, like that through B-adrenergic receptors, appears to
'volve primarily the adenylate cyclase pathaway (41). Our results suggest that
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impairment of this second messenger system may be mainly responsible for the
dramatic reduction of the corticosterone secretion after icv administration of
dimaprit.

Histamine H;-receptors which utylize the phosphatidylinositol and protein
kinase C system for stimulation transduction (42, 43) are fairly resistant to
desensitization during crowding stress. Histamine H,-receptors may be
desensitized by both homologous and heterologous mechanisms since an
increased synthesis, release and turnover of histamine and other biogenic
amines under different stress conditions are well known. Although
desensitization of the histamine H;-receptor-mediated inositol phoshate
accumulation was found in the guinea-pig cerebral cortex slices and intestinal
longitudinal smooth muscle (44), the H; agonist-induced desensitization of
inositol phosphate production was not characterized in complex central
nervous system structures. Thus our results suggest the prevalence of
desensitization of the adenylate cyclase system during chronic social stress, as
was demonstrated in other chronic stress models.

In conclusion, the present data show that social crowding stress considerably
reduces the responsiveness of the HPA axis to adrenergic, muscarinic cholinergic
and histaminergic stimulation, and that this reduction seems to be caused mainly
by the functional desensitization of central adrenregic o,- and [-receptors,
muscarinic receptors, and histamine H,-receptors.

CRH- AND AVP-INDUCED HPA RESPONSES DURING CROWDING

CRH is generally considered the primary and most potent activator of the
pituitary-adrenal axis (12). Arginine vasopressin, the first identified
secretagogue of ACTH, also coregulates ACTH secretion from pituitary (43).
AVP has intrinsic capacity to stimulate ACTH secretion, and potentiates the
stimulatory effects of CRH. These ACTH-secretagogues are synthesized in the
hypothalamic paraventricular nucleus (PVN), by cell bodies of parvocellu}ar
neurosecretory neurons that project to the zona externa of the median
eminence. These neuropeptides are released by stress signals from their stores
to the hypophyseal portal system and induce the release of ACTH from the
anterior pituitary corticotrops. In turn, ACTH stimulates the secretion of
corticosterone from the adrenal cortex.

In normal rats, AVP is colocalized in approximately half of the CRH
positive parvocellular neurons and these neurons are the main source of AVP
in the hypophysial portal blood. The other half of the CRH axons contain little
or no detectable AVP (46). Differential activation of these subpopulations of
CRH axons could provide a mechanism regulating independently Jevels of
CRH and AVP in portal plasma. Although single and repeated exposure of rats
to immobilization stress can significantly upregulate the AVP as well as the



373

CRH mRNA generation in the hypothalamic CRH neurosecretory system (47),
in stressed rats the number of AVP-expressing parvicellular CRH neurons
increases more potently than AVP-deficent CRH neurons (48—50). Also chronic
psychosocial stress increases the AVP, but not the CRH, content in the zona
externa of median eminence (51). During chronic stress pituitary AVP receptor
regulation is involved in the adaptation of the HPA axis (52). The activation of
the HPA axis is characterized by expression of messenger RNA and CRH
synthesis and release from isolated rat hypothalamus and is activated by a major
intracellular signaling system, CAMP and the cAMP-dependent protein kinase
A (PKA). AVP and CRH bind to specific pituitary corticotrop membrane
receptors which activate different second messengers. The rat pituitary AVP
receptor subtype V1b is coupled to phospholipase C and phosphoinositide-
protein kinase C (PKC) pathway which plays a crucial role in the stimulatory
action of AVP on adenohypophyseal cells. The CRH receptor is coupled-to an
adenylate cyclase (53).

Repeated stress induces rapid adaptation of the CRH mRNA response and
desensitization of the pituitary ACTH response, which may be caused by
negative feedback mechanisms, as well as depletion of the releasable ACTH
pool, or down-regulation of pituitary CRH receptors (17). Chronic social stress
can alter levels of CRH and AVP mRNA in rat brain (54).

In rats crowded for 3 days we found that the ACTH response to CRH is
somewhat facilitated and corticosterone response remains unaffected indicating
that the HPA system is fully sensitive or even hyperactive. This may reflect
predominantly a moderate up-regulation of pituitary CRH receptors. By
contrast, crowding stress considerably reduces the AVP-induced ACTH and
corticosterone response (55, 56). This may result from desensitization and/or
2 decrease in the number of AVP receptors in the anterior pituitary
Forticotrops, or from desensitization of the AVP-stimulated intracellular
Inositol triphosphate and the PKC signaling pathway.

