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Neurobiology of Disease

GluA1l Degradation by Autophagy Contributes to Circadian
Rhythm Effects on Cerebral Ischemia Injury
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The mechanisms of many diseases, including central nervous system disorders, are regulated by circadian rhythms. The devel-
opment of brain disorders such as depression, autism, and stroke is strongly associated with circadian cycles. Previous studies
have shown that cerebral infarct volume is smaller at night (active phase) than during the day (inactive phase) in ischemic
stroke rodent models. However, the underlying mechanisms remain unclear. Increasing evidence suggests that glutamate sys-
tems and autophagy play important roles in the pathogenesis of stroke. Here, we report that GluAl expression was decreased
and autophagic activity was increased in active-phase male mouse models of stroke compared with the inactive-phase models.
In the active-phase model, induction of autophagy decreased the infarct volume, whereas inhibition of autophagy increased
the infarct volume. Meanwhile, GluA1 expression was decreased following activation of autophagy and increased following in-
hibition of autophagy. We used Tat-GluA1l to uncouple p62, an autophagic adapter, from GluAl and found that this blocked
the degradation of GluAl, an effect similar to that of inhibition of autophagy in the active-phase model. We also demon-
strated that knock-out of the circadian rhythm gene Perl abolished the circadian rhythmicity of the volume of infarction and
also abolished GluAl expression and autophagic activity in wild-type (WT) mice. Our results suggest an underlying mecha-
nism by which the circadian rhythm participates in the autophagy-dependent regulation of GluAl expression, which influen-
ces the volume of infarction in stroke.
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Circadian rhythms affect the pathophysiological mechanisms of disease. Previous studies suggested that circadian rhythms
affect the infarct volume in stroke, but the underlying mechanisms remain largely unknown. Here, we demonstrate that the
smaller infarct volume after middle cerebral artery occlusion/reperfusion (MCAO/R) during the active phase is related to
lower GluAl expression and activation of autophagy. The decrease in GluA1l expression during the active phase is mediated
by the p62-GluAl interaction, followed by direct autophagic degradation. In short, GluAl is the substrate of autophagic deg-
radation, which mainly occurs after MCAO/R during the active phase but not the inactive phase. /

ignificance Statement

Received Oct. 9, 2022; revised Feb. 1, 2023; accepted Feb. 7, 2023.

Author contributions: H. Lu, Q.F.,, and G.C. designed research; H. Lu, Yu. Wang, H.S., and H. Li, performed
research; H. Lu, contributed unpublished reagents/analytic tools; H. Lu, Yu. Wang, H.F., Yi. Wang, S.F,, SH.,
QX, JN., QF, and G.C. analyzed data; H. Lu, wrote the first draft of the paper; H. Lu, and Q.F. edited the
paper; H. Lu, and Yu. Wang wrote the paper.

The work was supported by the Soochow Clinical Experts Introduction Team Project Grant No. 5201013206,
the Basic Science (Natural Science) of Colleges and Universities in Jiangsu Province Grant No. 21KJB320012,
the Key R&D Program of Jiangsu Province (Social Development) (key project-clinical frontier technology) Grant
No. BE2019666, and the Natural Scientific Foundation of Jiangsu Province Grant No. BK20211075.

*H. Lu and Yu. Wang contributed equally to this work.

The authors declare no competing financial interests.

Correspondence should be addressed to Qi Fang at fangqi_008@126.com or Gang Chen at nju_
neurosurgery@163.com.

https://doi.org/10.1523/JNEUR0SCI.1914-22.2023
Copyright © 2023 the authors

Introduction
Circadian rhythms are ubiquitous in mammals (O’Neill et al,
2011) and affect the mechanisms of many diseases, including
stroke. Previous studies of ischemic stroke in middle cerebral ar-
tery occlusion/reperfusion (MCAO/R) rodent models showed
that the infarct volume in the inactive phase is larger than in the
active phase (Esposito et al., 2020). In rodents, daytime is the
inactive phase and nighttime is the active phase. In human
patients, the infarct core is smaller in strokes that occur during
the day than in those that occur at night (Reidler et al., 2021).
Glutamate is the main excitatory neurotransmitter in the
brain and plays a crucial role in normal physiological processes.
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Ischemic stroke initiates a massive release of glutamate, resulting
in extensive stimulation of glutamate receptors, which can ulti-
mately be toxic to neurons (Dirnagl et al., 1999; Moskowitz et al.,
2010; J. Yang et al,, 2019; Y. Wang et al., 2021). The AMPA recep-
tors (AMPARs), NMDA receptors (NMDARs), and kainate recep-
tors are the main excitatory glutamate receptors. Accumulating
evidence suggests that extrasynaptic NMDAR-induced cytotoxic-
ity is dependent on Ca®" and directly provokes further Ca**
influx through receptor-gated ion channels (Tu et al., 2010).
AMPARs are heteromeric or homomeric tetramers composed
of subunits GluA1-4. Many studies have reported an associa-
tion between the neurotoxic properties of glutamate and the
activation of AMPARs. The expression of AMPAR subunits
GluAl and GluA2 is changed after ischemic injury. For instance,
GluAl but not GluA2 levels decrease following transient global
brain ischemia/reperfusion (Dos-Anjos et al., 2009). Transient is-
chemia/reperfusion evokes an increase in the GluAl subunit in
the spine, and the increase in AMPARs can be blocked by
NMDA receptor antagonists (Y. Li et al., 2020). In addition, is-
chemia/reperfusion induces the internalization and degradation
of AMPAR subunits GluAl and GluA2 by the oxidative stress
signaling cascade (Achzet et al., 2021a). However, whether the
toxic effects of AMPARs vary with circadian rhythm with ische-
mic insult is unclear.

Autophagy is an important process for the degradation of cyto-
plasmic proteins and organelles in the lysosomal pathway (Fleming
et al, 2022; Foerster et al, 2022; Gao et al, 2022; Griffey and
Yamamoto, 2022). An increasing number of studies have shown
that autophagy plays a critical role in ischemic stroke (Cai et al,
2021; Wu et al,, 2021; Chen et al., 2022; Huang et al., 2022; H. Li et
al, 2022; M. Liu et al,, 2022; Thiebaut et al., 2022; Xiao et al., 2022;
Z.Yang et al,, 2022; Zeng et al., 2022). However, whether autophagy
is beneficial or harmful for the survival of neurons in ischemic
stroke is controversial. The exact role and molecular mechanisms of
autophagy in ischemic stroke have not been clarified. At present,
autophagy is considered a double-edged sword (P. Wang et al,
2018; Nabavi et al., 2019; Shi et al., 2021).

Many proteins participate in circadian rhythms, including pe-
riod circadian regulators 1-3 (Perl-3), B-aggressive lymphoma 1,
clock circadian regulator, and cryptochrome circadian regulators 1
and 2 (Z. Liu and Chu, 2013). Clock genes, including Perl, are
widely expressed in the brain and therefore may be crucial regula-
tors of neuronal activity in many neuronal circuits. Indeed, Perl
knock-out mice show alterations in many forms of neural plastic-
ity, including drug addiction, synaptic plasticity, and learning and
memory processing (Abarca et al., 2002; Rawashdeh et al., 2014).
It is also closely related to autophagic activity. After deletion of the
Perl gene, autophagy is inhibited and dysfunctional proteins can-
not be degraded in a timely manner in vivo, thereby reducing the
tolerance of neurons to ischemia (Rami et al., 2017). These results
therefore demonstrate the crucial role of Per in the generation of
circadian rhythms and suggest that Per! is important for the phas-
ing of gene expression and neural activity in neurons. Building on
previous research, we investigated the relationship between the
circadian rhythm, autophagy, and AMPAR expression in cerebral
ischemic injury.

