
It is well known that the hypothalamic–pituitary–adrenal

(HPA) responses to inflammatory stimuli and other types

of stressors are sexually dimorphic in rodents, with females

having higher hormonal responses than males (Kuhn &

Francis, 1997; Rivier, 1999; Spinedi et al. 2002). The major

proportion of this sexual dichotomy in the immune-HPA

function is certainly mediated by the sex-based difference

in the gonadal steroid environment, because gonadectomy

and sex hormone treatment can profoundly modulate the

HPA axis responses to lipopolysaccharide (LPS) and

proinflammatory cytokines. The stimulation of the HPA

axis by LPS is primarily mediated by the release of

interleukin (IL)-1, IL-6 and tumour necrosis factor-a
(TNF-a). Although these three cytokines can all activate

every level of the HPA axis, it is generally agreed that the

acute-phase ACTH response to these cytokines is principally

mediated by the release of corticotropin-releasing hormone

(CRH) and arginine vasopressin (AVP) from the hypo-

thalamus, which are two major secretagogues of ACTH

(Turnbull & Rivier, 1999).

The mechanism underlying these neuroimmunoendocrine

sex differences is still unclear, but may involve sex steroid

modulation of CRH and AVP secretion, of circulating

cytokine responses, or of cytokine binding in the pituitary

and/or hypothalamus. In the present study, we examined

in male and female rats whether the manipulation of the

gonadal steroid milieu affects the release of ACTH, IL-1b,

IL-6 and TNF-a induced by LPS, the anterior pituitary (AP)

ACTH and hypothalamic CRH and AVP concentrations,

and the binding characteristics of the three cytokines in the

AP and hypothalamus. We thus obtained data suggesting

that sex steroid modulation of IL-1b and TNF-a binding

sites in the hypothalamus may be an important

mechanism underlying the sexually dimorphic- and

gonadal hormone-dependent ACTH response to LPS.
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It is well established that the hypothalamic–pituitary–adrenal responses to immune stressors are

sexually dimorphic in rodents (females > males), but the underlying mechanism is still unclear. To

investigate the mechanism, in this study we examined whether the sex steroid environment affects

the following variables in male and female rats: (1) plasma levels of ACTH, interleukin (IL)-1b, IL-6

and tumour necrosis factor-a (TNF-a) after systemic lipopolysaccharide (LPS) administration;

(2) static concentrations of corticotropin-releasing hormone (CRH) and arginine vasopressin

(AVP) in the mediobasal hypothalamus (MBH) and those of ACTH in the anterior pituitary (AP);

and (3) the binding characteristics of IL-1b, IL-6 and TNF-a in the MBH and AP. LPS-induced

ACTH release was significantly higher in female than in male rats, and this sexual difference was

abolished by performing gonadectomy in both sexes. Administration of physiological doses of

testosterone and oestradiol to gonadectomized males and females, respectively, restored the altered

ACTH responses to normal. Changes in the sex steroid milieu did not affect plasma cytokine

responses to LPS, tissue contents of CRH, AVP and ACTH, or the IL-6 binding characteristics in the

MBH and AP. However, the number of IL-1b and TNF-a binding sites, but not their binding

affinities, in the MBH showed significant changes according to altered sex hormone milieu, in the

same direction as the LPS-induced ACTH response. These results suggest that the hypothalamic

sensitivity to peripheral IL-1b and TNF-a may be an important mechanism underlying the sexually

dimorphic ACTH response to LPS in rats.
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METHODS 
Animals
All the following procedures were approved by the Ethical
Committee for Animal Experimentation of the International
University of Health and Welfare. Animals were maintained in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

Adult male and female rats of the Wistar strain were used. They
were housed in an air-conditioned room with controlled lighting
(light 08:00–20:00 h) and were given free access to laboratory
chow and tap water. All the following surgeries and the first
injections of sex steroids were carried out 14 days before
experimentation. Throughout the whole surgical procedure, we
confirmed that the animals were under deep anaesthesia by the
presence of constricted pupils and areflexia. From male rats, three
groups were prepared: bilaterally orchidectomized (ODX), sham
ODX and ODX + testosterone (T) groups. ODX and sham ODX
were performed under ether anaesthesia when the animals were
9–10 weeks of age (body weight, 280–330 g). Until used for
experimentation, the ODX + T group received a daily S.C.
injection of testosterone (5 mg (kg body wt)_1) dissolved in
sesame oil. This dose of testosterone is physiological, as reported
previously (Watanobe & Takebe, 1987a). The ODX and sham
ODX groups were both treated daily with sesame oil only. All these
treatments were started on the day of ODX or sham ODX. From
female rats, five groups were prepared: bilaterally ovariectomized
(OVX), sham OVX, OVX + oestradiol (E2), OVX + progesterone
(P) and OVX + E2 + P groups. OVX and sham OVX were
performed under ether anaesthesia when the animals were
9–10 weeks of age (body weight, 220–240 g). Until used for
experimentation, the OVX + E2, OVX + P and OVX + E2 + P
groups received a daily S.C. injection of E2 benzoate (2.5 µg (kg
body wt)_1), progesterone (5 mg (kg body wt)_1), or a combination
of these, respectively. These doses of E2 and progesterone are
within the physiological range, as reported previously (Watanobe
& Takebe, 1987a). Both steroids were dissolved in sesame oil for
injection. The OVX and sham OVX groups were treated daily with
sesame oil only. All these treatments were started on the day of
OVX or sham OVX. In the sham OVX rats, we checked vaginal
smears daily after surgery, and confirmed that all the animals
displayed normal oestrous cycles of 4–5 days duration. This group
was used for experimentation in the dioestrous stage of the
oestrous cycle. Separate groups of male and female rats with the
above treatments were used for Experiments I–III.

