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Chronic dim light at night provokes reversible depression-like
phenotype: possible role for TNF
TA Bedrosian, ZM Weil and RJ Nelson

The prevalence of major depression has increased in recent decades and women are twice as likely as men to develop the
disorder. Recent environmental changes almost certainly have a role in this phenomenon, but a complete set of contributors
remains unspecified. Exposure to artificial light at night (LAN) has surged in prevalence during the past 50 years, coinciding
with rising rates of depression. Chronic exposure to LAN is linked to increased risk of breast cancer, obesity and mood
disorders, although the relationship to mood is not well characterized. In this study, we investigated the effects of chronic
exposure to 5 lux LAN on depression-like behaviors in female hamsters. Using this model, we also characterized hippocampal
brain-derived neurotrophic factor expression and hippocampal dendritic morphology, and investigated the reversibility of these
changes 1, 2 or 4 weeks following elimination of LAN. Furthermore, we explored the mechanism of action, focusing on
hippocampal proinflammatory cytokines given their dual role in synaptic plasticity and the pathogenesis of depression. Using
reverse transcription-quantitative PCR, we identified a reversible increase in hippocampal tumor necrosis factor (TNF), but not
interleukin-1b, mRNA expression in hamsters exposed to LAN. Direct intracerebroventricular infusion of a dominant-negative
inhibitor of soluble TNF, XPro1595, prevented the development of depression-like behavior under LAN, but had no effect on
dendritic spine density in the hippocampus. These results indicate a partial role for TNF in the reversible depression-like
phenotype observed under chronic dim LAN. Recent environmental changes, such as LAN exposure, may warrant more
attention as possible contributors to rising rates of mood disorders.
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INTRODUCTION
Major depressive disorder (MDD) poses an enormous burden
worldwide and is subject of intensive research, yet its etiology
remains poorly defined. Rates of major depression have increased
in recent decades and women are twice as likely as men to develop
the disorder.1--3 Better diagnoses or changing diagnostic criteria
have traditionally been suggested as possible contributors to this
phenomenon; however, additional variables are likely involved. For
instance, environmental influences have a role in the onset of
depressive pathology and it is possible that recent environmental
changes may partially account for the increasing MDD incidence.
Chronic exposure to artificial light at night (LAN) was recently

identified to pose several health risks for humans. Accumulating
evidence suggests that LAN may contribute to the risk of breast
cancer, heart disease, obesity and mood disorders, though its
relationship with mood is understudied.4--7 Electric light has
permitted humans to cultivate 24-h societies; 99% of individuals
living in the United States and Europe experience nightly light
pollution.8 Such unnatural conditions almost certainly have
multiple repercussions for physiology and mood, likely acting
foremost as a circadian disruptor. As artificial LAN is a relatively
new phenomenon in human history, having arisen only since the
widespread adoption of the electric light bulb about 100 years
ago, the mechanisms underlying its physiological implications
remain unspecified.
The hippocampus is a critical structure in the pathophysiology

of MDD. Depressed patients show characteristic hippocampal

atrophy9,10 and dysregulation of many hippocampal-related
systems, such as stress coping and memory.11--13 Similarly, loss
of hippocampal dendritic spines is observed in animal models of
chronic stress and depression.14--16 In these stress models,
expression of brain-derived neurotrophic factor (BDNF) is reduced
in the hippocampus, but antidepressant drugs enhance its
expression.17 Moreover, the hippocampus is a structure dispro-
portionately vulnerable to inflammation because of its high
expression of receptors for pro-inflammatory cytokines such as
interleukin (IL) 1b and tumor necrosis factor a (TNF).18

Inflammatory cytokine response is linked to the pathogenesis of
affective disorders and changes in dendritic morphology of CA1
pyramidal neurons in the hippocampus.19 In humans, one third of
patients treated with recombinant human cytokines develop
MDDs.20 Similarly, MDD is more prevalent in patients with
inflammatory disorders as compared with the general popula-
tion.21 Endotoxin (lipopolysaccharide) administration to rats
provokes proinflammatory cytokine expression and depression-
like behaviors,22 and it has been suggested that inhibitors of these
cytokines might alleviate depressive symptoms.23 In humans,
COX-2 inhibitors reduce production of proinflammatory cytokines
and have positive effects on depression symptoms.24

