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Abstract

Annual variations in day length (photoperiod) trigger changes in the immune and reproductive system
of seasonally-breeding animals. The purpose of this study was to determine whether photoperiodic
changes in immunity depend on concurrent photoperiodic responses in the reproductive system, or
whether immunological responses to photoperiod occur independent of reproductive responses. Here
we report photoperiodic changes in enumerative, functional, and behavioral aspects of the immune
system, and in immunomodulatory glucocorticoid secretion, in reproductively non-photoperiodic
Wistar rats. T-cell numbers (CD3+, CD8+, CD8+CD25+, CD4+CD25+) were higher in the blood
of rats housed in short as opposed to long day lengths for 10 weeks. Following a simulated bacterial
infection (E. coli LPS; 125 ng/kg) the severity of several acute-phase sickness behaviors (anorexia,
cachexia, neophobia, and social withdrawal) were attenuated in short days. LPS-stimulated IL-1
and IL-6 production were comparable between photoperiods, but plasma TNFao was higher in long-
day relative to short-day rats. In addition, corticosterone concentrations were higher in short-day
relative to long-day rats. The data are consistent with the hypothesis that photoperiodic regulation
of the immune system can occur entirely independently of photoperiodic regulation of the
reproductive system. In the absence of concurrent reproductive responses, short days increase the
numbers of leukocytes capable of immunosurveillance and inhibition of inflammatory responses,
increase proinflammatory cytokine production, increase immunomodulatory glucocorticoid
secretion, and ultimately attenuate behavioral responses to infection. Seasonal changes in the host
immune system, endocrine system, and behavior may contribute to the seasonal variability in disease
outcomes, even in reproductively non-photoperiodic mammals.
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Introduction

Winter presents animals with a significant energetic challenge: food availability is scarce and
the costs of thermoregulation are higher, relative to conditions during spring and summer
(Bronson, 1989). To contend with this energetic conflict, many mammals have evolved
mechanisms which allow them to suspend reproduction during the fraction of the year when
environmental conditions are unfavorable for successful weaning of offspring (Prendergast et
al., 2002a; Schneider, 2004). The primary cue for engaging these changes in reproductive
physiology is the seasonal change in day length (photoperiod), which reliably predicts winter
conditions weeks in advance of their arrival. In many long-day breeding mammals, decreasing
photoperiods of late-summer induce gonadal atrophy, decreases in gonadal hormone secretion,
and termination of sex behaviors (Prendergast et al., 2002a). In the laboratory, this entire suite
of changes in the reproductive system can be induced by transfer of reproductively
photoperiodic animals from long, summer-like photoperiods (typically those in excess of 14
h of light per day) to short winter-like photoperiods (less than 10 h of light per day; Goldman,
2001)

Photoperiodic changes in immune function are also evident in wild and laboratory animals
(Nelson, 2004), but relative to those operant in the reproductive system, the central and
peripheral mechanisms by which photoperiodic changes in the immune system are
accomplished are less-well known. In general, among long-day breeding rodents, most, though
not all (Drazen et al., 2000; Kinsey et al., 2003), aspects of immune function are enhanced
under reproductively inhibitory short days. A prevailing hypothesis is that, during winter,
animals reallocate energy away from reproduction and toward maintenance of host defense
(Nelson, 2004). For example, deer mice (Peromyscus maniculatus) exhibit increases in specific
antibody production (Demas and Nelson, 1996) and lymphocyte antigen-responsiveness
(Demas and Nelson, 1998a) following exposure to several weeks of short days; these changes
in immune function occur in parallel with the cessation of reproductive activity (Desjardins et
al., 1986). Siberian hamsters (Phodopus sungorus) also exhibit a host of changes in immune
function following adaptation to short photoperiods: antibody production is decreased, but
circulating leukocyte, T-cell and B-cell counts are greater, natural Killer cell cytotoxicity is
facilitated, and antigen-specific skin inflammatory responses are enhanced (Drazen et al.,
2000; Bilbo et al., 2002a; Yellon at al., 1999). Short days also ameliorate the symptoms of
bacterial infection: LPS-induced production of IL-1f, IL-6, and TNFa. is lower in short days
(Bilbo et al., 2002b; Prendergast et al., 2003a), and the magnitude and/or persistence of
thermoregulatory, behavioral, emotional, and ponderal responses to infection are markedly
attenuated (Bilbo et al., 2002b). These changes likewise parallel the regression of the
reproductive system.

The majority of research on photoperiodic regulation of the immune system has been
undertaken in reproductively photoperiodic animals, primarily Siberian hamsters and deer mice
—animals in which photoperiod-induced changes in immune function occur concurrently with
photoperiod-induced changes in reproductive physiology and gonadal hormone secretion. In
light of the potentimmunomodulatory role of gonadal hormones in hamsters (Bilbo and Nelson,
2001; Prendergast et al., 2003b) and other mammals (Ansar Ahmed et al., 1985; Klein,
2000), it is possible that photoperiodic changes in immunity arise primarily as a downstream
consequence of photoperiodic changes in the reproductive axis. Empirical data on this issue
have not yielded consistent results. In Siberian hamsters, photoperiodic regulation of some
indices of immunity occurs independent of changes in reproductive physiology and gonadal
hormone secretion (antibody production, Drazen et al., 2000; skin inflammatory responses,
Prendergast et al., 2005), whereas others appear to track gonadal status (circulating leukocyte
concentrations, Prendergast et al. 2003b; spontaneous blastogenesis, Prendergast et al.,
2002b). In deer mice, immune responses to changes in photoperiod are absent in subspecies
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that fail to exhibit reproductive responses to changes in day length, suggesting a linkage
between reproductive and immunological photoresponsiveness (Demas et al., 1996); however,
within a given reproductively photoresponsive deer mouse species, in vivo measures of
lymphocyte responsiveness to mitogens are enhanced in short days, independent of gonadal
hormone manipulations (Demas and Nelson, 1998b). Determining the extent to which
photoperiodic changes in the immune system depend on activation and inhibition of the
reproductive axis remains a key step towards understanding how changes in day length gain
access to the immune system, and more generally, stands to provide basic insights into
mechanisms by which the activity of the central nervous system impinges on the immune
system.