Drugs
T, E2 benzoate, P and LPS (Escherichia coli, serotype O127: B8)
were all purchased from Sigma Chemical Company (St Louis,
MO, USA). Rat recombinant IL-1b, IL-6 and TNF-a were
purchased from BioSource International (Camarillo, CA, USA).

Experiment I: LPS administration
To allow for sequential blood sampling under unanaesthetized
conditions, the animals were implanted under ether anaesthesia
with a jugular vein catheter filled with heparin solution
(10 units ml_1) 2 days prior to the experiment. At 08:00 h on the
day of the experiment, an extension of the jugular vein catheter
was installed and filled with heparinized saline. After leaving the
animals unstressed for 3 h, at 11:00 h all the above-mentioned
eight groups were given an I.V. bolus injection of LPS
(100 µg (kg body wt)_1) dissolved in normal saline (vehicle) or
vehicle alone (control). LPS administration was done 12 h after

the last injection of sex steroid(s) or oil. Blood samples (300 µl)
were drawn immediately before (time zero), and at 30, 60, 90, 120,
150 and 180 min after the injection. Only at time zero, an
additional 200–300 µl of blood was drawn to also measure sex
steroid(s). To prevent the loss of circulating plasma volume, the
same volume of normal saline was injected I.V. immediately after
each blood collection. The blood was collected in prechilled
plastic tubes containing EDTA-2Na (2.5 mg ml_1 blood),
centrifuged, and the plasma was stored at _70 °C until assayed for
ACTH, cytokines (IL-1b, IL-6 and TNF-a) and sex steroids. At the
end of the experiment, the animals were killed by rapid
decapitation.

Experiment II: measurement of hormones in the
hypothalamus, AP and plasma
Twelve hours after the final injection of sex steroid(s) or oil, all the
eight experimental groups of male and female rats were rapidly
decapitated between 11:00 and 12:00 h. Trunk blood was collected
in ice-cold plastic tubes containing EDTA-2Na (2.5 mg ml_1

blood) and centrifuged. The plasma was stored at _70 °C for the
measurement of sex steroids. The brains and APs were quickly
removed. Each brain was placed on a glass plate on ice, and the
mediobasal hypothalamus (MBH) was dissected out. The MBH
was limited by the optic chiasm anteriorly, the hypothalamic
fissures laterally, the mamillary bodies posteriorly, and by a
horizontal line drawn 3 mm above the median eminence
(containing the paraventricular nucleus) dorsally. The preparation
of the MBH for CRH and AVP assays, and of the AP for ACTH
assay, was carried out according to the method we have previously
reported (Watanobe & Takebe, 1987a). Briefly, the tissue was
individually homogenized in 200 µl of ice-cold 0.1 N HCl with a
Teflon-glass homogenizer (20 strokes). The homogenate was
centrifuged at 1000 g for 30 min at 4 °C, and the supernatant was
stored at _70 °C until assayed for hormones and protein
concentrations.

Experiment III: cytokine binding assays
Tissue preparation. Between 11:00 and 12:00 h, 12 h after the
final injection of sex steroid(s) or oil, all the above eight groups of
rats were rapidly decapitated. Trunk blood was collected in ice-
cold plastic tubes containing EDTA-2Na (2.5 mg ml_1 blood)
and centrifuged. The plasma was stored at _70 °C for the
measurement of sex steroid(s). The MBH and the AP were quickly
removed in the same manner as in Experiment II. The preparation
of receptor membranes from the MBH and the AP was performed
according to methods previously described by Katsuura et al.
(1988) and ourselves (Watanobe & Takebe, 1987a,b,c) with minor
modifications. Briefly, each tissue was individually homogenized
in ice-cold buffer (40 mM Tris, 7 mM KCl, 2 mM MgCl2, 0.1 %
bovine serum albumin, 5 % bacitracin; pH 7.4) using a Teflon-
glass homogenizer (20 strokes). The homogenate was centrifuged
at 1000 g for 10 min at 4 °C, and the resultant supernatant was
further centrifuged at 48 000 g for 30 min at 4 °C. The pellet was
resuspended in the same buffer and centrifuged at 48 000 g for
10 min at 4 °C. After discarding the supernatant, the pellet was
stored at _70 °C until used.