Suppression of pineal melatonin secretion by LAN is one
putative mechanism linking it to depressive affect and
the hippocampus. Melatonin is produced during the night in
both diurnal and nocturnal species; exposure to light suppresses
its secretion. Melatonergic antidepressants improve mood in
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depressed patients.25 In rodents, melatonin administered under
chronic stress conditions prevents the development of depres-
sion-like behaviors and reduced hippocampal plasticity.26 Further-
more, melatonin reduces pro-inflammatory cytokine levels in the
brain and periphery.27,28

In this study, we investigated the effects of chronic exposure to
5 lux LAN on depression-like behaviors and dendritic spine density
of CA1 pyramidal neurons in female hamsters. This level of
illumination is approximately five times brighter than maximal
moonlight, comparable to the levels of light pollution surrounding
urban centers, and is sufficient to suppress melatonin production
in hamsters.29 We also determined whether these changes are
reversible when the LAN stimulus is removed. Furthermore, we
characterized gene expression of BDNF, interleukin-1b and TNF in
the hippocampus, and then determined the behavioral and
physiological effects of an intracerebroventricular TNF inhibitor
administered under LAN. We hypothesized that dim LAN provokes
reversible changes in locomotor activity patterns, depression-like
behaviors, hippocampal BDNF and TNF gene expression levels and
spine density on hippocampal neurons. We further hypothesized
that enhanced TNF expression may have a role in the depression-
like phenotype seen under LAN and that a specific intracerebro-
ventricular inhibitor might prevent depression-like behavior from
developing.

MATERIALS AND METHODS
Animals
Adult female Siberian hamsters (Phodopus sungorus) were obtained from our
breeding colony at The Ohio State University. Hamsters were individually
housed in polypropylene cages (30� 15� 14cm) at a constant ambient
temperature of 22±2 1C and relative humidity of 50±5%. Food (Harlan
Teklad 8640, Indianapolis, IN, USA) and filtered tap water were available ad
libitum. Before starting the experiments, all hamsters (8 weeks of age) were
ovariectomized under isoflurane anesthesia to control for fluctuating steroid
concentrations, which could confound measures of dendritic spine
density,30 and then allowed to recover for 1 week. Following the recovery
period, hamsters were maintained in either control or experimental lighting
conditions as described below. The control condition was the same as the
standard colony room, which was a 16:8h light/dark cycle (150 lux/0 lux),
and the experimental condition was a 16:8h light/dim light cycle (150 lux/
5 lux). Both the bright and dim lights were typical fluorescent bulbs of the
same wavelength. In both conditions, the bright lights were illuminated at
22:00 hours. All experimental procedures were approved by The Ohio State
University Institutional Animal Care and Use Committee.

Experiment 1
The aim of experiment 1 was to investigate and reverse the depressive
effects of LAN by returning hamsters to a standard light/dark cycle after 4
weeks of nightly exposure to dim light. One control group was maintained
for the 8-week duration of the study in the standard light/dark cycle (LD-
LD; N¼ 6) and a second group experienced the dim LAN for the last 4
weeks of the experiment (LD-DM; N¼ 7). To determine a time course for
the reversal, three experimental groups were used (see Figure 1). Each of
these groups experienced dim LAN for 4 weeks, and then was returned to
the standard light/dark cycle for either 1 week (DM-LD 1 week; N¼ 7), 2
weeks (DM-LD 2 weeks; N¼ 7) or 4 weeks (DM-LD 4 weeks; N¼ 7) before
behavioral testing began. Homecage activity, immobility in the forced
swim test and sucrose preference were determined as described below.
Following testing, brains were collected for Golgi-Cox staining and
quantitative PCR. Figure 1 shows a schematic of the experimental design.

