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ABSTRACT

Stroke is a major public health problem leading to high rates of death and disability worldwide, but no
effective pharmacological therapy is currently available except for the use of PLAT (plasminogen
activator, tissue). Here we show that PARP14 (poly (ADP-ribose) polymerase family, member 14) level
was significantly increased in the peri-infarct zone of photothrombotic stroke (PT) mice. Genetic knock-
down and pharmacological inhibition of PARP14 aggravated functional impairment and increased
infarct volume in PT mice, while overexpression of PARP14 displayed the opposite effects.
Furthermore, PARP14 was abundant in microglia, and downregulation of PARP14 increased post-
stroke microglial activation, whereas overexpression of PARP14 alleviated microglial activation, possibly
through microglial macroautophagy/autophagy modulation. Mechanistically, overexpression of PARP14
suppressed Lpar5 (lysophosphatidic acid receptor 5) gene transcription to inhibit microglial activation
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post stroke. Taken together, PARP14 is a stroke-induced signal that restricts microglial activation and
promotes functional recovery, and can serve as a novel target to develop new therapeutic agents for
stroke. Moreover, these findings may be conducive to proper use of various PARP inhibitors.

Abbreviations: 3-MA: 3-methyladenine; AIF1/Iba-1: allograft inflammatory factor 1; CNS: central nervous
system; CQ: chloroquine; DAPI: 4',6-diamidino-2-phenylindole; DMEM: Dulbecco’s modified Eagle’s med-
ium; DMSO: dimethyl sulfoxide; ELISA: enzyme-linked immunosorbent assay; FBS: fetal bovine serum;
GFAP: glial fibrillary acidic protein; IL1B/IL-1(: interleukin 1 beta; IL6/IL-6: interleukin 6; LPARS5: lysopho-
sphatidic acid receptor 5; MAP1LC3B: microtubule-associated protein 1 light chain 3 beta; NOS2/iNOS:
nitric oxide synthase 2, inducible; OGD: oxygen glucose deprivation; PAR: polymer of poly (ADP ribose);
PARP: poly (ADP-ribose) polymerase family; PBS: phosphate-buffered saline; PLAT/tPA: plasminogen
activator, tissue; PT: photothrombotic stroke; gPCR: quantitative polymerase chain reaction; Rap: rapa-
mycin; RBFOX3/NeuN: RNA binding protein, fox-1 homolog (C. elegans) 3; SQSTM1: sequestosome 1;
TNF/TNF-a: tumor necrosis factor

Introduction models. Rather than targeting mechanisms that prevent only
neurons, we need to engage other types of cells, such as
astrocytes, microglia, and endothelial cells, for therapeutic
intervention [3].

Microglia function as the primary regulators of inflamma-
tory responses in the central nervous system (CNS) and
interact with numerous other cell types [4]. Microglia are
essential to maintaining homeostasis in the CNS and work
during brain development and disease [5]. After cerebral
ischemia, microglia are activated, migrate toward the ischemic
area, remove debris and secrete neurotrophic factors to pro-
tect neurons [6]. On the other hand, microglia also produce
inflammatory cytokines as well as cytotoxic substances to

Stroke can cause death and disability and is a global burden to
patients and society. Currently, thrombolysis with PLAT
(plasminogen activator, tissue) remains the only Food and
Drug Administration-approved medication for acute ischemic
stroke treatment [1]. Unfortunately, due to its narrow ther-
apeutic time window and side effects, PLAT is applied on <5%
of acute ischemic stroke patients [2]. In the past few decades,
researchers have focused on studying neuroprotection to res-
cue post-stroke neuronal damage, but all of the derived can-
didate agents failed to show significant benefits in clinical
trials despite providing efficacy in experimental animal
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exacerbate ischemic injury [7]. A better understanding of the
mechanisms of microglial function post stroke may facilitate
the development of therapies to promote recovery.

PARPs (Poly (ADP-ribose) polymerases) modify target
proteins with ADP-ribose by using nicotinamide adenine
dinucleotide as a substrate [8], and contribute to various
signaling pathways linked to DNA repair [9], transcriptional
regulation [10], RNA and protein abundance [11], cell differ-
entiation [12], and inflammation [13]. A variety of PARP
inhibitors have been developed for cancer therapy over the
past decades, and several of them have been approved by the
Food and Drug Administration [14]. Some PARP inhibitors
may also benefit stroke outcome [13]. However, the PARP
superfamily comprises 17 members with different structures
and functions in the cell [15]. While extensive structural and
functional studies have been undertaken on PARP1 and
PARP2, which are the major targets of PARP inhibitors, the
biology of other members is less understood.

In this study, we aim to investigate which member of the
PARP superfamily functions after stroke. Our results point to
PARP14 as the likely candidate. PARP14 conducts mono-
ADP-ribosylation on target proteins and is the largest mem-
ber in the PARP superfamily [11]. The present study revealed
that PARP14 was upregulated in the peri-infarct zone of the
ischemic cortex and that genetic knockdown and pharmaco-
logical inhibition of PARP14 unexpectedly worsened func-
tional impairment post stroke, while overexpression of
PARP14 did the opposite. Because PARP14 was widely
expressed in microglia and pharmacological inhibition of
PARP14 promoted post-stroke inflammatory activation, we
explored whether PARP14 is implicated in the pathological
process of ischemia-induced microglial activation and found
that PARP14 suppressed microglial activation by inducing
microglial autophagy. RNA sequencing revealed increased
expression of Lpar5 (lysophosphatidic acid receptor 5)
mRNA in microglia after oxygen glucose deprivation (OGD)
treatment, which could be reversed by PARP14 overexpres-
sion. Knockdown of Lpar5 mRNA alleviated OGD-induced
microglial activation. These findings advanced our under-
standing of the potential of PARP14 as a therapeutic target
following stroke.

Results

PARP14 is upregulated in the peri-infarct zone after
stroke

ADP-ribosylation is a universal post-translational modifica-
tion and controls multiple cellular processes such as DNA
repair, chromatin plasticity, transcriptional regulation, and
cell differentiation [11,16]. To investigate the change of ADP-
ribosylation after stroke, we produced a PT mice model and
measured the levels of polymers of poly (ADP ribose) (PAR)
at day 1, 3, 7, and 14 after surgery in the peri-infarct cortex.
Ischemia caused a significant increase in protein ADP-
ribosylation (Figure 1A,B).

