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Abstract

Seasonal variations in immunity are common in nature, and changes in day length are sufficient to
trigger enhancement and suppression of immune function in many vertebrates. Drawing primarily
on data from Siberian hamsters, this review describes formal and physiological aspects of the
neuroendocrine regulation of seasonal changes in mammalian immunity. Photoperiod regulates
immunity in a trait-specific manner, and seasonal changes in gonadal hormone secretion and
thyroid hormone signaling all participate in seasonal immunomodulation. Photoperiod-driven
changes in the hamster reproductive and immune systems are associated with changes in
iodothyronine deiodinase-mediated thyroid hormone signaling, but photoperiod exerts opposite
effects on the epigenetic regulation of reproductive neuroendocrine and lymphoid tissues.
Photoperiodic changes in immunocompetence may explain a proportion of the annual variance in
disease incidence and severity in nature, and provide a useful framework to help understand brain-
immune interactions.

Keywords
hamster; reproduction; immune function; melatonin; thyroid hormones; epigenetic

1. Introduction: Seasonal biological rhythms are adaptations to a cyclic
world

Biological clocks provide temporal organization for a wide range of physiological processes.
In mammals, daily temporal organization of physiology and behavior is provided by
entrainment of the circadian pacemaker (in the hypothalamic suprachiasmatic nucleus
[SCN]) to the environmental light:dark cycle. This circadian pacemaker synchronizes
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countless metabolic and physiological processes to the environmental light-dark cycle, by
resetting the period and phase of subsidiary central and peripheral oscillators on a daily basis
(Butler & Silver, 2009). Seasonal time keeping in most mammals, on the other hand, is
accomplished in large part by photoperiod-driven changes in the SCN-driven nocturnal
pineal melatonin (MEL) rhythm. As day length changes over the course of the year, longer-
and shorter-duration MEL signals are generated in short days (SD) of winter and in the long
days (LD) of summer, respectively. Over intervals of many weeks, these changing MEL
signals either entrain self-sustained circannual clocks (Hiebert et al., 2000) or directly
induce seasonally-appropriate phenotypes (Goldman, 2001). The humber and diversity of
physiological processes driven by seasonal timekeeping mechanisms are beyond the scope
of this review, but the functional significance and evolutionary importance of linking
systems critical to survival and adaptation (e.g., reproduction, immune function) to seasonal
time information is paramount. In periodic environments, biological clocks provide temporal
coordination with, and anticipation of, predictable fluctuations in the environment
(Pittendrigh, 1960; Bronson, 1989; Stevenson and Ball, 2011). Seasonal clocks also mediate
temporal coordination of the internal milieu, ensuring temporal organization among
countless physiological and biochemical processes (Aschoff, 1960).

The present review will highlight what is known about how changes in day length drive
seasonal cycles of immunocompetence in mammals. The work will be selective rather than
comprehensive, and will compare and contrast known mechanisms (formal, neural,
endocrine) that have been established to be critical to the mediation of seasonal time
information into the reproductive system, and then examine whether similar processes are at
work in communicating time information into the immune system. Much of the laboratory-
based research on mammalian immunological seasonality has used Siberian hamsters
(Phodopus sungorus) as a model system, and the data discussed here will largely reflect this
bias. We will examine insights gained into the phenomenology of immunological
photoperiodism, and will review research that has examined immunological photoperiodism
at both formal and physiological levels of analysis. The latter material will examine the
respective contributions of several major neuroendocrine systems (e.g. pineal, gonadal,
thyroid) towards the generation of seasonal cycles in immune function. Although short days
increase circulating Cortisol concentrations in Siberian hamsters (Bilbo et al., 2002b; Weil
et al., 2006), functional tests of the role of the hypothalamic-pituitary-adrenal axis in the
mediation of photoperiod-induced changes in immunity in Siberian hamsters are limited in
number (Demas et al., 2002), and will not be surveyed in the present review.

2. Seasonal rhythms in immune function are numerous and relevant to

survival

One major function of the immune system is to defend the individual from the onslaught of
foreign organisms attempting to colonize it (Janeway et al., 1999). The immune system is
present almost everywhere in the body and can mobilize defensive responses to infection,
injury, and tumor growth within minutes-to-days of invasion. Immunocompetence varies
predictably over time. Over the lifespan, the immune system undergoes maturation and
senescence (Shames, 2002; Linton & Thoman, 2001; McElhaney & Effros, 2009); however,
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the immune system also changes markedly over seasonal and circadian timescales (Nelson,
2004; Curtis et al., 2014).

A theoretical framework termed the “winter immunoenhancement hypothesis” has been
proposed to explain the adaptive significance of seasonal changes in immunity (reviewed in
Nelson, 2004). It contends that processes associated with maintaining or activating the
immune system compete with somatic and reproductive development for access to a finite
amount of energy (Sheldon & Verhulst, 1996; Zuk & Stoehr, 2002). When reproductive
efforts are downregulated (in small rodents, this is typically during winter), energy may be
redirected to the immune system. Not surprisingly, such seasonal modifications in immune
function are most evident in organisms that evolved in highly seasonal environments and
exhibit seasonal adaptations (e.g., seasonal reproduction, migration) that rely on time-of-
year information for properly-timed initiation and termination. Unlike the reproductive
system, however, the immune system of seasonal breeders does not exhibit an omnibus
potentiation (e.g., spring breeding) or shutdown (e.g., winter anestrus) during any phase of
the annual cycle. The absence of immune responsiveness during a fraction of the year could
be fatal, just as indiscriminately robust immune function could lead to autoimmune disease.
Thus, rather than oscillate between complete inhibition and maximal stimulation, the
immune system exhibits a constellation of trait-specific enhancements and decrements at
different times of year (Nelson, 2004).

Important to the winter immunoenhancement hypothesis is that engaging immune responses
requires a biologically significant amount of energy. Components of the innate immune
response (e.g., fever; discussed in detail below) are undoubtedly metabolically costly, with
estimates of a 7-13% increase in energy production required for every 1°C increase in body
temperature (Maier et al., 1994). Adaptive immune responses likewise require quantifiable
amounts of additional energy. Demas et al. (1997) identified a 1-1.5°C increase in colonic
temperature in mice mounting a primary antibody response to a novel antigen, along with a
25%—-70% increase in oxygen consumption (depending on age). In peripubertal male
Siberian hamsters, a simulated bacterial infection or inoculation with a novel antigen
resulted in a transient delay in reproductive maturation in long days (Prendergast et al.,
2004c), suggesting that activation of the immune system may redirect resources away from
investment in reproduction at specific times of year.

