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ABSTRACT: Gonadal hormones exert a critical influence over
the architecture of specific brain areas affecting the formation
of neuronal contacts. Cellular mechanisms mediating gonadal
hormone actions on synapses have been studied extensively in
the rat arcuate nucleus, a hypothalamic center involved in the
feed-back regulation of gonadotropins. Gonadal steroids exert
organizational and activational effects on arcuate nucleus syn-
aptic connectivity. Perinatal testosterone induces a sexual di-
morphic pattern of synaptic contacts. Furthermore, during the
preovulatory and ovulatory phases of the estrous cycle there is
a transient disconnection of inhibitory synaptic inputs to the
somas of arcuate neurons. This synaptic remodeling is induced
by estradiol, blocked by progesterone, and begins with the
onset of puberty in females. Astroglia appear to play a signifi-
cant role in the organizational and the activational hormone
effects on neuronal connectivity by regulating the amount of
neuronal membrane available for the formation of synaptic con-
tacts and by releasing soluble factors, such as insulin-like
growth factor | (IGF-1), which promote the differentiation of
neural processes. Recent evidence indicates that gonadal ste-
roids and IGF-I may interact in their trophic effects on the
neuroendocrine hypothalamus. Estradiol and IGF-I promote the
survival and morphological differentiation of rat hypothalamic
-neurons in primary cultures. The effect of estradiol depends on
IGF-1, while the effects of both estradiol and IGF-I depend on
estrogen receptors. Furthermore, estrogen activation of astro-
glia in hypothalamic tissue fragments depends on IGF-I recep-
tors. These findings indicate that IGF-l may mediate some of
the developmental and activational effects of gonadal steroids
on the brain and suggest that IGF-1 may activate the estrogen
receptor to induce its neurotrophic effects on hypothalamic
cells. In addition, IGF-I levels in the neuroendocrine hypothala-
mus are regulated by gonadal steroids. IGF-I levels in tanycytes,
specific astroglia cell type present in the arcuate nucleus and
median eminence, increase at puberty, are affected by neonatal
androgen levels, show sex differences, and fluctuate in accor-
dance to the natural variations in plasma levels of ovarian ste-
roids that are associated with the estrous cycle. These changes
appear to be mediated by hormonal regutation of IGF-| uptake
from blood or cerebrospinal fluid by tanycytes. These results
suggest that tanycytes may be involved in the regulation of
neuroendocrine events in aduit rats by regulating the availability
of IGF-I to hypothalamic neurons. In summary, IGF-1 and differ-
ent forms of neuron-astroglia communication are involved in
the effects of estradiol on synaptic plasticity in the hypotha-
lamic arcuate nucleus. © 1997 Elsevier Science Inc.
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INTRODUCTION

Gonadal hormones exert profound influcnces on ncural develop-
ment and function, mainly, although not exclusively. in brain areas
related to neuroendocrine control and sexual behavior. Sex steroids
exert organizational effects on brain development and activational
effects on the adult brain. Indeed, the sexual dimorphism that
exists in the adult brain is induced by androgen effects on neuronal
differentiation, with part of these effects being subscquent to the
intracerebral aromatization of androgens to estrogens [S0]. Estra-
diol promotes the survival of neurons and the growth of neuronal
processes, regulating the formation of neuronal connectivity
[20,43], and therefore, the function of neuronal networks. Further-
more, recent evidence indicates that glial cells are affected by
gonadal steroids and are actively involved in the organizational
and activational effects of these hormones [9.19,27.40.44,57].

Cellular mechanisms mediating gonadal hormone actions on
synapses and glial cells have been extensively studicd in the rat
arcuate nucleus, a hypothalamic center involved in the feed-back
regulation of gonadotropins. Perinatal androgens induce the sexual
differentiation of synaptic connectivity in the arcuate nucleus
{21,43). Furthermore, in postpuberal femalcs, there is an estrogen-
induced transient disconnection of GABAcrgic inputs to the somas
of arcuate neurons during the preovulatory and ovulatory phases of
the estrous cycle. This synaptic remodelling is blocked by proges-
terone and begins with the onset of female puberty [20]. Astrocytes
appear to play a significant role in these synaptic chunges [20,22].
In the afternoon of proestrus, estradiol induces synthesis of glial
fibrillary acidic protein (GFAP), a specific component of astroglia
cytoskeleton [20,22,34]. Synthesis of GFAP is accompanied by the
growth of glial processes that ensheathe the neuronal membrine
and displace the synaptic terminals. Glial processes retract and
synapses reform in the afternoon of estrus |20.22]. Glial cells also
appear to be involved in the organizational cffects of sex steroids
on arcuate neurons [9,21]. Testosterone appears to rcgulate the
number of synaptic inputs to arcuate ncurons by affecting the
amount of neuronal membrane covered by glial processes and.
therefore, the amount of membrane available for the formation of
synaptic contacts [21].

The signaling mechanisms involved in these hormonal cf-
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fects on neurons and glia have been investigated in hypotha-
famic culiures. The estradiol-induced growth of astrocyte pro-
cusses in vitro is dependent on the preexisting direct contact of
glial cells with living neurons and on specific neuron-astrocyte
inicractions, because it is not observed in cocultures of hypo-
thalamic ncurons with astrocytes from other brain areas [18,20].
The expression of a polysialic acid-enriched embryonic form of
the neural cell adhesion molecule in the neuronal membranes is
essential for the glial plastic changes induced by estradiol. but
not for those induced by signals such as fibroblast growth factor
that act directly on astrocytes [18,20]. This finding suggests that
a ncuron (0 astrocyte signaling pathway participates in the
plastic cftects of gonadal hormones. In addition, glial cells
release ditferent soluble factors that alter neuronal function and
that may be involved in the regulation of synaptic connectivity
and neuroendocrine function [11,40,46]). One such factors is
insulin-like growth factor-1 (IGF-I), a cytokine with paracrine
trophic etlects on neural cells and that acts as a hormonal signal
involved in the regulation of hypothalamic hormone secretion.
Here, we review recent evidence indicating that IGF-I is in-
volved in some of the effects induced by gonadal hormones on
hypothalamic neurons.

IGF-1 AND ESTROGEN SIGNALING INTERACT IN
DEVELOPING HYPOTHALAMIC NEURONS

{GF-I is locally synthesized by glia and neurons of the hypo-
thalamus as well as of other brain areas [5,23) and has prominent
trophic actions, stimulating survival, proliferation, and differenti-
ation of specific neural cell populations [37,63]. IGF-1 may also
participate in neuroendocrine events at the level of the hypothal-
amus because it has been shown to be involved in the feed-back
regulation of growth hormone by affecting the synthesis or the
release of growth hormone-releasing hormone and somatostatin by
hypothalamic neurons [3,60]. IGF-I may also affect the reproduc-
tive axis by modulating the release of gonadotrophin releasing
hormone by hypothalamic cells and, therefore, the release of
gonadotrophins [6,25].

In several tissues, such as rodent uterus and pituitary, and in
several celt types. such as human breast cancer cells, estrogen
upregulates IGF-I gene expression [17,28,47,49,58] and modulates
IGF-1 action by affecting the levels of IGF-I receptors [67] and
IGIF binding proteins (IGFBPs) [36,48,53,69]. Likewise, IGF-I
may regulute steroid hormone action by stimulating the synthesis
of steroid hormones [10,13,24] and steroid hormone receptors
(1.8.31]. In addition, estrogen and antiestrogens regulate several
cellular responses induced by IGF-I [1,16,61,68]. As in other cell
types, IGF-1 and estrogen may also have interactive effects on
ncurons. The first evidence was provided by Toran-Allerand and
co-workers [62], showing that in explant cultures of fetal rodent
hypothalamus, estrogen and insulin have synergistic effects on
ncurite growth, an effect probably mediated by IGF-I receptors.
More recent data from our laboratory indicates that estrogen mod-
ulates IGF-1 receptors and binding proteins in monolayer hypotha-
lamic cultures [56).

We have also recently studied whether the effects of estro-
gen on hypothalamic neuronal survival and neurite growth are
mcdiated by IGF-I [12]. To assess the effect of 17B-estradiol
and IGF-1 on the survival and differentiation of hypothalamic
ncurons, the hormone and/or peptide were added to rat hypo-
thalamic monolayer cultures every 2 days for 6 days at a final
concentration of 10™° M. Neuronal survival and growth of
microtubule associated protein-2 (MAP-2) immunoreactive
processes was then assessed. Neurons exposed to estradiol or
IGF-I showed a significant increase in neuronal survival and in
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FIG. 1. Extension of microtubule associated protein-2 (MAP-2) Immuno-
reactive processes from hypothalamic neurons in monolayer culture. The
extension of MAP-2 immunoreactive processes was evaluated by counting
their intersections with a morphometric grid (see [12]). Both IGF-I (10"
M) and estradiol (10~ M), either alone or in combination, induced the
growth of MAP-2 immunoreactive processes (upper panel). Inhibition of
IGF-1 synthesis by incubating the cultures with an antisense oligonucleco-
tide to IGF-1 (33 pg/ml) resulted in the inhibition of the cffect of estradiol
(lower panel). A sense control sequence was without cffect. Asterisks

indicate significant differences (p < 0.01) vs cultures incubated in control
medium.

the growth of MAP-2 immunoreactive processes (Fig. 1). The
simultaneous incubation of the cultures with 17p-estradiol and
IGF-I also resulted in increased neuronal survival and differ-
entiation. The effect of estradiol and IGF-I acting together was
similar to that observed when cultures were treated scparately
with either factor (Fig. 1). Therefore. the effects of 17B-estra-
diol and IGF-I were not additive, suggesting that both factors
may be acting through a common mechanism. We decided.
therefore, to test whether the effect of estradiol was dependent
on IGF-I synthesis. The cultures were thus cxposed for 2 days
to an antisense oligonucleotide to IGF-I [12]. Incubation of the
cultures with the antisense sequence resulted in a significan
decrease in the stimulatory effects of 17B-estradiol on the
number of neurons and the extension of neuronal processcs
(Fig. 1). Incubation of the cultures with the sense oligonucle-
otide did not significantly affect these parameters [12].

These resuits indicate that IGF-I synthesis in the cultures is
necessary for manifestation of the sex steroid effvct, suggesting
that estradiol may induce neuronal survival and differentiation
by the activation of IGF-I signaling cascades. Several mechi-
nisms may be envisaged to explain the interaction of ¢stradiol
and IGF-1. For instance, it has been shown that estradiol may
increase transcription of the IGF-I gene by enhancing Fos-Jun
binding to the AP-1 motif [64]. However. this hormonc docs not
appear to significantly affect IGF-1 synthesis in hypathalamic
cultures [56). Alternatively, estrogen may regulate IGE-1 recep-
tors or IGFBPs [56]. In addition, the interaction of estradiol and
IGF-1 is complicated by the fact that trophic effects of IGF-T on
hypothalamic neurons may also be dependent on estrogen re-
ceptor.
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FIG. 2. Effect of the pure estrogen receptor antagonist ICI 182,780 on the
growth of MAP-2 immunoreactive processes from hypothalamic neurons
in monolayer culture. The presence of ICI 182,780 (10 nM) in the culture
medium resulted in the inhibition of the effects of estradiol (10~? M) and
IGF-1 (107" M). Asterisks indicate significant differences (p < 0.01) vs.
cultures incubated in control medium.

IGF-1 MAY ACTIVATE ESTROGEN RECEPTORS IN
HYPOTHALAMIC NEURONS

Recent studies indicate that IGF-I [2,26,30,41.51,54] and other
trophic factors may activate the estrogen receptor in different cell
types. Activation of the estrogen receptor appears to be essential
for the mitogenic effect of IGF-I on the prolactin secreting pitu-
itary tumor cell line GH3 [51] and for the IGF-I-induced growth
and differentiation of the human neuroblastoma cell line SK-ER3
[41]. In uterine cell cultures transfected with a simple estrogen-
responsive reporter gene, not only estrogen, but also IGF-I is able
to stimulate estrogen receptor-mediated transactivation and estro-
gen receptor phosphorylation, suggesting that IGF-I could be act-
ing to stimulate estrogen receptor-mediated transcription in these
cells through direct modification of the estrogen receptor protein
[2]. Activation of the estrogen receptor occurs in the absence of
hormone [2,26,30,41,51,54], is mediated by the membrane-asso-
ciated receptor tyrosine kinase-Ras-Raf-mitogen-activated protein
kinasc cascade [30,54], and involves the activation function 2
domain of the estrogen receptor in neuroblastoma cells [54], or the
activation function 1 domain in other cell types [26,30].

Based on these studies, we decided to determine if the effect of
IGF-I on the survival and differentiation of hypothalamic neurons
was dependent on the estrogen receptor. Hypothalamic cultures
were grown for 4 days and then incubated with IGF-1 (10~° M) for
48 h in the presence of the pure estrogen receptor antagonist ICI
182,780 (Fig. 2) or an antisense oligodeoxynucleotide to the es-
trogen receptor [12]. The estrogen receptor antagonist ICI 182,780
blocked the effects of both estradiol and IGF-I on neuronal sur-
vival and neuritic growth (Fig. 2). Similar effects were observed
when using an antisense oligonucleotide to the estrogen receptor
[12]. These parameters were not significantly affected, however,
by a nonsense control sequence [12]. These results indicate that
estrogen receptors are necessary for the action of IGF-I on hypo-
thalamic survival and neuritic growth [12]. A possible explanation
of these results is that IGF-I may activate, either directly or
indircctly. estrogen receptors in hypothalamic neurons.
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ESTROGEN ACTIVATION OF HYPOTHALAMIC
ASTROGLIA DEPENDS ON IGF-I RECEPTORS

One of the most prominent ¢ffects of estradiol on the arcuate
nucleus of adult rats is the increase in GFAP levels that occurs in
the afternoon of proestrus |20,22.34]. The estrogen-induced in-
crease in GFAP protein and mRNA levels during the afternoon of
proestrus is associated with the redistribution of astroglia cytoskel-
etal components, the growth of astrocyte processes. the ensheath-
ing of neuronal somas by glial processes, and the transient discon-
nection of inhibitory GABAergic synapses from ncuronal somas
by the interposed glial processes [22]. These changes are also
elicited by the administration of estradiol to adult ovaricctomized
rats [22].

We have recently tested whether astrocyte activation by estro-
gen in the arcuate nucleus is dependent on IGF-1 (Garcia-Segura
et al., unpublished). Hypothalamic tissue fragments from ovariec-
tomized rats, which containcd the arcuate nucleus and the median
eminence, were incubated in an artificial cerebrospinal fluid for 6 h
in the presence or absence of 10 ' M estradiol. Surprisingly. the
hormone did not induce a significant increase in GFFAP immuno-
reactive levels, which is in contrast to what is observed in vivo
(Fig. 3). The effect of the hormone was observed, however. in the
presence of insulin (10" M), although insulin alone had no cffect
on GFAP immunorecactivity (Fig. 3). Furthermore. the effect of
estradiol in the presence of insulin was abolished when the frag-
ments were incubated with the specific IGF-I receptor antagonist
peptide JB1 [55] (1 pg/ml) (Iig. 3). This suggests that the effect of
estradiol on arcuate nucleus astrocytes, in the presence of insulin,
depends on the activation of 1GI-I receptors. Because insulin. at
concentrations that act on IGI*-I receptors, was unable to induce an
increase in GFAP immunorcactive levels, the activation ol IGF-I
receptors by itself is not enough to stimulate glial cells. This is
further support for the existence of a coordinated crosstalk mech-
anism between the IGF-1 and estradiol signaling pathways in the
hypothalamus.
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FIG. 3. Effect of estradiol (E). insulin (1) and the IGF-1 receptor antagonist
JBI on GFAP immunoreactive levels i the arcuate nucleus of ovariecto-
mized rats in vitro. The asterisk indicates a significant difference vs.
control values (p < 0.01).
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GONADAL STEROIDS REGULATE IGF-I LEVELS IN
HYPOTHALAMIC ASTROGLIA

Studies in vivo also suggest an interaction between IGF-I and
gonadal steroids and that glial cells actively participate in this
interaction. Tanycytes, a specific glial cell type present in the
arcuate nucleus and median eminence, are IGF-1 immunoreactive
[11]. IGF-1 immunoreactive levels in tanycytes show sex differ-
ences in the rat arcuate nucleus, with adult females showing
significantly lower IGF-I levels than males of the same age. This
sex difference is abolished by early postnatal androgenization of
females [11], suggesting that it may be dependent on the burst of
androgen production by the testis of developing male rats that
occurs perinatally. Furthermore, IGF-I levels in tanycytes increase
in both male and female rats at the time of puberty. Females show
an abrupt increase in IGF-I immunoreactive levels in tanycytes
between the morning and the afternoon of the first proestrus.
Henceforth, IGF-1 immunoreactivity fluctuates according to the
different stages of the estrus cycle. IGF-1 immunoreactive levels
are high in the afternoon of proestrus, after the peak of estrogen in
plasma, remain increased in the morning of the following day, and
then decrease to basal conditions by the morning of metestrus [11].
In addition. IGF-I levels decrease in tanycytes when gonadal
steroid levels are reduced by ovariectomy and increase in a dose-
dependent manner when ovariectomized rats are injected with
17B-estradiol [11]. The changes in IGF-I levels in tanycytes may
be related to the endocrine effects of IGF-I, in particular, with its
effects on LHRH secretion [6,25].

TANYCYTES ARE INVOLVED IN IGF-1 UPTAKE
FROM BLOOD AND CEREBROSPINAL FLUID

Tanycytes are specialized ependymal cells that are considered
a phylogenetically primitive form of astroglia [59]. These cells
have many ultrastructural and immunological similarities with
astrocytes while preserving a radial shape characteristic of the
astroglia of submammalian vertebrates [15.59]. It has been pro-
posed that tanycytes of the arcuate nucleus and median eminence
may be involved in endocrine regulation [15,19,40,44]. This func-
tion may be mediated in part by tanycyte accumulation of sub-
stances from the cerebrospinal fluid or from the capillaries of the
median eminence. In agreement with this possibility, previous
studies have shown that tanycytes are able to take up B-endorphin
from the cerebrospinal fluid [4]. Furthermore, tanycyte processes
are closely associated with neurosecretory terminals in the median
eminence [35.52]. Encapsulation of neurosecretory terminals by
tanycyte endfeet may regulate neuronal contact with portal capil-
laries [32,33.35.45] and may also result in a focal concentration of
factors, such as IGF-I, that may affect neurohormone release. In
addition to IGF-I, other factors may be involved in the endocrine
effects of tanycytes. For instance, Ma et al. [40] have reported a
marked increase in transforming growth factor (TGF)-a gene
expression in tanycytes during the initiation of puberty in the rat.
TGE-a mRNA levels increase gradually after the anestrous phase
of puberty. reaching peak values on the afternoon of the first
proestrus. Thus. TGF-« gene expression in tanycytes fluctuates in
parallel to the modifications of IGF-I levels, suggesting a possible
interdependence of these changes.

An interesting question in regard to the hormonal-induced
changes in IGF-I immunoreactivity in tanycytes is the source of
this IGF-1. because tanycytes do not express mRNA for IGF-I [11].
The modifications in IGF-I levels may be the result of the hor-
monal modulation of its uptake from blood or cerebrospinal fluid.
To test for this possibility, IGF-I was labeled with digoxigenin and
injected intravenously or in the lateral cerebral ventricle. In both
cases we found that various subsets of neurons and glial cells
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throughout the CNS, including tanycytes. specifically accumulate
the labeled IGF-I (Fernandez-Galaz et al., unpublished). The ac-
cumulation of IGF-I was specific because it was substantially
decreased by the administration of unlabeled IGF-I or unlabeled
insulin, which also acts on IGF-I receptors [38], and was blocked
by the specific IGF-I receptor antagonist JB1. The distribution of
IGF-I accumulating cells varied. depending on the time after the
intravenous administration of labeled IGF-I1. By 5 min. IGF-I
accumulation was observed in the choroid plexus, median emi-
nence, and area postrema, structures with high local levels of IGF-1
receptors [29,39,42,65,66]. By 90 min, IGF-1 was accumulated by
cells located in different CNS areas such as the olfactory bulb.
cerebral cortex, striatum, islands of Calleja, hippocampal forma-
tion, habenula, hypothalamus, midbrain, cerebellum, pons, me-
dulla oblongata, and spinal cord. The time elapsed between the
intravenous injection of the peptide and the labeling of many brain
areas suggest that the peptide is first taken up by areas devoid of
blood-brain barrier and then released to the cerebral ventricles.
IGF-I may then be accumulated from cerebrospinal fluid by spe-
cialized cells such as tanycytes.

THE ACCUMULATION OF IGF-I BY TANYCYTES
FLUCTUATES DURING THE ESTROUS CYCLE

In 1974, Brawer et al. [7] reported ultrastructural modifications
in the ventricular surface of tanycytes in the arcuate nucleus of
female rats at different stages of the estrous cycle. The number of

FIG. 4. Labeling of tanycytes (arrowheads) in the arcuate nucleus ol female
rats after the injection of digoxigenin-IGF-1 in the lateral cerebral ventri-
cle. (A) Afternoon of proestrus (B). Afternoon of estrus. v—Third ventri-
cle. Scale bar, 25 pum.
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microvilli increased during proestrus remained elevated during
estrus and decreased in metestrus. The significance of these
changes is still unknown, but may well be related to the uptake of
substances from the cerebrospinal fluid. By using colloidal gold
ultrastructural immunolocalization techniques, we have recently
observed that IGF-I receptors are enriched in the microvilli of
tanycytes (Garcia-Segura et al., unpublished). Therefore, changes
in the extension of microvilli may be related to changes in the
number of IGF-I receptors exposed to the lumen of the third
ventricle, and this, in turn, may influence the uptake of IGF-I by
tanycytes. To test whether IGF-I uptake by tanycytes fluctuates
during the different stages of the estrous cycle, we injected IGF-I
labeled with digoxigenin in the lateral cerebral ventricle of cycling
female rats. Six animals were injected for each day of the estrous
cycle, three of them in the morning and the other three in the
afternoon. Animals were killed 1 h after the injection and the
number of digoxigenin labeled tanycytes was counted [14].

The number of tanycytes labeled with digoxigenin showed
prominent changes associated with the different phases of the
estrous cycle (Figs. 4 and 5). Compared to diestrus and metestrus,
there was a significant decrease in the number of labeled tanycytes
in the afternoon of proestrus. A recovery was observed by the
morning of estrus that was followed by a significant increase by
the afternoon of estrus. The decrease in the number of tanycytes
that accumulate digoxigenin-labeled IGF-I in the afternoon of
proestrus was unexpected, because at this stage of the estrous cycle
there is a significant increase in IGF-I immunoreactivity in these
cells [11]. The apparent discrepancy may be due to the competition
of exogenous IGF-I with increased endogenous IGF-I levels in the
afternoon of proestrus. Further studies are necessary to determine
the cause of the differences observed in the number of tanycytes
that accumulate IGF-I after its intracerebroventricular injection.
Nevertheless, these findings suggest that tanycytes may regulate
the availability of IGF-I to hypothalamic cells.
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FIG. 5. Number of tanycytes labeled with digoxigenin-IGF-1 during the
different stages of the estrous cycle. Data are the number of stained cells
per mm of the ependymal cell layer at the level of the arcuate nucleus in
the morning (am) and afternoon (pm) of proestrus (P), estrus (E), metestrus
(M), and diestrus (D). Asterisks indicate significant differences (p < 0.001)
vs. the other stages of the estrous cycle.
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FIG. 6. Diagram depicting the effects of estrogen and IGF-1 on synaptic
plasticity in the arcuate nucleus and the interactions between tanycytes.
neurons, and astroglia. According to this model, estrogen may affect IGF-1
availability to arcuate neurons by regulating the accumulation of IGF-1 by
tanycytes. Estrogen and IGF-1, acting probably on neurons. may regulate
neuron to astroglia interactions involved in synaptic plasticity.

CONCLUSIONS

The data examined in this review indicate that growth factors.
such as IGF-I, participate in the effects of sex hormones in the
central nervous system. Gonadal steroids regulate the levels of
IGF-I in the mediobasal hypothalamus and the signaling mecha-
nisms of estradiol and IGF-I interact to induce trophic and devel-
opmental actions on hypothalamic neurons. Moreover, IGF-I is
also involved in activational effects of estradiol on astrocytes of
the hypothalamic arcuate nucleus of adult rats. Because activation
of astrocytes by estradiol in the arcuate nucleus is linked to
modifications in synaptic connectivity, these findings suggest that
IGF-I may be involved in estrogen effects on synaptic plasticity.
This is further supported by the fact that the modifications in IGF-I
levels in the arcuate nucleus of adult females during the estrous
cycle correlate with plastic changes in synaptic connectivity.
Moreover, IGF-I in the arcuate nucleus of adult rats appears to be
originated, at least in part, in extrahypothalamic areas. Tanycytes.
a specialized form of hypothalamic astroglia. may play a crucial
role in the local effects of this factor by regulating its availability
to hypothalamic cells. In summary, IGF-I and differcnt forms of
glia to neuron communication appear to be involved in the effccts
of gonadal hormones on the neuroendocrine hypothalamus. A
diagram depicting the interactions between these various compo-
nents is shown in Fig. 6. According to this model. cstrogen will
regulate IGF-I levels in the arcuate nucleus by acting on tanycytes.
IGF-I may then affect estrogen-induced ncuron to astrocyte sig-
naling mechanisms involved in synaptic plasticity.

ACKNOWLEDGEMENTS

This work was supported by Fundacién Ramaon Areces. DGICYT. NIH
(HD13587). and Fundacién Endocrinologia y Nutricion.

