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With the widespread adoption of electrical lighting during the 20th century, human and nonhuman animals became
exposed to high levels of light at night for the first time in evolutionary history. This divergence from the natural
environment may have significant implications for certain ecological niches because of the important influence light
exerts on the circadian system. For example, circadian disruption and nighttime light exposure are linked to changes
in immune function. The majority of studies investigating the effects of light exposure and circadian disruption on
the immune system use nocturnal rodents. In diurnal species, many hormones and immune parameters vary with
secretion patterns 180° out of phase to those of nocturnal rodents. Thus, the authors investigated the effects of
nighttime light exposure on immunocompetence in diurnal Nile grass rats (Arvicanthis niloticus). Rats were housed in
either standard 14-h light (L):10-h dark (D) cycles with L ∼150 lux and D 0 lux or dim light at night (dLAN) cycles of
LD 14:10 with L ∼150 lux and D 5 lux for 3 wks, then tested for plasma bactericidal capacity, as well as humoral
and cell-mediated immune responses. Rats exposed to dLAN showed increased delayed-type hypersensitivity pinna
swelling, which is consistent with enhanced cell-mediated immune function. dLAN rats similarly showed increased
antibody production following inoculation with keyhole lymphocyte hemocyanin (KLH) and increased bactericidal
capacity. Daytime corticosterone concentrations were elevated in grass rats exposed to nighttime dim light, which
may have influenced immunological measures. Overall, these results indicate nighttime light affects immune
parameters in a diurnal rodent. (Author correspondence: fonken.1@osu.edu)
Keywords: Arvicanthis niloticus, Bacteria killing, Delayed-type hypersensitivity, Grass rats, Keyhole lymphocyte, Light
at night

INTRODUCTION

Schernhammer et al., 2001; Stevens et al., 2011); sleep
(Deboer et al., 2007; Kohyama, 2009; Martinez-Nicolas
et al., 2011), mood (Dumont & Beaulieu, 2007; Fonken
et al., 2009; Parry et al., 2010), metabolic (Fonken et al.,
2010; Reiter et al., 2011), and reproductive (Fiske, 1941;
Thomas et al., 2001) disorders; plus circadian rhythm
alterations (Borugian et al., 2005) and disrupted neuroendocrine rhythmicity (Claustrat et al., 2008; Persengiev
et al., 1991). One common factor across many of these
pathologies is altered immune function.
Circadian timing in mammals is organized by a hierarchy of oscillating tissues, at the top of which are the
suprachiasmatic nuclei (SCN) of the hypothalamus
(Reppert & Weaver, 2002). Light information is the
primary entraining cue for this master circadian clock.
Light travels from the external environment through the
intrinsically photosensitive retinal ganglion cells
(ipRGCs) to the SCN. The SCN then influences downstream “slave” oscillators via the autonomic nervous
system and control of the sleep-wake cycle. SCN-driven