If reproductive energy expenditures have been an important ultimate factor in the evolution
of seasonal immune variations, then this might lead to the prediction that seasonal
immunological plasticity might exhibit an opposite pattern in long-day breeding species and
that it may be attenuated or absent in mammals that are not seasonal breeders. On this latter
issue, Wistar rats, which do not exhibit reproductive responses to changes in photoperiod,
nevertheless exhibited photoperiodic changes in multiple measures of immunity in the
laboratory (Prendergast et al, 2007). Inbred strains of mice that are melatonin-proficient
likewise exhibit modest changes in select aspects of immunity following photoperiod
manipulations in the lab (Yellon & Tran, 2002). These data suggest that photoperiodic
adjustments in immune function need not go hand-in-hand with photoperiodic reproductive
responses. Seasonal modulation of immunity may constitute an adaptive response
independently of energetic tradeoffs with reproductive and somatic development.
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3. Phenomenology of immunological photoperiodism

Seasonal changes in illness and mortality exist in natural populations. For example, antibody
production is markedly diminished during the winter in thirteen-lined ground squirrels
(Citrellus tridecemlineatus; McKenna & Musacchia, 1968), and typhus infections in flying
squirrels (Glaucomys volans) peak in the autumn and early winter months (Sonenshine et al.,
1978). In wild cotton rats (Sigmodon hispidus), complex seasonal changes in cell-mediated
and humoral immune function occur, with a general pattern of greater thymus and spleen
masses, along with enhanced antibody responses in winter (Lochmiller et al., 1994). Other
lines of evidence point to seasonal stress-induced immunocompromise in reproductively
photoperiodic dasyurid marsupials (Antechinus sp.; Bradley et al., 1980; McDonald et al.,
1981; McAllan & Dickman, 1986; McAllan et al., 2006). When male A. stuartii and A.
flavipes come into seasonal breeding condition, rising plasma androgens cause
corticosteroid-binding globulin concentrations to drop precipitously. The resulting elevation
in plasma free plasma corticosteroid concentrations suppress immune function and lead to
gastrointestinal hemorrhage, parasite colonization and death. Seasonal changes in day length
have been argued to contribute to these phenomena (Demas & Nelson, 1996; Nelson, 2004).

Laboratory-based studies in deer mice and Syrian hamsters (Mesocricetus auratus) were
among the first to establish that exposure to short day lengths increases spleen mass and
numbers of lymphocytes and macrophages (Brainard et al., 1987,1988; Blom et al., 1994),
and that short day-like melatonin treatments altered responsiveness of T and B cells to
antigens (Champney et al., 1997). One of the first major functional consequences of
photoperiodic adaptations in the immune system was reported by Nelson & Blom (1994),
who showed that a carcinogen dose sufficient to induce squamous cell carcinomas in 89% of
female deer mice (Peromyscus maniculatus) housed in long days (16L:8D) was completely
ineffective in inducing tumors in mice housed in short photoperiods. The report went on to
demonstrate that the effects of short days were independent of changes in ovarian steroid
production, suggesting that photoperiod-driven changes in immune function and tumor
suppression were not merely indirect consequences of photoperiodic changes in
reproductive physiology, but were likely to reflect direct effects of day length on the
immune system (Nelson & Blom, 1994).

Immune responses to photoperiod have been documented in numerous other rodents as well,
including white-footed mice (Peromyscus leucopus; T cell-dependent inflammatory
responses [delayed-type hypersensitivity (DTH) reactions] enhanced in short days; Pyter et
al., 2005a), collared lemmings (Dicrostonyx groenlandicus; DTH enhanced in long and
short days relative to extremely long [22 h light] days; Weil et al., 2006a), and Northern
palm squirrels (Funambulus pennanti; hyposplenia under constant light conditions; Lahiri &
Haldar, 2009; enhanced DTH and antibody responses, and attenuated proinflammatory
cytokine production in short days; Ahmad & Haldar, 2012). Photoperiodic changes in
functional immune assays are not evident in all seasonally-breeding species. Most notably,
Syrian hamsters, which exhibit exceptionally robust reproductive responses to changes in
day length, do not exhibit photoperiodic differences in DTH or antibody production (Zhou et
al., 2002). On the other hand, even in some reproductively non-photoperiodic rodents, clear
immunological responses to changes in day length have been reported (e.g., leukocyte
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subpopulations and LPS-induced sickness behaviors in Wistar rats [ Rattus norvegicus] ;
Prendergast et al., 2007). Among inbred mouse (Mus musculus) strains, photoperiod-driven
immunological plasticity may require the production of photoperiod-driven changes in
melatonin production (see section 4.2), as C57 mice (which do not generate photoperiodic
changes in melatonin production) fail to exhibit changes in immune function following
transfer from long to short days, but C3H mice (which are melatonin-proficient) exhibit
significant increases in the number of B and T lymphocytes, and in the numbers of helper,
naive, cytotoxic and activated (but not memory) T lymphocytes in short days (Yellon &
Tran, 2002).

Studies by Nelson and colleagues established the role of day length in regulating the
immune system of deer mice (e.g., Nelson & Blom, 1994; Demas & Nelson, 1996). This
research group expanded studies of immunological photoperiodism to include other rodents,
but with a special emphasis on Siberian hamsters (Phodopus sungorus), in part because of
their robust photoperiodic reproductive responses. Scores of reports documenting
photoperiodic changes in Siberian hamster immune function have since been published,
establishing the Siberian hamster as a key model species for laboratory investigations of
immunological photoperiodism.

Siberian hamsters are long-day breeders, and exhibit marked changes in constitutive
measures of immunocompetence, innate immunity, adaptive immunity, and neural-immune
interactions following experimental changes in day length in the laboratory (Table S1). A
list of immunological phenotypes for which there is evidence of photoperiodic modulation
in Siberian hamsters appears in Table S1. In lieu of addressing the mechanistic insights
gained into each of these phenomena, this paper will focus on select immunological traits
(leukocyte trafficking, delayed-type hypersensitivity reactions, and acute-phase responses to
infection); such traits are representative of constitutive, adaptive and innate immune
function.