REFERENCES

1. Aronica, S. M.; Katzenellenbogen, B. S. Progesteronce receptor regu-
lation in uterine cells: Stimulation by estrogen. cyclic adenosine 3'.5°-
monophosphate, and insulin-like growth factor | and supression by
antiestrogens and protein kinase inhibitors. Endocrinology 128:2045-
2052: 1991.

. Aronica. S. M.; Katzenellenbogen, B. S. Stimulation of estrogen

(]



530

6.

9.

20.

"

receptor-mediated transcription and alteration in the phosphorylation
state ol the rat uicrine estrogen receptor by estrogen, cyclic adenosine
monophosphate. and insulin-like growth factor-I. Mol. Endocrinol.
T:743-752; 1993.

. Berelowitz, M.: Szabo, M.; Frohman, L. A.; Firestone. S.: Chu, L.;

Himz, R. L. Somatomedin C mediates growth hormone negative
feedback by effccts on both the hypothalamus and the pituitary.
Science 212:1279-1281; 1981.

. Bjelke, B.; Fuxe, K. Intraventricular B-endorphin accumulates in

DARPP-32 immunoreactive tanycytes. Neuroreport 5:265-268; 1993.

. Bondy, C.: Werner, H.; Roberts, C. T.; LeRoith, D. Cellular pattern of

type-1 insulin-like growth factor receptor gene expression during mat-
uration of the rat brain: Comparison with insulin-like growth factors [
-and 1. Neuroscience 46:909-923; 1992,

Bourguignon, J. P.; Gerard, A.; Alvarez Gonzalez, M. L.: Franchi-
mont, P. Acute suppression of gonadotropin-releasing hormone secre-
tion by insulin-like growth factor I and subproducts: An age-dependent
endocrine effect. Neuroendocrinology 58:525-530; 1993.

. Brawer, J. R.; Lin, P. S.; Sonnenschein, C. Morphologicai plasticity in

the wall of the third ventricle during the estrous cycle in the rat: A
scanning electron microscopic study. Anat. Rec. 179:481-489; 1974.

. Cho, H.. Aronica, S. M.; Katzenellenbogen, B. S. Regulation of

progesterone receptor gene expression in MCF-7 breast cancer cells: A
comparison of the effects of cyclic adenosine 3',5'-monophosphate,
estradiol, insulin-like growth factor I, and serum factors. Endocrinol-
ogy 134:658-664; 1994,

. Chowen, J. A.; Busiguina, S.; Garcia~Segura, L. M. Sexual dimor-

phism and sex steroid modulation of glial fibrillary acidic protein
messenger RNA and immunoreactive levels in the rat hypothalamus.
Neuroscience 69:519-532; 1995,

. Constantino, C. X.; Keyes, P. L.; Kostyo, J. L. Insulin-like growth

factor-1 stimulates steroidogenesis in rabbit luteal cells. Endocrinology
128:1702-1708; 1991.

. Dueiias. M.: Luquin, S.; Chowen, J. A.; Torres—Aleman, 1.: Naftolin,

F.. Garcia-Segura, L. M. Gonadal hormone regulation of insulin-like
growth factor-I-like immunoreactivity in hypothalamic astroglia of
developing and adult rats. Neuroendocrinology 59:528-538: 1994.

. Duciias, M.; Torres—Aleman, L.; Naftolin, F.; Garcia-Segura, L. M.

Interaction of insulin-like growth factor-I and estradiol signaling path-
ways on hypothalamic neuronal differentiation. Neuroscience 74:531-
539; 1996.

. Erickson. G. F.; Garzo, V. G.; Magoffin, D. A. Insulin-like growth

factor-1 (IGF-I) regulates aromatase activity in human granulosa luteal
cells. J. Clin. Endocrinol. Metab. 69:716-724; 1989.

. Fernandez-Galaz, M. C.; Tomres-Aleman, I.; Garcia—Segura, L. M.

Endocrine-dependent accumulation of IGF-I1 by hypothalamic glia.
NeuroReport 8:373-377; 1996.

. Flament-Durand, J.; Brion, J. P. Tanycytes: Morphology and func-

tions: A review. Int. Rev. Cytol. 96:121-155; 1985.

. Freiss, G.; Prebois, C.; Rochefort, H..; Vignon, F. Anti-steroidal and

anti-growth factor activities of anti-estrogens. J. Steroid Biochem.
Mol. Bivl. 37:777-781; 1990.

. Gahary. A.: Chakrabarti, S.; Murphy, L. J. Localization of the sites of

synthesis and action of insulin-like growth factor-1 in the rat uterus.
Mol. Endocrinol. 4:191-195; 1990.

. Garcia-Segura, L. M.; Caiias, B.; Parducz, A.; Rougon, G.; Theodosis,

D.: Naftolin, F.; Torres—Aleman, 1. Estradiol promotion of changes in
the morphology of astroglia growing in culture depends on the expres-
sion of polysialic acid on neuronal membranes. Glia 13:209-216;
1995.

Garcia-Segura, L. M.; Chowen, J. A.; Naftolin, F. Endocrine glia:
Roles of glial cells in the brain actions of steroid and thyroid hormones
and in the regulation of hormone secretion. Front. Neuroendocrinol.
17:180-211: 1996.

Garcia-Segura. L. M.; Chowen, J. A.; Parducz, A.; Naftolin, F. Go-
nadal hormones as promoters of structural synaptic plasticity: cellular
mechanisms. Prog. Neurobiol. 44:279-307; 1994.

. Garcia-Segura, L. M.; Dueiias, M.; Busiguina, S.; Naftolin. F.; Cho-

wen, J. A. Gonadal hormone regulation of neuronal-glial interactions
in the developing neuroendocrine hypothalamus. J. Steroid. Biochem.
Mol. Biol. 53:293-298; 1995,

Garcia-Segura, L. M.; Luquin, S.; Parducz, A.; Naftolin, F. Gonadal

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

FERNANDEZ-GALAZ ET AL.

hormone regulation of glial fibrillary acidic protein immunoreactivity
and glial ultrastructure in the rat neuroendocrine hypothalamus. Glia
10:59-69; 1994,

Garcia-Segura, L. M.; Perez, J.; Pons, S.; Rejus. M, T.: Torres-
Aleman, I. Loculization of insulin-like growth factor | (IGF-1)-like
immunoreactivity in the developing and adult rat brain. Brain Res.
560:167-174; 1991.

Hemandez, E. R.; Resnick, C. E.; Svoboda, M. E.; Vun Wyk, J..
Payne, D. W.; Adashi, E. Y. Somatomedin-C/insulin-likc growth fac-
tor I as an enhancer of androgen biosynthesis by cultured rat ovarian
cells. Endocrinology 122:1603-1612; 1988.

Hiney, J. K.; Ojeda, S. R; Les Dees, W. Insulin-like growth factor 1: A
possible metabolic signal involved in the regulation of femalc puberty.
Neuroendocrinology 54:420-423; 1991.

Ignar-Trowbridge, D. M.; Pimentel, M.; Parker, M. G.; McLachlan.
J. A.; Korach, K. S. Peptide growth factor cross-talk with the estrogen
receptor requires the A/B domain and occurs independently of protcin
kinase C or estradiol. Endocrinology 137:1735-1744: 1996.
Jung-Testas, L.; Schumacher, M.; Robel, P.; Baulieu, E. E. Actions of
steroid hormones and growth factors on glial cells of the centrat and
peripheral nervous system. J. Steroid Biochem. Mol. Biol. 48:145-
154; 1994.

Kapur, S.; Tamada, H.; Dey, S. K.; Andrews, G. K. Expression of
insulin-like growth factor-I (IGF-I) and its receptor in the peri-implan-
tation mouse uterus, and cell-specific regulation of IGF-I gene expres-
sion by estradiol and progesterone. Biol. Reprod. 46:208-219: 1992.
Kar, S.; Chabot, J. G.; Quiron, R. Quantitative autoradiographic lo-
calization of ['*5]insulin-like growth factor 1, ['**I]insulin-like growth
factor II, and ['*I] insulin receptor binding sites in devcloping and
adult rat brain. J. Comp. Neurol. 333:375-397; 1993.

Kato, S.; Endoh, H.; Masuhiro, Y.; Kitamoto, T.; Uchiyama. S..
Sasaki, H.: Masushige, S.; Gotoh, Y.; Nishida, E.: Kawashima, H.:
Metzger, D.; Chambon, P. Activation of the estrogen receptor through
phosphorylation by mitogen-activated protein kinase. Scicnce 270
1491-1494; 1995.

Katzenellenbogen, B. S.; Norman, M. J. Multihormonal regulation of
the progesterone receptor in MCF-7 human breast cancer cells: inter-
relationships among insulin/insulin like growth factor-I, serum. and
estrogen. Endocrinology 126:891-898; 1990,

King, J. C.: Letourneau, R. J. Luteinizing hormone-releasing hormone
terminals in the median eminence of rats undergo dramatic changes
after gonadectomy, as revealed by electron microscopic image analy-
sis. Endocrinology 134:1340-1351; 1994,

King, J. C.: Rubin, B. S. Dynamic changes in LHRH ncurovascular
terminals with various endocrine conditions in adults. Horm. Behav.
28:349-356; 1994.

Kohama, S. G.; Goss, J. R.; McNeill, T. H.; Finch, C. E. Glial fibrillury
acidic protein mRNA increases at proestrus in the arcuate nucleus of
mice. Neurosci. Lett. 183:164-166; 1995.

Kozolowski. G. P.; Coates, P. W. Ependymoncuronal specializations
between LHRH fibers and cells of the cerebroventricular system. Cell
Tissue Res. 242:301-311; 1985.

Krywicki. R. F.; Figueroa, J. A.; Jackson. J. G.: Kozelsky, T. W..
Shimasaki. S.; Von Hoff, D. D.; Yee, D. Regulation of insulin-like
growth factor binding proteins in ovarian cancer cells by vestrogen.
Eur. J. Cancer 29A:2015-2019; 1993.

Lenoir, D.: Honegger, P. Insulin-like growth factor | stimuliies DNA
synthesis in fetal rat brain cell cultures. Dev. Brain Res, 7:205-21%:
1983.

LeRoith, D.: Werner, H.; Beitner-Johnson, D.: Roberts, . T. Molec-
ular and cellular aspects of the insulin-like growth lactor 1 receptors.
Endocr. Rev. 16:143-163; 1995.

Lesnlak, M. A.: Hill, J. M.; Kiess, W.: Rojeski, M.: Pent, (' B.: Roth,
J. Receptors for insulin-like growth factors 1 and 11: Autoradiographe
localization in rat brain and comparison 10 receptors for insulin.
Endocrinology 123:2089-2099; 1988.

Ma, Y. J.: Junier, M. P.; Costa, M. E.; Ojeda, S. R. Transforming
growth factor-a gene expression in the hypothalamus is developmen-
tally regulated and linked to sexual maturation. Ncuron 2:0657-67(0
1992.

Ma. Z. Q.; Santagati, S.; Patrone, C.: Pollio. G.: Vegeto, E.: Maggi. A.
Insulin-like growth factor activate estrogen receplor to contral the



SEX STEROIDS, IGF-1, AND ASTROGLIA

42,

43,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

growth and differentiation of the human neuroblastoma cell line SK-
ER3J. Mol. Endocrinol. 8:910-918: 1994.

Marks. J. L.; Porter, D.; Baskin, D. G. Localization of type I insulin-
like growth factor receptor messenger RNA in the adult rat brain by in
situ hybridization. Mol. Endocrinol. 51:1158-1168; 1991.
Matsumoto. A. Synaptogenic action of sex steroids in developing and
adult neuroendocrine brain. Psychoneurcendocrinology 16:25-40;
1991.

. McQueen, J. K. Glial cells and neuroendocrine function. J. Endocrinol.

143:411-415; 1994.

Muister. B.; Hokfelt,2 T.; Tsuruo, Y.; Hemmings, H.; Ouimet, C.;
Greengard. P.: Goldstein, M. DARP-32, a dopamine- and cyclic AMP-
regulated phosphoprotein in tanycytes of the mediobasal hypothala-
mus: Distribution and relation to dopamine and luteinizing hormone-
releasing hormone neurons and other glial elements. Neuroscience
27:607-622; 1988.

Mclcangi, R. C.; Galbiati, M.; Messi. E.; Piva, F.; Martini, L.; Motta,
M. Type | astrocytes influence luteinizing hormone-releasing hormone
release from the hypothalamic cell line GT1-1: Is transforming growth
factor B the principle involved? Endocrinology 136:679-682; 1995.
Michels, K. M.; Lee, W. H.; Seltzer, A.; Saavedra, J. M.; Bondy, C. A.
Up-regulation of pitvitary ['2]] insulin-like growth factor-1 (IGF-I)
binding and IFG-1 gene expression by estrogen. Endocrinology 132:
23-29; 1993.

Molnar, P.; Murphy, L. J. Effects of oestrogen on rat uterine expres-
sion of insulin-like growth factor-binding proteins. J. Mol. Endocrinol.
13:59-67; 1994.

Murphy, L. J.; Murphy, L. C.; Friesen, H. G. Estrogen induces insulin-
like growth factor-I expression in the rat uterus. Mol. Endocrinol.
1:345-450; 1987.

Naftolin, F.; MacLusky. N. J. Aromatization hypothesis revisited. In:
Serio, M.; Motta, M.; Zanisi, M.; Martini, L., eds. Sexual differenti-
ation: Basic and clinical aspects. New York: Raven Press; 1984:79~
82.

Newton, C. J.; Buric. R.; Trapp, T.; Brockmeier, S.; Pagotto, U.; Stalla,
G. K. The unligand estrogen receptor (ER) transduces growth factor
signals. J. Steroid Biochem. Mol. Biol. 48:481-486; 1994.

Oma, Y.; Kobayashi, H.; Nishioka, R. S.; Bern, H. A. Relationship
between neurosecretory axon and ependymal terminals on capillary
walls in the median eminence of several vertebrates. Neuroendocri-
nology 16:127-136: 1974.

Owens. P. C.; Gill, P.G.: De Young, N. J.; Weger, M. A.; Knowels,
S. E.; Moyse, K. J. Estrogen and progesterone regulate secretion of
insulin-like growth factor binding proteins by human breast cancer
cells. Biochem. Biophys. Res. Commun. 193:467-473; 1993.
Patrone. C.; Ma, Z. Q.; Pollio, G.; Agrati, P.; Parker, M. G.; Maggi, A.
Cross-coupling between insulin and estrogen receptor in human neu-
roblastoma cells. Mol. Endocrinol. 10:499-507; 1996.

Pictrzkowski, Z.; Wernicke, D.; Porcu, P.; Jameson, B. A.; Baserga, R.
Inhibition of cellular proliferation by peptide analogues of insulin-like
growth factor 1. Cancer Res. 52:6447-6451; 1992,

Pons, S.; Torres—Aleman, I. Estradiol modulates insulin-like growth

57.

58.

59.

6l.

62.

63.

65.

66.

67.

68.

69.

331

factor I receptors and hinding protems in neurons from the hypothal-
amus. J. Neuroendocrinol, 5:267-271; 1993,

Santagati. S.; Mcleangi, R. C.; Celotti, I°.; Martini, L0 Mapgi. A,
Estrogen receptor is expressed in dificrent types of glial vells in
culture. J. Neurochem, 63; 2058 -2064; 1994,

Simmen. R. C. M.; Simmen. 1. AL Holig, A.: Farmer. S, ). Baser,
F. W. Hormonal regulition of insulin-like growth Factor gene expres-
sion in pig uterus. Endocrinology 127:2166-2174; 1990,

Sudrez. I.: Bodega. G.: Rubio, M.; Fernindez, B. Evolution of astro-
cytes in the vericbrate CNS. In: Vemadakis, A.: Rools, B., uds.
Neuron-—glia interrelations during phylogeny: 1. Phylogeny and ontog-
eny of glial cells. Totowa, NJ: Humana Press, 1995:H-57,

. Tannenbaum, G. S.; Guydn, 1. L; Posuer, B. 1. Insulin-like growth

factors: A role in growth hwrmione negative feedback and body weight
regulation via brain. Science 220:77-79, 1983.

Thorsen, T.:. Lahood, H.. Rosmussen, M.; Aakvane. A. Estradiol
treatment increascs the sensitivity of MCF-7 cells for the growth
stimulatory cffect of IGF-1. J. Steroid Biochem. Maol. Biol. d41:537-
540; 1992.

Toran-Allerand, C. D.: Ellis. L.: Plenninger. K. 11. Estrogen and
insulin synergism in neurite growth enhancement in yitro: Mediation
of steroid cffccts by interactions with growth lactors? Dev, Brain Res,
41:87-100: 1988.

Torres~Aleman, L. Nattolin, F.; Robbins, R.J. Trophic effect of insu-
lin-like growth factor-1 on fetal st hypothalamic cells in culure.
Neuroscience 35:601-608: 1990,

. Umayahara, Y.; Kawamori, R.. Watada, H.; Ymano. E.0 wama, N,

Morishima, T.; Yamasaki. Y.: Kajimoto, Y.: Kamada. T. Estrogen
regulation of the insulin-like prowth factor 1 gene wanscription in-
volves an AP-1 enhancer. J. Biol. Chem. 269:16433- 16442; 1994,
Werther, A.; Hogg, A.: Oldlicld, B.J.; McKinley, M.).: Figdor, R.:
Mendelson, F.A.O. Localizmion and characterization of 1GF-1 recep-
tors in rat brain and pituitary glund using in vitro autoradiography and
computerized densitometry. A distinct distribution from insulin recep-
tors. J. Neuroendocrinol. 1:369-377; 1989,

Werther. G.A.; Abate, M.: Hugg, A.. Cheesman, 1. Oldficld, B.:
Hards. D.. Hudson. P.. Power, 1.; Freed, K. Herinpion, A.C. Lotal-
ization of insulin-like growth factor-1 mRNA in rat brain by in sit
hybridization. Relationship to IGF-1 receptors, Mol. Endocrinol. 4:
773-778; 1990. -

Wimalasena, J.; Meehan, I.; Dostal. R.; Foster, J.S.: Cameron, M.:
Smith, M. Growth factors interact with estradiol and ponadutrophins in
the regulation of ovarian cancer cell growth and growth factor recep-
tors. Oncol. Res. 5:325-337: 1993,

Wosikowski. K.; Kung, W.: Hasmann. M. Loser, R.: Ippenberger. U,
Inhibition of growth-fictor-activated proliferation by anti-estrogens
and effects on early gene expression of MCE-7 cells. Int. 3. Cancer
53:290-297; 1993.

Yallampalli, C.; Rajaraman. S.; Nagamani, M. Insulin-like growth
factor binding proteins in the rut uterus and their regulation by oes-
tradiol and growth hormone. J. Reprod. Fentil. 97:501-305: 1993,



Laszl6 F., Morschl E., Pivé L, Whittle B.J.R.

Nitric oxide modulates the gastrointestinal plasma extravasation following

intraabdominal surgical manipulation in rats.

Eur. J. Pharmacol. 1999;375(1-3):211-215.



European Journal of Pharmacology 375 (1999) 211-215

op

www elsevier.nl/locate /ejphar

Nitric oxide modulates the gastrointestinal plasma extravasation
following intraabdominal surgical manipulation in rats

Ferenc Lész16 *, Eva Morschl ®, Imre Pavé ©, Brendan J.R. Whittle **

* Institute of Experimental Medicine. Hungarian Academy of Sciences, Budapest, Hungary
® First Deparmment of Medicine, Albert Szemt-Gyiirgyi Medical Universiry, Steged. Hungary
¢ Endocrine Unit, Albert Szent-Gyrgyi Medical University, Szeged. Hungary
S William Harvey Research Institute, Charterhouse Square, London, ECIM 611Q, UK

Accepted 30 April 1999

Abstract

The actions of nitric oxide (NO) on gastrointestinal plasma loss, assessed by the leakage of ['**1}human serum albumin, provoked by
intraabdominal surgery and organ manipulation has been investigated in pentobarbitone-anaesthesized rats. Gentle manipulation (3 min)
of the stomach or the small intestine following laparotomy leads to an increase in albumin extravasation in the stomach, duodenum,
jejunum and colon over | h. Administration of the NO synthase inhibitors, NC-nitro-L-arginine methyl ester (1-5 mg kg™~', s.c.) and
~VC.monomethy!-L-arginine (12.5-50 mg kg ™', s.c.), provoked a further s_ubstantial elevation of gastrointestinal albumin extravasation in
the surgically manipulated rat. but not in control rats. This effect could Ye prevented by the prewreatment (15 min) with L-arginine (300
mg kg~'. s.c.) or by the concurrent infusion of the NO donor, S-nitroso-glutathione (5 ug kg=' min™", Lv.). Endogenous NO, most
likely formed by endothelial NO synthase, thus appears to maintain microvascular integrity during surgery and organ manipulation of the
gastrointestinal tract. © 1999 Elsevier Science B.V. All rights reserved.

Kevwords: Nitric oxide (NO) endothelial; Vascular permeability; Gastrointestinal tract; Surgery: Plasma loss; Microcirculation

1. Introduction

Experimental and clinical studies have shown that a
reduction in circulating plasma volume can occur during or
following major surgical intervention (Jamum, 1961;
Krakelund, 1971; Robarts, 1979; Akerstrom and Lisander,
1991). However, there is no clear understanding of the
mechanism of such plasma extravasation associated with
surgical manipulation or the processes that regulate it
‘Akerstrom and Lisander, 1991).

Nitric oxide (NO), formed continuously in the vascular
'ndothelium and in neuronal elements by the constitutive
VO synthase (endothelial NO synthase and neuronal NO
‘ynthase, respectively), plays a key role in the maintenance
f microvascular integrity under physiological circum-
tances (Moncada et al., 1991; Moncada and Higgs, 1995).
lowever, under pathological conditions (such as following
ndotoxin or cytokine administration), the widespread ex-
ression of the inducible NO synthase can be detected in

* Corresponding author. Fax: <+ 1-44-171-982-6177; E-mail:
j-whinle@mds.qmw.ac.uk

many cell types including the vascular endothelium, neu-
trophils, macrophages and intestinal epithelial cells which
leads to the overproduction of NO (Moncada et al., 1991;
Moncada and Higgs, 1995).

The expression of inducible NO synthase provokes
microvascular leakage of albumin into gastrointestinal tis-
sues following endotoxin administration (Boughton-Smith
et al,, 1993). Moreover, the selective inhibition of in-
ducible NO synthase by the bisisothiourea derivative, 1400
W, protects the microvasculature against such plasma loss
(L4s216 and Whittle, 1997). Thus, the uncontrolled produc-
tion of NO under pathological conditions is detrimental

“towards the vascular endothelium, which may involve the

generation of such tissue damaging radicals as the hy-
droxyl and peroxynitrite (Beckman et al., 1990; Hogg et
al., 1992; Lipton et al., 1993). '

In contrast, the physiological generation of NO by
endothelial NO synthase has beneficial microcirculatory
effects. Thus, inhibition of endothelial NO synthase by the
administration of the nonselective NO synthase inhibitor,
N%-nitro-L-arginine methyl ester (L-NAME) or N%-mono-
methyl-L-arginine (L-NMMA), provokes intestinal albumin
leakage following challenge with low doses of endotoxin,

114-2999/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved. .
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under conditions where neither endotoxin nor NO synthase
inhibitors alone affected microvascular albumin extravasa-
tion (L4szl6 et al.. 1994a). Furthermore. L-NMMA aug-
mented gastrointestinal microvascular damage induced by
high doses of endotoxin (Hutcheson et al.. 1990). Constitu-
tive NO synthase has a beneficial role during the initiation
of intestinal inflammation, since its inhibition in the early
phase of various inflammatory bowel disease models pro-
vokes or augments microvascular leakage (Kiss et al.,
1997; Liszlé and Whittle, 1998).

Endogenous NO attenuates the adherence and immigra-
tion of leukocytes in the vascular endothelium (Kubes et
al., 1991), actions that have key importance in the genera-
tion of vascular permeability and inflammation (Wedmore
and Williams, 1981). Indeed, administration of inhibitors
or antagonists of such neutrophil-derived mediators as
platelet-activating factor, thromboxanes and leukotrines at-
tenuated intestinal microvascular injury provoked by the
inhibition of endothelial NO synthase in the early phase of
experimental sepsis and intestinal inflammation (LiszI6 et
al., 1994b: Liszl6 and Whittle, 1998).

In a recent study, following the administration of the
NO synthase inhibitors. L-NAME or L-NMMA, abdominal
laparotomy produced a significant elevation in microvascu-
lar leakage in the jejunum and colon over 1 h (Liszl6 and
Whittle, 1999). These NO synthase inhibitors had no such
effect in conscious, anasthesized or skin-incised rats. In

addition, no significant difference in albumin leakage and ~

accumulation was observed in tssues from unoperated
conscious or anaesthesized rats, or in anaesthesized rats
with a skin-incision or abdominal laparotomy under resting
conditions, showing that these minor surgical interventions
alone do not provoke changes in microvascular permeabil-
ity to albumin.

In many studies on the microcirculation, the tissues
under investigation are exposed by laparotomy. Moreover,
in such studies, the organs such as those of the gut, are
further manipulated or exteriorised, to expose a suitable
region for the observation. Thus, in the present study, we
have now extended the findings with laparotomy alone, to
evaluate the effects of abdominal surgery with gentle
manipulation of the gastrointestinal organs on vascular
permeability, and to study the effects of inhibitors of NO
synthase.