AVP plays a primary role in the regulation of the pituitary adrenal axis
during adaptation to stress (50, 52). Chronic stress increases the expression of
AVP in parvicellular neurons of the PVN, and AVP but not CRH secretion
to the pituitary portal circulation. Changes in density and sensitivity of
plt_uitary AVP receptors seem to play a major role in adaptation of the HPA
4XI$ to crowding stress.

PROSTAGLANDINS IN CRH- AND AVP- INDUCED HPA RESPONSES DURING
CROWDING

The stimulatory action of CRH and AVP on the anterior pituitary
Corticotrop receptors depends on and may be modulated by different
feuromodulators including prostaglandins (PGs). They mediate the HPA
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responses to neurotransmitters involved in regulation of this system (57—60).
Brain prostaglandins evidently mediate the interleukin IL-1B —induced ACTH
secretion (61, 62). Prostaglandins stimulate the release of ACTH from the
anterior pituitary corticotrops either directly or by the hypothalamic release of
CRH and/or AVP and they can directly stimulate steroidogenesis in rat
adrenal glands (63).

Prostaglandins are known to be released under stressful circumstances.
They mediate responses to psychological stress, including the ACTH and
corticosterone response (64). Our results indicate that in rats crowded for
3 days or in nonstressed animals PGs are not involved in the
pituitary-adrenocortical response elicited by direct homologous stimulation of
pituitary CRH receptors by intraperitoneal administration of CRH. On the
other hand, PGs significantly mediate the stimulatory action of AVP on the
HPA axis, under basal circumstances and both the hypothalamus and the
anterior pituitary may be involved in this interaction. Social crowding stress
does not affect the significant participation of the PGs system in the
transduction of AVP hypophysiotropic signals found in nonstressed
animals (64). Therefore, PGs play a distinct role in stimulation and adaptation
of the CRH and the AVP regulatory systems under basal and social stress
conditions.

NITRIC OXIDE IN CRH- AND AVP- INDUCED HPA RESPONSES DURING
CROWDING

Nitric oxide (NO) acts as a neuronal messenger in the central and
peripheral nervous system (65). Nitric oxide is enzymatically synthesized from
L-arginine through the action of either constitutive or inducible NO synthase
isoforms. Of the isozymes of NO synthase (NOS), the neuronal type (nNOS) is
widely distributed in the brain. A NOS-like activity and NOS mRNA ar¢
present within the key structures of the HPA axis including parvocellular
division of the hypothalamic PVN and in a subpopulation of CRH- and
AVP-expressing neurons (66—68). To date, there has been no demonstration of
NOS within the corticotrops. Nitric oxide acts as a neuromodulator in the
hypothalamic-pituitary adrenal axis (HPA). _

Under basal conditions endogenous NO is not activated to substantlal}y
affect the resting HPA activity. Different stressors augment NOS exprcssion n
key structures of the HPA axis. Acute immobilization stress causes the
up-regulation of expression of neuronal nitric oxide synthase (69), the enzyme
which plays a major role in NO biosynthesis in the neuroendocrine system.
Blockade of NO synthesis significantly impairs ACTH release in respons to
a mild electroshock and water avoidance stress (70).
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In stressed rats NO synthase blocker L-NNA totally abolishes the
CRH-induced increase in ACTH secretion and slightly diminishes the
corticosterone response compared with stressed saline-treated controls (56).
This suggests that either social stress abolishes the action of endogenous NO
on the CRH-induced ACTH response, or L-NNA does not affect the synthesis
of endogenous NO in chronically crowded rats.

