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A B S T R A C T

Nighttime lighting is one of the great conveniences of modernization; however, there is mounting evidence that
inopportune light exposure can disrupt physiological and behavioral functions. Hospital patients may be par-
ticularly vulnerable to the consequences of light at night due to their compromised physiological state. Cardiac
arrest/cardiopulmonary resuscitation (CA) was used to test the hypothesis in mice that exposure to dim light at
night impairs central nervous system (CNS) recovery from a major pathological insult. Mice exposed to dim light
at night (5 lx) had higher mortality in the week following cardiac arrest compared to mice housed in dark nights
(0 lx). Neuronal damage was significantly greater in surviving mice exposed to dim light at night after CA versus
those housed in dark nights. Dim light at night may have elevated neuronal damage by amplifying pro-in-
flammatory pathways in the CNS; Iba1 immunoreactivity (an indication of microglia activation) and pro-in-
flammatory cytokine expression were elevated in mice exposed to dim light at night post-CA. Furthermore,
selective inhibition of IL-1β or TNFα ameliorated damage in mice exposed to dim light at night. The effects of
light at night on CA outcomes were also prevented by using a wavelength of nighttime light that has minimal
impact on the endogenous circadian clock, suggesting that replacing broad-spectrum nighttime light with spe-
cific circadian-inert wavelengths could be protective. Together, these data indicate that exposure to dim light at
night after global cerebral ischemia increases neuroinflammation, in turn exacerbating neurological damage and
potential for mortality.

1. Introduction

The ability to artificially illuminate the night is one of the greatest
conveniences of modernization. However, there is mounting evidence
that chronic exposure to light at night can have negative health con-
sequences including increasing the risk for developing cancer, diabetes,
obesity, and heart disease (Bedrosian et al., 2016; Fonken and Nelson,
2014; Lunn et al., 2017; Stevens and Zhu, 2015). In contrast, the po-
tential health consequences of acute exposure to light at night remain
underexplored. Patients recovering in hospitals may be particularly
vulnerable to inopportune light exposure as circadian disruption and
sleep/wake disturbances are common after trauma (for examples see
(Ayalon et al., 2007; Gaudet et al., 2018a; Gaudet et al., 2018b;
Giannoccaro et al., 2013; Jain et al., 2004). We selected the cardiac
arrest/cardiopulmonary resuscitation (CA) mouse model of global cer-
ebral ischemia to test the hypothesis that light at night increases neu-
ronal vulnerability because light at night creates a pro-inflammatory

neuroenvironment (Bedrosian et al., 2013b; Fonken and Nelson, 2013)
and inflammation is an important factor influencing the evolution of
neurological damage after cerebral ischemia (Eltzschig and Eckle,
2011).

Global cerebral ischemia damages the central nervous system
(CNS), affecting patient survival, as well as long-term cognitive per-
formance and psychological health in survivors. Reducing mortality
and minimizing CNS damage to improve patient outcome are essential
goals of cardiovascular and cerebrovascular research. Importantly, the
majority of permanent CNS damage resulting from cerebral ischemia is
mediated by secondary processes that evolve over the first several hours
to days after ischemic injury (Eltzschig and Eckle, 2011; Fu et al., 2015;
Iadecola and Anrather, 2011). Although several mechanisms contribute
to damage following ischemic injury, including energetic failure, ex-
citotoxicity, and oxidative damage (reviewed in (Eltzschig and Eckle,
2011)) manipulation of inflammatory responses are considered a prime
target for improving recovery. Following cerebral ischemia, an
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inflammatory response is triggered by activation of microglia and as-
trocytes with a corresponding upregulation of pro-inflammatory cyto-
kines (Iadecola and Anrather, 2011). In particular, interleukin-1beta
(IL-1β) and tumor necrosis factor alpha (TNFα) are pro-inflammatory
cytokines that are upregulated within hours following global cerebral
ischemia (Saito et al., 1996; Weil et al., 2008) and may remain elevated
for weeks (Espinosa-Garcia et al., 2017; Norman et al., 2011), with the
potential to exacerbate injury (Fu et al., 2015). The hippocampus is
particularly vulnerable to delayed damage following global cerebral
ischemia in both animal models (Kirino, 1982) and humans (Horn and
Schlote, 1992; Petito et al., 1987). Hippocampal damage is a proxy for
overall recovery, as increased hippocampal damage is associated with
elevated mortality and increased behavioral deficits following global
ischemia (Espinosa-Garcia et al., 2017; Neigh et al., 2009; Neigh et al.,
2004; Norman et al., 2010). The trajectory of damage is likely de-
termined within the first several hours after resuscitation, as the in-
flammatory response takes shape (Eltzschig and Eckle, 2011). Thus, if
the recovery environment alters the inflammatory response to cerebral
ischemia, then it may play an important role in influencing the extent of
neuronal damage that develops following cerebral ischemia.