2. Materials and methods
2.1. Surgical manipulation

Male Wistar rats (225-275 g) were fasted overnight,
but allowed for free access to water. The animals were
separated into two groups:

In the control group, the animals were deemed to be
conscious for the majority of the experimentation period,
since the treatments were performed under transient
halothane anaesthesia from which the animals had com-

pletely recovered withiy 2 miv, Autopsy in this group
performed under halothane inaesthiesia within | min.

In the laparotomy and s 846 manipulated grovps (temn
surgical manipulation). the #himals received pentoba
tone (60 mg kg~': i.p.) w iduce snnesthesia and we
tracheotomized. A 5-cip-long midline laparotomy in v
abdominal wall was perfonned, without significant blec
ing. In the manipulated group. part of the small bowel w:
exteriorised and gently handled! for 3 min ina 5X5 ¢
gauze pad moistened in 37°C saline, The bowel was plac
back into the abdominal cavity, and a gauze moistene
with saline was placed over the incision for the protectio
against evaporation. Thase ri18 who had significant blee
ing were excluded from the study. In all of the anaes
thetised groups, the body temprrature war maintined o
36.5-37°C using a homeothermic control unit and under
blanket (Harvard Instrtuments).

[“**Ibuman serum albumin (2 pCl kg™'. iv.) war
administered via a needle inseried into the tail vein, anc

- autopsy was performed 1 b later, l.e., the time-intervai

between the start of surgical procedures and autopsy was
60 min. The | h maximum timepoint was chosen 1o
exclude the involvement of Inducible NO synthase, that
requires 2-3 h following challenge for expression, since
this could modify vasculur leaknge and hence confound
interpretation of the findings (Doughton-Smith et al., 1993),

2.2. Plasma leakage

As a measure of vascular endothelial permeability, leak-
age of ['**Ilhuman serum albumin into tissue was deter-
mined in segments of the siomach, duodenum, jejunum
and colon. Blood was collected from the abdominal aora
into syringes containing trisoditm citrate (final concentra-
tion 0.318%) and centrifuged (10,000 X g, 10 min. 4°C).
The [**IJhuman serum albumin content of the plasma and
segments of tissues was determined in a gamma-spec-
trometer (Nuclear Enterprises NE 1600) and the albumin
content in tissues was calculated. The control value for
albumin accumulation was tiaken as the mean of the data of
a group of control unanaesthesized animals, which re-
ceived albumin only, which reflects basal albumin move-
ment into tissues. This basal control mean value was
calculated and subtracted from the value from each of the
animals in each experimental group. The data were ex-
pressed as changes in albumin accumulation (A plasma
leakage, ] plasma g~ tissuc), corrected for intravascular
volume as described previously (Buughton-Smith et al..
1993; Liszl6 et al., 1994a).

2.3. Effect of L-NAME and 1-NMMA on gastrointestinal
plasma leakage

In a set of rats from each of the groups, L-NAME (1-5
mg kg~', s.c.) or L-NMMA (1-50 mg kg~!, s.c.) was
injected concurrently with ['*Ihuman serum albumin.
Plasma leakage in the jejunum and colon was evaluated
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after 1 h. In a separate group, rats were pretreated with
L-arginine (300 mg kg~', s.c.) 15 min before L-NAME (5
mg kg~', s.c.) administration, and gastric, duodenal. jeju-
nal and colonic plasma leakage was determined 1 h after
L-NAME.

24. Effect of S-nitroso-glutathione on gastrointestinal
plasma leakage

In surgically manipulated rats, infusion of the NO donor
S-nitroso-glutathione (5 p.g kg ="' min~") into the tail vein
was commenced concurrently with the administration of
L-NAME (5 mg kg~', s.c.). Plasma leakage in the stom-
ach. duodenum, jejunum and colon was measured 1 h later.

2.5. Chemicals

[**IJhuman serum albumin was obtained from Amer-
sham International (UK) and IZINTA (Budapest, Hungary).
All the other compounds were from Sigma (Poole, Dorset,
UK.

2.6. Statistics

The data are expressed as mean + S.E.M. from (n) rats
per experimental group. For statistical comparisons, analy-
sis of variance with the Bonferroni test was utilised. where
P <0.05 was taken as significant.

3. Results

3.1. Effect of surgical manipulation on gastrointestinal
plasma leakage :

Abdominal surgery and gentle manipulation of the or-
gans provoked significant albumin leakage into the gastric
and duodenal tissue (Fig. 1), and jejunal and colonic
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Fig. 1. Leakage of radiolabelled albumin (expressed as A albumin
leakage, ul g~' tissue) provoked by intraabdominal surgery and manipu-
lation in the stomach and duodenum of the rat, and its aggravation by
NC.nitro-L-arginine methyl ester (.L-NAME, 5 mg kg~', s.c.). Data are
shown as the mean+S.EM., where (n) is 8-12 for each group, and
where statistical significance is given as * P <0.05 compared to con-
scious untreated groups.
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Fig. 2. Leakage of radiolabelied ulbumin (expressed as A albumin
leakage, w1 g~ tissue) provoked by intraabdominal surgery and manipu-
lation in the jejunum and colon of the rat, and its aggravation by
NS-nitro-L-arginine methyl ester (L-NAME. 5 mg kg™, s.c.). Dan are
shown as the mean+S.EM.. where (n) is 8-12 for each group, and
where statistical significance is given as *P < 0.05 compared to con-
scious untreated groups.

tissues (Fig. 2) over 1 h. compared with the control
(resting) albumin extravasation in the stomach. duodenum,
Jjejunum and colon of the conscious rat. The control values
of plasma leakage are 51 + 3,118+ 5,136 £+ 8and 52 + 7
pl g~! tissue, respectively, over this 1 h period.

3.2. Effect of L-NAME or L-NMMA on gastrointestinal
plasma leakage following surgical manipulation

In conscious unoperated control rats. administration of
the NO synthase inhibitor, L-NAME (5 mg kg~', s.c.) did
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Fig. 3. Leakage of radiolabelled albumin (expressed as A albumin
leakage, ul g~' tissue) provoked by intraabdominal surgery and manipu-
lation in the colon of the rat, and its dose-dependent aggravation by
N°C-nitro-L-arginine methyl ester (.-NAME, 1-5 mg kg™', s.c.) and by
N®-monomethyl-L-arginine (L-NMMA, 12.5-50 mg kg ', s.c.). Daa are ¢ i
shown as the mean+S.E.M., where (n) is 6~12 for each group, and
where statistical significance is given as *P <0.05 compared to the
surgically manipulated control (Cont.) groups.
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Fig. 4. Leakage of radiolabelled albumin (expressed as A albumin
leakage. pl g~' tissue) provoked by intraabdominal surgery and manipu-
lation in the stomach, duodenum, jejunum and colon of the rat (opened
columns), and its aggravation by N ©-nitro-L-arginine methyl ester (L-
NAME, 5 mg kg~', s.c.. grey columns). Inhibition of albumin leakage
provoked by L-NAME in the surgically manipulated rat (hatched columns)
by S-nitroso-glutathione infusion (5 pg kg™' min~', i.v.). Data are
shown as the mean + S.EM.. where (n) is 6-9 for each group, and where
statistical significance is given as * P < 0.05 compared to the intraabdom-
inal surgery alone (open columns) groups.

not affect plasma leakage over 1 h in the gastric and

duodenal tissue (Fig. 1), or in jejunal and colonic tissues .

(Fig. 2).

In surgically manipulated rats. administration of NO
synthase inhibitors. L-NAME (1-5 mg kg~', s.c.) or L-
NMMA (12.5-50 mg kg ™', s.c.) provoked a further dose-
dependent increase in plasma leakage over 1 h in the
stomach and duodenum (Fig. 1), in the jejunum (Fig. 2)
and in the colon (Figs. 2 and 3). This augmentation of
gastrointestinal plasma leakage was inhibited near-maxi-
mally with L-arginine (300 mg kg~', s.c.) pretreatment (15
min before L-NAME) by 100 + 12%, 90 + 10%, 91 + 21%
and 92 + 19% in the stomach, duodenum, jejunum and
colon, respectively (n = 4—6, P < 0.005).

3.3. Effect of S-nitroso-glutathione on gastrointestinal
plasma leakage

Intravenous infusion of the NO donor, S-nitroso-
glutathione (5 pg kg~' min~' for 1 h) abolished the
increase in gastric, duodenal, jejunal and colonic plasma
leakage induced by L-NAME (5 mg kg~', s.c.) in surgi-
cally manipulated rats, as shown in Fig. 4.

4. Discussion

In this present study, an increase in vascular permeabil-
ity has been observed in gastric, duodenal, jejunal and
colonic tissues in rats that had undergone intraabdominal
surgery and gentle manipulation of the gastrointestinal
tissues. Our study confirms previous findings in which it

has shown that abdominal surgery itself provoked an
vation of vascular permenbility in rats (Akerstrém
Lisander, 1991). The inciense ip albumin extravasa
under the current conditions 1$ a consequence of the ge;
manipulation since it has been (lemonstrated that the mi,
surgical procedures of tracheotomy, incision of the abd.
inal skin or abdominal laparotomy alone did not prov,
albumin leakage in the nnaestheised rat (L.4szlé and W1,
tle, 1999). Thus, it is feasible that our model is appropri
for the investigation of the mechanisms of plasma |
during surgical procedures,

Administration of the NO synthase inhibitor, L-NA)
in conscious unoperated rats dill not affect basal album
extravasation within the 1 h perod, which is consistc
with our previous findings (Ldsz16 et al., 1994a,b). Ho:
ever, when the NO synthase inhibitors were administer.
in rats with surgery and tissue manipulation, a furth
increase in gastrointestinal vascular permeability occurre

" The actions of L-NAME could be reversed by L-argini:

pretreatment. It is likely that actions of endothelial N:

synthase involved, since previous studies have demor

strated that a minimum of 2 h are needed for the expre:

sion of the inducible NO synthase (Boughton-Smith et al

1993), while in our current model, the experimental perio

has been only 1 h. On the basis of our present darta. :
appears that NO produced by endothelial NO synthas

modulates the changes in vascular permeability durin
surgical challenge. Such events include abdominal laparo
tomy itself (L4szl6 and Whittle, 1999) and subsequen
organ manipulation. Thus, NO gencrated by endothelia.
NO synthase may play a protective role in the microcircu-
lation against endothelial dysfunction and the consequen:
plasma loss during and following surgical operations.

Physiologically formed NO might protect the microcir-
culation by preventing the deleterious actions of neu-
trophils towards the vascular endothelium during surgical
procedures. Polymorphonuclear leukocytes are well-known
to play a crucial role in the changes in microvascular
permeability during inflammatory processes leading to tis-
sue oedema (Wedmore and Williams, 1981). Administra-
tion of L-NAME enhances the adhesion of leukocytes to
the vascular endothelium. assessed by in vivo microscopy
in surgically prepared animals (Kubes et al., 1991; Amdt
et al., 1993). In a recent study, the increase in plasma
leakage by L-NAME, in rats with abdominal laparotomy
alone, was abolished by the pretreatment of a rabbit anti-rat
neutrophil serum suggesting the involvement of neu-
trophils in these events (Ldszl6 and Whittle, 1999). Thus.
endogenous NO formed by endothclial NO synthase may
counteract to the effects of neutrophil-derived mediators
which are released in response to surgical trauma.

In our present study, administration of the NO donor,
S-nitroso-glutathione attenuated plasma extravasation pro-,
voked by L-NAME and surgical manipulation. This protec-
tion by the NO donor may involve actions on neutrophils,
since NO decreases neutrophil function and their adhesion
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to the vascular endothelium both in vivo and in vitro (Ma
et al.. 1993; Moilanen et al.. 1993; Granger and Kubes.
1994).

Our present results thus suggest that the minor surgical
intervention of opening the abdominal cavity and a gentle
handling of the stomach or the small intestine lead to
microvascular changes in these tissues. This process ap-
pears to be modulated by NO, since inhibition NO syn-
thase substantially increased plasma extravasation from the
gastrointestinal organs under these conditions. The mecha-
nisms underlying this apparent microvascular priming are
unknown. but may reflect neuronal or humoral stimulation
as a consequence of the surgical stress, as well as the
activation of the neutrophil. The current data suggest that
should NO formation be compromised during surgical
procedures, plasma and fluid loss would be augmented,
events which could lead to hypovolaemia, as well as
oedema formation and a decreased tissue oxygenisation. It
is possible therefore that administration of NO donors
during major surgical interventions may be beneficial in
preventing any subsequent vascular endothelial dysfunc-
tion and the consequent plasma loss.
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gastroduodenal ulceration in the female rat

. Zoltan Szepes®, Eva Morschl?, J6zsef Kiss®, Imre P4ve",
Brendan J.R. Whittle®, Csaba Varga®, Ferenc A. L4sz16%, Ferenc J.fisz16™

“First Department of Medicine, Albert Szent-Gyorgyi Medical University. Szeged, Hungury
bEndocrine Unit, Albert Szent-Gyirgyi Medical University, Szeged, Hungary
. The William Harvey Research Institute, London, UK
“Department of Comparative Physiology, Attila J6zsef University of Sciences, 670] Szeged, P:1. 429, Mungury

Abstract — The actions of the female sex steroid, oestradiol on cysteamine-induced mucosal ulceration has besy evaluated In female
Wistar rats. Administration of cysteamine (400 mgkg™, s.c.) provoked macroscopic gastrodutdenal Wucnsal injury {assessed
planimetrically) and an increase in microvascular permeability (assessed by the extravasation of radiolabgled #lliumin) in the stomach
and duodenum, determined 24 h later. Ovariectomy (2 weeks before cysteamine) reduced gastroduoienal mucrosvopic injury, and
albumin extravasation following cysteamine challenge. Administration of oestradiol (1-5 mg-kg~!, #5 an {-m. dcpt ! week before
cysteamine) dose-dependently augmented gastric and duodenal macroscopic mucosal lesions and microvasculur permenbility provoked
by cysteamine. These findings indicate that oestradiol can exacerbate gastroduodenal ulceration snd micimvascular injury. © 1999

Elsevier Science Ltd. Published by Editions scientifiques et médicales Elsevier SAS
sex steroids / ovariectomy / oestradiol / mucosal ulceration / micro-vascular permeability / cystcamine

1. Introduction

On the basis of experimental and clinical observa-
tions, it is known that ulceration of the gastroduodenal
mucosa shows sexual dimorphism. Thus, in the fertile
age, peptic ulcer disease occurs more frequently
among men than women [2]. In experimental models
of mucosal damage, this sexual difference of mucosal
injury has also been found. Oral administration of
ethanol caused more severe gastric mucosal erosions
in male rats than in females {8, 9]. In this model of
mucosal damage, gonadectomy protected the stomach
against ethanol-induced injury in male rats [8]. More-
over, administration of the testosterone-synthase in-
hibitor, cyproterone acetate attenuated gastric hemor-
rhagic erosions in intact male rats following ethanol
challenge [8], and reduced gastric lesions and duode-
nal ulceration provoked by cysteamine [11]. Such
findings suggest that endogenous sex hormones might
possibly play a role in the development of gas-
troduodenal mucosal ulceration.

The aim of the present study was to evaluate the
actions of the female sex steroid, oestradiol on the
generation cysteamine-induced gastroduodenal ulcer-
ation in the rat. Thus, in female rats, we examined the
effects of ovariectomy and oestradiol on the severity of
macroscopically detectable lesions as well as the
changes in microvascular permeability in the stomach
and duodenum provoked by cysteamine.

* Correspondence and reprints
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2. Materials and methods
2.1. Experimental protocol

Female Wistar rats (200-220 g) were injected with
cysteamine (400 mgkg™, s.c.). Twenty-four hours
after cystcamine administration, the animals were
killed by ether overdose, and their stomach and duode-
num were removed. During this 24-h period, rais were
deprived of food, but reccived witer ad libitum. For
the determination of plasma lcakunge, !l-labeled hu-
man serum albumin ([*251]-H$ A, 2 pCi-kg™', i.v.) was
administered 2 h before autopsy. In some groups of
rats, ovariectomy was performed under cther unacsthe-
sia 2 weeks before any experimentsl procedurc. For
additional groups of rats, a dcpot injection of oestra-
diol (1-5mgkg™, i.m.) werc administcred 1 weck
before cysteamine challenge.

2.2 Macroscopic evaluation of lesions

The area of damage and the total mucosal surfuce-of
the stomach and duodenum were measured by a digital
planimeter (Sokkia Planimeter KI*-82-N, Japun), and
the injured area was exprcssed as percentage of the
total mucosal surface.

2.3. Albumin leakage

Leakage of ['25I]-HSA was «ctermined in the stom-
ach and duodenum as an index of microvascular
damage. Blood was collected from the abdominal
aorta into syringes containing trisodinm citraic (final
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concentration 0.318%) and centrifuged (10 000 g,
10 min, 4 °C). The ['?°I]-HSA content of the plasma
and segments of gastric and duodenal tissue was
determined in a gamma-spectrometer (Nuclear Enter-
prises NE 1600) and the albumin content in the
stomach and duodenum calculated, taking into account
any changes in gastroduodenal blood volume as de-
scribed previously [4]. Values from control tissues
were subtracted from the values of treated tissue and
the data were expressed as plasma leakage, pL
plasma-g~! wet tissue.

2.4. 17-B-oestradiol plasma level

Plasma 17-B-oetradiol levels were determined after
ovariectomy by a radioimmuno-assay method de-
scribed previously [8].

2.5. Materials

['%5I)-labeled human serum albumin was obtained
from Izinta (Budapest, Hungary). Oestradiol benzoate
was purchased from Intervet International (Boxmeer,
the Netherlands). All other compounds were from
Sigma Chemical Company.

2.6. Statistical evaluation

The data are expressed as mean = SE from (n) rats
per experimental group. For statistical comparisons,
Student’s #-test test for unpaired data or analysis of
variance with the Bonferroni test were used, where
P < 0.05 was taken as significant difference.

3. Results

3.1. Gastroduodenal ulceration provoked by
cysteamine

Administration of cysteamine (400 mg-kg™, s.c.)
provoked macroscopic injury in the gastric and duode-
nal mucosa (4.5+0.6% and 129+ 1.0% of total
mucosal area, respectively; n = 7, P < 0.001) as shown
in figure 1. Cysteamine challenge also increased mi-
crovascular Permeability in the stomach
(A57£9 pL-g™" tissue, n =7, P<0.001) and duode-
num (A155+6 pL-g™! tissue; n =7, P <0.001) after
24 h, as shown in figure 2.

3.2. Effects of ovariectomy

Ovariectomy (2 weeks before cysteamine chal-
lenge) decreased plasma 17-B-oestradiol level (from
182+ 10 to 87+5 pmolL™, n=6). Ovariectomy
significantly lowered the gastric and duodenal macro-
scopic mucosal injury provoked by cysteamine (by
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Figure 1. Induction of rat gastric and duodenal mucosal
macroscopic injury by cysteamine (Cyst. 400 mg-kg™’, s.c.)
after 24 h. The inhibition of cysicamine-induced damage by
ovariectomy (Ovar., 2 weeks before cysteamine challenge)
and the potentiation of cystcamine-provoked mucosal le-
sions by oestradiol (1-5 mg-kg~'weck™!, i.m,) pretreatment
is shown. The columns show the extent of gastric and
duodenal macroscopic lesions (expressed as lesion area,
percentage total mucosal area), Data are given as the mean *
SE of 4-7 rats per group; statistical significance is shown as
*P<0.05, inhibition of cystcamine-induced lesion;
*¥P < 0.05, potentiation of cystcamine-induced lesion.

62+13% and 65+ 15%, respectively; P <0.001,
n=35) as shown in figure ]. Ovariectomy likewise
attenuated albumin extravasation in the gastric mucosa
and duodenum provoked by cysteamine (by 63 £ 19%
and 65 * 7%, respectively; P <0.001, n = 5) as shown
in figure 2.

3.3. Effects of oestradiol

Administration of oestradiol (1-5 mgkg~"-week™,
i.m.) to unoperated rats dose-dependently augmented
gastric and duodenal macroscopic mucosal lesions
induced by cysteaminc (by 138+35% and by
114 £ 23%, respectively; P < 0.001, n = 4). This treat-
ment also increased the microvascular injury in the
stomach and duodenum (by 182+59% and by
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Figure 2. Induction of rat gastric and duodenal vascular
leakage of plasma (determined using radiolabeled albumin)
by cysteamine (Cyst., 400 mgkg™, s.c.) after 24 h. The
inhibition of cysteamine-induced plasma leakage by ovariec-
tomy (Ovar., 2 weeks before cysteamine challenge) and
potentiation of cysteamine-provoked plasma leakage by
oestradiol (1-5 mg-kg~"-week™’, i.m.) pretreatment is shown.
The columns show the leakage of plasma (A pL-g™! tissue)
in gastric and duodenal tissues. Data are given as the mean *
SE of 4-7 rats per group; statistical significance is shown as
*P < 0.05, inhibition of cysteamine-induced plasma leakage;
*P < 0.05, potentiation of cysteamine-induced plasma leak-
age.

38 + 5%, respectively; P <0.01, n = 4) provoked by
cysteamine (figures 1 and 2, respectively).

4. Discussion

This study in female rats following ovariectomy
extends the previous observations in males that fol-
lowing gonadectomy the gastroduodenal mucosa is
less sensitive to various ulcerogenic stimuli [8, 11].
The reduction by ovariectomy of cysteamine-induced
ulcers of the stomach and duodenum could be related
to the observed decrease of plasma oestradiol levels.
Indeed, mucosal damage in response to challenge was

VT T I & T 1 R A e e s m s+ e

increased by exogenous adiministration ol ocstradiol
into intact female rats.

It is known that an increase of gastriv parictal cell
mass has a beneficial action againsi the development
of mucosal lesions following ulceipgenic challenge
and accelerates ulcer healing |6, 7]. SNince ovaricctomy
enhances gastric parietal cell mass |1], this process
may contribute to the mechanisin by which ovariec-
tomy protected the mucOsa against Cysteamine-
induced injury. Other factors aie also likely to be
involved in the apparcnt aggiessive actions of vestra-
diol towards the gastroduodenal muciga, Thus admin-
istration of oestrogens can lead to the ipactivation of
prostaglandins in the stomach [5], and prostaglanding
are known to have key importance in the defense
mechanism of the gastroduodcnal mucosa [13, 16).

Here, cysteamine challenge also provoked mi-
crovascular plasma leakage, as a measure of vascular
endothelial damage. This finding i% in agreement with
the previous suggestion that aggressive vascular fac-
tors are involved in the generation of cystcamine-
induced gastroduodenal ulcers|3). 1t is well-
established that microcirculatory injury and the
consequent hypoxia are among those important factors
which are considered to lead to gastroduodenal mu-
cosal ulceration [14, 15]. As with the macroscopic
injury, in our present work, the reduction in endog-
enous oestradiol synthesis following ovaricctomy lead
to the attenuation of cysteamine-induced microvascu-
lar leakage. In contrast, augmentation of microvascular
leakage followed the administration of exogenous
oestradiol after cysteamine challenge. Although fur-
ther studies are needed to evaluate Whether the ob-
served microvascular defects arc the conscquence or
the cause of cysteamine-provoked mucosal injury, it is
relevant that oestrogens have vasoconstrictor actions
by modulating the pressor cffect of vasopressin [12].
The significant aggressive role of ¢ndogenous vaso-
pressin via its pressor receptors in the development of
gastroduodenal mucosal ulceration hus been described
previously [10, 12].

In conclusion, oestradiol appears t0 exert a pro-
ulcerogenic action in the generation of macroscopic
and microvascular injury in the stomuach and duode-
num following cysteamine administration in female
rats. Thus inappropriate levels of endogenous ocstra-
diol might possibly be involved in the pathogenesis of
gastroduodenal mucosal damage.
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Abstract

The role of endogenous estrogens has been studied in the regulation of the Ca-dependent constitu-
tive nitric oxide synthase (c(NOS) enzyme activity in aortic and cardiac tissues of the rat. The activity
of ctNOS enzyme was measured by the citrulline assay in the abdominal aorta and in the left ventricle
of the heart obtained from male, sham-operated female and ovariectomized femalc Wistar rats, Estrogen
replacement therapy (17-B-estradiol, 20-100 pg/kg/day, s.c.) has been performed in ovaricctomized
rats over two weeks. We found that cNOS activity was higher in the aorta and heart of female rats
compared to males. Ovariectomy decreased cNOS activity in both tissues to that level what could be
observed in males. Estrogen supplementation caused a dose-dependent elevation of ¢NOS enzyme ac-
tivity in cardiac and aortic tissues, where the higher dose (100 pg) completely restored ¢NOS enzyme
activity to the levels found in females. We concluded that endogenous estrogens up-repulate the activity
of the cNOS isoenzymes in the rat aorta and heart. © 2000 Elsevier Science Inc. All rights reserved.

Keywords: Nitric oxide; eNOS enzyme regulation; Estrogen; Cardiovascular protection; Ischemic heurt diseasc
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Introduction

In the reproductive years, the incidence of ischemic heart disease among women is lower
compared to men [1]. This gender difference can also be observed under cxperimental con-
ditions, since it was shown that female rats were less prone to coronary artery occlusion-
provoked ventricular arrhytmias compared to male [2]. The sexual dimorphism disappears
after menopause; i.e. the incidence of coronary heart disease dramatically increases in
women following their reproductive period to those levels that can be found in men of a sim-
ilar age [1]. Moreover, the risk of ischemic heart disease is significantly higher amony surgi-
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cally postmenopausal women in comparison with pre-menopausal womeh in the same age
{3]. Population-based observational studies showed that estrogen replacenicnt therapy in
postmenopausal women reduced the mortality due to cardiovascular discase |4), These data
suggest the cardiovascular protective role of endogenous and exogenous estropen.

