
ORIGINAL PAPER

G. E. Demas á R. J. Nelson

Short-day enhancement of immune function is independent
of steroid hormones in deer mice (Peromyscus maniculatus)

Accepted: 17 April 1998

Abstract The e�ects of photoperiod and steroid hor-
mones on immune function were assessed in male and
female deer mice (Peromyscus maniculatus). In experi-
ment 1, male deer mice were castrated, castrated and
given testosterone replacement, or sham-operated. Half
of each experimental group were subsequently housed in
either long (LD 16:8) or short days (LD 8:16) for 10
weeks. Short-day deer mice underwent reproductive re-
gression and displayed elevated lymphocyte prolifera-
tion in response to the T-cell mitogen concanavalin A, as
compared to long-day mice. In experiment 2, female
deer mice were ovariectomized, ovariectomized and
given estrogen replacement, or sham-operated. Animals
from each of these experimental groups were subse-
quently housed in either LD 16:8 or LD 8:16 for 10
weeks. Short-day deer mice underwent reproductive re-
gression and displayed reduced serum estradiol concen-
trations and elevated lymphocyte proliferation in
response to concanavalin A, as compared to long-day
mice. Surgical manipulation had no e�ect on lympho-
cyte proliferation in either male or female deer mice.
Neither photoperiod nor surgical manipulation a�ected
serum corticosterone concentrations. These results con-
®rm that both male and female deer mice housed in
short days enhance immune function relative to long-
day animals. Additionally, short-day elevation in sple-
nocyte proliferation appears to be independent of the
in¯uence of steroid hormones in this species.
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tissue á MTS 3-(4,5-demethylthiazole-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium á OD optical density á PMS phenazine
methosulphate á RIA radioimmunoassay

Introduction

Studies of seasonal changes in mammalian physiology
have emphasized seasonal ¯uctuations in reproductive
function (reviewed in Bronson and Heideman 1994;
Turek and Van Cauter 1994). However, reproduction is
only one of many physiological processes that display
seasonal ¯uctuations. For example, many rodent species
exhibit seasonal ¯uctuations in thermoregulation, me-
tabolism, pelage, and body mass (reviewed in Lynch
1973; Mo�att et al. 1993; Ruby and Zucker 1992). Al-
though less commonly studied, seasonal changes in
disease and mortality also exist (John 1994; Lochmiller
et al. 1994; Nelson and Demas 1996). In many species,
disease and death rates typically peak in the fall and
winter and reach an annual minimum in spring and
summer (reviewed in Nelson and Demas 1996). Many
animals die from infectious diseases in the winter that
appear to overwhelm immunological defenses, presum-
ably at times when these defenses are lowest. Several
®eld studies have demonstrated reduced immune func-
tion and increased disease susceptibility during winter
relative to summer (Afoke et al. 1993; Boctor et al. 1989;
John 1994; Lochmiller et al. 1994). For example, cotton
rats (Sigmodon hispidus) have lower white blood cell
counts in winter than in summer (Lochmiller et al. 1994).
Ground squirrels (Citellus richardsoni) display lower
antibody concentrations in response to sheep red blood
cells in winter than in summer (Sidky et al. 1972). Ad-
ditionally, outbreaks of European brown hare syndrome
display a strong seasonal ¯uctuation in Lepus europeus
with peak incidence during the winter (Gavier-Widen
and Morner 1991).

Suppression of immune function during the winter
likely re¯ects physiological coping with environmental
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conditions (e.g., reduced ambient temperatures, reduced
food availability) that create energetic shortages (Demas
and Nelson 1996; Demas et al. 1997b). One direct result
of reduced energetic availability appears to be compro-
mised immune function (Demas and Nelson 1997b;
Miller et al. 1994; Sheldon and Verhulst 1996).