The enzymes capable of synthesizing PAR are PARPs,
a superfamily with 17 members [8]. Next, we examined the
relative expression of Parps mRNA (excluding Parpl5, as no

mouse primer for Parpl5 mRNA was identified) in the peri-
infarct cortex by real-time quantitative polymerase chain reac-
tion (qPCR) at day 1, 3, 7, and 14 after PT and found that the
expression of several members significantly increased, among
which Parpl4 mRNA increased most obviously (Figure 1C).
This finding was confirmed by western blot analysis for
PARP14 in the peri-infarct cortex at day 1, 3, 7, and 14 after
PT (Figure 1D). Immunostaining was performed at day 3 after
PT, and an accumulation of PARP14 in the peri-infarct cortex
was also observed (Figure 1E). These findings suggest that
PARP14 in the peri-infarct zone may be involved in the
pathological process after stroke.

Genetic knockdown and pharmacological inhibition of
PARP14 exacerbate post-stoke functional impairment

To investigate the role of PARP14 after stroke, we generated
lentiviral vectors containing Parpl4 shRNA (shRNA-Parpi4)
or control shRNA (shRNA-Con). Animals were injected with
shRNA-Parpl14 or shRNA-Con into the prospective stroke site
3 days prior to stroke (Figure 2A). This timing of viral injec-
tion allows lentiviruses to express from day 1 after stroke
(Figure 2A,B). The efficacy of lentivirus transduction was
examined by western blot (Figure 2C). Sensorimotor func-
tions were tested pre-stroke and at day 3, 7, and 14 after
stroke (Figure 2A). Ischemia significantly increased foot faults
in the grid-walking task, forelimb asymmetry scores in the
cylinder task, and removal time in the adhesive removal test,
compared with sham, suggesting impaired sensorimotor func-
tions. Unexpectedly, treatment with shRNA-Parpl4 signifi-
cantly aggravated the ischemic functional impairment
(Figure 2D-F). Moreover, knockdown of PARP14 signifi-
cantly increased brain infarct volume measured 14 days after
stroke (Figure 2G,H).

HI10 is a potent PARP14 inhibitor (IC50 = 490 nmol/L)
with greater than 20-fold selectivity for PARP14 over PARP1
(Figure 3A) [17]. We infused H10 (1 pumol/L or 10 umol/L)
into the peri-infarct cortex of mice 2 h after PT, tested
sensorimotor functions pre-stroke and at day 3, 7, and 14
after stroke, and measured the infarct volume at day 14 after
stroke (Figure 3B). Administration of both 1 umol/L H10 and
10 pmol/L H10 significantly worsened stroke-induced func-
tional impairment (Figure 3C-E) and increased brain infarct
volume (Figure 3F,G). Therefore, the 1 pumol/L dose was
applied in all the following experiments.

Overexpression of PARP14 ameliorates post-stoke
functional impairment

To further confirm the role of PARP14 on stroke recovery, we
generated a lentiviral vector selectively expressing PARP14
(LV-Parpi4) and its control (LV-Con). Mice were injected
with LV-Parpi4 or LV-Con into the prospective stroke site
4 days prior to stroke (Figure 4A), which allows lentiviruses to
express from day 1 after stroke (Figure S1). The efficacy of
lentivirus transduction was examined by western blot (Figure
4B). Sensorimotor functions were tested pre-stroke and at day
3, 7, and 14 after stroke, and infarct volume was measured
at day 14 after stroke (Figure 4A). Administration of LV-
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Parpl4 significantly ameliorated stroke-induced functional
impairment (Figure 4C-E) and reduced brain infarct volume
(Figure 4F,G).

Taken together, our data suggest that both genetic knock-
down and pharmacological inhibition of PARP14 worsen
stroke-induced functional impairment, whereas overexpres-
sion of PARP14 benefits stroke recovery.

Pharmacological inhibition of PARP14 facilitates
post-stroke inflammatory activation in the peri-infarct
cortex

Since PARP14 modulates functional outcome after stroke, we
sought to explore the underlying mechanisms. First, we exam-
ined the distribution of PARP14 in different types of CNS cell
including astrocytes, neurons, and microglia, through immu-
nofluorescence analyses in the peri-infarct cortex after PT.
PARP14 was undetectable in astrocytes but was abundant in
neurons and microglia (Figure 5A). Next, to determine which
cell type is altered after PARP14 inhibition, we conducted
H10 treatment after PT. Peri-infarct tissues surrounding the
infarct core were rapidly dissected at day 3 after PT surgery
for western blot and enzyme-linked immunosorbent assay
(ELISA). Western blot revealed no significant change in
RBFOX3/NeuN (RNA binding protein, fox-1 homolog
(C. elegans) 3; neuron marker) and GFAP (glial fibrillary
acidic protein; astrocyte marker) expression but significantly
increased NOS2/iNOS (nitric oxide synthase 2, inducible)
expression by HI10 treatment (Figure 5B,C), indicating
increased inflammatory activation (most probably microglial
activation) after PARP14 inhibition post stroke. Further evi-
dences that H10 treatment elevated the levels of cytokines,
namely TNF/TNF-a (tumor necrosis factor), IL1B/IL-1f
(interleukin 1 beta), and IL6/IL-6 (interleukin 6), in the peri-
infarct area of PT mice (Figure 5D-F) confirmed that inhibi-
tion of PARP14 exacerbated neuroinflammation. All these
data demonstrate that inhibition of PARP14 facilitates post-
stroke inflammatory activation in the peri-infarct cortex.

PARP14 modulates post-stroke microglial activation

Because microglia are the primary regulators of inflammatory
responses in the CNS [4], we examined post-stroke microglial
activation after HI10 treatment in the peri-infarct zone.
Immunostaining revealed enhanced microglial activation by
showing significant increases in intensity and soma size of
AIF1/Iba-1" (allograft inflammatory factor 1) cells after H10
treatment post stroke (Figure 6A-C). Since different pheno-
types of microglia are associated with either cytotoxic or
neuroprotective effects [18], we next examined the effects of
H10 on stage-specific switching of microglia. H10 treatment
resulted in significant upregulation of M1 microglia-specific
transcripts (Nos2 and Il11b) and downregulation of M2a and
M2c¢ microglia-specific transcripts (i.e., downregulation of
Argl, Tgfb, and 1110) in the peri-infarct zone of PT mice
(Figure 6D).