In particular, hospital lighting warrants examination as a factor that
may influence patient recovery because light at night, to which ICU
patients are commonly exposed (Durrington et al., 2017), has the po-
tential to dysregulate circadian rhythms and thereby shift the CNS in-
flammatory mileu (Fonken et al., 2015; Fonken and Nelson, 2013).
Light is the most potent entraining signal for the mammalian circadian
clock (suprachiasmatic nuclei; SCN): extrinsic light information is
conveyed from the retina to the SCN via the retinohypothalamic tract.
Light input to the SCN coordinates internal signals, synchronizing daily
physiological rhythms to the external light-dark cycle (Reppert and
Weaver, 2002). Circadian rhythms are important for optimizing
homeostatic functions, including those associated with the immune
system (Lange et al., 2010). Indeed, several weeks of exposure to 5 lx of
dim light at night (dLAN) elevates expression of pro-inflammatory cy-
tokines in the brains of otherwise healthy rodents (Bedrosian et al.,
2013b). However, environmental factors may influence inflammation
much more rapidly; a recent laboratory study of healthy, young adults
demonstrated that inverting behavioral and environmental cycles for as
little as three days was sufficient to significantly increase serum con-
centrations of high sensitivity c-reactive protein (hsCRP; a marker of
systemic inflammation) and pro-inflammatory cytokines (Morris et al.,
2016). Therefore, if dim light at night promotes inflammation, then it
could exacerbate outcome from CA. We hypothesized that light ex-
posure at night would potentiate injury following CA in male mice.
Consistent with our hypotheses, exposure to light at night following CA
enhanced acute cytokine responses and increased neuronal death.
Moreover, the effects of light at night were ameliorated by selective
inhibition of IL-1β or TNFα or the use of a wavelength of nighttime
light that does not activate photosensitive retinal ganglion cells.

2. Methods

2.1. Animals

8-week old male Swiss Webster mice (~30 g; Charles River,
Kingston, NY) were housed in a temperature- and humidity-controlled
vivarium and provided ad libitum access to food and water. Mice were
left unmanipulated for> 1week to recover from the effects of shipping
and adjust to a 14:10 light/dark (LD) cycle prior to experimental ma-
nipulations. All experimental procedures were conducted in accordance
with Guide for the Care and Use of Laboratory Animals and approved
by the Ohio State University Institutional Animal Care and Use
Committee. Efforts were made to minimize animal use and discomfort.

2.2. Cardiac arrest and cardiopulmonary resuscitation procedure

Mice were anesthetized with 3% isoflurane in air, intubated, and
maintained thereafter on 1.5% isoflurane. Mice were ventilated a tidal
volume of 150 μL at a respiratory rate of 160 breaths/min. Head and
body temperature were monitored with temperature probes. A PE10
catheter was placed into the right jugular vein for epinephrine (EPI)
and potassium chloride (KCl) administration. Blood pressure was
monitored through a cannula inserted into the right femoral artery and
connected to a blood pressure transducer (Columbus, Instruments).
Mice were stabilized for 10min and blood pressure and temperature
recorded at 1min intervals (Fig. S1). Following the 10min acclimation,
body and tail (but not head) temperature were lowered by circulating
cold water through a coil system beneath the mouse to induce per-
ipheral hypothermia restricting damage to the CNS during the CA/CPR
procedure. CA was induced with an injection of KCL (50 μl, 0.5M, 4 °C)
into the jugular catheter and the mouse was disconnected from the
ventilator. Once a body temperature of 27 °C was reached after ap-
proximately 4min of arrest slow re-warming via a heat lamp and
thermal blanket began. After 7min 45 s of arrest, mice were reattached
to the ventilator and 100% oxygen at a tidal volume of 150 μL and a
respiratory rate of 160 breaths/min was ventilated. After 8min of ar-
rest, CPR was initiated with an injection of EPI (16 μg in 0.6 ml saline,
37 °C) into the jugular catheter and chest compressions (300/min);
0.5 μg injections of EPI were administered until the mouse resuscitated
(with a maximal dose of 32 μg). Mice were maintained on 100% oxygen
for 25min after return of spontaneous circulation and catheters were
removed and incisions sutured.

2.3. Lighting manipulations

Following a monitored post-operative recovery period (approxi-
mately 2 h), mice were either placed back in dark night housing room
(control LD; 14 h 150 lx: 10 h 0 lx) or mice were placed in a room with a
dim light at night cycle (dLAN; 14 h 150 lx: 10 h 5 lx). Both the bright
and dim lights were from fluorescent light sources and consisted of ‘cool
white’ light composed of wavelengths distributed across the visible
spectrum including blue wavelengths, and light intensity was measured
inside the animal cage. In the experiment involving dim red light, 5 lx
of 636 nm red light was provided.

