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Lack of immunological responsiveness to photoperiod in a tropical
rodent, Peromyscus aztecus hylocetes
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Abstract Non-tropical rodents undergo seasonal changes
in immune function and disease. It has been hypothesized
that seasonal fluctuations in immunity of non-tropical
rodents are due to suppressed immune function during
harsh winter conditions. A logical extension of this hy-
pothesis is that seasonal changes in immunity should be
reduced or absent in tropical rodents that do not expe-
rience marked seasonal fluctuations in environmental
conditions; however this hypothesis remains to be tested.
The present study tested the effects of photoperiod on
humoral and cell-mediated immune function of male
Aztec mice (Peromyscus aztecus hylocetes). P. a. hyloce-
tes were housed in long (L:D 16:8) or short days (L:D
8:16) for 10 weeks. Animals were then immunized with
the antigen keyhole limpet hemocyanin (KLH). Serum
anti-KLH immunoglobulin G (IgG) concentrations and
splenocyte proliferation in response to the T-cell mitogen
Concanavalin A were assessed. Short-day P. a. hylocetes
did not display differences in reproductive or immune
measures compared with long-day mice. Collectively,
these results suggest that P. a. hylocetes are reproduc-
tively and immunologically non-responsive to photope-
riod. This lack of immunological responsiveness is likely
due to the relative seasonal stability of their environment
compared with temperate zone species.
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Abbreviations IgG immunoglobulin G Æ KLH keyhole
limpet hemocyanin Æ OD optical density Æ PBS-T
phosphate buffered saline containing 0.05% Tween 20 Æ
MTS 3-(4,5-demethylthiazol-2-yl)-5-(3-carboxymeth-
oxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium

Introduction

In addition to marked seasonal changes in reproductive,
energetic, and other physiological processes, many non-
tropical mammalian species undergo seasonal changes in
immune function and disease (Mann et al. 2000; Nelson
and Demas 1996; Nelson et al. 2002; Zapata et al. 1992).
Field studies of seasonal changes in immunity typically
report reduced immune function and increased disease
susceptibility during winter compared with spring and
summer (Afoke et al. 1993; John 1994; Lochmiller and
Deerenberg 2000; Lochmiller et al. 1994; Sinclair
and Lochmiller 2000). In addition, laboratory studies
have documented photoperiodic changes in immune
function for several non-tropical rodent species, includ-
ing deer mice (Peromyscus maniculatus) (Demas and
Nelson 1996), prairie voles (Microtus ochrogaster)
(Nelson et al. 1996), as well as Syrian (Mesocricetus
auratus) (Brainard et al. 1987; Drazen et al. 2002) and
Siberian (Phodopus sungorus) (Drazen et al. 2000; Yellon
et al. 1999) hamsters. In contrast to field reports, some
species (e.g., deer mice, Syrian hamsters), display
enhanced immune function in the laboratory when
exposed to short ‘‘winter-like’’ day lengths compared
with long ‘‘summer-like’’ days (Brainard et al. 1987;
Demas and Nelson 1996). In other species (e.g., Siberian
hamsters, prairie voles), some components of immune
function are suppressed in short days (Drazen et al.
2000; Yellon et al. 1999), in accordance with the
majority of field studies, whereas other components are
elevated (Yellon et al. 1999).