Nitric oxide may also influence synthesis or release of neurotransmitters
such as catecholamines and prostaglandins which are involved in the control of
HPA activity (65). The increase in the CRH- and AVP-induced secretion
elicited by the NOS blocker may be partly connected with changes in activity
of hypothalamic dopamine and noradrenaline which are known to activate the
HPA axis (71). Although central o, and B-adrenergic receptors are also
moderately involved in CRH- and AVP-induced increase in corticosterone
sectetion, respectively, (72) hypothalamic adrenergic mechanism does not seem
to play a major role in the NO-induced changes in ACTH and corticosterone
secretion. Nitric oxide may modify the HPA response to CRH and AVP via an
interaction with a cyclooxygenase pathway. NO may indirectly stimulate or
reduce cyclooxygenases and subsequently increase or inhibit the synthesis of
prostaglandins in different tissues, including brain structures involved in
regulation of the HPA activity. Our results show that crowding stress does not
affect the potent stimulatory effect of NOS blocker on the AVP-induced ACTH
response, but it abolishes the stimulatory action of L-NNA on the
CRH-evoked ACTH response. These findings indicate that social stress
desensitizes the mechanism of action of NO in the CRH- but not the
AVP-induced ACTH response. They also indicate that endogenous NO may
Separately modulate the CRH- and AVP-induced stimulatory pathways in the
HPA axis stress response. |

REFERENCES

l. McEwen BS, Stellar E. Stress and the individual. Mechanisms leading to disease. Arch Intern
Med 1993; 153: 2093—2101.

2. Laborit H. The major mechanisms of stress. In: Methods Achieve Exp Pathol. Stress revisited.
Systemic effects of stress, ed Jasmin G, Proschek L, Basel, Karger 1991; 15: 1—26.

3 Mormede P, Lemaire V, Castanon N, Dulluc J, Laval M, Le Moal M. Multiple
fcuroendocrine responses to chronic social stress: Interaction between individual
characteristics and situational factors. Physiol Behav 1990; 47: 1099—1105.

' MCCarty R, Gold PE. Catecholamines, stress, and disesase: A psychobiological perspective.
Psychosom Med 1996; 58: 590—597.

+ Akil HA, Morano MI. Stress. Psychopharmacol: The fourth generation of progress, ed Bloom

6 FE, Kupfer DJ, New York, Raven Press, Ltd., 1995; 67: 773—785. o
- Sachser N. Short-term responses of plasma norepinephrine, epinephrine, glucocorticoid and
testosterone titers to social and non-social stressors in male guinea pigs of different social
Status. Physiol Behay 1987; 39: 11—20.



376

7.
8.

2,
10.
11.

12,

13,
14,
15,
16.
17,

18.

19.
20.

21.
22,
23.
24.

25

26.

Koolhaas JM, De Boer SF, De Ruiter AJH, Meerlo P, Sgoifo A. Social stress in rats and mice,
Acta Physiol Scand 1997; 161: 69—72.

Huether G. Stress and the adaptive self-organization of neuronal connectivity during early
childhood. Int J Devl Neurosci 1998; 16: 297—306.

Zayan R. The specifity of social stress. Behavioural Processes 1991; 25: 81—93.
Kollack-Walker S, Watson SJ, Akil H. Social stress in hamsters: defeat activates specific
neurocircuits within the brain. J Neurosci 1997; 17. 8842—8855.

Zafar HM, Pare WP, Tejani-Butt SM. Effect of acute or repeated stress on behaviour
and brain norepinephrine system in Wistar-Kyoto (WKY) rats. Brain Res Bull 1997, 44
289—295.

Whitnall MH. Regulation of the hypothalamic corticotropin-releasing hormone
neurosecretory system. Prog Neurobiol 1993; 40: 573—629.

Bugajski J, Gadek-Michalska A, Olowska A, Borycz J, Glod R, Bugajski AJ. Adrenergic
regulation of the hypothalamic-pituitary-adrenal axis under basal and social stress conditions.
J Physiol Pharmacol 1995; 46: 297—312.

Matheson GK, Knowles A, Guthrie D, Gage D, Weinzapfel D, Blackbourne J. Actions of
serotonergic agents on hypothalamic-pituitary-adrenal axis activity in the rat. Gen Pharmac
1997; 29: 823—828.

Marti O, Armario A. Anterior pituitary response to stress: Time related changes and
adaptation. Int J Devl Neurosci 1998; 16: 241—260.

Ottenweller JE, Servatius RJ, Tapp WN, Drastal SD, Bergen MT, Natelson BH. A chronic
stress state in rats: Effects of repeated stress on basal corticosterone and behavior. Physiol
Behavior 1992; 51: 689—698.

Rivier C, Vale W. Diminished responsiveness of the hypothalamic-pituitary-adrenal axis of the
rat during exposure to prolonged stress: A pituitary-mediated mechanism. Endocrinology 1987,
121: 1320—1328.