Experiment 2
The aim of experiment 2 was to determine whether inhibiting TNF signaling
prevents the depression-like behavior and changes in dendritic spine density
observed in experiment 1. Each hamster was implanted with an osmotic
mini-pump connected to a cannula directed into the lateral ventricle to

continuously administer the TNF inhibitor, XPro1595 (Xencor, Monrovia, CA,
USA). XPro1595 is a highly selective dominant-negative inhibitor of soluble
TNF.31 Hamsters were anesthetized with isoflurane vapor and a stereotaxic
apparatus was used to implant a 28-gauge cannula into the lateral ventricle
(cannula position: �0.1 posterior and �0.9 lateral to bregma, extending
2.35mm below the skull; Plastics One, Roanoke, VA, USA). The cannula was
connected by tubing to an Alzet minipump (Model 2006, Durect, Cupertino,
CA, USA) implanted subcutaneously in the scapular region that delivered
either saline or 5mgml�1 XPro1595 at a rate of 0.15ml h�1 for the duration
of the experiment (operational time of pumps X6 weeks). From the day
following surgery, one control group was maintained in a standard light--
dark cycle (LD; N¼ 26) and another in dim LAN (DM; N¼ 32) as described
above. After 4 weeks, hamsters were tested for depression-like behavior in
the forced swim test and brains were collected for analysis of dendritic spine
density in the hippocampal subfield CA1.

Behavioral assays
In each experiment, homecage locomotor activity data were recorded
using an infrared beam break system (Columbus Instruments, Columbus,
OH, USA). Actigraphs were constructed using the ClockLab software
(Actimetrics, Wilmette, IL, USA), and data were analyzed for fast Fourier
transform power where applicable. To assess depression-like behavioral
responses in the Porsolt’s forced swim test,32 hamsters were placed in an
opaque cylindrical tank filled with room-temperature water (22±1 1C) for
10min. We have validated the forced swim test for hamster depressive
responses in our laboratory. Testing occurred during the light phase
between 0800 and 1200 hours for two reasons: (1) locomotor activity levels
were different between groups during the dark phase, but not the light
phase, and the forced swim test is an activity-dependent measure of
depression; and (2) experimental light manipulations occurred during the
dark phase, but conditions were equivalent during the light phase. Behavior
was recorded on video and subsequently scored with the Observer software
(Noldus, Wageningen, Netherlands) by an observer unaware of assignment
to experimental groups. The behaviors scored were as follows: (1) climbing
(that is, vigorous swimming or scratching directed at the wall of the tank),
(2) swimming (that is, horizontal movement in the tank) and (3) floating/
immobility (that is, minimal movement necessary to keep head elevated
above water surface). Sucrose preference was determined in experiment 1
by measuring consumption of a 1% sucrose solution over 24 h. Reduced
sucrose preference is interpreted as an anhedonic response and is
indicative of a depressive-like state.33 To acclimatize the animals to the
novel solution, hamsters were presented with a bottle containing normal
drinking water and the bottle containing sucrose solution over the
weekend and left undisturbed for 3 days. On the fourth day each bottle
was weighed, replaced in the cage and then subsequently weighed again
24 h later. To control for possible side preferences, placement of the
bottles in each cage was counterbalanced.

Analysis of hippocampal morphology
In each experiment, hamsters were deeply anesthetized with isoflurane
vapors and rapidly decapitated between 1000 and 1200 hours at the
conclusion of behavior testing. Brains were quickly removed and dissected

Figure 1. Schematic of experimental design for experiment 1.
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into two hemispheres. One hemisphere from each brain was randomly
chosen to be processed for Golgi-Cox staining using a Rapid GolgiStain Kit
(FD NeuroTechnologies, Columbia, MD, USA). Briefly, brains were submerged
in Golgi-Cox solution and stored for 14 days in the dark, followed by a 30%
sucrose solution for 4 days. Brains were then rapidly frozen and 100-mm
coronal sections were sliced on a cryostat and collected onto gelatin-
coated glass slides. The stain was developed in NH4OH for 10min and
sections were counterstained with cresyl violet. Finally, slides were dehy-
drated through a series of graded ethanol washes, cleared with xylene,
coverslipped with Permount and dried in the dark for at least 1 week.