Materials and Methods

Animals

We maintained C57BL male or female mice (eight weeks old, weight 22—
24 g) on a standard 12/12 h light/dark cycle. A 250-lux light was kept on
between 7 A.M. and 7 P.M. The time when the light was turned on was
defined as zeitgeber time (ZT)0; thus, daytime was from ZT0 to ZT12
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and nighttime was from ZT12 to ZT24. Food and water were provided
ad libitum. Perl”’~ male mice were generated and bred by Kunshan
Cyagen Animal Co. To avoid the possibility that operators’ performance
decreased during nighttime surgeries, eight-week-old mice were then
housed in rooms with a normal or reversed light schedule for an extra
five weeks, and all surgeries were performed during the daytime by oper-
ators blinded to light schedule. These experiments were approved by the
Ethics Committee of the First Hospital of Soochow University (Suzhou,
China). Sample sizes were determined by power analysis during the ani-
mal ethics application.

Middle cerebral artery occlusion/reperfusion injury (MCAO/R) model
We divided the mice into four groups: sham and MCAO/R groups for
both the inactive phase (ZT5-ZT7) and the active phase (ZT17-ZT19).
The MCAO/R groups underwent surgical ischemia/reperfusion injury.
The neck fur of the mice was shaved and the skin beneath was disin-
fected with iodine. The animals were anesthetized with 4% chloral
hydrate. An incision was made in the neck skin to identify and fix the
right external carotid artery. A small incision was made in the proximal
external carotid artery, and a thread plug was passed along the internal
carotid artery. The thread plug was gently pushed along the internal ar-
tery for >10 mm until slight resistance was felt. After 75min, we
removed the thread plug, ligated the proximal internal carotid artery,
and sutured the skin. Mice in the sham group underwent a control sur-
gery. These animals were also anesthetized with 4% chloral hydrate, fol-
lowed by ligation of the external carotid artery and insertion of the
thread plug to a depth of <10 mm. After 75 min, the thread plug was
removed and the skin was sutured (Xu et al., 2006; C. Wang et al., 2012;
Miao et al., 2015). The mortality rate within 72 h is 15-20%, and the
mortality rate within one week is >50%. Therefore, our experiments did
not last longer than 72 h after ischemia.

During MCAO modeling, the regional cerebral blood flow was reduced
by 70-90% after insertion of the filament and recovered to >70% of base-
line after removal of the filament, suggesting adequate occlusion and reper-
fusion. If the blood flow changes were not in this range, the mice were
excluded from additional experiments. Cerebral blood flow was monitored
with a Doppler flowmeter (moorVMS-LDF, Moor Instruments).

Animals were anesthetized with 4% chloral hydrate and decapitated
to remove the brain after 12, 24, or 72 h. The ischemic penumbra was
sectioned and prepared for assay. The whole brain was prepared for
staining with 2,3,5-triphenyltetrazolium chloride (TTC) to measure
infarct volume.

Western blot analysis

Brain penumbral tissues were ground and homogenized in cell lysis buffer
with complete protease inhibitor cocktail (Beyotime Biotechnology). After
measuring the protein concentrations, loading buffer was added and mix-
tures were boiled to 100°C for 10 min. Proteins were separated by SDS-
PAGE with equal amounts of protein per lane. Next, the proteins were
transferred to a polyvinylidene fluoride or nitrocellulose membrane (both
Merck Millipore, Ltd.) for immunoblotting. After blocking with 5% BSA
in TBS containing 0.5% Tween 20 (TBS-T), the membranes were incubated
with primary antibodies at 4°C overnight. The following primary antibodies
were used: anti-LC3B [Cell Signaling Technology (CST), 1:1000 dilution,
#83506S], anti-p62 (Sigma Germany, 1:1000 dilution, P0067), anti-Atg5
(CST, 1:1000 dilution, #12994S), anti-GluAl (Abcam, 1:1000 dilution,
#183797), and anti-GluA2 (Abcam, 1:1000 dilution, #133477). Anti- B-actin
(CST, 1:2000 dilution, #4970S) was used as the internal reference. After
incubation with the appropriate horseradish peroxidase (HRP)-conjugated
secondary antibody (anti-rabbit, CST, 1:2000 dilution, #7074S; anti-mouse,
CST, 1:2000 dilution, #7076S), protein bands were detected using a chemilu-
minescence imaging system [Clinx Science Instruments Co, Ltd. (CSI)] and
Quantity One 1-D. Analysis software (Bio-Rad Laboratories). Signal inten-
sities were analyzed using Image] (National Institutes of Health).

Immunofluorescence staining

Mice were anesthetized with 4% chloral hydrate and perfused intracar-
dially with PBS followed by 4% paraformaldehyde in PBS. After perfusion,
mice were decapitated and the brains were removed, fixed in 4%
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paraformaldehyde, and embedded in paraffin. Brain slides (paraffin slices,
6 um) were placed in a paraffin drying machine for 1 h, sequentially dew-
axed in xylene and alcohol, repaired with sodium citrate, permeated in
0.3% Triton X-100, washed with 1x PBS three times for 5min each, and
blocked with 5% BSA. We incubated the slides with primary antibodies
against anti-LC3B (CST, 1:500 dilution, #83506S) and anti-NeuN (Abcam,
1:500 dilution, #104225) at 4°C overnight. Next, slides were incubated
with a secondary antibody (AlexaFluor 488-conjugated anti-mouse or
AlexaFluor 555-conjugated anti-rabbit) for 1 h at room temperature, fol-
lowed by counterstaining with 4’,6-diamidino-2-phenylindole (DAPL
SouthernBiotech; #0100-20) for 10 min (Jiang et al., 2018). Images were
obtained using a Nikon DSLR fluorescence scanning microscope (Nikon).

Surface receptor cross-linking with BS3

Protein cross-linking was conducted according to previous reports
(Conrad et al., 2008; Mao et al., 2009; Van Dolah et al., 2011; Lu et al.,
2014). Mice were decapitated and their brain penumbras were rapidly
removed and collected in Eppendorf tubes (Eppendorf). Then, artificial
cerebrospinal fluid spiked with 2 mwm bis(sulfosuccinimidyl)suberate
(BS3; AMOBE Biotechnology) was added to the tubes. The tissues were
mashed and cross-linked for 180 min at 4°C with gentle agitation. This
reaction was terminated by the addition of 100 mm glycine, followed by
incubation at 4°C for 15min. We subjected these samples to short-time
centrifugation. The supernatant was resuspended in ice-cold cell lysis
buffer. Samples were homogenized by sonication for 5 s and centrifuged
at 12,000 x g for 15min at 4°C. The supernatant was collected and
stored at —80°C for Western blot (WB) analysis. The signal intensities
for the surface, intracellular, and total (surface + intracellular) fractions
were normalized to B-actin levels.

Co-immunoprecipitation

Supernatants (500 ug total protein per specimen) were incubated in
immunoprecipitation buffer with anti-p62 (4 pg; Sigma) and anti-nor-
mal IgG (4 pg; CST, 1:1000 dilution, #2729S) for 3 h at 4°C, followed by
incubation with 20 pl protein A/G agarose (Santa Cruz Biotechnology,
#sc-2003) for 24 h at 4°C. The immunoprecipitation buffer (Beyotime
Biotechnology) contained 20 mwm Tris at pH 7.5, 150 mm of 1% Triton
X-100, 1 mum ethylene glycol-bis(3 -aminoethylether)-N,N,N’,N’-tetra-
acetic acid, and 1 mwm phenylmethylsulfonyl fluoride. Samples were
boiled in 2x SDS loading buffer for 15min and separated via SDS-
PAGE. Anti-normal IgG was used as a negative control. It can bind to
agarose but does not recognize specific antigens.

Drug administration

We prepared a stock solution by dissolving 10 mg rapamycin [RAPA;
Medchem Express (MCE), Monmouth Junction] in 1 ml dimethyl sulf-
oxide (DMSO; BioFroxx GmbH, #1084ML) and stored it at —20°C.
Mice received intraperitoneal RAPA injections at a dose of 10mg/kg, 1 h
before MCAO/R, with equal volumes of the solvent in all experiments.
We prepared another stock solution by dissolving 50 mg of 3-methylade-
nine (3-MA; MCE, Monmouth Junction) in 10 ml of 0.9% NaCl (Baxter
Medical Supplies Co, Ltd.) and stored the solution at —20°C. Mice
received intraperitoneal injections of 3-MA (15mg/kg) 1 h before
MCAO/R. The control group was treated with equal volumes of 0.9%
NaCl in all experiments.