Bugajski J, Wieczorek E. Social stress of crowding impairs pituitary-adrenocortical
responsiveness to monoaminergic stimulation. Stress: neuroendocrine and molecular
approaches, ed Kvetnansky R, McCarty R, Axelrod J. New York 1992; 489-—495.
Clark RB. Desensitization of hormonal stimuli coupled to regulation of cyclic AMP levels.
Advances in Cyclic Nucleotide and Protein Phosphorylation Research 1986; 20: 151——20_9-
Huganir RL, Greengard P. Regulation of neurotransmitter receptor desensitization by protein
phosphorylation. Neuron 1990; 5: 555—567.

Marti O, Gavalda A, Gomez F, Armario A. Direct evidence for chronic stress-induced
facilitation of the adrenocorticotropin response to a novel acute stressor. Neuroendocrinology
1994; 60: 1—7.

Servatius RJ, Ottenweller JE, Bergen MT, Soldan S, Natelson BH. Persistent stress-induced
sensitization of adrenocortical and startle responses. Physiol Behav 1994; 56: 945—954.
Calogero AE, Kamilaris TC, Gomez MT, Johnson EO, Tartagila ME, Gold PW, Chrous.Os
GP. The muscarinic cholinergic agonist arecoline stimulates the rat hypothalamic-
pituitary-adrenal axis through a centrally-mediated corticotropin-releasing hormone¢-
dependent mechanism. Endocrinology 1989; 125: 2445—2449. .
Finkelstein Y, Koffler B, Rabey JM, Gilad GM. Dynamics of cholinergic synaptic mechanisms
in rat hippocampus after stress. Brain Res 1985; 343: 314—3109.

Gilad GM. The stress-induced response of the septo-hippocampal cholinergic syster
A vectorial outcome of psychoneuroendocrinological interactions. Psychoneuroendocrl"OI
1987; 12: 167—184.

Bugajski J, Wieczorek E, Gadek-Michalska A, Borycz J. Chronic crowding stress abolisht”s.the
pituitary-adrenocortical responsiveness to central cholinergic muscarinic receptor stimulation-
Neuroendocrinol Lett 1993; 15: 383—388.



27.

28.

29.

30.

31.

32

33.

34,

35.

36.

3.

38.

39.

40,

41.

42,

43,

45,

3 s

377

Bugajski J, Gadek-Michalska A, Borycz J, Glod R, Bugajski AJ. The corticosterone response
to cholinergic and CRF receptor stimulation in rats exposed to social crowding stress. Inflamm
Res 1995; 44. S42-S43.

Gadek-Michalska A, Bugajski J, Borycz J, Bugajski AJ, Glod R. Social crowding stress
attenuates central histamine and muscarinic cholinergic systems involved in the
hypothalamic-pituitary-adrenocortical responsiveness. Neurosci Res Comm 1994; 15: 59—66.
Schaeffer JM, Hsueh JW. Acetylcholine receptors in the rat anterior pituitary gland.
Endocrinology 1980; 106: 1377—1381.

Stone EA, Slucky AV, Platt JE, Trullas R. Reduction of the cyclic adenosine
3’S-monophosphate response to catecholamines in rat brain slices after repeated restrain
stress. J Pharmacol Exp Ther 1985; 233: 382—388.

Bugajski J, Gadek-Michalska A, Borycz J, Wieczorek E. Effect of crowding on corticosterone
responses to central adrenergic stimulation. Agents Actions, Special Conference Issue 1994; 41:
C73-C74.

Heck DA, Bylund DB. Mechanism of down-regulation of alpha-2 adrenergic receptor
subtypes. J Pharmacol Exp Ther 1997, 282: 1219—1227.

Jorgensen H, Knigge U, Kjoer A, Warberg J. Interactions of histaminergic and serotonergic
neurons in the hypothalamic regulation of prolactin and ACTH secretion. Neuroendocrinology
1996; 64: 329—336.

Panula P, Pirvola U, Auvinen S, Airaksinen MS. Histamine-immunoreactive nerve fibres in the
rat brain. Neurosci 1989; 28: 585—610.

Bugajski J, Janusz Z. Central histaminergic stimulation of pituitary-adrenocortical response in
the rat. Life Sci 1983; 33: 1179—1189.

Cacabelos R. Histaminergic system: Neuroendocrine function of brain histamine. Meth Find
Exp Clin Pharmacol 1990; 12: 341—376.

