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Treatment of secondary brain injury by
perturbing postsynaptic density protein-
95-NMDA receptor interaction after
intracerebral hemorrhage in rats
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Jia Yin1, Xiaochun Duan1, Haitao Shen1, Haiying Li1,
Zhong Wang1 and Gang Chen1

Abstract

Postsynaptic density protein-95 (PSD95) plays important roles in the formation, differentiation, remodeling, and matur-

ation of neuronal synapses. This study is to estimate the potential role of PSD95 in cognitive dysfunction and synaptic

injury following intracerebral hemorrhage (ICH). The interaction between PSD95 and NMDA receptor subunit NR2B-

neurotransmitter nitric oxide synthase (nNOS) could form a signal protein complex mediating excitatory signaling.

Besides NR2B-nNOS, PSD95 also can bind to neurexin-1–neuroligin-1 to form a complex and participates in maintaining

synaptic function. In this study, we found that there were an increase in the formation of PSD95-NR2B-nNOS complex

and a decrease in the formation of neurexin-1–neuroligin-1-PSD95 complex after ICH, and this was accompanied by

increased neuronal death and degeneration, and behavior dysfunction. PSD95 inhibitor Tat-NR2B9c effectively inhibited

the interaction between PSD95 and NR2B-nNOS, and promoted the formation of neurexin-1–nueuroligin-1-PSD95

complex. In addition, Tat-NR2B9c treatment significantly reduced neuronal death and degeneration and matrix metallo-

proteinase 9 activity, alleviated inflammatory response and neurobehavioral disorders, and improved the cognitive and

learning ability of ICH rats. Inhibition of the formation of PSD95-NR2B-nNOS complex can rescue secondary brain

injury and behavioral cognitive impairment after ICH. PSD95 is expected to be a target for improving the prognosis of

patients with ICH.
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Introduction

Intracerebral hemorrhage (ICH) is a worldwide public
health problem; high mortality and morbidity rates are
associated with hemorrhagic stroke.1,2 In addition to
the mechanical effects including cerebrovascular rup-
ture and hematoma caused by primary brain injury,
secondary brain injury (SBI) has been proven to con-
tribute to neurological deterioration after ICH.3,4

Although various treatments have been tried, only
20% of ICH patients are currently able to resume func-
tional life within 6 months after clinical treatment.3,5

SBI is a very important factor affecting the poor prog-
nosis of patients after ICH.6,7 Therefore, the prevention
of SBI after ICH is very important.8
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SBI is often accompanied by neuronal damage and
apoptosis after ICH. This process is often due to hema-
toma compression and synaptic damage induced by
blood toxic components, while a large number of neu-
rons can’t function normally.9,10 Chronic hypertension
leads to cerebrovascular dysfunctions that may increase
injury and increase synaptic response.11,12 The recovery
of neurological function after ICH is realized via brain
structural and functional reorganization, which is
defined as brain plasticity. And brain plasticity is
partly due to the increase in the number of synapses
and the enhancement of synaptic function.9,13 The
increase in the number of synapses and the enhance-
ment of function can increase the association between
neurons, inhibit the initiation of apoptosis, and
enhance the activity of peripheral neurons in cerebral
hemorrhage.14 Thus, the study of neurological synaptic
molecules during SBI may provide a new therapeutic
target for patients with ICH.8,10,14

The postsynaptic density protein (PSD) family has a
number of protein members and acts as a scaffold to
provide neurotransmitter receptor assembly, the occur-
rence of adhesion molecules, and signal transduction.15

Among the family members, PSD95 contains a GK
region (region homologous to yeast guanylate kinase),
a SH3 (Src-homology-3) domain or WW motif (two
conserved tryptophan residues), and 3 PDZ domains
(domain first discovered in PSD95/Dlg/ZO1 pro-
teins).15,16 In the excitatory synapses, PSD95 binds to
the NMDA receptor subunit NR2B and neurotransmit-
ter nitric oxide synthase (nNOS) through the second
PDZ domain to form a signal protein complex that
plays a key role in mediating the conduction of excita-
tory signaling and maintaining the excitatory balance of
synapses.15,17 Matrix metalloproteinases (MMPs) have
been shown to participate in the pathogenesis of
ICH.18,19 Neuronal nitric oxide synthase (nNOS) pro-
motes the production of nitric oxide, which subsequently
induced S-nitrosylation and activation of MMP-9 and
finally induced neuronal apoptosis.20 Neurexin-1 and
neuroligin-1 separately locate at the presynaptic mem-
brane and postsynaptic membrane, and both of them
can be connected into a complex across the presynaptic
and posterior membrane.21 In addition to NR2B and
nNOS, PSD95 can bind to neuroligin-1 through its
third PDZ domain and indirectly link to neurexin-1 to
form a complex and participate in synaptogenesis, dif-
ferentiation, remodeling, maturation, and the balance of
synaptic function.21,22 PSD95 plays an important role in
the repair of PSD region injury. The PSD region is
important for synaptic integration and recovery of
neurological function. However, the potential role of
PSD95 in ICH-induced SBI and how PSD95 switches
between NR2B-nNOS and neurexin-1 and neuroligin-1
have not been reported.