LV-Atg5-shRNA transfection, production, and stereotaxic injection

Mouse brains were injected with Atg5 short hairpin RNA lentivirus
(LV-Atg5-shRNA; Shanghai Genechem Co, Ltd.), with green fluorescent
protein (GFP) as a flag. Lentivirus was administered by injection in the
right hemisphere, ipsilateral to the MCAO/R site, at three points. Point 1
was 0 mm anterior-posterior and 2 mm medial-lateral from the bregma;
point 2 was —2 mm anterior-posterior and 3 mm medial-lateral from
the bregma; and point 3 was —4 mm anterior-posterior and 2 mm
medial-lateral from the bregma. Injection depth was 1.5 mm dorsal-
ventral from the skull, as described previously (Hui et al.,, 2016). A total
of 1.2 ul (0.4 ul per point) of GEP-labeled lentivirus suspension (1 x 10°
TU/ml) was injected using a 10-ul Hamilton syringe (Hamilton
Company) at a rate of 0.2 ul/min, and the needle was retained in place
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Figure 1. Mouse brain infarct volume after cerebral ischemia. A, Overview of zeit-
geber time (ZT). ZT0-ZT12 is the inactive phase and Z112-24 is the active phase.
MCAO/R was established at ZT5-ZT7 and ZT17-ZT19. B, TTC staining analysis of
infarct volume at 12, 24, and 72 h post-MCAO at ZT5-ZT7 and ZT17-ZT19 in male
mice (**p < 0.01, n = 6 mice per group). C, TTC staining analysis of infarct volume
at 24 h post-MCAO at ZT5-ZT7 and ZT17-ZT19 in female mice (*p < 0.05, n =6
mice per group). Data are shown as the mean = SEM.

for an additional 10 min. One week after lentivirus pretreatment, we estab-
lished an MCAO/R mouse model. Control mice were anesthetized with 4%
chloral hydrate and their brains were perfused with 50 ml saline and then
immediately harvested and frozen at —20°C until further analysis.

Polypeptide drug design and treatment

The designed polypeptide drugs were dissolved in 0.9% NaCl according to
the instructions. The Tat-GluA1 (Tat-DISPRSLSGR, 10 mg/kg) and Tat-
scr-GluAl (Tat-TENSDGAFMF, 10 mg/kg) were injected intraperitoneally
once a day for one week before establishing the MCAO/R model. Tat-
GluAl was designed according to the GluA1l binding sequence, and the
sequences close to the binding domains were synthesized as scrambled
peptides. All peptides crossed the cell membrane by the domain of the
HIV-1T protein (YGRKKRRQRRR; Ren et al,, 2013). All peptides were
manufactured by GL Biochem, Ltd.

Sample staining and calculation of infarct volume

At 12, 24, or 72 h after MCAQ/R, the mouse brains were removed and
placed in a freezer at —20°C for 15 min. Continuous 2-mm-thick coronal
sections from the frontal to the occipital lobe were created using a sharp
blade. Four brain slices were put in a Petri dish containing 0.5% TTC
(Jiancheng Chemical Reagent) and incubated at 37°C. Brain slices were
dyed for 20 min in the dark and intermittently inverted to ensure uni-
form staining. The volume of the infarct area, which appeared white in



2384 . J. Neurosci., March 29, 2023 - 43(13):2381-2397 Lu, Wang et al.  Autophagy Has Rhythmic Effects on Stroke

A == Sham B == Sham
ZT5-7  ZzT17-19 e = (MCAO/R )24h Z15-7  ZT17-19 MCAO/R)24h
GluAT El 100KD G'“AZEWKD
o
51.04 @ 4
< 1
= ] »
o S SN 2
PN o © 0.5 o {1} v\\,bé‘ \qy <
@ ¥ NN o 0.
T o ¥ 5
K & 0.0- & & 0.0
N N Z15-7  ZT17-19 ZT5-7  ZT17-19
== Sham
C == (MCAO/R)24h
ZT5-7  ZT17-19 55 e e . & 4
GluA1 1250 : |‘I S o h| g 30
Intracellular [B58 B8 % Jiookp 8 1'0 s 3 g E20{g &
GluA1 20 g05 s v g 10
@ 05 = =
ACTB [ == == == == |42KD S i
= N 0.0 A & 0.0 @» 0. A
S v L ¥ o' N A9 o Al
'b /z, . > N A
Q Y
N @0
== Sham
D 2157 ZT17-19 == (MCAO/R)24h

Surface 25 T
Guaz (I I W] <o0kD 20 |—'

Intracellular

So0s

Surface/intracellular
o o = =D

oo 3 A A9
® N @ X oA & AN
0 N '\
S O\Q‘ 2 O\® v ,"/\\ 1’} /\,/((\
<3 8
3 N
Merge
£ - =i
S L R
& /
iy
2lF Penumbra area,bar=200um
N % Brain cortical slice (paraffin,6um)
<5( C == Sham
< 2 ™= (MCAOR)24h
- iz
@
5 =
>|%H 8
= 3
L o
|5 2
N o
2 3
2 <
S 5
= Q)
ZT5-7 ZT17-19

Figure 2. Mouse brain penumbra GluA1/2 expression in circadian rhythm in the sham and (MCAO/R)24 h groups. A, B, Western blot analysis and quantification of GluA1/2 at ZT5-ZT7 and
IT17-2119 in the sham and (MCAO/R)24 h groups (***p << 0.001, n = 6 mice per group). C, Cell surface, intracellular, and total (surface + intracellular) GluA1 levels and the surface/intracel-
lular ratio at ZT5—ZT7 and ZT17-2T19 (***p < 0.001, n = 6 mice per group). D, Cell surface, intracellular, and total (surface + intracellular) GluA2 levels and the surface/intracellular ratio at
IT5-217 and ZT17-2T19 (*p << 0.05, **p << 0.01, ***p < 0.001, n = 6 mice per group). E, Inmunofluorescence analysis showing that GIuA1 expression was significantly decreased in the
(MCAO/R)24 h group at ZT17—ZT19 compared with the ZT5—ZT7 (MCAO/R)24 h and ZT17-2T19 sham groups (**p << 0.01, n = 6 mice per group; scale bar = 200 pm). Data are shown as the
mean £ SEM.

color, was measured in mm?’ using Image] software with the morpho-  comparison test, or one-way ANOVA with Tukey’s post hoc adjustment
metric method, as described previously. test. Data are shown as the mean *+ SEM. Normality tests were performed

to confirm data were normally distributed. p < 0.05 was considered statis-
Experimgntal dgsign and statistical analysis tically signiﬁcant (*p < 0.05, **p <0.01, ***p < 0001) Quantification and

We performed all data analyses using SPSS 23 (Armonk) with a paired,  all statistical analyses were performed by an observer who was blind to the
two-tailed Student’s ¢ test, two-way ANOVA with Bonferroni’s multiple ~ experimental conditions.
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Figure 3.

Mouse brain penumbra autophagic activity in circadian rhythm in the sham and (MCAO/R)24 h groups. A, B, Western blot analysis and quantification of LC3BII/LC3BI (**p <

0.001, *p << 0.05, n = 6 mice per group) and p62 (***p << 0.001, n = 6 mice per group) levels in penumbra tissue in the ZT17-ZT19 and ZT5-ZT7 groups. C, Immunofluorescence analysis
showed that L(3B expression was significantly increased in the (MCAO/R)24 h group at ZT17-2T19 compared with the ZT5-ZT7 (MCAO/R)24 h and ZT17-ZT19 sham groups (***p << 0.001,

n = 6 mice per group; scale bar = 200 um). Data are shown as the mean == SEM.

