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Abstract

 

The normal pattern of daily glucocorticoid production in

mammals requires circadian modulation of hypothalamic-

pituitary-adrenal axis activity. To assess both the factors re-

sponsible for imparting this diurnal profile and its physio-

logic importance, we have exploited corticotropin-releasing

hormone (CRH)-deficient mice generated by homologous

recombination in embryonic stem cells. CRH-deficient mice

have lost normal circadian variations in plasma ACTH and

glucocorticoid while maintaining normal circadian locomo-

tor activity. Constant peripheral infusion of CRH produced

marked diurnal excursions of plasma glucocorticoid, indi-

cating that CRH acts in part as a permissive factor for other

circadian modulators of adrenocortical activity. The pres-

ence of atrophic adrenals in CRH-deficient mice without an

overt deficit in basal plasma ACTH concentration suggests

that the diurnal increase in ACTH is essential to maintain

normal adrenal function. (

 

J. Clin. Invest.

 

 1997. 99:2923–2929.)
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Introduction

 

Circadian variation in metabolism and behavior is a conserved
pattern of biological rhythmicity common to the majority of
eukaryotic and some prokaryotic species (1, 2). Among circa-
dian rhythms in higher mammals, one of the most robust diur-
nal patterns occurs in modulation of the hypothalamic-pitu-
itary-adrenal (HPA)

 

1

 

 axis. In humans and rodents, peak
adrenal glucocorticoid production occurs just before the active
period. This corresponds to the light phase of a light/dark
(LD) cycle for humans, and the dark phase of the LD cycle for

rats and mice (3, 4). Under conditions of constant darkness,
circadian rhythms in locomotor behavior and HPA axis func-
tion persist, reflecting the function of an endogenous clock
mechanism (5–7). This central nervous system pacemaker re-
quires an intact suprachiasmatic nucleus (SCN), since animals
with SCN lesions lose rhythmicity of locomotor, adrenocorti-
cal, and sleep-wake modulation (8, 9).

The neuroendocrine mechanism responsible for generation
of the circadian glucocorticoid rhythm has remained incom-
pletely defined. Corticotropin-releasing hormone (CRH; 10),
a 41–amino acid peptide synthesized in the paraventricular
nucleus of the hypothalamus, has been implicated by immu-
noneutralization studies in the generation of the circadian
peak glucocorticoid levels (11, 12). Additionally, hypothalamic
CRH mRNA has been shown to rise before the active period
and fall before the sleep phase of the rodent LD cycle (13),
consistent with the general pattern of glucocorticoid secretion.
However, decreases in CRH mRNA expression immediately
before the active phase do not correlate with plasma glucocor-
ticoid levels (13, 14), suggesting that other factors could con-
tribute to or account for the circadian rhythm in glucocorticoid
secretion. Indeed, high, constant levels of CRH do not inter-
fere with diurnal variations in glucocorticoid secretion (15).
Additionally, direct modulation of glucocorticoid output at the
level of the adrenal gland has been implicated by studies using
splanchnic nerve transection (16) or assessment of ACTH sen-
sitivity (17), and is further suggested by the relatively small in-
crease in plasma ACTH in comparison to the large increase in
plasma glucocorticoid at the circadian peak (3, 18, 19).

The significance of the circadian pattern of glucocorticoid
production has likewise not been definitively established. Nor-
mal circadian variation in glucocorticoid production has been
associated with modulation of insulin sensitivity and glucose
disposal in humans, with cortisol and insulin secretion varying
inversely (20–22). In rodents, corticosterone has been found to
affect carbohydrate appetite, such that higher corticosterone
levels at the onset of feeding result in a preference for carbo-
hydrates (23, 24). Conversely, dysregulated circadian modula-
tion of the HPA axis is often associated with disease. Major
depressive illness, for example, is characterized by elevated
glucocorticoid levels during the diurnal nadir of adrenocortical
activity (25, 26), which are associated with elevations in cere-
brospinal fluid CRH concentrations (27). This may have prog-
nostic relevance, since those patients with increased cortisol
production exhibit a less favorable response to some types of
therapy (28).

