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Reduced Sensitivity to Glucocorticoid
Feedback and Reduced Glucocorticoid
Receptor mRNA Expression in the Luteal
Phase of the Menstrual Cycle

Margaret Altemus, M.D., Laura Redwine, Ph.D., Yung-Mei Leong, Takeo Yoshikawa, Ph.D.,
Rachel Yehuda, Ph.D., Savilla Detera-Wadleigh, Ph.D., and Dennis L. Murphy, M.D.

We examined the effects of the menstrual cycle on
hypothalamic-pituitary adrenal axis regulation in healthy
women with no history of psychiatric illness by measuring
plasma cortisol responses to a low-dose (0.25 mg) of
dexamethasone (N = 23) and by measuring glucocorticoid
receptor (type II) mRNA expression in lymphocytes using
Northern blotting (N = 19). Both measures were performed
in the early follicular and mid-luteal phases of the
menstrual cycle. Dexamethasone suppression of plasma
cortisol was greater in the follicular phase of the menstrual
cycle compared to the mid-luteal phase (p < .01). In

addition, type II glucocorticoid receptor mRNA expression
in lymphocytes was 78% higher in the follicular phase
compared to the mid-luteal phase (p < .02). These results
indicate that glucocorticoid feedback requlation of the
hypothalamic-pituitary-adrenal axis is reduced in the mid-
luteal phase of the menstrual cycle. Reduced feedback
requlation of central stress response systems may play a role
in generation of common premenstrual symptoms of
irritability and dysphoria. [Neuropsychopharmacology
17:100-109, 19971 Published by Elsevier Science Inc.
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Glucocorticoids are important in feedback regulation of
several stress response systems, including the hypotha-
lamic-pituitary-adrenal (HPA) axis and noradrenergic
systems (Brown and Fisher 1986; Chrousos and Gold
1992). Alterations in glucocorticoid feedback regulation
of the HPA axis have been demonstrated diurnally

From the Department of Psychiatry, Cornell University Medical
College (MA); Department of Pharmacology, Georgetown Univer-
sity Medical School (LR); Laboratory of Clinical Science (Y-ML,
DLM), and Clinical Neurogenetics Branch, Division of Intramural
Research Programs, NIMH (TY, SD-W); Department of Psychiatry,
Mt. Sinai School of Medicine (RY).

Address correspondence to: Margaret Altemus, M.D., Box 244,
Cornell University Medical College, 1300 York Ave., New York, NY
10021.

Received August 20, 1996; revised December 20, 1996; accepted
February 13, 1997.

NEUROPSYCHOPHARMACOLOGY 1997-VOL. 17, NO. 2
Published by Elsevier Science Inc.
655 Avenue of the Americas, New York, NY 10010

(Spencer et al. 1993; Bradbury et al. 1994), with age (Sa-
polsky et al. 1986; Rothuizen et al. 1993), in inflamma-
tory disease (Crofford et al. 1994; Michelson et al. 1994)
and in association with several neuropsychiatric disor-
ders (DeLeon et al. 1988; Young et al. 1993; Yehuda et
al. 1995). One clearly documented mechanism of feed-
back regulation of the HPA axis is downregulation of
glucocorticoid receptor synthesis, content and binding
in a variety of tissues in response to increases in circu-
lating glucocorticoid levels (Schlechte et al. 1982; Kalin-
yak et al. 1987; Dong et al. 1988; Herman et al. 1989a;
Bellingham et al. 1992).