Iodination of cytokines. Rat recombinant IL-1b, IL-6 and TNF-a
were all iodinated using the method reported by Bolton & Hunter
(1973). The specific activities of the radioiodinated cytokines were
110–170, 70–150 and 45–80 µCi µg_1 for IL-1b, IL-6 and TNF-a,
respectively.

Radioreceptor assays for cytokines. The protocols of radio-
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receptor assays for IL-1b, IL-6 and TNF-a were determined,
incorporating methods described elsewhere (Katsuura et al. 1988;
Cornfield & Sills, 1991; Elisasser et al. 1991; Kinouchi et al. 1991).
Optimum conditions for the binding studies were determined
from preliminary experiments. On the day of the experiment,
frozen pellets of the MBH and AP membranes were thawed and
resuspended with a vortex in the above-mentioned buffer. To
enable binding studies for all three cytokines to be carried out on
the same samples, several pellets were pooled to give a tissue
suspension that contained about 400 µg protein per tube. An
aliquot of this suspension was reserved for future precise
determination of protein concentration. A 100 µl aliquot of tissue
suspension and 100 µl of the above buffer were incubated with
100 µl of the respective iodinated cytokine at eight concentrations
each. 125I-IL-1b, 125I-IL-6 and 125I-TNF-a were used in the ranges
0.2–15.8, 0.2–6.9 and 0.6–41.2 nM, respectively. Incubation was
carried out in triplicate for 150 min at 4 °C in 12 w 75 mm plastic
tubes with periodical vortexing. Parallel incubations were
performed in the presence of a 1000-fold excess of unlabelled
respective cytokine. The bound radioactivity was separated from
the free by centrifugation at 14 000 g for 15 min. The supernatant
was aspirated and the bound radioactivity in the pellet was
counted by a gamma counter. Specific binding was calculated as
the difference between total binding (in the absence of non-
radioactive cytokine) minus non-specific binding (in the presence
of a 1000-fold excess of non-radioactive cytokine).

Assays
Tissue protein concentrations were determined utilizing the BCA
Protein Assay Reagent (Pierce, Rockford, Ill, USA). ACTH levels
in the plasma and AP were measured using an immuno-
radiometric assay kit produced by Mitsubishikagaku Biochemicals
(Tokyo, Japan); the sensitivity was 5.0 pg ml_1. Rat IL-1b, IL-6
and TNF-a levels in the plasma were determined by specific
enzyme-linked immunosorbent assay kits purchased from
BioSource International. The sensitivities of these assays were 3, 8
or 4 pg ml_1, respectively. CRH radioimmunoassay (RIA) was
carried out according to the method reported previously
(Watanobe & Takebe, 1993); the sensitivity was 1.0 pg tube_1.
AVP was measured using an RIA kit purchased from
Mitsubishikagaku Biochemicals; the sensitivity was 0.1 pg tube_1.
Plasma concentrations of T, E2 and P were determined by
respective RIA kits, all of which were produced by DPC Corp. (Los
Angeles, CA, USA). The sensitivities of these assays were 5 ng dl_1,
8 pg ml_1 and 0.1 ng ml_1, respectively. In all these assays, both
intra- and interassay coefficients of variation were less than 10 %.

Data analysis
Secretory responses of ACTH were expressed in two ways: the
time-line graph, and the area under the response curve (AUC)
that was calculated using the trapezoidal rule. To analyse the
cytokine binding data, Scatchard analysis was employed to
determine the Kd and the number of binding sites (Bmax) with the
use of linear regression (Scatchard, 1949). The Hill plot (Cornish-
Bowden & Koshland, 1975) was used to determine cooperative
interactions in the ligand-binding isotherm.

Results were expressed as the mean ± S.E.M. For the purpose of
detecting significant alterations within groups, data of individual
experimental groups were analysed by two-way ANOVA with
repeated measures. One-way ANOVA was used to compare data
among different groups. When significant F values were obtained,
a Bonferroni multiple comparisons test was performed.
Differences were considered significant if P was smaller than 0.05.

RESULTS
Experiment I: effects of sex, gonadectomy and sex
steroid replacement on the LPS-induced ACTH
release
Table 1 shows the plasma concentrations of sex steroids in

the eight experimental groups examined. The plasma T

levels in both the sham ODX and ODX + T groups were

very similar to our recent data obtained from intact adult

male rats (Watanobe & Schiöth, 2002). The ODX group

had non-detectable levels of T, which indicates a complete

ODX. The plasma concentrations of E2 and P in both the

sham OVX and OVX + E2 + P groups indicated that

these two groups had a physiological ovarian steroid

environment corresponding to that found during the

dioestrous stage of the oestrous cycle (Freeman, 1988).

