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Sex differences have been identified in a variety of cir- Key Words: circadian rhythms; Octodon degus; sex

cadian rhythms, including free-running rhythms, light-
induced phase shifts, sleep patterns, hormonal fluctua-
tions, and rates of reentrainment. In the precocial,
diurnal rodent Octodon degus, sex differences have

een found in length of free-running rhythm (t), phase
esponse curves, rates of reentrainment, and in the use
f social cues to facilitate reentrainment. Although go-
adal hormones primarily organize circadian rhythms
uring early development, adult gonadal hormones have
ctivational properties on various aspects of circadian
hythms in a number of species examined. Gonadec-
omy of adult female O. degus did not influence t, phase

angle of entrainment, or activity patterns in previous
experiments. The present experiment examined the role
of gonadal hormones in adult male degus’ circadian
wheel-running rhythms. We predicted that male gonadal
hormones would have an activational effect on some
aspects of circadian rhythms, particularly those in which
we see sex differences. Phase angles of entrainment, t,
ength of the active period (a), maximum and mean ac-
ivity levels, and activity amplitude were examined for
ntact and castrated males housed in LD 12:12. Re-
ponses to light pulses while housed in constant dark-
ess (DD) were also compared. Castration had no sig-
ificant effect on t or light-induced phase shifts.
owever, castration significantly increased phase angle
f entrainment and decreased activity levels. The data

ndicate that adult gonadal steroids are not responsible
or the sex differences in endogenous circadian mech-
nisms of O. degus (t, PRC), although they influence
ctivity level and phase angle of entrainment. This is
ost likely due to masking properties of testosterone,

imilar to the activity-increasing effects of estrogen dur-
ng estrus in O. degus females. © 2000 Academic Press
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Circadian rhythms are critical mechanisms for an
organism’s adaptation to its environment (Daan and
Aschoff, 1982). They guide the majority of behaviors
observed in a vast array of plants and animals from
single-celled algae (Hastings and Sweeney, 1958) to
complex vertebrates, including humans (Aschoff,
1976; Czeisler, Richardson, Zimmerman, Moore-Ede,
and Weitzman, 1981). From basic biological processes
such as cell division and hormonal fluctuations to
complex behaviors such as foraging and the timing of
parturition, circadian rhythms regulate and organize
an organism’s life so as to occupy a specific niche,
including a time niche.

The study of circadian rhythms has revealed a num-
ber of sex differences in a variety of species including
rats, mice, hamsters, and humans. Sex differences
have been identified in almost every aspect of circa-
dian rhythms including free-running rhythms, light-
induced phase shifts, sleep and activity patterns, hor-
monal fluctuations, and rates of reentrainment. Rats
display circadian sex differences in their activity levels
and length of free-running periods (t), with females
having a shorter t than males and higher activity
levels (Schull, Walker, Fitzgerald, Hiilivirti, Ruckde-
schel, Schumacher, Stanger, and McEachron, 1989).
Female rats also have greater circadian fluctuations of
plasma corticosterone than males (Critchlow, Lieberit,
Bar-Sela, Moutcastle, and Lipscomb, 1963). Human
females have a shorter t than males (Wever, 1984).
Human males and females differ in their temperature
rhythms, sleep patterns, and timing of corticosteroid
peaks (Wever, 1984). There is also a sex difference in
responsiveness to corticotropin-releasing hormone,
with women showing longer periods of ACTH eleva-
243



tion (Gallucci, Baum, Laue, Rabin, Chrousos, Gold, changes take place in degus to result in differences in
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and King, 1993).
Sex differences in the circadian system of hamsters

