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1 This study exploited established immunoneutralization protocols and an N-terminal annexin 1
peptide (annexin 1., 56) to advance our knowledge of the role of annexin 1 as a mediator of acute
glucocorticoid action in the rat neuroendocrine system in vivo.

2 Rats were treated with corticosterone (500 ug kg=', i.p.) or annexin Iac_2¢ (0.1—10 ng rat™',
i.c.v.) and 75 min later with interleukin 18 (IL-18, 10 ng rat™', i.c.v. or 500 ug kg~', i.p). Blood was
collected 1 h later for hormone immunoassay. Where appropriate, anti-annexin 1 polyclonal
antiserum (pAb) was administered subcutaneously or centrally prior to the steroid challenge.

3 Corticosterone did not affect the resting plasma corticotrophin (ACTH) concentration but
suppressed the hypersecretion of ACTH induced by IL-1f (i.p. or i.c.v.). Its actions were quenched
by anti-annexin 1 pAb (s.c. or i.c.v) and mimicked by annexin lac> 2.

4 By contrast, corticosterone provoked an increase in serum growth hormone (GH) which was
ablated by central but not peripheral administration of anti-annexin 1 pAb. IL-1f (i.c.v. or i.p.) did
not affect basal GH but, when given centrally but not peripherally, it abolished the corticosterone-
induced hypersecretion of GH. Annexin 15._26 (i.c.v.) also produced an increase in serum GH
which was prevented by central injection of IL-18.

5 The results support the hypothesis that the acute regulatory actions of glucocorticoids on
hypothalamo-pituitary-adrenocortical function require annexin 1. They also provide novel evidence
that the positive influence of the steroids on GH secretion evident within this timeframe is effected

centrally via an annexin 1-dependent mechanism which is antagonized by IL-1f
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Introduction

Glucocorticoid hormones and their synthetic analogues exert
multiple effects on neuroendocrine function. The most
obvious and best documented of these is suppression of the
hypothalamo-pituitary-adrenocortical (HPA) axis but the
steroids also exert significant effects on the secretion of other
pituitary hormones which vary with dose and time. The
impact of endogenous and exogenous glucocorticoids (GCs)
on the secretion of growth hormone (GH) has attracted
particular interest in recent years, partly because growth
suppression is a common complication of long-term systemic
GC therapy in children and partly because growing
importance is attached to the maintenance of normal GH
levels in adulthood. It is generally agreed that prolonged
elevations in serum GCs, such as those caused by
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pharmacological treatments or Cushing’s disease, depress
the GH response to various provocative stimuli both in
experimental animals and in man. This is due largely to
actions of the steroids at the hypothalamic level which
increase the expression and release of somatostatin (Papa-
christou et al., 1994; Fife et al., 1996; Lam & Srivastava,
1997) and decrease the production of GH releasing hormone
(GHRH, Fernandez-Vazquez et al., 1995; Fife et al., 1996;
Lam & Srivastava, 1997). Paradoxically, the impact of the
consequent change in the hypothalamic drive to the
somatotrophs is attenuated by concomitant actions of the
steroids at the pituitary level which increase GHRH receptor
(Tamaki et al., 1996; Miller & Mayo, 1997) and GH
(Oosterom et al., 1983; Evans et al., 1992; Nogami et al.,
1997) expression and thereby augment basal and GHRH-
stimulated GH release (Vale er al., 1983). Interpretation of
the actions of GCs on the growth hormone axis is further
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complicated by findings in man that acute administration of
GCs causes a transient (3—4 h), but marked, increase in
serum GH (Buguera et al., 1990; Casanueva et al., 1990;
Muruais et al., 1991; Pineda et al., 1994; Pinto et al., 1997,
Pellini et al., 1998). The mechanism by which the GCs evoke
this secretory response is unclear. Casanueva et al. (1990)
argued against an action at the pituitary level, a view which is
supported by observations that, in stark contrast to their
longer term actions, GCs inhibit GHRH-induced GH release
from rodent pituitary tissue in vitro within this short time-
frame (Vale et al., 1983; Ceda et al., 1987; Taylor et al.,
2000a). Other data favour a transient action at the
hypothalamic level which augments GHRH release (Fernan-
dez-Vazquez et al., 1995) and/or depresses the secretion of
somatostatin (Muruais et al., 1991).