2.4. Tissue collection for staining

Seven days following the cardiac arrest/cardiopulmonary re-
suscitation or sham surgery, surviving mice were individually brought
into a procedure room, anesthetized with isoflurane vapors and a blood
sample was collected via the retro-orbital sinus. Mice then received a
lethal injection of sodium pentobarbital and were perfused transcar-
dially with ice-cold 0.1M PBS followed by 50ml of 4% paraformalde-
hyde. Brains were post-fixed overnight, cryoprotected in 30% sucrose,
frozen on crushed dry ice, and stored at −80 °C. 14 μm brain sections
were sliced at −22 °C using a cryostat and thaw mounted onto Super
Frost Plus slides (Fisher, Hampton, NH). Sections were taken in a series
of 10 slides so that all slides contained non-consecutive sections for
analysis and slides were stored at−20 °C until stained with Fluoro-Jade
C (FJ-C) or Iba1 using procedures already established in our lab (Weil
et al., 2009). Fluoro-Jade C. Cell death was quantified by labeling de-
generating neurons with the fluorescein derivative FJ-C (Millipore,
Temecula, CA). Mounted sections were thoroughly dried on a slide
warmer, immersed in a basic ethanol solution (80% EtOH with 1%
NaOH) and rinsed with 70% ethanol followed by water. Slides were
placed in a 0.06% potassium permanganate solution for 10min and
rinsed twice. Sections were simultaneously incubated in FJ-C (0.0001%
in a 1% acetic acid solution) and counterstained with DAPI (Sigma, St.
Louis). Slides were rinsed, dried, cleared in xylene, and then cover-
slipped with DPX (Sigma). FJ positive cells were counted in the CA1,
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CA3, and DG of both hippocampal (approximately −1.70 to −2.30
from Bregma, example of selected regions highlighted Fig. S2) hemi-
spheres by a condition blind experimenter using a Nikon E800 micro-
scope at 20× magnification. Cells were counted in two non-consecutive
sections (sections were > 140 μm apart to avoid counting duplicate
cells) and averaged. Microglia. Microglia were visualized using an Iba1
directed antibody. Slides were dried, rinsed in PBS, and blocked with
bovine serum albumin (BSA). Slides were incubated at room tempera-
ture for 24 h with rabbit anti-Iba1 antibody (Wako, Richmond, VA)
diluted 1:1000 in PBS containing 0.1% Triton-X and BSA. Slides were
rinsed and incubated with biotinylated goat anti-rabbit secondary an-
tibody (11,000; Vector Labs, Burlingame, CA) for 1 h. Sections were
quenched in H2O2 in methanol, rinsed, and treated with Elite ABC re-
agent for 60min (Vector). Sections were rinsed, developed with DAB
(Vector), rinsed, dehydrated, cleared, and coverslipped. Staining for
each experiment was performed in a single batch in order to minimize
variation in staining intensity. Photomicrographs of the hippocampus
(approximately −1.70 to −2.30 from Bregma, see Fig. S2) were taken
with a Nikon E800 microscope at 20× using Neurolucida software
(Microbrightfield, Burlington, VT). Immunoreactive regions in the
captured images were assessed using thresholding with an ROI box
(dimensions and size of ROI box was the same for individual regions)
around the region of interest with Image J software (NIH). Thresh-
olding was performed within a limited range on individual images and
no sharpening filters or other image processing methods were applied.
Images were captured and analyzed by a researcher blind to treatment
group in two non-consecutive sections for each animal and averaged
(total of 4 images per region for each animal when accounting for
images from left and right hemisphere).

2.5. Cytokine expression

A separate cohort of mice that underwent CA or sham procedures
was used for detection of hippocampal cytokine gene expression using
quantitative real-time PCR (qPCR) at 6 h and 24 h timepoints post-
surgery. Mice were anesthetized with isoflurane vapors, blood was
drawn via the retro-orbital sinus, and mice were rapidly decapitated.
Brains were removed and the hippocampus was dissected out and im-
mersed in RNALater stabilizing solution. RNA was subsequently ex-
tracted from hippocampal samples using a homogenizer (Ultra-Turrax
T8, IKAWorks, Wilmington, NC) and an RNeasy Mini Kit (Qiagen). RNA
was then reverse transcribed into cDNA with M-MLV Reverse
Transcriptase enzyme (Invitrogen) according to the manufacturer's
protocol. Pro-inflammatory cytokine expression for IL-1β, IL-6, and
TNFα was determined using inventoried primer and probe assays
(Applied Biosystems, Foster City, CA) on an ABI 7500 Fast Real Time
PCR System using Taqman® Universal PCR Master Mix. Relative gene
expression of individual samples run in duplicate was calculated by
comparison to a relative standard curve and standardized by compar-
ison to 18S rRNA signal.

2.6. Administration of cytokine inhibitors

An indwelling cannula was inserted into the left lateral ventricle
(cannula position: +0.02 posterior and −0.95 lateral to bregma, ex-
tending 2.75mm below the skull; Plastics One, Roanoke, VA) of an-
esthetized mice using a stereotaxic apparatus three days prior to CA or
sham surgeries. Two hours following CA, mice received a 2 μL injection
of either a vehicle solution (artificial cerebral spinal fluid, aCSF), mouse
IL-6 neutralizing antibody (IL-6na; 10 ng), a monoclonal TNF antibody
(Infliximab; IFX; 0.2 μg), or recombinant mouse IL-1 receptor antago-
nist (IL-1RA; 3.6 μg) based on pre-assigned group and were then placed
back in their respective lighting conditions. Doses were based on prior
intracerebroventricular administration of these compounds in mouse
(Arruda et al., 2011; Craft and DeVries, 2006; Karelina et al., 2009; Sun
et al., 2018). Cannula placement was verified on Iba1 stained tissue.

