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SUMMARY

Aims: Compound IMM-H004 (7-hydroxy-5-methoxy-4-methyl-3-[4-methylpipera-

zin-1-yl]-2H-chromen-2-one) is a new synthetic derivative of coumarin, and previous

studies showed that it exhibited antioxidant and neuroprotective roles in focal cerebral

ischemia. However, we know little about the compound’s function in transient global ische-

mia. This study is to investigate whether compound IMM-H004 can protect against tran-

sient global ischemic injury. Methods: Four-vessel occlusion (4VO) rat model was induced

for a 20-min occlusion and different times of reperfusion to mimic transient global cerebral

ischemia. IMM-H004 (3, 6, 9 mg/kg) or Edaravone (6 mg/kg) was administered after

30 min of reperfusion. Morris water maze tests were used to estimate the ability of spatial

learning and memory. Nissl staining, TUNEL assay and Immunoblot for Bax/Bcl-2 and acti-

vated caspase-3 were used to detect hippocampal neuron injury. Immunoblot for PSD-95

and synapsin 1, and electron microscopy were used to observe synaptic function. Results:

Compared with vehicle group, IMM-H004 significantly improved the spatial learning per-

formance and exhibited less CA1 neurons loss. The expressions of Bax/Bcl-2 and activated

caspase-3 were decreased. IMM-H004 also ameliorated synaptic structure, decreased

PSD-95 and increased synapsin 1 expression. Conclusion: These findings suggested that

IMM-H004 exerted neuroprotective role in global ischemia by reducing apoptosis and

maintaining the integrity of synaptic structure.

Introduction

Cerebral ischemia is one of the most major causes of death, only

surpassed by heart disease and cancer [1]. With the continuous

improvement of living standards, the number of individuals with

stroke will grow in the future [2]. Tissue plasminogen activator,

which can cause fast reperfusion, is the only approved treatment

for acute ischemic stroke by FDA nowadays [3]. However, various

individual chemical cascades and major pathways during reperfu-

sion are triggered, leading to neuronal apoptosis and necrosis

[4,5]. In addition, because of the short therapeutic time window

and high risk of bleeding, only few stroke patients are handled

with tissue plasminogen activator [6]. Therefore, it is imperative

for us to find more effective and safer treatments for ischemic

stroke.

Interruption of cerebral blood due to cardiac arrest is wide-

spread in clinical that cause transient global cerebral ischemia.

As we know, transient global cerebral ischemia results in

delayed neuronal death (DND), which normally happens

3–7 days after the onset of ischemic injury [7] in certain areas

of brain both in humans and in animals [8], especially in the

region of hippocampal CA1 [9]. There was accumulating evi-

dence that DNA fragmentation induced by ischemic injury,

which is considered as a typical apoptosis process, is a key com-

ponent of DND in the ischemic models [10–12]. One of the pos-

sible reasons may attribute to the induction of apoptotic-related

factors, for instance, Bax, Bcl-2 and caspase-3 [13,14]. There-

fore, agents that inhibit the apoptosis pathway and promote the

neurons destiny may protect against ischemic injury-mediated

DND. What is more, this neuronal death can be concurrent

with severe cognitive impairments. Commonly, survivors of

brain ischemia exhibit disorders in the task of learning and

memory. Synaptic function and morphology are thought to be

critical for information processing such as learning and memory

in the brain. A variety of cellular signaling proteins underlie the

damage of neurons and synaptic dysfunction induced by global

ischemia. Among them, PSD-95 is a synaptic density protein

(PSD) involved in the interaction of the synaptic cytoskeletal

structure and receptors, and can be modified in response to syn-

aptic stimulation. Another important protein is synapsin 1 that
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plays a key role in regulation of synaptic vesicle exocytosis and

neurotransmitter release.

Rat 4-VO model can successfully imitate this pathological pro-

cess of transient global cerebral ischemia including neuronal

injury in hippocampus, and impairments in hippocampus-depen-

dent spatial learning and object recognition abilities. Thus, we

could see that it is critical to promote the neuronal survival and

improve the synaptic function after global ischemia.