In common with the reproductive system, the immune system can discriminate long from
short photoperiods for the purposes of changing reaction norms and engaging adaptive
responses. In concurrence with the winter immunoenhancement hypothesis, and consistent
with an energetic tradeoff scenario, initial reports in deer mice and hamsters suggested that
immune function was categorically enhanced following exposure to short winter
photoperiods (Demas & Nelson, 1996; Yellon et al., 1999b). However, a substantial body of
research that followed revealed that seasonal enhancement and suppression of immunity are
trait- and species-specific. In Siberian hamsters, for example, memory B-cell mediated
antibody responses are suppressed following adaptation to short winter photoperiods in the
lab (Drazen et al., 2000), whereas memory T-cell dependent DTH responses are enhanced
under short days (Bilbo et al., 2002b). In deer mice, lymphocyte mitosis is greater in short
relative to long days (Demas & Nelson, 1996), whereas in Siberian hamsters the inverse
relation exists (Prendergast et al., 2002b). As is evident in Table S1, adaptation to short
photoperiods either enhances or attenuates the immune response, depending on the trait
considered. Importantly, few of these changes in immunity compare in magnitude with the
log-scale decreases typically observed in the hamster reproductive system following transfer
from long to short days. Nevertheless, functionally-meaningful consequences arise from
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modest changes in the immune system. For example, long-day housed hamsters heal wounds
two days faster than short-day housed hamsters (Kinsey et al., 2003), and a bacterial
infection that is lethal to only 50% of hamsters housed in short days is lethal in ~90% of
long-day housed hamsters (Prendergast et al., 2003a). Increases in the number of circulating
leukocytes, increases in the magnitude of DTH responses (Bilbo et al., 2002b; Bilbo &
Nelson, 2003; Prendergast et al., 2004a), and decreases in the behavioral, thermoregulatory
and cytokine responses to bacterial infection (typically elicited via treatment with a bacterial
lipopolysaccharide; LPS) are consistently observed in Siberian hamsters following transfer
from long to short days (Bilbo et al., 2002a). In order, the above seasonal
immunophenotypes reflect enumerative, adaptive, and innate aspects of immune function.

In Siberian hamsters, perhaps the most striking photoperiodic change in immunity is evident
in the acute phase response (APR) to infection. The APR to infection reflects an organized
constellation of changes in physiology, motivational state and behavior, that has evolved to
facilitate fever during the early stages of infection and to conserve energy (Hart, 1988).
Many of the symptoms presented during the APR are direct consequences of increases in
central and peripheral proinflammatory cytokine production—principally IL13, IL-6 and
TNFa (Dantzer et al., 2008). First described in hamsters by Bilbo and colleagues (Bilbo et
al., 2002a), several components of the APR to a simulated bacterial infection (LPS injection)
are strikingly attenuated in hamsters that have adapted to short days (Fig. 1). The duration of
LPS-induced fever is reduced by nearly 50% in SD, and the profound anorexic and
anhedonic motivational states that occur during the days following LPS treatment are
likewise reduced. LPS treatments typically suppress grooming and nest-building behaviors
in rodents (Aubert et al., 2007), but the LPS-induced suppression of nest building is absent
in SD hamsters (Prendergast et al., 2008). The combination of shorter fever duration,
attenuated anorexia, and persistent nest building (a thermoregulatory behavior) results in a
marked attenuation of body mass loss in SD relative to LD hamsters, and is likely an
important adaptation which allows hamsters to mitigate the energetic costs of mounting an
APR during the energetic landscape of winter (Bilbo et al., 2002a; Nelson, 2004).
Attenuated APRS to pathogens are not restricted to LPS: sickness responses to gram-positive
bacterial and viral mimetics are likewise attenuated in short-day housed hamsters (Baillie &
Prendergast, 2008), suggesting an omnibus downregulation of innate inflammatory
responses in winter. Whether immune responses to pathogens that are more prevalent at
different times of year are differentially modulated by changes in day length is a provocative
question, the answer to which would have important adaptive implications, however, little is
known about seasonal cycles of disease in Siberian hamsters in nature.

Accompanying these decreases in motivational and behavioral components of the APR in
SD hamsters are reductions in production of the cytokines IL-1p, IL-6 (Bilbo et al., 2001a)
and TNFa (Prendergast et al., 2003a; Navara et al., 2007) by various lymphoid cells. Such
decreases in cytokine production may be sufficient to yield the observed reductions in
sickness responses to LPS, however, they do not appear to be necessary. When treated with
identical doses of recombinant IL-1f, the magnitude and persistence of anorexia, anhedonia,
cachexia, and the duration of fever were still greater in LD relative to SD hamsters (Wen &
Prendergast, 2007). This outcome indicates that SDs attenuate the symptoms of infection not
solely because cytokine production is reduced in SD, but also because the substrates upon
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which cytokines act to generate physiological and behavioral components of the APR are
less responsive to cytokines in short days.

In summary, widespread changes occur in the hamster immune system following adaptation
to short photoperiods. Some of the more striking changes manifest in the several-fold
enhancement of DTH reactions in SD, and the attenuation of proinflammatory cytokine
production and sickness behavior/physiology following innate immune stimulation in SD.
The amplitude of the seasonal cycle in several measures of immunity encompasses a range
that would be clinically diagnostic of an immunocompromised state (Lange et al., 1989;
Gordin et al., 1994), yet hamsters exhibit such changes in the absence of co-morbid illness
and in response to little more than a few hours’ change in day length.

4. Transduction of photoperiod cues

In order to engage a photoperiodic response— reproductive or immunological— an
individual must detect the photoperiod in its environment. Understanding the mechanisms
that permit internalization of day length cues has been a major goal of the study of
seasonality (Prendergast, 2005). The reproductive neuroendocrine system has proven an
attractive model system for dissecting the mechanisms by which animals measure seasonal
time, in no small part due to the categorical changes in reproductive morphology and
physiology that occur following manipulations of day length in the laboratory. Not
surprisingly, most of what we know about how the brain constructs an internal
representation of day length has been based on studies of reproductive physiology, with a
strong bias in the literature towards mammals. Below, we selectively review formal and
molecular mechanisms of photoperiod signal transduction in the reproductive
neuroendocrine axis with an emphasis on models, pathways and signaling molecules that
may be relevant to photoperiodic modulation of immune function.

4.1. Formal models of reproductive photoperiodism: relevance to immunity

The vast majority of laboratory investigations of photoperiodism use long (LD) or short
(SD) day lengths that remain invariant for months at a time; and when photoperiod
conditions are switched (e.g., hamsters are transferred from LD to SD), the decrease (4-8 h)
in day length typically occurs in a single day. These resemble conditions that never occur in
nature. Rather, in the field, photoperiod changes by no more than 6—7 minutes per day, even
at extreme latitudes, and follows a sinusoidal annual pattern. The hamster reproductive
neuroendocrine system requires many successive MEL signals in order to initiate a gonadal
response, and importantly, the CNS processes these signals within the context of the signals
that preceded them (“photoperiodic history”). Photoperiod / MEL signal-processing
mechanisms are sensitive to the frequency of MEL signal occurrence and the direction of
change in MEL signal length (Elliott et al., 1989; Gorman & Zucker, 1997; Prendergast et
al., 1998). Both the induction of the winter reproductive phenotype and the timing of
gonadal recrudescence in the spring are dependent on the processing of day length signals
by this system (Prendergast et al., 2002a).