have been extensively documented. Similar to rats,
female hamsters have a shorter t than male hamsters
(Davis, Darrow, and Menaker, 1983). In addition to the
difference in t, male and female hamsters display a
marked difference in their ability to entrain to photo-
periods over 24 h long, with males entraining to these
photoperiods more quickly and with more stability
than females (Davis et al., 1983). Unlike females, males
tend to show split rhythms when exposed to constant
light conditions (Morin and Cummings, 1982) and are
insensitive to the effects of estradiol treatment on cir-
cadian rhythms (Zucker, Fitzgerald, and Morin, 1980).
There also are sex differences in the entrained rhythms
of hamsters, with females displaying a phase angle of
entrainment (time of activity rhythm onset relative to
the environmental time cue) that begins earlier in the
subjective day (Davis et al., 1983) and a difference in
circadian responsiveness to pulses of light while
housed in constant darkness, measured as phase shifts
in the days following the light pulses (phase response
curve, or PRC) (Daan and Pittendrigh, 1976).

Octodon degus is a highly social, diurnal South
American precocial rodent that shares several impor-
tant characteristics with humans that could be advan-
tageous for laboratory research of circadian rhythms
(Labyak, 1993). Besides their diurnal nature, degus
show individual variation in rhythms similar to hu-
mans (Labyak, Lee, and Goel, 1997; Labyak and Lee,
1997; Lee and Labyak, 1997). Like humans, degus
display sex differences in their circadian rhythms. The
t for females is longer of that of males (23.7 vs 23.2 h)
(Labyak and Lee, 1995; 1997). Males also reentrain
15–20% faster than females after 6-h phase shifts in the
light:dark cycle (Goel and Lee, 1995a), although when
housed with a previously entrained female, females
are quicker to reentrain than males (Goel and Lee,
1995b).

Sex differences generally arise as a result of gonadal
hormones acting in an organizational manner during
early development (Breedlove, 1993) and/or in an
activational manner in adulthood (Baum, 1993; Carter,
1993). However, sex differences can also be generated
without hormonal input by other genetic differences
(Beyer, Eusterschulte, Pilgrim, and Reisert, 1992;
Sibug, Kuppers, Beyer, Maxson, Pilgrim, and Reisert,
1996; Gahr and Metzdorf, 1999). Furthermore, organi-
zational processes may not be limited to early devel-
opment, but may occur during puberty (Eichmann
and Holst, 1999). It is unclear when and where
circadian rhythms between males and females. When
adult female degus were ovariectomized, phase angle
of entrainment, activity level and pattern, and t were
unchanged (Labyak and Lee, 1995). This indicates that
activational effects of ovarian hormones in adult fe-
males are not responsible for observed sex differences.
Since ovarian hormones do not appear to affect sex
differences in female degus, the sex difference in t of
degus could be the result of adult male hormones,
particularly testosterone.

Castration of adult male hamsters and rats does not
have a significant effect on t. However, castration of
adult male mice significantly lengthens t (Daan,
Damassa, Pittendrigh, and Smith, 1975) and ovariec-
tomy of female hamsters eliminates the sex difference
in phase angle of entrainment (Davis et al., 1983). In
ddition, testosterone is reported to increase running
heel activity in male rodents (voles: Rowsemitt,

986, 1988; hamsters: Ellis and Turek, 1983; mice: Daan
t al., 1975; rats: Roy and Wade, 1975).

Although some species display activational effects
f adult hormones on the circadian system, data gen-
rally suggest that testosterone primarily causes an
rganizational change in the circadian system during
erinatal development (Zucker et al., 1980). Because of

he precocial nature of the degus and their long ges-
ation period of 3 months, it is likely that many of the
undamental characteristics of the circadian clock are
exually differentiated prior to birth. However, given
he information from adult male mice and other ex-
mples, we predicted that manipulations of testicular
ormones would alter some properties of circadian
hythms as seen in some other species.