Next, we explored the role of PARP14 in microglial activa-
tion in vitro. The expression of PARP14 was significantly
increased in both BV-2 cells (Figure S2A and S2B) and

primary mouse microglia (Figure 7A,B) treated with OGD,
and so was NOS2 expression (Figure S2A and S2C, Figure 7A,
C). Transduction of cells with shRNA-Parpi4 significantly
aggravated OGD-induced microglial activation, as determined
by the levels of NOS2 in both BV-2 cells (Figure S2D) and
primary mouse microglia (Figure 7D). H10 application also
significantly increased microglial activation after OGD treat-
ment in both BV-2 cells (Figure S2E) and primary mouse
microglia (Figure 7E). In addition, transfecting cells with the
PARP14 CRISPR Activation Plasmid (ACT-PARP14, Figure
S3) significantly inhibited the increase of NOS2 induced by
OGD in both BV-2 cells (Figure S2F) and primary mouse
microglia (Figure 7F). Taken together, these data indicate that
PARP14 suppresses microglial activation after OGD
treatment.

PARP14 drives autophagy to inhibit microglial activation
post stroke

Autophagy plays an essential role in regulating cellular home-
ostasis. Recently, it is reported that autophagy might influence
microglial activation [19] and participate in the pathogenesis
of ischemic stroke [20,21]. Given these and our finding that
PARP14 is involved in microglial activation after stroke, we
suspected that PARP14 might mediate microglial activation
via autophagy. We found that OGD treatment led to an
increase in the expression of MAPILC3B (microtubule-
associated protein 1 light chain 3 beta)-II, a general autopha-
gosomal marker, in both BV-2 cells (Figure S4A and S4B) and
primary mouse microglia (Figure 8A,B), suggesting that
stroke could promote autophagosome formation. Results
obtained from SQSTM1 (sequestosome 1; a receptor protein
that links MAP1LC3B with ubiquitin [22]) immunoblots of
both BV-2 cells (Figure S4A and S4C) and primary mouse
microglia (Figure 8A,C) after OGD treatment supported this
conclusion.

Next, we investigated the effect of shRNA-Parpi44 on
microglial autophagy. Transducting cells with shRNA-
Parp14 significantly inhibited OGD-induced microglial auto-
phagy in both BV-2 cells (Figure S4D) and primary mouse
microglia (Figure 8D) as determined by western blot analysis
of MAPILC3B-II. Moreover, transfecting cells with ACT-
PARP14 increased the levels of MAP1LC3B-II after OGD in
both BV-2 cells (Figure S4E) and primary mouse microglia
(Figure 8E). Consistent with these findings, the MAP1LC3B
immunostaining assay showed that H10 administration
reversed the increased number of MAP1LC3B puncta induced
by OGD treatment in primary mouse microglia (Figure S5).
Similar to the in vitro findings, PT caused a significant
increase in the expression of MAPILC3B-II, which was
reversed by shRNA-Parpl4 treatment and further increased
by LV-Parpl4 treatment (Figure S6).

However, increased levels of autophagosomes can signify
either an increase of autophagy or a block in downstream
lysosomal processing of these autophagosomes. Thus, primary
mouse microglia were transduced with tandem fluorescent-
mRFP-GFP-MAP1LC3B-adenovirus to assess the effect of
PARP14 on autophagic flux in the presence of chloroquine
(CQ), a lysosomal inhibitor. GFP fluorescence is quenched by



AUTOPHAGY (&) 2909

A

Lv Stroke Lv Nissl staining
delivery induction expression

R )4 .4
‘:"’f(], criy Lory

Behavioral testing pre-stroke and
at day 3, 7, and 14 after stroke

C PARP14 |wets sy D <+ Sham + shRNA-Con
+ Sham + shRNA-Parp14
ACTE | e e < ez 0 # 4 = PT+shRNACon
o> + PT + shRNA-Parp14
15 [ -
[ 52 2
Q eS8 dekdk
< 1.0 82 XK Kk
S RS
o Sa 10
05 5T
& £2
0.0 0
Vehicle shRNA- shRNA- 0d 3d 7d 14d
Con Parp14
E <+ Sham + shRNA-Con F <+ Sham + shRNA-Con
+ Sham + shRNA-Parp14 - + Sham + shRNA-Parp14
E = PT +shRNA-Con = 60 = PT + shRNA-Con
=% # + PT+shRNA-Parp14 g + PT + shRNA-Parp14
=< =
= - 40
2 20 >
c )
°8 £ 20 IR wex
g2 1 =
o =
© L
23 O s 0
z &
F -0 & -20
0d 3d 7d 14d = 0d 3d 7d 14d

@
I

™~ v
J 4 ‘ L "’E 1.2
; E
e 3 - S -
T 2 o08f
h . ~ vy 8
po o " - = 04}
o
7 ~ - — e
) \ YA £
J ' 3 00
y ) E
74 /5 / > Vehicle  ShRNA-  shRNA-
Vehicle shRNA- shRNA- Con Parp14

Con Parp14

Figure 2. Knockdown of PARP14 after PT aggravates functional deficiency. (A) Schematic of experimental timeline. Lentivirus (LV; shRNA-Parp14 or shRNA-Con) was injected into the prospective stroke
site in the cortex at day 3 prior to stroke. Behavioral performances were examined at baseline and day 3, 7, and 14 after stroke. (B) The expression of shRNA-Parp14 (GFP) at day 1 after stroke. Scale bar:
50 pm. (C) PARP14 level in the periHinfarct cortex at day 4 after shRNA-Con or shRNA-Parp14 infection. n = 6 animals/group. ##P < 0.01 versus the shRNA-Con group using one-way ANOVA followed by
the Holm-Sidak test. (D-F) Functional recovery in mice was assessed via foot faults of the left forelimb in the grid-walking task (D), forelimb symmetry in the cylinder task (E), and (Left-Right) removal time
in the adhesive removal test (F) at baseline and day 3, 7, and 14 after stroke. n = 10 animals for the Sham + shRNA-Con and Sham + shRNA-Parp14 groups, and n = 14 animals for the PT + shRNA-Con
and PT + shRNA-Parp14 groups. *P < 005, **P < 001, and **P < 0001 versus the Sham + shRNA-Con group, and #P < 0.05 versus the PT + shRNA-Con group, using two-way repeated measures
ANOVA followed by the Holm-Sidak post hoc multiple comparison test. (G) Representative Nissk-stained brain sections at day 14 after stroke from Vehide, PT + shRNA-Con, and PT + shRNA-Parp14
groups, respectively. (H) Bar graph showing infarct volume from Vehicle, PT + shRNA-Con, and PT + shRNA-Parp14 groups, respectively. n = 8 animals/group. ##P < 001 versus the shRNA-Con group
using one-way ANOVA followed by the Holm-Sidak test.
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Figure 3. Inhibiting PARP14 after PT worsens functional impairment. (A) Structure of the PARP14 inhibitor H10. (B) Schematic of experimental timeline. H10 was
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DMSO, PT + 1 umol/L H10, and PT + 10 pmol/L H10 groups, respectively. *P < 0.05, **P < 0.01, and ***P < 0.001 versus the Sham + 0.005% DMSO group, and #P
< 0.05 and ##P < 0.01 versus the PT + 0.005% DMSO group, using two-way repeated measures ANOVA followed by the Holm-Sidak post hoc multiple comparison
test. (F) Representative Nissl-stained brain sections at day 14 after stroke from PT + 0.005% DMSO, PT + 1 pmol/L H10, and PT + 10 pmol/L H10 groups, respectively.
(G) Bar graph showing infarct volume from PT + 0.005% DMSO, PT + 1 pmol/L H10, and PT + 10 pmol/L H10 groups, respectively. n = 6 animals/group. *P < 0.05
versus the PT + 0.005% DMSO group using one-way ANOVA followed by the Holm-Sidak test.