Neurons impregnated with the Golgi-Cox solution were chosen within
the CA1 region of the hippocampus based on our previously observed
differences in this region. Only neurons that were fully impregnated, not
obscured by neighboring neurons, and had no obviously truncated
dendrites were chosen for analysis. All analyses and selection of neurons
were performed by an experimenter unaware of assignment to experi-
mental groups. For each animal, four to six randomly selected repre-
sentative neurons from different sections were chosen. Dendritic spines
were traced in each neuron at � 100 (N.A. 1.30) in four apical and four basilar
randomly chosen representative dendrite segments of at least 20mm in
length, and at least 50mm distal to the cell body, using the Neurolucida 8
software (MicroBrightField, Williston, VT, USA) for PC and a Nikon (Tokyo,
Japan) Eclipse E800 brightfield microscope. Dendritic spine density was
analyzed using the Neurolucida Explorer software (MicroBrightField).

Tnf, Il-1b and bdnf gene expression
Hippocampal tnf, Il-1b and bdnf gene expression was assayed using
quantitative real-time PCR. The randomly chosen brain hemisphere not
used for hippocampal morphology was frozen in RNAlater (Applied
Biosystems, Foster City, CA, USA) at �80 1C until use. Total RNA was
extracted from p30mg of individual hippocampi using a homogenizer
(Ultra-Turrax TB; IKA Works, Wilmington, NC, USA) with an RNeasy Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s guidelines.
Extracted RNA was suspended in 30ml RNase-free water and RNA
concentration was determined by spectrophotometer (NanoDrop-1000,
Nanodrop Technologies, Wilmington, DE, USA). RNA samples were stored
at �80 1C until further analysis. cDNA was created via reverse transcription
of 2 mg RNA with MMLV Reverse Transcriptase enzyme (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s guidelines. Previously
synthesized primers and probes for Phodopus sungorus labeled with 6-FAM
were used for tnf and Il-1b.34 The Bdnf probe sequence (labeled with 6-FAM)
was 50-CCGAACTACCCAGTC-30 , the forward primer was 50-AAGGCACTGGAA
CTCGCAAT-30 . and the reverse primer was 50-CCATAGTAAGCGCCCGAACA-30 .
A TaqMan 18S ribosomal primer and probe set (labeled with VIC, Applied
Biosystems) was used as the control gene for relative quantification.
Amplification was performed on an Applied Biosystems 7500 Fast Real-
Time PCR System by using TaqMan Universal PCR Master Mix. cDNA
samples were run at 1:10 dilution. The universal two-step reverse
transcription-PCR cycling conditions used were: 50 1C for 2min, 95 1C for

10min, followed by 40 cycles of 95 1C for 15 s and 60 1C for 1min. Relative
gene expression of individual samples run in duplicate was calculated
by comparison with a standard curve consisting of serial dilutions of
P. sungorus hippocampal cDNA (1:10, 1:100, 1:1000 and 1:10 000) followed
by normalization to 18S rRNA gene expression.

Statistical analysis
In experiment 1, independent groups were compared against the control
group by planned comparisons using unpaired Student’s t-tests. Immobi-
lity data in the forced swim test were log transformed before analyses
because of inequality of variances and some brains were lost because of
crumbling during sectioning for Golgi-Cox staining. Data from experiment
2 were analyzed using the two-way analysis of variance with lighting
condition (LD vs DM) and drug treatment (vehicle (veh) vs XPro1595) as
the independent variables. Main effects were followed up with Fisher’s
post-hoc comparisons. During behavior testing for experiment 2, a
technical problem with the VCR caused loss of data from 13 animals.
Final analyzed sample sizes were: N¼ 10 LD veh, N¼ 10 DM veh, N¼ 13 LD
DN-TNF and N¼ 12 DM DN-TNF. Statistics were performed using the
Statview 5.0.1 (SAS Institute, Cary, NC, USA) for Windows PC. Mean differ-
ences were considered statistically significant when P was p0.05.