Most organisms possess an endogenous biological clock
that is synchronized by a very reliable exogenous cue: the
daily cycle of light (L) and dark (D) produced by the
rotation of the Earth about its axis. This biological clock
is adaptive as it helps to maintain both daily and seasonal
rhythms that allow animals to anticipate changes in the
external environment (Hut & Beersma, 2011). The
natural LD cycle, however, is now disrupted for many
humans and nonhuman animals. With the advent of electrical light, light exposure is no longer limited to the natural
pattern. Instead of aligning the circadian system with a
stable cyclical factor, individuals currently experience a
variety of lighting schedules. This divergence from the
natural environment is not without repercussions. Disruptive lighting affects many physiological and behavioral
functions (Fonken & Nelson, 2011; Navara & Nelson,
2007). For example, individuals exposed to altered light
cycles are at increased risk for heart disease (Ha & Park,
2005); cancer (Davis & Mirick, 2006; Kloog et al., 2011;
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sympathetic innervation of the pineal gland regulates the
release of melatonin; nighttime sympathetic neural
stimulation leads to the production of melatonin from
its precursor serotonin in the pineal gland. This nocturnal melatonin signal provides time-of-day information
to cells throughout the body and is the most reliable peripheral marker of central clock activity (Blask, 2009). Nocturnal lighting, if sufficiently bright, disrupts the synthesis
of melatonin (Brainard et al., 1982, 1985; Dauchy et al.,
2010). Importantly, modulation of both the circadian
system and melatonin alters immunological measures.
Multiple immune markers, such as interleukin 2 (IL2),
IL10, IL6, IL1β, tumor necrosis factor alpha (TNFα), interferon gamma (IFNγ), and chemokine receptor 2 (CCR2), are
expressed in a circadian pattern (Lundkvist et al., 1998;
Young et al., 1995). Disruption of the circadian system
through rapid transmeridian travel (i.e., jet-lag), shiftwork,
genetic mutations, or atypically timed light exposure
changes the normal pattern of immune parameters. For
example, mice with a loss of function mutation in the
clock gene Period 2 (Per2) have irregular production of
IL10 and IFNγ in response to lipopolysaccharide (LPS) injection (Arjona & Sarkar, 2006). Mice deficient in Bmal1,
another critical clock component, show early signs of
aging, such as sarcopenia, cataracts, organ shrinkage, and
elevated reactive oxygen species (ROS) in the kidney and
spleen. The life spans of Bmal1-deficient mice are also
reduced (Kondratov et al., 2006). Cry 1 and 2 knockout
mice have exacerbated cytokine and joint swelling after
arthritic induction (Hashiramoto et al., 2010). Furthermore,
a phase-advancing chronic jet-lag (CJL) protocol causes
persistent hypothermia and reduced survival following
LPS administration in mice, and macrophages extracted
from these mice have increased cytokine response to LPS
(Castanon-Cervantes et al., 2010). Finally, rotating shiftworkers periodically exposed to light at night have increased
leukocyte count and C-reactive protein concentrations
(Puttonen et al., 2011).
The nighttime increase in pineal melatonin production and secretion correlates with reduced innate
immune responses (Markus et al., 2007). Nuclear factor
kappa B (NF-κB), a pleiotropic transcription factor
involved in the regulation of genes encoding for
immune-related enzymes, displays daily variation
(Cecon et al., 2010; Chen et al., 1999). NF-κB induces
multiple proinflammatory cytokines, inducible nitric
oxide synthase (iNOS), and cyclooxygenase-2 (COX-2).
Melatonin blocks NF-κB nuclear translocation in leukocytes and endothelial cells, suppressing immunegene transcription activity (Gilad et al., 1998; Tamura
et al., 2009). Darkness-induced suppression of NF-κB
transcription is blocked by propanolol (a drug that inhibits melatonin production in addition to altering catecholaminergic function). In vitro work has further
supported the role of melatonin in NF-κB signaling, as
melatonin reduces NF-κB in cultured pineal glands
(Cecon et al., 2010). In a rat model of diabetes,
increased expression of NF-κB and proinflammatory
© Informa Healthcare USA, Inc.

cytokines, including TNFα and IL6, were reduced with
melatonin treatment (Negi et al., 2011). Melatonin also
impairs capacity for rolling and adhesion among leukocytes (Lotufo et al., 2001). Furthermore, communication
between the circadian and immune system is bidirectional, with multiple studies characterizing an immunepineal axis (Couto-Moraes et al., 2009; Lopes et al.,
2001; Markus et al., 2007). For example, administration
of LPS inhibits norephinephrine (NE)-induced N-acetylserotonin (NAS) production, resulting in decreased nocturnal melatonin production (da Silveira Cruz-Machado
et al., 2010).
Taken together, these studies suggest that nighttime
lighting may affect immune function through disruption
of the circadian system and suppression of melatonin.
Recently, our laboratory demonstrated that Siberian
hamsters (Phodopus sungorus) exposed to dim nighttime
lighting (dLAN) have reduced immunological capabilities (Bedrosian et al., 2011b). Housing female Siberian
hamsters under dLAN for 4 wks reduces delayed-type hypersensitivity responses, decreases bactericidal capacity
of blood, and prevents fever-associated reductions in
locomotor activity. Because Siberian hamsters are nocturnal, and in the laboratory are typically exposed to
light at night (LAN) during their active period, we asked
whether LAN would evoke similar responses in a
diurnal species. Thus, we investigated the effects of nighttime light exposure on immune parameters in Nile grass
rats (Arvicanthis niloticus), a diurnal rodent species. Male
grass rats were exposed to either a standard LD cycle (0
lux light intensity at night) or dim light (5 lux) at night
for 3 wks and then tested for delayed-type hypersensitivity, bacteria killing capacity, and antibody production.
METHODS
Animals
Male grass rats (Arvicanthis niloticus) used in this study
were bred in our colony at the Ohio State University
from a wild stock obtained by Dr. Laura Smale, Michigan
State University, from the Masai Mara reserve in Kenya.
Grass rats were bred under a LD 14:10 cycle, with light
of ∼150 lux and dark of 0 lux; lights illuminated at 07:00
h Eastern Standard Time [EST]), and all animals were provided food (ProLab RMH 2000; LabDiet, Brentwood, MO)
and water ad libitum. Experimental grass rats were weaned
between 21 and 24 d of age and housed with same-sex siblings in polypropylene cages (40 cm × 20 cm × 20 cm) with
straw bedding. At approximately 3 mo of age, grass rats
were singly housed, randomly assigned a number, and
were either maintained in LD (n = 9) or placed in dLAN
(n = 9 for the remainder of the study). Immunological
testing began after 3 wks in the lighting conditions.
Colony rooms were maintained at a temperature of 20°C
± 4°C and a relative humidity of 50% ± 10%. All procedures
were conducted with approval of the Ohio State University
Institutional Animal Care and Use Committee, in compliance with all US federal animal welfare requirements, and
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in accordance with the international ethical standards
(Portaluppi et al., 2010).