Recently, treatment options for ischemic stroke are not suffi-

cient and a majority of clinical trials of antiischemic agents are dis-

appointing [15,16]. However, neuroprotective agents are proved

as a hopeful method to acute ischemic treatment in recent years.

One plausible neuroprotection hypothesis suggested that ischemic

injury can be prevented in some parts by blocking the core aspects

of the ischemic cascade [17]. Recent studies have demonstrated

that coumarin compounds exhibited neuroprotective effects in

vivo [18,19] and in vitro [20,21]. Coumarins contain a group of

phenolic compounds widely distributed in natural plants. It is well

known that esculetin exerted a neuroprotective role in brain

ischemic injury in mice and exerted antiapoptotic role through

upregulating the expression of Bcl-2 as well as downregulating

the expression of Bax [22]. Our previous work found that IMM-

H004 (Figure 1), a novel synthetic coumarin derivative, signifi-

cantly ameliorated the PC12 survival subjected to OGD, Ab25–35
and rotenone injury in vitro as well as effectively protected rat

brain subjected to middle cerebral artery occlusion (MCAO) injury

[23,24]. It was worth to note that IMM-H004 also showed a better

effect in scavenging hydroxyl radicals than Edaravone, which was

widely used as a neuroprotective agent in stroke treatment. Thus,

we chose Edaravone as the positive control. Furthermore, com-

pound IMM-H004 not only retained the biological activity of nat-

ure coumarin derivatives, but could also be synthetic, solving the

problem of complicated extraction process as well as low content

of the active ingredient. However, there was no evidence indicat-

ing whether compound IMM-H004 is also effective in global brain

ischemia. Thus, we aim to investigate the role of compound IMM-

H004 in transient global cerebral ischemia.

Materials and Methods

Experimental Animals

All experiments were performed on male Sprague–Dawley (SD)

rats (weight, 280–300 g), which were obtained from Experimen-

tal Animal Center of Chinese Academy of Medical Sciences (Beij-

ing China). The housing conditions were at 22 � 2 °C, humidity

35–45% and 12 h light/dark. Animals were maintained for

1 week before drug treatment or surgery and had free access to

water and food. Rats were treated according to the standard in the

Guide for the Care and Use of Laboratory Animals published by

the Institute of Laboratory Animals Resources of the National

Research Council (United States), and the study was approved by

the Animal Care and Use Committee of the Peking Union Medical

College and the Chinese Academy of Medical Sciences. All efforts

were made to reduce the suffering and the number of the animals.

Drug Administration and Experimental Group

Animals were divided randomly into (1) sham group, (2) vehicle

+ ischemia group, (3) Edaravone (6 mg/kg in 1 mL saline) + ische-

mia group, (4) compound IMM-H004 (3, 6 and 9 mg/kg in 1 mL

vehicle) + ischemia group. The compound was offered by Chinese

Academy of Medical Science. The compound IMM-H004 was dis-

solved in the vehicle, which contains 95% saline and 5% dehy-

drated alcohol. The solution was under agitation for about 20 min

at room temperature and filtered before use. Drug or vehicle was

injected into caudal veins of rats 30 min after I/R.

Transient Global Cerebral Ischemia

Global brain ischemia was carried out using 4VO model [25]. On

the first day, rats were anesthetized by 10% chloral hydrate

(300 mg/kg, i.p.) and then fixed by stereotaxic ear bars. The head

was placed at about 30° to the horizontal. Briefly, after disinfec-

tion using 75% alcoholic, both the vertebral arteries were

occluded permanently by electrocauterization with a 0.5-mm-

diameter needle through the foramen of the first cervical vertebra.

Then, the two common carotid arteries (CCAs) were isolated

gently and a nylon thread was loosely placed around both CCAs.