Surgical manipulations of reproductive condition in photoperiodic rodents are but one method
of experimental control over gonadal and endocrine status; a convergent approach to this
question may be afforded by taking advantage of the heterogeneity of reproductive
responsiveness to photoperiod evident among different strains of laboratory animals. In
contrast to the outbred non-tropical rodents described above, many laboratory mouse (Mus
musculus) and rat (Rattus norvegicus) strains are reproductively non-photoperiodic, although
they possess the neuroendocrine mechanisms sufficient for perceiving changes in day length
and for transducing ambient photoperiod into a neuroendocrine melatonin signal (Ilinerova
and Vanecek, 1980; Nelson et al., 1994; Nelson and Zucker, 1981; Wallen and Turek, 1981).
Reproductively non-photoperiodic rats and mice thus may provide useful models to investigate
mechanisms by which day length influences the immune system in a manner uncomplicated
by photoperiodic influences on the reproductive system. However, evidence forimmunological
photoperiodism in such species is sparse. In C3H/HeN mice, modest changes in circulating
lymphocyte counts were evident following transfer from long to short days, but these
enumerative differences did not extrapolate to cell-specific functional assays (Yellon and Tran,
2002). Consistent with this report, both C3H/HeN and C57/BL6 mice exhibited comparable
lymphocyte counts and skin inflammatory responses in long and short days (Gatien et al.,
2004). Photoperiod likewise failed to affect several in vitro measures of T-cell responsiveness
in male C57 BL/6J mice (Bhat et al., 2003). Although certain rat strains exhibit changes in
immune organ weight and cellularity following extreme manipulations of photoperiod
(Mahmoud et al., 1994), and some data suggests low-amplitude circannual rhythms in
mammary tumor susceptibility exist in rats (Loscher et al., 1997), to date no study has
investigated whether seasonal changes in day length regulate the immune system of laboratory
rats of any strain. Moreover, no attempts have been made to identify the mechanisms by which
any such seasonal regulation might occur.

The goal of these experiments was to determine whether aspects of immune system that are
reported to be under photoperiodic control in reproductively photoperiodic rodents
(enumerative aspects of the immune system and behavioral responses to infection) are
modulated by photoperiod in species that do not exhibit reproductive responses to photoperiod.
Male Wistar rats were selected as a model species because this strain does not exhibit
reproductive responses to photoperiod (Vanecek and Ilinerova, 1982; Wallen et al., 1987) and
is one of the most commonly-used mammals for studies of peripheral immune function and
behavioral responsiveness to infection. Any photoperiodic modulation of immunity,
immunomodulatory neuroendocrine activity, or behavioral responsiveness to immune
activation in this species would constitute evidence that reproductive and immunological
responses to day length are not obligately linked.
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Male Wistar rats (HsdRccHan:WIST) weighing 225-250 g (53-58 days of age) were purchased
from Harlan (Indianapolis, IN, USA) and used in these experiments. After arrival at the
University of Chicago vivarium, all rats were housed in randomly-assigned pairs in
polypropylene cages (25.9 cm x 47.6 cm x 20.9 cm high) in a temperature-controlled room
(22£1°C) under a light-dark cycle that provided 12 h of light and 12 h of darkness per day
(12L:12D; lights off at 17:00 CST). During the scotophase, a dim (<1 lux) red light remained
on to facilitate experimental procedures conducted in the dark. In all experiments, rats had ad
libitum access to food (Teklad 8640; Harlan, Indianapolis, IN, USA) and filtered tap water.
After one week of habituation to the laboratory environment the experimental manipulations
described below began. Three experiments were carried out to determine the effects of changes
in day length on different aspects of the immune system and neural-immune interactions.

All procedures were conducted in accordance with the Guide for Care and Use of Laboratory
Animals established by the National Institute of Health, conforming to AAALAC standards,
and was approved by the local Institutional Animal Care and Use Committee.

Experiment 1: Effects of photoperiod on circulating leukocytes—One week after
arrival in the laboratory (= week 0), 32 male rats were transferred to light-tight chambers (8
cages per chamber) that provided either 16 h light per day (16L:8D; LD; n=16) or 8 h light per
day (8L:16D; SD; n=16); the time of lights-off was the same (17:00 h CST) for all photoperiods.
The 16L and 8L photoperiods were chosen because they match or exceed in duration those
photoperiods sufficient to elicit phenotypic changes in the hamster reproductive and immune
systems (Prendergast et al., 2002a; Nelson et al., 2002). Rats were weighed (£ 1 g) at weekly
intervals for the next 10 weeks. On week 10 between 15:00 — 17:00 h CST, rats were
anesthetized using a mixture of 3% isoflurane and medical oxygen at a flow rate of 3 liters/
min, and 1 ml of whole blood was obtained via the right retro-orbital sinus using sterilized
Pasteur pipettes coated with sodium heparin. Blood samples were thoroughly mixed with 100
ul sodium heparin (100 units) and kept at room temperature until leukocytes were extracted
(see Leukocyte Analyses and Flow Cytometry, below). Immediately after bleeding, rats were
administered 1 ml of sterile 0.9% physiological saline s.c. to restore fluids, and were returned
to their photoperiod housing chambers. All bleeding was performed in a room that was
acoustically isolated from the housing chambers.

Leukocyte Analyses and Flow Cytometry: Total leukocyte numbers were obtained from
whole blood samples according to methods previously reported (Prendergast et al., 2003b): a
25 pl aliquot of the whole blood sample was mixed thoroughly with 3% acetic acid at a 1:20
dilution (Unopette, Beckton-Dickinson) and counted in duplicate on a hemacytometer. In the
remainder of the whole blood sample, specific leukocyte subtypes were measured by
immunofluorescent antibody (Ab) staining and analysis by using single- and multiple-color
flow cytometry (CyanADP, DakoCytomation). Blood was subjected to erythrocyte lysis using
an ammonium chloride lysis buffer (155 mM NH4CI, 10mM KHCOg3, 0.1 mM dsEDTA, pH
=7.3; Pelegri et al., 1995). Briefly, 12 ml of ice-cold lysis buffer was added to 800 ul whole
blood and gently inverted for exactly 3 min. The mixture was centrifuged at 300 x g for 7
minutes, after which cells were washed twice with phosphate-buffered saline (PBS),
resuspended in 4 ml supplemented PBS containing 2% fetal calf serum and 0.1% NaN3 (SPBS),
and held at 4°C. Before staining, the concentration and viability of cell suspensions were
assessed using trypan blue exclusion (Pelegri et al., 1995). Mononuclear cells (1.5 x10°) were
incubated in 100 ul of monoclonal antibody (at appropriate concentrations as determined by
titration, see Antibodies, below) for 30 min at 20°C, after which stained cells were washed
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twice in PBS, resuspended in 200 ul sPBS buffer, fixed with 2% paraformaldehyde, and stored
at 4°C in the dark until analysis.