and plasma was pulled off and stored in microcentrifuge
tubes at −80°C.

Delayed-Type Hypersensitivity (DTH)
DTH is a cell-mediated response that provides information about the primary immune reaction to invading
pathogens. After 3 wks in the respective lighting conditions, grass rats were assessed for DTH response to
the chemical antigen 2,4-dinitro-1-fluorobenzene
(DNFB; Sigma, St. Louis, MO). Grass rats were individually brought into a procedure room between 14:00 and
15:00 h EST, lightly anesthetized with isoflurane vapors,
weighed, and a blood sample was collected from the
retro-orbital sinus for use in the bacteria killing and corticosterone assays (see below). Following blood collection,
a 1 × 2-cm patch of fur was shaved on the dorsum, and 25
µL of DNFB in a .5% solution (w/v) of 4:1 acetone to olive
oil (prepared fresh daily) was applied to the dorsal skin in
the same location on 2 consecutive days. To obtain a
baseline measurement, both right and left pinnae were
measured during sensitization with a constant loading
dial micrometer (Mitutoyo, America Corp., Aurora, IL).
Grass rats were then left undisturbed for 1 wk, after
which they were again anesthetized, pinna thickness
measured, and challenged on the surface of the right
pinna with 20 µL of .2% (w/v) DNFB in 4:1 acetone to
olive oil. The left pinna was treated with vehicle solution,
and both pinnae were measured every 24 h for 7 days by
L.K.F. Pinna swelling values obtained on each day were
expressed as a percentage of baseline thickness. All
measurements occurred between 14:00 and 15:00 h
EST. DTH is an in vivo measure of cell-mediated
immune responses that is characterized by swelling at
the site of DNFB challenge. Swelling of the right pinna
is due to infiltration of leukocytes into the epidermis
and dermis (Vadas et al., 1975). This immune measure
was previously validated; pinna swelling is positively correlated to the intensity of the immune reaction (Phanuphak et al., 1974).

KLH ELISA
Plasma concentrations of anti-KLH IgG were determined
using an enzyme-linked immunosorbent assay (ELISA)
as previously described (Demas et al., 1997). Plates
were coated overnight with dialyzed KLH antigen,
washed, and blocked the subsequent night with a milkblocking buffer. Plates were then washed, and 150 µL of
plasma diluted 1:80 in phosphate-buffered saline (PBS)
+ Tween was added in duplicate to the wells. Following
a 3-h incubation, plates were again washed and
incubated for 1.5 h with a secondary antibody (alkaline
phosphatase-conjugated anti-mouse IgG). Plates were
then treated with the enzyme substrate ( p-nitrophenyl
phosphate) before determining the optical density of
each well with a plate reader (Benchmark Microplate
Reader; Bio-Rad, Hercules, CA) and 405 nm wavelength
filter. To minimize intra-assay variability, optical
density was averaged over duplicate wells and expressed
as a percentage of the plate-positive control value for
statistical analyses.