To increase the chances of surviving the energetic
demands of winter, individuals of some rodent species
may have evolved mechanisms to bolster immune
function prior to the deterioration of environmental
conditions (Demas and Nelson 1996; Nelson and Demas
1996). Consistent with this hypothesis, the results of
most laboratory studies examining photoperiodic chan-
ges in immune function report enhanced immune func-
tion among individuals maintained in short, winter-like
days (Brainard et al. 1988; Champney and McMurray
1991; Demas and Nelson 1996; Vaughan et al. 1987).
Although the precise mechanisms mediating enhanced
immune function in short photoperiods are not known,
it has been suggested that increased immune function
may be due to increased duration of melatonin secretion
in short days (Brainard et al. 1988; Champney and
McMurray 1991; Demas et al. 1996). Melatonin can act
directly on target tissue within the immune system
leading to enhanced immune function (Poon et al. 1994).
Consistent with this direct e�ect, treatment of animals
with exogenous melatonin enhances both humoral and
cell-mediated immunity in mammalian species that are,
in general, reproductively non-responsive to melatonin
(i.e., rats, house mice, humans) (Guerrero and Reiter
1992; Maestroni 1993). Additionally, melatonin recep-
tors have been identi®ed on circulating lymphocytes,
thymocytes, and splenocytes in these same species (Ca-
lvo et al. 1995; Lopez-Gonzales et al. 1992; Ra®i-El-
Idrissi et al. 1995).

However, melatonin is only one of several hormones
a�ected by photoperiod. Short days change the pattern
of melatonin secretion, which inhibits reproductive
function in many rodent species, along with concomitant
decreases in circulating concentrations of gonadal ste-
roid hormones and prolactin (e.g., Gaston and Menaker
1967; Johnston and Zucker 1979; Seegal and Goldman
1975). Both estrogens and androgens a�ect immune
function. Testosterone, the primary androgenic hor-
mone secreted in males of most species, typically sup-
presses immune function (reviewed in Grossman 1984,
1985; Konstadoulakis et al. 1995; McCruden and Stim-
son 1991). For example, castration of adult male rodents
increases both humoral and cellular immunity, as well as
increasing lymphatic organ mass (e.g., spleen, thymus)
(Schuurs and Verheul 1990). Additionally, treatment of
castrated males with physiological doses of testosterone
returns immune function to pre-castration levels
(Grossman 1984; Schuurs and Verheul, 1990). Thus,
increased immune function in male rodents housed in
short days or treated with melatonin may be due to re-
duced circulating testosterone concentrations (i.e.,

a ``release'' from the immunocompromising e�ects of
testosterone) rather than a direct e�ect of melatonin on
immune function. If true, then castrated male deer mice
(with basal levels of testosterone) should not display
enhanced immune function in short days.

In contrast to testosterone, estradiol, the primary
estrogenic hormone secreted in females, generally en-
hances immune function (Grossman 1984, 1985).
Treatment of intact male or female rats with physio-
logical or supraphysiological doses of estrogen increases
antibody response to a variety of antigens (Brick et al.
1985; Inman 1978; Myers and Peterson 1985). Thus, if
photoperiod-mediated changes in immune function are
due to ¯uctuations in circulating estrogen concentra-
tions, then female deer mice maintained in short days or
administered short-day levels of melatonin should dis-
play reduced circulating estrogen concentrations and
reduced immune function (i.e., a ``release'' from the
immunoenhancing e�ects of estrogen). Additionally,
photoperiodic changes in immune function should be
abolished in ovariectomized mice (with basal circulating
levels of estrogen). However, the e�ects of estrogen on
immune function have been examined almost exclusively
in long-day-housed animals and in species that are
generally reproductively unresponsive to photoperiod.
The role of estrogen in mediating photoperiodic changes
in immune function has not been directly tested and
remains an empirical question.

Alternatively, photoperiodic changes in immune
function may be mediated by glucocorticoid hormones
(reviewed in Nakono et al. 1987). Glucocorticoids, pri-
marily corticosterone in rodents, are released from the
adrenal glands in response to stress and can suppress
immune function (Ader and Cohen 1993; Baxter and
Forsham 1972; Black 1994; Clamin 1972). Suppressed
immune function during winter typically reported in
®eld studies likely re¯ects increased glucocorticoid se-
cretion in response to environmental stressors (e.g., low
ambient temperatures, reduced food availability) (Nel-
son and Demas 1996). Similarly, experimental manipu-
lation of these factors can suppress immune function in
the laboratory (Bhatnagar et al. 1995; Demas and Nel-
son 1996; Demas and Nelson 1998; Murphy and Wide-
man 1992). Maintaining animals in short days or
administration of either melatonin or a melatonin ago-
nist attenuates the glucocorticoid stress response and
enhances immunity (Bolinger et al. 1996; Demas et al.
1997b; Maestroni et al. 1986). Similarly, chronic mela-
tonin treatment decreases the density of glucocorticoid
receptors in rats (Persengiev et al. 1991) and may alter
the physiological response to glucocorticoids. Thus,
short-day enhancement of immune function may repre-
sent the indirect e�ects of melatonin on glucocorticoids.
The present studies were conducted to test the hypoth-
esis that short-day enhancement of immune function is
mediated directly by melatonin rather than indirectly via
reduced gonadal steroid concentrations.
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Materials and methods