the acidic environment of the lysosome, while RFP fluores-
cence is relatively stable under acidic condition. Therefore,

yellow puncta, reflective of combined GFP and RFP fluores-
cence, indicates the autophagosomes that have not fused with
lysosomes, whereas red puncta (RFP only) stains the autoly-
sosomes. As shown in Figure 8(F,G), OGD treatment

significantly increased the number of yellow puncta per cell
with a concomitant greater increase in RFP-only puncta in

primary mouse microglia. Transfecting cells with ACT-
PARP14 significantly increased autophagy flux after OGD,
yielding elevated numbers of red puncta, while in contrast,
H10 treated cells displayed decreased autophagy flux after
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Sidak post hoc multiple comparison test. (F) Representative Nissl-stained brain sections at day 14 after stroke from Vehicle, PT + LV-Con and PT + LV-Parp14 groups, respectively. (G) Bar
graph showing infarct volume from Vehicle, PT + LV-Con and PT + LV-Parp14 groups, respectively. n = 8 animals/group. #P < 0.05 versus the LV-Con group using one-way ANOVA
followed by the Holm-Sidak test.
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Figure 5. Inhibition of PARP14 after PT increases inflammatory response in the peri-infarct area. (A) Colocalization of GFAP, RBFOX3, or AIF1 (green) with PARP14
(red) in the peri-infarct cortex of mice. Scale bar: 50 um. (B-C) Representative immunoblots (B) and bar graph (C) showing western blot analyses of RBFOX3, GFAP,
and NOS2 expression in the peri-infarct cortex of mice at day 3 after PT under 1 pmol/L H10 treatment. n = 6 animals/group. **P < 0.01 and ***P < 0.001 versus the
Sham + DMSO group, and ###P < 0.001 versus the PT + DMSO group, using two-way ANOVA followed by the Holm-Sidak test. (D-F) ELISA of the expression of TNF
(D), IL1B (E), and IL6 (F) in the peri-infarct cortex of mice at day 3 after PT under 1 pmol/L H10 treatment. n = 7 animals/group. *P < 0.05 and ***P < 0.001 versus the
Sham + DMSO group, and #P < 0.05 and ##P < 0.01 versus the PT + DMSO group, using two-way ANOVA followed by the Holm-Sidak test.
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Figure 6. Inhibition of PARP14 after PT aggravates microglial activation in the peri-infarct area. (A-C) Representative images (A) and quantitative analyses (B and C) of
immunostaining for AIF1 in the peri-infarct cortex of mice at day 3 after PT under 1 pmol/L H10 treatment. n = 6 animals/group. ***P < 0.001 versus the Sham +
DMSO group, and #P < 0.05 versus the PT + DMSO group, using two-way ANOVA followed by the Holm-Sidak test. Scale bar: 50 um. (D) M1-specific transcripts, M2a-
specific transcripts, and M2c-specific transcripts in the peri-infarct cortex at day 3 after PT under 1 umol/L H10 treatment. n = 8 animals for the Sham + DMSO and
Sham + H10 groups, and n = 11 animals for the PT + DMSO and PT + H10 groups. ***P < 0.001 versus the Sham + DMSO group, and #P < 0.05 and ##P < 0.01 versus
the PT + DMSO group, using two-way ANOVA followed by the Holm-Sidak test.
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Figure 7. PARP14 modulates microglial activation after OGD. (A-C) Representative immunoblots (A) and bar graphs (B-C) showing western blot analyses of PARP14
(B) and NOS2 (C) levels in primary mouse microglia after OGD treatment for 3, 6, and 12 h. All data were obtained from 3 independent experiments. *P < 0.05,
**P < 0.01, and ***P < 0.001 versus the Control group using one-way ANOVA followed by the Holm-Sidak test. (D) Transduction with shRNA-Parp14 increased NOS2
expression induced by OGD in primary mouse microglia. Cells were transduced with shRNA-Con or shRNA-Parp14 for 48 h and then treated with OGD for 6 h. All data
were obtained from 3 independent experiments. **P < 0.01 versus the Con + shRNA-Con group, and ##P < 0.01 versus the OGD + shRNA-Con group, using two-way
ANOVA followed by the Holm-Sidak test. (E) Treatment with H10 increased NOS2 expression induced by OGD in primary mouse microglia. Cells were treated with
H10 or 0.005% DMSO and then subjected to OGD exposure for 6 h. All data were obtained from 3 independent experiments. *P < 0.05 versus the Con + DMSO
group, and #P < 0.05 versus the OGD + DMSO group, using two-way ANOVA followed by the Holm-Sidak test. (F) Transfection with ACT-PARP14 attenuated the
increased expression of NOS2 induced by OGD in primary mouse microglia. Cells were transfected with ACT-Con or ACT-PARP14 for 24 h and then treated with OGD
for 6 h. All data were obtained from 3 independent experiments. **P < 0.01 versus the Con + ACT-Con group, and #P < 0.05 versus the OGD + ACT-Con group, using

two-way ANOVA followed by the Holm-Sidak test.

