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Abstract Occurrence of stroke cases displays a time-of-day
variation in human. However, the mechanism linking circadi-
an rhythm to the internal response mechanisms against path-
ophysiological events after ischemic stroke remained largely
unknown. To this end, temporal changes in the susceptibility
to ischemia/reperfusion (I/R) injury were investigated in mice
in which the ischemic stroke induced at four different
Zeitgeber time points with 6-h intervals (ZT0, ZT6, ZT12,
and ZT18). Besides infarct volume and brain swelling, neuro-
nal survival, apoptosis, ischemia, and circadian rhythm related
proteins were examined using immunohistochemistry,
Western blot, planar surface immune assay, and liquid chro-
matography–mass spectrometry tools. Here, we present evi-
dence that midnight (ZT18; 24:00) I/R injury in mice resulted
in significantly improved infarct volume, brain swelling, neu-
rological deficit score, neuronal survival, and decreased apo-
ptotic cell death compared with ischemia induced at other time
points, which were associated with increased expressions of
circadian proteins Bmal1, PerI, and Clock proteins and

survival kinases AKT and Erk-1/2. Moreover, ribosomal pro-
tein S6, mTOR, and Bad were also significantly increased,
while the levels of PRAS40, negative regulator of AKT and
mTOR, and phosphorylated p53 were decreased at this time
point compared to ZT0 (06:00). Furthermore, detailed prote-
omic analysis revealed significantly decreased CSKP, HBB-1/
2, and HBA levels, while increased GNAZ, NEGR1, IMPCT,
and PDE1B at midnight as compared with early morning. Our
results indicate that nighttime I/R injury results in less severe
neuronal damage, with increased neuronal survival, increased
levels of survival kinases and circadian clock proteins, and
also alters the circadian-related proteins.
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Introduction

Cyclic environmental changes led to the evolution of circadian
systems which synchronize behavioral and physiological pro-
cesses in organisms. Indeed, all eukaryotes and even a number
of prokaryotic organisms have circadian clock mechanisms
[1, 2]. These mechanisms differ in complexity and provide
an innate adaptive capacity to the organisms against the cyclic
environmental changes. These circadian systems result in dif-
ferential response to the exact same impact according to the
time-of-day it occurs [2, 3].

On the other hand, the circadian rhythm is able to adjust to
the changing environmental conditions by resetting its own
timing [4]. Although the ability to adjust circadian rhythms
according to new environmental situations has its own advan-
tages, its chronic disruption causes negative effects on brain,

* Ertugrul Kilic
ekilic@medipol.edu.tr; kilic44@yahoo.com

1 Regenerative and Restorative Medical Research Center, Istanbul
Medipol University, Ekinciler Cad. 19, TR-34810 Istanbul, Turkey

2 Department of Physiology, Istanbul Medipol University,
34810 Istanbul, Turkey

3 Department of Physiology, Necmettin Erbakan University,
42060 Konya, Turkey

4 School of Medicine, Department of Medical Biochemistry,
Acibadem University, 34752 Istanbul, Turkey

5 Department of Physiotherapy and Rehabilitation, Necmettin Erbakan
University, 42060 Konya, Turkey

Mol Neurobiol (2018) 55:2565–2576
DOI 10.1007/s12035-017-0524-4

http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-017-0524-4&domain=pdf


physiology, and behavior. In severe cases, these disruptions
may turn into cardiac and metabolic disorders which eventu-
ally result in cerebrovascular events, including stroke [5].
Moreover, deficiencies of circadian clock proteins also lead
to increased level of reactive oxygen species playing critical
roles in the pathological conditions such as ischemic stroke
[6]. It was revealed that deficiency of the circadian clock tran-
scriptional factor Aryl hydrocarbon receptor nuclear
translocator-like protein 1(Bmal1) results in premature aging
in mice, and overexpression of Bmal1 and Circadian
Locomotor Output Cycles Kaput (Clock) proteins may lead
to directly or indirectly activation of hypoxia inducible factor-
1alpha (HIF-1α), which plays critical roles in the regulation of
innate neuroprotective molecules [6].