Our previous studies have shown that the acute regulatory
actions of GCs on the hypothalamo-pituitary-adrenocortical
(HPA) axis are dependent upon the generation of a 37 kDa
protein, annexin 1 (also known as lipocortin 1, Buckingham
& Flower, 1997). Annexin 1, which was first identified as a
potential mediator of the therapeutically important anti-
inflammatory actions of GCs, is a well characterized member
of the annexin family of Ca?" and phospholipid binding
proteins. It is found in abundance in the anterior pituitary
gland (Smith ez al., 1993; Taylor et al., 1993), particularly in
the S100-positive folliculo-stellate cells (Traverso et al., 1999),
and also in specific loci in the hypothalamus, including the
median eminence and the paraventricular, arcuate and
periventricular nuclei (Smith et al., 1993). Moreover, its
expression and cellular disposition in these tissues are
regulated by glucocorticoids (Loxley et al., 1993b; Taylor et
al., 1993; Philip et al., 1997; Christian et al., 1999). To date,
the evidence that annexin 1 fulfils a functional role as a
mediator of the early inhibitory actions of the GCs on HPA
function (i.e. those apparent 1—4 h after a GC challenge) has
been derived mainly from in vitro studies. These have shown
that the inhibitory effects of GCs on the evoked secretion of
corticotrophin releasing hormone (CRH) and corticotrophin
(ACTH) from hypothalamic and anterior pituitary tissue
respectively are mimicked by recombinant annexin 1 (annexin
11_346) and various N-terminal peptides derived from it and
reversed specifically by neutralizing anti-annexin 1 antisera
and by an antisense oligodeoxynucleotide (ODN) directed
against a sequence unique to annexin 1 mRNA (Loxley et al.,
1993b; Taylor et al., 1993; 1995; 1997). The limited in vivo
data available accord with these findings in that they
demonstrate that annexin 1;_34¢ suppresses the HPA
response to a cytokine challenge when injected intracerebro-
ventricularly (i.c.v., Loxley et al., 1993a,b) and that passive
immunization of rats against annexin 1 reverses the inhibitory
actions of dexamethasone on the HPA response to an
intraperitoneal injection of interleukin-1f (IL-1p, Taylor et
al., 1995b). Further studies have shown that annexin 1 also
contributes to the regulatory actions of GCs on prolactin
release (Taylor et al., 1995a; 2000b) but it is not yet known
whether it has a further role in effecting the acute stimulatory
actions of GCs on the release of GH in vivo. The experiments
described in this study aimed to address this question and
also to explore further the role of annexin 1 in modulating
the HPA responses to IL-1f by using established immuno-
neutralization strategies (Taylor et al., 2000b) and a synthetic
N-terminal annexin 1 peptide (annexin 15 _»6). Parallel

measures of serum luteinizing hormone (LH) were also made
for control purposes.

Methods
Animals

Adult male Sprague-Dawley rats weighing 150+20 g were
purchased from Harlan Olac (Banbury, U.K.) and housed in
pairs in a quiet room with controlled lighting (lights on 08
00 h—20 00 h), temperature (21 -23°C) and humidity (50%).
Food and water were available ad [libitum. The surgical
procedures, drug treatments and procedures for sample
collection described below were carried out under licence, in
accord with the U.K. Animals (Scientific Procedures) 1986
Act.

Anti-sera and drugs

A neutralizing polyclonal anti-annexin 1 anti-serum (anti-
annexin 1 pAb) of proven efficacy and specificity was used
(Taylor et al., 1995b; 2000b). It was raised in sheep against
human recombinant annexin 1 and purified before injection
with an Immmunopure (A/G) IgG purification kit (Pierce,
Illinois, U.S.A.); a similarly purified non-immune sheep
serum (NSS) was used as a control; the final protein
concentration of the serum was 0.434 mg ml~'. An N-
terminal annexin 1 peptide, annexin 15 _»6, Was synthesized
in-house (Dr I. Moss, Advanced Biotechnology Centre,
Imperial College School of Medicine) by a solid phase
method and purified by high performance liquid chromato-
graphy. It was dissolved in 1M (NHy),HCO; (Sigma
Chemical Co., Poole, Dorset, U.K.) and diluted in sterile
saline (0.9% sodium chloride solution, Pharmacy, Hammer-
smith Hospitals Trust) immediately before use to a maximum
concentration of 20 mM ammonium bicarbonate. Rat
recombinant interleukin 1§ (IL-1f), generously donated by
Dr Mauro Perretti (William Harvey Research Institute,
London) or purchased from ICN Pharmaceuticals Ltd
(Basingstoke, Hants, U.K.) and corticosterone-21-acetate
(Sigma) were each dissolved and diluted in sterile saline
immediately before use.