Experiment 1

Sixty adult male (>60 days of age) mice (Peromyscus maniculatus
bairdii) were obtained from our laboratory breeding colony. This
colony was originally derived from the Peromyscus Genetic Stock
Center at the University of South Carolina, Columbia, S.C. These
animals are descendants of deer mice originally trapped near East
Lansing, Michigan (latitude � 42°51¢N). Deer mice were weaned
at 21 days of age and housed with same-sex siblings. Temperature
was kept constant at 20 °C and relative humidity was maintained at
50 � 5%. Food (Agway Prolab 1000, Syracuse, N.Y.) and tap
water were provided ad libitum throughout the experiment. Two
weeks prior to the initiation of the experiment, all animals were
individually housed in polypropylene cages (27.8 ´ 7.5 ´ 13.0 cm)
in colony rooms with a 24 h LD 16:8 light cycle [lights on
0600 hours Eastern Standard Time (EST)].

Forty male deer mice were castrated under sodium pentobar-
bital anesthesia (50 mg/kg); half of the castrated deer mice were
implanted s.c. with a 15-mm-long Silastic capsules (1.47 mm i.d.,
1.95 mm o.d., Dow Corning Corporation, Midland, Mich.) ®lled
with testosterone proprionate crystals (10 mm; Sigma, St. Louis,
Mo.) to maintain normal physiological blood levels of this hor-
mone (Kriegsfeld et al. 1997). The remaining castrated deer mice
were implanted with empty capsules. Twenty intact deer mice un-
derwent sham operations and were subsequently implanted with
empty capsules.

Animals were allowed to recover for 1 week and were then
randomly selected and assigned to one of two photoperiodic con-
ditions. Half of the animals from each experimental condition
(n � 10/group) were housed under a short-day photoperiod (LD
8:16), while the remaining animals (n � 10/group) were housed
under long days (LD 16:8). Animals were maintained in their re-
spective conditions for 10 weeks. Subsequently, they were brought
into the surgery room, lightly anesthetized with methoxy¯urane
vapors, and blood samples were taken from the retro-orbital sinus.
Handling time was kept consistent and to a minimum; the time
from initial removal from the cage to the end of bleeding was less
than 3 min. Animals were then killed by cervical dislocation be-
tween 0900 and 1000 hours EST and their spleens were removed
under aseptic conditions and immediately suspended in culture
medium (RPMI-1640/HEPES). Paired testes and epididymides,
seminal vesicles, and epididymal fat pads were removed and
cleaned of connective tissue. Seminal vesicles were compressed with
a glass vial to remove seminal ¯uid.

Experiment 2

Forty-two female deer mice (>60 days of age) were obtained from
our breeding colony as described above. Twenty-eight mice were
ovariectomized under sodium pentobarbital anesthesia (50 mg/kg).
Half of the ovariectomized deer mice were implanted s.c. with a 15-
mm-long Silastic capsule (1.47 mm i.d., 1.95 mm o.d., Dow
Corning Corporation, Midland, Mich.) ®lled with 17b-estradiol
crystals (10 mm; Sigma, St. Louis, Mo.) to maintain normal
physiological blood levels of this hormone (Bronson 1976). The
other half were implanted with empty capsules. Fourteen intact
deer mice underwent sham operations and were implanted with
empty capsules only. Animals were allowed to recover for 1 week
and then randomly selected and assigned to long (n � 7/group) or
short days (n � 7/group) as in experiment 1. Mice were main-
tained in their respective conditions for 10 weeks and then killed.
Spleens were removed under aseptic conditions and immediately
suspended in culture medium (RPMI-1640/HEPES). Uterine horns
and ovarian fat pads were removed, cleaned of connective tissue,
and weighed.

Silastic capsules containing testosterone in experiment 1 or 17b-
estradiol in experiment 2 were soaked in physiological saline at
37 °C for 24 h to prevent a bolus of hormone from being released

when implanted. All organs from both experiments were weighed
by laboratory assistants naive to the experimental hypotheses and
treatment assignments.