Bugajski J, Borycz J, Bugajski AJ. Influence of central neuronal histamine on the
pituitary-adrenocortical activity stimulated by neurotransmitters. Agents Actions, Special
Conference Issue 1992; C346-C349.

Van der Goot H, Bast A, Timmerman H. Structural requirements for histamine H, agonists
and H, antagonists. In: Histamine and histamine antagonists, B. Uvnis (ed). Springer, Berlin,
Heidelberg, New York, 1991, pp. 573—748.

Schlicker E, Behling A, Limmen G, G6thert M. Histamine Hs,-receptor-mediated inhibition
of noradrenaline release in the mouse brain cortex. Naunyn-Schmiedeberg’s Arch Pharmacol
1992; 345: 489—493.

Gadek-Michalska A, Borycz J, Bugajski J. Pituitary-adrenocortical responsiveness to
histaminergic stimulation during social stress of crowding in rats. Agents Actions, Special
Conference Issue 1994; 41: C80-C8l.

Wang LD, Hoeltzel M, Gantz I, Hunter R, Del Valle J. Characterization of the histamine
H-receptor structural compohents involved in dual signaling. J Pharmacol Exp Ther 1998,;

285: 573—578.

Leurs R, Smit MJ, Bast A, Timmerman H. Homologous histamine H,-receptor desensitization

results in reduction of H,-receptor agonist efficacy. Eur J Pharmacol 1991; 196: 319—322.

Smit MJ, Bloemers SM, Leurs R, et al. Short-term desensitization of the histamine H,-receptor

In human HeLa cells: involvement of protein kinase C dependent and independent pathways.

Br J Pharmacol 1992; 107: 448—455.

- Leurs R, Brozius MM, Jansen W, Bast A, Timmerman H. Desensitization of histamine

Hl-receptor-,mediated cyclic GMP production in guinea-pig lung. Eur J Pharmacol — Mol
Pharmacol Sec 1992; 225: 137—141.

Antoni FA. Vasopressinergic control of pituitary adrenocotropin secretion comes of age. Front
Neuroendocrinol 1993; 14: 76—122.

Journal of Physiology and Pharmacology



378

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Whitnall MH, Smyth D, Gainer H. Vasopressin coexists in half of the corticotropin-releasing
factor axons present in the external zone of the median eminence in normal rats.
Neuroendocrinology 1987; 45. 420—424.

Bartanusz V, Jezova D, Bertini LT, Tilders FJH, Aubry JM, Kiss JZ. Stress-induced increase in
vasopressin and corticotropin-releasing factor expression in  hypophysiotrophic
paraventricular neurons. Endocrinology 1993; 132: 895—902.

Whitnall MH. Stress selectively activates the vasopressin-containing subset of
corticotropin-releasing hormone neurons. Neuroendocrinology 1989; 50: 702—707.
Bartanausz V, Aubry JM, Jezova D, Baffi J, Kiss JZ. Up-regulation of vasopressin mRNA in
paraventricular hypophysiotropic neurons after immobilization stress. Neuroendocrinology
1993; 58: 625—629.

De Goeij DCE, Jezova D, Tilders FJH. Repeated stress enhances vasopressin synthesis in
corticotropin releasing factor neurons in the paraventricular nucleus. Brain Res 1992; 577.
165—168.

De Goeij DCE, Dijkstra H, Tilders FJH. Chronic psychosocial stress enhances vasopressin,
but not corticotropin-releasing factor, in the external zone of median eminence of male rats:
relationship to subordinate status. Endocrinology 1992; 131: 847—853.

Aguilera G, Pham Q, Rabadan-Diehl C. Regulation of pituitary vasopressin receptors during
chronic stress: Relationship to corticotroph responsiveness. J Neuroendocrinol 1994; 6: 299—304.
Bilezikjian LM, Blount AL, Vale WW. The cellular actions of vasopressin on corticotrophs of
the anterior pituitary: resistance to glucocorticoid action. Mol Endocrinol 1987; 1: 451—458.
Albeck DS, McKittrick CR, Blanchard DC, Blanchard RJ, Nikulina J, McEven BS, Saki RR.
Chronic social stress alters level of corticotropin-releasing factor and arginine vasopressin
mRNA in rat brain. J Neurosci 1997; 17. 4895—4903.