In fact, occurrence of human stroke cases exhibits time-of-
day variation. Even though patients may suffer from an ische-
mic attack throughout the day, it is well known that ischemic
stroke cases peak in the early morning hours, especially in the
first 2 h after the patient is awake [7, 8]. It was also reported
that the incidence of stroke is the lowest between midnight
and 6 am [7]. However, the molecular or cellular signaling
linking circadian rhythm and the development of pathophys-
iological events after ischemic stroke remained largely un-
known [9].

In addition to the diurnal variability in the incidence of
ischemic stroke, it was hypothesized that the stroke severity
and hence, mortality, also displays a circadian rhythm [10].
Here, we hypothesized that the tolerability after an ischemic
stroke depends on the time-of-day the injury occurred and
explored the molecular mechanisms behind this phenomenon.
We investigated the expression levels of circadian clock ma-
chinery proteins and survival kinases in mice subjected to
30 min middle cerebral artery occlusion (MCAo) at four dif-
ferent Zeitgeber time points (ZT0, ZT6, ZT12, and ZT18).
With the use of proteomic analyses, we identified eight pro-
teins that were differentially regulated in the ischemic stria-
tum. Together, our data suggest that molecular clock mecha-
nisms, AKT and ERK signaling pathways, and an array of
intracellular proteins with the possible contribution of physi-
ological factors contribute to the increased neuronal survival
following a nighttime ischemia/reperfusion injury compared
with an early morning injury.

Materials and Methods

Ethics Statement

This study has been conducted in accordance with the ethical
standards and according to the Declaration of Helsinki and
according to national and international guidelines and has
been approved by the Ethics Committee of Istanbul Medipol
University.

Experimental Groups

Experiments were performed using 10–12 weeks, male Balb/c
mice (22–25 g). All animals were maintained under a constant
12:12-h light-darkness regimen with ad libitum access to food
and water. A total 70 animals were divided into three main
groups (i) for proteomic experiments; (ii) histological,
Western blot, and planar surface immunohistochemistry ex-
periments; and iii) for the analysis of infarct volume, brain
swelling, and neurological deficit scores. In the first two sets,
mice were exposed to 30 min of focal cerebral ischemia
followed by 72 h reperfusion. These animals were further
divided into four different time points based on their
Zeitgeber time; ZT0 (06:00), ZT6 (12:00), ZT12 (18:00),
and ZT18 (24:00) (ZT0 is lights on, and ZT12 is lights off)
(n = 7 for each group). The third set was designed according to
the results of 30 min of ischemia and exposed to 90 min of
focal cerebral ischemia followed by 24 h reperfusion. This set
was performed for ZT0 and ZT18 groups (n = 7 for each
group).

Animal Surgery

All MCAo experiments were done with respect to ZT. Mice
were anesthetized with 1% isofluorane (30% O2, reminder
N2O), and rectal temperature was controlled between 36.5
and 37.0 °C using a feedback-controlled heating system.
During the experiments, cerebral blood flow (CBF) was mon-
itored via laser Doppler flowmetry (LDF) using a flexible
0.5 mm fiber optic probe (Perimed, Sweden) which was at-
tached with tissue adhesive to the intact skull overlying the
MCA territory (2 mm posterior and 6 mm lateral from the
bregma). Focal cerebral ischemia was induced using an
intraluminal filament technique [11]. Briefly, after a midline
neck incision, the left common and external carotid arteries
were isolated and ligated. A microvascular clip (FE691;
Aesculap) was temporarily placed on the internal carotid ar-
te ry. A 7-0 s i l i con-coa ted nylon monof i lament
(701934PK5Re, Doccol; USA) was inserted through a small
incision into the common carotid artery and advanced 9 mm
distal to the carotid bifurcation for MCAo. Reperfusion was
initiated 30 or 90 min after onset of ischemia by gentle mono-
filament removal. Thereafter, mice were placed back into their
home cages.