After the surgery, each rat was injected penicillin to prevent

wound infection. The rats were kept recovering for 24 h. The next

day, animals were reanesthetized and both CCAs were occluded

for 20 min using microvascular clips to induce cerebral ischemia.

Within 10 seconds, rats became unresponsive, accompanied with

absence of righting reflex, loss of pain and dilatation of the pupils.

Reperfusion immediately started right after the both clips were

softly removed. During the whole operation and in the following

6 h, a heating blanket was used to keep rectal temperature at

37 � 0.5°C. Any rat returned to righting reflexes during the

20min occlusion or epileptic seizured after ischemia was excluded.

Animals in sham group were subjected to similar treatment with

ischemic group without occluding CCAs.

Morris Water Maze

The water maze (MWM) test was conducted as described previ-

ously [26]. Briefly, MWM was divided into 4 quadrants. A hidden

circular Plexiglas platform (40 cm height, 10 cm diameter) was

placed in the middle of IV quadrant of the MWM (120 cm diame-

ter, 80 cm deep), 1–2 cm lower than the water surface

(24 � 1°C) and remained there through all tests. The task con-

tained two trails: spatial probe and orientation navigate. In the

first trail, animals were released into the middle of II quadrant

with the head up and toward the wall. If the rats cannot find it in

a maximum time of 120 seconds, it was allowed to stay on it forFigure 1 The chemical structure of compound IMM-H004.
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30 seconds. Each trail contained five tests, and data of the five

tests were averaged. There was a 5-min rest period between tests.

Rats had been trained for 5 days consecutively from the 8th day

after 4VO. The time used to find the platform called escape latency

was recorded. After the last testing (13th day after 4VO), the plat-

form got removed and the animals were released to swim in the

pool for 120 seconds. The length of trajectory and the time passing

through the place where the platform was previously located were

recorded with a tracking system.

Nissl Staining

Nissl staining was performed with Cresyl Violet, which can selec-

tively stain the Nissl body in survival neurons. Animals were sacri-

ficed 3 days after ischemia and then immediately perfused by cold

phosphate-buffered saline (PBS, 0.1 M; PH 7.4) and 4% parafor-

maldehyde. Brain was removed and immersed in fixative. Then,

tissues were embedded in paraffin, and 10 coronal sections (4 lm)

were cut continuously at the dorsal hippocampus located between

3.3 and 4.0 mm posterior from bregma [27] for Nissl staining. 6

sections (randomly chosen) per rat were stained with 1% Cresyl

Violet dissolved in 0.25% acetic acid for 15 min, washed, dehy-

drated and mounted by neutral balsam. The survived hippocam-

pal neurons per 200 lm liner length of the medial CA1 cell layer

were counted bilaterally in 6 sections per animal with microscope

(4009). Cell counts from the left and right hippocampus on each

of the six sections were average to provide a single value (number

of neurons per 200 lm length) for each animal.

TUNEL Staining

TUNEL can selectively recognize fragmented DNA by binding to

30-OH ends. Thus, we adopted this method to detect apoptosis.

TUNEL staining was performed using the Calbiochem� (MERCK)

kit. Briefly, the sections were xylene- and ethanol-treated for par-

affin removal and for dehydration. Then, the sections were

washed by TBS (PH 7.4) softly and excess liquid was removed

using filter paper. Then, the sections were cultured at room tem-

perature with protease K (20 lg/mL) for 20 min. And after raised

in TBS, they were treated with reaction buffer at 37°C for 90 min.

Then, the sections were incubated with TBS three times each for

1 min. Subsequently, they were mounted with mounting media.

During the whole process, the samples should be kept moistening.

The numbers of TUNEL-positive cells were counted bilaterally in

three sections per animal (4009).

Western Blot

Hippocampus was removed immediately after 72 h of reperfusion.