Until relatively recently, formal analyses of mammalian reproductive photoperiodism
stressed a critical day length (CDL) concept: decreases in day length below the CDL
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(typically 13-14 h of light / day) triggered gonadal regression in autumn, whereas
photoperiods above the CDL were permissive for gonadal development (reviewed in Lee &
Gorman, 2000). It is now recognized that an individual’s history of photoperiod exposure
markedly modifies the CDL, and prior exposure to longer or shorter photoperiods can
determine the direction of the reproductive response to an intermediate-duration
photoperiod. When preceded by longer day lengths, intermediate day lengths induce gonadal
regression, whereas they stimulate gonadal growth when preceded by shorter days (Duncan
et al., 1985; Hoffmann & llinerova, 1986). Such “photoperiod history” effects within the
reproductive neuroendocrine system modify the CDL and are of functional significance in
the field, as they permit initiation of phenotypic changes not in response to absolute day
length, but in response to smaller changes in day length. They also permit disambiguation of
identical intermediate-duration day lengths that occur in late summer and early spring
(Prendergast et al., 2000).

Whether a CDL concept is even relevant to immunological responses to photoperiod, and if
so whether it exhibits similar history-dependent plasticity as is evident in the reproductive
system, has been the subject of several studies. In the first report, juvenile hamsters were
gestated in long (16 h light/day; 16L) or short (8L) days and raised in long, short or
intermediate (14L) day lengths from birth. Intermediate-duration photoperiods inhibited
gonadal regression in hamsters that were gestated in 16L, and accelerated gonadal growth
among hamsters gestated in 8L, indicating that the reproductive neuroendocrine system is
capable of comparing postnatal day length with day lengths experienced during gestation,
and can initiate reproductive responses appropriate for the direction of change in day length
(Prendergast et al., 2004a). In contrast to such divergent reproductive responses, across a
broad array of immune assays (circulating leukocytes phenotypes, DTH reactions, antibody
production) hamsters gestated in long and short day lengths exhibited comparable immune
responses to 14L postnatally (Prendergast et al., 2004a). Because divergent reproductive
responses imply that antecedent photoperiod information (acquired prenatally) impacts the
interpretation of a contemporary, ambiguous day length (e.g., 14L), these results suggested
that the immune system did not appear to have access to this information, or was unable to
respond to it, highlighting a fundamental distinction between the retention of photoperiod
information across the prenatal-postnatal interval by the reproductive and immune systems.

A later report also found limited evidence for retention of photoperiod history information in
the immune system (Prendergast & Pyter, 2009). In this study, hamsters were raised from
weaning in long (15L) or short (9L) photoperiods, and were then transferred to 1 of 7
photoperiods ranging from 9L to 15L, inclusive. A 13L photoperiod elicited gonadal
regression in hamsters with a 15L history, whereas 11L was sufficient to trigger gonadal
growth in hamsters with a 9L photoperiod history—illustrating the plasticity in the CDL for
reproductive responses. In contrast, the CDL for photoperiodic enhancement and
suppression of blood leukocyte concentrations was 13L, and was unaffected by photoperiod
history, confirming earlier reports. However, in all experimental photoperiods, leukocyte
concentrations were lower in hamsters with a 9L relative to a 15L photoperiod history. In
one sense, this reflects a photoperiod history effect, but one that manifests itself quite
differently in the immune system than in the reproductive system. In this case, photoperiod
history imparted what may be interpreted as a hysteresis effect: altering the baseline values
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from which experimental photoperiods subsequently exerted their effects. Skin DTH
reactions were also affected by photoperiod history, but also in a manner dissimilar to that
observed in the reproductive system. In 15L hamsters, day lengths <12L enhanced DTH
responses; in contrast, among 9L hamsters DTH was only marginally attenuated by
increases in day length, and only in 15L (Prendergast & Pyter, 2009).

Taken together, studies of photoperiod history effects in the immune system suggest that
prenatal-postnatal transmission of photoperiod history information does not appear to impact
immune responses, but photoperiod history information acquired postnatally does so. In the
reproductive system, photoperiod history effects shift the CDL. In the immune system, in
contrast, photoperiod history effects appear to manifest either as a hysteresis effect
(leukocyte concentrations), or as an overall dampening of responsiveness to change in
photoperiod (skin DTH). Although reproductive and immunological responses to
photoperiod share some formal similarities, the reproductive and immune systems appear to
rely on prior photoperiod information in fundamentally different ways.

4.2. Melatonin and reproduction -physiological mechanisms

For the majority of traits investigated, the secretion of pineal MEL is required for
mammalian photoperiodic responses to occur (reviewed in Bartness et al., 1993; Goldman,
2001). The light-entrainable circadian clock in the SCN drives the MEL secretory rhythm;
circadian oscillators entrained to lights-off (“dusk’) and lights-on (‘dawn’) regulate the onset
and offset, respectively, of nocturnal MEL secretion via a multi-synaptic pathway (llinerova,
1991; reviewed in Moore, 1996). Over the annual cycle, the duration of peak nocturnal MEL
varies inversely with day length, and it is the duration of MEL secretion that communicates
seasonal information to the reproductive system. Manipulations of reproductive condition
can be achieved by pinealectomizing (PINx) animals and providing exogenous infusions of
MEL centrally (Badura & Goldman, 1992) or peripherally (Carter & Goldman, 1983a,b).
When MEL signals are provided to hamsters on a daily basis over an interval of several
weeks, infusions = 8 h duration per day inhibit reproductive development, whereas infusions
< 6 h per day are compatible with gonadal growth (Goldman, 2001). The information
extracted from a melatonin-based day length signal by the reproductive neuroendocrine
system is based entirely upon the duration of the signal. Neither the amplitude of the MEL
signal nor the circadian phase during which it occurs has any bearing on its interpretation by
systems that regulate reproductive condition (Goldman et al., 1984; Gorman, 2003; but see
Gunduz & Stetson, 2001 for a challenge to this hypothesis). Gonadal recrudescence
(redevelopment) occurs after 4-5 months of exposure to short days (Reiter, 1972); this is
likely triggered by an interval timing mechanism that is associated with the development of
refractoriness to inhibitory MEL signals (Bittman, 1978; Freeman & Zucker, 2001).

The neural pathways mediating seasonal reproductive responses to melatonin have been
described in recent years. High-affinity MEL binding sites in the central nervous system and
pituitary have been implicated in the effects of MEL on body mass and reproductive
hormone secretion. Lesions of these brain regions also prevent photoinduced changes in
reproductive physiology (Maywood & Hastings, 1995). Delivery of long-duration MEL
infusions directly into the SCN, the thalamic paraventricular nuclei (PVt), or the nucleus
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reuniens nuclei (NRe) is sufficient to induce short-day-like changes in reproductive
physiology (Dowell & Lynch, 1987; Hastings et al., 1988; Badura & Goldman, 1992;
Freeman & Zucker, 2001).

4.3. Melatonin and immunity -physiological mechanisms

Insights into the dependence of photoperiodic time measurement on pineal MEL have been
derived almost exclusively from studies of photoperiodic changes in reproductive
physiology and adiposity (Bartness et al., 1993; Goldman, 2001). However, in the past
decade a number of reports have examined whether photoperiod-like changes in immune
function could be elicited in a predictable direction via manipulations of MEL signaling.