In mice exposed to 90 min MCAo, neurological deficits
were evaluated 24 h after MCAo using the following 5-point
score: 0 = normal function, 1 = flexion of torso and of the
contralateral forelimb upon lifting of the animal by the tail,
2 = circling to the contralateral side but normal posture at rest,
3 = reclination to the contralateral side at rest, and 4 = absence
of spontaneous motor activity. At 72 h (for 30 min MCAo) or
24 h (for 90 min MCAo) after reperfusion, mice were
sacrificed under deep anesthesia (4% isofluorane with 30%
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O2, remainder N2O). Brains were removed, frozen on dry ice,
and cut on a cryostat into coronal 18-μm sections, which were
subsequently used for the analysis of infarct volume and brain
swelling. For 30minMCAo, tissue samples obtained from the
ipsilateral to the stroke were collected for proteomics, planar
surface immunoassay (PSI), and Western blots.

Analysis of Neuronal Survival

Adjacent brain sections of the same animals were fixed in 4%
paraformaldehyde (PFA)/0.1 mol/l phosphate-buffered saline
(PBS) and washed and immersed for 1 h in 0.1 mol/l PBS
containing 0.3% Triton X-100 (PBS-T)/10% normal goat se-
rum. Sections were incubated overnight at 4 °C with Alexa
Fluor 488-conjugated monoclonal mouse anti-NeuN
(Mab377X; Chemicon). Next day, sections were incubated
with 4′,6-diamidino-2-phenylindole (DAPI). Sections were
analyzed using a confocal Zeiss LSM 780 microscope (Carl
Zeiss, Jena, Germany). Nine different region of interest (ROI)
in the striatum, each measuring 62,500 μm2, were evaluated.
Mean numbers of NeuN cells were analyzed in the ischemic
and contralesional striatum. By dividing results obtained in
both hemispheres, the percentage of surviving neurons in the
ischemic striatum was determined.

Analysis of DNA Fragmentation

For the evaluation of neuronal injury, coronal brain sections at
the level of the bregma from mice exposed to 30 min MCAo
were fixed with 4% PFA/0.1 M PBS and were labeled using a
terminal transferase dUTP nick end labeling (TUNEL) kit (In
Situ Cell Death Detection Kit; Roche, Switzerland). Sections
were counterstained with DAPI. Stainings were analyzed by
tifying DNA-fragmented cells (which in 30 min MCAo are
equivalent to neurons) in 12 adjacent ROI in the striatum, each
measuring 62,500 μm2, under a confocal Zeiss LSM 780
microscope.

Western Blot and Planar Surface Immunoassay

ForWestern blot analysis, brain tissue samples were harvested
from the ischemic striatum of mice exposed to 30 min MCAo.
Tissue samples belonging to the same group were pooled,
homogenized, sonicated, and treated with protease inhibitor
cocktail and phosphatase inhibitor cocktail. Total protein con-
tent was evaluated using Qubit 2.0 Fluorometer according to
the manufacturer’s protocol (Invitrogen, Life Technologies
Corporation, Carlsbad, CA, USA). Equal amounts of protein
(20 μg) were size-fractionated using any-kD Mini-Protean
TGX gel electrophoresis and then transferred to a nitrocellu-
lose membrane using the Trans-Blot TurboTransfer System
(Bio-Rad, Life Sciences Research). Thereafter, membranes
were blocked in 5% nonfat milk in 50 mMol Tris-buffered

saline (TBS) containing 0.1% Tween (TBS-T; blocking
solution) for 1 h at room temperature, washed in 50 mMol
TBS-T, and incubated overnight with monoclonal rabbit
Bmal1 (14020; Cell Signaling), monoclonal rabbit Clock
(5157; Cell Signaling), polyclonal rabbit anti-PerI (Ab3443;
Abcam), polyclonal rabbit anti-PerII (Ab180655; Abcam),
monoclonal mouse phosphorylated p53 (2524; Cell
Signaling), and monoclonal mouse PDE10A (sc-515023;
Santa Cruz Biotechnology). The next day, membranes were
washed with 50 mM TBS-T and incubated with horseradish
peroxidase-conjugated goat anti-rabbit (sc-2004; Santa Cruz
Biotechnology) or goat anti-mouse (sc-2005; Santa Cruz
Biotechnology) antibody (diluted 1:2500) for 1 h at room
temperature. Blots were performed at least three times.
Protein loading was controlled by stripping and reprobing
with polyclonal rabbit anti-β-actin antibody (4967; Cell
Signaling Technology). Blots were developed using Clarity
Western ECL Substrate kit (Bio-Rad; Life Sciences
Research) and visualized using the ChemiDoc MP System
(Bio-Rad; Life Sciences Research). Protein levels were ana-
lyzed densitometrically using an image analysis system
(Image J; National Institute of Health, Bethesda, MD, USA),
corrected with values determined on β-actin blots and
expressed as relative values compared with ZT0 mice.