The tissues were homogenized in ten volumes of ice-cold RIPA

lysis buffer (50 mmol/L Tris pH 7.4), 150 mmol/L NaCl,

0.1 mmol/L PMSF, 1% NP40, 0.5% sodium deoxycholate and 1%

SDS). Then, the homogenized tissue were centrifuged at 12,000 g

at 4°C for 30 min. Loading buffer was added into the supernatant

to denature the protein and then the protein was stored at �70°C.

Quantitative protein determination was carried out through

bicinchoninic acid (BCA) method. Thirty micrograms of proteins

from each tested group was separated on 10–15% gels by electro-

phoresis and then transferred to polyvinylidene difluoride (PVDF)

membrane (Millipore, USA) in blotting buffer for an hour at

100 mA. The whole PVDF membrane was then blocked with 3%

BSA for 2 h at room temperature. Primary antibodies used were

anti-Bcl-2 (1:500, santa), anti-Bax (1:500, santa), anticaspase-3

(1:500, santa), anti-PSD-95 (1:500, santa), and antisynapsin 1

(1:500, santa). Following by horseradish peroxidase (HRP)-conju-

gated secondary antibody (1:5000, Invitrogen), the expression of

each protein was detected with enhanced chemiluminescence

(ECL) plus detection system (Molecular Device, Lmax). The den-

sity of each band was quantified using image analysis software

(Quantity one; Tokyo, Japan).

Immunohistological Staining

Immunohistological staining for Bax was performed. Brain sam-

ples were removed, embedded in paraffin, cut into 4-lm-thick

slices. After deparaffinized, endogenous peroxidase was inacti-

vated by 3% H2O2 for 15 min at 37°C. Then, the slices were per-

meabilized in 0.1% PBS for 5 min of three times at temperature.

After blocked with 10% normal serum for 20 min, slices were

then treated with primary antibody (anti-Bax, sc-493, diluted

1:100) overnight at 4°C. After washed three times in PBS, the

slices were incubated with biotinylated goat anti-rabbit Abs for

1 h, followed by avidin–biotin complex for 30 min. The expres-

sion of Bax was detected with 3, 3-diaminobenzidin (DBA) as the

substrate. At last, the slices were mounted by neutral balsam.

Electron Microscopy

Tissue sections were obtained after 13 days of reperfusion and

processed for EM as described previously [28,29]. Briefly, dorsal

hippocampus was cut into a thickness of 200 lm and prefixed in

3% glutaraldehyde overnight at 4°C. After washed with 0.1 M

PBS, the slices were postfixed for 1 h with 1% osmium tetroxide,

then rinsed in PBS and finally stained by 1% aqueous uranyl ace-

tate. The samples were then dehydrated in ethanol, followed by

dry acetone and at last embedded in Epon. For EM, sections were

stained with uranyl acetate and lead citrate and then embedded in

Durcupan ACM.

Statistics

All data were presented as mean � SEM and were analyzed by

one-way ANOVA followed by Newman–Keuls post hoc analysis on

Graph pad Prism 5.0. Every sample was corresponded to one ani-

mal. P < 0.05 was considered as significant.

Results

IMM-H004 Improved Spatial Memory in 4VO Rats

MWM task was to access spatial learning and memory. As shown

in Figure 2, animals subjected to 4VO and treated with vehicle

spent much more time to find the hidden platform (escape

latency) when compared with the sham-treated animals. In con-

trast, the escape latency was shortened by IMM-H004 treatment

significantly, especially the 9 mg/kg (Figure 2A, P < 0.01)-treated
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(A) (B)

(C)

(D)

Figure 2 Effects of IMM-H004 on Morris water maze performance deficits induced by transient cerebral ischemia–reperfusion in rats. (A) Representative

examples of search patterns in the circular water maze by members of each group on day 4 of acquisition. (B) Escape latency in the Morris water maze

task in the acquisition trials. (C) Percentage of time spends in target quadrant within 120 seconds in the probe trial. (D) Swimming speed of each group.