In this study, we investigated the relationship
between PSD95 and NR2B-nNOS, the relationship
between PSD95 and neurexin-1 and neuroligin-1 in a
rat ICH model generated by collagenase injection,
and the effect of PSD95 inhibitor Tat-NR2B9c on
ICH-induced SBI. The Morris water maze test was per-
formed to assess neurobehavioral function after synap-
tic remodeling in rats after ICH.

Materials and methods

Experimental animals

All male Sprague Dawley (SD) mice about 8 weeks old
and weighing 250–300 g were provided by the Shanghai
Experimental Animal Center of the Chinese Academy
of Sciences. All management procedures were approved
by the Suzhou University Animal Protection
Committee and were conducted in accordance with
the National Institutes of Health’s guidelines on the
care and use of animals. All animal research data are
written according to ARRIVE (Animal Research:
Reporting of in vivo Experiments) guidelines. Sample
sizes were determined by power analysis during the
animal ethics dossier application. The rats were
housed at relative humidity (40%) and constant tem-
perature (23�C) under a regular light/dark schedule.
Food and water were available ad libitum. For group-
ing animals, rats were randomly numbered, and Stat
Trek’s Random Number Generator was used for select-
ing random samples. All the capture and quantitative
analysis were performed by observers who were blind
to the experimental group.

Establishment of collagenase ICH model in rats

The SD rat collagenase ICH model was established as
described previously.23 Briefly, the rats were anesthe-
tized and fixed in a brain stereotactic instrument
(ZH-Lanxing B type stereotactic frame, Anhui
Zhenghua Biological Equipment Co. Ltd., Anhui,
China). According to the rat head stereotactic anatom-
ical map,24 we determined the drilling position (coronal
and sagittal midline at the intersection of 0.2mm, sagit-
tal right 3.5mm) for the right basal ganglia open
window diameter of about 2mm, and 1 mL of 0.23U
collagenase VII in physiological saline was slowly
injected into the basal ganglia with a 10-mL microinjec-
tor (Hamilton). The collagenase injection rate was
0.2 mL/min for 5min. The micro-syringe was stagnated
for 10min and then was slowly pulled out after injec-
tion. The sham operation group received basal ganglia
injection of equal volume of physiological saline solu-
tion. During the establishment of the model, the heart
rate, blood pressure, and body temperature were
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monitored in real time, and the rectal temperature was
maintained at 37.5�C. According to Berderson et al.,25

the assessment method is divided into four levels.
A schematic illustration of the ICH model is shown
in Figure 1(a).

Establishment of autologous blood ICH model in rats

A autologous blood ICH model in rats was performed
as previously reported.8 Briefly, 100 mL of autologous
blood was collected from the heart using a 100 mL
microsyringe (Hamilton Company, Nevada, USA)
and slowly inserted into the subdural space 5.5mm in
depth to reach the basal ganglia at an injection rate of
10 mL/min.

Cell culture and establishment of in vitro ICH model

Primary rat cortical neurons were isolated and cultured
in accordance with a previous experimental study.26

Briefly, cortical neurons were isolated from 16- to 18-
day gestational age embryos and treated with Trypsin-
EDTA solution for 5min at 37�C. Dissociated neurons
were plated onto plates (Corning, USA) precoated with
0.1mg/ml poly-D-lysine (Sigma, USA), cultured in
Neurobasal-A medium supplemented with 2% B-27
and 0.5mM GlutaMAXTM-I (all from Invitrogen,
Grand Island, NY), and maintained at 37�C under

humidified conditions and 5% CO2. Half of the
medium was exchanged for fresh medium every
2 days for approximately 2 weeks before exposure to
treatment.

Experimental grouping

The in vivo experiments were divided into two parts. In
experiment 1, 48 rats (50 rats were used, 48 survived
after the surgery) were randomly assigned into eight
groups and each group had 6 rats: normal group,
sham group, and 6, 12, 24, 48 and 72 h, 7 days after
ICH. The first step was to investigate the changes of
PSD95 expression in brain tissue at different time
points after ICH. Our preliminary experiments
showed that, compared with the normal group, there
was no significant change in the protein level of PSD95
in any sham group (6 h and 7 days), suggesting that
sham treatment did not affect the protein level of
PSD95. The rats in the sham group were sacrificed at
12 h after physiological saline injection. The ICH group
was sacrificed at the indicated time points (6 h, 12 h,
24 h, 48 h, 72 h and 7 days). Brain tissues were sampled
1mm away from the hematoma for western blot
to avoid potential red blood cell contamination
(Figure 1(b)).

In experiment 2, 144 rats (159 rats were used, 144
survived) were randomly divided into four groups:

Figure 1. Intracerebral hemorrhage model and experimental design. (a) Whole brain and the largest coronal section of hematoma.

(b) Time course of PSD95 expression in brain tissue after ICH. The interaction between PSD95 and NR2B-nNOS and neurexin–

nueuroligin was observed after ICH. (c) Roles of PSD95 on ICH-induced secondary brain injury and the underlying mechanisms.