Keyhole Limpet Hemocyanin (KLH)
Two weeks following the conclusion of DTH measures,
humoral immune function was assessed by injecting
grass rats with 140 µg KLH suspended in .2 mL sterile
saline. KLH is a respiratory protein from the giant
keyhole limpet (Megathura crenulata) that produces a
robust antigenic response without inducing fever or
long-term inflammatory response. KLH production has
not previously been assessed in grass rats; therefore,
this dose was determined based on other arvicoline
rodents and resulted in similar patterns of plasma immunoglobulin G (IgG) production (Klein & Nelson, 1999;
Weil et al., 2006). Blood was drawn from the retroorbital sinus at the time of injection and 5, 10, and 15 d
post injection in order to capture peak immunoglobulin
production (Demas et al., 1997). All blood sampling
occurred between 14:00 and 15:00 h EST. Blood
samples were centrifuged at 4°C for 30 min at 3.3 × g,

Bactericidal Capacity of Blood Plasma
Blood samples collected directly prior to DTH sensitization were used in this assay. Blood was centrifuged at
3300 × g for 30 min at 4°C, and plasma was pulled off
and stored at −80°C. Plasma samples were diluted 1:20
in L-glutamine CO2-independent media (Gibco, Carlsbad,
CA). A standard number of colony-forming units (CFUs) of
Escherichia coli (Epower 0483E7; Fisher Scientific, Pittsburgh, PA) was added to each sample, and samples were
incubated for 30 min at 37°C. Using sterile techniques,
75 µL of each sample were plated in duplicate on tryptic
soy agar plate. Two positive controls of diluted bacteria
alone and two negative controls of CO2-independent
media were also plated. Plates were inverted and incubated overnight, and total CFUs were counted and
expressed as a percent of the positive control.
Radioimmunoassay Procedure (RIA)
Blood samples were collected for RIA of corticosterone
from the retro-orbital sinus of grass rats on the first day
of DTH sensitization. Blood samples were centrifuged
at 4°C for 30 min at 3.3 × g, and plasma was pulled off
and stored in sealable polypropylene microcentrifuge
tubes at −80°C until assayed. Total plasma corticosterone
concentrations were determined in duplicate using an
ICN Diagnostics 125I double-antibody kit (Costa Mesa,
CA). The high and low limits of detectability of the
assay were 1200 and 3 ng/mL, respectively. The intraassay coefficient of variation was 11%. All procedures followed the manufacturer guidelines.
Activity Analyses
A separate cohort of grass rats was implanted intraperitoneally (i.p.; under sterile conditions) with telemeters
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(PDT-4000; Minimitter, Bend, OR) while under isoflurane
anesthesia. Surgical wounds were treated topically with
Betadine (Sigma Chemical) to discourage infection, and
grass rats were injected (i.p.) with buprenorphine (.1
mg/kg; Sigma Chemical) in sterile saline to alleviate
pain during recovery. Following surgery, grass rats were
placed in a clean cage, which was positioned on a receiver
(Minimitter) connected to a computer. Receivers collated
emitted body temperature and movement activity frequencies continuously over 30-min intervals and converted them to raw data based on preprogrammed
calibration curves for each transmitter.
Data Analyses
Tissue weight, body mass, and total surviving CFUs were
compared between lighting conditions using a one-way
analysis of variance (ANOVA). Delayed-type hypersensitivity swelling and anti-KLH were analyzed by repeatedmeasures ANOVA with lighting condition as the
between-subject factor and time as the within-subject
factor. Following a significant result on repeatedmeasures ANOVA, single-time-point comparisons were
made. Plasma corticosterone concentrations were analyzed using a one-tailed t test based on a priori hypotheses
(Keppel & Wickens, 2004). Fourier analysis was used to
determine whether locomotor activity was rhythmic and
followed 24-h periodicity using Clocklab software from
Actimetrics (Wilmette, IL). Grass rats were considered
rhythmic when the highest peak occurred at ∼1 cycle/d
with an absolute power of at least .005 mV/Hz, as previously described (Kriegsfeld et al., 2008). Fast fourier
transform power values for .083 cycles/d were compared
between lighting conditions by one-way ANOVA. Percentage of daytime activity and total daily activity were also
analyzed by one-way ANOVA. Nonlinear regression
analysis was used in GraphPad Prism software (v. 4; La
Jolla, CA). In all cases, differences between group means
and correlation coefficients were considered statistically
significant if p ≤ .05.