The levels of E2 in the OVX + E2 group and those of P in the

OVX + P group were also within the physiological ranges

of the respective hormones that are found during

dioestrus. The detectable amount of plasma P in both the

OVX and OVX + E2 groups may probably have been of

adrenal origin, as already described elsewhere (Freeman,

1988).

Figure 1 shows the temporal profiles of plasma ACTH,

IL-1b, IL-6 and TNF-a after LPS administration in the

three male groups. Although not shown in Fig. 1, I.V.

administration of vehicle alone did not significantly affect

ACTH secretion in any group during the entire period of

observation (47 ± 7 pg ml_1 (the lowest time point value)

to 62 ± 8 pg ml_1 (the highest time point value)). Basal

ACTH levels were statistically not different among the

sham ODX (52 ± 7 pg ml_1), ODX (65 ± 8 pg ml_1) and

ODX + T (48 ± 6 pg ml_1) groups. In all three groups, LPS

produced significantly higher ACTH titres than vehicle

during the period 30–180 min, and ACTH reached its peak

at time 60 min. It is worth noting that the ODX group had

significantly higher ACTH levels than the sham ODX

group between 30 and 150 min, and peak ACTH titres at
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time 60 min were 1.8-fold higher (P < 0.02) in the former

group than in the latter. This potentiating effect of ODX

was completely abolished by supplementing T to ODX rats

(ODX + T group). Also, when evaluated according to the

ACTH AUC, similar intergroup differences in the ACTH

response to LPS were observed (Fig. 3). The ACTH AUC

after LPS in the ODX group was 1.7-fold higher (P < 0.05)

than that in both the sham ODX and ODX + T groups.

Plasma IL-1b was undetectable in every control animal.

IL-6 and TNF-a were measurable in the three control
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Figure 1. Effects of ODX and T replacement on plasma
ACTH and cytokine responses to an I.V. bolus
administration of LPS (100 mg (kg body wt)_1) in male
rats
1, sham ODX; 9, ODX; ª, ODX + T. For abbreviations, see
Table 1. *Statistically significant vs. the other two groups.

Figure 2. Effects of OVX and E2 and/or P replacement on
plasma ACTH and cytokine responses to an I.V. bolus
administration of LPS (100 mg (kg body wt)_1) in female
rats
1, sham OVX; 9, OVX; 0, OVX + E2; 8, OVX + P; •, OVX +
E2 + P. For abbreviations, see Table 1. *Statistically significant vs.
the sham OVX, OVX + E2 and OVX + E2 + P groups.



groups, but did not change significantly during the entire

period of sampling (13 ± 7 pg ml_1 (the lowest time point

value) to 26 ± 10 pg ml_1 (the highest time point value) for

IL-6; 36 ± 13 pg ml_1 (the lowest) to 63 ± 21 pg ml_1 (the

highest) for TNF-a). Compared with the vehicle, LPS

produced significantly higher levels of all three cytokines,

but there were differences in their temporal secretory

patterns. In every male group, IL-1band IL-6 both reached a

peak 90 min after LPS administration, and TNF-a 60 min

after. Over the experiment, there were no significant

intergroup differences in the plasma cytokine responses.

Figure 2 shows the temporal profiles of ACTH and the

three cytokines in the plasma after LPS injection in the five

female groups. As in the male rats, I.V. injection of vehicle

alone was without effect on ACTH secretion in any female

group over the experiment (53 ± 10 pg ml_1 (the lowest

time point value) to 71 ± 11 pg ml_1 (the highest time

point value)). Basal ACTH levels in the sham OVX, OVX,

OVX + E2, OVX + P and OVX + E2 + P groups were 78 ± 9,

62 ± 7, 73 ± 8, 56 ± 7 and 70 ± 8 pg ml_1, respectively, all of

which were statistically not different from each other. In

agreement with previous studies by other investigators

(Spinedi et al. 1994; Chisari et al. 1995), the basal ACTH

concentrations in the sham OVX, OVX + E2 and

OVX + E2 + P groups were slightly higher than those in

the sham ODX group (52 ± 7 pg ml_1; Fig. 1), although

these differences did not reach statistical significance. In all

female groups, LPS significantly elevated plasma ACTH

concentrations above the values after vehicle alone, and

the hormone reached its peak 60 min postadministration.

The ACTH response to LPS in the OVX group was

significantly lower than that in the sham OVX group

between 30–120 min, and peak ACTH levels at time

60 min were 41 % lower (P < 0.05) in the former group

than in the latter. This decrease in ACTH release after OVX

was not affected by supplementing P only (OVX + P

group), but was restored to the level of the sham OVX

group by the treatments containing E2 (OVX + E2 and

OVX + E2 + P groups). Similar intergroup differences in

the ACTH response among the female groups were also

observed when they were compared according to the

ACTH AUC (Fig. 3). The integrated ACTH responses to

LPS in the sham OVX, OVX + E2 and OVX + E2 + P

groups were 1.7–2.0-fold higher (P < 0.05) than those in

the OVX and OVX + P groups. In addition, there was a

clear sex difference in the LPS-induced ACTH secretion.