MATERIALS AND METHODS

Animals and Housing

Ten adult male degus (age 6 months to 2 years,
average life span 5–7 years) were obtained from an
outbred colony maintained at The University of Mich-
igan. The animals were housed individually in 48 3
6.7 3 20.3 cm Nalgene cages with running wheels (9
m wide, 34.5 cm diameter). Each cage was placed
ithin a light-tight enclosure that allowed for individ-
al manipulation of lighting for each animal. Prior to
ntering the experiment, degus were maintained at
0° 6 1°C in LD 12:12, with lights on at 06:00 and off
t 18:00. Cages were cleaned weekly during the light
hase of the LD cycle or with red light illumination for



animals in DD. Rodent chow (Purina 5001) and water

d
r
f
o
d
(

While in DD, the intact animals’ responses to 20-min

c
S

245Testicular Hormones and Circadian Rhythms
were available ad libitum. All procedures involving
animals were approved by the Animal Care and Use
Committee (IACUC) at the University of Michigan.

Phase 1 protocol. Phase angles of entrainment (C),
a, amplitude, activity levels, period of free-running
rhythms (t), and phase changes after light pulses were
obtained from each animal both pre- and postcastra-
tion, allowing each animal to serve as its own control.
Activity data were collected throughout all phases of
the experiment as wheel rotations per 10-min interval
with Dataquest III (Minimitter, Inc.) software.

To obtain baseline phase angle data, degus were
maintained with running wheels in LD 12:12 with
lights on at 06:00 and off at 18:00. Data collection
began 3 days after introduction of the wheels, allow-
ing the animals to become familiar with the apparatus.
Phase angle of activity onset was determined after an
animal displayed at least 2 weeks of entrained
rhythms and was calculated by examining 24-h activ-
ity frequency histograms for the time of activity onset.
Activity onset was defined as at least 40 min of con-
secutive activity with a minimum of 40 wheel revolu-
tions per 10-min block of activity preceded by a lack of
activity of at least 4 h. The time of activity onset over
a period of 4 to 7 days was averaged and compared to
the LD cycle to obtain phase angle of activity onset.
The same method was used to calculate phase angle of
activity offset over the same time period. Both activity
onset and offset were measured relative to the onset of
the light cue. A positive number indicated an activity
onset or offset prior to the light cue (lights on or off),
while a negative number indicated activity beginning
after the light cue. Activity duration (a) was deter-
mined by subtracting phase angle of onset from phase
angle of offset. Mean daily activity levels were calcu-
lated by averaging activity levels across 10-min bins
over a 24-h period. Maximum activity level was de-
fined as the greatest number of wheel rotations per
10-min bin in a 24-h period. Activity rhythm ampli-
tude was obtained by subtracting the activity mean
from the maximum activity level.

Phase 2 protocol. After circadian parameters dur-
ing LD 12:12 were obtained, the animals were released
into conditions of total darkness (DD) and allowed to
establish a free-running rhythm. Period length (t) was

etermined after an animal maintained a steady free-
unning rhythm for at least 2 weeks by examining 24-h
requency histograms to determine time of activity
nset over a period of at least 7 days and averaging the
ifference in time of onset from one day to the next

regression).
light pulses (250 lux) during a phase delay portion of
the PRC (CT4) and a phase advance portion (CT20)
were also calculated. CT4 and CT20 were chosen as
the target times for light pulses based on PRC data
indicating that the largest delays and advances are
generally seen at those times in degus (Lee and
Labyak, 1997). Frequency histograms were used to
determine activity onset for an individual animal on
the day of the light pulse administration and the ani-
mal’s calculated t was used to determine timing of
CT4 or CT20. Following the first light-induced phase
shift, the animal was allowed to resume and maintain
a steady free-running rhythm and was then exposed
to the second 20- min light pulse so that each animal
received light pulses at both CT4 and CT20. The light-
induced phase shift was defined as the average differ-
ence between the expected and actual times of activity
onset over the 4–5 days following the light pulse.
Expected time of activity onset was determined by
using the previously calculated t and determining
where activity would be expected to begin if the ani-
mal remained constant in its free-running rhythm and
did not respond to the light pulse. The magnitude of
the phase shift was measured by comparing the ex-
pected time of activity onset under constant condi-
tions with the actual time of onset following the light
pulse.