Surgery

The rats were handled daily for 2 weeks by the same person
before being subjected to a preliminary operation, performed
under surgical anaesthesia [0.125 mg kg~! fentanyl citrate,
4 mg kg~! fluanisone (Hypnorm, 0.4 ml kg—', i.p. Janssen-
Ciba Ltd, High Wycombe Buckinghamshire, U.K.) and
2 mg kg~! midazolam (Hypnovel, 0.4 ml kg~!, i.p., Roche
Ltd, Welwyn Garden City, Hertfordshire, U.K.)] in which a
stoppered guide cannula was implanted stereotaxically in the
third ventricle (Loxley et al., 1993a). After surgery, the
animals were handled daily, again by the same person, for 7—
10 days and then subjected to one of the experimental
protocols described below; body weight and behaviour were
closely monitored throughout this period and any animal
which appeared unwell was destroyed immediately (<3%).
At the end of the experiment the position of the indwelling
cannula was verified histologically.
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Experimental protocols

Experiments 1-3 examined the effects of anti-annexin 1 pAb,
given centrally or peripherally, on the changes in plasma
ACTH and serum GH concentrations induced by injections
of corticosterone and/or rat IL-1f (i.c.v. or i.p.); parallel
measurements of serum LH were also made. Details of the
protocols and doses are provided in Figure 1. Briefly, the rats
were treated at +=0 min with corticosterone (500 ug kg~' in
a volume of 1 ml kg=', i.p.) and 75 min later with rat IL-18
(10 ng rat~" in a volume of 3 ul rat™', i.c.v. or 500 ug kg~!
in a volume of 1 ml kg=', i.p.); controls received appropriate
volumes of the sterile saline vehicle. The rats were killed 1 h
later and blood was collected for hormone immunoassay.
When required, anti-annexin 1 pAb or non-immune sheep
serum (NSS, controls) was given centrally (3 ul rat™', i.c.v.
via the guide cannula) or subcutaneously (1 mlkg~', s.c))
15 min or 24 h respectively before the steroid challenge.

A fourth experiment (Figure 1) compared the effects of
annexin 1a. 26 on the secretion of ACTH, GH and LH in
control and IL-1f-treated animals with those of corticoster-
one. Rats were injected at =0 min with either annexin
Iaco_2¢ (0.1-10ngrat~!, icv.) or corticosterone
(500 ug kg, i.p.); controls received appropriate volumes of
the vehicle (3 ul, ic.v. or 1 mlkg™', ip.). Seventy-five
minutes later (=75 min) rats from each group were treated
with IL-1p (10 ng rat™', i.c.v.) or a corresponding volume of
saline (3 ul rat™" i.c.v.); blood was collected 1 h later for
hormone assay.

The doses of rIL-18 and anti-annexin 1 pAb administered
centrally or peripherally and of corticosterone (injected i.p.)
were selected on the basis of previous studies (Loxley ez al.,

between drug treatments and further manipulations. Doses of
annexin 1ac>_»¢, Were calculated on the basis of our previous
in vivo experience with annexin 1;_;g3 and annexin 1;_344,
(Loxley et al., 1993a) and of evidence from in vitro studies
that annexin 156 1S 100—1000 times less potent than these
molecules (Harris et al., 1995; Croxtall et al., 1998; John et
al., 1998).

Collection and storage of plasma and serum samples

Rats were killed by decapitation. Trunk blood from each rat
was divided between chilled heparinized and non-heparinized
plastic tubes for centrifugal separation (2000 x g, 10 min,
4°C) of plasma and serum respectively. Sample collection was
always completed by 13 00 h so as to avoid circadian-
dependent fluctuations in hormone levels. The samples were
then stored at —80°C for subsequent determination of
ACTH, GH and LH.

Hormone assays

ACTH Plasma ACTH was determined in duplicate by a
highly specific immunoradiometric assay method (Hodgking-
son et al., 1984) using kits purchased from Europath (Dorset,
U.K.). The sensitivity of this direct assay was 0.04 pg ml~'
with inter and intra- assay coefficients of variation of 5.0 and
2.5% respectively (n=38).

Growth hormone Serum GH was measured in duplicate by
an enzyme linked immunosorbent assay (ELISA) using a
modification of the method of Farrington & Hymer (1987).
The antiserum (monkey anti-rat GH coded anti-GH-S5) and

1993b; Taylor et al., 1995b; 2000b) as too were the intervals standard preparation (rat GH, coded rGH-B13) were
Experiment 1 PAb/NSS, i.c.v. IL-1p/Sal, i.c.v.
Cort/Sal, i.p. Collect blood
IIIII\II/IIIIIIIlllllllllllllllllllllll ZIIFTFIIIIFD
N T | f i
-15 min 0 min 75 min 2h 15 min
Experiment2 pAW/NSS, s.c. IL-1f/Sal, i.c.v.
\Cb’orMSal, Lp. Collect blood
‘Wﬂ‘ﬁl“lftﬂllfllmﬁml‘lm
-24h 0 min 75 min 2h 15 min
Experiment 3 PAB/NSS, i.cv. IL-1p/Sal, i.p.
Cort/Sal, i.p. Collect blood
-15 min 0 min 75 min 2h 15 min
Experiment 4 Cort/Sal, i.p. or IL-1p/Sal, i.c.v.
ANX-1/Veh, i.c.v. Collect blood
JIIIIIIIIIIIIIIIIII’-”II”IIIII CITETHE TSI EIIITTIIT I T I IFIrs)
0 min 75 min 2h 15 min