OGD with fewer red puncta. CQ inhibited the maturation of
autophagy, resulting in predominant autophagosomes (yellow
puncta) after OGD in primary mouse microglia. Co-
incubation of cells with H10 and CQ led to decreased number
of yellow puncta after OGD compared with CQ treatment
alone, and transfecting cells with ACT-PARP14 combined
with CQ treatment displayed the opposite effects (Figure 8F,
G). We ruled out the possibility that the administration of
DMSO or ACT-Con affected autophagy because they did not
lead to significant changes in the number of yellow or red
puncta (Figure S7). Taken together, PARPI4 increased
MAPILC3B-II levels primarily through enhancing autophagic
flux rather than blocking lysosomal processing of the
autophagosomes.

To further elucidate the role of autophagy in OGD-
induced microglial activation, we treated primary mouse
microglia with rapamycin (Rap, 1 umol/L) to induce autopha-
gy: Rap significantly reversed OGD-induced increase in NOS2
level (Figure 8H). Conversely, pretreatment of cells with the
autophagy inhibitor 3-methyladenine (3-MA, 1 mmol/L)

significantly increased OGD-induced microglial activation
(Figure 8I). Together, these findings suggest that PARP14
inhibits microglial activation by promoting autophagy after
stroke.

Furthermore, PARP14 inhibition-mediated dysregulated
autophagy may happen not only in resident microglia but
also neurons as PARP14 expresses in both microglia and
neurons post stroke (Figure 5A). H10 application did not
significantly change OGD-induced autophagy in primary
mouse neurons, ruling out the effect of PARP14 inhibition
on neuronal autophagy (Figure S8).

PARP14 inhibits microglial activation by downregulating
LPAR5

To explore the mechanism through which PARP14 suppresses
microglial activation, we performed RNA sequencing of cell
extracts from PARP14-overexpressing primary mouse micro-
glia and controlled primary mouse microglia, treated with or
without 6 h OGD, to seek candidate target genes (GEO
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Figure 8. PARP14 induces autophagy to inhibit microglial activation after OGD. (A-C) Representative immunoblots (A) and bar graphs (B-C) showing western blot
analyses of MAP1LC3B-II (B) and SQSTM1 (C) levels in primary mouse microglia after OGD treatment for 3, 6, and 12 h. All data were obtained from 3 independent
experiments. *P < 0.05 and **P < 0.01 versus the Control group using one-way ANOVA followed by the Holm-Sidak test. (D) Transduction with shRNA-Parp14
attenuated the increased expression of MAP1LC3B-Il induced by OGD in primary mouse microglia. Cells were transduced with shRNA-Con or shRNA-Parp14 for 48 h
and then treated with OGD for 6 h. All data were obtained from 3 independent experiments. **P < 0.01 versus the Con + shRNA-Con group, and #P < 0.05 versus the
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accession number: GSE152000). At an expression fold change
cutoff of 2.0 and P<0.05, we identified 20 differentially
expressed genes not only between the OGD + ACT-Con and
Con + ACT-Con groups, but also between the OGD + ACT-
PARP14 and OGD + ACT-Con groups (Figure 9A). We then
designed primers to empirically confirm the trends of these
genes using qPCR analysis and validated 5 of them: Fbxo34,
Ing2, Lpar5, Rragd, and Slfn9 (Figure S9, Figure 9B). Among
these genes, Lpar5 is an important mediator of inflammatory
responses [23,24] and became the focus of our study, although
we cannot rule out the potential function of the other 4 genes.

OGD increased the protein level of LPAR5, which was
reversed by PARP14 overexpression (Figure 9C), verifying
the RNA sequencing results. Consistently, H10 administration
further elevated the increased expression of LPAR5 after PT
(Figure 9D). To confirm that LPAR5 modulates the expres-
sion of NOS2, we transduced primary mouse microglia with
Lpar5 siRNA (siRNA-Lpar5). Knockdown of Lpar5 efficiently
decreased Lpar5 expression (Figure 9E) and significantly
reversed OGD-induced increase of NOS2 (Figure O9F).
Together, these data demonstrate that overexpression of
PARP14 could suppress microglial activation by downregulat-
ing LPARS.

Discussion

The therapeutic effects of PARP inhibitors have been studied
in multiple diseases, including cancer [14], steatohepatitis
[25], and stroke [13]. However, there is comparatively less
research on the potential benefits of PARPs upon these dis-
eases. Our data show that PARP14 was induced after stroke in
mice and drove autophagy to inhibit microglial activation.
Downregulation of PARP14 facilitated microglial activation
and impaird functional outcome following stroke, whereas
overexpression of PARP14 promoted stroke recovery, suggest-
ing that PARP14 is a post-stroke signal that aids functional
recovery. Our research further revealed that Lpar5 may be the
downstream target gene through which PARP14 suppresses
microglial activation (Figure 10).

Stroke induces microglial activation, the first step in post-
stroke inflammatory responses, followed by infiltration of
multiple immune cells including macrophages/monocytes,
neutrophils, natural killer cells, and T cells [26]. Activated
microglia can evoke the production of a variety of mediators,
including NOS2, nitric oxide, and TNF, to exacerbate brain
damage [27,28]. Researchers had paid attention to the

molecules that elicit microglial activation, such as TNF, but
the factor(s) that are triggered by stroke to suppress microglial
activation remained largely unknown. The present study suc-
cessfully demonstrated that stroke-induced increase of
PARP14 participates in suppressing microglial activation
post stroke.

PARP14, the largest member of PARP family, comprises
five domains: macrol, macro2, macro3, WWE (that is, Trp-
Trp-Glu), and a catalytic domain [11,29]. We showed that
PARP14 modulated microglial activation in vivo. Future stu-
dies that target one or more domain(s) of PARP14 are needed
to reveal its benefits in post-stroke interventions. Genetic
tools, such as cell-type-specific Cre-expressing lentiviruses,
are also needed to further dissect the effect of PARP14 in
stroke.

Our study demonstrates that PARP14 mediates microglial
activation through LPARS5. Lysophosphatidic acid is a small
phospholipid that induces downstream signaling by binding
to one of the five G protein-coupled receptors (LPAR1-5)
[30]. LPAR5 is a 41 kDa protein consisting of 372 amino
acids; it is broadly expressed in tissues, including the brain,
small intestine, lung, heart, and liver [31,32]. LPARS signaling
drives MAPK and AKT activation, facilitates pro-
inflammatory factor phosphorylation, induces the expression
of M1 markers, and enhances microglia’s production of reac-
tive oxygen species and nitric oxide [23]. Moreover, two
LPARS5 antagonists reversed lysophosphatidic acid-induced
production of pro-inflammatory mediators, namely TNF,
IL1B, IL6, CXCL5 (chemokine (C-X-C motif) ligand 5),
CXCL10, and CXCL2 [24]. These studies indicate that
LPAR5 may play a role in the inflammatory process after
stroke. Since PARP14 can acts as a switch that controls
STAT6 (signal transducer and activator of transcription 6)-
mediated gene transcription [33,34], and can associate with
tissue factor mRNA 3'-UTR and decrease tissue factor mRNA
stability [35], it may also influence Lpar5 mRNA via
a transcriptional or posttranscriptional mechanism, the details
of which require further study.

