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Abstract. We investigated the role of declining daylength and gonadal steroids on
body weight and food intake in male deer mice (Peromyscus maniculatus). This spe-
cies was chosen for study because individual males display different reproductive
responses to inhibitory daylength. About one-third of all mice exposed to short days
undergo testicular regression and exhibit reduced circulating levels of luteinizing
hormone and testosterone (reproductive responsive males). In contrast, testicular
function and circulating levels of both these hormones remain unaffected in an equal
number of mice (reproductive nonresponsive males). Previous studies have shown
that each phenotype exhibits a distinct set of metabolic responses to short days,
including adjustments in body weight. These characteristics make deer mice a useful
animal model in which to study the interactive effects of gonadal steroids and pho-
toperiod on neural substrates regulating body weight. A gonadectomy/steroid re-
placement experimental model was used to test the role of testosterone in regulating
body weight and food intake in short day-housed male deer mice. Among gonad-intact
males, short daylength caused a decline in body weight in both reproductive respon-
sive and nonresponsive individuals. However, reproductive responsive mice lost sig-
nificantly more body weight than did nonresponsive mice. Furthermore, while the
weight loss was accompanied by a significant reduction in food intake in responsive
mice, the relatively minor weight loss in nonresponsive mice was not accompanied by
a change in food intake. Because changes in body weight and food intake (data not
shown) occurred nearly simultaneously during the 8-week exposure to short day-
length, results suggest that modifications in body weight are not responsible for the
decline in food consumed, and vice versa. Gonadectomized reproductive responsive
mice lost the same amount of weight as intact responsive mice but ate significantly
more food. Among nonresponsive males, gonadectomy led to significantly greater
weight loss, relative to intact mice, but caused an increase in food intake per gram
body weight. Steroid replacement prevented weight loss and increased food intake in
both gonadal phenotypes. Despite the observations that food intake was steroid de-
pendent and the magnitude of the effect differed between reproductive phenotypes,
changes in food consumption do not fully explain the inhibitory effects of short days
on body weight in either phenotype. Taken together with previous studies, these
results suggest that reproductive quiescence confers significant metabolic benefits to
individual deer mice by reducing the amount of daily energy requirements via a re-
duction in body weight. Conversely, maintenance of reproductive function during the
nonbreeding winter season carries greater metabolic costs; these costs lead to in-
creased amounts of food required to maintain body weight. [P.S.E.B.M. 1994, Vol 206)
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(1, 2). Declining daylength is the principle proximate
environmental factor triggering seasonal changes in
body weight, although other factors such as tempera-
ture, food type or availability, and gonadal steroids
may influence the magnitude and/or direction of the
change (3-6). Seasonal adjustments in body weight
among north temperate zone species are generally
thought to provide energy savings to individuals that
are exposed to an annual decline in ambient tempera-
ture and food resources (7, 8).

Body weight is potentially modified by any phys-
iological factor that affects energy assimilation or ex-
penditure. Among these, modifying food intake has
been frequently cited as the primary way in which de-
clining photoperiod evokes seasonal changes in body
weight. However, the association between food intake
and body weight is not always so direct. For example,
in the meadow vole (Microtus pennsylvanicus), short
day-housed voles lose body weight because of a re-
duction in caloric intake (9). By comparison, short
days cause an increase in body weight in the Syrian
hamster (Mesocricetus auratus), despite the absence
of an increase in food intake (2, 10). Siberian hamsters
(Phodopus sungorus) lose weight and eat less, but the
decline in body weight precedes the decline in food
intake by 2-3 weeks (2, 11).