In order to analyze Akt signaling pathways, planar surface
immunoassay (PSI) (PathScan Akt Signaling Antibody Array
Kit, 9474; Cell Signaling) was used according to the manu-
facturer’s instructions. Briefly, PSI allows for the simulta-
neous detection of 16 phosphorylated proteins predominantly
belonging to the Akt signaling pathways. Each well in the
glass slide was blocked by array blocking buffer for 15 min
at room temperature. Thereafter, equal amount of protein
(75 μg) was loaded and incubated overnight at 4 °C on an
orbital shaker. The next day, wells were washed with array
wash buffer. Detection Antibody Cocktail was added to each
well and incubated for 1 h at room temperature. Afterwards,
horseradish peroxidase-linked streptavidin was added to each
well and the slide was incubated for 30 min at room temper-
ature. The plates were then covered with LumiGLO/peroxide
reagent and visualized using the ChemiDoc MP System (Bio-
Rad; Life Sciences Research). Protein levels were analyzed
densitometrically using the Image J program, corrected with
values determined with respect to positive and negative con-
trols on array slides.

Sample Preparation for Liquid Chromatography-Mass
Spectrometry Analysis

Tryptic peptides were generated according to the Filter Aided
Sample Preparation Protocol (FASP) [12]. The brain tissues
taken from the ischemic striatum and were homogenized in
50 mM ammonium bicarbonate and lysed by heating at 95 °C
in UPX buffer (Expedeon). After incubation at 4 °C for an
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hour, samples were centrifuged at 14,000×g for 10 min and
the supernatants were transferred to a clean 1.5 ml
microcentrifuge tube. The total protein concentration was
measured with Qubit assay. Tryptic peptides were generated
by the FASP kit (Expedeon). Briefly, 50 μg protein was fil-
tered with 6M urea in a 30-kDa cut-off spin column, alkylated
with 10 mM iodooacetamide in the dark for 20 min at room
temperature and incubated with trypsin (1:100 trypsin to pro-
tein ratio, Pierce) overnight at 37 °C. The tryptic peptides were
eluted from the columns and lyophilized. The peptides were
redissolved in 0.1% formic acid (FA, Sigma-Fluka) and dilut-
ed to 100 ng/μl before injecting to the liquid chromatography-
mass spectrometry (LC-MS/MS) system.

LC-MS/MS Analysis and Data Processing

TheLC-MS/MSanalysis and the subsequent protein identifi-
cations were done according to an earlier published protocol
[13,14].ThetrypticpeptideswereloadedontotheACQUITY
UPLCM-Class coupled to a SYNAPTG2-Si high-definition
mass spectrometer (Waters). The columns were equilibrated
with 97%mobile phase A (0.1% FA in UHPLC grade water,
Merck) and temperaturewas set to 55 °C.Peptideswere sepa-
rated by a 90-min gradient elution from the trap column
(Symmetry C18, 5 μm, 180 μm i.d. × 20 mm,Waters) to the
analytic column (CSH C18, 1.7 μm, 75 μm i.d. × 250 mm,
Waters) at 0.400 μl/min flow rate with a gradient from 4 to
40% ACN containing 0.1% FA (v/v). Positive ion modes of
MS andMS/MS scans with 0.7 s cycle time were performed
sequentially. Ten volts was set as low collision energy and
30VashighCE.Theionswereseparatedbyionmobilitysepa-
ration(IMS).Awavevelocitywasrampedfrom1000to55m/s
over the full IMScycle.The release timeformobility trapping
wassetas500μs,trapheightwassetto15V.IMSwavedelaywas
1000 μs for the mobility separation after trap release [15].
Without anyprecursor ionpreselection, all the ionswithin the
50–1900 m/z range were fragmented in resolution mode.
Additionally,100fmol/μlGlu-1-fibrinopeptideBwasinfused
aslockmassreferencewitha60-sinterval.Toidentifyandquan-
tify the peptides, Progenesis-QI for proteomics software
(Waters)wasused.Allproteinswereidentifiedbyatleastthree
unique peptide sequences and then, p values and expression
ratioofproteinswerecalculated.