Immunological assay

Splenocyte proliferation in response to the T-cell mitogen con-
canavalin A (Con A) was determined using a colormetric assay
based on the tetrazolium salt 3-(4,5-demethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS).
Splenocytes were separated from tissue by compressing the whole
spleen between sterile frosted glass slides; separated cells were
suspended in 4 ml of culture medium (RPMI-1640/HEPES) sup-
plemented with 1% penicillin (5000 U ml)1)/streptomycin (5000 ll/
ml)1), 1% L-glutamine (2 mM/ml), 0.1% 2-mercaptoethanol
(5 ´ 10)2 M/ml), and 10% heat-inactivated fetal bovine serum).
Splenocyte counts and viability were determined with a hemacy-
tometer and trypan blue exclusion. Viable cells (which exceed 95%)
were adjusted to 2 ´ 106 cells/ml by dilution with culture medium,
and 50 ll aliquots of each cell suspension (i.e., 100 000 cells) were
added to the wells of sterile ¯at-bottom 96-well culture plates. Con
A (Sigma Chemical, St. Louis, Mo.) was diluted with culture me-
dium to concentrations of 40, 20, 10, 5, 2.5, 1.25, and 0.6 lg/ml;
50 ll of each mitogen concentration was added to the wells of the
plate containing the spleen cell suspensions to yield a ®nal volume
of 100 ll/well (each in duplicate). Plates were incubated at 37 °C
with 5% CO2 for 48 h prior to addition of 20 ll of MTS/PMS
solution [Promega; 0.92 mg/ml of phenazine methosulphate (PMS)
in sterile Dulbecco's phosphate bu�ered saline] per well. Plates
were then incubated at 37 °C with 5% CO2 for an additional 4 h.
The optical density (OD) of each well was determined with a
microplate reader (Bio-Rad: model No. 3550) equipped with a
490 nm wavelength ®lter. Mean OD values for each set of dupli-
cates were used in subsequent statistical analyses. Dose response
curves were constructed using group means of the mean OD values
at each mitogen concentration and unstimulated cultures.

Steroid hormone assays

Serum testosterone, estradiol, and corticosterone concentrations
were determined by radioimmunoassay (RIA) with the use of 125I
kits purchased from ICN Biomedicals (Costa Mesa, Calif.). All
instructions furnished by ICN were followed. Each sample was
assayed in duplicate. All of the steroid assays were highly speci®c;
cross reactions with other steroid hormones were less than 0.3%.
The coe�cient of variability was less than 15% for all samples.
Serum testosterone, estradiol, and corticosterone concentrations
were determined in separate RIAs.

Statistical analyses

Reproductive organ mass data were analyzed using a 2 (photope-
riod) ´ 3 (surgical manipulation) analysis of variance (ANOVA).
Analyses on ranked sums were conducted in cases where a violation
of normality occurred. Splenocyte proliferation data were analyzed
using a 2 (photoperiod) ´ 3 (surgical manipulation) ´ 8 (Con A
concentration) mixed model ANOVA. Post-hoc comparisons be-
tween pairwise means were conducted using Tukey HSD tests and
di�erences between group means were considered statistically sig-
ni®cant if P < 0.05.

Results

Experiment 1

One animal from the long-day, sham-castrated group
and one animal from the short-day, castrated,
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testosterone-treated group died before the end of the
experiment and these animals were not included in
subsequent data analyses. The remaining groups con-
sisted of the ten originally assigned mice. Short-day mice
displayed signi®cantly higher splenocyte proliferation to
Con A than did long-day animals regardless of surgical
manipulation (P < 0.05 in all cases). However, there
were no di�erences in lymphocyte proliferation among
castrated, sham-operated, or castrated testosterone-
treated mice within either photoperiod (P > 0.05 in
both cases). Sham-castrated deer mice housed in short
days had signi®cantly smaller paired testes and epidi-
dymides, seminal vesicles, and epididymal white adipose
tissue (EWAT) than sham-castrated animals housed in
long days (P < 0.05 in all cases) (Fig. 1; Table 1). Ad-
ditionally, castrated long-day mice had signi®cantly
smaller paired epididymides, seminal vesicles, EWAT,
and serum testosterone concentrations compared to ei-
ther sham-operated or castrated, testosterone-treated
long-day animals (P < 0.05 in all cases) (Fig. 1; Ta-
ble 1). Castrated mice treated with testosterone did not
display photoperiodic changes in reproductive organ
masses or serum testosterone concentrations (P > 0.05
in all cases). There was no di�erence in serum testos-
terone concentrations between long- and short-day mice
(P > 0.05 in both cases). Body mass and serum co-
rticosterone concentrations did not di�er among any of
the experimental groups (P > 0.05 in both cases).