To assess the need for CRH in the establishment of normal
diurnal corticosterone production and to determine the physi-
ologic manifestations of impaired diurnal glucocorticoid pro-
duction, we report here our findings in CRH-deficient (knock-
out [KO]) mice generated by homologous recombination in
embryonic stem cells (29, 30).
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Methods

 

Animal housing and circadian plasma sampling.

 

Wild-type (WT) and
CRH KO mice were maintained under 14:10 h LD cycles, and were
fed ad libitum unless otherwise indicated. The mice that were used
for all studies were greater than 8 wk of age and of a C57BL/6 

 

3

 

 129
Sv genetic background maintained by breeding within our popula-
tion. All mouse protocols were in accordance with National Institutes
of Health guidelines, and were approved by the Animal Care and Use
Committee of Children’s Hospital in Boston. Plasma for measure-
ment of corticosterone, ACTH, and blood glucose was obtained by
rapid retroorbital phlebotomy into heparinized capillary tubes with a
total time from first handling the animal to completion of bleeding
not exceeding 30 s. For the 24-h sampling cycle depicted in Fig. 1, 

 

c

 

and 

 

d

 

, the time points were distributed across several days, with a re-
covery period of several days for each mouse, so that no mouse was
bled more than once on a given day. Blood was collected on ice, and
plasma was separated by centrifugation and stored at 

 

2

 

80

 

8

 

C until as-
say. Plasma concentrations of corticosterone (ICN Biomedicals, Inc.,
Costa Mesa, CA) and ACTH (Incstar Corp., Stillwater, MN) were
determined by RIA as described previously (31), and plasma glucose
was determined by the glucose oxidase method in an APEC auto-
mated glucose analyzer (Danvers, MA). Statistical analysis was by
ANOVA or paired 

 

t

 

 test.

 

Food restriction.

 

The restricted feeding regimen entailed limita-
tion of food access to 0930 and 1130 h with lights on at 0700 and off at
1900 h (32). Plasma samples were obtained at 0900 and 0630 h for
demonstration of circadian phase reversal in 

 

n

 

 

 

5

 

 5–7 WT or CRH
KO females, and 

 

n

 

 

 

5

 

 6 WT or CRH KO control ad libitum fed mice.

 

Cortrosyn stimulation testing.

 

Synthetic ACTH 1-24 (Cortrosyn)
stimulation testing was performed 1–2 h after lights on in ad libitum–
fed mice. Groups of 

 

n

 

 

 

5

 

 5 WT or CRH KO female mice were bled by
retroorbital phlebotomy 60 min after either (

 

a

 

) no injection, (

 

b

 

) intra-
peritoneal injection of 10 

 

m

 

g/kg Cortrosyn, or (

 

c

 

) intraperitioneal in-
jection of vehicle (Hepes-buffered saline with 0.3% BSA). Plasma
corticosterone was measured by RIA as described above.

 

Adrenalectomy for evaluation of diurnal ACTH variation.

 

Groups
of four adult CRH KO or WT male mice underwent adrenalectomy
via flank incision under aseptic conditions using tribromoethanol an-
esthesia. 4 wk after adrenalectomy, mice were subjected to retroorbital
phlebotomy at 2 h before lights off, followed 2 d later by repeat phle-
botomy 1 h after lights on. Adequacy of adrenalectomy was con-
firmed by corticosterone RIA and elevated plasma ACTH concentra-
tions.

 

Effect of constant CRH infusion on circadian adrenal function.

 

Constant infusion of CRH was performed as described (33). Groups
of 

 

n

 

 

 

5

 

 5–6 adult CRH KO female mice maintained on a 12:12 LD cycle
(lights on at 0700, lights out at 1900) underwent subcutaneous os-
motic minipump placement (ALZA Corp., Palo Alto, CA) and re-
ceived infusion of either vehicle alone (1% acetic acid, 1 mg/ml ascor-
bate, and 10 mg/ml BSA) or daily doses of 0.1, 0.25, 0.5, or 1 

 

m

 

g/d of
CRH in vehicle. 2 d after pump placement, mice underwent initial
plasma sampling 1–2 h after lights on, followed by repeat sampling at
1830 h (30 min before lights out) the next day. An additional set of
circadian nadir and peak samples was obtained at the same times of
day on days 5 and 6 after pump implantation, respectively. Plasma
corticosterone and ACTH were measured by RIA in all samples,
with values subjected to statistical analysis by ANOVA and paired or
nonpaired 

 

t

 

 tests, as appropriate.