Results

MCAO/R induced differences in infarct volume, GluA1/2
expression, and autophagic activity in active (ZT5-ZT7) and
inactive (ZT17-ZT19) phases

To evaluate the influence of circadian rhythm on brain damage
in stroke, we measured the infarct volume at 12, 24, and 72 h in
male mice operated during the inactive phase (ZT5-ZT7) and
the active phase (ZT17-ZT19; Fig. 1A). We did not find any sig-
nificant difference in 12 h infarct volume between the ZT5-ZT7
and ZT17-ZT19 groups (F(s30) = 25.855, p=0.072, two-way
ANOVA; Fig. 1B). However, 24 h (F(s30) = 25.855, p=0.008,
two-way ANOVA; Fig. 1B) and 72 h (Fs30) = 25.855, p=0.002,
two-way ANOVA; Fig. 1B) infarct volumes were larger in ZT5-
ZT7 mice than in ZT17-ZT19 mice (Fig. 1B). These results sug-
gest infarct volumes grew between 12 h and 72 h after occlusion,
but the rate of infarct growth was lower in ZT17-ZT19 mice
compared with ZT5-ZT7 mice. Since there was a difference in
24 h infarct volume between ZT5-ZT7 and ZT17-ZT19 male
mice, we assessed whether such difference also existed in female
mice. As expected, at 24 h postischemia, the infarct volumes of
female mice were also smaller in the ZT17-ZT19 group than in
the ZT5-ZT7 group (t0)=2.724, p=0.0214, paired ¢ test; Fig.
1C). These findings suggest circadian rhythm could affect stroke
infarct volume without gender difference.

The role of glutamate signaling through AMPAR changes
over time in ischemia stroke (Clarkson et al., 2011). To detect
changes in AMPAR levels during cerebral ischemia, we collected
penumbral protein from the mouse brains at ZT5-ZT7 and
ZT17-ZT19. WB analysis of the penumbral protein supernatant
showed GluAl levels were lower in the ZT17-ZT19 (MCAO/R)
24 h group than in the ZT5-ZT7 (MCAO/R)24 h (Fz,0) =
35.584, p < 0.0001, two-way ANOVA; Fig. 2A) and ZT17-ZT19
sham groups (F3,0) = 35.584, p <0.0001, two-way ANOVA;

Fig. 2A). Figure 2B shows that GluA2 levels were higher in the
ZT17-ZT19 group than in the ZT5-ZT7 group in both the sham
group (F(30) = 21.443, p < 0.0001, two-way ANOVA; Fig. 2B)
and the (MCAO/R)24 h group (F50) = 21.443, p < 0.0001, two-
way ANOVA; Fig. 2B).

AMPAR incorporation into and removal from the cell surface
is one of the main molecular mechanisms underlying AMPAR
signaling. AMPAR has been suggested to be trafficked to the cell
surface in the form of GluA1/2 (Adesnik and Nicoll, 2007; Gray
et al., 2007). Thus, it makes more sense to detect the AMPAR lev-
els on the cell membrane. Therefore, brain penumbral superna-
tant was extracted using the BS3 cross-linking method, which
selectively cross-links surface membrane-bound receptors to
form high-molecular-weight aggregates that could be readily sep-
arated from unlinked intracellular receptors by gel electrophore-
sis. Figure 2C shows that cell surface (Fz,0) = 13.42, p<
0.0001, two-way ANOVA; Fig. 2C), intracellular (F3 5y = 16.835,
p << 0.0001, two-way ANOVA; Fig. 2C), and total (surface + intra-
cellular; F(359) = 21.219, p < 0.0001, two-way ANOVA; Fig. 2C)
GluAl levels in the (MCAO/R)24 h group at ZT17-ZT19 were
significantly lower compared with the ZT5-ZT7 (MCAO/R)24 h
and ZT17-ZT19 sham groups. No changes were found in the sur-
face/intracellular ratio between the (MCAO/R)24 h group at
ZT17-7ZT19 and the ZT5-ZT7 (MCAO/R)24 h group or the
ZT17-ZT19 sham group. However, Figure 2D shows that the cell
surface GluA2 levels were increased in the ZT17-ZT19 (MCAO/
R)24 h group compared with the ZT5-ZT7 (MCAO/R)24 h group
(F3,20) = 7.234, p < 0.0001, two-way ANOVA; Fig. 2D). The intra-
cellular GluA2 levels were increased in the ZT5-ZT7 (MCAO/R)
24 h group compared with the ZT5-ZT7 sham group (Fg.0) =
13.18, p < 0.0001, two-way ANOVA; Fig. 2D). In addition, intra-
cellular GluA2 levels were increased in the ZT17-ZT19 sham
group compared with the ZT5-ZT7 sham groups (F 3,0 = 13.18,
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Figure 4. Mouse brain penumbra GluA1 expression and autophagic activity in circadian
rhythm in the sham and (MCAO/R)12 h groups. A, Western blot analysis and quantification
of GluA1 at ZT5-ZT7 and ZT17-ZT19 in the sham and (MCAO/R)12 h groups (n = 6 mice per
group). B, ¢, Western blot analysis and quantification of LG3BII/LC3BI (**p < 0.01,n =6
mice per group) and p62 (*p << 0.01, *p << 0.05, n = 6 mice per group) levels in penum-
bra tissue in the ZT17-2T19 and ZT5-ZT7 groups. Data are shown as the mean = SEM.

p <<0.0001, two-way ANOVA; Fig. 2D). Total GluA2 levels in the
sham and (MCAO/R)24 h groups at ZT17-ZT19 were signifi-
cantly increased compared with the sham (F(,p = 11.925,
p<<0.0001, two-way ANOVA; Fig. 2D) and (MCAO/R)24 h
(F3,20) = 11.925, p <0.0001, two-way ANOVA; Fig. 2D) groups
at ZT5-ZT?7. Finally, the surface/intracellular ratio of GluA2 was
decreased in the ZT5-ZT7 (MCAO/R)24 h group compared
with the ZT5-ZT7 sham group (F(3,0) = 10.779, p < 0.0001, two-
way ANOVA; Fig. 2D) and the ZT17-ZT19 (MCAO/R)24 h
group (F20) = 10.779, p=0.003, two-way ANOVA; Fig. 2D).
Moreover, immunofluorescence analysis showed that GluA1 lev-
els in the (MCAO/R)24 h group at ZT17-ZT19 were significantly
lower than in the ZT5-ZT7 (MCAO/R)24 h (F;0) = 6.444,
p=0.001, two-way ANOVA; Fig. 2E) and ZT17-ZT19 sham
groups (F 20y = 6.444, p =0.009, two-way ANOVA; Fig. 2E).

To detect autophagic activity during cerebral ischemia, we
determined the expression of the autophagy marker proteins
light chain 3 (LC3) and p62. Figure 3A shows that the LC3BII/
LC3BI ratio was higher in the (MCAO/R)24 h group at ZT17-
ZT19 than in the ZT5-ZT7 (MCAO/R)24 h (Fgs0) = 37.322,
p <0.0001, two-way ANOVA; Fig. 3A) and ZT17-ZT19 sham
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(F3.20) = 37.322, p < 0.0001, two-way ANOVA; Fig. 3A) groups.
Conversely, Figure 3B shows that the relative expression of p62
in the (MCAO/R)24 h group at ZT17-ZT19 was significantly
lower than in the ZT5-ZT7 (MCAO/R)24 h (F(,0) = 44.113,
p <<0.0001, two-way ANOVA; Fig. 3B) and ZT17-ZT19 sham
(F3.20) = 44.113, p < 0.0001, two-way ANOVA; Fig. 3B) groups.
Moreover, immunofluorescence analysis showed an increase in
the proportion of LC3B colocalized with NeuN in cortical neu-
rons in the ZT17-ZT19 (MCAO/R)24 h group compared with
the ZT5-ZT7 (MCAO/R)24 h (F(3,0) = 9.889, p <0.0001, two-
way ANOVA; Fig. 3C) and ZT17-ZT19 sham (F0) = 9.889,
P <0.0001, two-way ANOVA; Fig. 3C) groups. These results sug-
gest that GluA1 expression was decreased and autophagic activity
was increased 24 h after stroke onset during the active phase.