Figure 1 Experimental protocols illustrating the times and routes of antiserum and drug adminstration. i.c.v. =intracerebroventi-

cularly; i.p. =intraperitoneally; s.c. subcutaneously. pAb=anti-annexin 1 polyclonal antiserum (3 ul rat™

Vicv. or 1 mlkg™!, s.c);

NSS=non-immune sheep serum (3 ul rat™!, i.c.v. or 1 ml kg™!, s.c); Cort=corticosterone (500 ug kg™, i.p. in a volume of

1 ml kg~ "); IL-18=interleukin 18 (10 ng rat™"' in a volume of 3 ul, i.c.v. or 500 ug kg~
in a volume of 3 ul, i.c.v.). Corresponding volumes of saline (Sal) or vehicle (Veh) were

1 =annexin lae 26 (0.1-10 ng rat™!

administered as controls where appropriate.

, i.p. in a volume of 1 ml kg™"); ANX-
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supplied by the National Hormone and Pituitary Programme
(Ogden Bioservices, Rockville, U.S.A.). The sensitivity of the
assay was 2 ng ml~' with inter- and intra-assay coefficients of
variation of 15.6 and 9.4% respectively (n=28).

Luteinizing hormone Serum LH was measured in duplicate
by a direct radioimmunoassay method (Kilpatrick et al.,
1976) using reagents supplied by the National Hormone and
Pituitary Programme. The reference preparation, antibody
and tracer (labelled with '>’I) were coded NIADDK-rat LR-
RP3, NIADDK -anti-rat-LH-s9 and NIADDK-rat-I-9 respec-
tively. The sensitivity of the assay was 0.2 ng ml~' with inter-
and intra-assay coefficients of variance of 10.7 and 9.0%
respectively (n=2_8).

Data analysis

Preliminary analysis by the Shapiro and Wilks test confirmed
that the data were normally distributed. Subsequent analysis
was done using ANOVA with post hoc comparisons by
Scheffé’s test (Experiments 1—3) or Duncan’s test (Experi-
ment 4) which respectively permit comparisons between
multiple groups where number of observations per group
(i.e. n) varies or is constant. Differences were considered to be
significant if P<0.05.

Results
Immunoneutralization studies

Figures 2—4a and b show the results from experiments 1-3
which examined the effects of the neutralizing anti-annexin 1
antiserum, given centrally or peripherally, on the acute
regulatory actions of corticosterone on the secretion of
ACTH (a) and GH (b) in the rat; parallel measures of serum
LH are shown in Figures 2—4c. The antiserum did not affect
the resting concentrations of ACTH, GH and LH in the
blood per se. Thus, in all three experiments the plasma
ACTH and serum GH and LH concentrations of rats treated
centrally or peripherally with anti-annexin 1 pAb did not
differ significantly (P>0.05) either from those given the
control serum (NSS) or from those of rats subjected to
surgery only.

Experiment 1 (Figure 2)

Administration of IL-15 (10 ng rat™', i.c.v.) caused within
1 h a highly significant increase in plasma ACTH (P<0.01 vs
corresponding saline-treated control) in rats pretreated with
the control serum (NSS, 3 ul rat™', i.c.v.). The corticotrophic
response to the cytokine was inhibited (P<0.01) by pre-
treatment with corticosterone (500 pug kg=', ip., 75 min
before the cytokine challenge) which alone had no discernible
effect on the plasma ACTH concentration. Rats treated
centrally with anti-annexin 1 pAb (3 plrat™!, i.c.v.) also
responded to IL-1f (10 ng rat™', i.c.v.) with a marked rise in
plasma ACTH concentration (P<0.01 vs corresponding
saline-treated control). However, the antiserum effectively
quenched the inhibitory influence of corticosterone on the
secretory response to IL-1f; thus, in rats treated with anti-
annexin 1 pAb 15 min prior to the steroid, corticosterone

a)
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o
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nomtt 300
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)

5 .
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t=75min — —_ Sal IL-18 Sal 1L-18
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|

Figure 2 Effects of corticosterone (Cort, 500 ug kg~', i.p.) and/or

rat interleukin 18 (IL-18, 10 ng rat™!, i.c.v.) on the plasma ACTH
(a), serum GH (b) and serum LH (c) concentrations in rats pretreated
15 min before the steroid injection with anti-annexin 1 pAb
(3 plrat™!, i.c.v.) or an equal volume of non-immune sheep serum
(NSS, ic.v.). Values represent the mean+s.emean (n=6-7).
**P<0.01 vs corresponding Sal-Sal control; +P<0.01 vs Sal- IL-
1p-treated group; ##P<0.01 vs Cort-Sal-treated group; N.S.=not
significant (P>0.05), (ANOVA plus Scheffé’s test).

failed to suppress the significant IL-1f-induced rise in plasma
ACTH concentration (Figure 2a).