We undertook an investigation of the role of both
declining daylength and gonadal steroids on body
weight and food intake in male deer mice (Peromyscus
maniculatus). This animal model was selected for
study because individual deer mice differ in their re-
productive and metabolic responses to declining pho-
toperiod (12, 13). About one-third of all males undergo
gonadal regression when exposed to short daylength
(reproductively responsive males), while the repro-
ductive axis is unaffected by short days in an equal
number of mice (reproductive nonresponsive males);
intermediate spermatogenic responses are exhibited
by the remaining mice (13). These disparate gonadal
responses are paralleled by endocrine measures: re-
sponsive males exhibit reduced circulating levels of
testosterone and luteinizing hormone, while nonre-
sponsive males exhibit long day levels of both hor-
mones (13). This variation has a genetic basis (14) and
both breeding and nonbreeding individuals have been
found in winter populations of this species (15). A va-
riety of evidence indicates that all mice respond to the
short photoperiod signal at a postpineal site-of-action,
albeit with different hypothalamic-pituitary responses
(16). Thus, different testicular responses observed
within populations of deer mice have been hypothe-
sized to reflect individual differences in hypothalamic
responsiveness to declining daylength (16, 17).

Responsive and nonresponsive deer mice have
been shown to differ in their body weight response to
short days in several studies. Responsive males lose

about 10% of their long-day weight during short-day
exposure, while nonresponsive males either maintain
body weight or show only minor reductions (17). Be-
cause these two phenotypes differ in circulating levels
of testosterone (13), and because this steroid has been
widely shown to influence body weight, deer mice pro-
vide a unique animal model in which to investigate the
role of both photoperiod and gonadal steroid in regu-
lating seasonal changes in body weight.

We employed a gonadectomy/testosterone re-
placement model to evaluate the role of testosterone in
regulating the effects of inhibitory photoperiod on
body weight and food intake in responsive and nonre-
sponsive deer mice. Data presented herein demon-
strate that short photoperiod evokes changes in body
weight and food intake among deer mice of both re-
productive phenotypes. Both groups retain sensitivity
to steroid following short day treatment, although data
suggest differing effects of steroid on body weight. In-
tact responsive and nonresponsive mice also differ
substantially in body weight loss and food intake, in-
dicating differing metabolic responses to the short-day
signal. Taken together with previous findings, these
data support the view that short-day adjustments made
by each phenotype are regulated, in part, by differen-
tial responses to the internal steroid milieu.

Materials and Methods

Animals and Breeding Conditions. Deer mice
used in this experiment were obtained from the F,
generation of an outbred F, breeding colony main-
tained at Kent State University, Kent, OH. Parental
breeders were captured in Wind Cave National Park,
Hot Springs, SD (43° 30’ W Lat; 103° 34’ N Long). In
the laboratory, breeding pairs and their offspring were
maintained under long photoperiod (16:8-hr light:dark
cycle) from birth and provided with food (Purina Lab
Chow; Ralston, St. Louis, MO) and water ad libitum.
Reproductive maturity was assessed at 90 days of age
by external measurement of the right testis, as de-
scribed elsewhere (13). Males with a testis size of 54
mm? (length x width) or larger are capable of insem-
inating females (18) and were selected for further
study.

General Methodology. Body weight and food in-
take was measured at 48-hr intervals, between 1 and 2
hr after lights-on, for all treatment groups. During the
experiment, animals were fed ground diet (Formulab)
that had been placed in a porcelain food cup beneath a
2-mm wire mesh. This presentation allowed mice free
access to food, reduced spillage and contamination,
and allowed collection of uneaten food scattered from
the cup (19). Deer mice were exposed to the caging
conditions (16:8-hr light:dark cycle, 23°C) and ground
diet for 10 days. At the end of this period, no deviation
from original body weight was observed. During each
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experiment, a decline in mass of food in the container
over a 48-hr period was used to calculate the amount
of food consumed per day for each animal. At autopsy,
testes and epididymides were removed, weighed, and
homogenized. The numbers of elongated spermatids
and/or spermatozoa shaped like them were assessed
by hemocytometric counting (13).
Determination of Reproductive Phenotype.
Previous work (16) demonstrated that male deer mice
exhibit the same testicular response to a second short
photoperiod exposure as to an initial exposure follow-
ing a 20-week refractory period. To produce a cohort
of males of known phenotype, deer mice were main-
tained on short daylength (8:16-hr light:dark cycle) for
8 weeks after which external testis size was measured.
Males with a testis size of 54 mm? and larger, or 24
mm? and smaller, were classified as reproductively
nonresponsive (n = 12) or reproductively response (n
= 12) to short photoperiod, respectively. Males were
returned to long daylength for 24 weeks; a period suf-
ficient to stimulate sensitivity to a second short-day
exposure, and used in experiment 2.