Phase 3 protocol. After the light-induced phase
shifts, the animals were once again maintained in LD
12:12 (lights on at 06:00 and off at 18:00) and were
castrated during their active phase. Surgical proce-
dures for castration were carried out with Ketamine
HCl (30 mg/kg body wt) and Xylazine (2.5 mg/kg of
body wt) anesthesia. Yohimbine (2.5 mg/kg body wt)
and lactated ringers (3 ml, i.p.) were used to aid re-
covery. All degus were allowed 1 week for recovery
before resuming running wheel activity.

Three days after reinstallation of running wheels,
data collection resumed and the animals were sub-
jected to each of the conditions previously experienced
as intact animals. Phase angles of entrainment, a, t,
activity levels, and magnitude of light-induced phase
shifts were obtained in the castrated animals and com-
pared to intact states using paired t tests.

Statistical Analyses. Paired t tests were used to
compare animals in the intact vs castrated conditions
for each circadian parameter examined, with P , 0.05
onsidered significant. Data are presented as means 6
EM.



R
p

b
c
(
l
w
w

adult male degu; castration had no effect on t or phase

W
t
d
n
e

246 Jechura, Walsh, and Lee
RESULTS

Castration did not affect t or the magnitude of light-
induced phase shifts. The t was 23.58 6 0.093 h prior to
castration and 23.52 6 0.018 h after castration. Light-
induced phase shifts at CT4 were 21.119 6 0.198 h in the
intact animals and 21.351 6 0.384 h in the castrates.

esponses to light pulses at CT20 were 1.005 6 0.407 h
rior to castration and .842 6 .281 h after castration.
Figure 1 shows a typical animal’s entrained rhythms

efore and after castration. Castration significantly in-
reased phase angle of activity onset in adult males
P , 0.002, Fig. 2A). Phase angle of offset and activity
evel were also affected. Phase angle of activity offset

as advanced (P 5 0.003, Fig. 2B). This corresponded
ith a shortened a (P 5 0.026, Fig. 2C). Mean activity

rhythm levels decreased (P 5 0.008, Fig. 2D) along
with activity amplitude (P 5 0.024, Fig. 2E). Maxi-
mum activity level also decreased significantly (P 5
0.017, Fig. 2F).

DISCUSSION

The data indicate that core properties of degus’
circadian system are hormonally independent in the

FIG. 1. Double-plotted actogram of a representative adult male
degu’s entrained rhythms in gonadally intact (A) and castrated (B)
conditions. Thin lines represent phase angle of activity onset.
Shaded areas represent the light period (0600 to 1800).
responses to light pulses, indicative of the PRC. This
contrasts with mice, in which castration of adult males
significantly lengthens t (Daan et al., 1975). There also
was no difference in the number of transients, or days
of disrupted rhythms following light pulses, between
intact and castrated animals. The stability of t and the
PRC in the absence of gonadal hormones of both male
and female degus (Labyak and Lee, 1995) reflects fun-
damental mechanisms of the circadian pacemaker of
O. degus that are sexually dimorphic but are not influ-
enced by changes in adult hormone levels. Given this
information, it is likely that organizational effects of
steroid hormones take place earlier in the develop-
mental period, possibly at puberty, but more likely
during gestation or around the time of parturition. It is
also possible that these sex differences are indepen-
dent of testosterone.

In contrast to t and PRC, the phase angles of en-
trainment, a, and all measures of activity were af-
fected by castration. Phase angle of onset of wheel-
running activity was increased; castrated males began
activity earlier than when intact. However, even with
the earlier onset of activity, the combination of change
in activity offset and decreased a resulted in centering
the active period more within the confines of the light
period, with the cumulative effect of a more strictly
diurnal pattern of activity (Fig. 1). Kas and Edgar
(1999) reported that many male degus housed with
running wheels readily increase activity during the
nocturnal phase. Perhaps high testosterone levels in-
teract with housing conditions to alter activity pattern.
A similar analysis has not been done with female
degus. The effect of testosterone on the confinement of
activity into either the light or dark portion of the light
cycle has also been observed in voles. Castrated voles
concentrated their activity in a more diurnal pattern
than intact animals and testosterone replacement re-
instated a nocturnal preference for wheel-running ac-
tivity (Rowsemitt, 1986, 1988).