The cardiac protective effect of estrogen, at least in part, relates to the uctions of the hor-
mone on blood lipid profiles. Estrogen decreases serum low-density lipoprotein and increases
high-density lipoprotein cholesterol concentration. It is clear that such changes in serum lipo-
protein concentrations are important factors in the development of coronary tricry and gener-
alized atherosclerosis. Indeed, direct experimental findings showed that estrogen replacement
therapy reduced the extent of coronary artery atherosclerosis in ovariectomized monkey [5]).
In addition, it was also shown that estrogen replacement therapy increases endothelium-
dependent relaxation in the coronary artery under experimental and clinical circumstances
[6,7]. On the basis of these observations, it is suspected that the major site of the curdiovascu-
lar protective actions of estrogen is the arterial intima where most likely vasculur endothelium-
dependent mechanisms are involved.

Nitric oxide (NO) is synthesized from L-arginine by three distinct isoenzymes, These NO
synthase (NOS) enzyme isoforms can be divided into two functional classes based on their
sensitivity to calcium. The cytokine- or bacterial endotoxin-inducible isoenzyme (iNOS)
binds calmodulin tightly in a calcium-independent fashion, and expresscd mostly under patho-
logical conditions. The constitutive forms (CNOS), isoenzymes endothelial NOS (eNOS; orig- .
inally described in vascular endothelial cells) and neuronal NOS (nNOS; originully described
in neuronal tissues), bind calmodulin in a reversible and calcium-dcpendent {ashion. NOS
enzyme activities in tissues can be determined by the citrulline assay, what we used in our
present study, based on the functional difference in their enzymatic parameters bctween
iNOS and cNOS. As the two isoenzymes of the calcium-dependent constitutive NOS (eNOS
and nNOS) can not been differentiated, therefore, we use later the traditional collective term
cNOS. Under physiological circumstances the activity of ctNOS can be detected continu-
ously, and plays a crucial cardiovascular protective role. However, the mechanisms by which
the activity of the cNOS isoenzymes is regulated are poorly understood [8,9].

A number of indirect in vitro (vascular endothelial cell culture, isolated orguns, etc.) ob-
servations have suggested that the liberation of NO might be regulated by sex hormones {10].
In our present study, we investigated the actions of endogenous estrogens, dircctly on the reg-
ulation of cNOS enzyme activity under in vivo circumstances in the aorta and even in the
heart (since no data still available in this organ) obtained from the conscious surgically post-
menopausal (i.e. ovariectomized) rat.

Methods
Study groups

10-12 weeks-old male and female Wistar rats were used. Ovaricctomy and sham opera-
tion have been performed under ether anesthesia. The animals were allowed to recover over
one month. In separate groups of ovariectomized animals, estrogen replacement therapy (17-
f-estradiol, 20-100 ng/kg/day, s.c.) was introduced over a two-week pcriod.
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Ca-dependent nitric oxide synthase enzyme activity

NOS activity was determined as the conversion of L-['*C]-arginine monohydrichloride to
L-["*C]-citrulline based on the method described previously [11,12] with mint modifi-
cations aiming to detect mostly the activity of cNOS [10,13,14]. We sacrifived the animals hy
decapitation, and immediately after autopsy, we prepared the fresh tissues for NOS incasurc-
ments. Cardiac (the left ventricle from an individual rat) and aortic (pooled Irom the abdomi-
nal aorta of two rats) tissues were homogenized (15 s, Ultra-Turrax homogenizer, 5 mm bladc)
in buffer (250 mg/ml, 4°C, 10 mM Hepes, 32 mM sucrose, 1 mM dithiothecitol, 0.1 mM
EDTA, 10 p.g/ml soybean trypsin inhibitor, 10 pg/ml of leupeptin, and 2 pg/ml of #aprotonin,
pH 7.4), and was followed by centrifugation for 20 min at 10,000 g at 4 "C. Samples were
mixed with Dowex (AG 50W-8; 200-400, 8% cross-linked, Na* form) resin, and followed
by centrifugation for a further 10 min at 10,000 g at 4 °C. Sample supernatant (40 p.l) was in-
cubated for 10 min at 37°C in reaction buffer comprising (final concentritions) 50 mM
KH,PO,, 10 pg/ml calmodulin, 2.5 mM CaCl,, 50 mM valine, 1 mM dithiothrcitol, 15.5 nM
L-arginine, 1 mM L-citrulline, 0.3 mM NADPH, 3 pM flavin adenine dinucicotitle (FAD),
3 uM flavin mononucleotide (FMN), 3 uM tetrahydrobiopterin and 0.17 pM of ["C]L-
arginine. The reaction was arrested by the addition (0.5 ml) of a 1:1 v/v suspension of
Dowex:water. After addition of 0.85 ml distilled water and allowing the scttling for 30 min,
the supernatant was removed for scintillation counting. Protein content was cstimated via
spectrophotometric assay (Bio-Rad Protein Assay), and NOS activity was expressed us pmol/
min/mg protein, where constant linear rates with different amounts of extracts ¢ould be
found. Total NOS activity was defined as citrulline formation that was abolishcd by incuba-
tion in vitro with NC-nitro-L-arginine (L-NNA, 1 mM). Basal L-NNA-sensitive nctivity that
was abolished by EGTA was taken as calcium-dependent cNOS activity. In addition, calcium-
independent NOS activity (iNOS) was also determined as the difference betwcen samples
containing 1mM EGTA and samples containing 1 mM L-NNA.

Chemicals and statistics

L-[U-"“Clarginine monohydrochloride was obtained from Amersham Intcrntional. All
other compounds were from the Sigma Chemical Company. The data are expressed as the
mean * SEM of (n) rats per experimental group. Data were analyzed with the Tukey-Kramer
Multiple Comparisons test, where p<0.05 was taken as significant.

Results

We found that cNOS activity was higher in the aorta and heart of female rats compared to
males (by 105%£10% and by 104*+18%, respectively; n = 7-9; p<0.001). Ovaricctomy de-
creased cNOS activity in both tissues to that level what could be observed in males (by
58+6% in the aorta and by 49+4% in the heart; n = 7-9; p<0.001). Estrogen supplcmenta-
tion in the ovariectomized rat caused a dose-dependent elevation of cNOS enzyme activity in
cardiac and aortic tissues, where the higher dose (100 ug) completely restored ¢N()S cnzyme
activity to that level what could be observed in females. Data are shown in Fig. 1.

In female and male rats, there was no significant gender difference in iNOS activity in the
aorta (being 0.07£0.04 and 0.09+0.04 pmol/min/mg protein, respectively; n = 7-8) and in
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plasma concentration of estrogen is high [21], and administration of estradiol incrensed en-
dothelium-dependent arterial relaxation [22]. Our results accord with carlier observations
where physiological levels of circulating 17-B-estradiol has been shown to elevate busal NO
release from endothelial cells, which amount of NO was sufficient to increase the diameter of
pressurized coronary arteries in rats [23]. Our observations are in agreermcnt With the earlier
findings of Weiner et al. [10], where an increase in endogenous estrogen level (by pregnancy),
and administration of exogenous estrogen to intact females elevated the calcium-dependent
cNOS enzyme activity and mRNA expression in the uterine artery and heart of guinea pigs.
Interestingly, in a recent report of Nuedling et al. [24], it has been demionstrated that estrogen
administration provokes the expression of eNOS protein in rat cardiac myocytes both under
in vivo and in vitro circumstances, which result may -provide a further insight for the better
understanding of estrogen-mediated cardiac. protection. Moreover, NO has been found to be
involved in the early and delayed cardiac protective effects of preconditioning induced by coro-
nary artery occlusion [25], cardiac pacing [26,27] and non-toxic endotoxin treatment [27,28] in
various species. In addition, estradiol supplementation improved vasodilatation in postmeno-
pausal women, because of augmented NO production [29]. Finally, chronically administcred
estrogen enhanced the release of NO from the vascular endothelium of the rat nortic ring [30].

In a large number of studies, it has been demonstrated that NO synthesized by ¢cNOS has a
key beneficial importance in the maintenance of vascular integrity. In summary, it is known
that inhibition of cNOS increases blood pressure, platelet aggregation and leukocyte adher-
ence to the vascular endothelium. On the basis of numerous observations, it is strongly be-
lieved that NO synthesized in the vascular endothelium (eNOS) plays the crucial role in the
beneficial vascular effects of cNOS [8,9]. However, recent studies have shown that NO syn-
thesized in neuronal elements by nNOS might have similar vascular protective actions [9,10]
whose activity is also included in ctNOS. It seems that further studies are needed to clarify the
role of nNOS in cardiovascular protection.

In contrast, NO donors, because of their smooth muscle relaxing cffect, are well-known
arterial and venous vasodilators. Furthermore, they inhibit leukocyte adherence to the vascu-
lar endothelium and platelet aggregation, processes that have crucial role in vascular conges-
tion. It is also well established that NO donors are used worldwide as cardiac drugs, because
of their direct coronary dilatory effects (high conductance big vessels), which putative mech-
anism plays an additional role in their protective action against myocardial ischemia [31].
Thus, NO synthesized by cNOS preserves normal vascular tone, leukocyte deposition and
platelet aggregation [8,9].

Taking the results together, it is strongly suggested, that the endogenous estrogens up-reg-
ulate cNOS enzyme activity in the rat aorta and heart. This estrogen-mcdiated increase of NO
production by cNOS might possibly be an explanation of the sexual dimorphism of ischemic
heart disease; i.e. women are less sensitive than men are in the fertile age.
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Abstract

The actions of ovariectomy on nitric oxide synthase (assessed by the citrullin assay), mucus secretion (assessed by the Alcyan blue
technique) and ulcerogenic response (indomethacin (30 mg kg~', s.c., 4 h) or cysteamine (400 mg kg™, s.c., 24 h)) were studied in the
female rat stomach. Ovariectomy increased nitric oxide synthase and mucus secretion, and decreased the severity of lesions, effects
reversed by the nitric oxide synthase inhibitor, NS-nitro-L-arginine methyl ester (L-NAME, 10 mg kg™, s.c., 4 h before measurements).
Therefore, estrogen-deficiency protects the gastric mucosa by nitric oxide (NO)-mediated mucus hypersecretion. © 2000 Elsevier Science

B.V. All rights reserved.

Keywords: Nitric oxide (NO); Gastric mucus; Estrogen

The sexual dimorphism of gastric or/and duodenal
ulceration is well known. Clinical and experimental obser-
vations suggest that sexual steroids have a key importance
in the regulation of the defensive mechanisms of the
gastroduodenal mucosa (Robert and Kauffman, 1989;
LészI6 et al., 1997; Drago et al., 1999). In earlier studies,
gonadectomy decreased the severity of gastric mucosal
injury in various models of ulceration (L4szI6 et al., 1997;
Drago et al., 1999). It is also well established that numer-
ous aggressive and protective factors affect the gastroduo-
denal mucosa, and an imbalance between them is
pathogenic in the development of mucosal injury (Robert
and Kauffman, 1989). Among the protective factors, gas-
troduodenal mucus plays a crucial role (Robert and Kauff-
man, 1989). Administration of nitric oxide (NO) donors
stimulates mucus release from isolated gastric mucus-cell
fraction (but not in parietal cells), and it has also been
demonstrated that NO synthase is presented in these cells
(Brown et al, 1992, 1993). Moreover, an increase in
endogenous NO synthase activity in the gastric mucosa
protected the stomach against damage (Tepperman et al.,

* Corresponding author. Tel.: +36-1-210-0819; fax: +36-1-210-0813.
E-mail address: laszlof@koki.hu (F. L4sz16).

1993). In the present study, the action of the estrogen-defi-
cient state (i.e. ovariectomy) on gastric NO synthase activ-
ity, mucus secretion and on the susceptibility of the mu-
cosa towards various ulcerogenic stimuli has been exam-
ined.

We used female Wistar rats (200-220 g). Sham opera-
tion or ovariectomy has been performed 1 month before
the experiments. For provocation of gastric mucosal injury,
indomethacin (30 mg kg™~', s.c.) or cysteamine (400 mg
kg~!, s.c.) were administered, and the measurement
(planimetry) of lesions has been performed 4 or 24 h later,
respectively. The animals were starved for 24 h before
(indomethacin) or during (cysteamine) lesion induction.
For the evaluation of gastric mucosal NO synthase activity,
we used the citrulline assay. The detailed description of the
method can be found in the paper of Brown et al. (1992).
For the measurement of gastric mucus level, we used the
Alcyan blue technique, which methodological description
can be found in details in the paper of Drago et al. (1999).
For the investigation of the role of NO in our model, the
NO synthase inhibitor, N%-nitro-L-arginine methyl ester
(L-NAME, 10 mg kg~', s.c.) was administered into
ovariectomized rats 4 h before any measurement. For the
citrulline assay, L-[U-"*Clarginine monohydrochloride was
obtained from Amersham International. All other com-

(1014-2999 /00 /$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.
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Fig. 1. Actions of ovariectomy (Ovar., grey columns) on mucus secretion
(expressed as g dye g~' tissue), nitric oxide synthase activity (NOS,
expressed as pM min~" mg~' protein) and lesion formation (expressed
as cxtent of lesions in percent) provoked by indomethacin or cysteamine
in the stomach of the female rat (Cont., open columns), and their reversal
by the administration of the nitric oxide synthase inhibitor, N %-nitro-L-
arginine methyl ester (L-NAME, hatched columns). Data are expressed as
means + S.E.M., where n = 4-6 rats in a group. * P < 0.05 between Cont.
and Ovar. groups; P < 0.05 between Ovar. and Ovar. +L.-NAME groups.

pounds were from Sigma. Data were analyzed with the
Turkey—Kramer multiple comparisons test, where P < 0.05
was taken as significant.

We found that ovariectomy increased gastric NO syn-
thase activity (by 96 + 11%, n =6, P < 0.005) and mucus
secretion (by 57 +8%, n=5, P <0.01), and decreased
the severity of lesions (by 63 + 10% or by 61 + 6% fol-
lowing indomethacin or cysteamine challenge, respec-
tively; n=4-5, P <0.001). All these effects of ovariec-
tomy were reversed by the administration of the NO
synthase inhibitor, L-NAME (Fig. 1).

Our present findings confirm that gonadectomy im-
proves the defensive mechanism of the stomach (LészI6 et
al., 1997; Drago et al., 1999). Female sexual steroids have
dual actions on the gastric mucosa. Progesterone prevents
injury, since during early pregnancy (when progesterone
level is high), a lower susceptibility of the stomach has
been found (Montoneri and Drago, 1997). In contrast,
estrogens augment damage, because of the gastric protec-
tion by ovariectomy and lactation, when the level of
estrogens is low (Robert and Kauffman, 1989; Drago et al.,
1999). These observations are apparently conflicting with
the well-known experience, i.e. males are more prone to
gastric ulceration than females, although their estrogen
level is low. However, orchidectomy or testosterone antag-
onist revealed to protect against injury. This shows that in
males, instead of harmful estrogens, testosterone plays an

aggressive role towards the gastric mucosa (Laszl6 et al.,
1997). Testosterone may generate more severe gastric
damage in males compared to females, since in males the
protective progesterone level is also low.

In our study, an increased gastric mucosal NO synthase
activity has been shown after ovariectomy. This elevated
gastric NO production might have an important role in the
protection against ulcerogenic challenge, since the admin-
istration of the NO synthase inhibitor, L-NAME restored
mucosal damage in the ovariectomized rat to that level
what could be observed in control females. An increased
generation of NO may play a role among gastric protective
mechanisms by its ability to maintain microvascular in-
tegrity (Whittle, 1993), which is also known to be an
important factor in the development of mucosal injury
(Robert and Kauffman, 1989). In the case of indo-
methacin-induced gastric mucosal injury, this NO-media-
ted microcirculatory mechanism is more likely to be in-
volved, since in this model, vascular factors are known to
have crucial pathogenic role (Robert and Kauffman, 1989:
Whittle, 1993). Indeed, in a time-response study, we found
that microvascular injury preceded mucosal damage fol-
lowing indomethacin administration, while the opposite
could be observed with cysteamine (our unpublished re-
sults). In our present study, we found that in ovariec-
tomized rats the mucus secretion in the stomach has been
increased, an effect reversed by L-NAME. Thus, NO medi-
ates mucus overproduction in the ovariectomized rat. This
mucus hypersecretion may be the common pathway, which
explains why the estrogen-deficient state protects the gas-
tric mucosa against different ulcerogenic stimuli.

In conclusion, estrogen-deficiency provokes a NO-
mediated gastric mucus hypersecretion, which improves
mucosal defence.
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Abstract

Administration of graded doses of [Argslvasoprcssin (0.06-0.18 pg kg“. i.v.) induced a dose-dependent increase in ancerial blood
pressure in the catecholamine-depleted (phentolamine; 10 mg kg ™', i.p.) intact and ovariectomized female rat, with the glevation of blood
pressure more marked following ovariectomy. In addition, ovariectomy caused the down-regulation of aortic Ca?*-dependent constitutive
nitric oxide synthase (assessed by the citrulline assay). The down-regulation of the Ca®*-dependent constitutive nitric hxide synthase and
augmentation of vasopressin-induced blood pressure responses were prevented by the therapy (1 month, p.0.) with the selective oestrogen
receptor modulator, raloxifene (0.3-1.0 mg kg~' day™'), or with 17B-oestradiol (0.3 mg kg~' day~') in wvariectomized rats. Thus,
oestrogen deficiency down-regulates vascular constitutive nitric oxide synthase, which appears to be involved in the increased sensitivity
of the vasculature to vasopressin. since both effects can be reversed by the exogenous administration of the natural vestrogen

17B-oestradiol or the selective oestrogen—receptor modulator raloxifene. © 2000 Elsevier Science B.V. All rights reseived.

Kexwords: Oestrogen receptor modulator; Oestrogen: Nitric oxide (NO): Blood pressure; Vasopressin; Enzyme regulation

1. Introduction

In the reproductive years, the incidence of cardio-
vascular disease is lower among women than among men.
This gender difference disappears following either natural
or surgical menopause, suggesting a protective role of
endogenous estrogens in the cardiovascular system (Clark-
son et al., 1997).

Under experimental conditions, endogenous estrogen or
administration of natural estrogens has been demonstrated
to increase Ca’*-dependent constitutive nitric oxide (NO)
synthase (cNOS) activity in vascular tissues (Weiner et al.,
1994; Morschl et al., 2000). Selective oestrogen—receptor
modulators have tissue-specific oestrogen agonist effects,
e.g. on bone and lipid metabolism, and antagonist effects,
e.g. on breast (Clarkson et al., 1997). In addition, increased

" Corresponding author. Tel.: +36-1-210-0819: fax: +36-1-210-0813.
E-mail address: laszlof @koki.hu (F. Liszld).

NO release has been observed from the isolated rat aorta
following the administration of sclective oestrogen—-recep-
tor modulators such as raloxifenc (Rahimian et al., 1997).

It is known that NO, formed continuously by ¢cNOS in
the vascular endothelium and ncuronal elements, plays a
significant protective role in the maintenance of vascular
integrity. The inhibition of cNOS provokes hlood pressure
elevation, platelet aggregation and adhesion uf neutrophils
to the vascular endothelium (Moncada and Higgs, 1995).
Moreover, it has recently been demonstrated that oestrogen
can modulate the action of vasopressin on the baroreflex
control of sympathetic outflow, and therchy participate in
cardiovascular regulation (He et al., 1999),

In the present study, we investigated the vasopressin-in-
duced blood pressure response in catecholamine-depleted
ovariectomized rats, by determining the changes of nortic
cNOS enzyme activity in conjunction with the vaso-
pressin-provoked blood pressure response following ralox-
ifene or oestrogen supplementation in the oestrogen-defi-
cient state.

014-2999 /00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.
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2. Materials and methods

2.1. Experimental protocol

We used sham-operated and ovariectomized female
Wistar rats (200-220 g). Operations were performed under
transient ether anaesthesia, followed by a 1-month recov-
ery period. In ovariectomized rats, raloxifene (0.3—-1 mg
kg~', p.o., once daily) or 17B-oestradiol (0.3 mg kg~',
p.o., once daily) were administered for 1 month. The
procedures, doses of compounds, and route of administra-
tion have been established in previous studies (Rahimian et
al., 1997; Morschl et al., 2000). Control animals received
the vehicle at the same time, in the same volume and by

the same route.

2.2. Ca’*-dependent aortic nitric oxide synthase enzyme
activity

NOS activity was determined as the conversion of
L-["*Clarginine monohydrochloride to L-["*Clcitrulline
based on the method described previously (Salter et al.,
1991), with minor modifications aiming to detect the activ-
ity of cNOS (Weiner et al, 1994; Garvey et al., 1997). We
sacrificed the animals by decapitation, and immediately
after autopsy prepared fresh tissues for NOS measure-
ments. ‘Aortic tissues were pooled from the abdominal
aorta of two rats. Tissues were homogenized (15 s, Ultra-
Turrax homogenizer, 5 mm blade) in buffer (250 mg ml~!,
4°C, 10 mM HEPES, 32 mM sucrose, 1 mM dithiothreitol,
0.1 mM EDTA, 10 ng mi~' soybean trypsin inhibitor, 10
pg mi~' leupeptin, 2 pg ml~' aprotonin, pH 7.4). This
was followed by centrifugation (20 min, 10,000 X g, 4°C).
Samples were mixed with Dowex (AG 50W-8: 200-400,
8% cross-linked, Na~ form) resin. After further centrifuga-
tion (10 min, 10,000 X g, 4°C), the supernatant (40 wl)
was incubated for 10 min at 37°C in reaction buffer
comprising (final concentrations): 50 mM KH,PO,, 10 pg
ml~' calmodulin, 2.5 mM CaCl,, 50 mM valine, ] mM
dithiothreitol, 15.5 nM L-arginine, 1 mM L-citrulline, 0.3
mM NADPH, 3 uM flavin adenine dinucleotide (FAD), 3
uM flavin mononucleotide (FMN), 3 pwM tetrahydro-
biopterin and 0.17 pM of ["“ClL-arginine. The reaction
was terminated by the addition (0.5 ml) of a 1:1 v/v
suspension of Dowex:water. After addition of 0.85 ml
distilled water and settling for 30 min, the supernatant was
removed for scintillation counting. Protein content was
estimated by spectrophotometric assay (Bio-Rad Protein
Assay), and NOS activity expressed as pmol min~' mg™!
protein, with constant linear rates for different amounts of
extracts.

Total NOS activity was defined as citrulline formation
abolished by incubation in vitro with N C-nitro-L-arginine
(L-NNA, 1 mM). Basal L-NNA-sensitive activity that was
abolished by EGTA was taken as Ca’*-dependent ctNOS

activity. In addition, Cn*'_jndependent NOS activity
(iNOS) was also deterpined as the difference between
samples containing | mM EGTA and samples containing 1
mM L-NNA.

2.3. Blood pressure respinse to vasopressin

Animals were anaesthetised with urethane (1.25 g kg™',
i.p.). and then pre-treated With phentolamine (10 mg kg™',
i.p.). A single bolus injection of arginine-vasopressin
(0.06-0.18 pg kg™', i.v.) was administered into the tail
vein following the stabilisation of blood pressure. The
procedure in details has been described previously (Liszlé
et al. 1991). Briefly, the elevation of blood pressure
(expressed as a % maximal increase compared to the basal
value) was measured in the right carotid artery through a
blood pressure transducer connected to the HAEMOSYS
computerised complex haemodynamic analysis system
(Experimetria UK, London). The core temperature of rats
was maintained at 37"C with a homeothermic control unit
(Harvard Instrument, UK).

2.4. Chemicals

L-["*Clarginine monohydrochloride, raloxifene, argi-
nine-vasopressin and phentolamine were purchased from
Amersham International (UK), Eli Lilly and Company
(USA), Organon OSS (The Netherlands) and Ciba-Geigy
(Switzerland), respectively. All non-specified agents were
from Sigma.
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Fig. 1. Ovariectomy-provoked decrease in constitutive aortic nitric oxide
synthase (cNOS) enzyme activity (expressed as pmol min~'! mg~!
tissue). Actions of raloxifene (ralox.; 1 mg kg™') or 17B-oestradiol
(oestr.: 0.3 mg kg™") supplementation (1 month, p.o.) on cNOS enzyme
activity in the aorta of ovaricctomized rats, Data are expressed as
mean + S.EM. of five measurements in each group; P < 0.001 means
significant difference betwecn the intact female and the ovariectomized

£group.
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2.5. Statistics

The data are expressed as the mean + S.E.M. of (n) rats
per experimental group. Data were analyzed by the
Tukey—Kramer Multiple Comparisons test, with P <0.05
taken as significant.

3. Results

3.1. Ca?*-dependent aortic nitric oxide synthase enzyme
activity

As shown in Fig. 1, ovariectomy significantly decreases
aortic ctNOS activity, i.e. it falls to 37 + 2% of the intact
rat (n =5; P <0.001). In the aorta of the ovariectomized
rat, 17B-oestradiol (0.3 mg kg~') or raloxifene (I mg
kg~') supplementation (1 month, p.o.) completely restored
cNOS enzyme activity to levels seen in intact females.

In female rats. iNOS activity in the aorta was 0.08 +
0.05 pmol min~' mg~' protein (n = 5). Neither ovariec-
tomy nor administration of 17B-oestradiol or raloxifene
changed aortic iNOS activities compared to the intact basal
values (n = 5, data not shown).