Circadian Activity Pattern
There were no differences between grass rats housed in
dLAN and those in LD, with respect to circadian
pattern in activity, total daily activity, or percentage of
activity occurring during the light phase ( p > .05;
Figure 1).
Plasma Corticosterone Concentrations
Samples for corticosterone analysis were collected
directly prior to DTH sensitization. Plasma corticosterone
concentrations were elevated among grass grass rats
exposed to dLAN as compared to those exposed to dark
nights (t16 = 1.815, p < .05; Figure 2A).
DTH Swelling Responses
One dLAN grass rat did not develop a swelling response
and was excluded from comparisons. The remaining
grass rats all exhibited robust swelling of the right pinna
over the measurement period (F5,75 = 19.58, p < .05;
Figure 2B). There was a main effect of lighting condition,
such that grass rats exposed to dLAN had significantly
elevated swelling of the right pinna as compared to conspecifics housed with dark nights (F5,75 = 4.30, p < .05).
dLAN grass rats had greater swelling on days 2 and 3
post challenge than grass rats exposed to dark nights
(F1,15 = 5.62 and 5.19, respectively, p < .05). Furthermore,
there was a positive association between plasma corticosterone concentrations and pinna swelling on days 2, 3,
and 5 post challenge (r 2 = .327, .219, .391, p ≤ .05; day 2
shown in Figure 2C).
KLH Antibody Production
Two grass rats, one per group, produced no antibody in
response to the KLH injection and were excluded from
the analyses. Grass rats significantly elevated antibody production following KLH injection (F3,42 = 105.60, p < .05).
There was an interaction between light condition and
time (F3,42 = 5.21, p < .05), such that grass rats exposed to
dLAN increased anti-KLH IgG production 10 and 15 d following injection (F1,14 = 13.11, 7.67, p < .05; Figure 3A).

RESULTS
Reproductive and Somatic Measures
There were no differences in body, reproductive tissue,
adrenal, spleen, or thymus mass between groups (p > .05;
Table 1).

Bacteria Colony Killing
Grass rats housed in dLAN had decreased percentage of
surviving CFUs compared to grass rats housed in standard LD conditions (F1,16 = 8.155, p < .05; Figure 3B).

TABLE 1. Mean body mass (g) and tissue masses (mg) in LD and dLAN grass rats.

Body mass (g)
Epididymides (mg)
Epididymal fat (mg)
Testes (mg)
Adrenal (mg)
Thymus (mg)
Spleen (mg)
© Informa Healthcare USA, Inc.

LD

dLAN

93.02 ± 6.47
447 ± 19
2108 ± 315
1779 ± 67
66 ± 8
112 ± 20
142 ± 9

93.55 ± 6.66
474 ± 29
2230 ± 370
1713 ± 48
62 ± 6
110 ± 21
148 ± 12
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FIGURE 1. No differences were observed in homecage locomotor activity between rats exposed to dim light at night (dLAN) or dark nights.
Average actographs from (A) rats housed in standard lighting conditions and (B) rats exposed to dim light at night.

FIGURE 2. Grass rats exposed to dim light at night (dLAN) had (A) elevated plasma corticosterone concentrations as compared with rats
under dark nights. (B) dLAN rats had increased pinna swelling 2 and 3 d following challenge with the antigen 2,4-dinitro-1-fluorobenzene.
(C) There was an association between peak pinna swelling and corticosterone concentrations 2 d after challenge. Data are presented as
mean ± SEM. *p ≤ .05.
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FIGURE 3. Rats exposed to dim light at night (dLAN) demonstrated enhanced humoral immune function and plasma bactericidal
capacity. (A) Anti-KLH IgG responses were elevated in dLAN rats 10 and 15 d following inoculation. (B) Plasma obtained from dLAN
grass rats showed fewer surviving bacterial colonies. Data are presented as mean ± SEM. *p < .05.