Analysis of Infarct Volume and Brain Swelling

For the evaluation of infarct volume and brain swelling,
coronal brain sections were collected at four equidistant
brain levels, 2 mm apart, from mice exposed to 90 min
MCAo, which were stained with cresyl violet according
to a standard protocol. Within the sections, the border
between infarcted and non-infarcted tissues was outlined
using an image analysis system (Image J; National

Institute of Health, Bethesda, MD, USA), and the in-
farct area was assessed by subtracting the area of the
non-infarcted ipsilateral hemisphere from that of the
contralateral side. Infarct volume was calculated by in-
tegration of these infarct areas. Edema was calculated as
the volume difference between the ischemic and the
non-ischemic hemisphere and expressed as percentage
of the volume of the non-ischemic hemisphere.

Statistics

Disseminate neuronal injury, Western blots, and PSI da-
ta were evaluated by one-way ANOVA followed by
LSD tests. LC-MS/MS data were evaluated by indepen-
dent samples t test and 1.4-fold change was considered
as significant between ZT0 and ZT18. Data from
90 min MCAo followed by 24 h reperfusion were eval-
uated by independent samples t test. Data are presented
as mean ± S.D. values. Throughout the study, p values
<0.05 were considered significant.

Results

Neuronal Survival Following Ischemia/Reperfusion
in Mice Exhibits Time-of-Day Variability

To investigate whether the tolerability to ischemia/
reperfusion (I/R) injury varied with the time-of-day in
which the insult occurred, we induced 30 min MCAo
followed by 72 h reperfusion at four different time points
(ZT0, ZT6, ZT12, and ZT18) in mice. LDF was used to
evaluate the changes in CBF during and after the onset of
MCAo (Fig. 1a). Approximately 85% decrease in LDF
values during the occlusion with a subsequent and rapid
increase with the onset of reperfusion is routinely observed
in our model of ischemic stroke [11]. CBF values were
similar in all the time points evaluated. Neuronal survival
was assessed by NeuN staining of coronal sections
(Fig. 1b). The number of NeuN-positive cells was calculat-
ed from nine different regions in the striatums of ischemic
(ipsilateral) and non-ischemic hemispheres (contralateral).
Neuronal survival, given as the percent of NeuN-positive
cells in the contralateral hemisphere, was significantly
higher in the Mid-Dark group (ZT18) when compared with
the Light (ZT0) group. DNA fragmentation, which was
evaluated with TUNEL staining of coronal brain sections,
was also significantly lower in the Mid-Dark group relative
to the Light group (Fig. 1c). Mid-Light (ZT6) or Dark
(ZT12) groups did not demonstrate any significant change
in either of the two parameters when compared with ZT0 or
ZT18.
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Circadian Clock Proteins PerI, Clock, and Bmal1 are
Significantly Increased at ZT18

To determine the underlying mechanisms responsible for the
increase in neuronal survival following MCAo during the

Mid-Dark period, we evaluated the expressions of circadian
rhythm proteins PerI, PerII, Bmal1, and Clock. Levels of PerI,
Clock, and Bmal1 proteins were significantly increased in the
Mid-Dark (ZT18) group relative to ZT0 (Fig. 2). Oscillations
of the expressions of PerI and Bmal1 were similar in the
striatums of ischemic animals, while PerII and Bmal1 expres-
sions were in antiphase. Interestingly, PerII was significantly
increased and peaked at ZT12, but not at ZT18 (Fig. 2b). The
highest variation was observed in the molecular clock gene,
Clock, whose protein levels doubled in the ischemic striatum
of the ZT18 group compared with ZT0 (Fig. 2c).