In addition, a number of studies in female rats indi-
cate that glucocorticoid feedback regulation of the HPA
axis is also modulated by circulating levels of estrogen.
Ovariectomized rats have reduced ACTH and cortico-
sterone responses to stress (Kitay 1963; Viau and Meaney
1991; Burgess and Handa 1992), increased glucocorti-
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coid receptor binding (Turner and Weaver 1985) and in-
creased expression of mRNA for the glucocorticoid re-
ceptor in the hippocampus (Burgess and Handa 1994;
Carey et al. 1995), hypothalamus (Swanson and Sim-
mons 1989; Peiffer et al. 1991; Burgess and Handa 1993),
pituitary (Peiffer and Barden 1987) and thymus (Peiffer
et al. 1994), and enhanced suppression in vivo of adreno-
corticotropin and cortisol in response to administration
of a type II glucocorticoid receptor agonist (Burgess and
Handa 1992). These changes are reversed by adminis-
tration of estrogen, but results of progesterone replace-
ment are more variable (Kitay 1963; Peiffer and Barden
1987; Peiffer et al. 1991; Viau and Meaney 1991; Burgess
and Handa 1992; Peiffer et al. 1994; Carey et al. 1995).
Moreover, in rats, naturalistic comparisons of proestrus
and estrus have found during estrus, the phase with
lower estrogen and progesterone secretion, relatively
reduced HPA axis reactivity (Pollard et al. 1975; Viau
and Meaney 1991; Carey et al. 1995), increased glucocor-
ticoid receptor mRNA expression (Peiffer et al. 1994), re-
duced hypothalamic corticotropin releasing hormone
content (Haas and George 1988) and reduced corticotro-
pin releasing hormone mRNA expression (Bohler et al.
1990; Viau and Meaney 1991; Peiffer et al. 1994).

Although numerous studies in humans have docu-
mented stability of baseline cortisol levels across the
menstrual cycle (Aubert et al. 1971; Schoneshofer and
Wagner 1977; Parker et al. 1981; Rubinow et al. 1988;
Rabin et al. 1990; Heitkemper et al. 1991), there has been
little examination of possible changes in tissue sensitiv-
ity to glucocorticoids during the menstrual cycle.

We performed two studies in humans to begin to in-
vestigate possible gonadal steroid induced changes in
glucocortocoid feedback sensitivity. Both studies were
performed in the early follicular and mid-luteal phases
of the menstrual cycle to maximize differences in serum
levels of estradiol and progesterone: 1) Cortisol sup-
pression was measured in response to a 0.25 mg dose of
dexamethasone. This low dose was chosen to enhance
the sensitivity of the test, since previous studies had
shown that the standard 1 mg dose of dexamethasone
caused near maximal cortisol suppression in both
phases of the cycle (Parker et al. 1983; Roy-Byrne et al.
1986); and 2) Type II glucocorticoid receptor mRNA ex-
pression in peripheral blood lymphocytes was mea-
sured using northern blotting. We measured type 1II,
rather than type I receptor mRNA expression because
type II receptors are though to play a more important
role in regulation of acute stress responses (Reul and
deKloet 1985; DeKloet and Reul 1987) and are more
sensitive to activation by dexamethasone (Spencer et al.
1990; Miller et al. 1992). In addition, type II receptor
mRNA is much more abundant than type I receptor
mRNA in lymphocytes. In two prior studies quantita-
tive sensitivity of Northern blotting of type II glucocor-
ticoid receptor mRNA was adequate to detect changes
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in mRNA expression in response to glucocorticoid chal-
lenges (Denton et al. 1993; Knuttson et al. 1995).

METHODS
Subjects

Subjects were 23 healthy women with no history of psy-
chiatric illness, substance abuse, or premenstrual syn-
drome as assessed by clinical interview and a modified
version of a structured psychiatric diagnostic interview
(SCID) (Spitzer et al. 1990). Family psychiatric history
information was not collected from these subjects. Sub-
jects had regular menstrual cycles (25-35 days) by his-
tory. Mean * SD age was 29.4 = 6.5 years (range 20-39).
18 were Caucasian, 3 Asian, and 2 African American.
All subjects had normal physical examinations and nor-
mal screening laboratory tests including complete
blood count, thyroid function tests, urinalysis, urine
pregnancy test, and urine toxicology screen. No sub-
jects had been taking any medication in the preceding 3
months. No subjects regularly consumed more than
two drinks of alcohol per week. Subjects were in-
structed not to drink any alcohol during the 24 hours
preceding any blood collection.

All subjects gave prior informed consent, and the ex-
perimental protocol was approved by the NIMH Intra-
mural Institutional Review Board.

Timing of Procedures

Both the low dose dexamethasone suppression test and
blood drawing for determination of glucocorticoid re-
ceptor mRNA expression were performed in both the
early follicular (3-6 days after onset of menses) and mid-
luteal (7-10 days after luteinizing hormone surge) phases
of the menstrual cycle. Each woman determined the time
of her luteinizing hormone surge by using a home urine
test kit (Clearplan Easy, Unipath Limited, Bedford, UK).
Although the same group of subjects participated in both
test procedures, the two procedures were often per-
formed in separate menstrual cycles. Seventeen of 23
subjects completed dexamethasone suppression testing
within one menstrual cycle and 17 of 19 subjects com-
pleted blood draws for glucocorticoid receptor mRNA
measures within one menstrual cycle. The other subjects
required up to 3 cycles to complete testing due to sched-
uling difficulties and failure to detect a luteinizing hor-
mone surge needed for scheduling of the luteal test.