Because tissue was collected at 24 h after MCAO/R, i.e., in the
same circadian phase as the stroke, we also analyzed GluAl
expression and autophagic activity in the opposing circadian
phase. Penumbral protein was collected from the mouse brains
at 12 h after stroke onset in the ZT5-ZT7 and ZT17-ZT19
groups. GluAl levels were not different between the ZT5-ZT7
(MCAO/R)12 h and ZT17-ZT19 (MCAO/R)12 h groups
(Fig. 4A). However, the LC3BII/LC3BI ratio was higher in
the (MCAO/R)12 h group at ZT17-ZT19 than in the ZT5-
ZT7 (MCAO/R)12 h group (F;20) = 4.372, p=0.005, two-
way ANOVA; Fig. 4B). On the contrary, Figure 4C shows that
the relative expression of p62 in the ZT17-ZT19 (MCAO/R)
12 h group was significantly lower than in the ZT5-ZT7
(MCAO/R)12 h (F(s.0) = 4.373, p=0.005, two-way ANOVA;
Fig. 4C) and ZT17-ZT19 sham (F3 ) = 4.373, p=0.015, two-
way ANOVA; Fig. 4C) groups. These findings indirectly suggest
there may be an interval between the activation of autophagy
and the degradation of GluA1 within 12 h after ischemia.

Regulation of autophagy influenced GluA1 expression

To determine whether autophagy regulated the expression of
GluAl 24 h after stroke onset, we employed RAPA to induce
autophagy and 3-MA to inhibit it. The results showed that the
LC3BII/LC3BI ratio was increased in the RAPA group (Fs 30y =
15.51, p=0.0237, one-way ANOVA; Fig. 5A) and decreased in
the 3-MA group (F(s30) = 15.51, p=0.0026, one-way ANOVA;
Fig. 5A) compared with the control group at ZT17-ZT19. The
relative expression level of p62 was decreased in the RAPA group
(Fi536) = 16.69, p=0.0069, one-way ANOVA; Fig. 5B) and
increased in the 3-MA group (Fs 36) = 16.69, p =0.0015, one-way
ANOVA; Fig. 5B) compared with the control group at ZT17-
ZT19. These results suggest that intraperitoneal injection of
RAPA increased autophagic activity, whereas 3-MA inhib-
ited it. In addition, we tested the effects of the drugs during
active-phase stroke to determine differences in infarct vol-
ume. Staining with TTC revealed that infarct volume was
smaller in the RAPA group than in the DMSO control group
(F3,20) = 18.25, p=0.0258, one-way ANOVA; Fig. 5C), and
infarct volume was larger in the 3-MA group than in the
0.9% NaCl group (F 20y = 18.25, p=0.0017, one-way ANOVA;
Fig. 5C). Moreover, statistical analysis revealed that infarct vol-
ume was negatively correlated with the LC3BII/LC3BI ratio
(R*=0.673, p=0.001; Fig. 5D).

We further evaluated the effects of activation or inhibition of
autophagy on AMPAR expression in the penumbra during
active-phase stroke. We determined the AMPAR distribution
with the BS3 protein cross-linking assay. Surface (f(;0)=3.834,
p=0.0033, paired t test; Fig. 5E), intracellular (¢;9y=3.698, p=
0.0041, paired ¢ test; Fig. 5E), and total (f10)=4.302, p=0.0016,



Lu, Wang etal.  Autophagy Has Rhythmic Effects on Stroke

B ZT17-19

1
ol

(MCAO/R)24h— 4 — (MCAO/R)24h— + + + +

+ + + + -
DMSO — — + + — — 0.0 %"f\gg—_*'*__
RAPA — — — = 5 O O W& TR
" _ T SPEREY oguNaCl — — — — 4 4
09%NaCl — — — — 4 4 RO oy - &
3MA —— — — — + vav*@%x‘{g« 2 - -
&
N
E
£
s
© 40
ks
£ 30
® 20
E .
310
S 02 04 06 08 10 12
LC-3BIILC3-BI
== (MCAO/R)24h+DMSO
E 2T17-19 == (MCAO/R)24h+DMSO+RAPA
GIuA1 GIuA2 oo 205 %50 540
s . s 815 Sa0{; . 8 &
Intracellular l: Elmm([)@ £ I—l = [©) 20 ¥ E 2.0
220 - g'0 oz 2.,
; = " g
42KD 3, = i

== (MCAO/R)24h+0.9%NaCl
== (MCAO/R)24h+3MA

F 2T17-19
GuAT __ GluA2
2 40] == L

Intracellular Elwom $30 M
g 20
N N 3

<l

Surfacefintracellular
Surfacefintracellular

o

100KD

GIuA1/ACTB

ACTB| —— v — | 42KD

(MCAO/R)24h —
DMSO
RAPA

0.9%NaCl
3-MA

I+
I+t
[+ ++
I+ 11+
X

[

Figure 5. Mouse brain infarct volume and L(3B, p62, and GluA1/2 expression in penumbra tissue in the (MCAO/R)24 h group
at ZT17-Z119 following regulation with RAPA and 3-MA. A, B, Western blot analysis and quantification of levels of LC3BII/LC3BI
(*p << 0.05, **p < 0.01, n = 6 mice per group) and p62 (*p << 0.05, **p << 0.01, n = 7 mice per group). ¢, RAPA (10 mg/kg)
or 3-MA (15 mg/kg) was administered 1 h before MCAO/R model establishment at ZT17-ZT19. Mice in the sham group received an
equal amount of solvent. TTC staining analysis of infarct volume (*p << 0.05, **p << 0.01, n = 6 mice per group). D, Linear regres-
sion analysis was conducted to determine infarct volume and LC3BII/LC3BI expression (**p << 0.01). E, Cell surface, intracellular,
and total (surface + intracellular) GluA1/2 levels and the surface/intracellular ratio after RAPA treatment (**p << 0.01, n = 6 mice
per group). F, Cell surface, intracellular, and total (surface + intracellular) GluA1/2 levels and the surface/intracellular ratio after
3-MA treatment (*p << 0.05, **p << 0.01, n = 6 mice per group). G, Western blot analysis and quantification of GluA1 levels
(*p << 0.05, **p << 0.01, n = 6 mice per group). Data are shown as the mean = SEM.
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paired ¢ test; Fig. 5E) GluA1 levels, but not
the GluAl surface/intracellular ratio, were
significantly decreased in the RAPA group
compared with the control group. By
contrast, surface, intracellular, and total
GluA2 levels and the GluA2 surface/intra-
cellular ratio showed no significant differ-
ence between these two groups (Fig. 5E).
Moreover, surface (t1,)=3.384, p=0.0054,
paired ¢ test; Fig. 5F) and total (f2)=
2.278, p=0.0418, paired t test; Fig. 5F)
GluAl levels but not intracellular GluAl
levels or the GluAl surface/intracellular
ratio at ZT17-ZT19 were significantly
increased in the 3-MA group compared
with the 0.9% NaCl group. However, sur-
face, intracellular, and total GluA2 levels
and the GluA2 surface/intracellular ratio
did not differ between the 3-MA and 0.9%
NaCl groups (Fig. 5F). Furthermore, WB
results showed that GluAl levels in the
RAPA (Fs 30y = 14.01, p=0.0135, one-way
ANOVA; Fig. 5G) and 3-MA (F(530) =
14.01, p=0.0019, one-way ANOVA; Fig.
5G) groups were consistent with the total
GluAl expression from BS3 cross-linking
experiments (Fig. 5E,F).