Both the peak ACTH level and the ACTH AUC were

significantly (P < 0.01) higher in the sham OVX than in the

sham ODX group by 3.0 or 2.9 times, respectively

(Figs 1–3). Plasma cytokine data in the female rats were

very similar to those in the male groups (Fig. 1). In the five

female groups given vehicle alone, IL-1b was consistently

undetectable and neither IL-6 nor TNF-a, of which levels

were similar to the above-mentioned male data, changed

significantly over the experiment (data not shown). LPS

administration significantly stimulated the release of all

three cytokines in every female group (Fig. 2). The values
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Figure 3. Effects of gonadectomy and sex steroid
replacement on the integrated ACTH secretion (area
under the curve, AUC) induced by LPS
(100 mg (kg body wt)_1, I.V. bolus) in male and female
rats
For abbreviations, see Table 1. *Statistically significant vs. the other
male groups. †Statistically significant vs. the OVX, OVX + P and
the three male groups. ‡Statistically significant vs. the sham ODX
and ODX + T groups.



and time course of each cytokine were statistically

indistinguishable among all female groups, nor was there

any significant difference from the male rat data (Fig. 1).

Experiment II: effects of sex, gonadectomy and sex
steroid replacement on the MBH CRH and AVP and
AP ACTH contents
Plasma concentrations of sex steroids in the eight

experimental groups were very similar to those in

Experiment I (data not shown). As shown in Table 2,

gonadectomy and sex steroid replacement were without

effect on the MBH CRH and AVP or the AP ACTH

contents in either sex, nor was there any significant sex-

based difference in any variable.

Experiment III: effects of sex, gonadectomy and sex
steroid replacement on the characteristics of
cytokine binding in the MBH and AP
Plasma levels of sex hormones in all the male and female

groups were very similar to those in Experiments I and II

(data not shown).

Figure 4A shows the specific binding of 125I-IL-1b to

plasma membrane preparations from the MBH and AP,

respectively, of the sham ODX group. Incubation of the

membrane receptors with increasing concentrations of
125I-IL-1b indicated that the binding was saturable in both

the MBH and the AP. Scatchard analyses of these binding

data yielded straight lines for both tissues, as shown in a

typical experiment (Fig. 4B), which was replicated six

times. Hill coefficients of unity revealed a single class of
125I-IL-1b binding site with no cooperativity in both the

MBH and the AP. Also in the remaining two male and five

female groups, similar binding studies were performed for

both the MBH and the AP six times each. Of the total
125I-IL-1b added, its per cent specific binding in the MBH
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Figure 4. Specific binding of 125I-IL-1b to membrane
preparations of the MBH and AP from sham ODX rats
A, saturation curve for specific 125I-IL-1b binding as a function of
ligand concentration. B, Scatchard plot of the binding data. In this
figure and in Figs 5 and 6, each value is the mean of triplicate
determinations from a typical experiment that was replicated six
times with similar results. The same binding studies were also
performed for the remaining seven experimental groups. Kd,
equilibrium dissociation constant; Bmax, number of binding sites.
For abbreviations, see Tables 1 and 2.

Figure 5. Specific binding of 125I-IL-6 to membrane
preparations of the MBH and AP from sham ODX rats
A, saturation curve for specific 125I-IL-6 binding as a function of
ligand concentration. B, Scatchard plot of the binding data. For
abbreviations, see Tables 1 and 2 and Fig. 4.



ranged from 0.5 to 13 %, depending on the sex, sex steroid

status and the concentration of 125I-IL-1b added. In the

AP, the per cent specific binding of 125I-IL-1b varied from

0.3 to 1.8 %, which was subject only to the applied

concentration of 125I-IL-1b. Table 3 shows the results of

the replicated experiments in all the eight groups. The Kd

value was not statistically different between the MBH and

the AP, and was unaffected by any change in the gonadal

steroid milieu in either tissue in either sex. Significant

intergroup differences were observed in the Bmax of
125I-IL-1b in the MBH. The Bmax in the MBH of the ODX

group was significantly (P < 0.05) higher than that of the

sham ODX and ODX + T groups, by 1.7 and 1.9 times,

respectively. As regards the female rats, the Bmax of
125I-IL-1b in the MBH was 1.6 times higher (P < 0.05) in

the sham OVX group than in both the OVX and OVX + P

groups. This reduction in the Bmax by OVX was abolished

by administering E2 to the OVX animals (OVX + E2 and

OVX + E2 + P groups). A comparison between the sham

ODX and sham OVX rats indicated that the latter group

had a 2.6-fold higher (P < 0.01) Bmax of 125I-IL-1b in the

MBH than the former. Differing from the MBH, the AP

tissue did not show any significant sex or intergroup

differences in the 125I-IL-1b Bmax.

Figure 5A shows the results of a typical experiment of
125I-IL-6 binding to the MBH and AP tissues from the

sham ODX group, which was replicated six times each.