Experiment 2

One mouse from the long-day, sham-ovariectomy group
died before the end of the experiment and this animal
was not used in subsequent data analyses. All the re-
maining groups consisted of the seven originally
assigned mice. Short-day ovariectomized and
ovariectomized, estrogen-treated mice displayed signi®-
cantly higher splenocyte proliferation to Con A than did
long-day animals (P < 0.05 in both cases). Short-day,
sham-ovariectomized mice did not di�er from long-day
mice in splenocyte proliferation (P > 0.05). There were
no di�erences in lymphocyte proliferation between
ovariectomized, ovariectomized estradiol-treated, or
sham-operated mice within each photoperiodic condi-
tion (P > 0.05 in all cases) (Fig. 2). Sham-ovariec-
tomized deer mice housed in short days had signi®cantly
smaller uterine horns and serum estradiol concentrations
than animals housed in long days (P < 0.05) (Fig. 2).
Both long and short-day ovariectomized animals had
signi®cantly smaller uterine horns and serum estradiol
concentrations than did either sham-operated or ova-
riectomized, estradiol-treated animals maintained in
long days (P < 0.05 in all cases). Body mass and serum
corticosterone concentrations did not di�er among any
of the experimental groups (P > 0.05 in all cases;
Table 2).

Discussion

Both male and female deer mice responded to short days
by displaying reproductive regression and elevated
splenocyte proliferation in response to Con A. Surgical
manipulation (i.e., castration or ovariectomy) reduced
circulating gonadal steroid hormones in males and fe-
males, respectively, but had no e�ect on splenocyte

Fig. 1 Paired epididymal masses (top panel), serum testosterone
concentrations (middle panel), and splenocyte proliferation to Con-
canavalin A (Con A) (10 lg/ml, measured in absorbance units)
(bottom panel) in castrated deer mice (CAST), castrated mice given
testosterone replacement (CAST + T), and sham-operated mice
(SHAM) maintained in either long- (LD 16:8) (open bars) or short
days (LD 8:16) (®lled bars). Columns with no symbol or sharing the
same symbol are statistically equivalent. Columns with di�erent
symbols are signi®cantly di�erent at P < 0.05. Splenocyte prolifer-
ation is measured in absorbance units at 490 nm. Only the optimal
concentration of Con A (i.e., the concentration that stimulated the
highest amount of cell proliferation) is graphically represented
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proliferation in either sex. Further, hormone replace-
ment returned both serum testosterone and estradiol to
pre-surgery concentrations, but did not a�ect immune
function. Corticosterone concentrations did not di�er
among any of the experimental groups in either experi-
ment. These results suggest that short-day enhancement
of immune function is not mediated by changes in ste-
roid hormone concentrations in male or female deer
mice. Rather, these results are consistent with a direct
e�ect of melatonin on immune function.

The pineal gland and its primary hormone melatonin
can a�ect lymphatic tissue size as well as immune cell
numbers and function (reviewed in Nelson et al. 1995;
Demas and Nelson 1998b; Vaughan et al. 1987). In al-
most all cases examined to date, administration of me-
latonin enhances both humoral and cell-mediated
immunity in rodents (reviewed in Maestroni 1993; Nel-
son et al. 1995). For example, exogenous melatonin
treatment elevates both in vivo and in vitro antibody
responses in both normal and immunode®cient mice
(Guerrero and Reiter 1992; Maestroni 1993). Melatonin
also enhances splenocyte proliferation to the T-cell mi-
togen Con A (Demas et al. 1996). Similarly, pinealec-
tomy impairs both cellular immune responses and
natural killer cell activity, and causes premature invo-
lution of immune tissue in rodents (Csaba and Barath
1975; Del Gobbo et al. 1989; Jancovic et al. 1970).

The mechanisms by which melatonin mediates im-
mune function are not known, although melatonin has
been suggested to exert a direct e�ect on lymphoid tissue
(Brainard et al. 1988; Champney and McMurray 1991;
Poon et al. 1994). Consistent with the hypothesis of a
direct e�ect on immunity, melatonin receptors have been
isolated on circulating lymphocytes (Calvo et al. 1995;
Liu and Pang 1993; Pang and Pang 1992), as well as on
thymoctes and splenocytes (Lopez-Gonzales et al. 1993;
Ra®i-El-Idrissi et al. 1995). Alternatively, melatonin can
act indirectly on immune function by altering circulating
non-steroidal hormone concentrations. For example,
exposure to short days or infusions of melatonin that
mimic short-day concentrations, signi®cantly reduces
prolactin concentrations in virtually all rodent species
examined (Bartness et al. 1993; Goldman and Nelson
1993). Prolactin can have diverse e�ects on the immune
system. Generally, prolactin enhances or maintains
normal immune function (Nelson et al. 1995; Reber
1993). However, prolactin can also inhibit immunity,

Table 1 Mean (�SEM) body, seminal vesicle, and fat pad masses
and serum corticosterone concentrations in male deer mice. Entries
without symbols or sharing symbols are statistically equivalent.