 

Plasma insulin measurement.

 

Plasma insulin was measured by
RIA kit using half the volumes specified by the manufacturer (Linco,
St. Charles, MO) in 

 

n

 

 

 

5

 

 4–6 CRH KO or WT mice 1 h after lights on.
Volume reduction for the reactions did not impair the performance
of the assay. Plasma insulin values were analyzed for statistical signif-
icance by single-factor ANOVA.

 

Assessment of circadian locomotor activity.

 

Groups of 

 

n

 

 

 

5

 

 5 CRH
KO and WT male mice were individually housed within light-con-
trolled isolation chambers in cages containing monitored activity

wheels, and they were allowed ad libitum access to food. All animals
were entrained to an initial 14:10 LD cycle with lights off at 2100 h and
lights on at 0700 h. After 

 

z 

 

3 wk of activity recording on this cycle, a
phase shift of 6 h was introduced by advancing lights off to 1500 h and
lights on to 0100 h. After 2 wk on the new light cycle, the mice were
placed in constant darkness (dim red light) for 10 d for assessment of
endogenous period, and were then returned to the original LD cycle.
The endogenous period was determined by measuring the interval
between the onset of successive active phases, and the duration of ac-
tivity was determined by measuring the time of sustained wheel run-
ning during the active period.

 

Results

 

Impaired diurnal adrenal rhythmicity with CRH deficiency.

 

To determine the effect of loss of CRH on diurnal adrenal
modulation, we compared the plasma glucocorticoid profile of
WT and CRH KO mice. Analysis of plasma corticosterone lev-
els at circadian nadir (a.m., 2 h after lights on) and circadian
peak (p.m., 1 h before lights out) revealed a 9–20 

 

m

 

g/dl in-
crease in corticosterone level in WT male and female mice at
the onset of the dark period (Fig. 1, 

 

a

 

 and 

 

b

 

). In CRH KO male
mice, the average serum corticosterone concentration was be-
low the limit of assay sensitivity in both the a.m. and p.m.
hours (

 

,

 

 1.0 

 

m

 

g/dl). For female KO mice, the circadian varia-
tion in serum corticosterone was most often absent (e.g., a.m.
2.1

 

6

 

0.7 vs. p.m. 2.0

 

6

 

0.5 

 

m

 

g/dl, Fig. 1 

 

a

 

), though occasional ex-
periments using paired samples in the same mice showed very
low amplitude differences of statistical significance between
the a.m. and p.m. (a.m. 0.9

 

6

 

0.4 vs. p.m. 2.1

 

6

 

0.7 

 

m

 

g/dl, Fig. 1 

 

b

 

).
To ensure that taking a single a.m. and p.m. blood sample had
not missed diurnal increases of greater magnitude at another
time, we performed plasma sampling over a 24-h period at 2-h
intervals in WT and KO female mice. The female KO mice
had a flat plasma glucocorticoid profile over the entire cycle,
whereas the WT mice displayed the anticipated diurnal varia-
tion (Fig. 1 

 

c

 

).
Food restriction to the light phase of the LD cycle shifts the

adrenal corticosterone peak in WT rodents from anticipation
of darkness to anticipation of feeding, and induces HPA diur-
nal variation in otherwise arrhythmic animals with SCN le-
sions (32, 34). Next, we sought to determine if food restriction
could similarly induce HPA diurnal variation in CRH KO mice.
Restriction of feeding to a 2-h period of the light phase failed
to induce a corticosterone rise in female CRH KO mice before
the feeding period (a.m. peak 4.0

 

6

 

1.1 vs. p.m. nadir 3.9

 

6

 

1.7

 

m

 

g/dl, 

 

P

 

 

 

5

 