Antibodies: Before the experiment, appropriate dilutions of each monoclonal antibody (MAb)
were established to use saturating antibody concentrations for 1.5 x 10° cells. Lymphocyte
subsets were determined by flow cytometry (DakoCytomation CyanADP) after staining
single-, double-, or quadruple-staining separate mononuclear cell aliquots from each rat with
one of four panels of MADbs. Panel 1 (Total Leukocytes) contained PE-Cy5-conjugated mouse
anti-rat CD45 (OX-1 clone; 1:200; BD-Pharmingen) which is reactive against all isoforms of
the CD45 leukocyte common antigen found on all cells of hematopoetic origin except
erythrocytes (Sunderland et al., 1979). Panel 2 (B-cells and Granulocytes) contained R-PE-
conjugated mouse anti-rat CD45RA (OX-33 clone; 1:800; BD-Pharmingen) which reacts
against the highest molecular weight form of CD45R (CD45RABC) specific for B-cells
(Woollet et al., 1985) and FITC-conjugated mouse anti-rat HIS48 (1:100; Santa Cruz
Biotechnology) which reacts against an antigen found on all granulocytes (Janeway et al.,
1997). Panel 3 (NK-cell) contained R-PE-conjugated mouse anti-rat CD161 (10/78 clone;
1:800; BD-Pharmingen) which reacts with NKR-P1A, a homodimer expressed on all natural
killer cells and a small proportion of T-cells (Kraus et al., 1996), and APC-conjugated mouse
anti-rat CD3 (clone 1F4; 1:100; BD-Pharmingen) which isa T-cell receptor cell-surface antigen
found on all thymocytes, peripheral T lymphocytes, and dendritic T cells (Elbe et al., 1994;
Tanaka et al., 1989). Panel 4 (T-cell) contained the APC-conjugated CD3 antibody (1:100) as
used in Panel 3; FITC-conjugated mouse anti-rat CD4 (W3/25 clone; 1:100; Santa Cruz
Biotechnology) which reacts to the CD4 receptor on T cells and monocytes (White et al.,
1978); PerCP-conjugated mouse anti-rat CD8a (clone OX8; 1:200; BD-Pharmingen) which
reacts to the a-chain of the CD8 differentiation antigen found on most thymocytes and most T
suppressor/cytotoxic cells (Barclay, 1981; Brideau et al., 1980; Mason et al., 1983; Torres-
Nagel et al., 1992); and R-PE-conjugated mouse anti-rat CD-25 (OX39 clone; 1:200; BD-
Pharmingen) which reacts to the a-chain of the high-affinity IL-2 receptor on T lymphocytes
(Paterson et al., 1987). For each animal, a negative-control (incubation with no MAb added)
sample was included, and for each panel, single-stained controls (incubation with only one of
the component MAbs) were included for use in compensation analyses.

All analyses were performed using FlowJo version 6.3 (Tree Star Inc., Palo Alto, CA) on a
Macintosh G4 computer. Lymphocyte and neutrophil subpopulations were identified and gated
by using forward- versus side-scatter characteristics. Only the cells falling in this gate were
forwarded to dot plots for evaluating antibody-specific fluorescence. Comparison with single-
stain and negative stain control samples allowed discriminating specific from non-specific
staining cell surface markers. Cutoffs for negative control staining were always <5% (and
typically <1%) of the extreme tail of the distribution of single-stain controls. All samples were
analyzed using the same gates, which were set to include 100% of cells labeled with MAb
against; CD45 (Panel 1), CD45RA or HIS48 (Panel 2), CD161 but not CD3 (Panel 3), and
CD3 (Panel 4). The number of fluorescent cells was expressed as the percentage of total
leukocytes, which when multiplied by leukocyte concentration (obtained directly from whole
blood samples) allowed calculation of specific leukocyte subtype concentration for each
animal. For each staining antibody, the mean fluorescence intensity (MFI) of the positive cells
obtained from each sample was used to measure the expression of surface molecules. For each
molecule studied, all samples were analyzed on the cytometer with the same conditions of
voltage.

Experiment 2: Effects of photoperiod on ingestive and somatic responses to
simulated infection—One week after blood samples were obtained (week 11), rats from
Experiment 1 were weighed, individually housed, and returned to their respective photoperiod
chambers (LD: n=16; SD: n=16). One week later (week 12) rats received an i.p. injection of
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either 125 pg/kg of E. coli lipopolysaccharide (LPS; serotype 0127:B8; Sigma; n=8 per
photoperiod) or 0.9% sterile physiological saline (Saline; n=8 per photoperiod) 30 minutes
before the onset of darkness. LPS is the biologically-active fragment of endotoxin from gram-
negative bacteria but is non-replicating. This dose and strain of LPS was used because it reliably
induces physiological and behavioral symptoms of infection in Wistar rats (Bluthe et al.,
2001; Dogan et al., 2000). During the 4 days prior to, and for 17 days after, injection treatments,
body mass was determined, and the uneaten portion of the animal’s food (including small
crumbs on the cage floor) was weighed (x 0.1 g) each day between 16:00 and 17:00 h to
determine daily food intake. Body mass measurements were continued for an additional 7 days
after measurements of food intake were terminated. Because body masses differed significantly
between LD and SD rats, body mass and food intake were expressed as a percentage change
from baseline (day of injection) values.

In addition to group-level comparisons, for each individual animal a somatic and an ingestive
‘recovery time’ was calculated as the number of days required for body mass and food intake
to return to values that were greater than or equal to the individual’s baseline value, and
remained at or above this value for two or more successive days. One rat failed to exhibit full
recovery of body mass to its baseline value by the end of the experiment; for statistical purposes,
this rat was assigned a body mass recovery duration equal to the last day of the sampling interval
(day 17).

Experiment 3: Effects of photoperiod on emotional and social behavior
following infection—One week after arrival in the laboratory (week 0), 32 male rats were
transferred to either a LD (16L:8D; n=16) or a SD (8L:16D; n=16) photoperiod as described
in Experiment 1. Rats remained pair-housed for the next 7 weeks; during this time animals
were weighed at weekly intervals. Beginning on week 7, rats were individually-housed, and
on week 8, rats were injected i.p. with LPS (n=8 per photoperiod) or Saline (n=8 per
photoperiod) in a manner identical to that described in Experiment 2. Rats were returned to
their home cages and photoperiod chambers following injections, and novel object behavioral
testing began 2-3 h later.

