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Based on a molecular neuroendocrine theory about cold environ-
ments, thyroid hormone levels, and liganded thyroid hormone
receptor interference with estrogen receptor function, experi-
ments were designed to test female mouse reproductive behaviors
in the cold. Because natural seasonal temperature declines would
usually be associated with decreased photoperiods and reduced
food supplies, we combined cold temperatures with short days and
metabolic challenge. The simplest hypothesis was that lordosis
quotients would be significantly reduced as a result of cold tem-
peratures. That hypothesis was denied. Instead, female ap-
proaches to the stud male declined. Because cold temperatures also
led to significant reductions of activity in locomotor wheels, a
straightforward reduction of activity could explain the female’s
behavior during mating tests. We suggest that cold temperatures
accompanied by reduced photoperiod and reduced metabolic fuel
can reduce overall activity in female mice, thus indirectly blocking
untimely reproductive behaviors.

A combination of molecular biological and zoological find-
ings stimulated the following theory: (i) that cold environ-

mental temperatures, which could reduce the biological adap-
tiveness of reproduction in female mice, would increase thyroid
hormone binding to thyroid hormone receptors in the brain; and
(ii) that, as a result, liganded thyroid hormone receptors, through
competitive DNA binding and other mechanisms, would inter-
fere with estrogen receptor-facilitated transcription in hypotha-
lamic neurons important for reproductive behavior (1). Molec-
ular data (refs. 2 and 3; N. Vasudevan, C. J. Krebs, Y.-S. Zhu,
S. Daniels, N. Koibuchi, W. Chin, and D.P., unpublished data)
and behavioral data (4, 5) have supported some features of this
theory. However direct observations of female mouse mating
behavior while living in a cold environment have been lacking
and were now required.

Classical literature shows depressed rates of reproduction in
the winter (6–11). Cold environmental temperatures often delay
the onset of breeding and lengthen the intervals between litters
(12, 13). Bronson and Perrigo (14–17) have made the point that
normal reproduction may continue in the cold if food supplies
are not limited. Nor are photoperiod changes alone enough to
limit reproduction in mice (18). Because of the data of Bronson
and Perrigo, and because under many natural conditions food
availability, photoperiod, and environmental temperature would
all decline seasonally, we chose to investigate the challenges
combined. The experiments of Wade and his colleagues have
shown that decreased availability of metabolic fuel for the brain,
sensed in the area postrema, can be achieved by injection of
2-deoxy-D-glucose (2-DG), and that this metabolic alteration is
permissive for reproductive behavior (see, e.g., refs. 19–21).
Therefore, our primary experimental condition uses 2-DG and
reduced photoperiod, as well as environmental cold.

Methods
First Experiment. Animals. All experimental procedures were
carried out under a protocol approved by The Rockefeller
University Institutional Animal Care and Use Committee, over-
seen by the Laboratory Animal Research Center in a facility
approved by the American Association of Laboratory Animal

Care. Sixteen young adult Swiss–Webster female mice were
ovariectomized by the supplier (Taconic Farms) and delivered to
our laboratory. They were housed individually in standard
mouse cages (17.7 cm 3 27.9 cm 3 11.4 cm) under our laboratory
conditions for 2 mo before the experiment began. Three weeks
before testing, mice were shaved to increase the impact of cold
temperature. A reverse 12:12 light cycle (lights on 10 p.m.–10
a.m.) was used, and all of the behavioral measurements were
carried out in the dark part of the cycle. Food and water were
available ad libitum.

Experimental design and environmental conditions. The follow-
ing experimental design and series of measurements were ar-
rived at as a result of pilot experiments in which simple exposure
to cold temperature did not reliably reduce lordosis behavior
itself. Therefore, this experiment built on the reports by Bronson
and others (reviewed in ref. 15), and on the fact that seasonally
low temperatures would be accompanied by short days and
limited metabolic fuel availability. The experimental design used
three groups. In the control group, females were maintained at
a normal room temperature (23°C), on a regular 12:12-h light
cycle, with normal ad libitum food availability and no injection
of 2-deoxyglucose (group name, NORM). A second experimen-
tal group was exposed to a living environment with reduced
temperature, 4°C, 52 h before experimental test and a reduced
period of light in the 24-h cycle (lights on 3 a.m.–4 a.m.). This
group is referred to as the cold temperatureyshort day group
(COLDySD). The third experimental group received the same
exposure to cold temperature and the same short day condition
as the second experimental group, and in addition, received a
challenge to metabolic fuel availability. In addition to a 52-h
exposure to 4°C and a shortened (1-h) exposure to light per day,
these animals also received 2-DG (Sigma, No. D6134, 2-DG, 600
mgykg mouse body weight, i.p., dissolved in saline; see ref. 22)
1 h before behavioral testing (Group name, COLDySDy2DG).