To assess the generalizability of these
results, we conducted a series of stroke
experiments during the inactive phase
(ZT5-7T7). Similarly, the results showed
that RAPA induced autophagy [F(s30) =
114, p=0.007, one-way ANOVA, for
LC3BII/LC3BI (Fig. 6A); Fiss0) = 19.19,
p=0.026, one-way ANOVA, for p62 (Fig.
6B)], whereas 3-MA inhibited it [F(s 30y =
11.4, p=0.0027, one-way ANOVA, for
LC3BII/LC3BI (Fig. 6A); F(ss0) = 19.19,
p=0.0186, one-way ANOVA, for p62
(Fig. 6B)]. In addition, RAPA decreased
the expression of GluAl (Fs30) = 14.24,
p=0.0334, one-way ANOVA; Fig. 6C),
whereas 3-MA increased it (Fs30) =
14.24, p=0.0018, one-way ANOVA; Fig.
6C). To rule out the influence of ischemia
itself, we further examined GluAl expres-
sion regulated by RAPA or 3-MA in nonis-
chemic conditions at ZT5-ZT7. Likewise,
under these different conditions, RAPA
decreased the expression of GluAl (Fys) =
14.87, p=0.0335, one-way ANOVA; Fig.
6D), whereas 3-MA increased it compared
with corresponding control groups (F4s) =
14.87, p=0.0054, one-way ANOVA; Fig.
6D). As expected, in nonischemic con-
ditions, RAPA also induced autophagy
[Flazs) = 13.23, p=0.0109, one-way ANOVA,
for LC3BII/LC3BI (Fig. 6E); Fuyss) = 13.09,
p=0.0127, one-way ANOVA, for p62 (Fig.
6F)], whereas 3-MA inhibited it [Fps =
13.23, p =0.0466, one-way ANOVA, for
LC3BII/LC3BI (Fig. 6E); F(4.5) = 13.09,
p=0.0036, one-way ANOVA, for p62
(Fig. 6F)].
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Figure 6.  L(3B, p62, and GluA1 expression after administration of RAPA and 3-MA in (MCAO/R)24 h ZT5-ZT7 and nonischemic conditions. A, B, Western blot analysis and quantification of
LG3BII/LC3BI (**p << 0.01, n = 6 mice per group) and p62 (*p << 0.05, n = 6 mice per group) expression in penumbra tissue at ZT5—-ZT7. C, Western blot analysis and quantification of GluA1
in penumbra tissue at ZT5-ZT7 (*p << 0.05, **p < 0.01, n = 6 mice per group). D, Western blot analysis and quantification of GluA1 expression (*p << 0.05, **p << 0.01, n = 6 mice per
group). E, F, Western blot analysis and quantification of LC3BII/LC3BI (*p << 0.05, n = 6 mice per group) and p62 (*p << 0.05, **p << 0.01, n = 6 mice per group) expression. Data are shown

as the mean = SEM.

Taken together, these data suggest that regulation of GluAl
by autophagy is a common phenomenon, in both ischemic and
nonischemic states and in both the active and inactive phases.

Inhibition of autophagy increased GluA1 expression

To exclude the possibility that pharmacological methods were
nonspecific, we used LV-Atg5-shRNA to knock down Atg5 and
thereby inhibit autophagy. The lentivirus was injected intracrani-
ally, and the viral flag GFP was successfully detected in the cortex
(Fig. 7A). First, we examined the effect during active-phase
stroke. WB results showed that the levels of the autophagy-
related protein Atg5 were significantly decreased in the MCAO/
R + LV-Atg5-shRNA group compared with the MCAO/R +

vector group (F(3,4) = 10.05, p=0.0002, one-way ANOVA; Fig.
7B). Meanwhile, compared with the vector group, the expression
of the autophagic protein LC3 was decreased (F(3,0) = 9.921,
p=0.0045, one-way ANOVA; Fig. 7C) and p62 expression was
increased (F(350) = 10.420, p=0.0021, one-way ANOVA; Fig.
7D).

To further verify whether autophagy inhibition by Atg5
knock-down increased GluAl expression, we performed a BS3
cross-linking experiment. The results showed that surface
(t(10)=4.382, p=0.0014, paired t test; Fig. 7E) and total
(t(10)=3.909, p=0.0029, paired t test; Fig. 7E) GluAl levels
but not intracellular GluAl levels or the surface/intracellu-
lar ratio were higher in the MCAO/R + LV-Atg5-shRNA
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shRNA group compared with the vector group one week after LV-Atg5-shRNA administration (**p << 0.01, n = 7 mice per group). C, D, Western blot analysis and quantification of LC3BII/
LG3BI (**p << 0.01, n = 6 mice per group) and p62 (**p << 0.01, n = 6 mice per group). E, Cell surface, intracellular, and total (surface + intracellular) GluA1/2 levels and surface/intracellular
ratios (**p << 0.01, n = 6 mice per group). F, Western blot analysis and quantification of GIuAT expression (**p << 0.01, n = 8 mice per group). G, TTC staining analysis of infarct volume
(*p < 0.05, n = 6 mice per group). Data are shown as the mean == SEM.
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group than in the vector group. However, as illustrated in
the same figure, there was no difference between the two
groups in surface, intracellular, and total GluA2 levels and
surface/intracellular ratio. WB results also showed that
GluAl expression was higher in the MCAO/R + LV-Atg5-
shRNA group than in the vector group (F;.s = 9.089,
p =0.0048, one-way ANOVA; Fig. 7F). Moreover, infarct volume
was larger in the LV-Atg5-shRNA group compared with the vec-
tor group during active-phase stroke (f0)=3.146, p=0.0104,
paired ¢ test; Fig. 7G).

Subsequently, we conducted similar tests to determine whether
autophagy regulates GluA1 expression during the inactive phase
(ZT5-ZT7). As expected, GluAl expression was increased in the
MCAO/R + LV-Atg5-shRNA group compared with the vector

group (F320) = 8.797, p=0.0025, one-way ANOVA; Fig. 84). In
agreement with the 3-MA experiments, expression of the autopha-
gic protein p62 was increased (F 0y = 7.063, p =0.0146, one-way
ANOVA; Fig. 8B) and LC3 expression was decreased (Fg0) =
4.688, p=0.0389, one-way ANOVA; Fig. 8C) after Atg5 knock-
down. To rule out the influence of ischemia itself, similar to the
above pharmacological intervention experiments, we detected
GluA1 expression after Atg5 knock-down, which decreased LC3
expression (F5,15) = 6.82, p=0.023, one-way ANOVA; Fig. 8D)
and increased p62 expression (F( ;5 = 11.64, p=0.0053, one-way
ANOVA; Fig. 8E), in nonischemic ZT5-ZT7 mice. The results
showed that Atg5 knock-down still upregulated the expression of
GluAl in nonischemic conditions (F, sy = 10.87, p=0.009, one-
way ANOVA; Fig. 8F). These data further proved that autophagy
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Figure 9. Mouse brain infarct volume and LC3B, p62, and GluA1/2 expression in penumbra tissue of the (MCAO/R)24 h ZT17-ZT19 group after injection of Tat-GluAT or Tat-Scr-GluA1. 4,
Co-immunoprecipitation of p62 and GluA1 at ZT17-ZT19 (**p << 0.01, n = 6 mice per group). B, Polypeptide drugs were administered intraperitoneally once a day for one week. GFP showed
that the drug was successfully absorbed in the mouse brain (scale bar = 200 and 50 pum). €, Tat-GluAT significantly abolished the binding between p62 and GluAT (**p << 0.01, n = 6 mice
per group). D, TTC staining analysis of infarct volume (**p << 0.01, n = 6 mice per group). E, F, Western blot analysis and quantification of LC3BII/LC3BI (*p << 0.05, n = 6 mice per group)
and p62 (**p << 0.01, n = 6 mice per group). G, Cell surface, intracellular, and total (surface + intracellular) GluA1/2 levels and surface/intracellular ratios (**p << 0.01, *p < 0.05,n=6
mice per group). Data are shown as the mean = SEM.
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regulates GluAl1 levels in both active and inactive circadian phases,
in both ischemic and nonischemic conditions.