Novel object test: Novel object exploration tests were carried out during the dark phase of the
light-dark cycle under dim red illumination. This test measures the tendency of an individual
to explore a novel object under a situation of minimally perceived threat, as a means to assess
the relative strength of two competing drives— exploration versus safety. The reaction to a
novel object was assessed during three separate intervals (2-3 h, 24-25 h, and 48-49 h) after
injections. The test was conducted in the animal’s home cage and began when a small cup was
placed upside-down at the end of the cage opposite (along the long axis) to where the rat sat
in its nest. To minimize habituation to the object, cups of different sizes and materials were
used for each of the three testing sessions (small plastic: 150 ml, translucent; small paper: 120
ml; medium plastic: 265 ml, opaque red). Rats had never been exposed to cup-shaped objects;
thus the stimuli held no natural significance and had never been associated with a reinforcer.
Exploration of the novel object was quantified as time spent touching, sniffing, or biting the
cup. Behavior tests were recorded using a digital video camera equipped with an infrared filter
(Sony; Model DCR-TRV260). Video records were scored using the Etholog transcription
program on a PC computer (Ottoni, 2000), by an observer who was unaware of the treatment
conditions.

Social exploration test: Following the completion of the novel object tests, rats remained
single-housed in LD (n=16) or SD (n=16) until week 12. Body mass and food intake were
measured on a daily basis during this interval to ensure that rats had fully recovered from the
injection treatments of week 8 (see Results). On week 12, social components of the sickness
behavior induced by LPS were assessed by measuring the duration of social exploration of a
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male juvenile (21-35 day old) conspecific. This is a validated procedure for measuring the
intensity of social withdrawal during the acute response to simulated bacterial infection (Bluthe
etal., 1992; 1999). One day before injection treatments, baseline levels of social exploration
were measured by presenting experimental animals in their home cage with a juvenile male
for 4 min (Bluthe et al., 1999). The duration of time spent by the experimental rat engaged in
social investigation of the juvenile (anogenital sniffing, grooming, and body sniffing) during
this interval was recorded (Bluthe et al., 1992). The following night rats were injected with
LPS or Saline (as described in Experiment 2) 1 h before the onset of darkness. Social
exploration tests lasting 4 min each were conducted in the home cage of each experimental
animal 2, 6, 24, and 48 h after injection treatments under dim red illumination. Interactions
were recorded on video, and the time spent engaged in social exploration was determined by
an observer who was unaware of the experimental treatment conditions. To control for
individual differences in the propensity to explore conspecifics, and to permit comparisons of
relative changes in exploration levels, the baseline (pre-treatment) social exploration score was
used as an internal control for each rat. Behavioral results were calculated as a percentage of
the baseline social exploration measurement and are reported as means = SEM.

Experiment 4: Effects of photoperiod on LPS-stimulated proinflammatory
cytokine production—One week after arrival in the laboratory (week 0), 18 male rats were
transferred to either a LD (16L:8D; n=9) or a SD (8L:16D; n=9) photoperiod as described in
Experiment 1. Rats remained pair-housed for the next 8 weeks. At two week intervals between
weeks 0 and 8, rats were weighed and their reproductive condition was assessed by measuring
the length and width of the left testis, the product of which provides an estimated testis volume
(ETV) which is highly (R2>0.9) correlated with testis mass (Gorman & Zucker, 1995) and
provides a reliable, non-invasive indicator of hypothalamic-pituitary-gonadal axis activity
(Heideman & Sylvester, 1997). On week 8 rats were individually-housed, and on week 9 rats
were injected i.p. with LPS (125 ng/kg) or 0.9% sterile physiological saline 30 minutes before
the onset of darkness, in a counterbalanced design, with successive injections separated by 8
days.

Blood collection: One day (24 h) prior to injection, a ‘baseline’ blood sample (1.0 ml) was
obtained under light isoflurane anesthesia (4% mixture with medical O,) from the retroorbital
sinus using a heparinized Pasteur pipette. To minimize stress, blood collections were performed
in a room separate from the animal housing chambers. Following the blood withdrawal
procedure, rats were separated from the colony until all blood collections for the day were
completed. Animal handling during blood collection was also kept to a minimum (<2 min),
and prior to recovery from anesthesia, rats were administered 1.0 ml of sterile 0.9% saline for
rehydration. Additional blood samples were obtained 2, 6 and 10 h after LPS and Saline
injections in an identical manner. Following collection, blood samples remained on ice for 1
h and were centrifuged at 2500 x g for 30 min at 4°C. Plasma was stored at —80°C until assayed
for IL-1p and corticosterone concentrations by enzyme-linked immunosorbent assays
(ELISAS; see below).

Determination of Hormone and Cytokine Concentrations: Corticosterone was measured
using an ELISA (Correlate-EIA Kit, Assay Designs) according to the manufacturer’s
instructions. The ELISA uses a polyclonal antibody to corticosterone to competitively bind
plasma corticosterone and alkaline-phosphatase conjugated corticosterone. Briefly, plasma
samples were thawed at room temperature, diluted 1:30 in assay buffer, and applied to a
microplate. Following incubation and robotic washing (SkanWasher 400, Molecular Devices,
Sunnyvale, CA), plates were read on a microplate reader at 405 nm, and values were determined
by extrapolation from a standard curve using SoftMaxPro 5.0 software (Molecular Devices).
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The corticosterone ELISA had a sensitivity of <27.0 pg/ml, an intra-assay CV of 7.7% and an
inter-assay CV of 9.7%. All samples, standards, and replicates were assayed in duplicate.

IL-1B was measured by ELISA (Quantikine, Rat IL-1B Kit; R&D Systems) according to the
manufacturer’s instructions. Briefly, plasma samples were thawed and centrifuged at room
temperature, and diluted 1:3 in assay buffer. Diluted samples and standards were added in
duplicate to a microplate coated with an affinity-purified polyclonal antibody specific for rat
IL-1B. After binding to the immobilized antibody, wells were washed, HRP-conjugated
secondary antibodies were added, wells were washed again, and a colorimetric reaction was
performed to permit visualization of a reaction product. Finally, the optical density of each
microplate well was read at 450 nm using a microplate reader (Emax, Molecular Devices) with
correction at 570 nm. Sample values were determined by extrapolation from a standard curve.
The IL-1B ELISA has a sensitivity of <5.0 pg/ml, an intra-assay CV of 5.5%, and an inter-
assay CV of 4.6%. All samples, standards, and replicates were assayed in duplicate.

In a subset of samples which corresponded to the peak of cytokine production (+2 h and +6 h
post-LPS and saline treatment; as determined in the time-course assay described above; see
Results), IL-6 and TNFa protein concentrations were determined using the Bioplex Protein
Avrray system (Bio-Rad, Hercules, CA), according to methods described in de Jager et al.
(2003). Briefly, plasma samples were thawed at 20°C and diluted four-fold in sample diluent
buffer. Diluted samples were assayed for cytokine levels (IL-2, IL-6, TNFa, and IFNg) using
a multiplex bead-based immunoassay kit (no. 171-K11070; Bio-Rad). Cytokine assays were
performed exactly as described by the manufacturer’s protocol.