 0.97), while WT mice demonstrated the anticipated
phase reversal in the diurnal profile (a.m. peak 39.4

 

6

 

7.2 vs.
p.m. nadir 14.6

 

6

 

5.1 

 

m

 

g/dl, 

 

P

 

 

 

,

 

 0.03).
To assess whether impaired adrenal secretory capacity in

CRH KO mice had masked our ability to detect a circadian
variation in HPA axis activity, we stimulated adrenal cortico-
sterone production in WT and KO female mice with exoge-
nous ACTH. The KO female mice demonstrated an adrenal
response to ACTH that was 

 

z 

 

35% of that of WT, with some
animals attaining plasma levels as high as 20 

 

m

 

g/dl (Fig. 2 

 

a

 

).

 

Impaired ACTH secretion with CRH deficiency.

 

To deter-
mine whether CRH-deficient mice had circadian variation in
ACTH production, plasma samples were obtained at circadian
nadir and peak in intact and adrenalectomized WT and KO
mice. In WT mice with intact adrenals, no elevation in plasma
ACTH production was found (a.m. 174

 

6

 

24 pg/ml vs. p.m.
146

 

6

 

13 pg/ml, 

 

P

 

 

 

5

 

 0.3). Adrenalectomy allowed the demon-
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stration of an 

 

z 

 

twofold elevation in p.m. compared to a.m.
plasma ACTH in WT male mice (a.m. 1,423

 

6

 

332 vs. p.m.
2,764

 

6

 

648 pg/ml), as has been shown by others (18). In intact
CRH KO mice, although plasma corticosterone remained low,
plasma ACTH did not increase above basal a.m. values (a.m.
158

 

6

 

11 vs. p.m. 157

 

6

 

11 pg/ml, 

 

n 

 

5

 

 5–6). Furthermore, after
adrenalectomy, there was still no p.m. increase in plasma
ACTH in KO mice (a.m. 227

 

6

 

24 vs. p.m. 226

 

6

 

21 pg/ml;
Fig. 2 

 

b

 

).

 

Constant infusion of CRH restores a diurnal adrenal secre-

tory pattern.

 

CRH could augment circadian ACTH and gluco-
corticoid secretion by varying in a circadian fashion and/or by
maintaining corticotroph and, indirectly, adrenocortical re-
sponsivenes to other pulsatile secretagogues. The latter possi-
bility is suggested by our observation of occasional low magni-
tude diurnal plasma corticosterone elevations in the female
KO mice. To determine whether tonic CRH replacement could
result in circadian adrenocortical rhythmicity, female CRH
KO mice received chronic peripheral administration of CRH
via osmotic minipumps at doses ranging from 0.1 to 1.0 

 

m

 

g/d
(33). Constant infusion of 0.25, 0.5, and 1.0 

 

m

 

g/d markedly in-

creased circadian peak corticosterone production in KO mice
by 2 d of treatment, while morning corticosterone levels were
also significantly elevated by the two higher doses (Fig. 3). Sur-
prisingly, CRH infusion rates of 0.25 to 1 

 

m

 

g/d restored a ro-
bust diurnal rhythm in corticosterone when analyzed 2–6 d af-
ter pump placement (Fig. 3). The CRH KO mice infused with
vehicle alone exhibited no diurnal variation in plasma ACTH
(a.m. 162

 

6

 

16 vs. p.m. 174

 

6

 

9 pg/ml). Furthermore, CRH infu-
sion did not produce significant a.m./p.m. differences in plasma
ACTH at any dose (data not shown).

 

Intact circadian locomotor behavior in CRH KO mice.