2.7. Corticosterone radioimmunoassay

Within 30min of collection, blood samples were centrifuged at
3000g for 30min at 4 °C. Plasma was collected and stored at −80 °C
until assayed. The samples were assayed using and I125 corticosterone
kit (MP Biomedicals, Solon, OH). The standard curve was run in tri-
plicate and samples in duplicate. All samples within an experiment
were run in a single assay.

2.8. Statistical analyses

Statistical comparisons among groups were conducted using
ANOVA. In the case of significant differences (p < .05), a post-hoc
Tukey's test was conducted. When conditions of normality or equal
variance were not met, the data were log transformed. Above statistical
tests were conducted using Prism GraphPad and StatView Software v.
5.0.1. Survival plots were graphed using Kaplan-Meier survival plot in
Prism. Differences were considered statistically significant when
p < .05. Information on experimental group sizes are included in
Supplemental Table 1.

3. Results

3.1. Dim light at night increases hippocampal damage following CA

Male Swiss Webster mice were acclimated to a standard light/dark
cycle and then underwent 8min of CA or the sham procedure toward
the end of the light phase (see Fig. 1A for experimental outline and Fig.
S1 for surgical measures; sham groups n= 8, CA-LD n=16, CA-dLAN
n=27). A larger number of animals were included in the CA groups to
compensate for increased mortality (see Supplemental Table 1 for more
information on group sizes). Following the procedures, mice either re-
mained in the LD cycle or were transferred to a dim light at night cycle.
As anticipated, there was 100% survival in both sham groups. Among
the CA mice, mortality in the dLAN group was double that of mice
exposed to dark nights, indicating that post-ischemic exposure to dim
light at night may compromise cardiac arrest survival (Fig. 1b). Fur-
thermore, cardiac arrest caused a reduction in body weight but only in
mice exposed to dim light at night (p < .05; Fig. 1c).

Damage to hippocampal neurons was assessed in rodents that sur-
vived to one week after the CA or sham procedures via staining for
Fluoro-JadeC (FJC), a marker for degenerating neurons. The hippo-
campus was selected because it is particularly vulnerable to global
ischemia damage and damage to the hippocampus is a good proxy for
overall outcome (Horn and Schlote, 1992; Kirino, 1982; Norman et al.,
2010; Petito et al., 1987). FJC staining was uniformly low among sham
mice (Fig. 1d–f), and significantly elevated among mice that underwent
CA (p < .05; Fig. 1d–h). Moreover, mice exposed to dLAN during re-
covery from CA had significantly more neuronal damage in the hip-
pocampus than mice exposed to dark nights (p < .05; Fig. 1d–h).

3.2. Dim light at night alters acute inflammatory status

The neuroinflammatory response following global ischemia is es-
tablished early and modulates neuronal damage (Fu et al., 2015;
Iadecola and Anrather, 2011; Weil et al., 2009). Brain tissue was col-
lected 24 h after CA or sham procedures, i.e., after a single night of post-
ischemic dLAN or LD. Hippocampi were collected and processed for
quantitative real time PCR (q-PCR) analyses of pro-inflammatory cy-
tokines (n=6–8/group; see Fig. 2a for experimental outline and Sup-
plemental Table 1 for information on group sizes). As expected, TNFα,
IL-1β, and interleukin-6 (IL-6) gene expression were elevated among CA
as compared to sham mice (p < .05; Fig. 2b). Moreover, the single
night of exposure to dLAN following CA was sufficient to upregulate the
expression of TNFα, compared to mice exposed to a dark night
(p < .05; Fig. 2b). There were no differences in hippocampal cytokine
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gene expression between dLAN and LD mice that underwent the sham
procedure (p > .05).

Importantly, changes in hippocampal cytokine expression may
occur relatively rapidly after placement in dim light at night. The in-
crease in TNFα expression becomes apparent soon after the onset of the
dark phase: there was already a significant increase in post-CA TNFα
expression among dLAN as compared to LD mice at 6 h post-CA and
after only 4 h of dim light exposure during the typical dark phase of the
light cycle (n= 4/group, p < .05; Fig. 2c).

The effects of dLAN on CA-induced neuroinflammation do not ap-
pear to be due to changes in corticosteroid concentrations; there were
no differences in corticosterone concentrations between CA or sham
groups at 24 h (n= 6–8/group; p > .05; Fig. 2d). Moreover, an in-
vestigation of corticosterone concentration at 6 h intervals following CA
did not reveal any significant differences between the CA-dLAN and CA-
LD groups during the first 24 h of recovery (n=4/group; p > .05; Fig.

S3).

3.3. Inhibition of selective pro-inflammatory cytokines ameliorates light-
induced damage

Although several mechanisms contribute to damage following is-
chemic injury, including energetic failure, excitotoxicity, and oxidative
stress, manipulation of inflammatory responses are considered a prime
target for prevention of damage (Fu et al., 2015; Iadecola and Anrather,
2011). Following ischemic brain damage both selective targeting of
specific cytokines and non-selective (e.g., minocycline) inhibition of
pro-inflammatory cytokines ameliorate damage, improving recovery
and behavioral outcomes (Espinosa-Garcia et al., 2017; Mizushima
et al., 2002; Neigh et al., 2009; Yrjanheikki et al., 1998). Because our
results indicate that dLAN elevates pro-inflammatory cytokines in the
hippocampus of mice that have undergone a CA procedure, we