The current study suggests PARP14 may influence stroke-
related inflammatory responses by regulating autophagy.
Autophagy is an essential homeostatic process that leads to
the degradation of cytoplasmic materials including misfolded
proteins and defective organelles to adapt to exogenous dis-
ruption [36]. Autophagy blocks microglial activation, as estab-
lished by the finding that BECN1/Beclinl reduction-mediated
impairment of autophagy facilitates microglia’s inflammatory

OGD + shRNA-Con group, using two-way ANOVA followed by the Holm-Sidak test. (E) Transfection with ACT-PARP14 increased the expression of MAP1LC3B-II
induced by OGD in primary mouse microglia. Cells were transfected with ACT-Con or ACT-PARP14 for 24 h and then treated with OGD for 6 h. All data were obtained
from 3 independent experiments. ***P < 0.001 versus the Con + ACT-Con group, and ##P < 0.01 versus the OGD + ACT-Con group, using two-way ANOVA followed
by the Holm-Sidak test. (F-G) PARP14 enhances autophagic flux after OGD. Primary mouse microglia were infected with mRFP-GFP-MAP1LC3B adenovirus and treated
with OGD for 6 h. The numbers of yellow puncta and red puncta per cell were counted. All data were obtained from 4 independent experiments. ***P < 0.001 versus
the Control group (autolysosome), #P < 0.05 and ###P < 0.001 versus the OGD group (autolysosome), P < 0.05 versus the OGD group (autophagosome), and
$P < 0.05 and $$P < 0.01 versus the OGD + CQ group (autophagosome), using one-way ANOVA followed by the Holm-Sidak test. Scale bar: 5 pm. (H) Pretreatment
with Rap (1 pmol/L) for 1 h significantly decreased the expression of NOS2 induced by OGD in primary mouse microglia. All data were obtained from 3 independent
experiments. **P < 0.01 versus the Control group, and ##P < 0.01 versus the OGD group, using two-way ANOVA followed by the Holm-Sidak test. (I) Pretreatment
with 3-MA (1 mmol/L) for 1 h significantly increased the expression of NOS2 induced by OGD in primary mouse microglia. All data were obtained from 3 independent
experiments. **P < 0.01 versus the Control group, and ##P < 0.01 versus the OGD group, using two-way ANOVA followed by the Holm-Sidak test.
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Figure 9. PARP14 suppresses microglial activation by downregulating LPAR5. (A) Heatmap of transcriptomes depicting differentially expressed genes determined by
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RNA sequencing in primary mouse microglia among different groups. Expression fold change > 2.0 and P < 0.05 for the OGD + ACT-Con group versus the Con +
ACT-Con group and the OGD + ACT-PARP14 group versus the OGD + ACT-Con group. Orange color scale: higher expression. Blue color scale: lower expression. Each
column represents one sample. All data were obtained from 2 independent experiments. (B-C) Transfection with ACT-PARP14 reversed the increased levels of Lpar5
mRNA (B) and LPAR5 (C) induced by OGD in primary mouse microglia. Cells were transfected with ACT-Con or ACT-PARP14 for 24 h and then treated with OGD for
6 h. All data were obtained from 4 (B) or 3 (C) independent experiments. **P < 0.01 and ***P < 0.001 versus the Con + ACT-Con group, and ##P < 0.01 and
###P < 0.001 versus the OGD + ACT-Con group, using two-way ANOVA followed by the Holm-Sidak test. (D) Representative immunoblots and bar graph showing
western blot analysis of LPARS expression in the peri-infarct cortex of mice at day 3 after PT under 1 pmol/L H10 treatment. n = 6 animals/group. ***P < 0.001 versus
the Sham + DMSO group, and ###P < 0.001 versus the PT + DMSO group, using two-way ANOVA followed by the Holm-Sidak test. (E) Level of Lpar5 mRNA after
siRNA-Lpar5 transduction as measured by gPCR in primary mouse microglia. Cells were transduced with siRNA-Lpar5 for 48 h. All data were obtained from 3
independent experiments. ***P < 0.001 versus the siRNA-Con group. (F) Transduction with siRNA-Lpar5 attenuated the increased expression of NOS2 induced by OGD
in primary mouse microglia. Cells were transduced with siRNA-Lpar5 for 48 h and then treated with OGD for 6 h. All data were obtained from 3 independent
experiments. **P < 0.01 versus the Con + siRNA-Con group, and #P < 0.05 versus the OGD + siRNA-Con group, using two-way ANOVA followed by the Holm-Sidak

test.

cytokine production [19]. Other studies indicate that autopha-
gy negatively regulates the inflammatory response of micro-
glia post stroke. By driving autophagy, a GSK-3B inhibitor
suppresses production of inflammatory cytokines induced by
permanent middle cerebral artery occlusion and inhibits the
activation of cultured primary microglia [20]. Furthermore,
blocking the autophagic flux of BV-2 cells after OGD/R
induced M1 microglial phenotype by activating the NFKB/
NF-kB pathway and decreasing the activity of the cAMP-
response element binding protein [21]. In contrast, a few
studies indicate that autophagy facilitates the stroke-induced
microglial death or M1 polarization [37,38], indicating that
autophagy may have distinct functions dependent on the
intensity and duration of different models. In our study, Rap
significantly decreased microglial activation, while 3-MA dis-
played inductive effects, suggesting that OGD-induced auto-
phagy inhibits microglial activation.

The photothrombotic stroke model, which damages and
occludes vascular endothelium, leading to focal cortical stroke
[39], has the advantages that it can induce a circumscribed
cortical lesion at the desired area by using stereotactic coor-
dinates, and is highly reproducible combined with very low

{roke \
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mortality [40,41]. This study induced photothrombotic stroke
in the fore- and hindlimb somatosensory cortex, and re-
mapping of functions in the peri-infarct tissue of this model
alters motor and sensory recovery, which makes it
a predestined model to study long-term functional outcome
[39,42]. Our data from this stroke model supports our initial
reasoning and tentative conclusions about the effects of
PARP14 on neuroinflammation and functional recovery
although only a little ischemic penumbra and small cortical
infarction occur in this model. Several modifications of the
photothrombotic stroke model have been developed, for
example, using a ring flter to imitate the penumbra in the
human situation [43], but the correspondence to the human
situation is under discussion.