 

To
determine if CRH KO mice lack other circadian rhythms be-
sides that in pituitary-adrenal function, we analyzed locomotor
activity. CRH, outside the paraventricular nucleus of the hypo-
thalamus, is synthesized in many regions of the cerebral cortex
and brainstem (35), where it is believed to impart stress-related
behaviors (36, 37). To assess the role of CRH in the generation
of circadian behavior, wheel running was first monitored un-
der conditions of a fixed LD cycle (14:10 LD). Under these
conditions, KO mice exhibited normal wheel running onset
and offset, anticipating the dark and light phases of their cy-

Figure 1. Circadian analysis of plasma corticosterone and glucose in KO and WT mice. (a) Plasma corticosterone measurement in male and fe-
male WT and KO mice at circadian nadir (a.m., 2 h after lights on) and circadian peak (p.m., 1 h before lights off) on a 14:10 LD cycle (*P , 0.05, 
**P , 0.01). (b) Occasionally, diurnal sampling revealed a very low amplitude increase in the plasma corticosterone of female KO mice of statis-
tical significance (*P , 0.05), as demonstrated here. (c) Measurement of plasma corticosterone every 2 h over a 24-h cycle in female KO (solid 

line) and WT (dashed line) mice on a 12:12 LD cycle (n 5 5 per genotype per time point). (d) Measurement of plasma glucose in ad libitum–fed 
mice every 2 h over a 24-h cycle (n 5 5 per genotype per time point).



 

2926

 

Muglia et al.

 

cles, respectively (Fig. 4). CRH KO mice additionally adapted to
a phase shift in light cycle in a fashion similar to WT (Fig. 4),
reflecting entrainment to the original LD cycle and gradual re-
entrainment to the new cycle. Photic cues masking a more sub-
tle defect in endogenous locomotor behavior were evaluated
by placing the mice in conditions of constant darkness for sev-
eral days with continued monitoring of wheel running. Endog-
enous period (KO 23.3

 

6

 

0.2 h vs. WT 23.7

 

6

 

0.3 h) and duration
of activity (KO 7.8

 

6

 

2.2 h vs. WT 7.8

 

6

 

1.9) did not significantly
differ between WT and KO animals. Thus, CRH deficiency
impairs circadian adrenocortical activity without significantly
affecting locomotor activity.

 

Effect of impaired diurnal adrenocortical rhythmicity on

carbohydrate metabolism.

 

To assess whether a significant al-

teration in carbohydrate metabolism occurs in CRH KO mice,
blood glucose analysis of WT and KO mice was performed
over a 24-h period. No significant difference in the pattern or
absolute concentration of blood glucose was demonstrated in
the KO mice (Fig. 1 

 

d

 

). However, the plasma insulin level at
the circadian nadir tended to be lower in the KO mice (KO
0.47

 

6

 

0.13 vs. WT 1.79

 

6

 

0.46 ng/ml), suggesting increased insu-
lin sensitivity when the nocturnal steroid rise is impaired.

 

Discussion

 

We have used CRH-deficient mice to explore the role of CRH
in the generation of circadian rhythmicity of the pituitary-adre-
nal axis and locomotor behavior. Our studies demonstrate that
CRH is required for the normal amplitude of the glucocorti-
coid peak before the active period, but is not required for the
generation of a circadian pattern of locomotor activity. Al-
though circadian peak glucocorticoid levels are associated with
the active period and CRH has been postulated to affect loco-
motor behavior during stress, no differences were observed
between WT and KO mice in wheel-running activity. Thus, im-
paired circadian glucocorticoid production in KO mice is not
caused by the loss of normal activity rhythms.

One explanation for our findings could be that the degree
of adrenal atrophy exhibited in the context of chronic CRH
deficiency prevents detection of circadian adrenal function.
While this possibility is not excluded, the ability of CRH KO
female mice to generate plasma glucocorticoid concentrations
of 12 

 

m

 

g/dl during acute restraint stress (30) and up to 20 

 

m

 

g/dl

Figure 2. Evaluation of adrenal response to ACTH and circadian 
modulation of ACTH production. (a) ACTH 1-24 in vehicle or vehi-
cle alone was injected intraperitoneally into female WT and KO 
mice, followed by retroorbital phlebotomy 60 min after injection, and 
compared to basal phlebotomy in unmanipulated mice. KO adrenal 
glucocorticoid production in response to exogenous ACTH 1-24 was 
significantly above that in basal (P , 0.01) and vehicle-injected (P , 
0.05) KO groups. (b) Plasma ACTH determination in adrenalecto-
mized male WT (n 5 3) and KO (n 5 4) mice at circadian nadir (a.m., 
1 h after lights on) and circadian peak (p.m., 1–2 h before lights off).