It is currently not known why rodent species differ in
their immune responses to short days in the laboratory,
but these differences are likely due to differences in the
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environments in which these animals evolved. For
example, it has been hypothesized that seasonal fluctu-
ations in immune function in non-tropical rodents are
due, at least in part, to suppressed immune function
during the harsh environmental conditions of winter
(Demas and Nelson 1996; Nelson and Demas 1996).
Specifically, high thermoregulatory requirements for
small mammals during winter coincide with low envi-
ronmental food availability; this energetic ‘‘bottleneck’’
has led to the evolution of specific adaptations that
allow individuals to cope with winter (Bronson and
Heideman 1994). Among these adaptations, non-tropi-
cal animals may have evolved photoperiodic changes in
immune function to counteract immune suppression
during harsh winter conditions (Nelson and Demas
1996). Recent evidence supports this idea (Demas and
Nelson 1996, 1998a; Lochmiller and Deerenberg 2000;
Sinclair and Lochmiller 2000). For example, deer mice
display enhanced immune function in short compared
with long days and this enhanced immunity appears to
counteract immune suppression caused by low ambient
temperatures or reduced food availability (Demas
and Nelson 1996, 1998a). A logical extension of this
hypothesis is that photoperiodic changes in immunity
should be reduced or absent in rodent species that do
not experience marked seasonal fluctuations in their
environment. Consistent with this idea, some non-trop-
ical populations of the genus Peromyscus inhabiting low
latitudes (e.g., Georgia, Texas) of the temperate zone
demonstrate year-round breeding due to suitable envi-
ronmental conditions (Carlson et al. 1989; Demas et al.
1997) and these animals also fail to demonstrate
photoperiodic changes in immunity (Demas et al. 1997).
In contrast, individuals of Peromyscus species inhabiting
relatively high latitudes (e.g., Connecticut), where envi-
ronmental fluctuations can be more pronounced, display
marked photoperiodic changes in immunity (Demas
et al. 1997).

Many tropical rodents display seasonal changes in
population densities which are due, at least in part, to
changes in disease susceptibility (Vázquez et al. 2000).
Surprisingly, virtually nothing is known about the effects
of ambient photoperiod on immune function of tropical
rodents. Several studies, however, have demonstrated
that tropical mammals are generally reproductively non-
responsive to photoperiod (e.g., Bronson and Heideman
1992; Demas and Nelson 1998b; Heideman et al. 1992).
Thus, the goal of the present study was to examine
photoperiodic changes in humoral and cell-mediated
immunity of at least one tropical rodent species, Pero-
myscus aztecus hylocetes, which inhabit the humid,
mountainous regions of southeastern Mexico through
the highlands of Guatemala and to Honduras and
Northern El Salvador (Carleton 1989; Sullivan et al.
1997). Annual temperature is relatively stable in these
regions, although there can be pronounced seasonal
variation in rainfall (Vázquez et al. 2000). In addition,
population densities vary seasonally in this species
(Vázquez et al. 2000), likely due to changes in disease

prevalence and/or susceptibility. Although some Pero-
myscus species inhabiting relatively low latitudes may
cease reproductive activities during the winter in the field
(Findley 1987), the results of a recent laboratory study
suggest that reproductive function of P. a. hylocetes
appears more responsive to social cues rather than
photoperiod (Demas and Nelson 1998b). Consistent
with these results, we predicted that P. a. hylocetes
would also be immunologically non-responsive to
photoperiod due, in part, to the presence of relatively
mild year-round conditions in this species’ natural
environment. To test this hypothesis, mice were main-
tained on long or short days for 10 weeks and then we
measured antibody concentrations in response to an
antigenic challenge and lymphocyte proliferation in
response to a mitogenic challenge.

Materials and methods

Animals and housing conditions

Twenty adult (>60 days of age) male Aztec mice (P. a. hylocetes)
were obtained from the Peromyscus Genetic Stock Center at the
University of South Carolina. These animals are descendants of
animals originally trapped on Sierra Chincua near Michoacan,
Mexico (latitude=20.0�N) and breeding pairs were housed in a
L:D 16:8 photoperiod with an ambient temperature of 22 �C and
�50% humidity. Upon arrival in our laboratory, animals were
group-housed as four animals per cage. Two weeks prior to the
initiation of the experiments, animals were housed individually in
polypropylene cages (27.8·7.5·13.0 cm) in colony rooms with a
24-h L:D 16:8 cycle (lights on 0300 hours EST). Temperature wase
kept constant at 22 �C and relative humidity was maintained at
50±5%. Food (Prolab 2000) and tap water were available ad
libitum throughout the experiment.