RESULTS
Experiment 1
Behavior. Homecage locomotor activity was monitored for each
group during the last week of the experiment before behavioral
testing. Chronic exposure to dim LAN reduced dark phase activity
relative to hamsters housed in a standard light--dark cycle
(t12¼�1.927, Po0.05), but had no effect on activity in the light
phase (P40.05; Figure 2a). Actigraphs show composite activity
data over several days from hamsters housed in each lighting
condition (Figure 2a inset). Dim LAN reduced the 24-h fast Fourier
transform power of the locomotor activity rhythm (t12¼�4.599,
Po0.001), but within 1 week of return to the light--dark cycle this
measure was restored and DM-LD 1-week, DM-LD 2-week and
DM-LD 4-week groups did not differ from the LD-LD control
(P40.05 in all cases; Figure 2b). Depression-like behaviors were
measured using the Porsolt’s forced swim test and sucrose
preference. Time spent immobile in the forced swim test was
increased after 4-week exposure to dim LAN (t11¼ 2.081, Po0.05;
Figure 3a). Within 1 week of return to the light--dark cycle, LD-DM
1-week hamsters displayed an intermediate duration of immobi-
lity that was not different from either control group (P40.05).
Within 2 weeks, LD-DM 2-week and LD-DM 4-week hamsters spent
significantly less time immobile than the LD-DM control group
(t12¼ 2.346, Po0.05 and t13¼ 3.185, Po0.01, respectively), but
equivalent to the LD-LD group (P40.05). Sucrose preference
was reduced by exposure to dim LAN (t11¼�2.769, Po0.05;

Figure 2. Homecage locomotor activity. Hamsters housed in dim LAN reduced dark-phase activity compared with controls (a). Inset shows
composite actigraphs from LD hamsters (top) vs DM hamsters (bottom). Fast Fourier transform power was also reduced in DM hamsters
compared with controls, but returned to the level of LD hamsters within 1 week of removing the LAN (b). *Po0.05.
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Figure 3b). Within 2 weeks of return to the standard light--dark
cycle, LD-DM 2-week and LD-DM 4-week hamsters exhibited
greater sucrose preference than the LD-DM group (t12¼�1.584,
Po0.05 and t12¼�2.424, Po0.05, respectively), but equivalent to
the LD-LD group (P40.05).

Hippocampal morphology and bdnf expression. Hippocampal bdnf
gene expression was reduced in hamsters exposed to dim LAN
(t9¼ 3.962, Po0.01), but was equivalent to the LD-LD control
group in all three groups that returned to the light--dark cycle
after dim LAN exposure (P40.05 in all cases; Figure 3c).
Dim LAN (LD-DM) reduced apical dendritic spine density on CA1

pyramidal cells relative to LD-LD hamsters (t12¼�1.837, Po0.05).
DM-LD 1-week hamsters had an intermediate spine density
indistinguishable from LD-LD and LD-DM groups (P40.05 for
both comparisons; Figure 3d). After 2 weeks of return to LD, DM-
LD 2-week hamsters had restored dendritic spine density
compared with LD-DM hamsters (t12¼�3.113, Po0.01) and were
statistically equivalent to LD-LD hamsters (P40.05).

Tnf and Il-1b expression. Exposure to dim LAN increased tnf gene
expression in the hippocampus compared with the standard
light--dark cycle (t10¼ 1.955, Po0.05). All three groups that
returned to the light--dark cycle had expression levels equivalent
to the LD-LD control group (P40.05; Figure 4a). Exposure to LAN
did not affect Il-1b gene expression (Figure 4b).