Experiment 1. Photoperiod Effects on Gonad-
Intact Males. Intact adult males of unknown repro-
ductive phenotype and uniform body weight were
housed as described above, provided with a ground
diet, and exposed to long photoperiod for 2 weeks.
Following this period, body weight and food intake
were measured every 2 days for an additional 10-day
period. Thereafter, mice were placed on short day-
length for 8 weeks, and body weight and food intake
were measured at 2-day intervals. After the 8 week
period, mice were categorized into reproductive phe-
notypes based on testis measurements (see above),
and data were analyzed, as described below for six
reproductive response and six reproductive nonre-
sponsive males.

Experiment 2. Photoperiod Effects on Gona-
dectomized Males. To evaluate the effects of steroid
and short photoperiod on body weight and food con-
sumption, we adopted a steroid removal and replace-
ment experimental model. Long day-housed males of
known reproductive phenotype of uniform body
weight (see Methods) were gonadectomized under Me-
tophane (Pitman-Moore, Mundelein, IL) anesthesia.
After a two week recovery period, food consumption
was measured for a 10-day period as described above.
Thereafter, responsive (n = 12) and nonresponsive (n
= 12) deer mice were implanted subcutaneously with
asilastic capsule (Silastic Medical Grade Tubing, O.D.
0.125 in, I.D. 0.078 in; Dow Corning, Inc., Midland,
MI) containing either 5 mm packed testosterone or no
testosterone and placed on short photoperiod (8:16-hr
light:dark cycle) for 8 weeks; treatment groups did not
significantly (F = 2.25, P = not significant) differ in
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initial body weight. Preliminary work indicated a tes-
tosterone capsule of this size produced mean blood
concentrations of testosterone about twice that of long
day-housed intact deer mice, but within maximum lev-
els previously measured in this species (13). We chose
to deliver a higher amount of testosterone, but at a
concentration known to be within physiological levels,
in order to maximize any effect testosterone might
have on body weight and food intake. Additionally,
this level of circulating testosterone, coupled with
plasma concentrations in intact mice or those im-
planted with empty capsules, provided for analysis of
dose-response effects of testosterone on body weight
and food consumption. At the end of the 8-week pe-
riod, food intake and body weight were measured, as
described above, for 10 days.

Serum Collection and Testosterone Assay. All
mice were sacrificed after short-day treatment by so-
dium pentobarbital overdose. Arteriovenous blood
was collected in polyethylene tubes and placed on ice
until centrifuged; plasma was stored at —70°C until
hormone concentrations were measured by radioim-
munoassay (RIA). Testosterone was also measured in
blood collected from long day and reproductively ma-
ture mice (n = 10) to provide a comparison with ani-
mals maintained under each experimental treatment.