The change in phase angle of entrainment and ac-
tivity duration and levels as a result of castration may
be interpreted as a loss of activational properties of
gonadal hormones as seen in other rodent species
(voles: Rowsemitt, 1986, 1988; hamsters: Ellis and
Turek, 1983; mice: Daan et al., 1975; rats: Roy and

ade, 1975). This is similar to the way in which es-
rogen increases the activity rhythms of adult female
egus (Labyak and Lee, 1995). The presence of go-
adal hormones in males and in females (on the day of
strus when estrogen is high) stimulates running
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wheel activity and castration attenuates the effect in
both sexes.

The relationship between activity stimulation by
gonadal hormones in males and females may not be
surprising. Roy and Wade (1975) examined the role of
testosterone on the regulation of running wheel activ-
ity in rats and proposed that testosterone is converted

FIG. 2. Circadian wheel-running activity patterns of males in an int
(B) phase angle of activity cessation, COFF; (C) duration of activity
amplitude; and (F) daily maximum number of wheel revolutions in
into estrogen to stimulate activity. Testosterone signif-
icantly increased activity, but estradiol benzoate was
100 times as effective as testosterone. The fact that
dihydrotestosterone had no effect on running wheel
activity suggests that the conversion of testosterone to
estrogen is important for the stimulating effects on
activity.

n castrated state described by (A) phase angle of activity onset, CON;
) mean number of wheel revolutions in 24 h; (E) activity rhythm
min interval.
act the
, a; (D

a 10-
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sponsible for certain aspects of sexually differentiated
circadian rhythms have not been clearly identified yet.
Receptors for testosterone in the SCN have only been
identified in adult ferrets (Kashon, Arbogast, and Sisk,
1996), while mRNA for ERb has been reported in adult
SCN of female rats (Shughrue, Lane, and Merchentha-
ler, 1997). However, testosterone may be exerting its
effects indirectly through hormone receptors in sexu-
ally dimorphic areas neurally connected with the
SCN, such as through the amygdala and/or paraven-
tricular nucleus of the thalamus (PVT).

The intergeniculate leaflet (IGL) of the thalamus
also projects to the SCN (e.g., Morin, Blanchard, and
Moore, 1992) and has estrogen receptors in the female
guinea pig (DonCarlos, Monroy, and Morrell, 1991).
Most recently, IGL lesions in degus have been found
to increase a and Conset (Goel, Governale, Jechura, and

ee, 2000). Because of the similarity of these findings
ith the current study, it would be interesting to look

or hormone receptors in the IGL of the degu. Testos-
erone receptors in the IGL could possibly mediate
hese effects through an inhibitory connection in the
GL.

Interestingly, Moga and Moore (2000) found that
esions of the paraventricular thalamus (PVT) of
linded rats resulted in a concentration of activity in

ate subjective night compared to controls. It is possi-
le that the PVT is responsible for the timing of activ-

ty placement and that testosterone exerts its effects
hrough the amygdala, which contains androgen re-
eptors in hamsters (Clancy, Bonsall, and Michael,
992; Simerly, Chang, Muramatsu, and Swanson,
990; Wood and Newman, 1993, 1995) and is recipro-
ally connected with the PVT (Gomez and Newman,
992; Moga, Weiss, and Moore, 1995). Androgen re-
eptors have been reported in the PVT of the male
erret (Kashon et al., 1996), so it is also possible that
estosterone is directly exerting its effects on the tim-
ng of activity placement in the degu through andro-
en receptors in the PVT. Gonadal hormones could
lso be exerting their actions further into the limbic
ystem (Amir, Cain, Sullivan, Robinson, and Stewart,
999), such as through the amygdala or other steroid
eceptor-rich areas, such as the raphe.