Experiment 2
Behavior. We assessed depression-like behavior after chronic
treatment with XPro1595, a dominant-negative TNF inhibitor. In
the forced swim test there was a main effect of the light condition

(F1,41¼ 4.824, Po0.05) and also a light-by-treatment interaction
(F1,41¼ 9.149, Po0.05) on duration immobile. LAN increased the
duration of immobility in veh-treated hamsters compared with all
three other groups (post-hoc, Po0.05 in each case; Figure 5a).
Hamsters treated with XPro1595 in LAN did not differ from LD
controls in float duration (P40.05). XPro1595 provoked a slight,
but not statistically significant, increase in float duration for LD
hamsters (P40.05). XPro1595 treatment also affected latency to
first become immobile in the forced swim test. There was a
significant effect of treatment (F1,41¼ 9.436, Po0.05) and an
interaction effect of light by treatment (F1,41¼ 5.371, Po0.05). DM
hamsters treated with veh had reduced latency to float compared
with all other groups (post-hoc, Po0.05 in each case; Figure 5b).

Hippocampal morphology. There was a main effect of light
condition on apical dendritic spine density on CA1 pyramidal
neurons (F1,25¼ 5.851, Po0.05), with an overall reduction of
spines on neurons of hamsters exposed to dim LAN compared
with LD (Figure 5c), but no effect of treatment with XPro1595.

DISCUSSION
The prevalence of major depression has increased in recent
decades and women are more susceptible than men; however, a
complete set of contributing factors remains unspecified. On the
one hand, genetic predisposition has a role in the onset of major
depression, but the increase in incidence over the past several
decades has occurred too rapidly for genetic shifts in human
populations to entirely account for the phenomenon. Environ-
mental influences also have a role in the onset of depressive
disorders, so it is possible that environmental changes may
partially account for the change in incidence. Many of these

Figure 3. Depression-like behavior and brain changes. Hamsters housed in dim LAN spend more time immobile in the forced swim test
compared with LD controls, a phenomenon that is reversed 2 weeks and 4 weeks following removal of the LAN (a). DM hamsters also have
reduced sucrose preference compared with LD controls, but preference is restored 2 and 4 weeks following LAN removal (b). Hippocampal
BDNF mRNA expression is reduced in DM hamsters compared with LD controls, but expression in all reversal groups was equivalent to LD
levels (c). CA1 spine density on apical dendrites of hippocampal pyramidal neurons was reduced in DM compared with LD, but 2 weeks after
removal of LAN the levels were equivalent to LD (d). *Po0.05.
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factors have existed for centuries, whereas others are relatively
new. One relatively new environmental change that emerged
during the twentieth century is the growing prevalence of
exposure to artificial LAN. The advent of electrical lighting
permitted humans to stray from natural day--night cycles,
potentially provoking circadian dysregulation and consequent
changes in physiology and behavior.
We explored the hypothesis that LAN provokes depression-like

changes using female hamsters as a model system. Our results
demonstrate that hamsters exposed to chronic dim LAN alter
locomotor activity patterns, depression-like behaviors, reduce
hippocampal bdnf expression, reduce CA1 dendritic spine density
and enhance tnf expression. These changes were reversed in most
cases within 2 weeks of removing the LAN. Furthermore, central
administration of an inhibitor of soluble TNF, XPro1595, prevented
depression-like behavior in hamsters exposed to LAN, but not
reductions in dendritic spine density. These findings suggest the
pro-inflammatory soluble form of TNF is likely involved in the
depression-like behavior provoked by chronic exposure to LAN,
but further investigation will be required to understand its role in
the hippocampus. We specifically used XPro1595 vs one of the
anti-TNF antibodies, which are not selective for proinflammatory
soluble TNF, to make this distinction.
Light is a potent entraining cue for the circadian system, and

circadian abnormalities are prominent features of depressive
disorders.35 Homecage locomotor activity of hamsters exposed to
a standard light--dark cycle peaked during the dark phase and
dropped to very low levels during the light phase. In contrast, our
results demonstrate that hamsters exposed to dim nocturnal