Circadian Core Proteins Regulate Akt Phosphorylation

To further determine the underlying mechanisms, we exam-
ined the expression levels of AKT-mTOR-S6K pathway pro-
teins, which are known to be involved in the regulation of the
circadian rhythm [16]. By using planar surface immunoassay
for AKT signaling (Fig. 3), we demonstrated that ischemia/
reperfusion injury which was induced at ZT18 (Mid-Dark)
resulted in a significantly higher p-AKT (Thr308) level
(Fig. 3a), which was also previously ascribed to circadian
rhythm in chick retinae [17].We have also previously reported
that AKT pathway mediates neuronal survival following is-
chemic stroke [18]. Consistently, these results suggest that
increased p-AKTat the Mid-Dark period could be responsible
for the increase in neuronal survival observed at this time
point. In addition, levels of phosphorylated ERK1/2
(Fig. 3b), p-mTOR (Fig. 3c), phosphorylated ribosomal pro-
tein S6 (rpS6) (Fig. 3d), and p-Bad (Fig. 3e) were also signif-
icantly increased at ZT18, compared with the ZT0 group.
However, p-PRAS40, a negative regulator of AKT and
mTOR, was significantly decreased at ZT18 as well as ZT6
and ZT12 groups when compared with ZT0 (Fig. 3f).
Moreover, p-PTEN, a negative regulator of AKT, was slightly,
but not significantly, reduced at ZT18 compared with ZT0
(Fig. 3g). Relative to ZT0, phosphorylated PDK1, RSK1,
AMPKα, or GSK3α/β were not significantly altered at
ZT18 (Fig. 3h–l); however, with the exception of slightly re-
duced phosphorylated PDK1 levels, these proteins were sig-
nificantly decreased at ZT12 (Fig. 3h–l). Further analysis of
the levels of phosphorylated p53 displayed significant de-
crease at ZT18 compared with ZT0 (Fig. 3n), suggesting a
decrease in the pro-apoptotic signals at this time point.

Proteomic (LC-MS/MS) Analyses of Temporally
Regulated Striatal Proteins

Due to the increase in the levels of circadian clock proteins
which can act as transcription factors and promote the expres-
sion of other proteins, and the increase in the activities of
AKT, mTOR, and ERK signaling pathways in the ZT18
group, we wanted to identify the other proteins whose
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expressions were also altered during the Mid-Dark period
compared to the Light, and which could be responsible for
better tolerability to ischemic injury. To this end, protein ex-
pressions that exhibited significant fluctuations in the ische-
mic striatum were analyzed in different time points using the
LC-MS/MSmethod. Our analyses revealed that eight proteins
for ischemic striatum (Fig. 4) exhibited statistically significant
variations (p < 0.05 and 1.4-fold change). These proteins in-
clude calcium/calmodulin-dependent serine protein kinase
(CSKP), guanine nucleotide-binding protein z subunit alpha
(GNAZ), neuronal growth regulator 1 (NEGR1), imprinted
and ancient protein (IMPACT), calcium/calmodulin-
dependent 3′,5′-cyclic nucleotide phosphodiesterase 1B
(PDE1B), and hemoglobin subunit beta-1, beta-2, and alpha
(HBB1, HBB2, HBA) for ischemic striatum.

Infarct Volume, Brain Swelling, and Neurological Deficits
are Regulated by Circadian Rhythm After Focal Cerebral
Ischemia

In order to investigate brain injury, edema formation, and neu-
rological deficits, mice were exposed to 90 min MCAo,
followed by 24 h reperfusion which induces brain infarction
of the striatum and overlying cortex [19]. LDF was used to
evaluate the changes in CBF during and after the onset of
MCAo (Fig. 5a). Mid-Dark decreased development of tissue
injury (Fig. 5b) and edema formation (Fig. 5c) with respect to

ZT0. In addition, neurological deficit scores (Fig. 5d) were
also significantly decreased in the Mid-Dark group.