In rats and hamsters, both the amygdala and PVT
re sensitive to steroid hormones and both have con-
ections to the SCN; the PVT has a direct and recip-
ocal connection with the SCN, while the amygdala
as indirect connectivity to the SCN and a direct re-
iprocal projection to the PVT (Gomez and Newman,
992; Moga et al., 1995; Moga and Moore, 2000). A
and neural connectivity to the SCN in degus may help
to clarify some of the possible areas involved in sex
differences in degus.

ACKNOWLEDGMENTS

The authors thank Kathy Gimson, James Donner, and Julie
Stewlow for their exceptional care and maintenance of the O. degus
colony at the University of Michigan. We are also grateful to NSF
(Pre-Doctoral Graduate Student Fellowship, T.J.J.) and NIH
(HL61667, T.M.L.) for funding this project.

REFERENCES

Aschoff, J. (1976). Circadian systems in man and their implications.
Hosp. Pract. 11, 51–57.

Amir, S., Cain, S., Sullivan, J., Robinson, B., and Stewart, J. (1999).
Olfactory stimulation enhances light-induced phase shifts in free-
running activity rhythms and Fos expression in the suprachias-
matic nucleus. Neuroscience 92, 1165–1170.

Baum, M. J. (1993). Neuroendocrinology of sexual behavior in the
male. In J. Becker, S. M. Breedlove, and D. Crews (Eds.), Behavioral
Endocrinology, pp. 97–130. MIT Press, Cambridge, MA.

Beyer, C., Eusterschulte, B., Pilgrim, C., and Reisert, I. (1992). Sex
steroids do not alter sex differences in tyrosine hydroxylase ac-
tivity of dopaminergic neurons in vitro. Cell Tiss. Res. 270, 547–552.

Breedlove, S. M. (1993). Sexual differentiation of the brain and
behavior. In J. Becker, S. M. Breedlove, and D. Crews (Eds.),
Behavioral Endocrinology, pp. 39–68. MIT Press, Cambridge, MA.

arter, C. S. (1993). Neuroendocrinology of sexual behavior in the
female. In J. Becker, S. M. Breedlove, and D. Crews (Eds.), Behav-
ioral Endocrinology, pp. 71–95. MIT Press, Cambridge, MA.

lancy, A. N., Bonsall, R. W., and Michael, R. P. (1992). Immuno-
histochemical labeling of androgen receptors in the brain of rat
and monkey. Life Sci. 50, 409–417.

ritchlow, V., Lieberit, R. A., Bar-Sela, M., Moutcastle, W., and
Lipscomb, H. S. (1963). Sex differences in resting pituitary-adrenal
function in the rat. Am. J. Physiol. 205, 807–815

zeisler, C. A., Richardson, G. S., Zimmerman, J. C., Moore-Ede,
M. C., and Weitzman, E. D.(1981). Entrainment of human circa-
dian rhythms by light-dark cycles: A reassessment. Photochem.
Photobiol. 34, 239–247.
aan, S., and Aschoff, J. (1982). Circadian contributions to survival.
In J. Aschoff, S. Daan, and G. A. Groos (Eds.), Vertebrate Circadian
Systems: Structure and Physiology, pp. 305–321. Springer-Verlag,
New York.
aan, S., and Pittendrigh, C. S. (1976). A functional analysis of
circadian pacemakers in nocturnal rodents. II. The variability of
phase response curves. J. Comp. Physiol. 106, 253–266.
aan, S., Damassa, D., Pittendrigh, C. S., and Smith, E. R. (1975). An
effect of castration and testosterone replacement on a circadian
pacemaker in mice (Mus musculus). Proc. Natl. Acad. Sci. USA 72,
3744–3747.
avis, F. C., Darrow, J. M., and Menaker, M. (1983). Sex differences
in the circadian control of hamster wheel-running activity. Am. J.
Physiol. 244, R93–R105.