Low-Dose Dexamethasone Suppression Test

Seventeen of the 23 subjects were tested first in the folli-
cular phase of the cycle and 6 subjects were tested first
in the luteal phase. For each dexamethasone suppres-
sion test, subjects had blood drawn at 8 A.M. for mea-
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surement of baseline cortisol. At 11 .M. that night they
took 0.25 mg dexamethasone, and blood was drawn to
measure serum cortisol and dexamethasone levels at 8
AM. and 4 p.M. the following day.

Cortisol was measured using a fluorometric assay at
the NIH Clinical Center Laboratory. Detection limit of
the cortisol assay was 27 nmol/L. Dexamethasone lev-
els were measured by radioimmunoassay as previously
described (Yehuda et al. 1993). The intra assay coeffi-
cient of variation was 10.2% and the interassay coeffi-
cient of variation was 11%.

Lymphocyte Type II Glucocorticoid Receptor
mRNA Expression

Twenty milliliters of peripheral venous blood were
drawn into chilled tubes containing EDTA at 8§ A.M. in
both phases of the cycle and kept on ice.

Mononuclear cells were isolated within one hour of
collection by layering whole blood over lymphocyte
separation medium (Organon Tecknika Corp., Durham,
NC). Lymphocytes were collected from the interface af-
ter centriguation at 200 g at 4°C for 20 minutes, washed
twice with phosphate buffered saline, and frozen at —30°C
until extraction of RNA. Lymphocyte total RNA was
extracted using the acid guanidine thiocyanate-phenol-
chloroform extraction method (Chomezynski and Sac-
chi 1987) and then redissolved in 7 pl DEPC-treated wa-
ter. The quantity and quality of RNA were determined
by optical density (OD) at 260 and 280 nm. For each
sample the OD,4/ODsyg ratio was over 1.5. Extracted
RNA was resolved by electrophoresis on formaldehyde
gels, blotted onto a Nytran nylon membrane (Schleider
and Schnell, Keene, NH) and fixed with UV irradiation
(Stratalinker, Stratagene, La Jolla, CA). A cDNA probe
for human type II glucocorticoid receptor was made by
PCR amplification using the plasmid clone pRShGRa
(Giguere et al. 1986). The upstream primer spanned nu-
cleotides 657-677 and the downstream primer spanned
nucleotides 1687-1710 (Hollenberg et al. 1985). The
cDNA probe was labelled with P dCTP using a ran-
dom primer DNA labeling kit (Boehringer Mannheim,
Indianapolis, IN). Blots were incubated for 2 hours at
42°C with Hybrizol I (Oncor, Gaithersburg, MD), and
then hybridized with Hybrizol I and 2% SDS containing
2 X 106 spm/ml labeled probe for 24 hours at 42°C. The
blots were washed four times with increasing strin-
gency. The final wash was 0.1 X SSC and 0.1 X SDS at
55°C. Hybridization of the labeled human glucocorti-
coid receptor cDNA probe applied to the membrane
was measured directly from the nylon membrane using
a Betagen Betascope Blot Analyser (Natick, MA). Mem-
branes were stripped and rehybridized with rat glycer-
aldehyde-3-phosphate (GAPDH) probe (nucleotide po-
sition 87-1077) (Fort et al. 1985) to correct for variability
in RNA loading. The ratio of glucocorticoid receptor
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mRNA to GAPDH mRNA was determined for each
sample. Follicular and luteal samples from each subject
were run together on the same gel. A stored supply of
total mRNA from a Hela cell line was used as an inter
assay control on each gel. There was little variation in
Hela GR/GAPDH reading from different gels (<10%).

Estradiol and Progesterone Levels

Estradiol and progesterone were measured by radioim-
munoassay in the NIH Clinical Center Laboratory. De-
tection limit of the estradiol assay was 36 pmol/L. The
intra assay coefficient of variation was 5.2% and the in-
terassay coefficient of variation was 9.8% at 100 pg/ml.
The detection limit of the progesterone assay was 1.3
nmol/L and the intra assay coefficient of variation was
6.4% and the interassay coefficient of variation was
8.7% at 1.3 ng/ml.