Both tissues showed specific and saturable binding of
125I-IL-6. A Scatchard plot of these binding data was linear

in both the MBH and the AP, indicating the presence of a

single type of binding site for 125I-IL-6 (Fig. 5B). Also, in

the remaining seven groups, similar binding experiments

were conducted for both the MBH and the AP six times

each. Of the total 125I-IL-6 added, the per cent specific

binding in the MBH and the AP was 0.6–3 % and

0.5–2.5 %, respectively, which varied depending on the

applied concentration of 125I-IL-6 only. Table 4 shows the

data from the replicated binding studies in all the eight

groups examined. Differing from the 125I-IL-1b binding,

the Bmax of 125I-IL-6 in the MBH was unaffected by sex or

the manipulation of sex steroid environment. The Kd in

the MBH and both the Kd and Bmax in the AP were all

statistically not different among all groups, as in the case of
125I-IL-1b binding (Table 3).

Figure 6A shows the data from a representative experiment

of 125I-TNF-a binding to the MBH and AP tissues from the

sham ODX group, which was replicated six times each. It

was revealed that both tissues have specific, saturable and a

single-type binding site for 125I-TNF-a (Fig. 6B). Also, in

the remaining seven groups, similar binding experiments

were conducted for both the MBH and the AP six times

each. Of the total 125I-TNF-a added, its per cent specific

binding in the MBH varied between 0.6 and 15 %,

depending on the sex, gonadal steroid milieu and the

applied concentration of 125I-TNF-a. In the AP, the

per cent specific binding of 125I-TNF-a ranged between 0.3

and 2.5 %, which was subject only to the concentration of
125I-TNF-a added. Table 5 shows the data from the

replicated binding studies conducted for both the MBH

and the AP in all the male and female groups. The Kd value

was not statistically different between the MBH and the

AP, and was unaffected by any alterations in the sex steroid

milieu in either tissue in either sex. Significant intergroup

differences were observed in the Bmax of 125I-TNF-a in the

MBH. The ODX group had a significantly higher

(P < 0.05) Bmax in the MBH than the sham ODX and

ODX + T groups by 2.2 and 1.9 times, respectively. In

female rats, 125I-TNF-a Bmax in the MBH was significantly

higher (P < 0.05) in the sham OVX group than in both the

OVX and OVX + P groups, by 1.7 and 1.6 times,

respectively. This OVX-induced decrease in the MBH Bmax

was reinstated to the level of the sham OVX group after the
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Figure 6. Specific binding of 125I-TNF-a to membrane
preparations of the MBH and AP from sham ODX rats
A, saturation curve for specific 125I-TNF-a binding as a function of
ligand concentration. B, Scatchard plot of the binding data. For
abbreviations, see Tables 1 and 2 and Fig. 4.



treatments containing E2 (OVX + E2 and OVX + E2 + P

groups). There was a clear sexual difference in the
125I-TNF-a Bmax in the MBH, which was 3.5 times higher

(P < 0.01) in the sham OVX than in the sham ODX group.

In contrast to the MBH, Bmax values in the AP were similar

across sexes and groups. These data of 125I-TNF-a binding

in both tissues were very similar to those of 125I-IL-1b
binding (Table 3).
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DISCUSSION
It has been repeatedly shown that ACTH and

corticosterone responses to LPS and IL-1 are sexually

dimorphic in rodents, with females having greater

responses than males (Spinedi et al. 1992, 1994, 2002;

Frederic et al. 1993; Rivier, 1994; Hadid et al. 1995;

Watanobe et al. 1996). In addition, we have recently

reported that ACTH and corticosterone responses are also

greater in female than in male rats after administration of

TNF-a, but not IL-6 (Watanobe, 2002). The distinct

sexual dimorphism in the LPS-induced ACTH release

found in the present study mostly agrees with these

previous reports. However, this is not entirely the case

for the influences of gonadectomy and sex hormone

treatments. We found that the ACTH response to LPS was

significantly enhanced by ODX, and that it reverted to

normal after administration of a physiological dose of

testosterone. These data are in agreement with a previous

study in mice by other investigators (Hadid et al. 1995).

The potentiation by ODX of ACTH responses to IL-1b
and TNF-a has also been reported (Rivier, 1994;

Watanobe et al. 1996; Watanobe, 2002). With regard to

female rats, we found that OVX significantly diminished

the LPS-induced ACTH release, and that this effect was

completely abolished by supplementing E2 but not P.