DISCUSSION
LAN influenced immune function in male Nile grass rats.
Rats exposed to dLAN had elevated bacteriacidal capacity
and humoral and cell-mediated immune responses.
Increased immune activity occurred independently of
overt changes in circadian locomotor activity. dLANexposed grass rats increased plasma corticosterone concentrations during the active phase after 3 wks in lighting
conditions, which may have affected immunological
measures. These results contrast with previously
reported results in nocturnal rodents undergoing
similar experimental nighttime light exposure. Our
results suggest that male and female, as well as diurnal
and nocturnal, rodents may respond differently to the
effects of nighttime light exposure.
Rats exposed to dLAN increased pinna swelling
compared to LD rats in response to the antigen DNFB.
DTH is a measure of cell-mediated immunity that
demonstrates primary somatic immune response to an
invading pathogen. Pinna swelling is caused by increased
infiltration of macrophages and lymphocytes into the
epidermis and dermis (Vadas et al., 1975) and has previously been positively correlated to the intensity of the
immune reaction (Phanuphak et al., 1974). Functionally,
elevated swelling in DTH testing is indicative of increased
resistance to viruses, bacteria, and fungi (Bilbo et al.,
2002).
Increased pinna swelling in dLAN-exposed grass rats
contrasts with previously reported results in which swelling was suppressed in LAN-exposed Siberian hamsters
(Bedrosian et al., 2011b). DTH responses may vary over
the course of the day. In the previous study, Siberian
hamsters underwent DTH testing during the light phase
when they are generally inactive. In the present study,
DTH testing also occurred during the light phase;
however, grass rats are diurnal and active at this time.
Other factors that vary in a circadian pattern, such as
immune cells and hormones, may contribute to the
equivocal T cell–mediated results (Bollinger et al.,
2010). For example, exposure to dLAN elevates glucocorticoid concentrations in grass rats but not Siberian
© Informa Healthcare USA, Inc.

hamsters (Bedrosian et al., 2011a). Furthermore, glucocorticoid concentration can alter diurnal rhythms in T
cell–mediated inflammatory responses, an effect which
may be partially mediated by melatonin. Adrenalectomy
abolishes the diurnal rhythm in Bacille Calmette-Guérin
(BCG) inflammation; however, the rhythm can be recovered with exogenous administration of melatonin (Lopes
et al., 2001). In the previous study in Siberian hamsters
(Bedrosian et al., 2011b), DTH was also assessed in
female Siberian hamsters as compared to male grass
rats in the current experiments. Although female Siberian
hamsters were ovariectomized, varying levels of sex
steroids may have contributed to the divergent results
(Bedrosian et al., 2011b). Overall, assessing DTH
responses during the active phase in this study is more
ecologically relevant, because it is more likely that grass
rats would encounter a pathogen while awake and interacting with the external environment.
Exposure to LAN suppresses melatonin production in
both rodents and humans (Brainard et al., 1982, 1985;
Dauchy et al., 2010). Even very low levels of light
exposure can alter melatonin concentrations in rodents
(Evans et al., 2007). Although we did not measure melatonin concentrations in this study, it is likely that they
were decreased with LAN exposure. It is unlikely,
however, that changes in DTH response reflect suppression of melatonin among dLAN rats. Melatonin is positively associated with DTH responses in diurnal and
nocturnal rodent species (Drazen & Nelson, 2001;
Haldar & Singh, 2001). Glucocorticoids both increase
and suppress DTH responses, depending on the type
and duration of the stressor (Dhabhar, 2002; Dhabhar
& McEwen, 1999). Typically, acute stress increases DTH
reactions, whereas chronic stress suppresses DTH
reactions, indicating that changes in DTH are in some
cases related to altered glucocorticoid concentrations
(Dhabhar & McEwen, 1999). During acute stress, blood
leukocytes redistribute to the skin, mucosal linings,
lung, liver, and lymph nodes—key areas in preventing
breaching of immune defenses. In this study, the positive
association between corticosterone concentrations and
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pinna swelling suggests that the two may be related. It is
possible that a long-term stressor, such as LAN, induces a
state of functional glucocorticoid resistance. Previous
work has demonstrated that psychosocial stressors can
cause splenic macrophages to become resistant to the
suppressive effects of glucocorticoid hormones (Avitsur
et al., 2001, 2002; Bailey et al., 2004). Alternatively, the
elevation in glucocorticoids among dLAN rats may be
sufficiently low to exert an atypical effect on DTH swelling. Glucocorticoids exert a U-shaped influence on multiple factors; for example, basal or low stress levels of
corticosterone enhance glucose utilization, hippocampal
synaptic excitability, hippocampal-dependent learning,
and cerebral perfusion rate, whereas higher physiological
levels of corticosterone exert opposite effects (Sapolsky,
2004). Moreover, melatonin and glucocorticoids interact
in modulating immunological processes. Acute and
chronic stress increases plasma melatonin concentrations in rodents (Couto-Moraes et al., 2009;
Dagnino-Subiabre et al., 2006). This may be a compensatory mechanism, as melatonin protects against some
effects of chronic stress (Brotto et al., 2001). This interaction has important implications for this study,
because it suggests that glucocorticoids may increase
melatonin concentrations partially compensating for
the light-induced suppression of melatonin.
Rats exposed to dLAN enhanced antibody production
following injection with KLH. Anti-KLH production is a
general indicator of B-cell activity. Previous studies have
reported no differences in anti-KLH production or
enhanced production in melatonin-treated rodents
(Demas et al., 1997; Drazen & Nelson, 2001). Furthermore,
primary and secondary antibody production is decreased
in mice treated with propranolol (Maestroni et al., 1986).
Thus, differences in antibody production between dLAN
and LD rats may be independent of putative changes in
melatonin. Elevated concentrations of glucocorticoids following social defeat are associated with enhanced lymphocyte release of IFNγ and IL6. However, changes in anti-KLH
production are not apparent (Merlot et al., 2004). Furthermore, in another model of social defeat, elevated glucocorticoid concentrations were associated with impairment in
antiviral immunological memory (de Groot et al., 2002).
Again, this indicates that changes in anti-KLH production
may occur independently of changes in corticosteroids.
Alternatively, LAN may be an atypical stressor, impacting
the glucocorticoid system in a different manner than
other chronic stressors.
Bactericidal capacity was enhanced in dLAN rats as
compared to those housed in standard lighting conditions. Bacteria killing is a low-cost, nonspecific
immune response predominately mediated by plasma
proteins (Martin et al., 2007). Plasma bactericidal
capacity increases with immune challenge and represents an enhanced ability to clear a bacterial infection
(Weinrauch et al., 1998). Elevated glucocorticoid concentrations have been associated with enhanced bactericidal
capacity in spleen cells from mice that underwent social