Statistics

Differences in basal hormone levels and glucocorticoid
receptor mRNA measures between the follicular and
luteal phases of the menstrual cycle were evaluated us-
ing paired t-tests. Changes in cortisol and dexametha-
sone levels during the course of each dexamethasone
suppression test in the two phases of the cycle were
compared using a repeated measures ANOVA with
two within subjects factors (blood sampling time and
cycle phase). Significant differences in the ANOVAs
were evaluated with post-hoc contrasts. Relationships
among variables were assessed using Pearson'’s correla-
tion coefficient. Post-dexamethasone changes in cortisol
from the 8 A.M. baseline before dexamethasone admin-
istration were calculated for use in correlational analy-
ses. All data are presented as means * SEM.

RESULTS
Low-Dose Dexamethasone Suppression Test

Results are presented in Table 1.

Estradiol and progesterone levels were lower in the
follicular compared to the luteal phase of the menstrual
cycle, (t =7.3,p < .001) and (f = 11.8, p < .0001), respec-
tively.

Basal cortisol levels did not differ significantly in the
follicular and luteal phases of the cycle (t = 1.7, p = .10).
As expected, there was a significant main effect of dex-
amethasone on plasma cortisol levels (F(244) = 75.1,
p < .0001). There was no main effect of menstrual cycle
phase on cortisol levels (F(1,22) = 2.0, p = .18), but there
was a significant interaction between cycle phase and
change in cortisol during the dexamethasone suppres-
sion test (F(2,44) = 6.7, p < .01). Post hoc contrasts
showed that post dexamethasone cortisol levels were
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significantly lower at 8 aA.M. in the follicular compared
to the luteal phase of the cycle (p < .01), while 4 r.m.
post-dexamethasone cortisol levels did not differ signif-
icantly in the follicular compared to the luteal phase (p =
.16). When post-dexamethasone cortisol levels were
subtracted from the 8 A.M. baseline cortisol level to con-
trol for individual differences in basal cortisol level,
change in cortisol compared to baseline cortisol level in
follicular vs. luteal phases of the cycle was significant at
both 8 AM. (t =3.7,p<.0l)and 4 P.M. (t = 2.3, p < .04)
(Figure 1).

As expected there was a significant effect of sam-
pling time on plasma dexamethasone levels (F(1,21) =
2455, p < .0001). Dexamethasone levels were higher at
8 AM. than at 4 p.M. There was no effect of cycle phase
on dexamethasone level (F (1,21) = 0.5, p = .48) and no
interaction between cycle phase and sampling time (F
(1,21) = 0.0, p = .87). There were no significant correla-
tions between dexamethasone levels and post dexam-
ethasone cortisol levels or the magnitude of cortisol
suppression from baseline at any time point.

Lymphocyte Glucocorticoid Receptor
mRNA Expression

Estradiol and progesterone levels were lower in the fol-
licular compared to the luteal phase of the menstrual
cycle. Estradiol levels were 197 + 18 vs. 580 * 44 pmol/
L (t = 9.1, p <.0001) and progesterone levels were 1.6 =
0.1 vs.43.8 = 3.8 nmol/L (t = 11.2, p < .0001). Basal cor-
tisol levels were similar in the follicular and luteal

POST DEXAMETHASONE
CORTISOL SUPPRESSION

Follic

Luteal

Delta cort (nmol/L)

-400

8AM 4PM

Figure 1. Change in plasma cortisol from 8 A.M. baseline at
8 AM. and 4 p.M. following an 11 p.M. dose of 0.25 mg dexam-
ethasone. Cortisol suppression was significantly greater in
the follicular phase of the cycle at both 8 A.M. and 4 p.m. (*p <
05, **p < .01).
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phases of the cycle (410 = 27 vs. 388 = 22 nmol/L, t =
09,p = 4).