In hamsters housed in long days, pharmacological injections of MEL delivered daily 4 h
before the onset of darkness (which lengthens the endogenous MEL profile, resembling a
short day-like MEL signal) effectively mimicked the effects of short days on febrile
responses to a simulated infection, suggesting that the duration of melatonin is sufficient in
this regard (Bilbo and Nelson, 2002); a similar paradigm yielded comparable results on
circulating leukocyte concentrations (Prendergast et al., 2003b). Pineal-dependence of
adaptive immunity has also been inferred from an experiment in which surgical
pinealectomy (PINX) blocked the short-day suppression of anti-SRBC antibody production
(Yellon et al., 1999b). Lastly, PINx hamsters housed in short-days failed to exhibit the
typical short-day attenuation in most acute-phase sickness responses to a simulated bacterial
infection (cachexia, anorexia, suppression of nest building), demonstrating pineal-
dependence of the innate immune system and major symptoms of the APR to bacterial
infection (Wen et al., 2007).

Although chronic MEL implants, which result in continuously elevated plasma MEL, are far
less effective in eliciting gonadal regression than a coherent daily MEL signal that is
followed by a MEL-free interval (Gorman, 2003; Prendergast, 2010), such MEL implants
have also been used to probe immunity. In female hamsters, chronic s.c. MEL implants
failed to impart the short day phenotype in the innate immune response to bacterial
infection. Indeed, chronic MEL implants blocked the typical abrogation of fever and
lethargy responses to LPS treatment (Fenn et al., 2011). One interpretation of this outcome
is that the immune system also appears to be less responsive to chronically-elevated MEL,
and in common with reproductive targets of MEL, may require a MEL-free interval in order
to maximally decode seasonal MEL signals and abstract time-of-year information.

4.4. Sites of MEL action in the immune response to photoperiod

The target tissues at which MEL acts to engage seasonal adaptations in the hamster immune
system have not been fully identified. However, in other rodents, splenocytes, bone marrow
cells, and lymphoid cells in the circulation all possess functional MEL receptors, and MEL
treatments in vitro enhance or suppress immune responses in a cell- and antigen-specific
manner (e.g., Pozo et al., 1997). In hamsters, MEL can inhibit or stimulate lymphocyte and
splenocyte proliferation in vitro, depending on sex, age and photoperiod (Prendergast et al.,
2001; 2002h). This is consistent with other reports in deer mice, in which exogenous MEL
in vivo has been reported to enhance splenocyte proliferation in vitro, although MEL
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treatments did not inhibit primary immunoglobulin M antibody production (Demas &
Nelson, 1998).

MEL-dependent photoperiodic changes in immune function may be mediated entirely by an
action of MEL in the periphery. Alternatively, MEL may enact seasonal changes in immune
function via pathways originating in the CNS. To examine this issue, Freeman and
colleagues (2007) challenged PINx hamsters with MEL implants targeting a hypothalamic
site (SCN) known to mediate effects of MEL on the reproductive response. Chronic MEL
implants in the SCN induced a winter phenotype in the immune system: attenuating LPS-
induced anorexia and cachexia. However, SCN MEL implants failed to induce a winter-like
phenotype in blood leukocyte concentrations or in behavioral thermoregulatory (nest
building) responses to LPS. In the same study, s.c. MEL implants (which deliver MEL to all
target tissues, central and peripheral) induced winter-like changes in all behavioral and
immunological traits. These results suggest that the MEL acts at the SCN to induce seasonal
changes in neural-immune pathways that regulate some, but not all, behavioral responses to
an inflammogen. Although the relevance of MEL activity at other subcortical sites towards
behavioral immune responses has not been investigated, the existing data suggest that some
anatomical overlap exists between neural substrates mediating the effects of MEL on the
reproductive and immune systems, but that instantiation of the full winter immunophenotype
requires MEL action at extra-SCN targets (Freeman et al., 2007).

Lastly, on a comparative note, pineal MEL secretion is clearly the predominant signal by
which photoperiod information is transduced from the retina to the reproductive
neuroendocrine system in mammals, and most photoperiodic responses in the immune
system appear to be pineal-dependent. This highly canalized pathway may be the exception
rather than the rule, however. In non-mammalian vertebrates (e.g., birds, fish and reptiles)
for example, MEL is neither sufficient nor necessary for photoperiodic reproductive
responses to occur (Borg, 2009; Juss et al. 1993; Follett et al 1985). It would not be
surprising to identify, in non-mammalian vertebrates, a role for extra-pineal and/or extra-
retinal systems in the transduction of photoperiod information into the immune system.
Additional comparative work in non-mammalian vertebrates, identifying the
phenomenology and mechanisms of seasonal immunomodulation, will provide essential
insights into this conjecture.

5. Effects of seasonal changes in gonadal hormones on immunity

Photoperiodic changes in immunity are dependent on pineal MEL secretion (reviewed
above). However, in addition to abolishing photoperiodic immune responses, PINx
manipulations also abolish photoperiodic reproductive responses. Gonadal hormones are
potent immunomodulators (Klein, 2000), and temporally, photoperiodic changes in immune
function roughly parallel changes in reproductive function (Prendergast et al., 2002b; Yellon
et al., 2005). Thus, the extent to which photoperiodic changes in immune function are
merely a downstream consequence of the concurrent changes in reproductive physiology
and hormone secretion bears consideration.
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In hamsters, photoperiodic changes in skin inflammatory responses occur independently of
changes in the reproductive system (Prendergast et al., 2005). In castrated hamsters, short-
day suppression of lymphocyte proliferation persists (Prendergast et al., 2002b); and short-
day inhibition of immunoglobulin G antibody responses likewise occurs normally in
hamsters that are reproductively nonresponsive (and retain fully-developed gonads) under
short days (Drazen et al., 2000), collectively suggesting gonadal hormone independence in
these measures of immunity. In contrast, some in vitro measures of immune function have
been reported to track gonadal status more closely (Prendergast et al., 2002b) and exhibit
direct responsiveness to gonadal hormone treatments in vitro (Bilbo & Nelson, 2001).

In one report, castrated and intact male Siberian hamsters were exposed to long or short days
for ~ 3 months, and photoperiodic responses in multiple aspects of immunity (numerous
lymphocyte subtypes, acute phase thermoregulatory, ingestive and somatic responses to
LPS) were assessed. In gonad-intact hamsters, short days increased total and L-selectin
(CD62L+) lymphocyte counts and CD3+ lymphocytes (i.e., T cells) in blood, and markedly
attenuated sickness responses to LPS (Prendergast et al., 2008). Independent of photoperiod
(i.e., in LD hamsters), castration alone increased total and CD62L+ lymphocyte and CD3+ T
lymphocyte numbers and attenuated somatic and anorexic sickness responses, indicating that
the removal of elevated gonadal hormone production was sufficient to mimic some aspects
of the immunological response to short days. However, despite these effects of castration in
long days, effects of photoperiod were still evident on blood lymphocyte concentrations and
on sickness behaviors in castrated hamsters. In general, among castrated hamsters, the
magnitude of most immunological responses to short days was diminished relative to those
seen in gonad-intact hamsters, but were nevertheless present.