disruption stress (Bailey et al., 2007). Melatonin,
however, generally enhances bactericidal capacity
(Terron et al., 2009).
Overall, nighttime light exposure increased immunocompetence in grass rats. LAN may exert its effects
through changes in the hypothalamic-pituitary adrenal
axis, as corticosteroid concentrations were elevated
among dLAN rats. It is widely accepted that stress
affects immune responses, with chronic stress generally
exerting an immunosuppressive effect. The role of glucocorticoids in immunological processes are complex,
however (Sorrells et al., 2009); depending on the type of
stress, glucocorticoids can have opposite effects. LAN
may also disrupt circadian processes leading to changes
in immune function. Although gross changes in locomotor activity were not apparent, disruption of the circadian system at the molecular level may have occurred.
Previous work has indicated disruption of clock function
can lead to exacerbated immune activity (Arjona &
Sarkar, 2006; Castanon-Cervantes et al., 2010; Hashiramoto et al., 2010). Melatonin can also be directly produced by immune cells (Pontes et al., 2006).
Importantly, this study did not evaluate all aspects of
immune function; it is possible that other arms of the
immune system could be differentially affected by nighttime light exposure (Martin et al., 2007).
Enhanced immune responses are not always favorable.
Immunological processes are energetically costly and a
delegation of energy to immune responses in unnecessary situations can reduce fitness (Martin et al., 2008).
Moreover, enhancement of the immune response in
cases such as allergic asthma is detrimental (Wills-Karp,
1999). Because of the contrasting results obtained in
this study and another study conducted on a nocturnal
rodent species, further research on the effects of LAN on
immune function is warranted. Nighttime light exposure
is currently experienced by over 99% of the population
of the United States and Europe. Light pollution has significant ecological consequences for animals living in
urban and suburban areas and may contribute to
species loss (Navara & Nelson, 2007). It is important to
understand the physiological implications of this
exposure in order to work toward preventing ecologically
related complications.
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