DonCarlos, L. L., Monroy, E., and Morrell, J. I. (1991). Distribution
of estrogen receptor-immunoreactivity cells in the forebrain of the

G

G

G

G

H

K

K

L

L

L

Labyak, S. E., Lee, T. M., and Goel, N. (1997). Rhythm chronotypes
in a diurnal rodent, Octodon degus. Am. J. Physiol. 273, R1058–1066.

L

M

M

M

M

P

R

R

R

S

249Testicular Hormones and Circadian Rhythms
female guinea pig. J. Comp. Neurol. 305, 591–612.
Eichmann, F., and Holst, D. V. (1999). Organization of territorial

marking behavior by testosterone during puberty in male tree
shrews. Physiol. Behav. 65, 785–791.

Ellis, G. B., and Turek, F. W. (1983). Testosterone and photoperiod
interact to regulate locomotor activity in male hamsters. Horm.
Behav. 17, 66–75.

Gahr, M., and Metzdorf, R. (1999). The sexually dimorphic expres-
sion of androgen receptors in the song nucleus hyperstriatalis
ventrale pars caudale of the zebra finch develops independently
of gonadal steroids. J. Neurosci. 19, 2628–2636.
allucci, W. T., Baum, A., Laue, L., Rabin, D. S., Chrousos, G. P.,
Gold, P. W., and Kling, M. A. (1993). Sex differences in sensitivity
of the hypothalamic-pituitary-adrenal axis. Health Psychol. 12,
420–425.

Goel, N., and Lee, T. M. (1995a). Sex differences and effects of social
cues on daily rhythms following phase advances in Octodon
degus. Physiol. Behav. 58, 205–213.

Goel, N., and Lee, T. M. (1995b). Social cues accelerate reentrain-
ment of circadian rhythms in diurnal female Octodon degus (Ro-
dentia-Octodontidae). Chronobiol. Int. 12, 311–323.

Goel, N., and Lee, T. M. (1997). Olfactory bulbectomy impedes
social but not photic reentrainment of circadian rhythms in fe-
male Octodon degus. J. Biol. Rhythm 12, 362–370.
oel, N., Governale, M. M., Jechura, T. J., and Lee, T. M. (2000).
Effects of intergeniculate leaflet lesions on circadian rhythms in
Octodon degus. Brain Res. 877, 306–313.
oel, N., Lee, T. M., and Pieper, D. R. (1998). Removal of the
olfactory bulbs delays photic reentrainment of circadian activity
rhythms and modifies the reproductive axis in male Octodon
degus. Brain Res. 792, 229–236.
omez, D. M., and Newman, S. W. (1992). Differential projections of
the anterior and posterior regions of the medial amygdaloid
nucleus in the Syrian hamster. J. Comp. Neurol. 317, 195–218.
astings, J. W., and Sweeney, B. M. (1958). A persistent diurnal
rhythm of luminescence in Gonyaulax polyedra. Biol. Bull. 115,
440–458.

as, M. J. H., and Edgar, D. M. (1999). A nonphotic stimulus inverts
the diurnal–nocturnal phase preference in Octodon degus. J. Neu-
rosci. 19, 328–333.

ashon, M. L., Arbogast, J. A., and Sisk, C. L. (1996). Distribution
and hormonal regulation of androgen receptor immunoreactivity
in the forebrain of the male European ferret. J. Comp. Neurol. 376,
567–586.

abyak, S. E. (1993). Octodon degus: A Model for Human Circadian
Rhythms. Univ. of Michigan doctoral dissertation, Ann Arbor,
MI.

abyak, S. E., and Lee, T. M. (1995) Estrus- and steroid-induced
changes in circadian rhythms in a diurnal rodent, Octodon degus.
Physiol. Behav. 58, 573–585.