[] intact
[ ovariectomized (ovar.)

E=3 ovar.+raloxifene (0.3 mg kg™ day™)
1204 [ ovar.+raloxifene (1.0 mg kg™ day™)
% 105- B2 ovar.+oestradiol (0.3 mg kg™ day™)
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+ Arginine-vasopressin (ug kg™)

Fig. 2. Increase of arterial blood pressure (expressed as % change.
measured in the right carotid artery) by intravenous administration of
arginine—vasopressin (0.06-0.18 g kg ~') in the catecholamine-depleted
(phentolamine. 10 mg kg~', i.p.) sham-operated and ovariectomized (1
month) female rat. Effect of supplementation (1 month, p.o.) with 17B-
oestradiol (0.3 mg kg~' day” ') or the selective oestrogen—receptor
modulator, raloxifene (0.3-1 mg kg~' day~') on vasopressin-induced
blood pressure elevation in the ovariectomized rat. Data are expressed as
mean + S.E.M., where n=8-12 rats in a group. * P < 0.05 means signif-
icant blood pressure increase compared to the vasopressin-treated intact
female group: *P < 0.05 means significant blood pressure decrease com-
pared to the vasopressin-treated ovariectomized female group.

3.2. Blood pressure réspimse 10 vasopressin

As shown in Fig. 2, adiyinistration of vasopressin cause
a dose-dependent increase of nrterial blood pressure botl
in the ovary-intact anid ovariectomized female rat. How-
ever, in the ovariectomized] anlmals, vasopressin induced a
significantly higher elevation of blood pressure than in
ovary-intact females. Oestrogen replacement abolished the
increased blood pressure response observed, and raloxifene
supplementation caused a dose dependent decrease in blood
pressure enhancement provokei! by vasopressin in ovariec-
tomized rats.

4. Discussion

The present findings are in agrecment with recent ob-
servations that vasoconstrictor lone is increased in various
vascular beds following ovariectomy, an effect that can be
mitigated by oestrogen or raloxifene therapy (He et al.,
1999; Zoma et al., 2000). This impaired vasodilatation
most likely originates from the down-regulation of cNOS
in the oestrogen-deficient state.

Under in vitro circumstances, a reduction of the basal
release of NO, as detected by augmented catecholamine-
induced contractile response in the presence of an NO
synthase inhibitor, was found in nortic rings from ovariec-
tomized animals, an effect blocked by raloxifene or oestra-
diol treatment (Rahimian et al. 1997). Under in vivo
conditions. reduced cNOS activity has been demonstrated
in the aortic tissue of ovariectomized rats compared with
normal females, and administration of 17B-oestradiol
dose-dependently increased aortic c¢NOS activity in
ovariectomized rats to normal female levels (Morschl et
al., 2000). Our present findings give further support to the
proposition that vascular cNOS aclivity is regulated by
estrogen, and that under in vivo circumstances raloxifene
has oestrogen agonist properties with respect to vascular
cNOS activity.

Finally, there are pathological circumstances in which
release of NO by cNOS from an intact endothelium pro-
tects the vascular tissue against the potentially injurious
effects of endogenous vasoconstrictors such “as vaso-
pressin. For example, in the carly compensated phase of
endotoxaemia, severe vascular dysfunction can occur fol-
lowing endotoxin challenge when ¢NOS is inhibited.
whereas neither endotoxin nor ¢cNOS inhibitor alone cause
dysfunction, and this injury is reversed by a vasopressin
antagonist (Liszl6 and Whittle, 1994), Morcover, in the
operating theatre, cNOS has been demonstrated to main-
tain vascular integrity (L4szI6 and Whittle, 1999): it effec-
tively counteracts the increase in vascular permeability
provoked by vasopressin which is known to be released
during major surgical operations (Mclville et al.. 1985;
Pivé et al., 2000). Thus, in the ovariectomized state,
impaired expression or/and activity of ¢cNOS may explain
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the increased blood pressure response to vasopressin in the
absence of oestrogen.

In conclusion. our results suggest that in oestrogen-de-
ficiency aortic ctNOS is down-regulated, which strongly
suggests its involvement in the increased sensitivity of the
vasculature to the vasoconstrictor effect of vasopressin.
Both actions can be reversed by the therapy with the
natural oestrogen 17B-oestradiol, or the selective oestro-
gen—-receptor modulator raloxifene. Thus, raloxifene be-
haves as an oestrogen receptor agonist with regards to both
regulation of vascular ¢cNOS and vasopressin-provoked
increases in blood pressure in vivo.
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Vasopressin deficiency decreases the frequescy
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Abstract — Vasopressin is a stress hormone released from the posterior pituitary. In humans suffering from centisl Minbetes insipidus,
this release of vasopressin is diminished. It was shown previously that the congenutally vasopressin-deficient DBiattlshory honiozygous
rat is less sensitive to various ulcerogenic stimuli. In this study, we investigated the incidence of gastrodstdenal ulceration in
vasopressin deficient patients. Data on patients aged 20~70, hospitalized in Hungary between 1992 und 1995 were ¢oinpared with those
on the total population in this age group (6 681 020 in 1994). Subjects with central diabetes insipidus weie selecisd soparatcly (815
cases). Gastroduodenal ulceration was compared in subjects with an intact vasopressin release and vasopresgin-teficieny patients. The
frequencies of gastroduodenal ulceration were also examined scparately in male and female subjects. ln the 101a) population, the
frequency of gastroduodenal ulceration was lower in vasopressin-deficient cases (2.22% versus 0.61%; #~0.005). Awong
normal-vasopressin subjects, males have a higher risk of gastroduodenal ulceration than females (3.04% versus 1.46%, respectively;
P <0.001). Among vasopressin-deficient subjects, a similar male:female ratio was observed, but it was nat significant (P = 0.36). In
comparison to the normal-vasopressin population, the incidence of gastroduodenal ulceration was reduced 8monyg Vasupressin-defivient
males and females by 77% (P < 0.01) and by 82% (P < 0.05), respectively. In conclusion, endogenous vanopressin has a significant
harmful action towards the human gastroduodenal mucosa. Peptide and non-peptide vasopressin receptor antallonists might have a

potential themg:ltic benefit in the treatment (as an adjuvant) and prevention of gastroduodenal ulceration, © 2000 1ssvier Science Ltd.

Published by Editions scientifiques et médicales Elsevier SAS

gastric ulcer / duodenal ulcer / ulcer disease / vasopressin / vasopressin receptor antagonist / diabetes Insipidus

1. Introduction

Gastroduodenal ulceration is 2 common disease. It
is known that aggressive (e.g., gastric acid, pepsin) and
protective (e.g., mucosal blood flow, prostaglandins)
factors act in the development of acute or chronic
mucosal lesions, and an imbalance between them plays
a key role in the occurrence of the disease [15].

In animals, endogenous vasopressin has been dem-
onstrated to act as an aggressive factor towards the
gastroduodenal mucosa, since the vasopressin-
deficient Brattleboro homozygous rat [16] is less sen-
sitive to various ulcerogenic stimuli than the rat with
normal-vasopressin secretion [5, 6, 8).

In humans, suffering from central diabetes insipi-
dus, the secretion/release of vasopressin from the
hypothalamus/posterior pituitary is impaired. These
patients are ideal subjects of the investigation of the
role of endogenous vasopressin in generation of vari-
ous diseases, in which this stress hormone might
possibly have a pathogenetic action. Accordingly the
aim of the present study was to evaluate the incidence
of gastroduodenal ulceration among vasopressin-

* Cormrespondence and reprints

deficient human subjects in comparison to the normal-
vasopressin population.

2, Materials and methods
2.1. Study groups

Two groups of human subjecty aged hetween 20 and
70 years were selected: the vasopressin-deficient and
the non-deficient groups. The vasopressin-deficient
cases suffered from central diabctes ingipidus, while
the non-deficients were taken as the nornal population
in Hungary in 1994 (data on 01,01,1995). All central
diabetes insipidus cases hospitalizei! in Hungary be~

. tween 01.01.1992 and 01.10.1995 were sciccted. Ad-

ditionally, the subjects in the two groups were cxam-
ined on the basis of their sex.

2.2. Cases with gastroduodenal ulceration

All patients aged 2070 ycars hospitulized in Hun-
gary between 01.01.1992 and 01.10.1995 with gus-
troduodenal ulceration (including scule or chronic
gastric and/or duodenal ulceration With or without
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Figure 1. Incidence (per 1 000 subjects) of gastroduodenal ulceration (including acute and chronic gastric and/or duodenal
ulceration with or without complication, such as bleeding and/or perforation) among the normal Hungarian population aged
20-70 years (males, females and total population) with an intact vasopressin release (gray column) or with a vasopressin
deficiency (hatched column). Statistical significance: * P < 0.05; ** P <0.01; and *** P <(),005 for normal-vasopressin versus
vasopressin-deficient cases, and *** P < 0.001 for males versus females.

12], may generate vasoconstriction and platelet aggre-
gation (via its V,; receptors), and release coagulant
factors (via its antidiuretic V, receptors), leading to a
reduced blood flow and a consequent hypoxia in the
gastroduodenal mucosa. The reduction of mucosal
oxigenation might attenuate the protective mecha-
nisms of the gut and sensitize it to the damaging effect
of other well-known aggressive factors, such as gastric
acid and pepsin [15]. Indeed, administration of vaso-
pressin V, receptor antagonists elevates blood flow in
the superior mesenteric artery [14] and protects against
various ulcerogenic challenge [5, 6, 8, 9]. Although in
a previous study, a selective V, receptor antagonist has
been reported to be ineffective against ethanol-induced
gastric hemorrhagic erosions in the rat [6], but the
involvement of this type of vasopressin receptor seems
not to be excluded in generation of gastroduodenal

ulceration, since a non-sclective vasopressin receptor
antagonist (V,/V, antagonist) was shown to be more
potent in the ethanol model than the selective V,
receptor antagonist alone (our unpublished result).

In conclusion, endogenous vasopressin seems to
have a significant harmful action towards the human
mucosa in generation of gastroduodenal ulceration.
Peptide and orally effective non-peptide vasopressin
receptor antagonists may have a potential therapeutic
benefit in the prevention and trcatment (as an adjuvant)
of gastroduodenal ulceration.
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Abstract

Inhibition of constitutive nitric oxide (NO) synthases by administration of A C-nitro-L-arginine methy! ester (L -NAME) during
abdominal laparotomy provokes extensive vascular leakage in the rat gastrointestinal tract, assessed by the extravasation of [mllhuman
serum albumin. In the present study, the role of vasoactive or neutrophil-derived pro-inflammatory mediators in this process has been
investigated. Administration of the thromboxane synthase inhibitor, 1-benzyl-imidazole (BZI, 25-50 mg kg™, s.c.), the platelet-activat-
ing factor (PAF) receptor antagonist, 3-[4-(2-chlorophenyl)-9-methyl-6 H-thienol-{3,2-f][1,2,4)-triazolo-{4,3-a]l } 4]-diazepine-2-y1}-1-(4-
morpholynil)-1-propionate (WEB 2086; 0.5-1 mg kg~', sc.), the 5-lipoxygenase synthase inhibitor, N-(4-benzyloxybenzyl)-
acetohydroxamic acid (BW A137C; 4-20 mg kg™", s.c.) or the vasopressin pressor receptor antagonist ([Mca', Tyr(Me)? Arg® vasopres-
sin/Manning peptide; 0.01-0.2 g kg~', s.c.) dose-dependently reduced the intestinal plasma leakage provoked by L-NAME (5 mg
kg™, s.c.), following a 5-cm abdominal laparotomy in anaesthetised rats. These findings suggest that constitutive NO synthase effectively
counteracts the damaging actions on microvascular integrity of mediators, including thromboxanes, PAF, leukotrienes and vasopressin,

released during surgical intervention. © 2000 Elsevier Science B.V. All rights reserved.

Keywords: Nitric oxide (NO); Vascular permeability; Vascular endothelium; Neutrophil granulocytes; Platelet-activating factor (PAY); Thromboxanes;

Leukotrienes; Vasopressin; Surgery

1. Introduction

During major surgical operations, a reduction in circu-
lating plasma volume can occur, following increased
plasma extravasation, which develops without significant
bleeding (Krakelund, 1971; Akerstrém and Lisander, 1991).
However, few experimental or clinical studies have ex-
plored the mechanism underlying this phenomenon
(Akerstrom and Lisander, 1991; L4szl6 and Whittle, 1999;
Lisz16 et al., 1999).

Nitric oxide (NO), formed continuously in the vascular
endothelium by the constitutive NO synthase, eNOS, plays

* Corresponding author. Tel: +44-20-7882-6176; fax: +44-20-7882-

6177.
E-mail address: b.j.whittle@mds.qmw.ac.uk (B.J.R. Whitte).

a key role in the maintenance of vascular integrity
(Moncada and Higgs, 1995). NO aticnuates the adherence
and immigration of leukocytes in the vasculur cndothelium
(Kubes et al., 1991), a process of key importance in the
generation of vascular endothelial dysfunction, vascular
congestion and inflammation (Wedmore and Williams,
1981). Indeed, inhibition of the constitutive NO synthase,
eNOS, leads to neutrophil adhesion and the clevation of
vascular permeability, particularly in surgically prepared
models (Kubes et al., 1991; Kubes and Granger, 1992;
Amdt et al., 1993).

In recent studies, constitutively formed NO has been
suggested to play a beneficial role against widespread
plasma loss, observed during surgical operation, through
the maintenance of microvascular integrity (L4sz16 and
Whittle, 1999; LiszI6 et al., 1999). Thus, midline abdomi-
nal laparotomy and anaesthesia alone, or administration of

0014-2999 /00/$ - sce front matter © 2000 Elsevier Science B.V. All rights reserved.
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the NO synthase inhibitor, N C-nitro-L-arginine methy) es-
ter (L-NAME), to anaesthetised animals alone, did not
affect vascular permeability. In contrast, when L-NAME
was administered to laparotomized animals, a generalised
increase of albumin leakage developed in intestinal organs
as well as in the lungs and kidneys (L4szl6 and Whittle,
1999). A reduction in the number of circulating neutrophils
attenuated this vascular leakage provoked by L-NAME and
laparotomy in all of the organs investigated, which sug-
gests an involvement of neutrophil-derived pro-inflamma-
tory mediators in this surgical plasma extravasation (Laszl6
and Whittle, 1999).

In previous studies, a role for the neutrophil-derived
pro-inflammatory mediators thromboxanes. platelet-acti-
vating factor (PAF) and leukotrienes, on the develop-
ment of vascular leakage provoked by the acute admini-
stration of L-NAME following bacterial endotoxin
challenge, has been established (L4szl6 and Whitde, 1995;
L4szl6 et al., 1994). In the present work, the involvement
of such mediators in responding to L-NAME following
midline abdominal laparotomy has been explored using
specific antagonists and synthase inhibitors. In addition,
using a specific vasopressin pressor receptor antagonist,
the actions of endogenous vasopressin, which is known to
be released during surgical interventions (Melville et al.,
1985), have been evaluated.

2. Materials and methods

2.1. Surgical manipulation

Male Wistar rats (225-275 g) were starved overnight,
but were allowed free access to water. In the basal control
group, the treatments were performed under transient
halothane anaesthesia from which the animals had com-
pletely recovered within 2 min. Autopsy in this surgically
unoperated group was performed under halothane anaes-
thesia. In all other groups (using pentobarbitone-anaesthe-
tised animals), a 5-cm long midline laparotomy in the
abdominal wall was performed without significant bleed-
ing. Rats were tracheotomized and a gauze pad moistened
with saline was placed over the incision. At the beginning

of the experiment, all groups were administered {***IThu- -

man serum albumin (2 uCi kg=', iv.) via a needle
inserted into the tail vein for 3—4 s. Autopsy was per-
formed 1 h later. T

2.2. Plasma leakage

As a measure of vascular endothelial permeability, leak-
age of ["**IJhuman serum albumin into tissue was deter-
mined in segments of the jejunum and colon. Blood were
collected from the abdominal aorta into syringes contain-
ing trisodium citrate (final concentration 0.318%) and were

1. Pévé et al. / European Journal of Pharmacology 402 (2000) 1¥$-1v7

centrifuged (10,000 > &, 10 win, 4°C). The [**I}human
serum albumin content of the plasma and of segments of
tissues was detected in o guinma spectrometer (Nuclear
Enterprises NE 1600), and the albumin content in tissues
was calculated.

The resting value for plbumin accumulation was taken
as the mean of the datit Of a group of basal control animals.
In each experiment, and for cach procedure, this basal
control mean value was cal¢ulated #nd subtracted from the
value from each of the animals in each treatment group.
The data were expressed as changes in albumin accumula-
tion (Aplasma leakige, in microliter plasma per gram
tissue) corrected for intravaschlar volume (L4szI6 et al.,
1994).

2.2.1. Intravascular volume -

Changes in intravsscular volume in jejunal and colonic
tissues were determined in additional groups of rats by
administering _[f“l]human serum albumin (2 pCi kg™')
intravenously via the tail vein 2 min before tissue removal,
in all groups investigated. The tissuc and plasma content of
radiolabel were determined and the intravascular volume
was expressed as microliter per gram tissue (Lisz16 et al.,
1994).

2.3. Effect of .L-NAME and laparotomy on intestinal plasma
leakage

In groups of rats, L-NAME (5 mg kg™, s.c.) was
injected concurrently with ['**IJhuman secrum albumin.
Plasma leakage in the jejunum and colon was evaluated
after 1 h. The dose of L-NAME and the timing of the
experiment were based on the results of our previous study
(L4szl6 and Whittle, 1999).

24. Effect of pro-inflammatory and vasoactive mediators
on plasma leakage provoked by 1-NAME and laparotomy

In laparotomized and L-NAME (5 mg kg ™', s.c.)-treated
rats, the thromboxane synthase inhibitor, 1-benzyl-imi-
dazole (BZI; 25-50 mg kg~'), the PAF receptor antago-
nist, (3-[4-(2-chlorophenyl)-9-methyl-6 H-thienol-[3,
2-f][1,2,4} - triazolo- [4,3 - n][1,4)-diazepine-2- y1}-1-(4-mor-
pholynil)- 1 -propionate (WEB 2086; 0.5-1 mg kg™'),
the 5-lipoxygenase inhibitor, N-(4-benzyloxybenzyD-ace-
tohydroxamic acid (BW A137C; 4-20 mg kg™') or the
vasopressin pressor receptor antagonist ((Mca',Tyr(Me)?,
Arg®}vasopressin/Manning peptide; 0.01-0.2 pg kg™") -
was injected s.c., 15 min before laparotomy and L-NAME
administration. Plasma leakage in jejunal and colonic tis-
sues was determined 1 b after Inparotomy. All the com-
pounds were dissolved in saline immediately before the
experimentation. The doses, timing and route of adminis-
tration of drugs were established in our previous studies
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(Liszlé et al., 1991, 1994; Liszl6 and Whittle, 1995,

1999).
2.5. Chemicals

['**IJhuman serum albumin was obtained from Amer-
sham International (UK). BZI and BW A137C originated
from the Wellcome Research Laboratories, Beckenham,
UK. WEB 2086 was supplied by the Boehringer Ingel-
heim, Germany. The vasopressin antagonist was acquired
from Bachem, Germany. All the other compounds were
from Sigma (Poole, Dorset, UK).

2.6. Statistics

The data are expressed as mean + SEM from (n) rats
per experimental group. For statistical comparisons. analy-
sis of variance with the Bonferroni test was utilised, where
P < 0.05 was taken as significant.

3. Results

3.1. Intestinal albumin leakage provoked by L.-NAME dur-
ing laparotomy

No significant intestinal albumin leakage could be ob-
served when L-NAME (5 mg kg~', s.c.) was administered
alone into the anaesthesized non-laparotomized rat after 1
h(A2+4 and A6+ 3 pl g~! tissue in the jejunum and
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Fig. 1. Jejunal and colonic albumin leakage provoked by L-NAME (5 mg
kg™', s.c.) in the laparotomized rat over 1 h. The effects of pretreatment
(15 min) with a thromboxane synthase inhibitor (BZI, 25-50 mg kg~',
s.c.), with a PAF receptor antagonist, WEB 2086 (WEB, 0.5-1.0 mg
kg~', s.c.), or with a leukotriene synthase inhibitor, BW A137C (137C,
4-20 mg kg™, s.c.) are shown. Data are expressed as the mean + SEM,
where (n) is minimum ﬁvc rats for each group. and where statistical
ugmﬁcance is given as *P <005 compared to conscious untreated
animals; P <0.05 compared to L-NAME plus laparotomy (control)

groups.
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Fig. 2. Dose-dependent artenuation of I-NAMIt (5 my kg™', s.c.)-pro-
voked rat jejunal and colonic albumin leakage in laparowmized rats over
1 h. by the pretreatment (15 min) with the vasopressin pressor receptor
antagonist (VP antagonist, 0.01-0.2 ug kg=', 8.¢.) Daia are expressed
as the mean + SEM, where (n) is minimun) nve rats for each group, and
where statistical sxgmﬁcancc is given & *P < 0.05 compared 1o con-
scious untreated animals; * P < 005 compared 10 1 NAME plun laparo-
tomy (control) groups. )

colon, respectively; n=7). Laparotomy alone did not
provoke significant jejunal or colonic albumin lcakage
over the 1-h study period (A5% 7 and A1 +7 pl g~!
tissue in the jejunum and colon, respectively; n = 8). In
contrast, when L-NAME was administered concurrently
with the laparotomy procedures, significant albumin leak-
age occurred in jejunal and colonic tissues (A82 4+ 3 and
A61 + 5 ul g™ tissue, respectively; n =9, P < 0.005), as
demonstrated in Fig. 1.

3.2. Role of pro-inflammatory and vasoactive mediators in
intestinal plasma leakage provoked by | -NAME and la-
parotomy

Pretreatment (15 min) with the thromhoxane synthase
inhibitor (BZI, 25-50 mg kg~', 5.c.). the ’AF _receptor
antagonist (WEB 2086, 0.5-1 mg kg~ ', x.c.) or a 5-lipo-
xygenase inhibitor (BW A137C, 4-20 mg kg~', s.c.)
dose-dependently attenuated the subsequent jejunal and
colonic plasma leakage provoked by laparatomy and L-
NAME, with a maximum reduction of 88 4 15%, 97 + 2%
or 87 + 6% respectively in the jejunum (n=5-7, P<
0.001), as shown in Fig. 1.

Administration of the vasopressin pressor receptor an-
tagonist, [Mca' Tyr(Me)*, Arg® Jvasopressin (0.01-0.2 pg
kg™', s.c., 15 min before laparotomy and L-NAME), de-
creased jejunal and colonic albumin extravasation induced
by L-NAME in the laparotomized rat, with a maximum
reduction of 98 + 1% in the jejunum (n = 6, P <0.001),
as shown in Fig. 2.
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4. Discussion

In the present study, administration of the NO synthase
inhibitor, L-NAME provoked albumin extravasation in the
rat intestinal tract following laparotomy, confirming previ-
ous observations (Ldszl6 and Whittle, 1999; Liszl6 et al.,
1999). Other workers had earlier demonstrated that L-
NAME could induce an increase in vascular permeability
in surgically manipulated models (Kubes and Granger,
1992; Filep and Féldes-Filep, 1993). These data show that

constitutive NO plays a significant beneficial role in the .

maintenance of microvascular integrity during and follow-
ing such surgical operations.

Inhibition of NO synthase enhances the adhesion of
leukocytes to the vascular endothelium in surgically pre-
pared vascular beds (Kubes et al, 1991; Amdt et al,
1993). Adhesion of polymorphonuclear leukocytes to the
vascular endothelium is well-established to play a crucial
role in the increase of microvascular permeability
(Wedmore and Williams, 1981; Bone, 1991), most likely
by releasing neutrophil-derived pro-inflammatory media-
tors, such as thromboxanes, PAF and leukotrienes (Bone,
1991). Indeed, previous studies have demonstrated that
administration of PAF receptor antagonists decreased L-
NAME-induced vascular permeability in the post-operative
period (Filep and Foldes-Filep, 1993). Furthermore, treat-
ment with 5-lipoxygenase inhibitors or PAF receptor an-
tagonists attenuated L-NAME-provoked enhancement of
adhesion of neutrophils to the vascular endothelium fol-
lowing surgical preparation (Arndt et al., 1993).

In previous studies, L-NAME has also been shown to
enhance substantially the vascular leakage following the
acute administration of bacterial endotoxin (L4szl6 et al.,
1994). This acute response was attenuated by PAF receptor
antagonists, thromboxane synthase inhibitors or a 5-lipo-
xygenase inhibitor, BW A137C, suggesting a role for these
neutrophil-derived mediators in this process (L4szI6 et al.,
1994; Liszl6 and Whittle, 1995). Likewise, in the present
study, the PAF receptor antagonist, WEB 2086, the throm-
boxane synthase inhibitor, BZI, or the 5-lipoxygenase in-
hibitor, BW A137C, significantly attenuated albumin ex-
travasation. Thus, the release of the neutrophil-derived
pro-inflammatory mediators PAF, thromboxanes and
leukotrienes appears to participate in the increase of in-
testinal vascular permeability observed as a consequence
of acute abdominal surgery following administration of
L-NAME.. . .o

The release of the pituitary nonapeptide, vasopressin,
into the general circulation during surgical operations has
been described (Melville et al., 1985). It has been known
that vasopressin can be released from the vascular endothe-
lium (Burnstock, 1991). In addition, pathological levels of
vasopressin can provoke vascular endothelial dysfunction
via its pressor receptors (L4szI6 et al., 1991). In the present
study, administration of the vasopressin pressor receptor
antagonist dose-dependently attenuated albumin leakage

1. Pdvé et al. / European Journal of Pharmacology 402 (2000) JV3-1v7

provoked by L-NAME in the japatotomized rat. Thus,
endogenous vasopressin inay also play a role in the devel-
opment of the enhanced mifrovascular permeability during
surgical intervention.