Materials and methods
Animals

All animal procedures were conducted according to protocols
approved by the Institutional Animal Care and Use
Committee of the Medical School, Southeast University.
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Figure 10. Schematic summary. Increased expression of PARP14 post stroke reduces the level of LPAR5 to aid autophagy and inhibit microglial activation, thereby

promoting functional recovery. a: lysosome; b: autophagosome.



Adult male (6 to 8-weeks old), C57BL/6 ] mice
(GemPharmatech, N000013) housed under a constant tem-
perature and 12:12 h light:dark cycles were used. Food and
water were provided ad libitum. An experimenter labeled all
the animals before allocation. Investigators who were blind to
group allocation performed the experiments.

Photothrombotic stroke (PT)

Focal stroke was induced by photothrombosis of cortical
microvessels in mice as previously described [39,44]. Briefly,
mice under anesthesia with 2% isoflurane were placed in
a stereotaxic frame (Stoelting, Wood Dale, Illinois, USA).
The skull was exposed by a midline incision of the skin.
A fiber optic bundle with a 2-mm-diameter aperture from
a cold light source (12,000 lux; World Precision Instruments,
Sarasota, Florida, USA) was centered 1.5 mm lateral from the
bregma. Rose Bengal (30 mg/kg, i.v.; Sigma Aldrich, 330000),
dissolved in saline, was administered. After 5 min, the brain
was illuminated for 5 min. Through illumination, Rose Bengal
generated singlet oxygen, which damaged and occluded vas-
cular endothelium, leading to focal cortical stroke. Animals
were then returned to their cages and monitored until they
woke up. Sham mice were administrated with the same dose
of Rose Bengal without illumination.

Reagents

H10, a small molecular inhibitor of PARP14, was synthesized
in Jiangsu Key Laboratory of Drug Design and Optimization,
China Pharmaceutical University. Rapamycin (R0395) and
3-methyladenine (M9281) were purchased from Sigma
Aldrich. An adenoviral vector carrying mRFP-GFP-
MAPILC3B was purchased from HanBio (HB-AP2100001).

Lentiviral vector construction and stereotaxic injection

The recombinant lentiviruses, sShRNA-Parpl4 and shRNA-
Con, were constructed and synthesized by GeneChem Co,
Ltd (Shanghai, China). The target sequence against mouse
Parpl14 is as follows: 5'-AGCTCTTGTGCAACCATTATA-3".
The recombinant lentiviruses, LV-Parpl4 and LV-Con, were
constructed and synthesized by BrainVTA (Wuhan, China).
The stereotaxic injection site (from bregma) was as follows:
anteroposterior, 0 mm; mediolateral, 1.5 mm; dorsovental,
1.3 mm. After injection, the needle was left in place for
10 min to ensure well distribution of the lentivirus.

Grid-walking task

The grid-walking task was performed using previously
described methods [39]. Briefly, a 32 cm x 20 cm elevated
grid manufactured with 1.2-cm square wire mesh was used.
A camera was placed beneath the grid in order to record the
animals’ foot faults. Each mouse was given 4 min to walk
freely atop the wire surface. The numbers of foot faults and
non-fault steps for each forelimb were counted. The ratio of
foot faults to total steps taken (number of foot faults +
number of non-faults) for left forelimb was calculated.
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A step was defined as a foot fault if it did not get support
and the foot dropped through the hole of the grid. If a mouse
rested with its wrist at the level of the grid, it was also
considered as a foot fault.

Cylinder task

The cylinder task encourages mice to use forelimbs to explore
the vertical wall in a cylinder [39]. When placed in a plastic
cylinder (15-cm tall with a diameter of 10 cm), mice sponta-
neously rear up by pressing the wall of the cylinder with both
or one of its forelimbs. Each mouse was kept in the cylinder
for 5 min and videotaped. The number of times each mouse
used the left forelimb, the right forelimb, or both forelimbs
was calculated by analyzing the video footage. An asymmetry
index was derived as follows: percent use of right forelimb
- percent use of left forelimb.

Adhesive removal test

The adhesive removal test was performed using previously
reported methods [45,46]. Two small pieces (25 mm?®) of
adhesive-backed paper dots were used as bilateral tactile sti-
muli and put on the distal-radial area of the wrist of each
forelimb. The time that the mouse took to remove each dot
from the limb was recorded. Mice were trained for three days
before surgery and once they could remove the dots within 10
s, the surgery was performed. (Time of left forelimb - time of
right forelimb) was considered as a result.

Immunostaining and analysis

Mice were transcardially perfused with phosphate-buffered
saline (PBS; Gibco, 10010001) followed by 4% paraformalde-
hyde (in PBS). Brain tissues were sectioned into 30-pum cor-
onal slices with a Vibratome (Leica, Wetzlar, Hesse,
Germany). Slices were incubated with 0.3% Triton X-100
(Aladdin, T109027; in PBS) for 15 min and then blocked in
10% goat serum (ZSGB-BIO, ZLI-0956 in 0.3% Triton X-100)
for 60 min at room temperature, followed by incubation with
primary antibodies at 4°C overnight. The primary antibodies
were rabbit anti-PARP14 (1:100; Sigma Aldrich, HPA012063),
mouse anti-GFAP (1:500; Sigma Aldrich, G3893), mouse anti-
RBFOX3 (1:250; Abcam, AB104224), rabbit anti-AIF1 (1:250;
Wako, 019-19741), and rabbit anti-MAP1LC3B (1:200; Sigma
Aldrich, L7543). Next day, slices were washed with PBS and
incubated with secondary antibodies for 2 h. Secondary anti-
bodies used were Alexa Fluor 594 goat anti-rabbit IgG (1:400;
Invitrogen, A-11037), Alexa Fluor 488 goat anti-rabbit IgG
(1:400; Invitrogen, A-11034), Alexa Fluor 594 goat anti-mouse
IgG (1:400; Invitrogen, A-11005), and Alexa Fluor 488 goat
anti-mouse IgG (1:400; Invitrogen, A-11029). Then slices were
washed again with PBS. Images were captured via a confocal
microscope  (Zeiss, Oberkochen, Baden wuertenburg,
Germany).