Disruption of GluA1-p62 interaction blocked GluA1
degradation and aggravated brain damage

p62 functions as an autophagic adapter in mammals and has
been shown to be active in autophagic degradation of misfolded
proteins (Komatsu et al, 2007). In addition, it interacts with
AMPAR subunits and influences their trafficking and phospho-
rylation (Jiang et al., 2009). To verify whether interactions
between p62 and GluAl were changed in the ZT17-ZT19
(MCAO/R)24 h (active-phase stroke) group, we performed a co-
immunoprecipitation experiment. Figure 9A illustrates that the
interaction between p62 and GluAl was increased in the
(MCAO/R)24 h group compared with the sham group (f;0)=
3213, p=0.0093, paired ¢ test; Fig. 9A). We further evaluated
whether direct interactions between p62 and GluA1 were required
for the autophagy-induced decrease in GluA1 expression. To deter-
mine the effect of increased binding of p62 to GluA1, we used the
specific blocking peptide Tat-GluA1 (Tat-DISPRSLSGR) to block
the p62-GluAl interaction. Tat-scrambled GluAl (Tat-Scr-GluAl)
was used as a control (Tat-IFNSDGAFMF; Ren et al., 2013). The
polypeptides were administered intraperitoneally once a day for
oneweek. GFP was used as a flag. The drug was successfully
absorbed in the brain (Fig. 9B). As expected, the results showed
Tat-GluAl significantly inhibited the binding between GluAl
and p62 (F320) = 10.78, p=0.0051, one-way ANOVA; Fig. 9C).
Moreover, we evaluated the effects of Tat-GluA1 on brain dam-
age. The results showed that infarct volume was larger in the
Tat-GluAl group than in the Tat-Scr-GluA1l group at ZT17-ZT19
(t(10)=4.088, p = 0.0022, paired ¢ test; Fig. 9D).

Next, we studied whether disruption of the GluA1-p62 inter-
action affected autophagic activity. At ZT17-ZT19, autophagic
proteins LC3 (Fig. 9E) and p62 (Fig. 9F) were detected. The
results showed no difference between the Tat-GluAl and Tat-
Scr-GluA1 groups. These findings indicate that inhibition of the
GluA1-p62 interaction in the penumbra abolished the protective
effects of autophagy in active-phase stroke.

Then, we conducted a BS3 cross-linking experiment to
detect GluA1 expression in the stroke groups. We found that
the surface (f40)=4.334, p=0.0015, paired ¢ test; Fig. 9G) and
total (#(10)=4.030, p=0.0024, paired ¢ test; Fig. 9G) GluA1l levels
and the surface/intracellular ratio (t;9y =2.868, p =0.0167, paired
t test; Fig. 9G) were increased in the Tat-GluA1 group compared
with the Tat-Scr-GluAl control group at ZT17-ZT19. However,
intracellular GluA1 levels did not significantly differ between
the two groups. We further examined whether Tat-GluA1 affected
the expression of GluA2. We found that the surface, intracellular,
and total GluA2 levels and the surface/intracellular ratio did not sig-
nificantly differ between the two groups (Fig. 9G).

These results suggest that interactions between p62 and
GluAl are required for the autophagy-induced decrease in
GluA1l expression.

Per1 knock-out abolished the effect of circadian rhythmicity
on infarct volume, GluA1/2 expression, and autophagic
activity in ischemic stroke

Perl is an important clock gene (Reppert and Weaver, 2002),
which plays a critical role in maintaining and regulating the sta-
bility of circadian rhythms (Bae et al., 2001; Zheng et al., 2001).
To explore the relationship between PER1 and circadian rhythm
effects on brain damage, we knocked out Per! (Fig. 10A) and per-
formed a series of experiments. First, we found that the infarct
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Figure 10.  Mouse brain infarct volume 24 h post-MCAO in circadian rhythm after Per?
knock-out. A, Nucleic acid electrophoresis tests showed successful knock-out of the Per7 gene
(Per1™'~ mouse homozygotes, one band at 459 bp; WT allele, one band at 637 bp). B, TTC
staining analysis of infarct volume in Per7 ™'~ and WT mice at ZT5-ZT7 and ZT17-ZT19
(***p < 0.001, n = 6 mice per group). Data are shown as the mean = SEM.

volume in Perl™’~ mice was not significantly different between the
active and inactive phases (F(0) = 23.897, p=0.107, two-way
ANOVA; Fig. 10B). In wild-type (WT) mice, the BS3 cross-linking
experiment showed that cell surface, intracellular, and total
(surface + intracellular) GluA1 levels in the (MCAO/R)24 h group
at ZT17-ZT19 were significantly decreased compared with the
ZT17-ZT19 sham group. No changes were found in the surface/in-
tracellular ratio in the (MCAO/R)24 h group at ZT17-ZT19 com-
pared with the ZT17-ZT19 sham group (Fig. 11A). In Perl '~
knock-out mice, different from WT mice, the surface (F3 59 = 9.52,
p<<0.0001, two-way ANOVA; Fig. 11B), intracellular (F350) =
3.519, p=0.031, two-way ANOVA; Fig. 11B), and total (F3,0) =
10.607, p < 0.0001, two-way ANOVA; Fig. 11B) GluA1l levels and
the surface/intracellular ratio (F350) = 4.148, p=0.002, two-way
ANOVA; Fig. 11B) in the stroke group at ZT17-ZT19 were signifi-
cantly increased compared with the sham group at ZT17-ZT19.
Moreover, there was no difference in the surface, intracellular, and
total GluA2 levels and the surface/intracellular ratio among the
sham and stroke groups at ZT17-ZT19 (Fig. 11D). The WB results
for GluAl (F3,s = 24.651, p<0.0001, two-way ANOVA; Fig.
11C) and GluA2 (Fig. 11E) in Perl ~/~ knock-out mice were similar
to those of total GluA1/2 expression in the BS3 cross-linking experi-
ment (Fig. 11B,D). Meanwhile, the LC3BII/LC3BI ratio was
decreased (F324) = 12.02, p < 0.0001, two-way ANOVA; Fig. 12A)
and p62 expression was increased (F3,4) = 7.309, p < 0.0001, two-
way ANOVA; Fig. 12B) 24 h after MCAO/R in Per]”’~ mice com-
pared with WT mice (sham and MCAO/R) at ZT17-ZT19.
No differences were found in autophagic activity among
these groups at ZT5-ZT7 (Fig. 12A,B). Immunofluorescence
analysis also showed that the proportion of LC3B colocalized with
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Figure 11.

GluA1/2 expression in penumbra tissue in the (MCAO/R)24 h group in circadian rhythm after Per7 knock-out. A, B, Cell surface, intracellular, and total (surface + intracellular)

GluA1 levels and the surface/intracellular ratio in WT and Per7'~mice at ZT5-Z17 and ZT17-ZT19 (*p < 0.05, **p < 0.01, ***p < 0.001, n = 6 mice per group). €, Western blot analysis
and quantification of GluA1 in Per?™'~ and WT mice at ZT5—Z17 and ZT17-ZT19 (***p < 0.001, n = 6-8 mice per group). D, Cell surface, intracellular, and total (surface + intracellular)
GIuA2 levels and the surface/intracellular ratio in Per? '~ mice at ZT5-Z17 and ZT17-ZT19. E, Wester blot analysis and quantification of GluA2 in Per7 '~ mice at ZT5—ZT7 and ZT17-ZT19.

Data are shown as the mean = SEM.

NeuN in cortical neurons did not significantly differ between
groups in Perl”'~ mice, regardless of the phase of the day or the
presence of stroke injury (Fig. 12C). These results suggest that Perl
knock-out aggravated brain injury during active-phase stroke by
blocking autophagy-dependent degradation of GluAl.