Plasma concentrations of testosterone were deter-
mined in 20 pl of serum using a procedure modified
after Lee et al., 1986. The antiserum (kindly provided
by Dr. B. Bruot, Kent State University) cross-reacts
less than 10% with dihydrotestosterone, 1% with an-
drosterone, and less than 0.1% with pregnenolone,
progesterone, 20a-dihydroprogesterone, corticoste-
rone, androsterone, estradiol, and estrone (20). Ex-
tracted hormone and standards were dried under ni-
trogen and resuspended in 0.1 ml 0.01 M phosphate-
buffered saline (PBS) containing 0.2% bovine serum
albumin (Sigma Chemical Co., St. Louis, MO). To this
sample was added 0.1 ml PBS containing 15,000 dpm
(**’I-testosterone, Hazelton) and 0.1 ml of a 1:35,000
dilution of antiserum. Following a 24-hr incubation at
4°C, free and bound steroid were separated by incu-
bation with 0.5% charcoal (Norit A)/0.2% dextran so-
lution for 20 min. Samples were centrifuged at 3000g
for 20 min and supernatant counted. The minimum
amount of testosterone detectable was 0.7 pg/ml. Sam-
ples were run in two assays; the within-assay coeffi-
cient of variation for five replicates made on a pool of
blood plasma from intact male deer mice were 4.34%
and 7.80%, respectively, and recovery was 94%.

Testosterone Levels. Mean plasma concentra-
tions of testosterone were significantly (F = 65.10, P
< 0.0001) lower among reproductive responsive males
and were unaffected by short-day treatment among
nonresponsive mice (Table I). Mean testosterone con-



centrations among mice implanted with testosterone
capsules were about two times that of long day con-
trols (Table I). Plasma concentrations were positively
correlated with the change in body weight (> =
0.3158, P < 0.0001).

Statistics. Effects of short days on food intake
and body weight are plotted as a deviation from long
day levels for each treatment group. Each individual’s
long-day value for body weight and food intake served
as its own control to reduce within-group variability.
Short-day effects were assessed with a paired Stu-
dent’s ¢ test using the difference between an individu-
al’s long-day and short-day values for body weight and
food intake. Differences between groups were evalu-
ated with a one-way ANOVA; post-hoc comparisons
were made using an SNK test. The 0.05 level of ac-
ceptance was equated with significance.

Results

Experiment 1. After 8 weeks exposure to short
days, males were categorized into either reproductive
responsive or nonresponsive phenotypes, depending
upon the absence or presence of epididymal sperm.
Epididymal sperm represent the numbers of mature
spermatozoa available for ejaculation and are, there-
fore, a conservative measure of reproductive capabil-
ity. On this basis, epididymides and testes of repro-
ductive responsive males (n = 12) were found to con-
tain significantly (F = 25.15, P < 0.0001; F = 74.59,
P < 0.0001, respectively) fewer sperm compared with
long-day controls (Table II). In contrast, spermatogen-
esis was unaffected in nonresponsive males exposed to
short daylength, as confirmed by sperm numbers equal
to or greater than those of long-day controls (Table II).

The effect of short days on body weight and food
consumption was subsequently examined among re-
productively responsive (no sperm) and reproduc-
tively nonresponsive (long-day sperm numbers). Short
days caused a significant (¢t = 10.46, P < 0.0001) de-
cline in body weight in gonad-intact responsive males
(Fig. 1). Mean body weight was 7.14% lower by Week
3 of short-day exposure, relative to initial long-day

Table I. Testosterone Concentrations in Silastic
Implanted or Gonad-Intact Deer Mice?

Testosterone

Group (ng/ml serum)

Intact long-day 1.66 + 0.22°
T implanted 3.14 = 0.20°
Intact nonresponsive 1.71 £ 0.15°
Intact responsive 0.10 = 0.07¢
Gonadectomized 0.17 = 0.03¢

@ All animals other than intact long-day mice were housed under
short photoperiod for 8 weeks. Means with different letter su-
perscripts are significantly different.

levels, and continued to decline through the 8-week
exposure period. At autopsy, mean body weight had
declined by 2.68 = 0.26 g, a 12.27% reduction relative
to the control period (Fig. 1). These changes in body
weight were paralleled by reductions in food con-
sumed per gram body weight. By Week 8 of short-day
exposure, reproductive responsive deer mice ate sig-
nificantly (t = 2.62, P < 0.0178) less food per gram
body weight than during the long-day exposure period
(Fig. 2).