Figure 3. Diurnal pattern of adrenal glucocorticoid production dur-
ing constant infusion of CRH in female KO mice. CRH was infused 
subcutaneously via osmotic minipumps at doses of 0–1 mg/d. Two sets 
of a.m.–p.m. plasma samples were obtained on days 2–3 or days 5–6 
after pump implantation, as described in Methods. a.m. and p.m. sam-
ples were obtained 1–2 h after lights on and 30 min before lights off, 
respectively, on a 12:12 LD cycle. Significance symbols refer to data 
from a given sample set, identified at the top of the graph (*P , 0.05, 
**P , 0.01 a.m. vs. p.m. for the specified CRH dose; #P , 0.05, †P , 
0.01, vs. a.m. levels in vehicle-infused controls). , a.m.; j, p.m.
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with Cortrosyn stimulation contrasts with the absence of com-
parable increases in corticosterone during the more prolonged
circadian stimulus for adrenocortical activity (38). These data
indicate that there is sufficient adrenal function in CRH KO
mice to respond to circadian stimulation, and they argue that
CRH plays an important role in generation of the circadian
peak level. The lack of a more prominent circadian increase in
corticosterone in female KO mice also indicates that other fac-
tors, such as the recently identified urocortin (39), cannot sub-
stitute for CRH in driving normal circadian peak glucocorti-
coid secretion or the reentrainment of diurnal glucocorticoid
secretion by food restriction.

The ability of CRH-deficient mice to generate a very low
amplitude increase in adrenocortical output at circadian peak
indicates that CRH is not the only factor involved in imparting
diurnal modulation of the adrenal cortex. This residual low
amplitude diurnal variation could reflect altered adrenal secre-
tion caused by direct splanchnic nerve stimulation (16), in-
creased adrenal sensitivity to an unchanged plasma ACTH
concentration (17), the reduced ability of other secretagogues
to cause ACTH release by the pituitary in the absence of
CRH, or altered peripheral clearance of corticosterone with
unchanged production. In CRH KO mice, the absence of a di-
urnal variation in plasma ACTH concentration in intact or
adrenalectomized animals, along with diurnal rhythmicity in
plasma glucocorticoids during constant CRH infusion, suggest
that one component of modulation occurs independently of
ACTH rhythmicity. The circadian influence of factors other
than CRH on the adrenal is further demonstrated by the se-
quelae of constant CRH infusion in KO mice. CRH infusion
increased both the absolute circadian peak plasma corticoster-
one concentration and the relative a.m.–p.m. difference in
plasma corticosterone, indicating not only that CRH can re-
verse some deficits in female KO adrenal function, but that
CRH is required to amplify pituitary or adrenocortical respon-
siveness to other diurnally varying factors. The lack of diurnal
variation in plasma ACTH with constant CRH infusion does
not exclude ACTH stimulation as having a role in the genesis
of the diurnal corticosterone rhythm. The augmented cortico-
sterone response to infused CRH that we observe, together
with minimal variations in plasma ACTH concentration, are

consistent with the absence of diurnal excursion in ACTH in
nonadrenalectomized animals reported in other studies (13,
18). Our evidence for both CRH-dependent and -independent
rhythms in adrenocortical activity reconciles previous litera-
ture that indicate an absolute requirement for CRH in peak
glucocorticoid secretion with studies that reveal a discordance
between the circadian pattern of CRH mRNA expression and
plasma glucocorticoids or the maintenance of a diurnal
adrenocortical secretory profile in the setting of constant sup-
raphysiologic CRH infusion (13–15). Because CRH itself var-
ies diurnally, with trough and peak generally consistent with
that of adrenocortical activity (13), synchrony of CRH and ad-
renal rhythms in the WT rodent also probably contribute to
the normal circadian profile of glucocorticoid secretion by
minimizing nadir and maximizing peak steroid output.