Animals were randomly selected and assigned to one of two
photoperiodic conditions. Half of the animals (n=10) were trans-
ferred to a short-day photoperiod (L:D 8:16), whereas the
remaining animals (n=10) were maintained under long days (L:D
16:8). The animals were weighed after group assignment to ensure
that animals in both groups had comparable body mass at the start
of the experiment. Animals were maintained in their respective
photoperiods for 10 weeks. At this time, all mice received a single
subcutaneous injection of 100 lg of the antigen keyhole limpet
hemocyanin (KLH), suspended in 0.1 ml sterile saline (day 0) and
were then returned to the colony room. KLH is an innocuous
respiratory protein derived from the giant keyhole limpet
(Megathura crenulata). KLH was used because it generates a robust
antigenic response in rodents, but does not make the animals sick
(e.g., inflammation or fever; Dixon et al. 1966). All mice were naı̈ve
to KLH (i.e., they lacked measurable antibodies to KLH) and
therefore we tested a primary antibody response to this novel an-
tigen. Blood was drawn from the retro-orbital sinus at two different
sampling periods (day 5 and day 10 post-immunization). These
sampling periods were chosen in order to capture peak immuno-
globulin G (IgG) production during the course of the immune
response to KLH (Demas et al. 1997). On each sampling day,
animals were brought into the surgery room individually, lightly
anesthetized with methoxyflurane vapors (Metofane, Mundelein,
Ill.), and blood samples (500 ll) were drawn from the retro-orbital
sinus between 1000 hours and 1200 hours EST. Samples were
allowed to clot for 1 h, the clots were removed, and the samples
were centrifuged (at 4 �C) for 30 min at 2,500 rpm. Serum aliquots
were aspirated and stored in microcentrifuge tubes at )80 �C until
assayed for IgG. On the last day of sampling (day 10) animals were
killed by cervical dislocation. Spleens were removed under aseptic
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conditions and immediately suspended in culture medium (RPMI-
1640/Hepes). Paired testes and epididymides also were removed
and cleaned of connective tissue at necropsy. All tissue was weighed
to the nearest 0.1 mg by laboratory assistants naı̈ve to the experi-
mental hypotheses and treatment assignments. Both anti-KLH IgG
and splenocyte proliferation were assessed in the same set of ani-
mals; we have previously demonstrated that injections with KLH
and blood sampling does not affect subsequent splenocyte prolif-
eration in Peromyscus species (G.E. Demas, R.J. Nelson, unpub-
lished data).

IgG enzyme-linked immunosorbant assay

Humoral immunity was assessed by measuring serum anti-KLH
IgG concentrations using an enzyme-linked immunosorbant as-
say (ELISA) via the method of Drazen et al. (2000). Briefly,
microtiter plates were coated with antigen, incubated overnight
at 4 �C with 0.5 mg/ml KLH in sodium bicarbonate buffer
(pH=9.6), washed with phosphate buffered saline (PBS;
pH=7.4) containing 0.05% Tween 20 (PBS-T; pH=7.4), then
blocked with 5% nonfat dry milk in PBS-T overnight at 4 �C
to reduce nonspecific binding, and washed again with PBS-T.
Thawed serum samples were diluted 1:20 with PBS-T, and
300 ll of each serum dilution was added in duplicate to the
wells of the antigen-coated plates. Positive control samples
(pooled sera from mice previously determined to have high
levels of anti-KLH antibody, similarly diluted with PBS-T) and
negative control samples (pooled sera from KLH-naive mice,
similarly diluted with PBS-T) were also added in duplicate to
each plate; plates were sealed, incubated at 37 �C for 3 h, then
washed with PBS-T. Secondary antibody (alkaline phosphatase-
conjugated-anti-mouse IgG diluted 1:100 with PBS-T; Cappel,
Durham, N.C.) was added to the wells, and the plates sealed
and incubated for 1 h at 37 �C. Plates were washed again with
PBS-T and 150 ll enzyme substrate p-nitrophenyl phosphate
(Sigma Chemicals, St. Louis, Mo.: 1 mg/ml in diethanolamine
substrate buffer) was added to each well. Plates were protected
from light during the enzyme-substrate reaction, which was
terminated after 20 min by adding 50 ll 1.5 M NaOH to each
well. The optical density (OD) of each well was determined
using a plate reader (Bio-Rad Benchmark; Richmond, Calif.)
equipped with a 405-nm wavelength filter, and the mean OD
for each set of duplicate wells were calculated. To minimize
intra-assay variability, the mean OD for each sample was ex-
pressed as a percent of its plate positive control OD for sta-
tistical analyses. Intra-assay variability for the positive control
wells was 4.5%.