The serum GH profile differed markedly (Figure 2b). Rats
treated centrally with NSS responded to the injection of
corticosterone (500 ug kg=!, i.p.) with an overt increase in
serum GH (P<0.01 vs corresponding steroid-free controls).
This response, which was observed 2 h 15 min after the
steroid injection, was prevented by central administration of
anti-annexin 1 pAb (3 ulrat™!, iv.c.) 15 min before the
steroid (P<0.01, NSS+corticosterone vs anti-annexin 1
pAD + corticosterone, Figures 2b and 4b). IL-1§ given
centrally (10 ng rat™', i.c.v) 1 h before autopsy did not affect
the resting serum GH concentration in rats pretreated with
NSS or anti-annexin 1 pAb only. However, it abolished the
increase in serum GH concentration provoked by corticoster-
one in the NSS-treated group (P<0.01).

The serum LH concentrations were largely unaffected by
the various treatments. However, in rats treated centrally
with anti-annexin 1 pAb, i.c.v. injection of IL-1 produced a
small but significant (<0.05) increase in serum LH (Figure
2¢).
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Figure 3 Effects of corticosterone (Cort, 500 ug kg~', i.p.) and/or
interleukin 18 (IL-1B, 10 ng rat™', i.c.v.) on the plasma ACTH (a),

serum GH (b) and serum LH (c) concentrations in rats pretreated

24 h before the steroid injection with anti-annexin 1 pAb (1 ml kg~!,

s.c.) or an equal volume of non-immune sheep serum (NSS, s.c.).
Sal=saline. Values represent the mean+ts.e.mean (n=6-7).
**P<0.01 vs Sal-Sal-treated control; TP <0.01 vs Sal-IL-1f-treated
group; #P<0.05, ##P<0.01 vs Cort-Sal-treated group; N.S.=not
significant (P>0.05), (ANOVA plus Scheffé’s test).

Experiment 2 (Figure 3)
Rats pre-treated peripherally with NSS (1 ml kg, i.p) also
responded to a single injection of IL-1f (10 ng rat™', i.c.v)
with a marked increase in plasma ACTH (P<0.01 vs
corresponding saline-treated group) which was prevented by
injection of corticosterone 1 h 15 min before the cytokine
(P<0.01, IL-1p vs rIL-1 plus corticosterone). Administration
of anti-annexin 1 pAb (1 ml kg~ ', s.c., 24 h prior to the steroid
challenge) did not affect the corticotrophic response to IL-1f
per se. However, it abolished the capacity of corticosterone to
block the secretory response to the cytokine (Figure 3a).
Corticosterone (500 ug kg~', i.p.) produced within 2 h
15 min an overt increase in serum GH (P<0.01 vs
corresponding steroid-free controls, Figure 3b) in NSS-
treated rats (1 ml kg=!, s.c.). The response to the steroid
was unaffected by peripheral administration of anti-annexin 1
pAb (1 ml kg=', s.c., P>0.05, NSS+ corticosterone vs anti-
annexin | pAb+corticosterone, Figure 3b) but, as in
Experiment 1, it was inhibited by central administration of
IL-18 1 h prior to autopsy (10 ng rat™', i.c.v.).

The serum LH concentration was unaffected by the various
treatments (Figure 3c).

Experiment 3 (Figure 4)

Peripheral administration of IL-1B (500 ug kg=', i.p.) also
caused a highly significant increase in plasma ACTH in rats
treated centrally with NSS (3 ul rat™', ic.v., P<0.0l vs
corresponding saline-treated control). This response, which
was evident 1 h after the administration of the cytokine, was
readily abolished (P<0.001) by pretreatment (1 h 15 min
before the cytokine) with corticosterone (500 ug kg=', i.p.). A
marked rise in plasma ACTH concentration was also
observed 1 h after the injection of the cytokine in rats
treated with anti-annexin 1 pAb (3 ul rat™', i.c.v., P<0.001
vs corresponding saline-treated control). However, as in
Experiments 1 and 2, the anti-annexin 1 antiserum effectively
quenched the inhibitory influence of corticosterone on the
secretory responses to IL-1f (Figure 4a).