The magnitude of the effect of photoperiod on several aspects of immunity (constitutive
measures, behavioral symptoms of innate immune activation, adaptive immune responses)
in intact and castrated hamsters, as estimated via the omega square statistic, is depicted in
Fig. 2. Note that, depending on the immunological trait, the effects of gonadectomy on
immune responses to photoperiod varies markedly. The short-day phenotype in several
measures of immunity can be partially instated via elimination of gonadal hormones alone,
but for most immunological traits there exist pineal-dependent effects of photoperiod on
immune function that do not depend on concurrent seasonal changes in gonadal hormone
secretion.

If changes in reproductive condition do not solely mediate photoperiodic changes in
immunity, then what other signals might participate in mediating the effects of photoperiod
into the immune system? We turn, once again, to the photoperiodic control of the
reproductive system for clues.

7. Thyroid hormones seasonal timing

7.1 Thyroid hormones and reproductive photoperiodism

Research into neuroendocrine events downstream of MEL which participate in the
regulation of the mammalian reproductive neuroendocrine axis system has recently focused
on thyroid hormones. However, investigations of the role of thyroid hormones in the

Front Neuroendocrinol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stevenson and Prendergast Page 13

regulation of the reproductive axis in avian models dates back over 80 years, to research in
mallard ducks (Anas platyrhynchos), which revealed striking light-dependent changes in
thyroid hormone activity (Benoit & Aron, 1934) and inhibition of light-induced gonadal
development following thyroidectomy (Benoit, 1936). This work was expanded upon three
decades later in studies of Indian spotted munia (Uroloncha punctulata; Pandha &
Thapliyal, 1964; Thapliyal & Pandha, 1965; 1967). In 1940, Voitkevitch (1940) described a
relationship between thyroid and gonadal activity in European starlings (Sturnus vulgaris).
Later, it was shown that gonadal maturation in starlings in long days is unaffected by
thyroidectomy, but gonadal involution does not occur normally (Goldsmith and Nicholls,
1984). Rather, thyroidectomized starlings remain in a state of reproductive competence
presumably indefinitely, and involution could only be induced via thyroxine treatment
(Nicholls et al., 1988). However, starlings thyroidectomized on short days then transferred
to long days showed robust gonadal growth (Wieselthier & van Tienhoven, 1972). Studies in
Japanese quail (Coturnix coturnix) also indicated that thyroxine replacement restored
gonadal growth (Follett & Nicholls, 1985). Wilson, Reinert and colleagues were among the
first to use deiodinase inhibitors to probe the relative contributions of T3 and T, during
different stages of the seasonal reproductive cycle in photoperiodic avian species (Wilson,
2001). In tree sparrows (Spizella arborea) T4 was capable of driving gonadal growth,
refractoriness and postnuptial moult, whereas T3 only stimulated gonadal growth, and only
at specific concentrations (Reinert & Wilson, 1997; Wilson & Reinert, 2000). This group
has argued that both T3 and T4 participate in the reproductive response to photoperiod and
may play different roles in photostimulation and photorefractoriness (Reinert & Wilson,
1997; Wilson & Reinert, 2000).

Early work in mammals also indicated that thyroidectomy altered the timing of key seasonal
reproductive events. The thyroid gland is required for the termination of the breeding season
in ewes. Ewes that were thyroidectomized during the summer or early autumn failed to
transition to anoestrus in early winter (Follett & Potts, 1990; Moenter et al., 1991; Webster
etal., 1991). Moreover, thyroidectomized Soay rams exhibited a complete elimination of
seasonal changes in testicular cycles (Parkinson & Follett, 1995). Thyroid hormones appear
to act by regulating gonadotropin release from the pituitary gland, as thyroidectomized ewes
transferred from long to short days failed to exhibit changes in luteinizing hormone
concentrations (Dahl et al., 1994).

A remarkable advance in the understanding of how thyroid hormones participate in
photoperiod signal transduction occurred in 2003, when Yoshimura and colleagues
identified rapid and robust effects of abrupt changes in day length on the expression of
iodothyronine deiodinase (D10) enzymes in the quail mediobasal hypothalamus (Yoshimura
et al., 2003). Ty is the primary output of the thyroid gland, but is essentially a prohormone
for the biologically-active 3,5,3'-triiodothyronine (T3). Type Il iodothyronine deiodinase
(DIO2) is responsible for the deiodination of T4 into the active hormone, T3 (St. Germain et
al., 2009). The majority of T4— T3 conversion occurs at the tissue-level and in a tissue-
specific manner. Opposing DIO2 is the type 111 iodothyronine deiodinase (D103); DIO3
converts Ty into reverse T3 (rTg), which has little to no functional activity at the thyroid
hormone receptor (St. Germain et al., 2009). In quail, transfer from short to long days
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rapidly upregulated the expression of TSH expression and DIO2 mRNA, which lead to
increased T3 signaling (Yoshimura et al., 2003). Light-induced changes in DIO2 and DIO3
have been reported in other avian species, including great tits (Perfito et al., 2009), starlings
(Bentley et al., 2013), and sparrows (Watanabe et al., 2007). Furthermore, many mammalian
species have been shown to exhibit marked photoperiod-driven changes in DIO2 and DIO3
MRNA expression, including sheep (Hanon et al., 2008), Syrian hamsters (Yasuo et al.,
2007) and Siberian hamsters (Watanabe et al., 2007); in all cases, the changes in mMRNA
expression precedes changes in gonadotrophin activity and gonadal status, suggesting a
causal role.

In Siberian hamsters, photoperiod does not affect circulating T4 or T3 concentrations (O’Jile
& Bartness, 1996; Prendergast et al., 2002a), but convergent evidence has accumulated
indicating that the DIO enzymes may be key regulators of reproductive responses to
photoperiod. Expression of DIO2 and DIO3 mRNA in and around the ependymal cell layer
of the hypothalamus is exquisitely responsive to photoperiod. In hamsters, DIO3 expression
is undetectable in long days, but is upregulated after exposure to just a few weeks of
exposure to short days (Barrett et al., 2007; Watanabe et al., 2007); increased DIO3
expression reduces hypothalamic T3 production (Yoshimura, 2006; Barrett et al., 2007). In
many rodent species, DIO2 expression is upregulated in long days in this region. A current
model proposes that increases in DIO2 in long days amplifies T3 signaling and provokes
gonadal growth via a TSHp-dependent mechanism (Yasuo et al., 2010). Consistent with this
model, treatment with T3 abolishes hamster reproductive responses to short days, effectively
mimicking a long day phenotype by maintaining elevated levels of thyroid hormone
signaling (Freeman et al., 2007; Barrett et al., 2007). Depending on species, hypothalamic
expression of DIO2 mRNA, DIO3 mRNA, or both mRNAs is regulated by photoperiod
(Yoshimura, 2006; Hut, 2011). Even in reproductively non-photoperiodic rodents (e.g.
house mice, rats), hypothalamic expression of DIO2 is high in long days, and DIO3 is
elevated in short days (Ono et al., 2008). The CNS targets at which MEL is necessary and
sufficient to engage D102 and DIO3 responses in hamsters remain unidentified.