Bugajski J, Borycz J, Giéd R, Bugajski AJ. Crowding stress impairs the pituitary-
adrenocortical responsiveness to the vasopressin but not corticotropin-releasing hormone
stimulation. Brain Res 1995; 681: 223—228.

Bugajski J, Gadek-Michalska A, Borycz J, Gléd R. Social stress inhibits the nitric oxide effect
on the corticotropin-releasing hormone- but not vasopressin-induced pituitary-adrenocortical
responsiveness. Brain Res 1999; 817: 220—225.

Watanabe T, Morimoto A, Morimoto K, Nakamori T, Murakami N. ACTH release induced
in rats by noradrenaline is mediated by prostaglandin E2. J Physiol 1991; 443: 431—439.
Anthonisen M, Knigge U, Kjoer A, Warberg J. Histamine and prostaglandin interaction in the
central regulation of ACTH secretion. Neuroendocrinology 1997; 66: 68—74.

Bugajski J, Gadek-Michalska A, Borycz J, Glod R, Bugajski AJ. Effect of indomethacin on the
pituitary-adrenocortical response to adrenergic stimulation. Life Sci 1996; 59: 1157—1164.
Bugajski J, Gadek-Michalska A, Borycz J, Gl6d R, Olowska A. The role of prostaglandin§ and
the hypothalamic and hippocampal histamine in the clonidine-induced ~pituitary-
adrenocortical response. J Physiol Pharmacol 1996; 47: 487—495. o
Watanobe H, Sasaki S, Takebe K. Role of prostaglandins E1, E2 and F2a in the brain 1D
interleukin 1B-induced adrenocotricotropin secretion in the rat. Cytokine 1995; 7. 710712
Morimoto A, Murakami N, Nakamori T, Sakata Y, Watanabe T. Possible involveme.llt of
prostaglandin E in development of ACTH response in rats induced by human recombinant
interleukin-1. J Physiol 1989; 262: E246—E251.

Hindawi RK, Al-Dujaili EAS, Padfield PL. The role of prostaglandins in aldosterone afld
corticosterone secretion by isolated perfused rat zona glomerulosa cells. Prostaglandins
Leukotriens and Medicine 1985: 20: 121—128. [
Bugajski J, Olowska A, Gadek-Michalska A, Borycz J, Gtéd R, Bugajski AJ. Effect 0
indomethacin on the CRH- and VP-induced pituitary-adrenocortical response during soctd
stress. Life Sci 1996: 58: PL67—72.



63.

66.

67.

68.

69.

70.

1.

T2

379

Szabo C. Physiological and pathophysiological roles of nitric oxide in the central nervous
system. Brain Res Bull 1996; 41: 131—141.

Vincent SR, Kimura H. Histochemical mapping of nitric oxide synthase in the rat brain.
Neurosci 1992; 46: 755—784.

Ota M, Crofton JT, Festavan GT, Share L. Evidence that nitric oxide can act centrally to
stimulate vasopressin release. Neuroendocrinology 1993; 57: 955—959.

Torres G, Lee S, Rivier C. Ontogeny of the rat hypothalamic nitric oxide synthase and
colocalization with neuropeptides. Mol Cell Neurosci 1993; 4: 155—163.

Calza L, Giardino L, Ceccatelli S. NOS mRNA in the paraventricular nucleus of young and
old rats after immobilization stress. NeuroReport 1993; 4: 627—630.

Rivier C. Endogenous nitric oxide participates in the activation of the
hypothalamic-pituitary-adrenal axis by noxious stimuli. Endocrine J 1994; 2: 367—373.
Seilicovich A, Lasaga M, Befumo M, Duvilanski BH. Del Carmen Diaz M, Rettori V, McCann
SM. Nitric oxide inhibits the release of norepinephrine and dopamine from the medial basal
hypothalamus of the rat. Proc Natl Acad Sci 1992; 92: 11299—11302.

Bugajski J, Gadek-Michalska A, Olowska A, Borycz J, Bugajski AJ. Effect of corticotropin
releasing hormone on the pituitary-adrenocortical activity under basal and social stress
conditions. J Physiol Pharmacol 1994; 4. 593—601.

Received: June 1, 1999
Accepted: June 30, 1999

Author’s address: J. Bugajski, Department of Physiology, Institute of Pharmacology, Polish

Academy of Sciences, Smetna 12 Str., 31-343 Krakéw, Poland

s

E-mail: bugajski@if-pan.krakow.pl