Fig. 1. Dim light at night (dLAN) impairs recovery from a cardiac arrest and cardiopulmonary resuscitation (CA). (a) Experimental outline for Fig. 1. Groups included
n= 8–27 starting and n= 8–15 surviving; see Supplemental Table 1). (b) Kaplan Meier curve illustrates short-term mortality during the first week following cardiac
arrest/CPR (CA). (c) dLAN exposure reduced body mass in mice that underwent the CA procedure. (d) dLAN exacerbates CA induced neuronal damage in the
hippocampus, as indicated by increased Fluoro-JadeC (FJC) staining relative to LD. Representative FJC stained sections (20×) from the CA1 region of the hippo-
campus: (e) Sham-dark night (LD-sham) (f) Sham-dim light at night (dLAN-sham) (g) CA-dark night (CA-LD) and (h) CA-dLAN at one week following the CA/sham
procedure. Data were analyzed using a two-way ANOVA with Tukey's post hoc test. The data in panel b represents mean ± SEM; the dagger represents a significant
main effect (p < .05) between sham and CA, while the asterick indicates a significant difference (p < .05) between CA-LD and CA-dLAN.
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hypothesized that selective inhibition of pro-inflammatory cytokines
would improve outcome following CA-dLAN. Three days prior to the CA
procedure, mice were implanted with a cannula directed at the lateral
ventricle. Two hours following CA, mice were administered a single
2 μL ICV injection of either vehicle (artificial cerebrospinal fluid; aCSF),
mouse IL-6 neutralizing antibody (IL-6na; 10 ng), TNF monoclonal an-
tibody (infliximab; IFX; 0.2 μg), or recombinant mouse IL-1 receptor
antagonist (IL-1RA; 3.6 μg) (n=8–10/group; see experimental outline
in Fig. 3a). Doses were based on prior intracerebroventricular admin-
istration of these compounds in mouse (Arruda et al., 2011; Craft and
DeVries, 2006; Karelina et al., 2009; Sun et al., 2018). Hippocampal
damage was evaluated using Fluoro-JadeC as described above. There
was no significant effect of the cytokine inhibition on survival
(p > .05, Fig. 3b), although group numbers may have been insufficient
for detecting differences in survival. However, both IL-1RA and IFX
decreased hippocampal damage compared to aCSF treatment among
CA-dLAN mice (p < .05; Fig. 3c), producing levels of FJC staining that
were similar to CA-LD mice treated with the vehicle (p > .05). In
contrast, treatment with IL-6na did not ameliorate hippocampal neu-
ronal damage associated with CA-dLAN.

Histological analysis revealed a similar pattern for Iba1 proportional
area, which is often used as an index of neuroinflammation. Brain tissue

was labeled with Iba-1, an antibody directed against microglia; in-
creased Iba-1 surface area is suggestive of microglial activation
(Donnelly et al., 2009). Microglia are the resident CNS myeloid cell and
a dominant source of pro-inflammatory cytokines following cerebral
ischemia. Perturbations of the neuroenvironment can induce microglial
activation, resulting in altered morphology and secretion of pro-in-
flammatory mediators (Graeber, 2010; Nimmerjahn et al., 2005). Sig-
nificantly elevated Iba1 proportional area in the CA1, CA2, and CA3
subfields of the hippocampus were apparent among the CA-dLAN mice
treated with the vehicle (aCSF) relative to the CA-LD mice treated with
the vehicle (p < .05; Fig. 3d-j and Fig. S4). Furthermore, treatment of
CA-dLAN mice with IL-1RA or IFX reduced Iba1 proportional area in
the CA1 and CA2 (p < .05; Fig. 3d–j and Fig. S4) relative to the CA-
dLAN mice treated with vehicle. Furthermore, Iba1 expression in CA-
dLAN mice treated with IL-1RA or IFX did not differ from CA-LD mice
treated with the vehicle in any of the hippocampal subfields quantified.
In contrast, CA-dLAN mice treated with IIL-6na had comparable Iba1
staining in the CA1 as compared to CA-dLAN mice treated with the
vehicle, while levels of Iba1 proportional area in the CA2 and CA3 re-
gions were intermediate between vehicle treated CA-dLAN and CA-LD
mice.

3.4. Alternative spectra of lighting minimize light-induced damage

The intrinsically photosensitive retinal ganglion cells (ipRGCs) that
project to the master circadian pacemaker in the SCN contain mela-
nopsin and are most responsive to the blue region of the visible light
spectrum ranging from 450 to 485 nm (Berson et al., 2002); these wa-
velengths are present in broad spectrum white light, such as natural
sunlight and the majority of indoor lighting. Longer wavelengths of
lighting, such as red light, do not activate ipRGCs, and therefore
minimally influence the circadian system (Brainard et al., 2008;
Figueiro and Rea, 2010). Thus, we hypothesized that the use of a wa-
velength of nighttime light that does not activate the ipRGCs would not
exacerbate ischemic outcome. An important caveat to this experiment,
however, is mice also lack a long wavelength cone and thus have more
limited detection of red wavelength light in general. As in the previous
studies, the mice were acclimated to the LD light cycle [14 h light
(150 lx): 10 h dark (0 lx)]. Following CA, mice either remained in LD, or
were placed in dLAN [14 h light (150 lx): 10 h dim light (5 lx; 6500 K
cool white light- containing blue wavelengths)] or a dim red light at
night cycle [rLAN; 14 h light (150 lx): 10 h dim red (5 lx, 636 nm)]
(n= 12/group). This experiment followed the same timeline as Fig. 1a.