Discussion

It was documented that ischemic stroke cases peak in the early
morning hours [7, 8], and fatality rates of morning strokes are
higher even when adjusted for age, gender, and severity [20].
This circadian variability was linked to differential body tem-
perature, heart rate, blood pressure, blood viscosity, or platelet
aggregation [21]. In addition, sleep is fundamental to restore
brain functions. A direct relationship between sleep disorders
and neurodegenerative disorders, including Alzheimer dis-
ease, traumatic brain injury, and ischemic stroke, was noted
[22, 23]. It was also shown that recovered sleep-wake cycle
and consolidated nighttime occurred simultaneously after
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acute traumatic brain injury in humans, suggesting the in-
volvement of improved common motor responses [24]. On
the other hand, sleep disorders impede the efficiency of post-
stroke recovery by interfering with neuroplasticity processes
[23]. Apart from the physiological changes suggested, to date,
molecular mechanisms behind this circadian variation were
largely unknown. Given the higher incidence of ischemic
stroke cases in morning hours compared with nighttime in
humans, we surmised that the tolerance to ischemic stroke
could also exhibit day-to-night fluctuations. However, fairly
little is known about the temporal fluctuations in ischemic
stroke sensitivity in mice as well as in humans. The MCAo
is used to mimic ischemic stroke in mice, as ischemic stroke
occurs more frequently than hemorrhagic strokes in humans
and hence, more frequently targeted in experimental stroke
studies [25]. Here, the MCAo model chosen results in selec-
tive neuronal injury in the striatum and mainly affects small-
and medium-sized neurons [26, 27].

Here, we provide evidence for the first time that in a mouse
model of ischemic stroke, tolerance to ischemic injury varies
significantly based on the time-of-day in which the injury
occurred and the ischemic damage is the most severe during
the Early-Light (ZT0) period, whereas the least severe during
the Mid-Dark (ZT18) period. This is in line with a previous
study which reported that rats subjected to ischemic stroke in
the early morning hours displayed greater cerebral infarction
compared to afternoon hours, suggesting a temporal ischemic
sensitivity [28]. On the other hand, it was also reported in
another study that global ischemia resulted in the highest
levels of ischemic damage markers in the hippocampus of rats
when performed during the evening (ZT14) period [29]. This
inconsistency may be due to the use of a different animal
species or a different model to mimic ischemic insult or the
analysis of different markers in different brain regions.
However, the molecular mechanisms were not studied in
depth in these studies. We hypothesized that the temporal
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tolerability to ischemic stroke could be at least partially ex-
plained by the circadian changes in the general protein expres-
sion profile in neurons. It has been reported that expression of
circadian genes oscillate throughout the day in almost all cell

types [30] and in the case of the brain, these robust oscillations
are region-specific and highly unique [31].

Presently, we provide evidence on the protein level that
circadian genes oscillate in the striatum of mice and upon
ischemic injury; levels of these proteins are altered. It has been
proposed that expressions of molecular clock genes are regu-
lated on the transcriptional and translational level through
interacting positive and negative feedback loops which pro-
vide functional oscillations [32]. It was also reported that ex-
pressions of canonical circadian clock genes, PerI, PerII, and
Bmal1 are in antiphase, thus result in opposing effects to
maintain the functional oscillations on the molecular level
[33]. In agreement with these reports, our data suggest that
levels of PerII and Bmal1 proteins are in antiphase in the
ischemic mouse striatum, while PerI and Bmal1 levels seem
to coincide, rather than being antiphase. Furthermore, it was
reported that circadian rhythm proteins are involved in tissue
homeostasis by controlling reactive oxygen species (ROS)
production and oxidative stress mechanisms [6]. Bmal1 and
its dimerization partner Clock manage the regulation of ROS
levels [9, 34]. In the ischemic brain, ROS levels increase,
which in turn result in HIF-1α protein stabilization and acti-
vation [35]. Overexpression of Bmal1 and Clock may lead to
directly or indirectly activation of HIF-1α at ZT18. In addi-
tion, activation of the Akt signaling pathway also modulates
HIF-1α expression through the mammalian target of
rapamycin (mTOR) independent pathway [36].