Entries with di�erent symbols are signi®cantly di�erent atP < 0.05.
(SHAM sham-operated, CAST casterated, T testosterone replace-
ment,EWAT epididymal white adipose tissue,LD light:dark regime)

LD 16:8 LD 8:16

SHAM CAST CAST+T SHAM CAST CAST+T

Body mass (g) 20.1 � 0.5 19.4 � 0.6 19.6 � 0.5 20.8 � 0.7 20.6 � 0.5 19.5 � 0.4
Seminal vesicles (mg) 140.5 � 0.7 34.1 � 8.7  130.1 � 9.5 84.3 � 2.0* 28.9 � 1.8* 117.8 � 8.6*
EWAT (mg) 226.7 � 17.8 68.6 � 13.5* 209.7 � 21.5 219.7 � 13.1 90.1 � 10.3* 168.7 � 25.8
Corticosterone (ng/ml) 135.3 � 21.3 117.3 � 20.2 112.1 � 21.3 115.3 � 26.1 110.6 � 28.6 175.3 � 28.6

Fig. 2 Uterine horn masses (top panel), serum estradiol concentra-
tions (middle panel), and splenocyte proliferation to Con A (measured
in absorbance units) (bottom panel) in ovariectomized deer mice
(OVX), ovariectomized mice given estradiol replacement
(OVX + E2), and sham-operated mice (SHAM) maintained in either
long- (LD 16:8) or short days (LD 8:16). As in Fig. 1, only the
optimal concentration of Con A (10 lg/ml) is graphically represented.
Other symbols and conventions are as in Fig. 1
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especially at high or low circulating concentrations
(Reber 1993). Thus, prolactin may also play a role in
mediating photoperiodic changes in immune function.
The degree of reproductive regression observed in both
short-day males and females, although statistically sig-
ni®cant, was uncharacteristically small for this species.
This lack of full gonadal regression likely explains why
short-day sham-castrated animals did not have signi®-
cantly lower serum testosterone concentrations com-
pared to long-day sham-operated mice. Additionally,
incomplete reproductive regression may also explain the
lack of enhanced immune function in short-day, sham-
ovariectomized mice compared to long-day, sham-op-
erated animals. Future studies using animals that
demonstrate more robust gonadal regression should
address this issue.

An alternative explanation for short-day enhance-
ment of immune function is that photoperiod alters the
negative feedback of glucocorticoid hormones. For ex-
ample, reduced androgen concentrations in short-day
rodent species result from increased responsiveness of
the hypothalamic-pituitary-gonadal axis to the negative
feedback of androgens (Turek and Ellis 1981). A similar
mechanism may reduce glucocorticoid secretion in short
days. Given that glucocorticoids are generally immu-
nosuppressive, decreased release of these hormones can
bolster immune function. Unlike previous studies (e.g.,
Demas and Nelson 1996), serum corticosterone con-
centrations were not reduced in short compared to long
days in the present study. Additionally, corticosterone
concentrations did not di�er among any experimental
group in either experiment; thus, enhanced immune
function in short days is not likely explained by changes
in glucocorticoid secretion, at least, not at 10 weeks after
onset of short days. However, because corticosterone is
secreted in a circadian pattern and serum corticosterone
concentrations were sampled at only one time point, the
possibility that changes in photoperiod altered the cir-
cadian rhythm of corticosterone release cannot be ruled
out in the present study.

Taken together, the present ®ndings suggest that
immune function is enhanced in short days in both male
and female deer mice and that enhanced immune func-
tion does not appear to be due to reductions in circu-
lating steroid hormone concentrations. Rather, these
data suggest that increased splenocyte proliferation in
short days is mediated by a direct action of the pineal
indole-amine melatonin, or possibly prolactin, on im-
mune function. However, further studies are required to

determine whether enhanced immune function in short
days is due to increases in the duration of nightly me-
latonin secretion or increased target-tissue responsive-
ness to melatonin in short compared to long days.
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