Mice exposed to dim white light at night as compared to dark nights
had increased mortality (p= .05); however, mice exposed to dim red
light at night did not differ from LD or dLAN groups (p > .05; Fig. 4a).
FJC staining revealed a significant increase in neuronal damage in the
hippocampus among the CA-dLAN group compared to both the CA-LD
and CA-rLAN groups (p < .05; Fig. 4b, d-f). In contrast, hippocampal
neuronal damage among CA-rLAN mice was similar to CA-LD mice
(p > .05). A similar pattern emerged from Iba-1 staining; CA-dLAN
mice exhibited an increase in Iba1 proportional area in multiple hip-
pocampal subfields compared to both CA-LD and CA-rLAN conspecifics
(p < .05; Fig. 4c, g–j and Fig. S5), whereas the rLAN group did not
differ from the CA-LD group in any of the comparisons (p > .05;
Fig. 4c, g–j and Fig. S5).

To corroborate the histological assessment of neuroinflammation,
hippocampal pro-inflammatory cytokine expression was assessed 24 h
after CA (n=7–8/group). This time point allowed exposure to a single
night of post-ischemic dark, dim white light or dim red light. Exposure
to dLAN significantly elevated hippocampal TNFα and IL-6 gene ex-
pression compared to both LD and rLAN (p < .05; Fig. 4k). dLAN also
significantly increased IL-1β gene expression compared to rLAN
(p < .05; Fig. 4k). Exposure to rLAN did not significantly alter pro-
inflammatory cytokine expression compared to LD (p > .05).

Fig. 2. CA-induced pro-inflammatory cytokine elevations are exacerbated in
the hippocampus of dLAN mice. (a) Outline for experiments in Fig. 2 (n= 6–8/
group; see supplemental Table 1). (b) Hippocampal TNFα, IL-1β, and IL-6
mRNA concentrations are increased 24 h following CA relative to sham; fur-
thermore, TNFα expression is potentiated by exposure to dLAN as compared to
LD following CA in mice. (c) TNFα expression is elevated as early as 6 h post-CA
in the CA-dLAN group versus the CA-LD group (n= 4/group), this time point
coincides with ~4 h of exposure to dLAN. (d) Serum corticosterone con-
centrations at 24 h were not altered by either CA or light at night (n= 6–8/
group). There were no significant group differences in IL-1β or IL-6 at this early
time point. Gene expression was assessed via RT-PCR and is presented as fold
increase relative to a housekeeping gene (18S). The data are graphed as
mean ± SEM; a dagger symbol represents a significant main effect (p < .05)
between sham and CA, while an asterisk indicates a significant difference
(p < .05) between CA-LD and CA-dLAN.
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4. Discussion

In terms of productivity, safety, and convenience, there are many
tangible benefits to the ability to illuminate the night. However,
nighttime light exposure is not innocuous for human health. There is a
growing literature linking long-term nighttime light exposure to mala-
daptive health conditions, including heart disease, metabolic disorders,
and cancer (Bedrosian et al., 2016; Fonken and Nelson, 2014; Lunn
et al., 2017). The current study provides evidence in a mouse model,
that acute exposure to light at night also may be detrimental if it co-
incides with recovery from ischemic brain injury. Indeed, light at night
reshapes the physiological response to cerebral ischemia, resulting in
increased neuronal damage in mice (Fig. 1). Hippocampal cell death is a
proxy for overall recovery after global ischemia as increased

hippocampal damage is associated with elevated mortality and memory
deficits, as well as impaired affective responses (Espinosa-Garcia et al.,
2017; Neigh et al., 2009; Neigh et al., 2004; Norman et al., 2010). This
is significant because intensive care units, where critically ill cardio-
vascular patients recover, tend to be well-lit at night. Patients are often
exposed to light several times per night (Durrington et al., 2017; Lunn
et al., 2017) and even patients whose eyelids are closed may be affected
by the light intrusion (Robinson et al., 1991).

Exposure to light at night may exacerbate damage following CA by
amplifying pro-inflammatory responses. A single night of dim light
exposure directly following resuscitation from CA elevated hippo-
campal pro-inflammatory cytokine mRNA expression as compared to
total darkness during the night. Changes in neuroinflammatory dy-
namics likely occur rapidly following placement in dim light as TNFα