Splenocyte proliferation

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;
Cory et al. 1991). Splenocytes were separated from tissue by
compressing the whole spleen between sterile frosted glass slides;
separated cells were suspended in 4 ml culture medium RPMI-
1640/Hepes supplemented with 1% penicillin (5000 U/ml)/
streptomycin (5000 ll/ml), 1% L-glutamine (2 mM/ml), 0.1%

2-mercaptoethanol (5·10)2M/ml), and 10% heat-inactivated fetal
bovine serum). Splenocyte counts and viability were determined
with a hemacytometer using trypan blue exclusion. Viable cells
(which exceeded 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 flat-bottom 96-
well culture plates. Con A (Sigma Chemicals, St. Louis, Mo.) was
diluted with culture medium to concentrations of 40, 20, 10, 5, 2.5,
1.25, and 0.6 lg/ml; 50 ll each mitogen concentration was added to
the wells of the plate containing the spleen cell suspensions to yield
a final 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
MTS/PMS solution [Promega; 0.92 mg/ml phenazine methosulfate
(PMS) in sterile Dulbecco’s phosphate buffered saline] per well.
Plates were then incubated at 37 �C with 5% CO2 for an additional
4 h. The OD of each well was determined with a microplate reader
(Bio-Rad: Model no. 3550) equipped with a 490-nm wavelength
filter. Mean OD values for each set of duplicates were used in
subsequent statistical analyses. Dose–response curves were con-
structed using group means of the mean OD values at each mitogen
concentration and unstimulated cultures.

Statistical analyses

An a priori power analysis on previous data in this species al-
lowed us to determine that n=20 (10/group) was required in
order to achieve sufficient statistical power (i.e., ‡80%) to test our
experimental hypothesis. A larger number of animals were not
used in the present experiment due to the limited availability of
this species at the Peromyscus Stock Center. Reproductive and
IgG data were analyzed using independent student’s t-tests (Sigma
Stat, Jandel Scientific, San Rafael, Calif.). Splenocyte prolifera-
tion was analyzed using a two-way (photoperiod·Con A con-
centration) mixed model analysis of variance (ANOVA).
Differences between group means were considered statistically
significant if P<0.05.

Results and discussion

Photoperiod had no effect on body mass, paired testes
mass, or epididymal mass (P>0.05 in all cases; Table 1).
In addition, photoperiod had no effect on serum anti-
KLH IgG production (Fig. 1) or T cell proliferation in
response to Con A (P>0.05; Fig. 2). Con A, however,
did elicit a typical dose-dependent effect on prolifera-
tion, with optimal concentrations (e.g., 2.5 lg/ml)
causing greater absorbance values compared with either
sub-optimal (e.g., 0.625 lg/ml) or super-optimal (e.g.,
40 lg/ml) Con A concentrations (Fig. 2).

The results of the present study suggest that photo-
period did not affect either humoral or cell-mediated
immunity in P. a. hylocetes. These results provide the
first report of immune function in P. a. hylocetes and
support the hypothesis that photoperiodic changes in
immunity are blunted or absent in at least one tropical
rodent species. It is not possible to determine from the
present data, however, whether the observed lack of
photoperiodic responsiveness is due to a failure of
individuals to evolve such a response or due to a sec-
ondary loss of this response. At present, there is insuf-
ficient phylogenetic information within the genus
Peromyscus to separate these alternative hypotheses.
Because interactions between the endocrine and immune

Table 1 Mean (±SEM) body mass, paired testes mass and epi-
didymal mass of adult male Peromyscus aztecus hylocetes housed
on either long (L:D 16:8) or short days (L:D 8:16) for 10 weeks

Body
mass (g)

Paired
testes mass (mg)

Epididymal
mass (mg)

Long days 40.90±1.44 328.0±33.0 100.3±16.0
Short days 44.37±1.42 369.0±49.0 137.5±20.0
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systems have become increasingly well-documented and
because photoperiodic changes in reproductive hor-
mones can affect immunity, the lack of a photoperiodic
effect on immunity in P. a. hylocetes is consistent with
the lack of a reproductive responsiveness to photoperiod
reported previously (Demas and Nelson 1998b).