Data are expressed as means � S.E.M. n = 8–12 in each group. ##P < 0.01, ###P < 0.001 vs. Sham, *P < 0.05, **P < 0.01,***P < 0.001 vs. Vehicle.
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group showing comparable effect with Edaravone (Figure 2A,

P < 0.01). In model group, the time spending in the quadrant

where the hidden platform was previously placed was signifi-

cantly shorter than that in the sham group (Figure 2B, P < 0.01).

However, the decreased time in 4VO-treated group was signifi-

cantly increased by IMM-H004 administration, especially the dose

of 6 mg/kg (P < 0.01) and 9 mg/kg (P < 0.001) showing compa-

rable or better effect with Edaravone. However, the swimming

speed showed no significantly difference between the groups

(Figure 2C, P > 0.05). Figure 2D shows representative diagrams

of search trajectories in MWM on day 4 of acquisition.

IMM-H004 Improved CA1 Neuronal Survival

Transient global cerebral ischemia for 20 min caused selective

loss of pyramidal neurons in hippocampal CA1. Nissl staining

revealed that after I/R, the number of normal CA1 neurons

of vehicle-pretreated group sharply decreased, while the relict

neurons showed karyopyknosis, anachromasis, nucleoli disap-

peared and vacuolization (Figure 3A). Only 9.1% of CA1

pyramidal cells were reserved in the model group. In contrast,

compound IMM-H004 at doses of 3, 6 and 9 mg/kg signifi-

cantly increased the number of pyramidal cell

by35.7. � 4.1%, 53.7 � 4.6% and 67.8 � 4.4%, respectively

(Figure 3B, P < 0.001). Increasing evidences have demon-

strated that after cerebral ischemia injury there were different

types of cell death including apoptosis, necrosis as well as

necroptosis [30]. Apoptosis was investigated with TUNEL

staining that allowed in situ labeling of DNA fragmentation in

nucleus. The results showed that apoptosis was appeared in

the DND after 3 days of reperfusion in the hippocampus.

Rarely TUNEL-stained cells, which showed morphology of

dark nuclei and shrunken cytoplasm, were detected in hippo-

campal CA1 of the sham-operated group, whereas in the

vehicle-pretreated group, massive of TUNEL-positive cells were

observed with a strongly fluorescence (Figure 3C). After

administered with compound IMM-H004, ischemia-induced

DNA fragment in the CA1 region was significantly reduced

compared to the vehicle-treated group (Figure 3D, P < 0.001).

Representative photomicrographs of the hippocampal CA1

region on Nissl-stained brain slices suggested the degeneration

of neurons induced by global cerebral ischemia and the

potential neuroprotective effect of compound IMM-H004.

IMM-H004 Inhibited the Release of Proapoptosis
Factors Induced by 4VO

To investigate the antiapoptosis mechanism of compound IMM-

H004 in I/R injury, we detected the expression of apoptotic pro-

teins including cleaved caspase-3 and Bcl-2/Bax. In sham group,

the expression of Bax was low, and the expression of Bcl-2

was fairly higher. Completely reversed data were found in the

(A)

(B)

(C)

(D)

Figure 3 Effects of compound IMM-H004 on morphologic changes and DNA fragmentation in hippocampal CA1 region that after 3 days of global

ischemic reperfusion. (A) Representative photographs of Nissle-stained hippocampal CA1 subfield from rats sacrificed 3 days after global ischemia (scale

bar=50 lm). (B) Dose–response effect of compound IMM-H004 treatment on CA1 neuronal destiny. For each experimental group, six randomly chosen

brain sections form five rats were used for statistics. And cell counts from the left and right hippocampus on each of the six sections were average to

provide a single value (number of neurons per 200 lm length) for each animal. (C) Representative photomicrographs displaying the CA1 substructure in

DNA fragmentation assessed by TUNEL method after 3 days reperfusion (scale bar=37.5 lm). (D) The number of TUNEL-positive cells per group after