Fig. 3. Selective inhibition of specific pro-inflammatory cytokines attenuates inflammation and neuronal cell death following CA and dLAN. (a) Experimental outline
for Fig. 3 (n= 8–10/group, see Supplemental Table 1). (b) Kaplan Meier curve of mice treated with TNFα, IL-1β or IL-6 inhibitors 2 h following CA and directly prior
to placement in dLAN. (c) Treatment of mice in the dLAN group with the TNFα or IL-1β inhibitor reduced neuronal damage (FJC stain) and (d) inhibited proportional
area of Iba1 staining at one week after CA relative to the dLAN vehicle treated mice. Representative photomicrographs of microglial staining with Iba1 in the CA1
region of the hippocampus (20×) in mice treated with (e) LD-Veh (f) dLAN-Veh (g) dLAN-IL-1RA (h) dLAN-IL-6ab or (i) dLAN-IFX. (j) Table provides proportional
area of Iba1 staining in subregions of the hippocampus as an indication of microglial activation. The data in panels b, c, and i are provided as mean ± SEM; Groups
that differ from dLAN-VEH are marked with asterisks in the graphs (p < .05).
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Fig. 4. Manipulation of lighting wavelength minimizes light at night induced damage following CA. The experimental outline in Fig. 4 followed the same timing as
Fig. 1a (n=12/group, 6–10 surviving, see Supplemental Table 1). (a) Kaplan Meier curve illustrating survival of mice exposed to dark nights (LD), dim light at night
(dLAN), or red light at night (rLAN) following CA. (b) the dLAN group had significantly greater neuronal damage (FJC staining) and (c) increased proportional area of
Iba1 staining in the hippocampus at one week after CA than either the CA-LD or CA-rLAN groups; the CA-LD or CA-rLAN groups did not differ significantly in either of
these measures. Representative photomicrographs of FJC staining in the CA1 region of the hippocampus (20×) one week after CA in the (d) LD, (e) dLAN, and (f)
rLAN groups. Representative photomicrographs of Iba1 staining in the CA1 region of the hippocampus (20×) one week after CA in the (g) LD, (h) dLAN, and (i) rLAN
groups. (j) Table providing proportional area of Iba1 staining in subregions of the hippocampus as an indication of microglial activation. (k) Gene expression of
TNFα, IL-1β, and IL-6 is significantly elevated in the hippocampus 24 h following CA in the CA-dLAN group relative to the rLAN group and CA-LD groups (n= 7–8/
group). Gene expression was assessed via qPCR and is presented as fold increase relative to a housekeeping gene (18S). The data are provided as mean ± SEM; an
asterisk represents a significant difference between dLAN and both other groups (p < .05), whereas a pound sign (#) indicates the dLAN group only significantly
differs from the rLAN group (p < .05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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mRNA expression in the hippocampus is elevated as early as 4 h after
exposure to dLAN. At these acute time points, dim light exposure ap-
peared to specifically amplify inflammation after injury as there were
no significant differences between the sham-LD and sham-dLAN groups.
However, chronic exposure to dim light at night may induce neuroin-
flammatory changes in the absence of injury; several weeks of exposure
to dim light at night increases the expression of pro-inflammatory cy-
tokines in the hippocampus of otherwise healthy rodents (Bedrosian
et al., 2013b).

Pro-inflammatory cytokines, such as TNFα, are known to contribute
to damage after cerebral ischemia (Lambertsen et al., 2012). Thus,
these early changes in the inflammatory response caused by dLAN may
causally alter the trajectory of recovery, resulting in increased neuronal
damage. Indeed, inhibition of either TNFα or IL-1 signaling among CA-
dLAN mice significantly reduced Iba1+ proportional area and neuronal
damage relative to vehicle treated CA-dLAN mice. Thus, two bodies of
evidence point to a role of increased inflammatory responses in med-
iating elevated neuronal damage among the CA-dLAN mice: (1) both
pro-inflammatory cytokine gene expression and neuronal damage were
elevated after exposure to dLAN relative to LD, and (2) treatment with
IL-1RA or IFX prevented the exacerbation of neuronal damage and in-
creases in Iba1+ proportional area observed among vehicle treated CA-
dLAN mice. In contrast to inhibition of TNFα or IL-1, blocking IL-6
signaling with an IL-6 neutralizing antibody did not reduce cell death or
Iba1 staining. The IL-6 neutralizing antibody dose was based on prior
work (Karelina et al., 2009), however, it is possible that higher con-
centrations of IL-6 neutralizing antibody would prove more effective.
Of note, lower levels of mortality occurred in this experiment compared
to the other two experiments that measured 7-day survival. This may
have occurred for several reasons. For example, there are typically
small variations in survival between experimental cohorts that may
relate to differences in animals provided by the vendor, variations in
reagents used for the procedure, noise levels in the colony/surgical
suite, etc. Additionally, the cannula implantation may have induced
inflammation in the CNS causing inflammatory pre-conditioning, which
is a known protective factor against ischemic brain injury (for example,
see Garcia-Bonilla et al., 2018). Furthermore, this experiment may have
included insufficient group sizes for detecting survival. Overall, tar-
geting inflammatory pathways can prevent damage from cerebral
ischemia in mice maintained in standard lighting conditions
(Lambertsen et al., 2012). Because this is well established, mice
maintained in dark nights were not included in these experiments in
order to reduce animal use.

Microglia may be a cellular source of elevated inflammation in mice
exposed to dim light at night. The proportional area of Iba1 staining, an
indication of microglia activation, was elevated in the hippocampus of
mice exposed to light at night as compared to dark nights following CA.
Furthermore, inhibiting pro-inflammatory pathways with IFX and IL-
1RA reduced Iba1 staining throughout the hippocampus and minimized
cell death. However, other cellular sources such as neurotoxic reactive
astrocytes and/or infiltrating immune cells may contribute to the
proinflammatory cytokine response (Liddelow et al., 2017; Lindsberg
et al., 2010).