Our current studies sugfest that the regulation of the
maintenance of microvascular integrity during surgical op-
erations involves complex interactions between endothe-
lium- and neutrophil-depenitent mechnnisms. Thus. consti-
tutively formed NO, most likcly of endothelial origin,
appears to play a significant pathophysiological role in
preventing albumin extravasation in response to surgical
challenge. Injurious mediators, such as the neutrophil-de-
rived pro-inflammatory thfomboxanes, PAF and leuko-
trienes, appear to be reicased following laparotomy, as
does vasopressin; the latter of which may originate from
the posterior pituitary or fyom the vascular endothelium.
The present findings sugges! thal such mediators may
interact either synergisticully or in a sequential cascade to
provoke the eventual microvascular dysfunction. The pro-
cesses that stimulate such mediator release following mi-
nor surgery are as yet unknown, although the present work
suggests that the release or actions of these factors can be
modulated by endogcnous NO.
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Abstract

The actions of a purified Helicobacter pylori lipopolysaccharide (3 mg kg™

1 3 . § .
, i.v.) on rat gastric antral and duodenal microvascular

integrity (determined as radiolabelled albumin leakage) and the expression of the inducible nitric oxide (NO) synthase (iNOS; axsessed by
the citrulline assay) were investigated 4 h after challenge. Significant increases of albumin leakage and expression of iNOS in both antral
and duodenal tissues were observed following challenge. Concurrent administration of the sclective iNOS inhibitor, 1400W ( N-(K-

(aminomethyl)benzyl)-acetamidine; 0.2—1 mg kg~

!, s.c.), with lipopolysaccharide, caused a dose-dependent attcnuation of the gastric and

duodenal albumin leakage. Thus, H. pylori lipopolysaccharide can initiate the expression of iNOS in the stomach and duodenum
following systemic challenge, which can provoke gastroduodenal microvascular dysfunction. © 2001 Published by Elsevier Science B.V.

Keywords: Helicobacter pylori; Lipopolysaccharide; Gastritis; Duodcnum, Inflammation; Nitric oxide (NO) synthasc inhibitor; Nitric oxide (NO) synthase,

inducible

1. Introduction

The acid-resistant Gram-negative bacterium, Helicobac-
ter pylori, grows predominantly in the antral region of the
stomach and at sites of gastric metaplasxa in the duodenum
(Blaser, 1990). The pathological involvement of H. pylori
is recognized in gastric mucosal inflammation and in
gastroduodenal peptic ulceration (NIH, 1994). To under-
stand the mechanisms that are in involved in such gastro-
duodenal tissue inflammation and injury, it is important to
evaluate the effects of the soluble mediators produced by
H. pylori and their actions in promoting cytotoxicity.

The purification of lipopolysaccharide from H. pylori
has provided an important tool for exploring the cytotoxic
processes related to the bacterium and its products (Moran,

* Corresponding author. Tel.: +44-20-7882-6176; fax: +44-20-7882-
6177.

E-mail address: b.j.whittle@mds.gmw.ac.uk (B.J.R. Whittle).

0014-2999 /01 /$ - see front matter © 2001 Published by Elsevier Science B.V.

PII: S0014-2999(01)01008-1

1999). One such potential mechanism involves the inap-
propriate production of nitric oxide (NO), since the expres-
sion of the inducible NO synthase cnzyme (iNOS) can be
triggered by the lipopolysaccharide component of bacterial
endotoxins, as well as the cytokines produced by lipopoly-
saccharide challenge (Moncada and Higgs, 1995; Perez-
Perez et al., 1995). This overproduction of NO has cyto-
toxic potential and provokes widespread microvascular
inflammatory reactions with albumin lcakage into the in-
terstitium (Laszlo et al., 1995). Recent studics have shown
that the purified lipopolysaccharide from H. pylori can
cause cytotoxicity in rat duodenal epithelial cells following
in vivo challenge (Lamarque ct al., 2000). Pharmacological
studies indicate that this cytotoxic action involves the
expression of iNOS in the epithclial cclls and the produc-
tion of superoxide (Lamarque ct al., 2000), thus implicat-
ing a role of the cytotoxic specics, peroxynitrite (Beckman
et al., 1990).

In our present study, we have investigated whether
administration of a purified H. pylori lipopolysaccharide
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leads to the expression of iNOS, determined by the cit-
rulline assay, and the production of microvascular dysfunc-
tion, determined as the leakage of radiolabelled albumin,
in both the gastric antrum and duodenum of the rat. The
association of such microvascular injury with iNOS ex-
pression was explored by the use of the bisisothiourea
derivative, 1400W (Garvey et al., 1997; Laszl6 and Whit-
tle, 1997), a potent and selective inhibitor of the iNOS
isoform.

2. Materials and methods

2.1. Experimental procedures

Male Wistar rats (230-250 g) were fasted overnight but
were allowed free access to water. Under transient ether
anaesthesia, purified H. pylori lipopolysaccharide (3 mg
kg~') was administered into the tail vein, and the gastric
antrum and the duodenum were removed 4 h later.

2.2. Albumin leakage

For the measurement of vascular permeability, ['**IJhu-
man serum albumin was administered (2 p.Ci kg™', i.v.)
and its leakage into the tissue determined in segments of
the gastric antrum and duodenum, 4 h after lipopoly-
saccharide administration. Blood was collected from the
abdominal aorta into syringes containing trisodium citrate
(final concentration 0.318%) and centrifuged (10,000 X'g,
10 min, 4°C). The ['*’IJhuman serum albumin in the
plasma and segments of tissues was detected using a
gamma-spectrometer (Nuclear Enterpnses NE 1600). Sub-
sequently, the tissues were dried at. 80°C over 48 h and the
albumin content on a weight basis was calculated.

The resting value for albumin leakage was taken as the
mean of the data of untreated control animals. In each
experiment and for each procedure, this basal control mean
value was subtracted from the values of treatment groups.
The data were expressed as changes in albumin accumula-
tion (A plasma leakage, !l plasma g~' dry tissue) as
described previously (LaszIo et al., 1994, 1995).

2.3. Nitric oxide synthase enzyme activity

NO synthase (NOS) activity was determined as the
conversion of L-[ C]argmme monohydrochloride to L-
["Cleitrulline (Laszl6 et al., 1995). After lipopolysaccha-
ride administration (4 h), gastric antral and duodenal tis-
sues were homogenized (15 s) in buffer (250 mg ml™',
4°C) containing HEPES (10 mM), sucrose (32 mM),
dithiothreitol (1 mM), EDTA (0.1 mM), soybean trypsin
inhibitor (10 pg ml™"'), leupeptin (10 pg ml™') and
aprotonin (2 pg ml~"). This tissue-containing buffer, ad-

justed to pH 7.4, was centrifuged at 10,000 X g for 20 min
at 4°C. A 40-pl sample of supernatant was incubated for
10 min at 37°C in 110 pl of reaction buffer comprising
(final concentrations): 50 mM KH,PO,, 1 mM MgCl,,
0.2 mM CaClI,, 50 mM valine, | mM dithiothreitol, 15
nM L-arginine, 1 mM 1.-citrulline, () 3 mM NADPH, 3 pM
FAD, 3 uM FMN and 157 pM ["'C]L-arginine. The reac-
tion was arrested by the addition (0.5 ml) of a 1:1 suspen-
sion of Dowex (AG 50W-8) in water. The mixturc was
dispersed and diluted with 0.85 ml of distilled water, and
allowed to settle for 30 min. The supernatant was removed
for estimation of the radiolabelled products by scintillation
counting (2 ml Pico-Fluor). Sample protein content was
estimated via spectrophotometric assay (Bio-Rad Protein
Assay) and NOS activity was cxprcssed as pmol min~'
mg~' protein.

Total NOS activity was deﬁned as citrulline formation
that was abolished by incubation in vitro with N ®-mono-
methyl-L-arginine (L-NMMA, 700 pM). The L-NMMA-
sensitive NOS activity that was not inhibited by EGTA (1
mM) incubation was taken as iNOS activity (LaszI6 et al.,
1995).

2.4. Effect of selective inhibition of inducible nitric oxide
synthase.on gastric and duodenal albumin leakage

. In a separate experiment, the selective iNOS inhibitor,
N-(8-(aminomethyl)benzyl)-acetamidine (1400W; 0.2-1
mg kg~', s.c.) was administered concurrently with H.

pylori lipopolysaccharide. The dose, timing and routc of

administration of 1400W have been established in previous
studies (Garvey et al., 1997; Lamarque et al., 2000). The
gastric antrum and the duodenum were removed 4 h
following treatment.

2.5. Chemicals

Purified H. pylori lipopolysaccharide was prepared as
previously described (Nielsen et al.,, 1994; Moran, 1999).
1400W ( N-(8-(aminomethyl)benzyl)-acetamidine) was ob-
tained from GlaxoWellcome (Stevenage, UK). L-[U-
l"C]arginint: monohydrochloride was obtained from Amer-
sham International (UK). ['**1JHuman serum albumin was
purchased from IZINTA (Budapest, Hungary). All other
compounds were from Sigma.

2.6. Statistics

The data are expressed as mean + S.EM. from n rats
per experimental group. For statistical comparisons, the
Mann—Whitney non-parallel U-test and the One-way Anal-
ysis of Variance followed by the Tukey—Kramer Multiple
Comparisons Test were utilised, where appropriate. P <
0.05 was taken as a significant difference.
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3. Results

3.1. Induction of nitric oxide synthase and albumin leak-
age

Administration of purified H. pylori lipopolysaccharide
(3 mg kg™, i.v.) led to the expression of iNOS activity in
the whole tissue of the gastric antrum (Fig. 1) and duo-
denum (Fig. 2) when determined 4 h later. The activity of
iNOS following challenge was significantly higher in the
duodenum than in the antrum (144 + 58 and 9 + 5 pmol
min~' mg~' protein, respectively; n =4, P < 0.05).

The albumin accumulation of non-challenged control
rats was 217 4+ 11 and 383 + 10 wl g~' dry tissue in the
gastric antrum and duodenum, respectively (n=6). In a
separate group of animals, a significant increase in gastric
antral and duodenal vascular albumin leakage occurred 4 h
after the injection of purified H. pylori lipopolysaccharide
(3 mg kg~', i.v.) as shown in Figs. 1 and 2, respectively.
The enhancement of albumin leakage after lipopolysaccha-
ride challenge was significantly greater in the duodenum
compared to the gastric antrum (A 322 + 27 and A 201 £
22 wul g™" dry tissue, respectively; n =6, P <0.01).

Macroscopically visible gross damage did not develop
either in the gastric antrum or duodenum, over the 4 h

ol iNOS VASCULAR
ACTIVITY PERMEABILITY 1240 &
125 F o
£ # &
£ 100} 1% 5
g lll A
S, U 45 {180 2
E’ .
Q.
e 25} . 4150 i
E 20} {120 §
: \ .
8 15} % 90
*
1,0 b 60
05} I 30
o Control LPS | 1.0 LPS 1.0
+1400W +1400W
(mg kg") (mg kg")

Fig. 1. Increase in inducible nitric oxide synthase enzyme activity (iNOS;
pmol min~' mg~' protein; left panel) and in vascular leakage (ul
albumin g~ dry tissu; right panel) in the rat gastric antrum provoked by
the intravenous administration of a purified endotoxin (LPS) of H. pylori
(3 mg kg~'), determined 4 h later. The effects of the concurrent
administration of the selective iNOS inhibitor, 1400 W (1 mg kg" and
0.2-1 mg kg~', respectively; s.c.) 4 h later are also shown. Data are
expressed as mean + S.E.M., where n = 4-6 rats were in a group, where
#p < 0.05 is a significant increase in iNOS activity and albumin leakage
following lipopolysaccharide administration; * P < 0.05 is a significant
reduction of lipopolysaccharide-provoked iNOS expression and vascular
permeability.
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Fig. 2. Increase in inducible nitric oxide synthase enzyme activity (iNOS;
pmol min~' mg™' protein; left pancl) and in vascular leakage (pl
albumin g~ dry tissue; right panel) in the rat duodenum provoked by the
intravenous administration of a purificd endotoxin (LPS) of £ pylori (3
mg kg~ '), determined 4 h later. The cliects of the concurrent administra.
tion'of . the selective iNOS inhibitor, 14100W (1 mg kg ' and 0.2-1 mg
kg™, respectively; s.c.) 4 h later are also shown. Data are expressed us
mean+S.E.M., where n = 4- 6 rats were in a group, where P <005 i
a significant increase in iNOS activity and albumin lcakage following

lipopolysaccharide administration; * P - 0.05 is a significant reduction of

lipopolysaccharide-provoked iINOS cxpression and vascular permeability,

following lipopolysaccharide administration, nor was it
observed in any other region of the gastrointestinal tract.

3.2. Effect of selective inhibition of inducible nitric oxide
synthase on gastric and duodenal albumin leakage

Administration of the selective iNOS inhibitor, 1400W
(0.2-1 mg kg™', s.c.) concurrently with /7. pylori lipo-
polysaccharide (3 mg kg™, i.v.) caused a significant and
dose-dependent reduction of lipopolysaccharide-provoked
vascular albumin leakage in the gastric antrum and duo-
denum determined after 4 h (Figs. | and 2). Thus, 1400W
(1 mg kg™', s.c.) reduced albumin leakage in the duo-
denum and in the gastric antrum by 86 4 4% and 68 + 0%,
respectively (P < 0.05; n = 4).

Likewise, 1400W (1 mg kg™ ', s.c.) caused a 92 4 6%
(n=4, P<0.05) and 98 + 1% (n =4, P < 0.05) inhibi-
tion of iNOS activity, determined 4 h after challenge. in
the gastric antrum and duodenum, respectively (Figs. 1 and
2).

4. Discussion

In the present in vivo study, an increasc in albumin
leakage, a sensitive index of vascular ccll injury and

216
217
214
219
240
241
242
244
244
24%
246
247

241
249
250
251
252
251
254
25%
256
257
258
259
260
261

263
264
265
266
267
268

269
270
271
272



274
275
276
277
278
279
280

295
296
297
298
299
300
301
302
303
304
305
306
307
308

310
311
312
313
314
315
316
312
318
319
320
321
322
323
324
325
326
327
328

4 J. Kiss et al. / European Journal of Pharmacology 00 (2001) 000-000

inflammation, in the rat gastric antrum and duodenum
could be observed 4 h following the intravenous adminis-
tration of H. pylori lipopolysaccharide. These findings of
gastroduodenal microvascular dysfunction agree with pre-
vious observations, where increases in microvascular per-
meability to protein in the rat mesenteric circulation fol-
lowing local application of a water-extract of H. pylori
have been observed (Kurose et al., 1994). In addition,
administration of H. pylori extract or purified lipopoly-
saccharide has been shown to provoke injury of duodenal
epithelial cells following intravenous challenge (Lamarque
et al., 1998; Lamarque et al., 2000).

The mechanisms by which soluble mediators derived
from H. pylori can injure the gastroduodenal microvascu-
lature could involve a number of pathways. Early studies
suggested that H. pylori extract-induced microcirculatory
albumin leakage could be the consequence of interstitial
and intravascular cell—cell interactions (Kurose et al.,
1994). Thus, the lipopolysaccharide from H. pylori can
activate polymorphonuclear cells (Nielsen et al., 1994).
Administration of H. pylori extract can lead to the expres-
sion of a neutrophil-activating protein, which causes neu-
trophils to adhere to the vascular endothelium, an event
that can initiate microcirculatory protein leakage (Evans et
al., 1995; Takemura et al., 1996). Neutrophils are known
to release a number of pro-inflammatory mediators, includ-

ing platelet-activating factor and thromboxanes, which have .~

an important role in promoting vascular albumin leakage

following lipopolysaccharide challenge (LaszI6 et al., 1994)

as well as producing cytotoxic radicals such as superoxlde
and NO (Moncada and Higgs, 1995). sl

In the present study, the involvement of iNOS in the‘

processes leading to microvascular injury. following chal-
lenge with H. pylori llpopolysacchandc\was evaluated by
using a highly selective iNOS inhibitor, 1400W (Garvey et
al., 1997; Laszl6 and Whittle, 1997). Thus, in doses that
reduced the iNOS enzyme act1v1ty following lipopoly-
saccharide challenge, 1400W: substanhally attenuated the
albumin leakage in both gastric antrum and duodenum.
These findings thus extend to the microvasculature, the
previous observations that 1400W can prevent injury to
duodenal epithelial cells provoked by H. pylori lipopoly-
saccharide (Lamarque et al., 2000). Such studies thus
provide good evidence that iNOS is involved in both the
epithelial cell cytoxicity and the microcirculatory injury
brought about by systemic exposure to H. pylori lipopoly-
saccharide, a process that may involve the production of
peroxynitrite through the combination of superoxide and
NO (Lamarque et al., 2000). Despite substantially greater
iNOS activity being detected in the duodenum compared
to the gastric antrum, the relative expression of iNOS in
these tissues appeared to contribute significantly to the
microvascular injury, as 1400W prevented the leakage in
both regions. The sites of iNOS expression that promote
vascular leakage in the present model are not known but
may involve the microvascular endothelium. In clinical

studies on gastric mucosal biopsies from patients with
gastritis associated with H. pylori infection, increased
antral mRNA for iNOS, and iNOS protein in epithelium,
endothelium and inflammatory cells have been reported
(Fu et al., 1999).

The present results thus suggest that the purified lipo-
polysaccharide from H. pylori is capable of inducing an
iNOS-mediated microvascular inflammatory response in
the gastric antrum and duodenum of the rat following its
parenteral administration. Thus, the local liberation of H.

pylori lipopolysaccharide into the mucosal tissue, or into

the systemic circulation, may contribute to the pathogenic
processes provoked by H. pylori, through the expression
of iNOS.
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Laszl6, Ferenc A., Csaba Varga, Imre Pavé, Jdnos
Gardi, Miklés Vecsernyés, Mirta Galfi, Eva Morschl,
Ferenc Liszl4, and Gdbor B. Makara. Vasopressin pres-
sor receptor-mediated activation of HPA axis by acute etha-
nol stress in rats. Am J Physiol Regulatory Integrative Comp
Physiol 280: R458—-R465, 2001.—The plasma arginine vaso-
pressin (AVP), ACTH, and corticosterone levels and the hy-
pothalamic corticotropin-releasing hormone (CRH) content
were measured after oral administration of 1 ml of 75%
ethanol to rats, a model known to induce acute gastric ero-
sions and stress. Elevated plasma AVP, ACTH, and cortico-
sterone levels were detected 1 h after ethanol administration.
Treatment with the vasopressin pressor (V,) receptor antag-
onist [d(CH,);Tyr(Me)-AVP] before ethanol administration
significantly reduced the ACTH and corticosterone level in-
creases. A higher hypothalamic CRH content was measured
at 30 or 60 min after ethanol administration. V, receptor
antagonist injection, 5 min before ethunol administration,
inhibited the rise in hypothalamic CRH content. The protein
synthesis blocker cycloheximide prevented the hypothalamic
CRH content elevation after stress. The AVP-, CRH-, and
AVP + CRH-induced in vitro ACTH release in normal ante-
rior pituitary tissue cultures was also prevented by pretreat-
ment with the V, receptor antagonist. The results support
the hypothesis that stress-induced AVP may not only act
directly on the ACTH producing anterior pituitary cells but
also indirectly at the hypothalamic level via the synthesis
and release of CRH.

adrenocorticotropic hormone; corticosterone; hypothalamic’

corticotropin-releasing hormone; V, receptor antagonist

A HIGH DOSE OF ORALLY ADMINISTERED ethanol generates
gastric erosions in rats (61), and such lesions are often
used to evaluate the gastric action of various drugs.
Similar lesions can be observed in the gastric mucosa
in animals exposed to different stress situations such
as cold restraint, endotoxin injection, or hemorrhagic
stress (28). Adrenal medullectomy (66), endogenous
vasopressin [arginine vasopressin (AVP)] deficiency
(29), administration of a pressor (V,) AVP antagonist
(29), and orchidectomy (27) all protect the gastric mu-

cosa against othanol-influcod dumage. In contrast, ad-
renalectomy attsnuates gastric mucosal protection
against ethanol injury (66). These data demonstrate
that various hormones participate as facilitatory or
inhibitory mediators in the othanol-induced generation
of acute gnstric mucosal stress crosions, -

Among the strass hormones, ACTH is one of those
responding most songitively to various stimuli, and it is
therefore a useful indicator for the monitoring of stress
situations. The mnjor physivlogical regulator of ACTH
secretion following Stress is corticotropin-releasing
:nzolx')mone (CRH), originating from the hypothalamus

The aims of tho present study were to learn more
about hormonul changoen following orally administered
high-dose ethanol (known to cause gastric erosions)
and the involvement, if any, of AVP in the changes
observed following acute ethanol challenge.

MATERIALS AND METJIODS

Animals. Male Wistar rats (from our brecding farm origi-
nating from difforent litlers) weighing 180-220 g were fasted
for 24 h, but they reccived water ad libitum. The animal care
and research protorols wore in accordance with the guide-
lines of our nniversity. Tho animal house had artificial light-
ing (from 6 AM to 6 PM). Five rats were kept per cage. The
rats had been handlnd nnd treated orally three times daily (8
AM, 2 PM, and 8 PM) with 1 m] of tap water via a gastric tube
for 6 consecutive days before tho experiment. This procedure
was designed to rccustom the rats to the presence of humans
and to the insertion of the gastric tube to minimize the effects
of nonspecific stress,

Measurements of plasma AVP, ACTH, and corticosterone
levels in response to ethanol udministration in the absence or
presence of a V, antagonist, Each oxperimontal group con-
sisted of 10 rats. In 10 groups, 1 ml of 76% ethanol or 1 ml of
tap water (ar control) was ndininistered orally to the animals
via a gastric tubo. Zere, 0, 15, 30, or 60 min after ethanol or
water administration, tho rats were killed by decapitation
between 8 and 9 AM, nand trunk blood was collected in
polystyrene tubes containing 180 ul of 1.6 M EDTA. Blood
samples werg kept on ice and centrifuged (8,000 rpm) at 4°C
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to obtain plasma for AVP, ACTH, and corticosterone deter-
minations. A further 10 groups were treated with a highly
gelective V, AVP receptor antagonist 5 min before ethanol or
water administration. The V, receptor antagonist [1-(B-mer-
capto-B,p-cyclopentamethylenepropionic acid)-2-(0-methyl)-
Tyr, Arg8IVP, called Manning peptide and abbreviated as
d(CH,),Tyr(Me)AVP, was used at a dose of 1.0 pg/kg body wt
ip (41). The receptor-antagonist dose was determined accord-
ing to earlier published data (28, 31). The animals were killed
at the above different times after ethanol or water adminis-
tration, and their plasma was collected similarly.

Plasma AVP level. Plasma AVP level was determined with
a specific RIA system (25). The extraction was performed on
RPN 1902-C8 minicolumns (Amprep, Amersham, UK), with
a recovery of >85%. Synthetic AVP (Arg®-vasopressin; Or-
ganon, Oss, The Netherlands) was used for antibody produc-
tion, for the preparation of the tracer, and as a standard. The
cross-reactivities of the AVP antibody used in the RIA were
0.03% with vasotocin, <0.01% with oxytocin, and 0.03% with
ACTH,_,,. The sensitivity of the RIA was 1 pg/ml. The intra-
and interassay coefficients of variation proved to be 13.3 and
16.3%, respectively,

Plasma ACTH level. A direct RIA method was used (24).
Rabbits were immunized with ACTH,_,, to obtain an anti-
body. The sensitivity of the method was 1 pg/ml, and the
intra- and interassay coefficients were 4.7 and 7%, respec-
tively. The cross-reaction with a-melanotrophic hormone was
<0.2%.

Plasma corticosterone level. This method was described by
Mihély et al. (45). Twenty-one-corticosterone-albumin conju-
gate was used for immunization in rabbits. Endogenous cor-
ticosteroid-binding globulin was inactivated with methanol.
A direct RIA was used. The sensitivity of the method was 3
pg/dl, and the intra- and interassay coefficients were 9 and
13.7%, respectively. The cross-reactions with progesterone
and estrone were 7.3 and 0,1%, respectively.