Statistical analyses: In Experiment 1, mean body masses and leukocyte counts were compared
between photoperiods using student’s t-tests. In Experiment 2, differences in body mass and
food intake, and the number of days required to recover baseline body mass and food intake
values were compared using student’s t-tests. In Experiment 3, within-subjects factorial
ANOVASs were used to compare changes in novel object and social investigation over time
usinga 2 (LD, SD) x 2 (LPS, Saline) repeated-measures design. Post hoc planned comparisons
were conducted using t-tests between means. In Experiment 4, changes in testis volumes were
compared using repeated-measures ANOVA with photoperiod (LD, SD) as a between-subjects
factor and time (weeks of photoperiod) as the repeated measure. Differences in plasma
corticosterone concentrations were compared using t-tests; LPS- and saline-induced changes
in cytokine production were compared using paired and unpaired t-tests. Differences were
considered significant if p<0.05.

Experiment 1: Effects of photoperiod on circulating leukocytes

Initial (week 0) body weights were comparable between LD and SD rats (t30=0.31; p>0.05).
Rats housed in SD gained body mass significantly slower than rats housed in LD (Fig. 1). A
significant difference in body mass was first evident by week 3 (t3p=2.21, p<0.05), and
persisted through week 10. At the time of blood sampling (week 10), LD rats weighed 35 +10
g (~8%) more than SD rats.

Exposure to SD did not significantly affect the overall concentration of leukocytes in the
circulation (p>0.05) but significantly affected the concentration of several leukocyte subtypes
(Table 1). Total numbers of CD3+ T cells were significantly higher in SD relative to LD rats
(t30=2.07, p<0.05), as were the number of CD8+ T cells (t3p=2.22, p<0.05). CD4+ T cell
concentrations were comparable among LD and SD rats (t3p=1.60, p>0.05); however, relative
to LD rats, SD rats had significantly higher concentrations of CD25+/CD4+ T cells (t3p=2.07,
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p<0.05) and CD25+/CD8+ T cells (t39g=1.95, p<0.05). NK cell, B cell, and granulocyte
concentrations were comparable among LD and SD groups (p>0.05, all comparisons).

Experiment 2: Effects of photoperiod on ingestive and somatic responses to simulated

infection

On the day of injection treatments (week 12), baseline daily food intake (an average of food
intake measurements from the 4 days immediately preceding injections) was significantly
greater in LD relative to SD rats (t3p=2.07, p<0.05; Fig. 2A), and LD rats weighed more than
SD rats (t39=2.28, p<0.05; Fig. 2B). In order to permit comparisons between photoperiod
groups, changes in food intake and body mass subsequent to LPS/Saline treatments were
expressed as a percentage of baseline values. Neither daily food intake (F1 14=2.6, p>0.05) nor
body mass accretion (F 14=4.3, p>0.05) differed between Saline-injected LD and SD animals
during the 17 days following injection treatment.

LPS injections transiently suppressed food intake in both LD and SD rats (Fig. 3). The
magnitude of suppression of food intake was comparable between LD and SD rats (LD nadir:
—51+5%; SD nadir: 47+£3%; p>0.05). However, LPS-induced suppression of food intake
endured significantly longer in LD relative to SD rats. Group-wise analyses indicated that food
intake among LPS-injected rats in both photoperiods was significantly lower than that of their
respective saline-treated controls for the first 3 days following treatment; however, mean food
intake among LPS-treated rats in LD was also significantly lower than that of saline-injected
rats on day 6, day 9, and day 10 (p<0.05, all comparisons), whereas food intake in LPS-injected
SD rats did not differ from that of controls at any time point after day 3. Idiographic analyses
indicated that recovery of baseline ingestive behavior required an average of 11.5 (+1.1) days
in LD rats whereas baseline food intake was restored in 7.4 (£0.7) days in SD rats (p<0.05).

LPS injections likewise suppressed body mass gain in LD and SD rats (Fig. 4). Suppression
of body mass was evident to a comparable magnitude in LD and SD rats (LD nadir: —3.4+0.4%;
SD nadir: —2.8+0.4%; p>0.05). Suppression of body mass endured significantly longer in LPS-
treated rats housed in LD relative to those in SD. Body masses of LPS-injected rats in SD
returned to values that did not differ from those of saline-injected rats by day 15, whereas body
masses of LPS-treated rats housed in LD did not return to values comparable to those of saline-
injected animals (p<0.05, all comparisons). Longitudinal analyses of individual animals
indicated that body mass recovery required an average of 14.3 (+1.2) days in LD rats versus
10.6 (x1.1) days in SD rats (p<0.05).

Experiment 3: Effects of photoperiod on emotional and social behavior following simulated

infection

The duration of novel object exploration differed significantly according to injection treatment
(F1,26=10.6, p<0.05) and time (F2 56=11.8, p<0.05), but not photoperiod (F 2g=3.60, p>0.05;
Fig. 5). The treatment x time interaction was significant (F, 56=3.42, p<0.05). Post-hoc
comparisons of mean exploration times indicated that photoperiod had no effect on novel object
exploration in saline-injected rats at any time following treatment; however, LPS treatments
significantly inhibited novel object exploration in LD animals when tested 2 h (t14=4.53,
p<0.05 vs. LD-saline) and 24 h (t14=3.46, p<0.05 vs. LD-saline) after LPS treatment. In
contrast, the duration of novel object exploration exhibited by SD rats injected with LPS did
not differ from that of saline-injected SD rats at any time following treatment (p>0.05, all
comparisons).

Baseline measures of the duration of social investigation of a conspecific juvenile (obtained
on the night before injection treatments) were comparable across the four photoperiod and
injection treatment groups (t14<0.79, p>0.05, all comparisons). Three LPS-injected rats (2 LD,
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1 SD) failed to exhibit decreases in body mass or food intake during the three days following
LPS treatments; based on these independent criteria, these three animals were excluded from
all behavioral analyses. Following LPS and saline injections, changes in the amount of social
investigation differed significantly as a function of injection treatment (F »5=4.35, p<0.05),
and time (F4,100=21.3, p<0.05; Fig. 6); the treatment x time interaction was also significant
(F4,100=6.84, p<0.05). LPS-injected rats in LD and SD exhibited less social exploration than
did their saline-injected counterparts 2 h after treatment (LD: t1,=3.29, p<0.05; SD: t13=2.83,
p<0.05); however, 6 h after treatment, social exploration duration did not differ between LPS-
and saline-treated rats in SD (t13=1.83, p>0.05), whereas LD-LPS rats were significantly less
exploratory than LD-saline rats (t1o=2.36, p<0.05). Moreover, the magnitude of suppression
of social exploration was significantly greater in LD relative to SD rats 2 h after LPS treatment
(t12=2.80, p<0.05). Photoperiod had no effect on social exploration in saline-injected rats at
any time following treatment (p>0.05, all comparisons).