PSD95: postsynaptic density protein-95; ICH: intracerebral hemorrhage; nNOS: neurotransmitter nitric oxide synthase.
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sham, ICH, ICHþVehicle and ICHþTat-NR2B9c
(n¼ 36 for each group). The second part of the experi-
ment aims to study the role of PSD95 in ICH-induced
SBI and the possible mechanism. At 0.5 h after ICH
onset, the rats in the ICHþTat-NR2B9c group
received Tat-NR2B9c 2.6mg/kg (MedChem Express,
HY-P0117) by tail vein injection.27,28 The rats in the
ICHþ vehicle group were injected with the same
volume of saline. At 24 h after ICH, six rats per
group were exsanguinated and used to isolate brain tis-
sues for protein extraction (western blot analysis and
immunoprecipitation analysis), RNA extraction (RT-
PCR analysis) and paraffin section preparation (ter-
minal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) staining and fluoro-jade
B (FJB) staining). Another six rats per group were
used for quick frozen-section preparation for in situ
zymography. At 72 h after ICH onset, six rats were
used for neurological deficit score and brain edema
evaluation, and all the serum was collected for
enzyme-linked immunosorbent assay (ELISA) to evalu-
ate inflammatory response. The remaining 18 rats per
group were subjected to the Morris water maze test
during days 22–26 after ICH onset (Figure 1(c)).
The rats subjected to the Morris water maze test
received Tat-NR2B9c 2.6mg/kg by tail vein injection
once every 3 days. For Morris water maze test, Tat-
NR2B9c started to be given at 0.5 h after ICH onset
once every 3 days until the rats were sacrificed.

In in vitro experiments, neurons were exposed
to 20 mM OxyHb to mimic the ICH condition. Tat-
NR2B9c was used at 0.5 mM in vitro.

Antibodies

For details, please see the supplementary material.

Double immunofluorescent labeling

First, double labeling was performed for PSD95/
NeuN to detect the protein level of PSD95 in neurons
in the cortex around the hematoma. The fluorescence
intensity of PSD95 in NeuN-positive cells was calcu-
lated. Second, double labeling was also performed to
test the interaction between PSD95 and its binding
partners. The patch of protein colocalization means
the protein interaction. To exclude the effects of
exposure time and background on the result, unified
exposure time was performed in an independent test,
and the fluorescence intensity of the control group was
normalized to 1.0. Normal IgG served as negative
control for background removal (data not shown).
Sections were observed using a fluorescence micro-
scope (Olympus BX50/BX-FLA/DP70; Olympus Co.,
Tokyo, Japan). The fluorescence intensity was

analyzed using the ImageJ program (NIH, Bethesda,
MD, USA).

Western blot assay

Western blot assay was performed as described previ-
ously.29 Briefly, the brain samples were cut and dissected
using a brain chisel, and mechanically lysed in the lysis
buffer for western blot containing phenylmethylsulfonyl
fluoride (Beyotime Institute of Biotechnology, Shanghai,
China). The protein concentrations were measured by
the bicinchoninic acid (BCA) method using an enhanced
BCA protein assay kit (Beyotime Institute of
Biotechnology). Protein samples (20mg/lane) were
loaded on a 12% SDS-polyacrylamide-gel, separated,
and electrophoretically transferred to a polyvinylidene
difluoride membrane (Millipore, Billerica, MA), which
was blocked with 5% bovine serum albumin (Biosharp,
Hefei, China) for 1 h at room temperature. The mem-
brane was then incubated overnight at 4�C with primary
antibodies and subsequently with the corresponding sec-
ondary antibody. Finally, the signals were detected using
an ECL kit. ImageJ software was used to analyze optical
density of bands.

RT-PCR

RT-PCR was performed as described previously.30

Briefly, total RNA was extracted with RNA Trizol
(15596-026; Invitrogen Life Technologies, Carlsbad,
CA, USA). Next, RNA was reverse transcribed to com-
plementary DNA (cDNA) using the RevertAid First
Strand cDNA Synthesis Kit (K1622; Fermentas/
Thermo Fisher Scientific, Inc., Rockford, IL, USA).
RT-PCR was performed using DreamTaq Green
PCR Master Mix (K1081; Thermo Fisher Scientific,
Inc., San Jose, CA, USA). GAPDH served as loading
controls. All PCR reactions were performed with a
GeneAmp PCR system 2004 (Perkin Elmer, Waltham,
MA, USA). The PCR products were separated on 1%
agarose gel, and the relative densitometry intensity of
the bands was quantitated using ImageJ software and
normalized to the loading control.

FJB staining

FJB staining was performed as described previously.31,32

For details, please see the supplementary material.

TUNELþNeuN double standard fluorescent
staining

TUNEL staining was performed as described previ-
ously.21 For details, please see the supplementary
material.
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ELISA

The concentrations of interleukin (IL)-1b and IL-17 in
serum were determined by corresponding ELISA kits
(Cat. RA20422 for IL-1b and Cat. RA20117 for IL-17,
Bio-Swamp). These assays were performed according
to the manufacturer’s instructions, and the data
were expressed relative to standard curves prepared
for them.