Comparison of signal from the glucocorticoid recep-
tor probe with values of molecular weight standards on
the same gel showed that the human glucocorticoid re-
ceptor probe hybridized to an RNA species of approxi-
mately 7.1 kg, similar to findings in several other hu-
man tissues (Hollenberg et al. 1985; Chomczynski and
Sacchi 1987) (Figure 2). The ratio of glucocorticoid re-
ceptor mRNA to GAPDH mRNA signal was signifi-
cantly increased in the follicular compared to the luteal
phase of the cycle. Ratio values were 1.60 = 0.27 in the
follicular phase and 0.90 = 0.07 in the luteal phase of
the cycle (t = 2.6, p < .02) (Figure 3).

DISCUSSION

There was a greater suppression of plasma cortisol in
response to a 0.25 mg dose of dexamethasone in the folli-
cular compared to the luteal phase of the menstrual cycle.
In addition, expression of the type Il glucocorticoid re-
ceptor gene in lymphocytes was increased in the follicu-
lar phase of the cycle. The results of these two studies
are consistent and suggest that, in humans, the luteal
phase of the menstrual cycle is associated with reduced
sensitivity to glucocorticoid feedback. Enhanced corti-
sol suppression in response to dexamethasone during
the early follicular phase was also noted in one study of
depressed patients (Tandon et al. 1991). Two prior stud-
ies of dexamethasone suppression in non-depressed,
healthy women did not find an effect of cycle phase,
most likely because the standard 1.0 mg dose of dexa-
methasone caused a complete or almost complete sup-
pression of cortisol in both phases of the cycle (Parker et
al. 1983; Roy-Byrne et al. 1986).

Although the majority of studies have found no ef-
fect of menstrual cycle phase on cortisol responses to a

Table 1. Effect of Menstrual Cycle Phase on Cortisol
Response to Dexamethasone

Follicular Luteal

Estradiol (pmol/L) 206 = 18 576 + 447
Progesterone {nmol/L) 1.6 = 0.0 50.8 + 3.8°
Basal cortisol (nmol/L) 419 + 19 381 =25
Post dex cortisol 8 A.M. (nmol/L) 215 + 22 270 = 22¢
Post dex cortisol 4 P.M. (nmol/L) 143 = 17 171 = 19
Delta cortisol 8 A.M. (nmol /L) -207 + 25 —110 = 25%
Delta cortisol 4 .M. (nmol/L) —298 + 22 —210 = 28°
Dexamethasone 8 A.M. (ng/ml) 0.64 = 0.05 0.61 = 0.05
Dexamethasone 4 P.M. (ng/ml) 0.24 + 0.02 0.21 + 0.03

“p < .001.

bp < .01.

‘p < .05 follicular vs. luteal.
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variety of pharmacologic, physical and emotional stres-
sors (Collins et al. 1985; Hoehe 1988; Bancroft et al. 1991;
Kanaley et al. 1992), there have been three reports, con-
sistent with the current study, of enhanced cortisol re-
sponses in the luteal phase and no reports of enhanced
cortisol responses during the follicular phase of the cy-
cle. In one study, cortisol responses to metoclopramide
were enhanced in the luteal phase compared to the fol-
licular phase (Seki 1989), and in the other, cortisol re-
sponses to a psychological stress were enhanced during
the luteal phase compared to the ovulatory phase
(Marinari et al. 1976). In the third study, the cortisol re-
sponse to exercise was enhanced in the luteal phase
(Lavoie et al. 1987). The findings in the current study
are also consistent with a prior report in humans of re-
duced adrenocortical responses to stress during lacta-
tion, when, as in the follicular phase of the cycle, go-
nadal steroid levels are relatively suppressed (Altemus
et al. 1995). Similarly, almost all studies of the effect of
menstrual cycle phase on unstimulated plasma cortisol

Follicular

GR

7.1Kb -

GAPDH
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have found no changes across the menstrual cycle
(Aubert et al. 1971; Schoneshofer and Wagner 1977;
Parker et al. 1981; Rubinow et al. 1988; Caradente et al.
1990; Rabin et al. 1990; Heitkemper et al. 1991), but two
studies did report higher cortisol levels in the luteal
phase (Genazzani et al. 1975; Tersman et al. 1991), and
no study has found higher cortisol levels in the follicu-
lar phase.

The findings in the current study are also compatible
with a number of animal studies reporting estrogen-
associated stimulation of HPA axis responsivity and
estrogen-associated reductions in glucocorticoid recep-
tor binding, gene transcription, and responsivity to ago-
nists. (Peiffer and Barden 1987; Peiffer et al. 1991; Bur-
gess and Handa 1992; Burgess and Handa 1993; Handa
et al. 1994; Peiffer et al. 1994; Carey et al. 1995).