Experiment 4: Effects of photoperiod on corticosterone and LPS-induced IL-1B production

Between weeks 0 and 8, testis volume increased significantly in rats housed under both LD
and SD (F,3p=21.3, p<0.05); however, the pattern of this change was comparable among LD
and SD rats (F 3<0.1, p>0.05; Fig. 7A). At no time point in the experiment did mean testis
volume differ between LD and SD rats (t;<0.3, p>0.05, all comparisons).

Priorto injection treatments, resting (baseline) corticosterone concentrations were significantly
higher in SD as compared to LD rats (t1g=2.4, p<0.05; Fig. 7B).

Pre-injection IL-1B concentrations were low and comparable among LD and SD rats (t15=0.1,
p>0.05; Fig. 8). In both LD and SD rats, LPS induced significant increases in plasma IL-1
relative to baseline values: IL-1p was increased 2 h (LD: tg=2.1, p<0.05; SD: t8=2.2, p<0.05),
6 h (LD:tg=3.4, p<0.05; SD: tg=3.5, p<0.05), and 10 h (LD: tg=4.6, p<0.05; SD: tg=3.1, p<0.05;
Fig. 8) after injection. At none of these time points did IL-1 concentrations differ significantly
between LD and SD animals (t1<1.1, p>0.05, all comparisons). At the peak of LPS-induced
IL-1p production (6 h post-injection), both LD and SD rats injected with LPS exhibited
significantly higher IL-1p concentrations relative to those injected with saline (LD: t;5=2.0,
p<0.05; SD: t;5=2.2, p<0.05; data not shown). Following saline-injections, IL-6 and TNFa
concentrations were low and comparable between LD and SD rats (t3<1.3; p>0.05, all
comparisons, data not shown). IL-6 concentrations showed a tendency towards being higher
in long-day LPS-treated rats relative to saline-injected rats 2 h after treatments (t11=1.45;
p=0.08), but among LPS-injected rats did not differ between LD and SD groups at 2 h
(t16=0.67; p>0.05) or at 6 h (t16=0.93; p>0.05; Fig. 9) after treatment. TNFa concentrations
were significantly elevated in LPS- relative to saline-treated rats (t11>2.17; ps<0.05) and were
significantly higher in the circulation of LD rats relative to SD rats 2 h after LPS treatment
(t16=1.89; p<0.05).

Discussion

Exposure to short photoperiods enhanced several aspects of the immune system of male Wistar
rats. In blood, the number of T-cells (CD3+ and CD3+/CD8+) was augmented in short
compared to long days, as were CD8+/CD25+ and CD4+/CD25+ T lymphocytes. Short days
also attenuated acute phase sickness behaviors following a simulated bacterial infection. All
rats exhibited anorexia and cachexia in response to LPS, but the duration of these symptoms
was abbreviated in short- as compared to long-day rats. LPS also induced neophobia and social
withdrawal, but the magnitude and persistence of these emotional symptoms were attenuated
in short days. Photoperiod did not affect IL-1f or IL-6 responses to LPS, however, TNFa
concentrations were nearly two-fold higher in long-day relative to short-day rats after LPS
treatment. In addition, corticosterone concentrations were significantly elevated in short-
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relative to long-day rats. Together, these results show that, in reproductively non-photoperiodic
laboratory rats, exposure to short days affects multiple aspects of immune function: increasing
the numbers of leukocytes capable of immunosurveillance and inhibition of inflammatory
responses, decreasing innate immune responses (cytokine production) to simulated infection,
and ultimately attenuating behavioral responses to infection.

The numbers of several subtypes of T lymphocytes were greater in rats exposed to short days.
This enhancing effect of short photoperiods on T cells resembles that observed in
reproductively photoperiodic rodents (e.g., Siberian hamsters; Bilbo et al., 2002a). In contrast
to hamsters, the overall number of leukocytes in the blood did not differ in response to
photoperiod, suggesting that increases in T-cell subtypes reflect a redistribution of investment
in select cell phenotypes, rather than an omnibus effect on total leukocyte numbers. This
redistribution raises the possibility that T-cell dependent, cell-mediated immune responses
(e.g., memory T-cell dependent skin inflammatory responses; Dhabhar and McEwen, 1996)
may likewise be enhanced in rats under short days, as is the case in Siberian hamsters (Bilbo
etal., 2002a).

Behavioral symptoms of infection were attenuated in rats exposed to short days. Although
LPS-induced anorexia was comparable in magnitude across photoperiods, it was markedly
protracted in long-day rats, which required 3—4 additional days of recovery to exhibit ingestive
behavior typical of baseline values. The net effect of this extended anorexic interval was an
enduring decrement in body mass. Whereas short-day LPS-treated rats weighed as much as
saline-injected controls within 15 days after treatment, long-day rats remained significantly
lighter than controls for the entire post-injection measurement interval.

Short days also attenuated non-ingestive sickness behaviors. LPS inhibited novel object
investigation for > 24 h long-day rats, whereas this behavior was unaffected in short-day rats.
In addition, both the magnitude and duration of LPS-induced inhibition of social investigation
were greater in long-day as compared to short-day rats. The primary mediators of LPS-induced
sickness behaviors are IL-1, IL-6 and TNFa, which act both in the periphery and in the CNS
to regulate ingestive behavior and emotional tone (Kent et al., 1992; Ek et al., 1998; Quan et
al., 1998; Konsman et al., 2000; Dantzer et al., 2001). The present results suggest that
functionally-significant aspects of this immune-neural pathway may be altered following
adaptation to short photoperiods. These data are reminiscent of the attenuation of somatic,
emotional, and ingestive symptoms of simulated infection in Siberian hamsters following
adaptation to short days (Bilbo et al., 2002b).