These changes in ACTH secretion after OVX are, however,

at odds with previous data reported by Spinedi et al. (1992)

and Rivier (1994) using mice and rats, respectively. Both

groups reported that OVX led to a significant stimulation

of corticosterone release induced by LPS and IL-1b,

respectively. Although we have no clear explanations for

this discrepancy, there are several possibilities. First, sex

steroids may differentially affect ACTH and corticosterone

responses to immune stressors under certain circum-

stances, as found by Rivier upon IL-1b administration

(Rivier, 1994). Second, a species difference may exist

between mice and rats with regard to the immune-HPA

axis sensitivity to gonadal steroids. Frederic et al. (1993)

reported that ODX did not affect IL-1-induced

corticosterone secretion in mice, a finding that contrasts

with the significant potentiation in rats of corticosterone

(Rivier, 1994) and ACTH (Watanobe et al. 1996) responses

to IL-1. To make matters even more complicated, Frederic

et al. (1993) also reported that the effects of gonadectomy

on the LPS-induced corticosterone responses varied

among different strains of mice. Third, differences in

inherent properties of LPS and cytokines as immune

stressors might also account for the inconsistent findings

among various reports. LPS is known to increase the

synthesis and secretion of an array of proinflammatory

and anti-inflammatory cytokines. These cytokines can

exert stimulatory or inhibitory effects on the HPA axis on

their own, and there also exist multiple interactions among

different individual cytokines (Turnbull & Rivier, 1999). It

is thus apparent that the final outcome of the HPA axis

modulation by LPS is determined by the net effect of the

interactions among various cytokines.

Spinedi et al. (1992, 1994) were the first to report the

sexually dimorphic ACTH and corticosterone responses to

LPS in rats and mice, respectively. Although Hadid et al.
(1995) reported that ODX potentiates the LPS-induced

ACTH release in mice, our present study is the first to

examine the effects of gonadectomy and sex hormone

treatment on ACTH secretion induced by this immune

stressor in rats. Our data strongly indicate that

physiological levels of testosterone and oestradiol exert

significant inhibitory and stimulatory influences,

respectively, on the LPS-induced ACTH secretion in rats.

The present data of plasma IL-1b, IL-6 and TNF-a after

LPS administration are very similar to those in our

previous report in terms of time course and magnitude

(Kakizaki et al. 1999). For all three cytokines, we found no

significant sex or intergroup differences in either the

temporal profile or the magnitude. These results indicate

that IL-1b, IL-6 and TNF-a in the periphery do not

participate in the gonadal steroid modulation of the LPS-

induced ACTH secretion. However, Spinedi et al. (1992)

reported in an early study that plasma TNF-a responses to

LPS were enhanced by both ODX and OVX in mice. As

they found that the gonadectomy-induced rise in TNF-a
secretion coexisted with that of corticosterone, they

suggested that the facilitated release of TNF-a may, at least

in part, mediate the enhanced corticosterone responses

after ODX and OVX. However, in a subsequent study

using the same animal species, the same investigators were

unable to confirm the gonadectomy-induced stimulation

of TNF-a responses (Hadid et al. 1995). Although they did

not discuss the reason for this discrepancy, and thus the

details are unclear, we think it possible, on the basis of our

present data, that there may be a species difference in the

endotoxin-stimulated release of cytokines.

The data of the content of CRH and AVP in the MBH and

that of ACTH in the AP indicate that none of these

variables is significantly affected by sex, gonadectomy or

sex hormone treatment. These results are in agreement

with previous reports by other investigators (Spinedi et al.
1994; Chisari et al. 1995; Hadid et al. 1995). It is thus very

unlikely that alterations in the releasable pool of ACTH

and the two major ACTH secretagogues are involved in the

sex steroid modulation of the ACTH response to LPS. An

array of studies have investigated the roles of gonadal

steroids in regulating the biosynthesis of CRH and AVP in

the hypothalamus. For CRH, several studies have reported

a stimulatory effect of oestrogen on the neurohormone

(Bohler et al. 1990; Vamvakopoulos & Chrousos, 1993;

Patchev et al. 1995; Roy et al. 1999; Corchero et al. 2001),

but conflicting reports also exist (Haas & George, 1988;

Broad et al. 1995; Paulmyer-Lacroix et al. 1996). Similarly,

although one group of investigators reported that
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testosterone is inhibitory to CRH synthesis (Handa et al.
1994), this was not confirmed by others (Viau & Meaney,

1996; Viau et al. 1999). Concerning the effects of sex

steroids on AVP biosynthesis, a stimulatory action of

oestrogen on the neuropeptide has been demonstrated by

several groups (Greer et al. 1986; Forsling, 1993; Patchev et
al. 1995), although such an effect was not reported by

others (Van Tol et al. 1988; Nappi et al. 1997; Roy et al.
1999). De Vries and collaborators have reported that

testosterone is stimulatory to AVP synthesis (van Leeuwen

et al. 1985; de Vries et al. 1986, 1994; Wang & De Vries,

1995), but the opposite action was demonstrated by Viau

& Meaney (1996). These discrepancies among the various

reports may be attributable to the differences in animal

species, sex and length of steroid treatment, because all

these confounding variables may affect glucocorticoid

secretion and its negative feedback effect on CRH, AVP

and ACTH secretion (Patchev & Almeida, 1996). In

addition, in terms of our present experimental design, it is

important to bear in mind that tissue contents of CRH,

AVP and also ACTH may not well reflect the rapidly

releasable pool of these hormones, which is the more

important parameter in acute hormonal responses. This is

because tissue contents of hormones, in general, represent

a difference between an increase by synthesis and a

decrease by release, which thus raises the possibility that

similar hormonal contents in different experimental

groups could result if both the synthesis and release are

altered to a similar degree but in an opposite direction.