Dim light at night may induce neuroinflammatory changes through
several potential mechanisms. First, light at night may suppress noc-
turnal melatonin secretion. Melatonin exhibits anti-inflammatory
properties and can alleviate CNS inflammation (Zhao et al., 2015).
However, Swiss Webster mice likely lack appreciable levels of mela-
tonin (Tosini and Menaker, 1998). Second, light at night may elevate
neuroinflammation through disturbing sleep (Stenvers et al., 2016).
Sleep alterations are associated with CNS inflammation (Bellesi et al.,
2017). However, other studies have reported no sleep disturbances in
response to dLAN (Borniger et al., 2013). Third, nighttime light ex-
posure may alter circadian clock mechanisms in immune cells. Micro-
glia express circadian timekeeping machinery (Fonken et al., 2015) and
previous work suggest chronic exposure to dLAN exacerbates microglia

pro-inflammatory responses (Fonken and Nelson, 2013). Chronic ex-
posure to dim light at night reduces the amplitude of PER1 and PER2
rhythms in the SCN is mice and hamsters (Bedrosian et al., 2013a;
Fonken et al., 2013). Moreover, dim light exposure is associated with
disruption in clock gene expression in extra-SCN tissues such as liver
(Fonken et al., 2013). The effects of exposure to a single night of 5 lx of
dim light at night on clock gene expression has not been evaluated in
the SCN or extra-SCN clocks. Future studies could determine whether
dim light at night alters clock gene expression and/or behavior, and
whether CA renders mice more susceptible to the disruptive effects of
dLAN.

Although pharmacological intervention reduced the detrimental
effects of dLAN on CA-induced microglial activation and neuronal da-
mage, an alternative approach to improving CA outcome is to modify
the physical qualities of the nighttime light to prevent increased neu-
roinflammation. Indeed, here we show that nighttime red light of the
same illuminance as the dim white light did not exacerbate CA-induced
neuronal damage or increase Iba1 staining in mice. These data are
consistent with studies reporting that red light at night does not affect
other aspects of physiology and behavior in humans or other animals to
the same extent as broad spectrum white light that contains blue wa-
velengths (Figueiro and Rea, 2010). The effects of nighttime light may
be mediated by the suprachiasmatic nucleus or “master circadian
clock”, which receives input from melanopsin containing ipRGCs in the
retina. The ipRCGs are activated by blue light (~480 nm, found in
outdoor and most indoor lighting, especially fluorescent lights), but are
generally unaffected by long wavelength light, such as red light.
However, a major limitation to this work is that red light at 5 lx is a
much lower energy and dimmer than white light. Thus, future experi-
ments should address whether a higher intensity red light source is also
protective against light-associated damage following ischemic energy.
Furthermore, mice may not be the optimal model to study the effects of
red light: the mouse M-cone is most sensitive to light around 510 nm,
suggesting none of the retinal pigments in mouse are maximally sen-
sitive to the 636 nm red light (Hattar et al., 2003).

Although these studies were conducted in nocturnal rodents, they
may have important implications for diurnal species. Indeed, the effect
of light on entraining the circadian system and inhibition of melatonin
is similar between nocturnal and diurnal animals (Challet, 2007).
Furthermore, our prior work indicates that exposure to dim light at
night is an equally potent facilitator of inflammation in diurnal rodents
(Fonken et al., 2011). One benefit to using a nocturnal rodent in these
experiments is that sleep disruption was likely not a potential confound
(Borniger et al., 2013).

One additional note about this work is that experiments were con-
ducted in young adult mice (8 weeks of age) and cardiac arrest in hu-
mans typically occurs in older individuals. The circadian system and
immune system change over the course of an animal's lifespan. Aged
animals typically exhibit lower amplitude molecular and behavioral
circadian rhythms and slower re-entrainment of rhythms following
light induced phase shifts (Davidson et al., 2008; Sellix et al., 2012).
This suggests that light at night may have differential effects in a young
versus aged animal. Furthermore, the neuroimmune system changes
with age. Microglia tend to become more reactive or “primed” with age.
Primed microglia exhibit hyperinflammatory responses upon immune
activation that can exacerbate pathology (Fonken et al., 2018). Future
work should address whether aging leads to increased vulnerability to
the disruptive effects of light at night on physiology and behavior.

In sum, the mouse data presented here indicates that exposure to
light at night, a common occurrence in hospital rooms, may compro-
mise recovery from cerebral ischemia by exacerbating neuroin-
flammation. Reducing post-ischemic neuroinflammation among mice
exposed to dLAN, prevented the increase in neuronal damage otherwise
associated with dLAN. If the effects of white light at night are replicated
in cardiovascular patients, then these results could have important
implications for the design of lighting in clinical settings and could
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apply to a broad number of conditions and medical procedures that
involve ischemia and inflammation, such as stroke, cardiovascular ar-
tery bypass graft, sickle cell disease, sleep apnea, and organ transplant.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.expneurol.2019.02.008.
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