illumination reduced activity levels during the dark phase, but
light phase activity levels were equivalent to LD controls. It is
important to note that sleep occurs during the light phase in this
nocturnal hamster species, and thus the LAN manipulation likely
does not disrupt sleep. The observation that LAN did not disrupt
light phase activity lends support to this notion. Additional power
spectrum analysis of the 24-h activity rhythm using fast Fourier
transform revealed decreased strength of the 24-h rhythm in
hamsters exposed to LAN, but this was reversed within 1 week of
removing the LAN.
Depression-like behaviors were evaluated using the Porsolt’s

forced swim test and sucrose preference. Hamsters exposed to
chronic LAN exhibited more immobility, generally interpreted as
behavioral despair,32 and consumed less sucrose solution in a test
of sucrose intake, which is interpreted as an anhedonic-like
response.33 These represent both activity-dependent and activity-
independent depression-like responses, and are consistent with
previous studies.36,37 Our prior work demonstrated that baseline
circulating cortisol is unaltered in hamsters exposed to dim LAN,36

and thus unlikely to be a contributor to these behavioral changes,
though glucocorticoid stress response under LAN remains to be
studied.
LAN also reduced hippocampus CA1 dendritic spine density and

BDNF mRNA expression. We targeted our analysis to dendritic
segments at least 50 mm from the cell body, thus capturing the
primary sites of excitatory neuronal input.38,39 Our observation of
reduced dendritic spine density is likely reflective of diminished
excitatory input to CA1 pyramidal neurons. Dendritic spines are
highly plastic structures, changing on the order of minutes in

Figure 4. Proinflammatory cytokine expression in the brain. Hamsters housed in dim LAN increased TNF expression in the hippocampus
compared with LD controls. All reversal groups had equivalent expression levels to LD controls (a). There were no differences in interleukin
(IL)-1b expression in the hippocampus (b). *Po0.05.

Figure 5. Effect of a dominant-negative TNF inhibitor on depression-like behavior and CA1 dendritic spine density. Hamsters housed in dim
LAN spent more time immobile in the forced swim test. DM hamsters treated with a DN-TNF inhibitor spent less time immobile than their veh-
treated counterparts (a) and have increased latency to float (b). Dim LAN reduced CA1 apical dendrite spine density but treatment with the
TNF inhibitor, XPro1595, did not have an effect (c). *Po0.05, #Po0.05 DM veh vs DM DN-TNF.
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response to environmental stimuli.40 Indeed, spine density was
quickly restored upon removing the LAN stimulus in our study. It is
important to note that spine morphology also changes rapidly
and provides information about the strength and maturity of the
spine and its associated synapse.41 In this study, we measured
total spines and did not distinguish between morphological
classifications, but this is an interesting area for future study.
Hippocampal pyramidal neurons exposed to stress and

glucocorticoids undergo morphological changes (for review
McEwen42). Furthermore, reduced spine density in the hippocam-
pus of female rodents correlates with learned helplessness
behavior.16 Reduced spine density has been associated with
major depression in humans,43 and antidepressant treatment
increases CA1 spine density15,44 and bdnf mRNA in rats.45

Insufficient neurotrophic support in depressive disorders may
cause structural disorganization in the brain.46 Our finding of
reduced bdnf expression in the hippocampus under LAN is
consistent with this hypothesis. Furthermore, the time course of
the reversal of depression-like behavior and reduced spine density
follows the time course for restoration of bdnf expression. In this
study, we restricted our analysis to the hippocampus; however, it
is noteworthy that recent reports show that depression-like
symptoms and reduction in spine density and bdnf in prefrontal
cortex neurons can be rapidly reversed by ketamine treat-
ment.47,48 Therefore, the prefrontal cortex is an interesting target
for future studies using the LAN model.
Considerable evidence indicates a role for the immune system

in psychiatric diseases, especially depression. Immune function is
dysregulated in patients with major depression.49--51 Similarly,
administration of proinflammatory cytokines induces depressive
symptoms in humans and animals, and several medical illnesses
characterized by chronic inflammation are accompanied by
depression.52 Direct effects of LAN on immune function have
been reported in both nocturnal and diurnal rodents.53,54 In this
study, hippocampal mRNA expression of TNF, but not Il-1b, was
increased in hamsters exposed to LAN.
Inflammatory cytokine response is linked to the pathogenesis of