Short days also caused a significant ( = 3.94, P <
0.001) reduction in body weight of intact reproductive
nonresponsive deer mice (Fig. 1). However, the de-
cline reached a plateau by Week 3 of short-day expo-
sure and remained constant until autopsy (Fig. 1). At
autopsy, nonresponsive mice weighed 0.88 = 0.22 g
less than during the control period (Fig. 1). This de-
cline was about one-third that observed among respon-
sive males; the difference between response groups
was significant (t = 5.29, P < 0.0001). Surprisingly,
even though body weight declined, food consumed per
gram body weight was unchanged (¢t = 0.48, not sig-
nificant) from long-day levels (Fig. 2).

Experiment 2. Gonadectomized responsive mice
exhibited a significant (r = 5.5, P < 0.0001) reduction
in body weight (Fig. 3). This decline closely paralleled
that of intact mice: the rate of decline in body weight
(Fig. 3) and the total amount of weight lost at the end
of 8 weeks of short-day exposure did not differ from
intact responsive males (#* = 0.7213, P = not signif-
icant and ¢ = 1.24, P = not significant, respectively).
These similarities were noted despite observing that
gonadectomized mice significantly (t = 2.79, P <
0.0125) increased food consumed per gram body
weight (Fig. 4), whereas intact mice significantly (¢t =
2.62, P < 0.0178) reduced food intake (see above).

Gonadectomy dramatically increased the suppres-
sive effect of short days on body weight among repro-
ductive nonresponsive deer mice (Fig. 3). The rate of
weight loss among these mice closely paralleled that of
responsive males (Fig. 3). By the end of short-day ex-
posure, the amount of weight lost was nearly three
times (2.66 g = 0.71) that of intact nonresponsive
males (Fig. 3), but was not significantly (t = 0.68, P =
not significant) different than that of reproductive re-
sponsive mice. Again, despite the nearly 3-fold reduc-
tion in body weight among gonadectomized nonre-
sponsive mice, short days caused a significant (r =
3.37, P < 0.0037) increase in food consumed per gram
body weight (Fig. 4).

Steroid replacement prevented weight loss and in-
creased food consumption among gonadectomized
males of both phenotypes. At the end of the 8 weeks
short-day treatment, body weights of testosterone-
implanted gonadectomized deer mice were either not
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Table Il. Paired Testes and Epididymides Weight and Sperm Numbers in Long Photoperiod or Short
Photoperiod (Responsive and Nonresponsive) Exposed Deer Mice?

Testis wt —6 Epididymides wt —6
Group (mg) Sperm (x107°) (mg) Sperm (x107°)
Long-day 338.70 + 24.7° 72.38 = 3.14° 103.10 = 10.37° 159.67 = 18.64°
Nonresponsive 382.87 + 22.8° 87.50 = 9.31° 106.25 = 7.71° 160.20 + 19.07°
Responsive 63.80 = 14.2° 0.00 = 0.00° 19.72 + 3.70° 0.00 = 0.00°
@ Means with different letter superscripts are significantly different.
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Figure 1. Effect of short photoperiod on body weight in either
reproductively responsive (regressed testes) or nonresponsive
(nonregressed testes) deer mice. Body weights are expressed as
a change from long-day levels. Body weight declined in both
phenotypes, although responsive males lost significantly more
weight than nonresponsive males over the course of the treat-
ment period.

significantly different from (responsive males, ¢ =
0.78, not significant) or greater than (nonresponsive
males, t = 2.17, P < 0.04) long-day levels (Fig. 3).
Body weight of responsive mice did not differ from
long-day levels at any point during short-day exposure
(Fig. 3). In contrast, body weight of nonresponsive
males increased from long-day levels during Week 1
and remain elevated throughout the short-day period
(Fig. 3). However, the effects of steroid replacement
on food intake differed between the two phenotypes.
Responsive mice exhibited no change in food intake
per gram body weight ( = 0.45, P = not significant,
Fig. 4). In contrast, short day-housed reproductive
nonresponsive males consumed significantly more (¢
= 3.06, P < 0.007) food per gram body weight (Fig. 4).