Immunoprecipitation analysis

Immunoprecipitation tests were performed as reported
previously.21 For details, please see the supplementary
material.

Neurological impairment

At 72 h after ICH, the six rats in the experiment 2 were
examined for behavioral impairment using a previously
published scoring system and monitored for appetite,
activity, and neurological defects.33

Morris water maze

The Morris water maze test was performed as described
previously.34,35 Briefly, rats were trained in the Morris
water maze on days 3 to 6 post-ICH (four trials per
day). Swimming speed, latency and swim path length
were recorded. For details, please see the supplemen-
tary material.

In situ zymography

MMP-2/9 activity was tested on frozen section by in
situ zymography kit (GMS80062.2, GENMED). This
assay was performed according to the manufacturer’s
instructions, and the fluorescence intensity was quanti-
fied by ImageJ software. The fluorescence intensity of
the sham group was normalized to 1.0.

Gelatin gel zymography

Gel zymography was performed as described previ-
ously.36 A mixture of human MMP-2 and MMP-9
(Chemicon, Hofheim, Germany) was used as positive
control.

Statistical analysis

GraphPad Prism 5 was used for all statistical analysis.
Neurobehavioral scores were shown as median
with interquartile range. All the other data are pre-
sented as mean� SD. Frequency distribution for the
neurobehavioral score assay. One-way ANOVA for

multiple comparisons and Student–Newman–Keuls
post hoc test were used to determine the differences
among all groups; p< 0.05 was considered to be
significant.

Results

General observations

The body temperature, mean arterial pressure, and
body weight of rats in each experimental group did
not change significantly (Supplementary Figure 1).
The mortality rate of rats in the normal and sham
group was 0% (0/42 rats), and in the ICH group, it
was 11.8% (17/144 rats).

ICH induced a decrease in the protein level
of PSD95 in rat brain

Compared with the sham group, the results of
immunofluorescence double staining showed that the
protein level of PSD95 in neurons in the cortex
around hematoma was significantly decreased at 6 h,
reached the lowest point at 12 h, gradually picked up
after 24 h, and then fell again at 72 h after ICH
(Figure 2(a) and (b)). Western blot assay further
showed the same trend in the protein level of PSD95
in the cortex around hematoma (Figure 2(c)). Next, a
time course study for the expression of PSD95 after
ICH was performed by RT-PCR (Figure 2(d)). The
mRNA level of PSD95 in the cortex around hema-
toma was significantly decreased from 6h after ICH
onset and then recovered to the levels in the sham
group after 48 h. Based on these results, we found
that the decrease in the protein level of PSD95 at
12 h was due to the ICH-induced decrease in the tran-
scription of PSD95.

ICH increased the interaction between PSD95 and
NR2B-nNOS and inhibited the interaction between
PSD95 and neurexin-1–neuroligin-1

We examined the interaction of PSD95 with NR2B-
nNOS or neurexin-1–neuroligin-1 by co-immunopreci-
pitation and double immunofluorescence staining at
24 h after ICH. The results of co-immunoprecipitation
showed that the formation of PSD95-NR2B-nNOS
complex was significantly increased in the brain tissue
of the ICH group compared with the sham group, while
the formation of PSD95-neurexin-1–nueuroligin-1
complex was significantly reduced (Figure 3(a) and
(b)). There were similar trends of the co-localizations
of PSD95/NR2B/nNOS and PSD95/neurexin-1/
neuroligin-1 in cultured neurons treated with OxyHb
(Figure 3(c)).
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Tat-NR2B9c inhibited the formation of
PSD95-NR2B-nNOS complex induced by ICH

By co-immunoprecipitation and double immunofluor-
escence staining, we then examined the effects of Tat-
NR2B9c intervention on the interaction of PSD95 with
NR2B-nNOS or neurexin-1–neuroligin-1 at 24 h after
ICH. The results of co-immunoprecipitation showed
that the PSD95-NR2B-nNOS complex was significantly
decreased in the Tat-NR2B9c-treated group compared
with the vehicle group, while the PSD95-neurexin-1–
nueuroligin-1 complex was significantly increased by
Tat-NR2B9c intervention (Figure 4(a) and (b)).

Furthermore, in vitro double immunofluorescence
staining also showed a consistent trend (Figure 4(c)).