In line with the data from Experiment 1, central
administration of anti-annexin 1 pAb (3 ulrat™', iv.c,
15 min before the injection of corticosterone) abolished
(P<0.001) the highly significant increase (P<0.01) in serum
GH induced by a single injection of corticosterone while the
control serum (NSS) was without effect (Figure 4b).
However, although in Experiments 1 and 2 central adminis-
tration of rIL-1f inhibited the rise in serum GH induced by
corticosterone, when given peripherally (500 ug kg=', i.p.),
the cytokine was ineffective in this regard (Figure 4b).

The serum LH concentration was unaffected by the various
treatments (Figure 3c).

Experiment 4: Neuroendocrine responses to
Annexin 1 4.5

Figure 5a,b,c compare the effects of corticosterone
(500 pg kg=', i.p.) on the circulating levels of ACTH, GH
and LH with those of graded doses of annexin 1ac_26
(0.1-10 ng rat™', i.c.v.). Like corticosterone, annexin ¢ 26
had no discernible effect on the resting plasma ACTH
concentration (P>0.05 vs vehicle-treated control). However,
it inhibited, in a dose-dependent manner, the highly
significant increase in plasma ACTH concentration induced
by IL-1f (10 ng rat™', i.c.v., administered 1 h 15 min after
the injection of corticosterone or annexin lac_26), reducing
the response to the cytokine by approximately 60% at the
highest dose tested (P<0.01, Figure 5a).

Annexin 1526 also mimicked the stimulatory effect of
corticosterone on GH release and thus produced, within 2 h
15 min, a dose-dependent increase in serum GH (P<0.01 vs
vehicle at the highest dose tested) which, like that evoked by the
steroid, was inhibited (P <0.01) by a central injection of IL-1f
(10 ng rat~',i.c.v.,administered 1 h before autopsy, Figure 5b).

The serum LH concentration (Figure 5c) was unaffected by
injection of annexin lae_»6 (0.1-10 ng rat™!, i.c.v.), corti-
costerone (500 pg kg=', i.p.) and/or IL-1$ (10 ng rat~', i.c.v.).

Discussion

The present study aimed to advance our understanding of the
role of annexin 1 in mediating the acute regulatory actions of
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Figure 4 Effects of corticosterone (Cort, 500 ug kg~', i.p.) and/or
interleukin 18 (IL-18, 500 ug kg~', i.p.) on the plasma ACTH (a),
serum GH (b) and serum LH (c) concentrations in rats pretreated
15 min before the steroid injection with anti-annexin 1 pAb
(3 plrat™', i.c.v.) or an equal volume of non-immune sheep serum
(NSS, i.c.v.). Sal=saline. Values represent the mean+s.e.mean
(n=6-7). **P<0.01 vs Sal-Sal-treated control. tP<0.01, vs
corresponding ~ Sal-IL-1f-treated group; N.S.=not significant
(P>0.05), (ANOVA plus Scheffé’s test).

glucocorticoids in the neuroendocrine system, i.e. those which
emerge within 1-3 h of a steroid challenge. Our principal
strategy was to examine the effects of exogenous corticoster-
one on neuroendocrine function in rats in which annexin 1
activity was ablated by neutralizing antisera, using specific
immunization protocols which were developed and validated
in our laboratory and which allow delineation of the central
and peripheral actions of the protein (Taylor et al., 1995b;
2000b). In addition, we compared the effects of corticosterone
on hypothalamo-pituitary function with those of annexin
laca_26, an N-terminal annexin 1 peptide which mimics the
biological activity of the parent molecule (annexin 1; 346) in
several other biological systems, for example in the anterior
pituitary gland in vitro (John et al., 1998) and in various
models of cell growth (Croxtall et al., 1998) and inflamma-
tion (Harris et al., 1995). Our results provide further evidence
that annexin 1 fulfils an obligatory role in the processes
which effect the acute (‘early delayed’) regulatory actions of
glucocorticoids on HPA function. In addition, they provide
novel evidence to suggest that the stimulatory effects of the
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Figure 5 Comparison of the effects of treatment with corticosterone
(Cort, 500 ug kg=!', i.p.) and annexin laec»_»¢ (0.1—10 ngrat™!,
i.c.v.) on the resting plasma ACTH (a), serum GH (b) and serum LH
(c) concentrations in rats and on the responses to IL-18 (10 ng rat ",
i.c.v.). Values represent the meanzts.e.mean (n=6). *P<0.05,
*#P<(0.01 vs annexin 1 vehicle alone (Veh, 3 ulrat™'). +P<0.01
vs IL-1p alone (ANOVA plus Duncan’s test).

steroids on GH secretion, which are manifest over a similar
timeframe, are effected at the hypothalamic level by a
mechanism which is dependent on annexin 1 and which is
antagonized by IL-1p.