Discussion

Body weight is influenced by physiological path-
ways that regulate energy intake and expenditure. The
pathway by which short photoperiod modifies body
weight in the deer mouse is not completely described.
However, the effector systems that detect and respond
to changes in photoperiod are widely thought to reside
in central nervous system (CNS) structures (21). En-
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Figure 2. Change in food consumed per gram body weight in
responsive and nonresponsive males after 8-week exposure to
short photoperiod. Data are expressed as a change from long-
day levels. Short days suppressed food|consumption only
among reproductively responsive deer mic4; short days did not
affect food consumed/g body weight among nonresponsive
males. Differences between the phenotypes were significant. Al-
terations in the absolute amounts of food eaten during short-day
treatment are noted in the text.

dogenous gonadal steroids may inﬂu?nce body weight
via central nervous system effector systems. Steroid
concentrating neurons reside within the hypothalamus
and testosterone has been shown to modify the repro-
ductive response to short daylength by modifying hy-
pothalamic-pituitary function (22, 23). With respect to
body weight, a putative neural path by which steroid
exerts an influence may be mitigated by the well-
demonstrated anabolic effects of steroid at peripheral
tissues. Therefore, a complete evaluation of effector
systems which govern body weight|requires assess-
ment of the interactive effects of phoJoperiod and ste-
roid both within the central nervous system and at the
site of peripheral tissues. Our experiment dealt solely
with the former site of action.

Results obtained from Experiment 1 demonstrate
that short daylength alters body weight of deer mice
differentially depending upon the reproductive re-
sponse to an inhibitory photoperiod. Reproductive re-
sponsive mice (regressed testes) exhibited a 12.3% re-
duction in body weight during short-day treatment,
relative to long-day levels. This weight loss was asso-
ciated with an 11.5% reduction in food intake per gram
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Figure 3. Effect of short photoperiod on body weight of gona-
dectomized responsive and nonresponsive deer mice implanted
with either empty (¢) or testosterone-filled (¢ + T) silastic cap-
sules. Reproductive responses of all males were known from
prior exposure to short days (see Methods). Data are expressed
as a deviation from long-day levels. Nonresponsive males im-
planted with empty capsules (NR¢) lost significantly more
weight during short-day exposure than intact nonresponsive
males (cf. Fig. 1). In contrast, gonadectomy did not alter the
effect of short days on body weight of responsive (R$) deer mice
(cf. Fig. 1). Steroid replacement in gonadectomized mice of both
phenotypes (Rd + T and NR¢é + T) prevented these responses
to short daylength.

body weight. By comparison, reproductive nonre-
sponsive males (functional testes) also exhibited
weight loss (3.8%), although significantly less than re-
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Figure 4. Change in food consumed per gram body weight in
gonadectomized responsive and nonresponsive males im-
planted with empty (Rd and NR&) or testosterone-filled (Ré + T
and NR¢ + T) silastic capsules after 8-week exposure to short
photoperiod. Data are expressed as a deviation from long-day
levels. Short days caused an increase in food consumed per
gram body weight among all gonadectomized mice implanted
with empty silastic capsules (left panel). Steroid replacement
(right panel) significantly increased food consumption of short
day-exposed mice, relative to short day-exposed intact males
(cf. Fig. 2). However, steroid replacement caused a significant
increase in food consumed, relative to long-day levels, only
among nonresponsive mice.

sponsive males. Further, this weight loss occurred in
the absence of any change in food intake from long-
day levels. Presumably, the weight loss occurred in
nonresponsive males because energy expenditure in-
creased or energy assimilation declined; we have no
data that address either possibility.