All females received (i) 10 mg estradiol benzoate, s.c., in
sesame oil 52 h before testing; (ii) 5 mg estradiol benzoate, s.c.,
28 h before behavioral test; and then (iii) 500 mg progesterone,
s.c., in sesame oil 4 h before behavioral testing.

Behavioral testing. After 52 h of exposure to one of the three
experimental conditions, animals were tested for reproductive
behavior. Animals in the cold environment were removed to a
normal temperature testing room (23°C) 10 min before testing
to acclimatize, so that their body surface would not present an
unusual somatosensory stimulus to the stud male. All females
were given mating behavior tests lasting 15 mounts or 15 min,
whichever happened first. They were tested in the home cage of
the stud male (17.7 cm 3 27.9 cm 3 11.4 cm). All tests were
videotaped. Because of pilot experiments in which simple be-
havioral measurements restricted to lordosis did not give statis-
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tically significant results, an expanded range of behavioral
measures was taken from the video and rated without knowledge
of experimental group. The following behavioral measures were
scored. For female approaches to the male to be scored from the
videotape, the female mouse had to locomote in a straight line
toward the male, arriving at a location less than one half body
length from the male. For this measure, the first minute of
behavioral testing was not considered, because of nonspecific
exploratory behaviors occurring at that time. To measure the
attractivity of the female, we counted male approaches to the
female. For this measure to be scored from the videotape, the
same considerations as the female approaches were applied, and
again, measurements were not taken from the first minute of
testing because of nonspecific exploratory responses. For a
mount to be scored, the male had to approach from the rear and
put his paws on the flanks of the female in a proper mounting
position. Thrusts were not required for a mount to be scored. For
lordosis, the female had to maintain the standing posture during
the male’s mount, coupled with a detectable vertebral dorsif lex-
ion. Lordosis strength (1–3) was scored according to the degree
of vertebral dorsif lexion. Regarding other measures, see Results.

Statistics. Because numerical results did not meet the criteria
for a normal distribution, nonparametric statistics were used
(23); the Mann–Whitney U test was applied.

Second Experiment. This series of observations represented an
attempt to replicate the first. The two experimental groups were
as follows: normal temperature (23°C), normal light cycle (12:12
reversed), and no metabolic challenge (group name, NORM);
the second experimental group had 52 h exposure to a 4°C
environmental temperature, a short day (1 h of light, 3 a.m.–4
a.m.), and a metabolic challenge (600 mgykg body weight of
2-DG, injected i.p., in saline 1 h before behavioral testing)
(group name, COLDySDy2DG). Twenty-four female mice were
used, 12 per experimental group. Hormone injections (estradiol
benzoate and progesterone) were identical to the first experi-
mental series. Testing conditions were identical to the first series
except, to allow larger numbers of behavioral responses, the tests
were extended to 25 min or 15 mounts, whichever happened first.
Statistical analyses were carried out in the same manner as the
first series.

Third Experiment. Sixteen ovariectomized Swiss–Webster young
adult female mice were purchased from Taconic Farms (Ger-
mantown, NY). After acclimation to the lab (2 wk), they were
placed in one of two experimental conditions. In the first, they
were placed in home cages (NalgeneyMini Mitter polycarbonate
cages, model 660-1284) attached to running wheels (Nalgeney
Mini Mitter model 640-0701, equipped with counters, model
130-0023-00) at normal room temperature (23°C). Total revo-
lutions per day were measured for a period of 21 days. Then,
without removing the animals from the cage, they were moved
into a 4°C environment, and total revolutions per day were again
recorded, for a period of 10 days. The second experimental
group (n 5 8) had the order reversed. The first 21 days, they were
living in cages attached to running wheels in a 4°C environment,
and then, the final 10 days of testing, were returned to a normal
temperature (23°C). Photoperiod was normal (12:12 light:dark,
lights on 10 p.m.–10 a.m.), and food and water were available ad
libitum.

Statistics. For a nonparametric analysis (23) of differences be-
tween related samples (each animal yielded results both at
normal and cold temperatures), the Wilcoxon Matched Pairs-
Signal Ranks test was applied.