3 days reperfusion. Data were expressed as mean�S.E.M. n = 5 per experimental group, ###P < 0.001 versus sham group, ***P < 0.001 versus vehicle

group, @P < 0.05, @@P < 0.01 and @@@P < 0.001 versus Edaravone treatment group.
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ischemic group. Treatment with compound IMM-H004 signifi-

cantly increased the expression of Bcl-2 and decreased the expres-

sion of Bax in a dose-dependent manner (Figure 4A,B, P < 0.01,

P < 0.001). Bax immunostaining confirmed the results of Western

blot (Figure 4E,F). In sham group, rare Bax-positive cells were

detected, but in vehicle group, numerous of Bax-positive cells

were found under microscope. However, treatment with com-

pound IMM-H004 decreased Bax-positive cells. For cleaved cas-

pase-3 expression, there was nearly no expression of activated

caspase-3 in sham-operated rats. In contrast, the cleaved caspase-

3 expression induced by transient global cerebral ischemia

increased remarkably (Figure 4C,D, P < 0.001). After adminis-

tered with compound IMM-H004, the level of cleaved caspase-

3 expression decreased significantly in a dose-dependent manner

(Figure 4C,D, P < 0.05, P < 0.001).

IMM-H004 Ameliorated Synaptic Injury Induced
by 4VO

To study the structural and functional changes of the PSDs, we

analyzed the expression of PSD-95 that involved in the function

of receptors and cytoskeletal at synapse and p-synapsin 1 that is

localized to synaptic vesicles and has essential functions in regulat-

ing synaptic vesicle exocytosis. Western blot results showed that

the compound IMM-H004, in a dose-dependent manner, inhib-

ited the overexpression of PSD-95 and increased the expression of

p-synapsin 1 in the region of hippocampal CA1 at the early phase

of global cerebral ischemia (Figure 5A–C, P < 0.05, P < 0.01).

As biochemical investigations showed significant change of PSD

protein expression, we took electron microscopy to observe the

PSD ultrastructure in hippocampal CA1 region. Compared to con-

(A) (B)

(C)

(E)

(F)

(D)

Figure 4 Effect of compound IMM-H004 on Bax, Bcl-2 and cleaved caspase-3 expression induced by global cerebral ischemia after 3 days after

reperfusion. (A) Representative Western blots of Bcl-2, Bax and b-actin. (B) Ratio of Bcl-2/Bax proteins. (C) Representative Western blots of cleaved

caspase-3 and b-actin. (D) Ratio of cleaved caspase-3/b-actin. (E) Representative photomicrographs of Bax expression in the CA1 substructure assessed by

immunohistochemistry. (F) Histograms representing the number of Bax-positive cells of each hippocampus (per 200 lm) (scale bar=100 lm and 10 lm).

The lower right sections of the images showed the enlarged view of the black-edged rectangle. Values are expressed as means � S.E.M for three

independent experiments. ###P < 0.001 versus sham group, *P < 0.05, **P < 0.01,***P < 0.001 versus vehicle group and @P < 0.05, @@@P < 0.001

versus Edaravone group.
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trol PSDs, postischemic PSDs were much thicker, less compact,

more irregular and showing fluffier material extending from the

postsynaptic region. Compound IMM-H004 enhanced the num-

ber of synapses, reduced the thickness of PSD and increased the

width of synaptic cleft (Figure 5D–G, P < 0.05, P < 0.0001) com-

pared with the model group.

Discussion

Our studies, for the first time, demonstrated that IMM-H004

exhibited a significantly neuroprotective effect in 4VO model such

as improving spatial memory, decreasing the CA1 pyramidal cell

death and preserving synaptic structure. The neuroprotective role

of IMM-H004 in global ischemic injury is better than Edaravone

for its multibioactivities besides the ability of ROS scavenging. The

mechanism may be related to inhibition of neuron apoptosis by

inactivation of caspase-3, decreasing the expression of Bax/Bcl-2,

and increasing the synaptic plasticity.