Many non-tropical rodents experience marked
changes in environmental conditions that fluctuate on a
seasonal basis (e.g., day length, ambient temperature,
rainfall). Because increased thermoregulatory require-

ments in winter typically coincide with reduced food
availability, individuals of many small rodents have
evolved physiological adaptations to cope with winter.
Among such strategies, some rodents display seasonal
changes in immune function that appear to be driven by
changes in the ambient photoperiod (Brainard et al.
1987; Nelson and Demas 1996; Yellon et al. 1999).
Specifically, individuals of some non-tropical rodent
species have evolved to enhance immunity in short days,
in advance of harsh winter conditions. It has been sug-
gested that short-day enhancement of immunity has
evolved to counteract winter stress-induced immuno-
suppression (Nelson and Demas 1996; Demas and Nel-
son 1998a). In contrast, tropical rodents are less likely
to experience marked fluctuations in environmental
resources compared with non-tropical animals. Because
tropical rodents are exposed to relatively mild environ-
mental conditions throughout the year, we predicted
that individuals of these species would be less likely to
have evolved seasonal/photoperiodic changes in immu-
nity. The present results support this prediction.

Although changes in photoperiod did not affect im-
mune function in P. a. hylocetes, it is important to note
that seasonal changes in immunity were not examined in
the present study. One interesting possibility is that P. a.
hylocetes experiences seasonal fluctuations in the field, but
unlike temperate zone rodents, these fluctuations are not
entrained by the ambient photoperiod. Although the
majority of non-tropical rodent species rely on photope-
riod as the primary proximate cue to entrain seasonal
breeding, many tropical species use an opportunistic re-
productive strategy according towhich breeding occurs in
the presence of optimal climate and environmental con-
ditions, regardless of the time of year (e.g., Bronson and
Heideman 1992; Heideman et al. 1992). Similarly, P. a.
hylocetes may display seasonal fluctuations in immune
function independent of the influences of photoperiod.
For example, some tropical mammalian species (e.g.,
Anura geoffroyi) undergo seasonal changes in testes mass
in the laboratory independent of photoperiod (Heideman
et al. 1992). P. a. hylocetes examined in the present study
were maintained under standard laboratory conditions
with ad libitum food and water, and mild ambient tem-
peratures. It is possible that these controlled conditions
masked any immunological responsiveness to photope-
riod that may be present in the field. For example, indi-
viduals of P. californicus display seasonal patterns in
reproductive function in the field, but fail to respond to
photoperiod in a laboratory setting (Nelson et al. 1995). In
contrast, California voles (Microtus californicus) display
seasonal patterns of breeding with reproductive function
inhibited during the dry summermonths, and constrained
to November through May when rain and green vegeta-
tion are plentiful (Nelson et al. 1983). In the laboratory,
however, California voles inhibit reproductive function in
short as compared with long days. Thus, some other en-
vironmental factors (e.g., temperature, food availability)
must regulate breeding in the field because if they used
photoperiod to time reproduction, they would be

Fig. 2 Mean (±SEM) splenocyte proliferation (represented as
absorbance units) in response to different concentrations of the T-
cell mitogen Con A of adult male P. a. hylocetes housed in long
(L:D 16:8) or short (L:D 8:16) days for 10 weeks and treated with
varying concentrations of Con A. Higher absorbance values (nm)
are indicative of increased splenocyte proliferation in response to
mitogenic challenge

Fig. 1 Mean (±SEM) serum immunoglobulin G (IgG) concentra-
tions expressed as a percentage of the plate positive control
absorbance values (% plate positive) of adult male P. a. hylocetes
housed in long days (L:D 16:8) or short days (L:D 8:16) for
10 weeks. Statistical differences in pairwise means are indicated by
an asterisk
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reproductively competent 180 degrees out of phase with
their optimal breeding season. The effects of these differ-
ent seasonal factors on immune function remain
unspecified.