Although we noted a trend toward higher baseline
cortisol levels in the follicular phase of the cycle in our
dexamethasone suppression test samples, this was not
likely to contribute to our finding of enhanced cortisol

Luteal

1 2 3 1 2 3

Figure 2. Representative Northern dem-
onstrating type II glucocorticoid receptor
mRNA expression in peripheral blood lym-
phocytes. Samples were collected from 3
subjects in the early follicular and mid-
luteal phases of the menstrual cycle.
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suppression in the follicular phase because a number of
studies have demonstrated that higher baseline cortisol
levels are associated with reduced cortisol suppression
in response to dexamethasone (Carroll et al. 1976; Am-
sterdam et al. 1982; Sapolsky et al. 1986; Rubin et al.
1987; Young et al. 1993; Yehuda et al. 1995).

Multiple studies of dexamethasone suppression of
cortisol levels in psychiatric patient groups have shown
that nonsuppression of cortisol is often associated with
lower plasma dexamethasone levels (Morris et al. 1986;
Maguire et al. 1987; Young et al. 1993). This was not a
confounding factor in our study, since there was no dif-
ference in dexamethasone levels across the cycle at 8
AM. or 4 P.M. and no correlation between dexametha-
sone levels and absolute post dexamethasone cortisol
levels or the post-dexamethasone change in cortisol levels.

The physiological mechanisms through which hor-
monal changes across the menstrual cycle may modu-
late HPA axis activity remain to be clarified. Sensitivity
to the negative feedback by dexamethasone may be re-
duced in luteal phase, or alternatively, activity of multi-
ple systems which activate the HPA axis may be en-
hanced in the luteal phase of the cycle.

The finding of reductions in lymphocyte mRNA dur-
ing the luteal phase suggests that changes in cortisol
suppression in response to dexamethasone across the
cycle are mediated, at least in part, by changes in the ef-
ficiency of dexamethasone feedback at glucocorticoid
receptors. It should be noted, however, that we are not
able to obtain human mRNA samples from brain or pi-
tuitary tissues which directly mediate glucocorticoid

EFFECT OF CYCLE PHASE
ON GR mRNA

0.5+

GR/GAPDH (arbitrary units)

Follic Luteal

Figure 3. Type II glucocorticoid receptor mRNA expres-
sion in lymphocytes, expressed in arbitrary units of the glu-
cocorticoid receptor (GR) mRNA/GAPDH mRNA ratio. The
ratio of glucocorticoid receptor/ GAPDH mRNA was signifi-
cantly reduced in the luteal compared to the follicular phase
of the cycle (*p < .02).
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feedback on the HPA axis. Studies in rats do indicate
that estrogen reduces type II glucocorticoid receptor
mRNA expression in parallel in multiple tissues, in-
cluding the hippocampus (Burgess and Handa 1993),
pituitary (Peiffer and Barden 1987), and thymus (Peiffer
et al. 1994).

It should also be noted that enhanced sensitivity to
dexamethasone at the pituitary during the follicular
phase of the cycle could produce the dexamethasone
suppression test findings reported here, independent of
any brain changes which may occur with the cycle. In
rats, pituitary glucocorticoid receptors are much more
sensitive than hippocampal and hypothalamic recep-
tors to activation by dexamethasone, due in part to poor
penetration of the blood brain barrier by dexametha-
sone {DeKloet et al. 1975; Turner 1986; Spencer et al.
1990; Miller et al. 1992). On the other hand, hormonal
changes within the menstrual cycle or during post-
menopausal estrogen and progesterone replacement do
not change the pituitary adrenocorticotropin response
to corticotropin releasing hormone infusion (Liu et al.
1987; Rabin et al. 1990), which is sensitive to feedback
by circulating glucocorticoids.