abyak, S. E., and Lee, T. M. (1997). Individual variation in reen-
trainment after phase shifts in the light/dark cycle in a diurnal
rodent Octodon degus. Am. J. Physiol. 273, R278–286.
ee, T. M., and Labyak, S. E. (1997). Free-running rhythms and light-
and dark-pulse phase response curves for diurnal Octodon degus
(Rodentia). Am. J. Physiol. 273, R278–R286.
oga, M. M., and Moore, R. Y. (2000). Paraventricular thalamus
lesions alter circadian period and activity distribution in the
blinded rat. Biol. Rhythm Res. 31, 212–219.
oga, M. M., Weiss, R. P., and Moore, R. Y. (1995). Efferent projec-
tions of the paraventricular thalamic nucleus in the rat. J. Comp.
Neurol. 359, 221–238.
orin, L. P., and Cummings, L. A. (1982). Splitting of wheel-run-
ning rhythms by castrated or steroid treated male and female
hamsters. Physiol. Behav. 29, 665–675.
orin, L. P., Blanchard, J., and Moore, R. Y. (1992). Intergeniculate
leaflet and suprachiasmatic nucleus organization and connections
in the golden hamster. Vis. Neurosci. 8, 219–230.

ieper, D. R., and Lobocki, C. A. (1991). Olfactory bulbectomy
lengthens circadian period of locomotor activity in golden ham-
sters. Am. J. Physiol. 261, R973–978.

owsemitt, C. N. (1986). Seasonal variations in activity rhythms of
male voles: Mediation by gonadal hormones. Physiol. Behav. 37,
797–803.

owsemitt, C. N. (1988). Activity of castrated male voles: Rhythms
of responses to testosterone replacement. Physiol. Behav. 45, 7–13.

oy, E. J., and Wade, G. N. (1975). Role of estrogens in androgen-
induced spontaneous activity in male rats. J. Comp. Physiol. Psych.
89, 573–579.

hughrue, P. J., Lane, M. V., and Merchenthaler, I. (1997). Compar-
ative distribution of estrogen receptor-a and -b mRNA in the rat
central nervous system. J. Comp. Neurol. 388, 507–525.

Schull, J., Walker, J., Fitzgerald, K., Hiilivirta, L., Ruckdeschel, J.,
Schumacher, D., Stanger, D., and McEachron, D. L. (1989). Effects
of sex, thyro-parathyroidectomy, and light regime on levels and
circadian rhythms of wheel-running in rats. Physiol. Behav. 46,
341–346.

Sibug, R., Kuppers, E., Beyer, C., Maxson, S. C., Pilgrim, C., and
Reisert, I. (1996). Genotype-dependent sex differentiation of do-
paminergic neurons in primary cultures of embryonic mouse
brain. Brain Res. 93, 136–142.

Simerly, R. B., Chang, C., Muramatsu, M., and Swanson, L. W.
(1990). Distribution of androgen and estrogen receptor mRNA-
containing cells in the rat brain: An in situ hybridization study.
J. Comp. Neurol. 294, 76–95.

Wever, R. A. (1984). Sex differences in human circadian rhythms:
Intrinsic periods and sleep factions. Experientia 40, 1226–1234.

Wood, R. I., and Newman, S. W. (1993). Mating activates androgen
receptor-containing neurons in chemosensory pathways of the
male hamster brain. Brain Res. 614, 65–77.

Wood, R. I., and Newman, S. W. (1995). Androgen and estrogen
receptors coexist within individual neurons in the brain of the
Syrian hamster. Neuroendocrinology 62, 487–497.

Zucker, I., Fitzgerald, K. M., and Morin, L. P. (1980). Sex differen-
tiation of the circadian system in the golden hamster. Am. J.
Physiol. 238, R97–R101.


	MATERIALS AND METHODS
	FIG. 1

	RESULTS
	DISCUSSION
	FIG. 2

	ACKNOWLEDGMENTS
	REFERENCES