The data confirm reports that IL-18, given i.c.v. or i.p., is a
powerful activator of the rat HPA axis (reviewed in Mulla &
Buckingham, 1999; Turnbull & Rivier, 1999) and show that,
irrespective of the route of cytokine administration, the
resultant increases in ACTH release are readily prevented by
pretreatment with corticosterone. They thus support the view
that the HPA responses to cytokines such as IL-18 are
sensitive to the negative feedback actions of GCs (Loxley et
al., 1993b; Taylor et al., 1993). Previous studies suggest that
the early-delayed inhibitory effects of GCs on cytokine-
stimulated ACTH release are exerted at the levels of the
pituitary gland, the hypothalamus and possibly elsewhere in
the brain (reviewed in Mulla & Buckingham, 1999). In
addition, the steroids may disrupt the mechanisms used by
IL-18 in the periphery to transmit signals to the brain,
possibly by depressing the cytokine-induced prostaglandin-
dependent activation of vagal afferents (Laye ez al., 1996) or
by opposing prostanoid-dependent actions of IL-1f on the
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modified endothelial cells of the blood brain barrier (van Dam
et al., 1996). It is evident from the present study that injection
of a neutralizing anti-annexin 1 pAb into the third ventricle
specifically ablates the inhibitory effects of exogenous
corticosterone on the hypersecretion of ACTH provoked by
central or peripheral injection of IL-15. While we cannot
exclude the possibility that some of the centrally injected
antibody may have diffused into the hypophyseal portal
vessels (Turnbull & Rivier, 1998a,b), our previous studies
strongly suggest that the dose administered would be
insufficient to gain access to and produce a measurable effect
at the pituitary level although it readily ablates annexin 1
actions within the hypothalamus (Taylor et al., 2000b). The
present findings thus suggest that an annexin 1-dependent
mechanism within the hypothalamus fulfils a critical role in
effecting the early regulatory actions of corticosterone on IL-
15-driven ACTH. Similar conclusions may be drawn from our
observation that, when given centrally, annexin I 26
mimics the inhibitory actions of corticosterone on HPA
function, thereby producing a dose-dependent inhibition of
the ACTH response to i.c.v. injection of IL-1f, and from
previous studies by ourselves and others using annexin 1; 344
and annexin 1;_;gg (Loxley et al., 1993a; Sudlow et al., 1996).
In line with studies on other tissues/systems (Harris et al.,
1995; Croxtall et al., 1998; John et al., 1998) the dose of
annexin 1a¢_»¢ required to produce a measurable response
was considerably higher than that of either annexin 1; 344 or
annexin 1, _gg (Loxley et al., 1993b). Moreover, at the highest
dose tested annexin 1,26 produced only a partial blockade
of the response to IL-1f, a finding that accords with reports
that, in contrast with its actions in the host-defence system
(Harris et al., 1995) and in models of cell growth (Croxtall et
al., 1998), this N-terminal peptide lacks the efficacy of the full
length molecule in the neuroendocrine system (John et al.,
1998). Further support for a role of annexin 1 within the
hypothalamus as a mediator of GC action has been provided
by in vitro studies which demonstrated the capacity of annexin
11_34¢ to mimic and anti-annexin 1 antisera to ablate the
inhibitory actions of dexamethasone on IL-1$- and IL-6-
stimulated CRH release from isolated hypothalamic tissue
(Loxley et al., 1993b; Taylor et al., 1995b). Notwithstanding
these arguments, many other data point to the pituitary gland
as a further important locus of annexin 1-dependent
glucocorticoid action within the HPA axis, most notably
those derived from in vitro studies (Smith et al., 1993; Taylor
et al., 1993; 1995b; 1997; Christian et al., 1999; Traverso et al.,
1999). In accord with these findings, we found the
subcutaneous route of anti-annexin 1 pAb administration to
be as effective as the central route in quenching the inhibitory
effects of corticosterone on the hypersecretion of ACTH
induced by an i.c.v. injection of IL-1f. Since our studies on
GH (discussed below) indicate that the peripherally injected
antiserum does not gain access to the ‘central components’ of
the hypothalamus in sufficient quantities to neutralize the
actions of endogenous annexin 1, it seems likely that the
antiserum injected via this route exerted its actions at the
pituitary level, although we cannot exclude an action at the
median eminence to which the antiserum would also have
ready access. Complementary studies using dexamethasone,
which unlike corticosterone has only limited access to the
central nervous system (Meijer et al., 1998), have led to similar
conclusions (Taylor et al., 1995b).