Experiment 2 was designed to evaluate the effect
of steroid on the photoperiod-induced changes in body
weight and food intake. We performed this experiment
because short photoperiod has been argued to cause
testicular regression by increasing the negative feed-
back sensitivity to testosterone of hypothalamic effec-
tor systems which regulate hypothalamic-pituitary-
gonadal function (e.g., 23). A key component of this
hypothesis is that the reduced amounts of testosterone
produced by the regressed gonad are sufficient to in-
hibit release of gonadotropins supporting testicular
function. Studies conducted on the Syrian hamster
support both the concept of hypothalamic supersensi-
tivity and the effectiveness of reduced levels of testos-
terone in inhibiting gonadotropin release (22). As
noted in the introduction, the deer mouse reproductive
phenotypes serve as a useful animal model to study
steroid feedback effects. In this species, differential
gonadal responses have been shown to result from dif-
ferences in hypothalamic response to the short photo-
period signal and not due to a deficiency in the ability
of the central nervous system to detect changes in day-
length (17). One possible mechanism for the cause of
different reproductive responses in deer mice would
be the lack of photic-induced supersensitivity to neg-
ative steroid feedback in the nonresponsive pheno-
type.

Among responsive males, gonadectomy did not al-
ter weight loss, but eliminated the suppressive effect
of short days on food intake. This suggests that the
inhibitory effect of short days on body weight in re-
sponsive males is independent of lower plasma testos-
terone in this phenotype. Further, the absence of
short-day inhibition of food intake among gonadecto-
mized responsive mice suggests that short days sup-
press food intake in this phenotype by a steroid de-
pendent pathway. The observation that steroid re-
placement also prevents a short-day suppression of
food intake would seem to contradict this hypothesis.
However, although exogenous testosterone was deliv-
ered at a dose twice that of long-day mice, this dose is
more than an order of magnitude greater than that of
short day-exposed intact responsive mice (Table I).
We suggest at this higher level, testosterone may be
exerting anabolic effects on metabolism, one outcome
of which is increased food intake. This hypothesis is
consistent with the observation that short days also do
not suppress body weight in steroid-treated responsive
mice.

Among nonresponsive deer mice, gonadectomy
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resulted in weight loss about three times that of intact
males, while food intake remained unchanged. These
results suggest that short days suppresses body weight
in this phenotype, and this effect is significantly mag-
nified in the complete absence of circulating steroid. It
appears that long-day levels of testosterone in nonre-
sponsive mice attenuates the suppressive effect of
short days on body weight. The absence of weight loss
among nonresponsive males provided with twice long-
day levels of testosterone is consistent with this argu-
ment. Again, we suggest that with increasing amounts
of steroid, testosterone may be exerting anabolic ef-
fects on metabolism, one effect of which is increased
food consumption.

Testosterone was delivered exogenously to gona-
dectomized mice to evaluate the effect of steroid on
body weight and food intake. We delivered exogenous
steroid at a blood concentration twice that of long-day
levels to maximize any effect of steroid. In both deer
mouse phenotypes, this amount of testosterone over-
rode the inhibitory affects of short days on body
weight. Further, food intake either remained un-
changed (responsive group) or increased (nonrespon-
sive group) relative to long-day levels. Because testos-
terone was not replaced at doses equivalent to that of
long-day mice, these data only indicate that steroid at
the dose provided (two times long-day levels) exerts a
stimulatory effect on central and/or peripheral path-
ways governing body weight and food intake. These
data do not unequivocally address the question of
whether mice of each phenotype differ in steroid feed-
back sensitivity, either with respect to body weight or
food intake. Although the testes of reproductive re-
sponsive mice are devoid of sperm, testosterone is de-
tectable in the plasma, indicating that steroidogenesis
is not inhibited completely by short days. Short days
may induce supersensitivity of CNS loci governing
body weight and/or food intake to steroid feedback. If
so, then it is possible that the reduced amount of cir-
culating testosterone in reproductive responsive deer
mice could exert regulation over these traits.