In vivo rescue effects of Tat-NR2B9c intervention
on ICH-induced SBI

To examine the effects of Tat-NR2B9c intervention on
SBI induced by ICH, we used TUNEL and FJB stain-
ing to detect the effect of Tat-NR2B9c on neuronal
death and degeneration in the brain at 24 h after
ICH. Compared with the sham group, the number of
TUNEL- and FJB-positive cells increased significantly
in the ICH group, while the number of TUNEL- and

Figure 2. The protein levels of PSD95 in neuronal cells after ICH. (a) Double immunofluorescence analysis was performed with

antibody for PSD95 (green) and neuronal cell marker (red) in peri-hematomal cortex. Nuclei were fluorescently labeled with 4’-6-

diamidino-2-phenylindole (DAPI) (blue). Representative images of the sham and ICH time course groups are shown. Scale

bar¼ 20mm. (b) The relative fluorescent intensity of PSD95 in neuronal cells is shown below. (c) Western blot analysis and quan-

tification of the protein level of PSD95 in brain tissue. The relative levels were expressed relative to glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) protein levels and normalized to the sham group. (d) Reverse transcription polymerase chain reaction (RT-

PCR) assay of the messenger RNA (mRNA) levels of PSD95 in brain tissue around hematoma at indicated times after ICH. Relative

mRNA levels of PSD95 were calculated based on densitometry analysis. The mean values of the mRNA levels of PSD95 in sham group

were normalized to 1.0. In (b), (c), and (d), all values are mean� SD, *p< 0.05, **p< 0.01, ***p< 0.001 compared with sham group. N.S.

indicates no significant difference, n¼ 6.

PSD95: postsynaptic density protein-95; ICH: intracerebral hemorrhage; SD: standard deviation.
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FJB-positive cells was significantly decreased by Tat-
NR2B9c intervention (Figure 5(a) to (e)). Then, the
activation of caspase-3 in the brain tissue around
the hematoma was detected by western blotting. The
results showed that the Tat-NR2B9c intervention
inhibited ICH-induced brain cell apoptosis (Figure
5(f) and (g)). Next, compared with the sham group,
there was a significant increase in the brain content of
albumin in the ICH group, and this was significantly
decreased by Tat-NR2B9c treatment (Figure 5(f) and
(h)). In addition, brain water content was found to be
significantly higher in brain samples of the ICH (72 h)
group than in the sham group. Brain water content was
lower in rats treated with Tat-NR2B9c than in the vehi-
cle group (Figure 5(i)). And, during harvesting the
brain tissue, we quantified the hemotoma volume of
each group exposed to ICH insults and found that no
significant changes in hemotoma volume were detected
among ICH group, ICHþ vehicle group, and
ICHþTat-NR2B9c group (data not shown), suggest-
ing that Tat-NR2B9c did not affect hemotoma volume.
Finally, inflammatory cytokines, including IL-1b and

IL-17, were found to be significantly higher in the
serum of the ICH group than in that of the sham
group. Compared with the ICHþ vehicle group, the
mean inflammatory cytokine contents were significantly
lower in the ICHþTat-NR2B9c group (Figure 5(j)).

Tat-NR2B9c rescued cognitive impairment
caused by ICH

To examine whether Tat-NR2B9c benefits ICH out-
come, the Morris water maze was used to evaluate
the neurobehavioral disorder in rats during days 22–
26 after ICH onset (Figure 6(a)). Compared with the
sham group, the escape latency and swimming distance
of the ICH group were significantly increased.
Compared with the vehicle group, the escape latency
(Figure 6(b)) and swimming distance (Figure 6(c))
were significantly reduced in the Tat-NR2B9c interven-
tion group, suggesting that Tat-NR2B9c exerted signifi-
cant rescue effects on cognitive impairment following
ICH. In addition, we tested Tat-NR2B9c on behav-
ioral outcome in the collagenase ICH model at 72 h

Figure 3. PSD95 and NR2B-nNOS, PSD95 and neurexin–neuroligin interacts after ICH. (a) IP of brain tissue whole protein with

indicated treatments. Western blots of IP with PSD95 antibody showed the interactions between nNOS, NR2B, neurexin-1 or

neuroligin-1, and PSD95. (b) The relative levels of nNOS/NR2B/neurexin-1/neuroligin-1 immunoprecipitated by PSD95. The relative

levels were normalized to the sham group. The y-axis is the fold of sham group. Data are expressed as mean� SD. **p< 0.01,

***p< 0.001 compared with sham group, n¼ 6. (c) Double immunofluorescence analysis was performed with antibody for nNOS

(green), GluN2B (green), neurexin-1b (green), neuroligin-1 (green), and PSD95 (red) in cultured neurons exposed to indicated

treatments. Nuclei were fluorescently labeled with DAPI (blue). Representative images of the control and oxyHb (24 h) groups are

shown. Scale bar¼ 10 mm.

PSD95: postsynaptic density protein-95; ICH: intracerebral hemorrhage; nNOS: neurotransmitter nitric oxide synthase; IP: immu-

noprecipitation; SD: standard deviation.

1594 Journal of Cerebral Blood Flow & Metabolism 39(8)



after ICH onset (Figure 6(d)). Compared with
sham group, ICH rats showed a significant damage in
neurobehavioral ability, while Tat-NR2B9c exerted a
rescue effect on the neurobehavioral function.
Autologous blood ICH model showed a same trend
(Figure 6(e)).