Fig. 1. Total numbers of female approaches to the male were significantly
less (*, P , 0.01) in both groups given cold environmental exposure than in
the controls (NORM). †, In lordosis strength calculations, zeros were not
included.
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Results
First Experiment. Total numbers of female approaches to the male
were significantly less (P , 0.01) in the groups given cold

environmental exposure (COLDySD and COLDySDy2DG),
than in the controls (NORM) (Fig. 1). The difference in
behavior of the females was evident despite the fact that the stud
males were not approaching the three experimental groups
differently, and in particular, were not approaching the normal-
temperature group more frequently. Further, given that the
males were able to attempt a mount, lordosis quotient and
lordosis strength were not significantly different among groups.
That is, the main experimental difference appeared to be in the
behavior by the female initiated toward the male, rather than in
the female’s response to the male once a mount occurred.

Second Experiment. Once again, female approaches to the male
occurred less frequently (P , 0.01) in the COLDySDy2DG
condition than in the NORM group (Fig. 2). This, despite the
fact that there was not a reliable difference in lordosis quotient
once the male actually mounted. Further, a large number of
ancillary behaviors were measured. These behaviors included
grooming, kicking, fighting, rolling under, boxing, other forms of
rejection behavior, and transitional probabilities among all such
behaviors. These other behaviors did not yield significant dif-
ferences between groups.

Third Experiment. Because the main results from the first two
experiments centered on the female’s active approaches to the
male, we carried out this experiment to see whether basic
locomotor activity was greatly reduced under the same circum-
stances of cold environment. Dramatically, exposure to a cold
environment significantly reduced (P , 0.005) locomotor activ-
ity in the wheel, regardless of the order of exposure (cold 3
normal or normal 3 cold) (Figs. 3 and 4).

Discussion
The theory that stimulated the present experiments centered on
the potential role of environmental cold (see Introduction).
Under a variety of experimental conditions, cold temperatures
can lead to increased thyroid hormone release (24–26), because
of increased thyroid stimulating hormone releasing hormone
(TRH) release (27). As well, the deiodinase responsible for
converting thyroxine (T4) into the active metabolite triiodothy-
ronine (T3) can be stimulated by cold temperatures (28). In-
creased thyroid hormone activity is important for thermogene-
sis, crucial for survival in a small mammal whose large ratio of
body surface to body volume would expose it to considerable
heat loss.

The notion that, under environmentally challenging circum-
stances, reproductive behavior would be reduced seemed obvi-
ous. The simplest prediction was for reduced lordosis quotient.
That prediction was not confirmed. Instead, overall locomotor
activity was reduced during exposure to cold temperatures. We
infer that, as a result, approaches by the female to the male were

Fig. 2. In the second experiment, female approaches to the male occurred
significantly less frequently (*, P , 0.01) in the COLDySDy2DG group than in the
controls (NORM). In lordosis strength calculations, zeros were not included.

Fig. 3. Locomotor activity in wheels attached to each mouse’s home cage
was significantly depressed (**, P , 0.005) when the animals were living in a
cold environment.
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Fig. 4. Revolutions per day in the locomotor wheels attached to the home cage, plotted here for two representative mice. (A) One started at normal room
temperature (NORM) and was then switched to the cold (COLD) living environment (without being removed from her home cage). (B) The other was measured
in the reverse order. Time of switching is shown by a small arrow below the abscissa.
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significantly less frequent. Such approaches are important com-
ponents of the overall sequence of reproductive behaviors in
female rodents, controlled by hormones in the basal forebrain
where hormone-sensitive neurons send efferents back to the
midbrain (29, 30). Estrogenic influences on preoptic neurons
(31), perhaps including the preoptic locomotor region (32),
appear to be crucial for such proceptive behaviors by the female.
Therefore, cold temperatures, perhaps mediated by thyroid-
related mechanisms, could interfere with active approaches by
the female, which depend on locomotion.

Our experimental results appear to fit well into a zoological
literature that describes torpor as well as reduced reproductive
efficiency (33, 34) in certain mammals exposed to harsh envi-
ronmental conditions. Such conditions frequently show interac-

tions between cold temperatures and reduced photoperiods† but
also can involve interactions between cold temperatures and
reduced glucose availability (35–39). Thus, a larger perspective
would state that such daily torpor would be associated with
reduced motor activity and, as a result, a reduced tendency of the
female to seek out the male.
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