Recent work has indicated that epigenetic mechanisms participate in the photoperiod- and
MEL-induced regulation of DIO3 mRNA (Stevenson & Prendergast, 2013). Following
seasonal intervals of exposure to short days, the expression of DNA methyltransferases
(DNMTSs) is downregulated in the Siberian hamster hypothalamus, and hypothalamic DIO3
promoter-specific DNA methylation levels are substantially decreased. Exogenous MEL
treatments mimicked the effects of short days on DNMT expression, DIO3 promoter
methylation and DIO3 mRNA expression, indicating the sufficiency of MEL in initiating
this epigenetic cascade— a sequence of events that would be poised to participate in the
photoperiodic disinhibition of DIO3 mRNA expression in short days (Stevenson &
Prendergast, 2013).

In sum, existing data implicate a mechanism of photoperiod signal transduction in the rodent
reproductive system via MEL-driven changes in DIO2 expression and (in Siberian hamsters)
epigenetic regulation of DIO3 expression, which results in SD photoperiodic inhibition of
perihypothalamic T, — T3 catabolism (Fig. 3). A number of important elements of this
model remain to be critically evaluated, including the necessity and sufficiency of changes
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in DIO2 and/or DIO3 for inducing changes in gonadotrophin signaling in response to
photoperiod manipulations.

7.2 Thyroid hormones and immunological photoperiodism

In light of the proposed role of thyroid hormone signaling in the mediation of reproductive
photoperiodism (Yoshimura, 2013), similar pathways may also participate in the gonadal
hormone-independent photoperiodic control of immunity. Many studies document T3 as a
potent regulator of the immune system. An exhaustive evaluation of this research area is
beyond the scope of this review, however, relevant highlights include: evidence for the
expression of thyroid hormone receptors (TRs) in lymphocytes, thymocytes & bone marrow
(Segal & Ingbar, 1982; Foster et al., 1999); suppression of thymopoesis in TR-mutant mice
during development (Arpin et al., 2000); reductions in B lineage cells in hypothyroid mice
(Murphy et al., 1992), and the rescue thereof via T, therapy (Montecino-Rodriguez, et al.,
1996); T3 enhancement of T cell dependent DTH skin responses in euthyroid rats (Chandel
& Chatterjee, 1989); inhibition of innate immune responses to Listeria infection in
hypothyroid mice (Foster et al., 2000); and T3 enhancement of blood leukocyte
concentrations and mitogen-induced splenocyte proliferation (Chatterjee & Chandel, 1983).
Ts-induced dendritic cell maturation facilitates naive T cell proliferation and IFN-y
production (Mascanfroni et al., 2008); T3 also plays a key role in the cytoplasmic—nuclear
shuttling of nuclear factor kB on primed dendritic cells (Mascanfroni et al., 2010).

T4 involvement in immunity typically has been elaborated via hypothyroid and murine
knockout models (reviewed in Dorshkind & Horseman, 2000). While instructive, these
models are limited in that they involve completely abolishing T3 signaling, then re-
introducing pharmacologically elevated, invariant T, levels. Moreover, systemic T, triggers
GH secretion, and it may be unclear whether effects of global T4 manipulations are mediated
through alterations in growth hormone and insulin-like growth factor -1 signaling (Spindler,
et al., 1989).

Given that thyroid hormones are potent immunomodulators, the localized production of
thyroid hormones in immune cells was evaluated as a possible mechanism for mediation of
MEL-based photoperiod information into the immune system. Several lines of evidence
suggest that thyroid hormones may indeed participate in this process. gPCR analyses
indicated significantly lower DIO3 mRNA expression in peripheral blood leukocytes from
SD compared to LD housed hamsters (Stevenson, et al., 2014; Fig. 3). This pattern of
reduced DIO3 mRNA expression in short day leukocytes is evident at multiple time points,
primarily during the light phase, and also in splenocytes (unpublished observations), and
stands in contrast to the short-day-induced increase in DIO3 mRNA evident in the
mediobasal hypothalamus of short-day hamsters (Watanabe et al., 2007; Barrett et al., 2007).
In a functional assay, the conversion of T4 to T3 by lymphocytes in vitro was greater in
lymphocytes collected from SD relative to LD hamsters, consistent with the predicted
consequences of reduced DIO3 enzymatic activity in SD lymphocytes (Stevenson et al.,
2014). Although the proportion of T3* lymphocytes in the circulation did not differ between
LD and SD hamsters, anti-T3 fluorescence was higher in the cytoplasmic region, and lower
in the nuclear region, of SD lymphocytes, suggesting that changes in day length alter the
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amount of T3 signaling at nuclear vs. cytosolic thyroid hormone receptors. The functional
significance of this photoperiodic shift in cellular compartmentalization of T3 is not
presently clear but may play a role in lymphocyte maturation or activation (Mascanfroni et
al., 2008; 2010).

In common with the reproductive neuroendocrine system, in the immune system
photoperiodic regulation of DNA methylation has been associated with the aforementioned
changes in DIO3 expression. DNA methyltransferase 3b (DNMT3b) mRNA expression was
greater in leukocytes collected from SD compared to LD hamsters, and methylation-
sensitive restriction enzyme assays indicated that DIO3 promoter methylation was greater in
short day compared to long day leukocytes (Stevenson et al., 2014; Fig. 3). The phenotypes
of leukocytes exhibiting photoperiodic DNMT3b and DIO3 responses have yet to be
determined. However, photoperiodic regulation of DNMT3b in circulating leukocytes afford
the potential photoperiod to enact broad changes in genomic DNA methylation in the
immune system.

Photoperiod thus affects DIO3 mRNA, DNMT3b mRNA and DIO3 promoter methylation in
both leukocytes and hypothalamic tissue, yet the effects of short days on these genomic
changes occur in opposite directions in the two tissues. In the hypothalamus, long days are
associated with increased DNMT3b mRNA expression, greater DNA methylation in the
D103 promoter and reduced DIO3 mRNA expression; whereas in leukocytes, long days are
associated with reduced DNMT3b, lower DIO3 promoter DNA methylation and greater
DIO3 expression (Fig. 3). Photoperiodic changes in DIO expression afford tissue-specific
regulation of T3 signaling against a background of seasonally-invariant T4 concentrations in
the circulation.