These results indicate that all deer mice, regard-
less of reproductive phenotype, undergo a short day-
induced decline in body weight. However, reproduc-
tive responsive mice lose significantly more body
weight than nonresponsive mice, and this weight loss
is accompanied by a significant reduction in food in-
take per gram body weight. Time course changes in
body weight and food intake (data not shown) indicate
that both occur nearly simultaneously. This suggests
that the decline in body weight is not responsible for
the decline in food consumed and vice versa. This sug-
gestion is supported by the observation that all go-
nadectomized mice lose body weight, albeit without a
reduction in food intake.

In summary, results of the present experiment
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show that weight loss depends on circulating levels of
testosterone; the lower the amount of testosterone, the
greater the amount of weight lost. Further, although
the amount of food eaten per gram is steroid-
dependent, changes in food consumption do not fully
explain the inhibitory effects of short days on body
weight in either phenotype.

While the gonadectomy/steroid replacement
model is suitable to evaluate the steroid dependence of
physiological adjustments, it has little relevance to the
issue of the cost and benefits of weight loss to animals
in their natural habitat. Deer mice used in this study
were obtained from latitudes characterized by severe
winters. The adaptive significance of the observed dif-
ferences between the deer mouse phenotypes may be
related to differences in energy metabolism following
short-day exposure. Our data show that reproductive
responsive mice eat an average of 0.72 g (22%) less
food per day than do nonresponsive mice. This large
difference indicates that the daily energy requirements
of responsive mice are substantially less than that of
nonresponsive mice. This possibility dovetails with re-
cent findings that responsive deer mice have a signif-
icantly greater tolerance of cold temperatures than do
nonresponsive mice and that this difference is due, in
large part, to differences in body weight (24).

The hypothesis that individuals cease breeding
during the winter in order to conserve energy at a time
when both food resources and the probability of off-
spring survival are low has gained nearly universal ad-
herance among physiologists. This hypothesis as-
sumes that reproductive processes comprise a major
proportion of an individual’s daily energy budget.
While data are widely supportive of this assumption
(25), a significant problem with the above hypothesis is
that winter breeding is a widely observed and even
common event among individuals of many different
species living in north temperate or even arctic habi-
tats (15, 24). This single observation indicates that
many individuals are far more flexible in their physi-
ological responses to the environment than has been
previously appreciated.

If the metabolic advantages of ceasing reproduc-
tion are significant, why do individuals of many spe-
cies breed during the short and cold days of winter?
The answer to this question may reside in two obser-
vations. First, previous studies have shown that while
short photoperiod does not inhibit reproductive func-
tion in nonresponsive deer mice, it does evoke a num-
ber of metabolic adjustments that moderately increase
the ability of nonresponsive males to tolerate thermo-
regulatory challenges. While these thermogenic re-
sponses are not as completely developed as those of
responsive males, they may be adequate to meet en-
vironmental challenges during mild winters (24). A
second observation consistent with this possibility is



that winter conditions over much of the range of this
species, including the habitat from which deer mice
used in this study were obtained, are quite variable
(17). Thus, during mild winters deer mice capable of
producing offspring and also meeting metabolic chal-
lenges would be at a selective advantage relative to
those individuals in which reproduction is obligately
inhibited.

The present and previous findings support the
contention that reproductive quiescence confers sig-
nificant metabolic benefits to an individual; these ben-
efits presumably increase survivorship. Conversely,
maintenance of reproductive function during the non-
breeding season carries greater metabolic costs, the
cost translating into greater amounts of food required
to fuel both breeding and thermoregulatory demands.
Within natural populations of deer mice, one could
envision maintenance of both phenotypes, with their
relative frequency varying from year-to-year depend-
ing upon the severity of local winter conditions and the
ability of either phenotype to contend with these con-
ditions. This suggestion points to the importance of
evaluating the functional connections between short
photoperiod-induced adjustments in body weight and
reproductive function in the context of an individual’s
natural life history.
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