Discussion

We explored the circadian cycle of autophagic flux in an MCAO/
R mouse model and the mechanism underlying regulation of
brain injury by autophagy. We found that infarct volume was
smaller, GluA1l expression was decreased, and autophagy was
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Autophagic activity in penumbra tissue in the (MCAO/R)24 h group in circadian rhythm after Per7 knock-out. A, B, Western blot analysis and quantification of LC3BII/LC3BI

(***p < 0.001, n = 7 mice per group) and p62 (**p << 0.01, ***p << 0.001, n = 7 mice per group). C, Immunofiuorescence analysis showed that LC3B levels did not significantly differ

between groups in Per7 '~ mice (scale bar = 200 pm). Data are shown as the mean = SEM.

activated in active-phase (ZT17-ZT19) stroke compared with
inactive-phase (ZT5-ZT7) stroke. We also showed that GluAl
expression under different autophagic activities (regulated by
RAPA, 3-MA, or LV-Atg5-shRNA) was neither ischemia-depend-
ent nor circadian rhythm-dependent. However, infarct volume
was positively correlated with GluAl expression and negatively
correlated with autophagic activity. In addition, we found that
autophagy-dependent degradation of GluAl was mediated by
interaction between GluAl and p62. Disruption of GluAl-p62
binding appeared to eliminate the protective effects of autophagy,
resulting in greater infarct volume and increased GluAl expres-
sion in active-phase (ZT17-ZT19) stroke. Furthermore, knock-
out of the Perl gene abolished the neuroprotective effects of
autophagy in active-phase stroke.

Circadian rhythms are ubiquitous in mammals (O'Neill et al.,
2011), and disruption of these rhythms affects mammals’ physio-
logical and pathologic processes (Zueva et al., 2016). In a human
stroke study, patients with symptom onset in the daytime
showed smaller ischemic core volumes compared with those
with onset at night (Reidler et al., 2021). A recent study reported
a smaller penumbra and reduced infarct growth in mouse stroke
models in which the occlusion occurred during the active phase
(ZT15-ZT21; Esposito et al.,, 2020). Consistent with previous
studies, we also demonstrated that infarct volume was larger dur-
ing the inactive phase (ZT5-ZT7) than during the active phase
(ZT17-ZT19) in MCAO/R mice.

AMPAR is an ionic glutamate receptor consisting of four subu-
nits (GluA1-4) that plays an important role in the ischemia-related

excitotoxic pathway. Ischemic insult leads to altered GluAl/2
AMPAR subunit expression, which allows massive Ca*"
entry through AMPARs. The GluA2 subunit inhibits calcium
influx, exerting neuroprotective effects against cerebral is-
chemia (Achzet et al., 2021b). Previous studies reported that
oxygen glucose deprivation/reperfusion induced internaliza-
tion and degradation of the GluA1 and GluA2 AMPAR subu-
nits in vitro (Mazzocchetti et al., 2020). Our study revealed
that GluAl expression was dramatically decreased in the
MCAO/R group compared with the sham group at ZT17-
ZT19, while there was no significant difference at ZT5-ZT7.

However, the explanation for changes in GluA2 levels at dif-
ferent time points is complex. GluA2 surface expression was
decreased in mice with stroke in the inactive phase (ZT5-ZT7).
Surprisingly, total GluA2 expression was increased in both sham
and MCAO/R mice in the active phase (ZT17-ZT19), which
indicated that the decreased expression of GluA2 in the inactive
phase was reversed in the active phase in both sham and MCAO/
R mice. It could be inferred that the increase in GluA2 expres-
sion was likely regulated by other circadian rhythm mechanisms.
One possible explanation is that the expression of adenosine deami-
nase acting on RNA 2b (ADAR2b), which catalyzes the editing of
the GluA2 Q/R site (Wright and Vissel, 2012), is influenced by the
circadian rhythm (Terajima et al., 2017).

Many studies have demonstrated the crucial role of autophagy
in the regulation of MCAO/R-induced neuron injury. However,
whether autophagy is helpful or harmful is still debated, and the
role of autophagy in the pathophysiological changes in ischemic
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stroke is particularly complex (P. Wang et al., 2018). Previous
research suggested that the role of autophagy in NMDAR-depend-
ent long-term depression and chemical long-term depression is to
degrade AMPARs or key synaptic protein substrates (Shehata et
al., 2012). Another study found that autophagy degrades the T19-
phosphorylated form of postsynaptic density-95 from synapses
and causes an increase in AMPAR surface mobility (Compans et
al., 2021). In the present study, we used RAPA and 3-MA to
induce and inhibit autophagy, respectively. We observed that
RAPA and 3-MA affected GluA1 expression in both ischemic and
nonischemic states, and in stroke during both active and inactive
phases. We also observed that infarct volume was smaller in the
RAPA group and larger in the 3-MA group at ZT17-ZT19.

In addition to interfering with autophagy by pharmacological
methods, we blocked it at the genetic level. We used LV-Atg5-
shRNA to knock down Atg5 and found that GluAl expression
was higher and infarct volume was larger compared with the vec-
tor group. These results indicate that the role of autophagy in is-
chemic insult might be in large part related to regulating the
degradation of GluAl. This result was in agreement with those
of other studies in which autophagy protected against ischemia/
reperfusion injury (Rami et al., 2017; Rao et al., 2017; Xin et al.,
2017; X. Liu et al., 2018). However, there are limitations in the
present study. LV-Atg5-shRNA could infect all types of cells in
the brain, including neurons, microglial cells, and astrocytes.
Therefore, the possibility that autophagic activity was regulated
in non-neuronal cells cannot be ruled out. In the future, there is
a need to use viruses that specifically interfere with Atg5 expres-
sion in neurons. We also found that the LC3BII/LC3BI ratio was
increased at ZT17-ZT19 compared with ZT5-ZT7 in the sham
group (Fig. 3A). This result is consistent with a previous study
showing that the autophagy level is related to circadian rhythm,
as it is higher at night than during the day in mouse models
(Rami et al., 2017). Yet, possibly because of crosstalk between
active-phase stroke and the stimulation of ischemia, we observed
that expression of LC3BII/LC3BI was upregulated while that of
p62 was downregulated in mouse brains after MCAO/R during
the active phase (ZT17-ZT19), but not the inactive phase (ZT5-
ZT7). We conjecture that autophagy promoted the degradation
of GluAl at ZT17-ZT19 in the MCAO/R group, protecting
against increased cerebral infarct volume.

We also analyzed the mechanism of selective degradation of
GluAl by autophagy. A study revealed that p62 acts as an
autophagy receptor to mediate selective autophagy (Geetha and
Wooten, 2002). The ZZ-type zinc finger domain of p62 directly
binds to the AMPAR GluAl subunit intracellular loop L2-3
(Jiang et al., 2009; Ren et al., 2013). p62 regulates AMPAR traf-
ficking and synaptic plasticity and also serves as a scaffolding
protein to facilitate GluA1 Ser818 phosphorylation by protein ki-
nase C A (PKCA; Ren et al,, 2013). Our findings revealed that af-
ter MCAO/R during the active phase (ZT17-ZT19), the ability of
p62 to bind to GluA1 was enhanced. Using polypeptides to selec-
tively disrupt the interaction between p62 and GluAl, we found
increased GluA1 expression and worsened ischemic brain injury,
but unchanged autophagic activity. The decrease in GluA1 expres-
sion after MCAO/R during the active phase was likely mediated
by the p62-GluAl interaction, followed by direct autophagic
degradation.

Previous research has reported decreased autophagic activity in
the hippocampus and increased neuronal injury after cerebral is-
chemia after Perl knock-out (Wiebking et al., 2013). Consistent
with previous studies, we also found Perl™’~ mice were suscepti-
ble to ischemia. However, we did not find reduced autophagy after
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Per] knock-out in the cortex. Per] mRNA levels were upregulated
at ZT17-7ZT19 and downregulated at ZT5-ZT7. We found that
autophagy was induced by cerebral ischemia at ZT17-ZT19 but
not at ZT5-ZT7. Yet, RAPA could induce autophagy in nonische-
mic states at any time period. It is possible that ischemia-induced
activation of autophagy requires the presence of PER1, while the
activation of autophagy by drugs may not require PER1.

In summary, we may need to consider the influence of the cir-
cadian rhythm on the pathophysiological mechanism of ischemic
stroke in clinical treatment of ischemic stroke.
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