affective disorders and changes in dendritic morphology of CA1
pyramidal neurons in the hippocampus.19 Because tnf mRNA
expression was elevated in the hippocampus of hamsters exposed
to LAN, we investigated whether it might be directly implicated in
the depressive-like behaviors and hippocampal CA1 morphology
changes observed in this model. Interestingly, chronic intracer-
ebroventricular infusion of the dominant-negative TNF inhibitor,
XPro1595, prevented the development of depressive-like symp-
toms under LAN in the forced swim test, although it did not affect
CA1 apical dendritic spine density. As administration was
intracerebroventricular, vs directly into the hippocampus, it is
possible that XPro1595 had an effect on other brain regions that
also contributed to the diminished depression-like symptoms.
XPro1595 is a specific inhibitor of soluble TNF, unlike etanercept or
infliximab, which are general inhibitors of both soluble and
transmembrane forms. Both forms of TNF are encoded by the
same gene so our PCR data do not distinguish between them. Our
findings using XPro1595, however, specifically implicate soluble
TNF in LAN depression-like behavior. It is possible that transmem-
brane TNF is involved in changes in spine density. Future studies
could address this by comparing the effects of XPro1595 to a non-
selective TNF inhibitor.
Furthermore, because XPro1595 treatment did not block

reductions in dendritic spine density observed under LAN, but
did block depression-like behavior in the forced swim test, this
suggests that reduced spine density is not a necessary component
in eliciting depression-like behavior under LAN. Perhaps reduced
hippocampal BDNF expression, in the presence of an enhanced
inflammatory microenvironment, may alter behavior and spine
density independently. The results of this study suggest a putative
scenario in which LAN may provoke excessive TNF expression,

which in turn may elicit depression-like behaviors independent of
changes in dendritic spine density. The effects of LAN on
depression using TNF knockout or overexpression techniques
would be interesting to investigate; unfortunately transgenic
models using Siberian hamster are not readily available and
inbred mice are not an ideal model for these studies because
many strains are melatonin-deficient.
From a broader perspective, however, the upstream mechanism

linking LAN to neuronal changes remains unspecified. One likely
candidate linking depressed affect with the hippocampus is the
suppression of pineal melatonin secretion caused by LAN.
Temporal organization of physiological processes relies largely on
the transduction of light information into a hormonal signal that is
circulated throughout the body. During the day, light received by
the intrinsically photoreceptive retinal ganglion cells of the eye is
transmitted via the retinohypothalamic tract to the suprachias-
matic nuclei. The suprachiasmatic nuclei in turn regulates
production and secretion of the pineal hormone, melatonin, which
is secreted into the bloodstream only during the dark, making it a
useful physiological cue for nighttime.55 Exposure to LAN, however,
robustly suppresses melatonin secretion and thus distorts the
body’s time of day information.8 The level of illumination used for
this study (5 lux LAN) was likely sufficient to suppress melatonin;
levels as low as 1.08 lux inhibit pineal melatonin production in
Syrian hamsters.29 Accumulating evidence suggests a role for
melatonin in mood. For example, agomelatine, a melatonin
receptor agonist and serotonin (5-HT2C) receptor antagonist, is an
effective antidepressant.56,57 Furthermore, melatonin has immu-
nomodulatory effects on neuroinflammation58 and reduces brain
TNF both in vitro and in vivo.59 In rodents, melatonin administration
prevents stress-induced depression-like behaviors and reductions
in hippocampal dendritic complexity.26

Overall, our findings suggest that chronic exposure to low levels
of LAN may be one contributor to rising rates of MDD in recent
decades. Given the growing prevalence of LAN, attention must be
given to the physiological effects of this circadian disruptor.
Particularly, in regard to inflammation, and specifically TNF, further
investigation is necessary into the mechanistic and potentially
therapeutic role for TNF in depression. This study should direct
future research into the effects of LAN on humans.
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