Estrogen most likely affects glucocorticoid receptor
mRNA expression by activating estrogen receptors which
have been identified in the paraventricular nucleus and
hippocampus (Simerly et al. 1990; Bettini et al. 1993). A
putative estrogen response site has been identified on
the type II glucocorticoid receptor gene, but it has not
yet been demonstrated to be functional (Detera-Wadleigh,
unpublished data). An estrogen response element has
also been identified on the corticotropin releasing hor-
mone gene (Vamvakopoulos and Chrousos 1993), sug-
gesting that direct estrogen modulation of corticotropin
releasing hormone gene expression also may play a role
in determining reduced suppression following low-
dose dexamethasone administration in the luteal phase
of the cycle, independent of changes in glucocorticoid
receptor activity. Estrogen may also modulate glucocor-
ticoid receptor gene expression and function by inter-
acting with other transcriptional activation or repressor
mechanisms (Green and Chambon 1987; Cato and Ponta
1989). It is also possible that estrogen and progesterone
may modulate HPA axis function through non-genomic,
non-receptor mediated mechanisms (Smith et al. 1987;
Wong and Moss 1992; McEwen 1994).

In addition to direct modulation of the glucocorti-
coid receptor, corticotropin releasing hormone, or other
components of the HPA axis, gonadal steroids may al-
ter HPA axis responsivity by influencing the activity of
a number of neurotransmitter systems which contribute
to regulation of the HPA axis, including the serotoner-
gic and noradrenergic systems (Szafarczyk et al. 1985;
Mitchell et al. 1990; Feldman and Weidenfeld 1991;
Maccari et al. 1992), as well as GABA and glutaminergic
systems (Calogero et al. 1988).
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Animal studies indicate that estrogen can activate
central noradrenergic systems (Petitti et al. 1992; Etgen
and Karkanias 1994). Both estrogen and progesterone
impair monoamine oxidase activity (Klaiber et al. 1971;
Luine and Rhodes 1983) and estrogens also inhibit nor-
epinephrine reuptake and activity of the degradative en-
zyme catechol-o-methyl transferase (Iverson 1973; Brener
et al. 1978). In addition, estrogen appears to affect sev-
eral aspects of central serotonin systems in rats includ-
ing serotonin content, synthesis, uptake, and receptor
binding (Biegon et al. 1983; Fishette et al. 1984; Rehavi
et al. 1987; Cohen and Wise 1988; Frankfurt et al. 1994).

Progesterone metabolites seem to potentiate activa-
tion of GABA-A binding sites (Majewski 1992) and to
enhancing adenosine function (Phillis 1986). Neither of
these effects, however, are in a direction which would
seem likely to contribute relative activation of the HPA
axis in the luteal phase.

Estrogen and progesterone also have been shown to
alter neuronal structure, including dendritic branching
and synapse formation, it the arcuate nucleus of the hy-
pothalamus, the striatum (Morissette et al. 1992) and
the CA1 pyramidal neurons of the hippocampus (Wool-
ley and McEwen 1992). Glucocorticoid receptors in hip-
pocampal pyramidal cells, in particular, are known to
play an important role in HPA axis feedback regulation
(Herman et al. 1989b). In rats, changes in both dendritic
branching and synapse formation in the hippocampus
can be seen within the normal estrus cycle (Woolley and
McEwen 1993).

A limitation of the naturalistic design of this study is
that the relative contributions of changes in estrogen
and progesterone to the changes in dexamethasone sup-
pression and glucocorticoid receptor mRNA expression
seen across the cycle cannot be determined. In addition,
the time course and stability of these changes in gluco-
corticoid receptor feedback sensitivity remain to be de-
scribed. It is possible that similar changes in glucocorti-
coid feedback sensitivity also occur during pregnancy
and menopause when, as in the menstrual cycle, estro-
gen and progesterone levels change in parallel.

Finally, these changes in glucocorticoid receptor func-
tion across the menstrual cycle may contribute to the
mood changes experienced by the majority of women
premenstrually (Johnson 1987) by reducing glucocorti-
coid feedback restraint of central stress-response sys-
tems during the luteal phase. Several stress-responsive,
arousal producing systems in the brain are suppressed
by glucocorticoids, including noradrenergic activity in
the locus coeruleus and hippocampus (Joels and De-
Kloet 1989), and central activity of the neuropeptides
corticotropin releasing hormone, vasopressin and so-
matostatin (Wolkowitz et al. 1990; Kling et al. 1991;
Kling et al. 1993). Peripheral sympathetic nervous sys-
tem activity also seems to be suppressed by glucocorti-
coids (Brown and Fisher 1986). Enhanced activation of
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these central stress-response systems in the luteal phase
of the menstrual cycle may contribute to the commonly
reported premenstrual symptoms of irritability, anxiety,
and dysphoria.
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