Previous studies have demonstrated the existence of IL-1

binding sites or receptors in the AP (Haour et al. 1990; Ban

et al. 1991; Marquette et al. 1995) and the hypothalamus

(Farrar et al. 1987; Katsuura et al. 1988; Yabuuchi et al.
1994) in rats and mice. Similarly, specific binding sites or

receptors for IL-6 and TNF-a in the AP and the

hypothalamus have also been demonstrated in rats, mice

and cows (Cornfield & Sills, 1991; Elisasser et al. 1991;

Ohmichi et al. 1992; Schöbitz et al. 1992; Gadient & Otten,

1993; Wolvers et al. 1993). There are at least some

inconsistencies among these studies, and none of them

demonstrated cytokine binding sites or receptors

simultaneously in both the AP and the hypothalamus.

These discrepancies may derive from the difference in

animal species used, varying techniques employed (radio-

receptor assay, autoradiography and mRNA detection),

the use of homologous vs. heterologous cytokines as

radioligands in binding experiments, and also other

differences in the experimental design. In the present

study, using homologous cytokines as radioligands we

detected saturable, specific and single-class binding sites

for IL-1b, IL-6 and TNF-a in both the AP and the MBH

from all eight rat groups. In the AP, neither the Bmax nor the

Kd of each cytokine’s binding was significantly affected by

any change in the sex hormone environment. In the MBH,

although IL-6 binding was similar among all eight groups

with regard to both the Bmax and the Kd, there were clear

intergroup differences in the IL-1b and TNF-a Bmax values,

which were not accompanied by significant intergroup

differences in the Kd. It is interesting to note that these

changes in the IL-1b and TNF-a Bmax approximately

paralleled those of the LPS-induced ACTH release, which

also changed significantly according to the sex steroid

milieu (see above). The significantly higher ACTH

response in the sham OVX than in the sham ODX group

coexisted with a higher Bmax of both IL-1b and TNF-a in

the former group. The observed changes in the ACTH

response induced by gonadectomy and sex hormone

replacement were all associated with altered Bmax of both

IL-1b and TNF-a in the same directions. All these results

strongly suggest that sex steroid regulation of IL-1b and

TNF-a Bmax in the MBH may be an important mechanism

underlying the sexually dimorphic ACTH response to LPS.

The observation that the binding characteristics of IL-6 in

both the MBH and the AP were not affected by the gonadal

steroid milieu seems to concur with our recent report that

the ACTH response to this cytokine is not sexually

dimorphic (Watanobe, 2002).

We have previously reported that both IL-1b and TNF-a
primarily act in the median eminence to stimulate the

release of both CRH and AVP, which then culminates in

the acute-phase secretion of ACTH from the AP

(Watanobe et al. 1991; Watanobe & Takebe, 1992, 1993,

1994). The median eminence is a brain structure devoid of

the blood_brain barrier and is also the most ventral part of

the MBH (Broadwell & Brightman, 1976). Taken together,

our present results make it very likely that the number of

IL-1b and TNF-a binding sites in the MBH determines the

central sensitivity to these cytokines of peripheral origin,

which then regulates the amount of CRH and AVP

released from the median eminence and reaching the AP.

We are unaware of any previous study reporting a

differential regulation of the same cytokine receptors or

binding sites between the hypothalamus and AP under any

physiological or pathological condition. However, published

studies have demonstrated that altered nutritional state

can differentially affect the expression of insulin-like

growth factor-I receptors in various tissues including the

hypothalamus and AP in rats (Olchovsky et al. 1993;

Takenaka et al. 1996). Although we have no clear

explanation for the mechanism underlying the tissue-

specific regulation of IL-1b and TNF-a receptors by gonadal

steroids, the possibility remains that promotor sequences

and/or post-translational modifications of these cytokine

receptors may differ between the MBH and the AP.

In summary, in this study we examined the mechanism

that may mediate the sex- and sex hormone-dependent

ACTH responses to LPS in rats. We found that plasma

levels of IL-1b, IL-6 and TNF-a, static concentrations of

CRH and AVP in the MBH and those of ACTH in the AP,
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as well as IL-6 binding in the MBH and AP, do not play a

role in the gonadal steroid modulation of ACTH secretion.

Interestingly, however, the number of IL-1b and TNF-a
binding sites in the MBH showed significant changes

according to altered sex hormone milieu, in the same

direction as the LPS-induced ACTH release. These results

strongly suggest that the central sensitivity to peripheral

IL-1b and TNF-a, the MBH Bmax of both of which can be

modulated by sex hormones, may be an important

mechanism underlying the sexually dimorphic ACTH

response to endotoxin in rats.
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