Short photoperiod may attenuate rat sickness behaviors in part through changes in LPS-elicited
proinflammatory cytokine production. Multiple cytokines participate in the genesis of sickness
behavior, acting individually and in synergy (Dantzer, 1999; Dantzer et al., 2001). Although
peripheral IL-1p and IL-6 responses to LPS did not differ between LD and SD rats, plasma
TNFo concentrations were approximately two-fold higher in LD relative to SD rats 2 h after
LPS treatment, matching the time course of the onset of exacerbated sickness behaviors in LD
rats. Systemic administration of TNFa decreases social exploration in rats and mice (Bluthe et
al., 1992; Bluthe et al., 1994) and is also sufficient to suppress feeding behavior under various
paradigms (Kent et al., 1996; Plata-Salaman, 1999). TNFq, acting through the TNFR1 and
TNFR2 receptor subtypes (Simen et al., 2006), is an important mediator of changes in ingestive
behavior and behavioral depression that contribute to pathophysiology of LPS-induced
sickness behavior (Dantzer et al., 2001). Thus rats, in common with hamsters (Prendergast et
al., 2003a), exhibit reductions in TNFa responses to LPS under short days. Unlike hamsters
(Bilbo et al., 2002b), however, rat IL-1p and IL-6 responses appear impervious to day length.
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Baseline plasma corticosterone was significantly higher in short-day relative to long-day rats,
an effect similar to the reported in Siberian hamsters (Bilbo et al., 2002a). It was beyond the
scope of the present study to determine whether short-day increases in corticosterone are
maintained throughout the circadian cycle; however, in hamsters short-day increases in cortisol
are evident at several phases of the circadian cycle (including shortly before lights-off, as
described here) and amplified (SD>>LD) following LPS treatments (Bilbo et al., 2003).
Endogenous glucocorticoids have potent inhibitory effects on sickness behaviors (Goujon, et
al., 1997), attenuating proinflammatory cytokine production in the periphery (Kapcala et al.,
1995; Pezeshki et al., 1996; Goujon et al., 1996), and suppressing expression of
proinflammatory cytokines in the CNS (Wisse et al., 2004). In rats, exogenous glucocorticoids
also inhibit behavioral and thermoregulatory responses to LPS and I1L-1p (McClellan et al.,
1994; Morrow et al., 1996; Propes & Johnson, 1997). Thus, in addition to inhibiting cytokine
production, short days may suppress the expression of sickness responses via a parallel effect
on the HPA axis.

Increases in T lymphocytes under short days are also noteworthy in light of the short-day
attenuation of sickness behaviors reported here. T cells expressing CD4 and CD25 were
significantly upregulated in short days. Corticosterone treatment markedly enhances
proliferation of CD4+CD25+ T lymphocytes in vitro (Wiegers et al., 2000), thus increased cell
numbers in short day rats are consistent with short-day upregulation of HPA axis activity. CD4
+CD25+ T cells are commonly known as regulatory T cells (Tregs; Ziegler, 2006). Tregs can
suppress proliferation of naive and memory T cells and inhibit production and release of
proinflammatory cytokines through several mechanisms (Piccirillo & Thornton, 2004;
Fontenot et al., 2005; Ziegler, 2006): Tregs suppress innate immune responses, inhibiting
inflammation in part through production of IL-10 and TGFp (Uhlig et al., 2006; Maloy et al.,
2007). Treg cells also inhibit proinflammatory cytokine (IL-1p, IL-6, TNFa) responses to LPS
(Murphy et al., 2005). It is possible that photoperiodic differences in Treg numbers participate
in the attenuation of sickness behaviors through their suppressive effect on LPS-stimulated
TNFa release. Further study is necessary to determine the extent to which short-day increases
in T cell numbers participate in the photoperiodic regulation of cytokine and behavioral
responses to LPS.

The adaptive significance of seasonal changes in immunity—principally the enhancement of
peripheral leukocyte numbers and the suppression of sickness responses— under winter
conditions— has been argued to lie in a redistribution of energy towards physiological systems
responsible for host defense at a time of year when reproduction is contraindicated (Demas
and Nelson, 1996; Nelson, 2004; Nelson and Demas, 1996). The photoperiodic attenuation of
some energetically-costly acute phase symptoms, particularly anorexia, may also reflect an
adaptive response by winter animals, given the relatively lower temperatures and reduced
availability of food during winter. Behavioral suppression (whether directed towards novel
objects or conspecifics) is also an energy-conserving response to infection: lethargy reduces
heat loss and facilitates the maintenance of fever (Hart, 1988). The observation that short days
either abolish (novel object) or attenuate (social investigation) LPS-induced behavioral
depression in rats raises the possibility that some energetically-costly aspects of the acute
response to infection may not be suppressed by exposure to winter cues. Given that the ancestral
stock of laboratory rats, Norway rats, continue to forage throughout the winter, and typically
live in communal social groups in which thermoregulation is facilitated by huddling (Calhoun,
1963), the short-day amelioration of LPS-induced behavioral depression may allow rats to
resume food-motivated exploratory behavior sooner after an infection, and may also facilitate
tolerance of the inevitable conspecific social interactions that are required for communal
huddling.
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Although reproductive photoperiodic responses have been reported in several inbred and
outbred laboratory rats (Francisco et al., 2004; Heideman and Sylvester, 1997; Leadem,
1988; Lorincz et al., 2001; Shoemaker and Heideman, 2002); this is not the case for Wistar
rats (Fig. 7; Vanecek and Ilinerova, 1982; Wallen et al., 1987). Thus, this is the first report to
demonstrate that non-reproductively photoperiodic rats exhibit alterations in multiple aspects
of the immune system in response to changes in photoperiod. Immunological responsiveness
to changes in photoperiod evidently do not depend on concurrent reproductive responses,
suggesting that reproductive and immune responses to photoperiod are not necessarily linked
in small mammals.

The mechanisms by which rats engage photoperiodic changes in the immune system are not
fully known, but may involve seasonal changes in pineal melatonin production and
glucocorticoid secretion. Nocturnal melatonin secretion reliably tracks seasonal changes in
photoperiod (Ilinerova and VVanecek, 1980), and pinealectomy abolishes photoperiodic gonadal
responses in reproductively photoresponsive rodents (including select rat strains: [Heideman
and Sylvester, 1997; Prendergast et al., 2002a]). Pineal melatonin may figure prominently in
the transduction of day length information into the immune system of rats, as is the case in
hamsters (Wen et al., 2007). Substrates in the immune system and in the CNS that participate
in the generation of sickness behaviors may respond directly or indirectly to changes in
melatonin secretion (Bilbo & Nelson, 2002; Hotchkiss & Nelson, 2002). In addition,
photoperiodic changes in corticosterone secretion may also constitute a post-pineal mechanism
relevant to seasonal changes in the immune system. The control of the HPA axis by photoperiod
and melatonin in reproductively non-photoperiodic mammals clearly warrants further
investigation.

Wistar rats are one of the most commonly-used models for investigations of basic
immunological processes. The extent to which formal and physiological aspects of
photoperiodic time measurement in immunologically-photoperiodic rats and reproductively-
photoperiodic rodents are similar is not presently known. However, the neuroendocrine
mechanisms responsible for photoperiodic time measurement are exquisitely sensitive to
changes in illumination at night (Hoffmann et al., 1981; Whaling et al., 1993; Gorman and
Elliott, 2004) and prior ‘photoperiod history” effects (Weaver et al., 1987; Prendergast et al.,
2000). Standard rat husbandry protocols may inadvertently engage photoperiodic responses
with undesired consequences.