Tat-NR2B9c inhibited the activation of MMP2/9
induced by ICH

We used in situ gelatin zymography to detect the effect
of Tat-NR2B9c on the activity of MMP2/9 after ICH.
Compared with the sham group, the activity of MMP2/
9 in the brain tissue of the ICH group increased signifi-
cantly after 24 h, and this was significantly inhibited by
Tat-NR2B9c treatment. Thus, Tat-NR2B9c effectively
reduced the activation of MMP2/9 induced by ICH
accompanied by inhibiting the formation of PSD95-
NR2B-nNOS complex (Figure 7(a) and (b)). As in
situ zymography cannot distinguish between MMP-2
and -9, we performed gelatin gel zymography to

assess the activation status of MMP-2 and -9 specific-
ally. As shown in Figure 7(c) and (d), both pro-MMP-9
and pro-MMP-2 were present in all group. After ICH
insults, a second band corresponding to the activated
form of MMP-9 appeared. Unlike MMP-9, no acti-
vated MMP-2 were detected in ICH brains, suggesting
that during ICH MMP-9, but not MMP-2 is activated.
Furthermore, with Tat-NR2B9c treatment, MMP-9
activity during ICH was significantly blocked compared
with ICHþ vehicle group.

Discussion

Recent studies have found that SBI is often accompa-
nied by neuronal damage and apoptosis after ICH.10

Cerebral structure and functional reorganization after
ICH is beneficial to the recovery of neurological func-
tion, and the fundamental mechanism of brain struc-
ture function reorganization is brain plasticity.9 The
plasticity of the brain tissue is due in part to the
increase in the number of synapses and the

Figure 4. Tat-NR2B9c affects PSD95-NR2B-nNOS complex and PSD95-neurexin–neuroligin complex formation after ICH. (a) IP of

brain tissue whole protein with indicated treatments. Western blots of IP with PSD95 antibody showed the interactions between

nNOS, NR2B, neurexin-1 or neuroligin-1, and PSD95. (b) The relative levels of nNOS/NR2B/neurexin-1/neuroligin-1 immunopreci-

pitated by PSD95. The relative levels were normalized to the sham group. The y-axis is the fold of sham group. Data are expressed

as mean� SD. **p< 0.01, ***p< 0.001 compared with ICHþVehicle group, n¼ 6. (c) Double immunofluorescence analysis was

performed with antibody for nNOS (green), GluN2B (green), neurexin-1 (green), neuroligin-1 (green), and PSD95 (red) in cultured

neurons exposed to indicated treatments. Nuclei were fluorescently labeled with DAPI (blue). Representative images of the

oxyHbþVehicle and oxyHbþTat-NR2B9c groups are shown. Scale bar¼ 10 mm.

PSD95: postsynaptic density protein-95; ICH: intracerebral hemorrhage; nNOS: neurotransmitter nitric oxide synthase; IP: immu-

noprecipitation; SD: standard deviation.
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Figure 5. Tat-NR2B9c plays a rescue role in ICH-induced SBI. (a) FJB staining (green) shows neuronal degradation both in brain

cortex and peri-hematomal brain. Scale bar¼ 100 mm. Arrows point to FJB-positive cells. FJB-positive cells/mm2 were quantified in

brain cortex (b) and peri-hematomal brain (c). (d) Double staining for neuronal cell marker (red) and TUNEL (green) counterstained

with DAPI (blue) was performed. Representative images of sham group, ICHþ control (24 h) group, ICHþ vehicle (24 h) group, and

ICHþTat-NR2B9c (24 h) group are shown. Arrows point to apoptotic neurons, namely NeuN/TUNEL-positive cells. Scale

bar¼ 20 mm. Percentage of TUNEL-positive neurons is shown (e). Western blot analysis and quantification of the protein level of

active-caspase3 and albumin in brain tissue ((f)–(h)). Quantitative levels of protein levels of active caspase 3 and albumin are shown (g)

and (h). (i) Bar graphs showing the effects of Tat-NR2B9c on brain water content. (j) ELISA assay of the contents of IL-1b and IL-17 in

serum. In (b), (c), (e), (g), (h), (i), and (j), data are expressed as mean� SD. **p< 0.01, ***p< 0.001 vs. sham group, #p< 0.05,
##p< 0.01 vs. ICHþVehicle group, n¼ 6. In (g) and (h), the relative levels were expressed relative to GAPDH protein levels and

normalized to the sham group.

ICH: intracerebral hemorrhage; SBI: secondary brain injury; FJB: fluoro-Jade B; TUNEL: terminal deoxynucleotidyl transferase-

mediated dUTP nick end labeling; ELISA: enzyme-linked immunosorbent assay; IL: interleukin; Cont: contralateral; Ipsi: ipsilateral; CX:

cortex; BG: basal ganglia; Cerebel; cerebellum.
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enhancement of synaptic function. The increase in the
number of synapses and the enhancement of function
can increase the association between neurons, inhibit
the initiation of apoptosis, and enhance the activity of
peripheral neurons in cerebral hemorrhage.13 Some stu-
dies have attempted to achieve the treatment of nervous
system-related diseases by altering postsynaptic mem-
brane-associated proteins.13,21,37 Previously, our study
found that some proteins in the postsynaptic membrane
density region were affected by hemorrhagic brain dis-
ease.21 In previous studies, over-expression of the

synaptic-associated proteins neurexin-1 and neuroli-
gin-1 could increase the interaction between them and
the formation of excitatory synapses, and could
improve hemorrhagic brain disease-induced cognitive
dysfunction, whereas knockdown of neurexin-1 and
neuroligin-1 led to the opposite effect.21 In this study,
we further explore the role of the neurexin-1 and neu-
roligin-1-related protein PSD95 and its intervention in
cognitive function after ICH.