Our measurements of serum GH provide novel evidence
for complex interplay between corticosterone, annexin 1 and
IL-1p in the regulation of the growth hormone axis in the rat.
The positive effect of the exogenous corticosterone on the
secretion of GH reported here accords with data from a
number of clinical studies which have demonstrated prompt
increases in serum GH following acute administration of
glucocorticoids by mouth or parenterally (Buguera et al.,
1990; Casanueva et al., 1990; Muruais et al., 1991; Pineda et
al., 1994; Pinto et al., 1997, Pellini et al., 1998) and advocated
a role for GCs in the diagnosis of GH deficiency (Pineda et
al., 1994; Pellini et al., 1998). Our finding that the
hypersecretion of GH provoked by a single injection of
corticosterone in the rat is (a) blocked specifically by central
but not peripheral administration of anti-annexin 1 pAb and
(b) mimicked by a central injection of annexin Iac 26
suggests that the steroid exerts its positive influence on the
GH axis via an annexin 1-dependent mechanism within the
hypothalamus. Although this is the first demonstration of a
role for annexin 1 in the central control of GH secretion,
other data support the concept that the acute stimulatory
actions of exogenous glucocorticoids on GH release are
exerted at hypothalamic level and mitigate against an early
positive action at the pituitary level. Thus, results from
clinical studies suggest that acute GC administration causes a
transient increase GHRH secretion (Fernandez-Vazquez et
al., 1995) and/or depresses the secretion of somatostatin
(Muruais et al., 1991). By contrast, over the same timeframe
GCs exert an inhibitory influence on the somatotrophs and
thereby suppress GHRH-stimulated GH release (Vale et al.,
1983; Ceda et al., 1987; Taylor et al., 2000a). The present
study provides no further insight to the locus of corticoster-
one/annexin 1 action within the hypothalamus although the
magnitude of the changes in serum GH suggests that
alterations in both GHRH and somatostatin secretion may
be involved. The data do however show clearly that the GH
responses to exogenous corticosterone and annexin lac 26
are readily inhibited by central but not peripheral adminis-
tration of IL-18. There is already substantial published
evidence that IL-1f acts within the hypothalamus to suppress
GH release (Wada et al., 1995) via mechanisms which involve
increased somatostatin release (Honegger ef al., 1991) and
possibly also decreased secretion of GHRH (McCann et al.,
1998). Our finding that central but not peripheral injection of
IL-1p inhibits the rise in serum GH provoked by corticoster-
one or annexin 140 2 accords with this concept although, in
contrast to other studies (Peisen er al., 1995; Wada et al.,
1995), we found no effects of the cytokine on the basal
release of GH. It has been suggested that the positive effects
of IL-1f on the somatostatin secretion are secondary to the
increase in CRH secretion the cytokine provokes (Peisen et
al., 1995). Since GCs inhibit IL-1p-stimulated CRH release
from isolated hypothalamic tissue in vitro (Loxley et al.,
1993b; Taylor et al., 1995b), it may be argued that such a
mechanism would also explain the opposing effects of IL-1p5
and corticosterone/annexin 1 on GH secretion. The present
data mitigate against this view however for the hypersecretion
of ACTH induced by central or peripheral administration of
IL-1p, which has been shown repeatedly to be driven by
CRH (reviewed in Mulla & Buckingham, 1999; Turnbull &
Rivier, 1999), was not associated with a concomitant
reduction in serum GH. Moreover, while neither corticoster-
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one nor annexin la._»¢ influenced basal ACTH secretion,
both caused a marked increase in the serum GH concentra-
tion. We thus conclude that if CRH mediates the effects of
IL-1p and corticosterone on GH secretion, the population of
CRH neurones involved must be distinct from those
concerned with the regulation of ACTH secretion and subject
to differential regulation.

Despite the widespread evidence that LH secretion is
modulated by IL-18 and GCs (Brann & Mahesh, 1991;
Rivest & Rivier, 1993), we found little effect of IL-1p,
corticosterone or annexin 1 on the serum LH concentration.
We did however observe an increase in serum LH in rats
treated centrally with anti-annexin 1 pAb following i.c.v.
injection of IL-18. The positive influence of the cytokine was
unexpected and contrary to many reports in the literature
(Brann & Mahesh, 1991; Rivest & Rivier, 1993). Interestingly
it was not observed when the antiserum was given
peripherally. The significance of these findings is unclear
but, nonetheless, they raise the possibility that annexin 1
exerts a tonic inhibitory influence on the responsivity of the
gonadotrophin releasing hormone neurones to incoming
stimuli and thus support findings from an earlier study which
advocated a role for annexin 1 in the regulation of
hypothalamo-pituitary-gonadal activity (Loxley et al., 1992).

In conclusion, our results provide further evidence that
annexin 1 fulfils a major role in the hypothalamus and the
anterior pituitary gland as a mediator of the acute regulatory
actions of glucocorticoids on HPA function. In addition, they
provide novel evidence to suggest that the stimulatory effects
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