In summary, photoperiod regulates leukocyte numbers, cytokine production, and sickness
behaviors in laboratory rats. Decreases in proinflammatory cytokine production and increases
in corticosterone production under short days may provide mechanisms by which day length
alters the immune response to infection. The present data indicate that reproductive and
immune responses to photoperiod are not obligately linked, and thus are consistent with the
hypothesis that, following the perception of a change in photoperiod by the CNS, parallel but
independent mechanisms may regulate photoperiodic responses in the reproductive and
immune systems.
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Figure 1.

Mean (£SEM) body mass of adult male Wistar rats housed 2 per cage and maintained on
lighting regimens (photoperiods) of either 16L:8D (LD) or 8L:16D (SD). Prior to the inception
of LD and SD treatments, rats were housed in a 12L:12D photoperiod. * p<0.05 vs. LD value.
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Figure 2.

Mean (£+SEM) body mass and food intake of adult male Wistar rats housed in 16L:8D (LD)
or 8L:16D (SD) for 12 weeks. Rats were housed 2 per cage from week 0 until week 8, and
singly housed thereafter. * p<0.05 vs. LD value.
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Figure 3.

(A) Mean (£SEM) percent change in daily food intake from baseline in adult male Wistar rats
following injection with bacterial lipopolysaccharide (125 ug/kg, i.p.; LPS) or sterile saline
(Saline) on day 0. Prior to injection treatments, rats were housed in long-day (16 h light/day;
LD) or short-day (8 h light/day; SD) photoperiods for 12 weeks. *p<0.05 vs. Saline value. (B)
Mean (+SEM) number of days to recover baseline food intake. *p<0.05 vs. LD value.

Brain Behav Immun. Author manuscript; available in PMC 2009 June 9.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Prendergast et al.

Page 22

6 A 16 B
5] 14 4
%] 4 1 -7
n o_ O > *
© > 12 A
S 2 34 8s
>3 o)
TP 2 © B 10-
®© ©
m o 14 el >
Qo - e 04 S 23
o > =
c = oo
C® -1- Qo 67
59 X c
< 2] , 22 4-
v -} LD-Saline = @©
-3 -O- LDLPS o , ] 1
-4+ — SD-Saline
5 * —-@- SD-LPS 04
) 0 2 4 6 8 10 12 14 16 LD LD SD SD
Days LPS Saline LPS Saline
Figure 4.

(A) Mean (xSEM) percent change in body mass from baseline in adult male Wistar rats
following injection with bacterial lipopolysaccharide (125 pg/kg, i.p.; LPS) or sterile saline
(Saline) on day 0. Prior to injection treatments, rats were housed in long-day (16 h light/day;
LD) or short-day (8 h light/day; SD) photoperiods for 12 weeks. *p<0.05 vs. Saline value. (B)
Mean (+SEM) number of days to recover baseline body mass. *p<0.05 vs. LD value.
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Figure 5.

Mean (+SEM) time spent engaged in exploration of a novel object by adult male Wistar rats
following injection with bacterial lipopolysaccharide (125 ug/kg, i.p.; LPS) or sterile saline
(Saline). Novel object tests were conducted in the home cage 2, 24, and 48 h after LPS and
Saline treatments. Prior to injections, rats were housed in long-day (16 h light/day; LD) or
short-day (8 h light/day; SD) photoperiods for 8 weeks. *p<0.05 vs. Saline-treated group in
the same photoperiod.

Brain Behav Immun. Author manuscript; available in PMC 2009 June 9.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Prendergast et al.

Page 24

— 120

L

S

'-E 100 A

ke,

=3

L 80 -

©

3

() 60 -

A=

©

% 40 1 *

g’ -} LD-Saline

W . -O- LDLPS

& s —m- SD-Saline

= -@- SD-LPS
0

Baseline +2 h +6 h +24 h +48 h

Figure 6.

Mean (£SEM) time spent engaged in social exploration of a novel juvenile conspecific by adult
male Wistar rats following injection with bacterial lipopolysaccharide (125 ug/kg, i.p.; LPS)
or sterile saline (Sal). Social exploration tests were conducted in the home cage 2, 6, 24, and
48 h after LPS and Sal treatments. Prior to injections, rats were housed in long-day (16 h light/
day; LD) or short-day (8 h light/day; SD) photoperiods for 12 weeks. *p<0.05 vs. Saline-treated
group in the same photoperiod. #p<0.05 vs. LPS-treated SD value.
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Figure 7.

(A) Mean (xSEM) estimated testis volume of adult male Wistar rats transferred to long-day
(16 h light/day; LD) or short-day (8 h light/day; SD) photoperiods beginning on week 0. Prior
to the inception of LD and SD treatments, rats were housed in a 12L:12D photoperiod. Note
discontinuity in ordinate axis. (B) Mean (+SEM) plasma corticosterone concentrations in LD
and SD housed rats as determined on week 9. *p<0.05 vs. LD value.
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Figure 8.

Mean (£SEM) LPS-induced (A) plasma IL-1B, (B) plasma IL-6, and (C) plasma TNFa
concentrations of adult male Wistar rats following exposure to long day (16 h light/day; LD)
or short-day (8 h light/day; SD) photoperiods for 9-10 weeks. Rats were injected with 125
ug/kg E. coli LPS 30 minutes before the onset of darkness. *p<0.05 relative to baseline (0 h)
value within photoperiod. #p<0.05 vs. LD value at the same time point.
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Table 1
Mean (+SEM) leukocyte concentrations (cells x 103/ul whole blood) of male Wistar rats housed in long (16L:8D) or
short (8L:16D) photoperiods for 8 weeks.

Cell phenotype Long days Short days
Total leukocytes 11.69 (+0.6) 13.24 (+0.6)
Lymphocytes 9.27 (+0.5) 10.45 (+0.5)
CD3+ T-cells 414 (20.3) 498 (x03)"
CDB8+ T-cells 113 (20.1) 149 (:0.1)"
CD4+ T-cells 2.81 (0.2) 3.24 (+0.2)
CD3+/CD8+/CD25+ T-cells 0.09 (+0.01) 0.11 (0.01)"
CD3+/CD4+/CD25+ T-cells 0.24 (+0.02) 0.32 (i0.0S)*
CD45RA+ B-cells 2.95 (+0.2) 3.20 (+0.3)
CD161+ NK cells 0.38 (+.03) 0.41 (+.04)
HIS48+ Granulocytes 3.04 (x0.2) 3.45 (x0.3)

*
denotes value differs significantly (p<0.05) from that of long-day housed rats.
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