In this study, we first found that the expression
of PSD95 was decreased after ICH. However,

Figure 6. Morris water maze test and neurobehavioral scores. (a) Morris water maze test in rats during days 22–26 after ICH onset.

Comparison of typical trajectories for each group of space exploration was shown. (b) Escape latency and (c) swim path length of 4

trials per day for 5 days, n¼ 18. Neurobehavioral scores were tested at 72 h after surgery in collagenase ICH model (d) or in

autologous blood ICH model (e). In (d) and (e), *p< 0.05, **p< 0.01, n¼ 6.

ICH: intracerebral hemorrhage.

Wang et al. 1597



PSD95-NR2B-nNOS complex increased and neurexin-
1–nueuroligin-1-PSD95 complex decreased in rats’ brain
tissue after ICH. The formation of PSD95-NR2B-nNOS
complex may promote the production of nitric oxide,
which promotes excessive S-nitrosylation and activation
of MMP9, and induces neuronal death as described pre-
viously.20 Tat-NR2B9c can reduce the production of
PSD95-NR2B-nNOS complex by reducing the inter-
action between PSD95 and NR2B-nNOS, which allevi-
ates neuronal death induced by ICH. On the other hand,
Tat-NR2B9c contributes to the improvement of behav-
ior caused by ICH by promoting the formation of neur-
exin-1–nueuroligin-1-PSD95 complex (Figure 7(e)).

To prove the cytotoxicity of the Tat-NR2B9c, sham-
operated rats were treated with Tat-NR2B9c 2.6mg/kg
by tail vein injection in our preliminary experiments,
which is the same dosage of that used in ICH group
in this study. We assessed the brains of native and
Tat-NR2B9c-injected sham rats by western blot assay
of active-caspase 3. The results showed that Tat-
NR2B9c treatment at the dosage used in this study
did not induce significant change in brain cell apoptosis
(data not shown), suggesting that there was no obvious
side effects of Tat-NR2B9c at the dosage used in this
study.

The BBB acts as a selective permeability barrier
between circulating blood and the central nervous
system. BBB disruption occurs and contributes to the
progression of ICH-induced SBI.38 However, there is
evidence that BBB disruption could promote the
access of some drugs to the immediate environment
around the disruption.39 In this sense, BBB disruption
induced by ICH may facilitate Tat-NR2B9c transport
across the BBB into the brain. In addition, the PSD95
inhibitor Tat-NR2B9c is a short peptide chain contain-
ing 20 amino acids formed by the fusion of 11-amino-
acid peptide chains of HIV-1 Tat with the 9-amino-acid
peptide chains of the NMDA receptor subunit NR2B
carboxy terminus. The peptide chains of HIV-1 Tat
contain Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg,
which exerts as a transmembrane domain and enables
the fusion protein to cross the blood–brain barrier and
reach the brain.40 Furthermore, Tat-NR2B9c conju-
gated with fluorophore dansyl chloride showed that
Tat-NR2B9c application via intraperitoneal injection
could be delivered into the brain in intact C57BL/6
mice and transduce into neurons via intracellular pep-
tide uptake,27 and intravenous infusion of Tat-NR2B9c
(2.6mg/kg) could exert neuroprotection and improve
functional outcome after ischemic stroke.28

Figure 7. The effect of Tat-NR2B9c on the activity of MMP2/9 in brain tissue and the roles of PSD95 in SBI after ICH. (a) In situ

gelatin zymography assay of MMP2/9 activity (green), as well as quantitative analysis (b). In (b), data are expressed as mean� SD.

**p< 0.01 vs. sham group, #p< 0.05 vs. ICHþVehicle group. (c) Gelatin gel zymography assay of MMP-2/9 activity (d) Densitometric

quantification showing the normalized activity of MMP-9. Data¼mean� SD, n¼ 6. *p< 0.05 vs. sham group, #p< 0.05 vs.

ICHþVehicle group. (e) The mechanism of PSD95 in SBI after ICH. After ICH, the excitatory glutamate is released in large quantities,

the NMDA receptor is activated, the PSD95-NR2B-nNOS complex is increased, nNOS and MMP9 are activated, and the neurexin–

nueuroligin-PSD95 formation is inhibited, affecting the formation of synapses, differentiation, maturation, and remodeling, leading to

behavioral disorders in rats.