Measurements of CRH content of hypothalamus. After the
rats’ decapitation, brains were quickly removed, and the
hypothalamus was isolated on ice. The hypothalamus was
defined as the tissue within 3 mm of the ventral surface of the
brain, within the following borders: optic chiasm, mamillary
bodies, and lateral hypothalamic sulci. The whole stalk-
median eminence was included in the hypothalamic prepa-
rations. CRH concentration was determined by a RIA tech-
nique (64). The hypothalamus was homogenized with
ultrasound (Soniprep 160 MSE) in 100 mM HCI containing 1
mM ascorbic acid, and an aliquot was taken for protein
messurements (38). The residual homogenate was centri-
fuged at 6,000 g for 20 min at 4°C, and aliquots were taken
and lyophilized for RIA. The CRH antiserum (P. Vecsei,
Heidelberg, Germany) was obtained from a rabbit immu-
nized with human CRH. The CRH antibody (43) was specific
for the C-terminal region of the CRH; .., molecule because it
did not cross-react with the fragments CRH,_,, and CRH,_
3. The CRH tracer was prepared with the use of a modified
iodogen method to minimize damage to the iodinated peptide
(35). The labeled material was purified via two steps of
reverse-phase chromatography (17), a gradient HPLC system
being applied in the second step. The specific radioactivity of
the purified tracer was 1,700-1,900 Ci/mmol. The freeze-
dried residues were redissolved in 1 ml of assay buffer {50
mM phosphate (Sigma), pH 7.4, containing 0.25% human
serum albumin (Izinta) and 0.1% Triton X-100 (Reanal)l, and
200-p1 aliquots were subjected to RIA. The RIA standard was
a synthetic human/rat (h/r) CRH preparation (Bachem, Bu-
dendorf, Switzerland).- . .
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The procedure involveld & nonsuilibriom ayetem; a 16-h
preincubation of the samples or Blundards with nntiseram
(100 pl, working dilution 1:10,000 wan folluwel by a 24-h
incubation with corticotrepit-relensing factor tracer (100 ul,
10,000 cpm). The immmunelogically bound aml fyee fractions
were separated with # gechnidl antilody (yuised in onr lahora-
tory in sheep against whole Fahbil 1814) nnd subrequontly by
polyethylene glycol (PEG) 6,100 precipitation (Fernk Labo-
ratory, Berlin, Gerinany) hy the donble.antibody/)’EG
method. The lower litit of 8sany atsgiion wan 7-8 pg/tube.
The intra- and interassay eanflicienta of varintivn were 4.0
and 13.8%, respectively. CHE immmnarenctivity in hypothal-
amus extracts subjected to HPLQ has boen shown to cochro-
matograph with synthotic WrQRI - 41 (64), Tha CRH content
of the hypothalamus is eXpressed I picograme por milli-
grams protein. Each grougt conpisied of 10 rain,

To determine whether the hypothalamie CRI1 yesponse to
ethanol stress can be ngcribed to the increased protuin nyn-
thesis, rats were treated with the protein synthesis-blocking
compound cycloheximide befove orsl elhanol administration,
Thirty minutes before othanel administration, un injection of
0.9% NaCl (Sigma) or of cycloheximids (10 or 80 wg/kg body
wt; l_"l\.xka, Buchs, Switzerland) dipsolved in 0.9% NoCl was
ad.xmmstered intraperitonenlly, The rats were killed 30 or 60
min after ethanol administration, and the (RH content of the
hypothalamus was measured.

Anterior pituitary tissue culture, Monolayer pituitary cell
cultures of Wistar rats weighing 180230 g wore prepared
(19). Ten pituitaries wore used jn every Lisaue vulture expor-
iment. The hypophysis was sterile-removed immaediately of-
ter decapitation of the rats. The nnterios lohe of the pituitary
gland was isolated under a prepurative microscope, and the
tissue was digested in the presence of trypsin, collngenuse,
deoxyribonuclease 1 and II, and dirpage ((GIBCO). The dis-
persed cells were placed in plustle collagen-conted Petri
dishes and suspended in Dulbenco’s modified Eagle's medium
supplemented with 20% fetul hovine serum (GIBCO). The
cultures were maintained at #7°C' in a humidified atmno-
sphere of 10% CO, in air and washed evory 8 dnys. Experi-
ments were performed on 14-day cultures. We porformed the
standardization of the cell cultures by immunoreactivity of
ACTH at the start and at the end of experiments, determin-
ing the relative frequency of immunoreactive ACTH contain-
ing cells per unit area. If the relative fraquency proved to be
no more than 5 to 7%, the cell cultures were uned. The
standardized monolayer cell ciltures were functionally con-
trolled with potassium (30 mM, 30 min) ns a nonspecific
releasing agent. Viability was 97-100%. In our experimental
conditions, the stable equilibrum in ACTH ruleanc developed
_at'ter ~90 min. This was the reason for the use of the longer
mcgbation period. The viability did not change during incu-
bation. During pilot experimenta, we tried nevernl doses of
AVP, CRH, and V, antagonist, and we used the maximal
effective dose (10~® M) later. The colls ware incubated for 3 h
with 10”9 M AVP or 10™* M CRYI (Bachem) along or 107% M
AVP + 107®M CRH together, for 3 h with 10“* MV, receptor
antagonist alone, and for 2 h with 10~? M V, veceptor
antagonist followed by 1 h with 10"° M AVP or 10°" M CRH
alone or 10~ M AVP + 10" M CRH tugether. During the
control period, the incubation was porfirmed without any
additions. The ACTH concentrations firom 100-p] superna-
tant media samples were monsnred hy direct RIA (24). The
method of ACTH determination was the same as in the case
of plasma. The data werc calculnted on the basis of the 12
measurements in each group.

Statistics. All data are presented ns menns * SE. The
Mann-Whitney's U test was used for toniparisonn involving
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Fig. 1. Effect of 75% ethanol administered orally (1 ml/rat) on the

plasma arginine vasopressin (AVP) level. Vertical bars denote
means * SE; P < 0.05 vs. control group.

two groups. The curves were analyzed via the Kruskal-Wallis
test. A probability level of <0.05 was accepted as indicating
a statistically significant difference.

RESULTS

Plasma AVP level. The oral administration of water
led to slightly increased plasma AVP levels at 5 and 15
min, but the AVP level later returned to the normal
range. Elevated AVP levels were detected at 5, 15, 30,
and 60 min after ethanol administration. The maxi-
mum AVP concentration was measured at 15 min after
ethanol (Fig. 1).

Plasma ACTH level. The baseline plasma ACTH and
corticosterone levels are relatively high and probably
reflect the cumulative effects of fasting and the re-
sponse to the control procedure. Water similarly led to
increased plasma ACTH levels at 5§ and 15 min, but
normalization had occurred by 30 min. V; receptor
antagonist injection before water administration pre-
vented the transient increase in ACTH concentration.
Ethanol administration resulted in increased ACTH
levels between 5 and 60 min. The ACTH levels de-
creased 15 min after every treatment, possibly because
of the feedback action of the increased corticosterone
level. Treatment with the V, receptor antagonist be-
fore ethanol administration significantly inhibited the
ACTH rise normally seen between 15 and 60 min, but
the normal range was not reached (Fig. 2).

Plasma corticosterone level. The plasma corticoste-
rone levels were also higher between 5 and 15 min
after water administration. V, receptor antagonist in-
jection significantly decreased the plasma corticoste-
rone level between 5 and 10 min after water adminis-
tration. Ethanol yielded an elevated plasma
corticosterone level at 5 min, and the level remained
high up to 60 min. V; receptor antagonist injection
reduced the plasma corticosterone concentrations be-
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- W athanol (n=20)
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Fig. 2. Effect of pressor (V) receptor antagonist on the plasma
ACTH level after 76% othanol administration (1 mUrat). Vertical
bars denote monna * 8I2; "} < 1,06 va. control group, "P < 0.05 vs.
group treated with ethanol alone,

g;veen 15 and 60 min after ethanol administration (Fig.
Hypothalamic CRH content. As Fig. 4 shows, water
administration through the gastric tube did not induce
any change in the CRI content of the hypothalamus.
Similar results were observed after V, receptor antag-
onist and water administration, Higher contents of
hypothalamic CRH were mensured at 30 and 60 min
after ethanol administration. The V, receptor antago-
nist injected 6 min bofore ethanol administration
blocked the rise in hypothalamic CRH content, which
then remained within the control range after ethanol
stress.

Actions of cycloheximide on CRH. After cyclohexi-
mide and oral water administration, there was no
change in the hypothalamic CRH content (Fig. 5).

~ B~ othano| (n=20)

A~ control (water) (n=15)
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Fig. 3. Effect of V, recoptor antagonist on the plasma corticosterone

level after 75% othanol administration (1 ml/rat). Vertical bars

denote means = SE; °F < 0,06 vs. control group, "P < 0.05 vs. group
treated with ethanol alone,
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Fig. 4. Effect of V, receptor antagonist on the hypothalamic cortico-
tropin-releasing hormone (CRH) content after 75% ethanol admin-
istration (1 ml/rat). Vertical bars denote means = SE; °P < 0.05 vs.
control group, "P < 0.05 vs. corresponding group treated with etha-
nol alone.

Higher CRH levels were detected after ethanol admin-
istration. Smaller doses of cycloheximide treatment
before ethanol administration significantly inhibited
the hypothalamic CRH enhancement; however, the
CRH concentration remained above the control level at
both 30 and 60 min after ethanol administration. How-
ever, higher doses (30 mg/kg body wt) of cycloheximide
prevented the increase in the hypothalamic CRH con-
tent after ethanol administration. Inhibition of protein
synthesis with cycloheximide dose dependently re-
duced the stress-induced increase in CRH in the hypo-
thalamus, as shown in Fig. 5.

ACTH levels in pituitary tissue culture. Increased
ACTH levels were demonstrated in the anterior pitu-
itary tissue culture media after the addition of 30 mM
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Fig. 5. Effect of the protein synthesis blocker cycloheximide on the
hypothalamic CRH content after 75% ethanol administration (1
mVrat). Vertical bars denote means = SE; P < 0.05 vs. control
group, "P < 0.05 vs. corresponding group treated with ethanol alone.
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Fig. 6. Effects of AVP, CRH, and V, teceplor antagonist on the
ACTH secretion in vitro in the anteriyr pitbitary tisnue colture,
Vertical bars denote means = SE, where y = 12 iy every group. *P <
0.05 vs. control group, "P < 0.05 vs. grovp tyeate) with AVD alone,
°P < 0.05 vs. group treated with CRI nlone, gnd "p = 0.06 va, group
treated with AVP + CRH.

K” to the incubation medium, due to n depolarization-
induced ACTH release (Fig. (). The ACTH concentra-
tion was significantly enhanced after the administra-
tion of 107 M AVP or 10"%* M CRI! alone. A higher
ACTH level was found after tho adminiatration of AVP
and CRH together. A slightly decreasod ACTIH release
was observed after V, receptor antagonist adminiatra-
tion alone. The AVP- or CRIl-indueed, ineroased re-
lease of ACTH was prevented by the adiyinistration of
V, receptor antagonist. A moderate enhancoment of
ACTH level was detected when AV1' + CRH was ad-
ministered after the V,; receptor antagonist trontment,
The data were calculated on the bagis of 12 measure-
ments in each group.

DISCUSSION

The series of studies presented here shows that the
plasma AVP, ACTH, and corticosterone levels and the
hypothalamic CRH content are olevated after acute
stress induced by a high concentration of prally ndmin-
istered ethanol, and these respongea can he reversed by
an AVP V, receptor antagonisl. There findings are in
agreement with previous observations that a high dose
of orally administered ethanol causes AVP release in
humans and in rats (27, 34). These results, however,
are in apparent conflict with the established finding
that ethanol in low concentration inhibits the release of
AVP (54, 63). The paradoxical nction of orally ndmin-
istered ethanol on AVP release might possibly reflect
the high dose of ethanol used. It is known that after
stress, CRH and AVP are coreleased into the primary
capillaries of the portal circulation in the stalk-median
eminence region from where the blpod carrien the neu-
ropeptides to the anterior lobe. This AVP {5 unlikely to
reach the systemic circulation in quantities high
enough to elevate the plasma AV level. Instead, the
plasma AVP changes probably reflect the activity of the
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magnocellular neurons with terminals in the neural
lobe, and this AVP may reach the anterior lobe only
after dilution in the general circulation (21). We have
observed that the AVP elevation is sufficiently high to
influence the hypothalamic CRH cells after adminis-
tration of a high dose of ethanol into the stomach, as
shown by the preventive effect of the V; receptor an-
tagonist. We consider it likely that stimulation of the
CRH/AVP containing parvocellular neurons will be in-
volved in the release of ACTH and corticosterone after
ethanol administration.

Our experiments revealed increased plasma AVP
and hypothalamic CRH contents after ethanol admin-
istration. There was no elevation of the CRH content in
the hypothalamus after ethanol administration when
the V, receptor antagonist was injected before ethanol
administration. This suggests that systemic AVP
sends signals via the V, receptors to the hypothalamus
to stimulate either directly or indirectly the CRH-
producing hypothalamic neurons. We suggest that
AVP may act in a dual manner: I) in the pituitary
portal blood, AVP and CRH are cosecreted, and AVP
potentiates the actions of CRH; and 2) in the systemic
circulation, AVP may signal the presence of stress to
the hypothalamus (21). Many data in the literature
provide evidence of a physiological synergistic interac-
tion between CRH and AVP at the level of the pitu-
itary. Exogenously administered AVP significantly po-
tentiates CRH-stimulated ACTH release in rats (12,
67) and humans (26, 37). Endogenous AVP can also
potentiate CRH-stimulated ACTH secretion in hu-
mans; synthetic human CRH resulted in higher ACTH
and cortisol responses after a water restriction than
after a water load (69). The role of endogenous AVP in
the ACTH response to stress is suggested by the re-
sults of Guillaume et al. (13), who found significantly
reduced ACTH and cortisol responses to insulin stress
and restraint stress and CRH injection in anti-AVP-
immunized rams compared with controls. In accor-
dance with our finding, Rivier et al. (58) reported that
ACTH secretion induced by ether stress, which stimu-
lates CRH secretion, is significantly moderated by pre-

treatment with an AVP antagonist analog. All of these -
data are compatible with a dual role of AVP in the

regulation of the hypothalamic-pituitary-adrenocorti-
cal (HPA) axis.

The increased plasma ACTH and corticosterone lev-
els in response to a high dose of orally administered
ethanol relate to a stress situation (55-57). During
stress, AVP plays an important role in ACTH stimula-
tion. The involvement of AVP in the ACTH response to
restraint stress is supported by the observation that
the ACTH response is impaired in genetically AVP-
deficient Brattleboro rats (5, 11, 22, 44, 70, 71). Far-
thermore, the ACTH responses to ether stress and
adrenalectomy are blunted in Brattleboro homozygous
rats (11). As Brattleboro rats do not differ from the
normal controls with respect to the hypothalamic CRH
content (22), the impaired ACTH response in these rats
is most probably explained by their AVP deficiency.
The role of endogenous AVP in stress-induced ACTH
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release han previnugly heen demonstrated in several
studies involving the use of the passive immunization
technique with an AV1’ antiserum or the administra-
tion of synthetiec AVP antagonists, In the rat, intraperi-
toneal administration of anti-AVP immunoglobulins
reduces tho ACTII responses to restraint stress and
formalin stress (36). The intracerobroventricular ad-
ministration of AVP antiserum loads to a moderate but
significant reduction in plasma ACTH lovel after ether
stress (60). V, receptoy Autagoniats attenuate the AVP-
induced increase in plagina ACTH when administered
before AVP injection in the rat (4, 18). Besides the
animal obsorvations, we have some human experiences
(32), i.e., the incidence of human gastroduodenal ulcer-
ation is signifieantly higher in the normal population
(in whom the release of AVP is presumed to be intact)
than in the AVP-deficient population (central diabetes
insipidus patients), Theae findings indicate that endog-
enous AVP plays an aggressive role in the development
of gastrointestinal mucoaal injury.

The question arises of how ACTH secretion is influ-
enced by AVP after stross. We refer here to the mini-
review by Kjaer (21); the action of AVP on ACTH
release is exerted in divect and indirect ways. The
direct effect influenceés the ACTH production of the
anterior pituitary gland. The principal effect of sys-
temic AVP on ACTH secretion in conscious rats is
produced indirvectly via the stimulation of hypotha-
lamic CRH. The indirect effect of AVP is probably more
significant whon AVP i8 administered in vivo (47),
because it is known to have marked cardiovascular
9ffects even in Jow conicontrations. Moreover, the pitu-
itary AVP receptor differs from the classical V, recep-
tor, and the designation V,, (as opposed to V,, for the
classical receptor) has been proposed (4, 6, 22, 23).
Under in vivo conditions, however, V,, receptors ap-
pear to be involved, bacause V,, receptor antagonists
were effective in inhibiting the release of ACTH or
corticosterone (2, 9, 40, 42, 47, 59, 60, 65) and be-
cause the pressor aetivity of V, recoptor agonists
correlated with their ability to release ACTH and
corticosterone (2, 47). Our in vivo results fit with the
above explanation; the ACTH and corticosterone se-
cretions after ethanol stress were considerably inhib-
ited if the rats wore treatod with the V, receptor
antagonist d(CH,),Tyr(Me)AVP immediately before
ethanol administration. Our in vitro experiments,
however, indicate that the ACTH-blocking effect of
the V,; receptor antugonist does not develop only
through the docrense of the hypothalamic CRH con-
tent; in high concentrations, the compound can also
directly block the ACTH-increasing effect of AVP in
the anterior tissue culture. The observation with
AVP demonstrates that d(CH,)sTyr(Me)AVP is a
mixed antagonist with direct V,, receptor antagonist
character, which in in accordance with the findings of
Jard et al. (18), Antoni 6t al. (4), and Bernardini et
al. (8). The lattor finding with CRH is rather surpris-
ing, and it might posnibly relate to a still unidenti-
fied interaction of V, recoptor antagonists with CRH
receptors on the pituitary ACTH-producing cell;
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however, this phenomenon needs further experimen-
tal validation.

For clarification of the role of CRH in the stress
reaction after ethanol administration, the alterations
in hypothalamic CRH content were also determined
after high doses of orally administered ethanol. Many
researchers have investigated the effects of different
types of stress on the CRH content in the hypothala-
mus (51). Although determination of the CRH content
in the hypothalamus alone is insufficient to establish
whether the changes in release, storage, or synthesis
are responsible, a difference between treated and con-
trol groups clearly reflects the involvement of CRH in
the stress situation. Chappell et al. (10) reported that
acute or chronic stress resulted in a 50% decrease in
hypothalamic CRH content. Similar observations were
published following acute (49, 52) or chronic stress (3).
These reductions are thought to relate to the secretion
of CRH from the hypothalamus in the acute situation,
and to continued release in the chronic stress condi-
tion, when new CRH synthesis cannot keep pace with
the demands for higher secretion. This hypothesis,
however, has not yet been proved convincingly (51).
Murakami et al. (48) reported a fast increase in the
hypothalamic CRH content, already observed 2.6 min
after ether stress. Moldow et al. (46) described a sig-
nificant decrease in hypothalamic CRH content 15 min
after the initiation of restraint stress. This was fol-
lowed by an enhanced hypothalamic CRH concentra-
tion at 60 min, which could be blocked by cyclohexi-
mide administration before stress, indicating that new
protein synthesis can explain the increased hypotha-
lamic CRH level demonstrated at this time point. Anal-
ogous results were reported by Haas and George (14); a
significant increase in hypothalamic CRH concentra-
tion was observed 24 h after a single 5-min foot shock,
and when protein synthesis was eliminated by aniso-
mycin pretreatment, it completely abolished the in-
crease in hypothalamic CRH content. A number of
recent investigations has directly studied CRH gene
expression by measuring hypothalamic CRH mRNA
concentrations. Different stressors, which activate the
hypothalamic-adrenal axis, can also influence CRH

gene expression. Swimming, hypertonic saline, or re-’

straint stress led to an increased hypothalamic CRH
mRNA expression within 4 h, and the level remained
elevated for 24 h (15, 16, 33). Similar findings were
observed after a 2-h immobilization stress (39) and a
1-h restraint streas (20). In our experiments, the in-
creases in hypothalamic CRH content were blocked by
cycloheximide pretreatment, which points to a role of
enhanced protein synthesis in the increased hypotha-
lamic CRH concentration after ethanol stress (1, 53).
Whether the overall increase in hypothalamic CRH
content, paralleling an enhanced release in our stud-
ies, reflects a rapid increase in translation and/or in-
creased processing of the prohormone of CRH requires
further studies.

In their review, Owens and Nemeroff (51) presented
cumulative evidence that CRH integrates the overall
physiological behavioral responses of an organism to
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stress. The neurcendacrine rpspinae to ptress is pri-
marily controlled by CRI! ieurime priginating from the
paraventricular nucleur 0f the hypothualamus, but the
AVPergic magnocellular Beyrons preanmnbly alvo par-
ticipate in the development. of & stress reaction. Our
present results supporl the finportance of the hypo-
thalamo-neurchypophyseal or magnocellnlar AVP sys-
tem in the development 0f physiological or pathological
changes following variou# &\ ress dituations. 1t also sug-
gests possible pharmatological &trategies involving
AVP antagonist agents {0 prevent guch pathology.

Perspectives

Earlier we studied the deyelupment of gastrointesti-
nal stress erosions in dilferent val experimental mod-
els, including mucosal if\jury proviked by othanol, in-
domethacin, cold-restraint stress, and homorrhagic
and endotoxin shock (28, f#8). We found that an in-
creased AVP secretion during these stress situations
has key importance in the initiation of damage (31). In
the present work, the interapction botween the HPA
axis and AVP secretion was deminstrated following
acute ethanol challenge. The lower incidence of gastro-
intestinal ulceration among AVIP'.doficient patients
with central diabetes insipidus gives further support to
the pathological importunce of endogenous AVP re-
lease in the development of mucpsa)l danmage even
under clinical circumstances (33).

Gastrointestinal mucosn! gtress eronions commonly
appear among critically ill putients montly in intensive
care units after a number of acute eonditions, such as
severe trauma, burns, septic or homorrhagic or cardio-
genic shock, or injury of the central nervous system,
etc. (62). Once hemorrhage hocumes manifest, the se-
verity of the condition is reflected in tho mortality rate,
which approaches 50% (62). Althoygh it would be of
high clinical significance, the problem of how to pre-
vent the development of Auch nicosal erosjons is not
solved (7). The findings in earlier studien suggested
that the use of vasopressin pressor recoptor (V,) antag-
onists in clinical practice might have potentia! thera-
peutic benefit (28, 29, 31, 2), The present results
revealed that a vasopressin pressor receptor (V,) an-
tagonist could not only prevent the vusoconstrictive
action of increased vasopreasin secretion, bhut it could
also block the elevation of the hypothalamic CRH re-
sponse and ACTH-corticosterone 8ecrotion following
acute ethanol challenge. These experimentul and clin-
ical observations lead us to conclude that vasopressin
antagonists might have importance in the prevention
of the generation of the life-threatening blecding from
gastrointestinal stress erosions,
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Endogenous bacteria-triggered inducible nitric oxide synthase
activation protects the ovariectomized rat stom:ch
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Abstract

Under experimental circumstances, ovariectomy attenuates gastric mucosal injury wherce nitvic onvide (NO)-mediated pathways
are involved. In our study, we have examined the changes in constitutive (cNOS) and inducible NO synthase (iINOS) enzyme
aciivities (assessed by the citrulline assay), and the role of endogenous bacteria in overicctomy-provoked nueosal defence. Gasteie
lesions were induced by indomethacin (50 mg/kg, s.c.) over a 4 h period in sham-operated and ovanectomized female Wisiar rats.
Groups of animals received the wide-spectrum antibiotic ampicillin (800 mg/kg/day, p.o.. for 3 days) and others were injected with
bacterial endotoxin (E. coli, 3 mg/kg, i.v., 5 h before autopsy). We found that ovaricctomy increased INOS and decrensed eNOS
activity (resulting an elevated total gastric NO level), and protected the stomach, effects were reversed by ampicillin treatment. In
ovary-intact rats, administration of bacierial cndotoxin enhanced gastric iNOS activity and reduced lesion-formation. These resulis
suggest that ovariectomy improves gastric mucosal defence by endogenous bacteria-triggered activation of iNOS, « 2001 Pablished

by Elsevier Science Ltd. All rights reserved.

Keywords: Oestrogen; Inducible nitric oxide synthase; Constitutive nitric oxide: Synthase: Gastric mucosil defence: bnzyme regubation

1. Introduction

Nitric oxide {(NO) is synthesized from L-arginine by
three distinct isoenzymes that can be divided into two
functional classes based on their sensitivity to calcium.
The cytokine- or bacterial endotoxin-inducible iso-
enzyme (INOS) is expressed mostly under pathological
conditions, and binds calmodulin tightly in a calcium-
independent fashion. The constitutive form (¢cNOS) is
expressed continuously under physiological circum-
stances, and binds calmodulin in a reversible and cal-
cium-dependent fashion. Inhibition of ¢cNOS leads to
vasoconstriction, to the aggregation of platelets, to an
increase in vascular permeability and adhesion of neu-
trophils to the vascular endothelium, processes, which
are deeply involved in the development of vascular
endothelial dysfunction [9,10].

In vitro observations suggested that the liberation of
NO from vascular tissues is regulated by sex hormones

* Corresponding author. Tel.: +36-62-210-0819. ext. 150; fax:
+36-62-210-0813. .
E-mail address: lasziof@:koki.hu (E. Morschl).

[20], where oestrogens enhance NO) release from Vas-
cular tissues {16,20]. In vivo, we recently confirmed the
oestrogen-mediated up-regulation of ¢NOS in the rat
heart and aorta by dircct measurcment o ensyme
activity [11]. In addition, extensive evidence supports
the theory that sexual stcroids are involved in gastro-
intestinal defensive mechanisms [1.4), where NO also
plays a key role in the maintenance of mucosal integrity
of the gut [21]. Indeced, inhibition of ¢NOS Jeads to
microvascular dysfunction during the carly-compen-
sated phase of sepsis. at the initiation of bowel inflam-
mation and in the course of surgical intervention |S 7).
Moreover, decreased ¢cNOS activity and mucus level
were found in the stomach in waler immersion restraint
stress-induced ulceration, cffects reversed with NO syn-
thase inhibition [I14]. In contrast, in the oestropen deli-
cient rat stomach, we found an cohanced total NO
synthase activity and mucus sceretion, while the gastric
mucosa was less susceptible towards uleerogenic chal-
lenge [12]. This had been a vesult of the increased NO
production, since the pharmacological blockage of NO
synthesis abolished ovaricclomy-provoked clevation off
mucus secretion and mucosal protection |12].