It is possible that subtle photoperiodic changes in re-
production and immune function may occur in P. a. hyl-
ocetes, but the effects are too small to be detected with the
number of animals used in the present experiment, but
could be detected with larger sample sizes. This is not
likely, at least for reproductive parameters, given that the
present results are consistent with previous studies in this
species (Demas and Nelson 1998b). Even if this was true,
however, it is reasonable to assume that such small effects
(especially those for immune function) would represent
statistically, but not biologically significant changes in
physiology. Thus, a more plausible explanation for the
present results and one consistent with previous research
is that photoperiod exerts little or no effect on reproduc-
tive or immune function in P. a. hylocetes. One last pos-
sibility is that photoperiodic responsiveness may have
been lost due to unintentional selection against this
characteristic at the Peromyscus Stock Center. This pos-
sibility is not likely, given that other traditionally photo-
periodic species within the genus Peromyscus have
retained photoperiodic responsiveness despite �20–
50 years of captive breeding.

Taken together, the present results suggest that in-
dividual male P. a. hylocetes do not appear to undergo
photoperiodic changes in humoral or cell-mediated im-
munity, at least in controlled laboratory settings. The
results are consistent with the hypothesis that tropical
rodents may be immunologically non-responsive to
photoperiod because individuals of these species do not
experience the relatively extreme fluctuations in envi-
ronmental conditions that likely drive selection for
photoperiodic changes in immunity of temperate zone
rodents. In addition, these results provide important
information regarding the effects of environmental fac-
tors on changes in immunity in tropical rodents. Future
studies will be required to determine to what extent the
present laboratory results generalize to seasonal changes
in physiology in more natural field settings.

Acknowledgements The authors acknowledge Brooke Buckley, Joe
Casto, Joyce Hairston, Violette Renard, and Sue Yang for tech-
nical assistance, and Ed Silverman for expert animal care. We also
thank Dr. Wallace Dawson and Janet Crossland from the Pero-
myscus Genetic Stock Center at the University of South Carolina
for providing us with mice and information about the source
population. This research was supported by USPHS awards NS
10596 to GED and MH 57535 to RJN. The research with animals
conforms to federal NIH and USDA regulations, and was con-
ducted with approval of our local Institutional Animal Care and
Use Committee (IACUC).

References

Afoke AO, Eeg-Olofsson O, Hed J, Kjllman NM, Lindblom B,
Ludvigsson J (1993) Seasonal variation and sex differences of
circulating macrophages, immunoglobulins, and lymphocytes in
healthy school children. Scand J Immunol 37:209–215

Brainard GC, Knobler RL, Podolin PL, Lavasa M, Lubin FD
(1987) Neuroimmunology: modulation of the hamster immune
system by photoperiod. Life Sci 40:1319–1326

Bronson FH, Heideman PD (1992) Lack of reproductive
photoresponsiveness and correlative failure to respond to me-
latonin in a tropical rodent, the cane mouse. Biol Reprod
46:246–50

Bronson FH, Heideman PD (1994) Seasonal regulation of repro-
duction in mammals. In: Knobil E, Neill JD (eds) The physi-
ology of reproduction, vol 2, 2nd edn. Raven, New York,
pp 541–584

Carlson LL, Zimmermann A, Lynch GR (1989) Geographic dif-
ferences for delay of sexual maturation in Peromyscus leucopus:
effects of photoperiod, pinealectomy, and melatonin. Biol
Reprod 41:1004–1013

Carleton MD (1989) Systematics and evolution. In: Kirkland GL,
JN Layne (eds) Advances in the study of Peromyscus (Roden-
tia). Texas Tech Univ Press, pp 7–41

Cory AH, Owen TC, Barltrop JA, Cory JG (1991) Use of an
aqueous soluble tetrazolium/formazan assay for cell growth
assays in culture. Cancer Commun 3:207–212

Demas GE, Nelson RJ (1996) Photoperiod and ambient tempera-
ture interact to affect immune parameters in male deer mice
(Peromyscus maniculatus). J Biol Rhythms 11:95–103