It has been well established that neuronal injury results in
the disruption of circadian rhythms [37] and alters the expres-
sion profiles of clock genes [38]. Indeed, we demonstrated
that expressions of circadian proteins were altered in response
to ischemic injury. Accordingly, in the Mid-Dark period in
which the highest rate of neuronal survival was observed, in
a d d i t i o n t o t h e c i r c a d i a n c l o c k p r o t e i n s ,
phosphorylation-activated AKT was also increased. It is
known that increase in the active AKT following ischemia
has protective effects against neuronal death [18, 39]. AKT-
mTOR and S6K signaling pathways were reported to regulate
nutrient influx, endocrine signaling, and cellular energy bal-
ance and that nutrient and energymetabolisms affect circadian
rhythm [16]. Thus, it is safe to assume that when the energy
metabolisms are disrupted due to an ischemic insult, AKT
signaling pathways as well as circadian clock proteins are all
affected from this disruption. It is tempting to speculate that
increased expressions of Clock, PerI, and Bmal1 during the
Mid-Dark periodmay contribute to increased neuronal surviv-
al by regulating the expressions of an array of other genes. In
fact, it was reported that these genes not only play roles in
circadian rhythm regulation, but are also involved in other
metabolic activities [40, 41] and thereby, may have other un-
known functions. However, it should be noted that the phys-
iological factors, such as blood pressure, heart rate, or body
temperature, may have also contributed to the increased
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neuronal survival during the Mid-Dark period. In addition,
phosphorylation of the Bad protein at Ser112 reverses its
pro-apoptotic effect, by inhibiting its activity [42]. In accor-
dance with this report, our finding showed that Bad phosphor-
ylation level was highest at ZT18 after ischemic stroke.
Moreover, expression of several proteins at ZT12 such as p-
Akt, p-ERK-1/2, p-mTOR, and p-rpS6 were regulated in con-
trast with the ZT18 group. We surmise that this differential
regulation could be related to the expression of the Bmal1
protein.

In addition, proteome-wide analysis revealed that a number
of proteins have altered levels in the Mid-Dark period of is-
chemic mice. These proteins include regulators of ion cur-
rents, neural development, and neuritogenesis, as well as mi-
tochondrial outer membrane protein assembly and formation.
Of the significantly altered proteins, CSKP is a calcium/
calmodulin-dependent serine protein kinase enriched in brain
tissue [43] and was reported to have roles in regulation of L-
type calcium current [44], and ATP efflux through association
with P2X3 receptors [45] and also in the regulation of meta-
bolic proteins [46]. This GNAZ was reported to interact with
neurotransmitter and neuropeptide receptors, such as adeno-
sine A1, alpha2-adrenergic, or dopamine D2 receptors [47],
participating to neuronal development, axonal growth as well
as ion channel regulation, and its expression was suggested to
be temporally and spatially regulated in neurons [48, 49]. It
was reported that IMPCT, a highly abundant neuronal protein
in the brain, promotes neurite outgrowth [50, 51]. PDE1B was
demonstrated to be highly and selectively expressed in the
mouse and human striatum compared to other brain regions,
and it was suggested that their expressions are regulated by
cyclic AMP and cyclic GMP-dependent mechanisms [52].
NEGR1 is a GPI-anchored protein that was suggested to have
a role in cell-cell adhesion in cancer cells as well as cholesterol
trafficking in neurons [53]. Expression of hemoglobin sub-
units beta (HBB1, HBB2) and alpha (HBA) were reported
primarily in neurons of the rat brain, and it was demonstrated
that upon ischemic injury, levels of neuronal hemoglobin and
hemoglobin released from erythrocytes were significantly in-
creased [54]. Increased neuronal hemoglobin may worsen the
brain injury after trauma [55] Likewise, our findings indicate
that at the time point in which the highest neuronal survival is
observed, levels of hemoglobin subunits were also significant-
ly reduced. By and large, the involvement of these proteins in
the regulation of circadian rhythm and in the protection of
neurons against ischemic damage should be addressed in fur-
ther studies.

In order to determine the effect of circadian rhythm on
tissue injury and edema formation after cerebral ischemia,
Light and Mid-Dark time points were chosen. For this, mice
were submitted to 90 min MCAo followed by 24 h reperfu-
sion. The ZT18 group had less infarct area and brain swelling
and improved neurological function compared to ZT0.

Results showed that there is a strong relationship between
development of tissue injury and circadian rhythm.

In conclusion, we provide evidence that a differential re-
sponse to ischemic stroke occurs according to the time of the
injury. We also demonstrated that nighttime injury resulted in
less severe neuronal damage, infarct volume, brain swelling,
and neurological scores with increased neuronal survival, in-
creased levels of AKT and ERK survival kinases as well as
PerI, Bmal1, and Clock proteins. Furthermore, alterations in
the proteome suggested the interplay of a number of other
proteins; however, the functional importance of these remains
to be clarified in future studies.
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