0928-4257,01/8 - see front matter £ 2001 Published by Elsevier Science Ltd. Ali rights reserved.
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In this present study. we investigated the changes in
the ratio of ¢NOS and iINOS activity in the stomach of
the oestrogen-deficient rat, in conjunction with, a pos-
sible role of endogenous bacteria in ovariectomy-pro-
voked mucosal defence.

2. Materials and methods
2.1. Experimental protocol

IFemale Wistar rats (10-12 weeks-old) were used.
Ovariectomy and sham-operation had been performed
under ketamine/medetomidine (75 mg/kg: 0.5 mg/kg)
narcosis. The animals were allowed to recover over |
month. Gastric mucosal injury was induced by indo-
methacin (50 mg kg. s.c.) over a 4 h period. Before any
experimentation, the animals were starved for 24 h, but
had free access to water. Following autopsy, the extent
of lesions in the stomach was determined by a digital
planimeter, the ratio of injured parts was compared
with the total mucosal surface, and the data were
expressed as a per cent. As a pre-treatment, groups of
ovaricctomized animals received the wide-spectrum
antibiotic., ampicillin (800 mg kg, p.o.) 48, 24 and 6 h
before autopsy, 1.e. the latter 2 h before indomethacin
challenge. Additional groups of ovary-intact female rats
received exogenous bacterial endotoxin [E. coli lipopo-
lysaccharide (LPS) 0111:B4, 3 mg/kg, i.v.] 5 h before
autopsy, i.e. | h before indomethacin treatment.

2.2. Measurement of nitric oxide synthase enzyme activity

NOS activity was determined as the conversion of L-
['#CJ-arginine monohydrochloride to vr-['*C]-citrulline
based on the method described previously [17.22] with
minor modifications aiming to detect mostly the activity
of ¢NOS [2,3.11,20]. We sacrificed the animals by
decapitation, and immediately after autopsy, we pre-
pared the fresh tissues for NOS measurements. Protein
content was estimated via spectrophotometric assay
(Bio-Rad Protein Assay), and NOS activity was expres-
sed as pmol min/mg protein. Total NOS activity was
defined as citrulline formation that was abolished by
incubation in vitro with NS-nitro-L-arginine (L-NNA, 1
mM). Basal L-NNA-sensitive activity that was abol-
ished by EGTA. was taken as calcium-dependent cNOS
activity. In addition, calcium-independent iNOS activity
was also determined, as the difference between samples
containing ImM EGTA and samples containing | mM
L-NNA.

2.3. Chemicals and statistics

L-[U-'#CJ-arginine monohydrochloride was obtained
from Amersham International. All other compounds

E. Morschl et al. | Jowrnal of Physiology - Paris [ (1 1100110

were from the Sigma Chemical Company. Data are
expressed as the mean | S.E.M. of (n) rats per experi-
mental group. Data were analyzed with one way ANOVA
followed by the Tukey Kramer Multiple Comparisons
test. where P < 0.05 was taken as significant.

3. Results

In the ovariectomized rat stomach. the total NO syn-
thase activity was enhanced compared with the ovary-
intact sham-operated females (by 734£9%. »n 10:
P <0.005). In the gastric tissues ol these oestrogen-deli-
cient animals, we found a significant decrease in ¢tNOS
activity (by 31 +8%; n=18. P <0.05), and an increase in
INOS activity (by 7194 10%; n=10; P<0.001) as
shown in Fig. 1.

Administration  of indomethacin  induced gastric
mucosal lesions (involving 54 0.5% of the total gastric
mucosal surface, n=10, ’<0.001), which were atte-
nuated by ovariectomy (by 644+4%, n=35, P-.0.001).
Administration of ampicillin reversed ovariectomy-pro-
voked gastric mucosal defense after indomethacin chal-
lenge (by 94+ 11%. n= 35, P<0.05), and abolished the
increase in iNOS activity (by 99+1%, n=5, P<0.001)
in the ovariectomized rat. Data are shown in Ilig. 2.
During this study, no change in ¢cNOS activity could be
observed (data are not shown).

Administration of E. coli endotoxin increased the
activity of iINOS (by 49146%, n=5, P<0.001) and
decreased indomethacin-induced lesion-formation (by
68+7%, n=5, P<0.01) in the stomach of ovary-intact
female rats. Data arc shown in Fig. 3. We found that
c¢NOS activity did not change throughout this experi-
mental series (data are not shown).

[ Control
Il Ovariectomy

pmol/min/mg protein
@
1

Total cNOS

Fig. 1. Total. constitutive and inducible nitric oxide synthasc (¢NOS
and iNOS. respectivelly) activity (assessed by the citrulline assay, and
expressed as pmol/min/mg protein) in the stomach of control and
ovariectomized female rats. Data are shown as the mean+S.E.M.,
where (1) is at least 10 measurements in a proup. and where statistical
significance is given as *P <0.05 between ovaricctomized and control
groups.
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Iig. 2. Indomcthacin (50 mg/kg, s.c., 4 h}-induced lesion formation
(expressed as the per cent of the total gastric mucosal surface), and
inducible nitric oxide synthase (iNOS) activity (assessed by the citrul-
line assay. and expressed as pmol/min/mg protein) in the stomach of
control (ovary-intact), ovariectomized and ampicillin-treated (800 mg
kg~ !, p.o., 3 days) ovaricctomized female rats. Data arc shown as the
mean+S.E.M., where (n) is at least five rats in a group, and where
statistical significance is given as *P<0.001 between ovariectomized
and control groups: “P<0.05 between ampicillin-treated ovar-
iectomized and ovariectomized groups.
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Fig. 3. Indomethacin (50 mg/kg. s.c., 4 h)-induced lesion formation
(expressed as the per cent of the total gastric mucosal surface), and
inducible nitric oxide synthase (iNOS) activity (assessed by the citrul-
line assay, and expressed as pmol/min/mg protein) in the stomach of
control (ovary-intact), and exogenous bacterial endotoxin (E. coli
lipopolysaccharide (LPS) 0111:B4, 3 mg'kg, i.v., 5 h)-treated. ovary-
mtact female rats. Data are shown as the mean=S.E.M., where (n) is
at least five rats in a group, and where statistical significance is given
as *P < 0.001 between LPS-treated and control groups.

4. Discussion

Our present results are in agreement with earlier
observations, where total NO synthasc activity has
increased in the stomach following ovariectomy [12]. In
these oestrogen-deficient rats, the elevation of iNOS
activity was shown to be responsible for the significant

increase of total NO sy nthase activity, sinee e the pits-
tric tissue, we lound o decreased ¢NOS qenvity which
corresponds with our recent fimdimgs e (he heart and
aorta [11]. Thus, oestrogen-dehiciency down-tepulinles
cNOS in the stomach, oo, similely that fonnd by oth-
ers in the vascubir hssoe [ 1o, 0.

The decrease of physiological CNOS activiey 1 known
to initiate an increase o ncutrohl mhliranon (o the
vascular endothelium, platelet aggrepation, an impatred
vasodilatation ol vascular perme
ability, processes winch attenwate blood supply towards
the gastric tissuc [9.21]. Morcover, a reducthion m ¢NOS
activity decreases mucus level i the stomach [12,14] Al
these processes atienuate gastric delence mechanisms. 1
is strongly suspected that this weaker defensive stale
makes the mucosit more susceptible for the penetranon

and an clevaton

of endogenous bucieria towards the decper layers of

gastric tissues, which may  trigger iINOS activation,
Indeed, administration ol the wide spectrum antibiotic
ampicillin blocked the expression of iINOS, even under
the control iNOS uactivity

A controlled elevation m gastric NO level, ongimated
from an increased endogenous production or exogenous
administration, defends the stomach against mjury
[8.12,15,18,19,23]. In our present study, we showed that
administration of exogenous bacterial endotoxin pro-
tected the gastric mucosa aginnst indomethacin-induced
ulceration and increased INOS activity in ovary-intacl
rats, which confirms carlicr observations, where difler-
ent ulcer models were used [19,23]. Morcover, other
investigators demonstrated that neutrophil depletion
caused an enhanced generation of endogenous NO,
which improved the defensive mechanisms of the sto
mach [18]. Finally, NO admunisiered exogenously by
using NO donors, signilicantly amehorated gastric
mucosal damage provoked by various ulcerogenic
agents [8,13]. The carlicr-desenbed flindings pive further
support for the protective role of an increased NO syn-
thase enzyme activity by the expression of INOS, and, in

addition, suggests that the endotoxin component ol

endogenous gram-ncgative bacteria is responsible for
INOS activation resulting gastric mucosal protection,
In summary, we supposc (hat gastric protection
against ulcerogenic stimuli following ovaricctomy is
mediated by an increased total NO synthase enzyme
activity, although the reduction of ¢NOS activity has
been shown in the stomach. This accords to the cardio-
vascular experience that in the vestrogen-deficient state
the down-regulation of' ¢NOS develops [11.20]. How-
ever, in the case of the aorta and the heart. iNOS activ-
ity did not change following ovariectomy [11,20], while
in the stomach we demonstrated an enhanced iINOS
activity. We supposc that in the oestrogen-deficient

state, endogenous bacteria trigper the activation of

iNOS, which leads to increased NO production in the
stomach, a process improving gastric mucosal defence.
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Attenuation of Helicobacter pylori endotoxin-provoked
rat intestinal inflammation by selective inhibition
of the inducible nitric oxide synthase
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Abstract

We studied the actions of purified Helicobucter pylori endotoxin (3 mg kg™, i.v.) on rat intestival vascular peomeability tssessed
by the radiolubeiled human serum albumin leakage technique) and on nitric oxide synthase inductiom (assewsed by the citralline
assay) 4 h later. We found increased albumin leakage und expression of the inducible nitric uxide synthase i jepumimn aind volon,
effcets reversed by a selective inducible nitric oxide synthase inhibitor N-(8-(aminomcthyl)benzyl-acetanucine (LODW: 0.2 | mp
kg"', s.c., concurrently with endotoxin). Thus. H. pylori endotoxin seems to be capable of provoking an inflamnmiony response in
the rat intestinal tissue. Transmucosal invasion orfand surface translocation of H. pylori or its breankdown products might possibly
atticnuate jejunal and colonic mucosal barrier Function. a process mediated by the expression ol the inducihle mtee Ovide synthase.

4'; 2001 Published by Elsevier Science Ltd. All rights reserved.

Keywards: Helicobucter pylori endotoxin; Intestinal inflammation; Inducible nitric oxide synthuse

1. Introduction

Helicobacier pylori is an acid-resistant bacterium,
which can grow only at low pH, predominantly in the
antral part of the stomach. All over the world, the inci-
dence of H. pvlori infection is high, e.g. it approaches
50-80% in European adults. The pathological involve-
menl of H. pylori is known in gastroduodenal inflam-
mation and duodenal ulceration, and it might
participate in the generation of gastric malignancies too
[6]. Although the clinical impact of a better under-
standing of how H. pvlori affects gastrointestinal
mucosa is high, only a few investigations had been car-
ried out by using its purified endotoxin for exploring its
local orfand systemic effect. In chronic inflammatory
discascs of the gut (e.g. in inflammatory bowel diseases),
the overproduction of nitric oxide (NO) by the expres-

* Corresponding author. Tel.: +36-1-210 0819 ext. 150; fax: +36-
1-210 0813,
E-mail address: laszlofGikoki.hu (F. Laszld).

sion of the inducible NO synthase cnzviie (iNOS) is
cytotoxic, and has a pathological impact |7]. It increases
vascular permeability, adhiesion of neutrophils to the
vascular endothelium and leads 1o vasocongestion |4).

In the present study, we investigated the velivtion
between ihe expression of iINOS and intestinal infllam-
mation following systewic sdiministrition of a puriticd
H. pylori endotoxin |5).

2. Matcrials and mcthods
2.1. Treatments

We used male Wistar rats (230 250 g). ‘They were
fasted overnight, but received water ad fibitum. Under
transient ether anacsthesia, purilicd /. pylori cndotosin
(from Professor Moran's laboratory, Ireland; 3 mg
kg~') was administered intravenously. ln a separiate
experiment, we administered a bisisothiourea derivative
selective iNOS inhibitor (from Wellcome Research
Laboratories, N-(8-(aminomethyl)-benzyhacetamidine

(1928-4257,01/8 - see front matter € 2001 Published by Elsevier Science Ltd. All rights reserved.
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[1400W], 0.2-1 mg kg ', s.c.: [2]) concurrently with
endotoxin. For the measurement of vascular perme-
ability or iINOS enzyme activity, segments of the jeju-
num and colon were removed from standard sites 4 h
following trcatments.

2.2. Intestinal nitric oxide svnthase enzyme activity

In this experiment, we used untreated (control) and
11. pvlori endotoxin (3 mg kg~', i.v.)-treated groups
alone or with 1400W (1 mg kg™, s.c., concurrently with
endotoxin) administration. In jejunal and colonic tis-
sues, we measured the calcium-dependent constitutive
NO synthase (cNOS) and the calcium-independent
INOS activity by the citrulline assay as described pre-
viously [1.2].

2.3. Intestinal vascular permeability

In separate groups of rats, as a measure of inflamma-
tion, we examined jejunal and colonic vascular perme-
ability by using the radiolabelled human serum albumin
leakage technique as has been established in earlier
studies [1]. We used H. pylori endotoxin (3 mg kg~!,
i.v.)-treated groups alone or with 1400W (0.2-1 mg
kg~', s.c., concurrently with endotoxin) administration.
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) L
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Soml  ple o e
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Fig. 1. Expression of iNOS (described in pmol min~' mg~' protein
units) in the rat jejunal and colonic tissue 4 h after the administration
of purificd Helicobacter pylori endotoxin (LPS; 3 mg kg~!. i.v.), and its
reversal by the selective INOS inhibitor 1400W (1 mg kg=!, s.c., con-
currently with LPS). Data are expressed as mean+S.E.M., where n=4
rats in a group. *P<0.05 means significant increase in iNOS activity
compared with the untreated control (Cont.) group; #P <0.05 means
significant decrcase in iINOS activity comparcd to the LPS alonc
group.

J 1

(OJULI

2.4. Chemiculs

We obtained ['"’Ihuman  serum  albummm  from
IZINTA (Budapest, Hungary) and L-[U-"CJargmine
monohydrochloride Amersham  International
(UK). All other compounds were from Sigma.

from

2.5. Statistics

Throughout our studies, the results were expressed as
mean+S.E.M. of (n) rats in a group. Data were ana-
lysed with the Tukcy-Kramer multiple comparisons
test, where P <0.05 was taken as significant.

3. Results
3.1. Expression of intestinal inducible nitric oxide synthuse

Administration of H. pylori endotoxin led 1o the
expression of iNOS in the jejunum and colon (n- 4,
P <0.001) 4 h later, an eflect which was abolished by the
administration of 1400W iNOS (p=4, P<0.001) in
both intestinal tissues (Fig. 1). Basal ¢NOS activitics
remained unchanged throughout the experiments (2 4,
data are not shown).

'JEJUNUM 'COLON |
300 ==
250} _l”f
200f l'f:a -

150f| 4

A Albumin leakage (u! g" dry tissue)

100 #
T #
50 #
0
LPS 02 10 LPS 0.2 1.0
+1400W, +1400W,
(mg kg") (mg kg™)

Fig. 2. Provocation of jejunal and colonic albumin leakage (expressed
as pl albumin g=' dry tissue) by the administration of a purified Heli-
cobacter pylori endotoxin (LPS; 3 mg kg ', i.v.) 4 h later, and its dose-
dependent attenuation by the concurrent administration of a selective
iNOS inhibitor (1400W, 0.2-1 mg kg ', s.c.). Data are expressed as
mean+S.E.M., where n=4-6 rats in a proup. *P-0.05 means sig-
nificant increase in albumin leakage: "/ <0.05 mecans significant
decrease in albumin leakage compared (o the LPS alone group.
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3.2. Imwestinal vascular permeability

Administration of H. pylori endotoxin (3 mg kg™!,
i.v.) alonc provoked significant small and large intest-
inal albumin leakage in both tissues 4 h later (Fig. 2).
Concurrent administration of the selective inhibitor of
iNOS, 1400W with F. pylori endotoxin dose-depen-
dently attenuated jejunal and colonic albumin leakage
after 4 h (8335% and 94+3% maximal protection,
respectively; n1=4-6, P<0.01) as demonstrated in Fig. 2.

4. Discussion

Our present results confirm previous observations,
when a I, pylori extract was administered intrave-
nously, and the expression of iNOS in the duodenal part
of the small intestine and in its epithelial cells had been
found [3]. The expression of INOS correlated with epi-
thelial cell death, and could be reversed by the adminis-
tration of the non-selective INOS inhibitor,
dexamethasone, and by the treatment with NS-nitro-L-
arginine methyl ester, a non-specific NO synthase

blocker at the time of the expression of iNOS [3]. Thus, -
H. pyiori extract could damage the intestinal mucosa by
its direct toxic effect on epithelial cells, which is medi-.

ated by iNOS. The vascular injury correlating with

iNOS expression, and their reversal by the selective:
iNOS inhibitor, 1400W following the challenge with H. .

prlori purificd endotoxin in our study suggests that,
besides the damage of epithelial cells, microcirculatory
dysfunction can also participate in H. pylori-related
inflammation. Morever, the induction of NO synthase
and microvascular leakage in the jejunum and colon
might focus the impact of H. pylori endotoxin-provoked
mucosal injury in other parts of the gastrointestinal
tract. .

In conclusion, H. pylori endotoxin seems to be cap-
able of provoking a inflammatory .response in the rat
intestinal tissue. Transmucosal invasion orfand surface

translocation of 1 pylori o ity breakdown produets
might attcnute the muwcosal barrier funenion ol the
jejunum and colon. This process i medued by iNOS,

Thus, the clinical iaplivition of welertive hilwionrs ol

iNOS might have patential therapentic hepefis in the
prevention and freatment ol 1. pyloricassovinled gis-
trointestinal mucosal pifiannnation,
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Helicobacter pylori lipopolysaccharide provokes iNOS-mediated
acute systemic microvascular inflammatory responSes in rat cardiac,
hepatic, renal and pulmonary flssues
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Abstract W

We have examined the effects of intravenous administration of a punﬂed lipopolysaccharide (LPS) [vam Helicobacter pylori (3
mg kg~', i.v.) on rat vascular permeability, assessed by the rﬁdtolabelled human serum albumin leakuge technique in the heart,
kidney, liver and lung 4 h after challenge. An increased vascular pgxa"meablhty in cardiac, renal, hepatic and pulmonary tissues ufter
challenge was determined. The albumin leakage observed in all these organs could be prevented by the selective inducible nitric
oxide synthase inhibitor, N-(8- (armnomethyl)benzyl)—acetamxdme (1400W; 0.2-1 mg kg=!, s.c.) administration concurrently with
LPS. Thus, H. pylori LPS can provoke a mlcrovasculgr mﬂammatory response in the rat cardiac, renal, hepatic and pulmonary
tissues, actions mediated through the activation of the,,,mdumble nitric oxide synhase isoenzyme. © 200 Published by Elsevier
Science Ltd. All rights reserved. Y

-’}

Keywords: Helicobacter pylori endotoxin; Heart; Lung; K.ldney, vacr, Inflammation; Inducible nitric oxide synthase

1. Introduction

Following the identification of the.
organism [7], an acid-resistant baetenum growing pre-
dominantly in the antrum of the&h n, stomach it has
became clear that it plays a role ifsthe development of
chronic atrophic gastritis, gaStfic™ ﬁ?ahgnancxes espe-
cially in mucosa-associated “lm?hatlc tissue (MALT)
lymphomas, and gastroduodena] ulceration [1,10]. In
addition to its gastroduodenﬁ]apathogemc role, experi-
mental and clinical data suggest that H. pylori infection
may play a role in numerous diseases of organs in
addition to the gut [6,9,11], although no clear-cut cor-
relation between H. pylori infection and these disease
states have been obtained.

The purification of lipopolysaccharide (LPS) from H.
pylori has allowed a better insight for exploring the
potential pathologic processes related to the bacterium

* Corresponding author. Tel.: +44-20-7882 6176; fax: +44-20-
7882 6177.

E-mail address: b.j.whittle@mds.qmw.ac.uk (B.J.R. Whittle).

and its products [8]. The excess generation of nitric
oxide (NO) by the activation of the inducible NO syn-
thase enzyme (iNOS) is triggered by buacterial endotox-
ins. This overproduction of NO has cytotoxic potential
and provokes microvascular inflammatory reactions.
Recent studies have shown that the LI'S from H. pylori
can provoke cytotoxicity in rat dundenal epithelial cclls,
an effect involving the expression of iINOS and super-
oxide production, implicating & rolec ol peroxynitrite [4].
Therefore, in our present study, we huve investigated

whether systemic administration of a purilicd H. pylori_

LPS leads to microvascular dysfunction in various
extraintestinal organs of the rat and the actions of
selective inhibitors of iNOS.

2. Materials and methods

2.1. Treatments

Male Wistar rats (230-250 g) were lasted overnight,
but received water ad libitum. Under transient cther

0928-4257/01/$ - see front matter © 2001 Published by Elsevier Science Ltd. All rights reserved.
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anaesthesia, purified LPS from H. pylori (3 mg kg™')
was administered intravenously. In a separate experi-
ment, we administered a bisisothiourea derivative selective
iNOS inhibitor (GlaxoWellcome, N-(8-(aminomethyl)-
benzyl)acetamidine [1400W], 0.2-1 mg kg~!, s.c; [2])
concurrently with the LPS. For the measurement of
vascular permeability, segments of the left ventricle of
the heart, pulmonary parenchyma, liver and kidney
were removed from standardised sites, 4 h following
treatments.

Vascular permeability in the heart, kidney, liver and
lung was determined by using the radiolabelled human
serum albumin leakage technique, established in earlier
studies [5].

2.2. Chemicals

['**IJhuman serum albumin was from IZINTA
(Budapest, Hungary) and L-[U-'“Clarginine mono-
hydrochloride was from Amersham International (UK).
All other compounds were from Sigma Chemical Com-

pany.
2.3. Statistics

The results were expressed as mean+S.E.M. of (u}r
rats in a group. Data were analysed with the Tukey—
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Fig#F“Albumin leakage (expressed as ml albimn g~ dry tissue) in the
rat heart, kidney, liver and lung 4 h following the administration of
puﬁmd Helicobacter pylori endotoxin (LPS; 3 mg kg~', i.v.), and its
{:‘ revcrsziﬁ)y the selective iNOS inhibitor 1400W (0.2-1 mg kg~', s.c.,
. concurrently with LPS). Data are expressed a8 mean=+S.E.M., where
n=4-6 rats in a group. *P <0.05 means a significant increase in albu-

§ Ry, . min leakage; #P <0.05 means a significant decrease in albumin lekage

compared to the LPS group.

Kramer multiple comparisons test, where P<0. 0; wasuse’ similar systemic vascular inflammatory actions under

taken as significant. ﬁif

3. Results

3.1. Cardiac, renal, hepatic and pulmonary: ggwscuﬁr
permeability, and their attenuation by the: selecfive
inhibition of the inducible nitric oxide sw

Administration of H. pylori LPS (3 mg kg~!, i.v.) alone
provoked significant cardiac, renal, _hepatic and pul-
monary albumin leakage, determined 4 h later (Fig. 1).

Concurrent administration of the selective inhibitor of
iNOS, 1400W with H. pylori. L“PS dose-dependently
attenuated albumin leakage aftcr ‘4 h in the rat heart,
kidney, liver and lung, withwmaximal inhibition of
91+2%, 73+7%, 934+6% and 98+ % maximal pro-
tection, respectively (n=4-6, P<0.01). The results are
demonstrated in Fig. 1.

4. Discussion

In our present study, we have found increased micro-
vascular permeability to albumin in the rat heart, liver,
kidney and lung, 4 h after the administration of purified
LPS from H. pylori. Such findings agree with earlier
studies, where a purified Escherichia coli LPS lead to

comparable experimental conditions [2,5]. In the present
study, we have found that the selective inhibitor of
iNOS, 1400W attenuated the microvascular responses in
these tissues induced by H. pylori LPS, which supports
the pathogenic involvement of iNOS. Previous studies
have shown that the cytotoxic effects on rat duodenal
epithelial cells following challenge with this H. pylori
LPS could be abolished by 1400W [4]. Likewise, the
actions of E. coli LPS on vascular permeability could
also be reversed by 1400W [2] or by non-selective NO
synthase inhibitors when administered at the time of
expression of iNOS [5].

In recent years, the etiological role of infections,
including H. pylori, has been discussed in the patho-
genesis of diseases such as atherosclerosis and coronary
heart disease [6]. Furthermore, the association of H.
pylori infections and chronic liver diseases, including
cirrhosis and chronic cholangitis, has been reported, but
no causal relationship has been shown [11]. In addition,
H. pylori infection may be involved in the etiology of
pulmonary and renal MALT lymphoma [3,12], bronch-
iectasia [13] and membranous nephropathy [9]. How-
ever, more data are needed to establish correlation
between the bacterium and the disease. Our present
results suggest that the purified LPS from H. pylori is
capable of provoking an iNOS-mediated systemic
microvascular inflammatory response. Thus, transmi-
gration of the bacteria into gastro-duodenal tissue and
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liberation of its LPS into the systemic circulation may
provide one pathogenic process in these diseases,
through expression of iNOS.
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