Demas GE, Nelson RJ (1998a) Photoperiod, ambient temperature
and food restriction interact to affect reproductive and immune
function in adult male deer mice (Peromyscus maniculatus).
J Biol Rhythms 13:253–262

Demas GE, Nelson RJ (1998b) Social, but not photoperiodic, in-
fluences on reproductive function in male Peromyscus aztecus.
Biol Reprod 58:385–389

Demas GE, Klein SL, Nelson RJ (1997) Reproductive and immune
responses to photoperiod and melatonin are linked in Pero-
myscus subspecies. J Comp Physiol 179:819–25

Dixon FJ, Jacot-Guillarmod H, McConahey PJ (1966) The anti-
body responses of rabbits and rats to hemacyanin. J Immunol
97:350–355

Drazen DL, Kriegsfeld LJ, Schneider JE, Nelson RJ (2000) Leptin,
but not immune function, is linked to reproductive respon-
siveness to photoperiod. Am J Physiol 278:R1401–R1407

Drazen DL, Jasnow AM, Nelson RJ, Demas GE (2002) Short
days, but not short-term melatonin treatment, enhances hu-
moral immunity of male Syrian hamsters (Mesocricetus aura-
tus), J Pineal Res 33:118–124

Findley JS (1987) The natural history of New Mexican mammals.
University of New Mexico Press, Albequerue, pp 214–218

Heideman PD, Deoraj P, Bronson, FH (1992) Seasonal repro-
duction of a tropical bat, Anoura geoffroyi, in relation to
photoperiod. J Reprod Fertil 96:765–773

John JL (1994) The avian spleen: a neglected organ. Q Rev Biol
69:327–351

Lochmiller RL, Deerenberg C (2000) Trade-offs in evolutionary
immunology: just what is the cost of immunity? Oikos 88:87–98

Lochmiller RL, Vestey MR, McMurray ST (1994) Temporal
variation in humoral and cell-mediated immune responses in a
Sigmodon hispidus population. Ecology 75:236–245

Mann DR, Akinbami MA, Gould KG, Asnsari AA (2000) Sea-
sonal variations in cytokine expression and cell-mediated im-
munity in male rhesus monkeys. Cell Immunol 15 15:105–115

Nelson RJ, Demas GE (1996) Seasonal changes in immune func-
tion. Q Rev Biol 71:511–548

Nelson RJ, Dark J, Zucker I (1983) Influence of photoperiod,
nutrition and water availability on reproduction of male Cali-
fornia voles (Microtus californicus). J Reprod Fertil 69:473–477

Nelson RJ, Gubernick DJ, Blom JM (1995) Influence of photo-
period, green food, and water availability on reproduction in
male California mice (Peromyscus californicus). Physiol Behav
57:1175–1180

Nelson RJ, Fine JB, Demas GE, Moffatt CA (1996) Photoperiod
and population density interact to affect reproductive and im-
mune function in male prairie voles. Am J Physiol 270:R571–
R577

175



Nelson RJ, Demas GE, Klein SL, Kriegsfeld LJ (2002) Seasonal
patterns of stress, immune function, and disease. Cambridge
University Press, New York

Sinclair JA, Lochmiller RL (2000) The winter immunoenhance-
ment hypothesis: associations among immunity, density, and
survival in prairie vole (Microtus ochrogaster) populations.
J Can Zool 78:254–264

Sullivan J, Market JA, Kilpatrick CW (1997) Phylogeography and
molecular systematics of the Peromyscus aztecus species group
(Rodentia:Muridae) inferred using parsimony and likelihood.
Syst Biol 46:426–440

Vázquez LB, Medellı́n, Caneron, GN (2000) Population and
community ecology of small rodents in montane forest of
western Mexico J Mammal 81:77–85

Yellon SM, Fagoaga OR, Nehlsen-Cannarella SL (1999) Influence
of photoperiod on immune cell functions in the male Siberian
hamster. Am J Physiol 276:R97–R102

Zapata AG, Vara A, Torroba M (1992) Seasonal variations in the
immune system of lower vertebrates. Immunol Today 13:142–
147

176