A protocol for double staining using two primary antibo-
dies from the same species was followed [47]. Briefly, slices
were incubated with the primary antibody rabbit anti-AIF1
(1:250; Wako, 019-19741), followed by secondary antibody
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Alexa Fluor 488-conjugated affinipure fab fragment goat anti-
rabbit IgG (H + L) (1:400; Jackson ImmunoResearch
Laboratories, 111-547-003). After rinsing, slices were next
incubated with primary antibody rabbit anti-PARP14 (1:100;
Sigma Aldrich, HPA012063), followed by secondary antibody
Alexa Fluor 594 goat anti-rabbit IgG (1:400; Invitrogen,
A-11037).

Infarct volume measurement

Mouse brains were cut into 30-um coronal slices using
a sliding freezing stage microtome (Leica, Wetzlar, Hesse,
Germany) at day 14 after stroke. Infarct volume was measured
by histological assessment using Nissl staining according to
the manufacturer’s instructions (Biyotime, CO0117). Infarct
volume was determined using Image] by an investigator
blind to group allocation and based on measurements of
every 6 section throughout the entire infarct as follows: infarct
volume (mm?®) = infarct area (mm?) x slice thickness x slice
interval.

Cell cultures

As previously described [22], primary mouse microglia were
obtained from postnatal C57BL/6 ] mice (postnatal 1-2 d).
The brain tissue was digested using trypsin-EDTA (Gibco,
25200056) after the membranes and blood vessels were
removed. Cells were plated in poly-D-lysine-precoated cell
culture flasks (25 cm?) containing Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with fetal bovine
serum (FBS, 10% v:v) and penicillin-streptomycin (1% v:v).
Seven days later, CSF2/GM-CSF (colony-stimulating factor 2
(granulocyte-macrophage); 0.25 ng/ml) was added to the
medium to aid microglial proliferation. The flasks were sha-
ken to detach microglia, and the cell medium was centrifu-
gated at 1500 rpm for 5 min to collect microglia. BV-2 cells
were purchased from the China Center for Type Culture
Collection and cultured in DMEM supplemented with 10%
FBS and 1% penicillin-streptomycin. All cells were kept in
a humidified incubator (5% CO,, 37°C).

Primary neurons were isolated from C57BL/6 ] mouse
(embryos, E15-E16) cortex, dissected, and incubated with
trypsin EDTA (Gibco, 25200056) for 10 min, and plated at
1 x 10° cells/cm? in neurobasal medium (Gibco, 21103049)
containing 0.5% GlutaMAX Supplement (Gibco, 35050061)
and 2% B27 supplement (Gibco, 17504044) [46]. All cells
were kept in a humidified incubator (5% CO,, 37°C).

OGD treatment

OGD treatment was performed as previously reported [48]. In
brief, cells were rinsed with glucose-free deoxygenated
DMEM (Gibco, 11966025) and incubated with the same med-
ium in a hypoxia chamber (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) maintained at 37°C. The
chamber was filled with premixed gas (5% CO, and 95%
N,). Control groups were incubated with DMEM and 10%
FBS for the same time.

qPCR

qPCR was performed with an Applied Biosystems qPCR
System according to our previous methods [22]. Briefly,
total RNA was extracted using TRIzol reagent (Invitrogen,
15596026), reverse transcribed with a HiScript Q Select RT
SuperMix Kit (Vazyme, R123-01), and then quantified with
AceQ qPCR SYBR Green Master Mix (Vazyme, R141-02).
Primers were purchased from Invitrogen. Primer sequences
used are listed in Table SI.

ELISA

Levels of cytokines (TNF, IL1B, and IL6) in the peri-infarct
cortex extracts were analyzed using commercial ELISA kits
according to the manufacturer’s instructions. The ELISA Kit
of Mouse TNF (JEB-12474), Mouse IL1B (JEB-12787), and
Mouse IL6 (JEB-12267) were obtained from Nanjing Jin Yibai
Biological Technology Co. Ltd.

RNA sequencing analysis

Whole RNA sequencing experiments were performed and
analyzed by LC-Bio (Hangzhou, China). Primary mouse
microglia from the Con + ACT-Con group, Con + ACT-
PARP14 group, OGD + ACT-Con group, and OGD + ACT-
Con group were collected in TRIzol. Total RNAs were
extracted from TRIzol. UMI technology was used to label
each sequence fragment with sequence tags, which minimized
the interference of duplication caused by PCR amplification
on the quantitative accuracy of the transcriptome. RNA
sequencing reads were aligned to the mouse genome
(GRCh37/hgl19) using the software Hisat2 (2.0.4). Transcript
abundance was evaluated by calculating fragments per kilo
base of exon per million fragments mapped (FPKM). The
threshold of significantly differential expression was set at P
<0.05 and |log,(fold change)| >1.

Western blot analysis

Western blot analysis was performed with previously
described methods [44]. Peri-infarct tissue around the infarct
core was rapidly dissected and the equivalent region was taken
from sham mice. The primary antibodies used in addition to
those listed above were rabbit anti- NOS2 (1:1000; Proteintech
group, 18985-1-AP), mouse anti-PAR (1:500; Santa Cruz
Biotechnology, sc-56198), rabbit anti-SQSTM1 (1:2000;
Proteintech group, 18420-1-AP), rabbit anti-LPAR5 (1:400;
Bioss, bs-15366 R), mouse anti-Flag (1:500; Sigma Aldrich,
F3165), and mouse anti-ACTB/p-actin (1:3000; Proteintech
group, 60008-1-Ig). Horseradish peroxidase-linked goat anti-
rabbit/mouse IgG secondary antibodies (1:2000; Cell Signaling
Technology, 7074P2 or 7076P2) were used and the resultant
signals were detected on a chemiluminescence detection sys-
tem. Individual protein bands were quantified by densitome-
try using Image] software.



Statistical analysis

All data are presented as mean + SEM. Comparisons between
2 groups were assessed with a 2-tailed Student’s ¢-test. Brown-
Forsythe test was firstly used to evaluate the homogeneity of
variance. Comparisons among multiple groups (3 or more)
were assessed with One/Two-way ANOVA followed by the
Holm-Sidak post hoc test. Behavioral data collected at repeat-
ing time points (i.e., for a single animal at 4 time points) were
analyzed using 2-way repeated measures ANOVA, followed
by the Holm-Sidak post hoc test. The statistical analysis used
for different experiments is indicated in the figure legends
respectively, and statistical significance was set at P < 0.05.
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