PSD95: postsynaptic density protein-95; ICH: intracerebral hemorrhage; nNOS: neurotransmitter nitric oxide synthase; SD: standard

deviation; MMP: matrix metalloproteinase; SBI: secondary brain injury.
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It was reported that, when cultured neurons were
exposed to Tat-NR2B9c, Tat-NR2B9c accumulation
was detectable in neurons within 10min, peaked
during the next 20min, and remained detectable for
5 h after washing the peptide from the bath.27 In add-
ition, neuroprotection of Tat-NR2B9c via regulating
PSD95 binding properties was detectable in cultured
neurons exposed to an NMDA challenge within 24 h
of Tat-NR2B9c application.27 Furthermore, a one-
time intraperitoneal injection of Tat-NR2B9c at 1 h
after middle cerebral artery occlusion onset signifi-
cantly reduced the volume of total cerebral infarction
and improved the neurological scores at 24 h after sur-
gery.27 Here, we chose a one-time intravenous infusion
of Tat-NR2B9c for evaluating MMP-2/9 activity
at 24 h after ICH onset. In this study, we focused
only on the effects of Tat-NR2B9c on PSD95 binding
properties in neurons and ignored different MMP-2/9
activity-positive cell types. However, astrocytes and
neutrophils contribute to the MMP-2/9 activity in
stroke models,41 and we will further study the effect
of Tat-NR2B9c on astrocytes and neutrophils exposed
to ICH insults.

After ICH, glutamate release is increased and intake
is reduced, and postsynaptic neuron glutamate recep-
tors are over-activated. Under the stimulation of glu-
tamate, NMDA receptors activate a series of signaling
molecules through PSD95 to achieve their toxicity
effect. This PSD95 not only anchors the NMDA recep-
tor but also migrates the downstream signaling mol-
ecules to the NMDA receptor calcium channel. This
promotes Ca2þ influx and intracellular Ca2þ overload;
activates its target enzyme; produces a large amount of
reactive oxygen species, nitric oxide and high activity of
nitro compounds, and other harmful substances. This
results in the release of inflammatory cytokines, mem-
brane lipid peroxidation, the activation of caspase-3,
and finally, neuronal damage and apoptosis.42,43 Tat-
NR2B9c can destroy the interaction between PSD95
and NR2B, and can thereby reduce the subsequent
over-nitration of MMPs and reduce the excitotoxicity
of neuron.27 At present, many animal experiments
and clinical studies of ischemic stroke have found
that Tat-NR2B9c exerts significant neuroprotective
effects.27,28,44 However, whether the inhibition of
PSD95 activity by Tat-NR2B9c in ICH also has pro-
tective effects, and what the possible mechanisms might
be, have rarely been reported.

SBI led to modification of the synaptic response
after ICH.45,46 The synapse, a special cell connection
between neurons, is a key part of the exchange of
information between neurons.47 The increase in the
number of synapses and the enhancement of synapse
function can increase the association between neurons,
inhibit the initiation of apoptosis, and enhance the

activity of peripheral neurons in cerebral hemor-
rhage.14 Previous studies have shown that the forma-
tion of cognition and the signal transduction depend
on the interaction of synaptic molecules. In Figure 6,
our study confirmed that Tat-NR2B9c improved ICH-
induced cognitive impairment. As shown in Figure 4,
PSD95 inhibitor Tat-NR2B9c effectively inhibited the
interaction between PSD95 and NR2B-nNOS, and
promoted the formation of neurexin-1–nueuroligin-1-
PSD95 complex. Our previous work had clarified the
role of neurexin-1 and neuroligin-1 in cognitive dis-
orders after subarachnoid hemorrhage.21 This study
further elucidated the mechanisms underlying the
functions of neurexin-1 and neuroligin-1 in hemor-
rhagic stroke.

The current study has some limitations. We tested
only the effects of OxyHb on the distribution of PSD95,
but the potential effects of other hematoma compo-
nents also should be considered. In addition, primary
neuronal culture lacks cell–cell interaction and there-
fore could not mimic in vivo conditions completely.
Next, only focusing on the effect of Tat-NR2B9c in
the collagenase ICH model is a limitation. The effects
of Tat-NR2B9c on brain injury in the blood ICH model
will be confirmed in our further study. TUNEL is not
specific for apoptosis. In order to elucidate the effect of
Tat-NR2B9c on brain cell apoptosis, we also
have given a more objective index for apoptosis:
western blot assay of active-caspase 3 in this study
(Figure 5(f) and (g)). However, ferroptosis has been
shown to occur in ICH models.48,49 Whether Tat-
NR2B9c can inhibit ferroptotic cell death in this ICH
model need further study. Finally, based on STAIR
criteria, these results should be replicated in a second
species, and sex differences should be considered. We
will explore these other considerations in further
studies.

Conclusion

This study demonstrated for the first time that PSD95
inhibitor Tat-NR2B9c can reduce the production of
PSD95-NR2B-nNOS and reduce the death of neurons.
At the same time, the production of neurexin-1–nueur-
oligin-1-PSD95 complex is increased and the behavioral
cognitive disorder is improved. Thus, PSD95 plays a
key role in SBI after ICH. The inhibitor of PSD95
might be a promising treatment target for cognitive
dysfunction after ICH.
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