One posited function of the diurnal variation in glucocorti-
coids is the modulation of carbohydrate metabolism (40, 41).
Studies in humans have demonstrated relative insulin resis-
tance in the evening with an increased excursion in postmeal
plasma glucose in opposite phase to, though dependent on, the
morning rise in cortisol (20, 22). The physiologic roles of the
circadian rhythm in HPA function and glucocorticoid produc-
tion can be directly assessed in the CRH KO model system
without the concomitant loss of mineralocorticoid and adreno-
medullary function imparted by adrenalectomy studies. In our
rodent studies, we would anticipate the evening rise in gluco-
corticoid to result in an elevated morning plasma glucose and
relative insulin resistance. Consistent with this model, al-
though the 24-h plasma glucose profile was similar between
genotypes, the CRH KO mice tend toward a lower a.m. plasma
insulin concentration, suggesting less insulin resistance, in the
absence of the normal corticosterone rise the previous even-
ing. CRH KO mice do not differ from WT controls in body
weight (30), 24-h food intake, or plasma glucagon (our unpub-
lished data). Thus, other determinants of plasma glucose, such
as meal timing, other counterregulatory hormones, or glucose
transporter expression, may compensate for chronically defi-
cient circadian glucocorticoid production.

In light of this relatively mild effect on carbohydrate me-
tabolism, the greatest impact of insufficient diurnal adrenocor-
tical activation in KO mice may be the loss of adrenocortical

Figure 4. Circadian wheel-running ac-
tivity. Chart recordings are representa-
tive of wheel-running activity in KO and 
WT male mice housed in monitored 
cages within isolation chambers. The ini-
tial LD cycle was lights off at 2100 h and 
lights on at 0700 h. Each row of the trac-
ing shows one 24-h cycle with the clock 
time above the panels. Gradual reen-
trainment to a new LD cycle occured af-
ter a phase shift of 6 h (large thick arrow; 
lights off at 1500 h, lights on at 0100) in 
both KO and WT mice. Institution of 
constant darkness (free-running) re-
sulted in observation of a similar endog-
enous period of 23.3–23.7 h between 
genotypes (open arrow), after which the 
mice reentrained to the original LD cy-
cle (open half arrow).
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function. Aberrant adrenocortical architecture in males and
adrenal atrophy in both sexes of KO mice correlates with their
inability to mount normal corticosterone responses to stress
(30), circadian (Fig. 1, a–c), and ACTH stimulation (Fig. 2 a
and our unpublished data). Given these deficits, the similarity
in basal plasma immunoreactive ACTH is surprising and sug-
gests that diurnal increases in ACTH above this basal level are
necessary to maintain adrenal structure and function. Such in-
creases in ACTH are probably inhibited by elevated glucocor-
ticoid levels at the circadian peak, and are only evident when
plasma corticosterone is controlled by adrenalectomy, as we
have shown in WT mice and others have shown in rats (18, 42).
Even partial inhibition of ACTH production by administration
of low, constant levels of exogenous corticosterone is associ-
ated with reductions in adrenal weight and endogenous corti-
costerone output (19). In contrast, administration of glucocor-
ticoids on alternate days, even in high doses, spares adrenal
atrophy, possibly because circadian ACTH secretion is not
suppressed on the intervening day (43, 44). Consistent with the
hypothesis that circadian modulation of pituitary-adrenal ac-
tivity is necessary for normal adrenal structure, our prelimi-
nary studies indicate that discrepancies in adrenal size and his-
tology between KO and WT mice are much less evident at
2 wk than at 8 wk of age (our unpublished data), correspond-
ing to time points before and after the appearance of circadian
rhythmicity at 3 wk of age in the rodent (45, 46).

In summary, our findings suggest that the maintenance of
normal adrenal structure and function requires CRH to mediate
circadian stimulation of adrenocortical activity. Although CRH
acts at least in part to augment the effects of other circadian
modulators of pituitary-adrenal function, diurnal variations in
CRH itself may be essential to confer not only the normal
peak, but also the normal nadir of the circadian glucocorticoid
rhythm. Normal regulation of CRH may be essential to pre-
vent adrenal atrophy without producing the chronic elevations
in glucocorticoids that can cause glucose intolerance, os-
teoporosis, and muscle wasting (47).
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