If short-day-induced decreases in DIO3 yield local, cell-specific increases in T3 that
participate in photoperiodic changes in immune function, then one prediction would be that
exogenous T3 treatment might bypass DI02/D103-mediated T, metabolism and mimic
effects of short days on immunity, just as exogenous T3 treatment mimics the effects of long
days on reproductive physiology (Barrett et al., 2007; Freeman et al., 2007). In a test of this
hypothesis, exogenous T3 was shown to enhance blood leukocyte concentrations, and in a
dose-dependent manner, to augment the magnitude of T cell-mediated adaptive skin immune
responses (DTH; Stevenson et al., 2014; Fig. 4). These results indicate that increases in T3
signaling are sufficient to mimic the effects of short days on select aspects of constitutive
and adaptive immunity. The extent to which exogenous T3 is also sufficient to mimic effects
of short days on innate immunity and behavioral responses to infection is currently under
investigation.

Taken together, recent work suggests that epigenetic regulation of DIO3 expression and T3
signaling, in addition to potentially playing a central role in the transduction of photoperiod
information in the reproductive neuroendocrine system, may also figure prominently in the
mediation of photoperiod effects on select aspects of immune function (Fig. 5). A number of
important questions remain to be answered about how photoperiod and MEL signals engage
changes in leukocyte biology, including the leukocyte subtype(s) that are differentially

Front Neuroendocrinol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stevenson and Prendergast Page 17

expression DIO3, and whether MEL receptors are present in spleen, thymus, and T
lymphocytes, as is the case in other rodents (cf. Carrillo-Vico et al., 2005).

8. Conclusions

The proximate causes of numerous seasonal rhythms in health and immune function, in both
the human and veterinary literature, remain incompletely explained. Seasonal variations in
day length exert robust changes in diverse aspects of immune function. Seasonal changes in
the capacity for immunosurveilliance, in the thresholds for immunological responses, and in
the magnitude of immune responses to select pathogens and antigens may explain some of
the seasonal variance in the epidemiology of disease in nature. Conversely, seasonality in
the immune system may have evolved partly to anticipate seasonal changes in the variety of
pathogens in the environment. In addition, from a basic regulatory biology perspective,
understanding the mechanisms by which seasonal time information, first registered in the
central nervous system, comes to impart changes in the immune system stands to identify
novel endogenous pathways by which the brain communicates with the periphery.
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Figure 1. Sickness responses to simulated bacterial infections are attenuated in short days
Sickness responses to LPS (25 ug) of male Siberian hamsters following 11 weeks of

exposure to long (14L) or short (10L) photoperiods. (A) Mean + SEM core body
temperature during the first 16 h following LPS injections (shaded and unshaded bars along
the figure top depict the scotophase and photophase, respectively, of the LD and SD
photoperiods); LD: filled circles, SD: open circles, saline-injected controls: triangles. (B)
Mean + SEM duration of LPS-induced fever. (C) Mean + SEM anhedonic response to LPS
(assessed by change in consumption of sweetened condensed milk). (D) Mean + SEM
anorexic response to LPS (assessed by change in food intake). * P<0.05 vs. LD-LPS value.
(Data from: Bilbo, S.D., Drazen, D.L, Quan, N., He, L., Nelson, R.J., Short day lengths
attenuate the symptoms of infection in Siberian hamsters, Proc. Biol. Sci., 2002, 269[1490],
447-454, by permission of the Royal Society.)
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Figure 2. Gonadal hormone-dependent and -independent effects of photoperiod on immunity in
hamsters

Effects of gonadectomy on the magnitude of the effect of photoperiod on several measures
of immunity in male Siberian hamsters. TOTAL LYMPH = blood lymphocyte
concentrations; DTH = peak delayed type hypersensitivity skin inflammatory responses;
BODY (LPS) = peak decreases in body mass in response to LPS treatment; FOOD (LPS) =
peak decreases in food intake in response to LPS treatment; NEST (LPS) = acute
suppression of nest building behavior in response to LPS treatment. Adapted from
Prendergast et al. (2008). Effect sizes are estimated using the omega square statistic which
provides an estimate of the total dependent variance that can be accounted for by the
independent variable in a given experimental population.
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Figure 3. Effects of photoperiod on epigenetic regulation of iodothyronine deiodinases in the
hypothalamus and in leukocytes
Effects of photoperiod on expression of (A,C) the DNA methyltransferases dnmtl, dnmt3a

and dnmt3b; (B,D) dio3 proximal promoter methylation, and (C,E) dio2/dio3 mRNA
expression in the hypothalamus (top row) and in leukocytes (bottom row) of Siberian
hamsters. Adapted from Stevenson & Prendergast (2013) and Stevenson et al. (2014).
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Figure 4. Thyroid hormone treatment mimics effects of short days on hamster immune function
Effects of exogenous thyroid hormone treatments on (A) circulating leukocyte numbers and

(B) Type IV skin inflammatory responses (DTH reactions) in male Siberian hamsters. Panel
A depicts mean + SEM blood leukocyte concentrations of Siberian hamsters housed in LD
and injected s.c. daily with 1, 5, or 10 ug T3 or saline for 3 weeks; SD controls received
daily saline injections. Panel B depicts mean £ SEM DTH skin inflammatory responses in
hamsters treated with T3 or saline in LD for 6 weeks; DTH was elicited by cutaneous
challenge with an antigen (DNFB) 1 week after antigen sensitization (SD controls received
saline injections only). *P < 0.05, ***P < 0.005 vs. LD-saline value. Adapted from

Stevenson et al. (2014).
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Figure 5. Photoperiod and the epigenetic regulation of T3 signaling in the reproductive and
immune systems

Schematic of pathways by which short photoperiods engage activation and inhibition of T3
signaling in tissues of the reproductive and immune systems. At the hypothalamic level of

the HPG axis, exposure to LD is compatible with elevated levels of dnmt expression,
increased dio3 promoter methylation, reduced levels of dio3 mMRNA expression and

increased thyroid hormone signaling; whereas exposure to SD decreases dnmt expression,
permitting demethylation of the dio3 promoter, increases in dio3 mRNA expression and

reductions in hypothalamic thyroid hormone signaling. In peripheral leukocytes, SD

photoperiods exert opposite effects on epigenetic regulation of thyroid hormone signaling: in

SDs, dnmt expression is relatively higher, maintaining higher levels of dio3 promoter
methylation, lower levels of dio3 mRNA expression, and increases in T3 signaling in

peripheral leukocytes; whereas in LD photoperiods, lymphocyte dnmt expression and dio3
promoter methylation are reduced, and dio3 mRNA expression is relatively higher, which is

associated with reductions in leukocyte T3 production. Adapted from Stevenson &

Prendergast (2013).
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