It is well known that a loss of cerebral blood flow develops a

cascade of complex pathological signaling, including oxidative

stress, cell death, intracellular calcium overload, inflammatory

reaction and excitotoxic toxicity [31], which is badly related to

miscellaneous of brain dysfunctions [32–35]. In this study, we

observed that compound IMM-H004 improved rat learning and

memory performances measured by Morris test. Data obtained

in these tests showed that compound IMM-H004 improved the

ability of objective recognition and spatial learning after global

ischemia.

Global cerebral ischemia is usually triggered by a reduction of

brain blood flow throughout the majority or overall regions of the

brain as a consequence of sudden cardiac arrest [36] and eventu-

ally leading to brain cellular dysfunction and loss. Accumulating

(A) (B) (C)

(E)

(F)

(G)

(D)

Figure 5 Effect of compound IMM-H004 on synaptic function. (A) Representative Western blots of PSD-95, p-synapsin 1 and b-actin. (B) Ratio of PSD-95/b-

actin. (C) Ratio of p-synapsin 1/b-actin. (D) Representative EM images of structure of synapse and quantification of (E) PSD depth, (F) the number of

synapse and (G) synaptic cleft in CA1 region. The number of synapse was counted in 8 9 8 lm electron microscopy photographs. Scale bar = 500 nm.

Data were expressed as mean�S.E.M. ##P < 0.05 and ###P < 0.001 versus sham controls, *P < 0.05, **P < 0.01 and ***P < 0.01 versus vehicle group.
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evidences have proposed that transient global cerebral ischemia in

humans and rodents initiates a molecular cascade resulting in

DND in CA1 pyramidal neurons selectively [8,9,11,28]. It is worth

noting that the postischemic DNA fragmentation in rat cerebral

ischemic models is a key component of DND, and stimulation of

nucleosomal breaks of DNA is thought to be a characteristic exhi-

bition of apoptosis, which appears simultaneously with neuronal

death in vulnerable region of brain after ischemic injury [37–40].

Here, we demonstrated that DND in hippocampal CA1 area

induced by 4VO was strongly reduced by treatment with

compound IMM-H004, for it conspicuously decreased TUNEL-

positive cells in CA1 compared to model group. Besides DNA

fragmentation, Bcl-2 and caspases family members seem to be

extremely important regulators in complex apoptotic cell death

pathways triggered by I/R. Bcl-2 is considered as one of the major

antiapoptotic member, while Bax is considered to be a marker of

neurons experiencing apoptotic cell death [41]. We found an

increasing expression of Bax as well as a decreasing expression of

Bcl-2 in hippocampal of vehicle-treated rats. Conversely, the

expression of Bcl-2 was increased while the expression of Bax was

decreased in compound IMM-H004-treated groups. In Edarav-

one-treated groups, the expression of Bax was also increased

although the ration of Bax/Bcl-2 was decreased. Among caspases

family, caspase-3 is considered as the main executioner of nucleus

degradation in neurons subjected to ischemic injury, which leads

to DNA fragmentation [29,42–44]. A large amount of evidences

suggested that cerebral ischemia could cause activation and upreg-

ulation of caspase-3 preceding cell death in experimental global

cerebral ischemic models [45–47]. What is more, inhibition of cas-

pase-3 also played a critical role in preventing DNA fragmentation

[48]. The effect of compound IMM-H004 on caspase-3 expression

might contribute to its antiapoptotic activity.

Lots of theories have been proposed as possible stimulators and

mechanisms for the above DND in transient ischemia [49–52].

Among them, excitotoxic hypothesis such as glutamate transmis-

sion which contributed to DND was first proposed since early

1980s. Physiological changes of synapses have been observed in

the postischemic brain [53,54], indicating there was a mechanism

that regulates synaptic function. Serious of biochemical studies

exhibited that the proteins related to the PSD (postsynaptic den-

sity) changed after ischemia. PSD is a cytoskeletal protein, espe-

cially predominance in glutamatergic synapse [55,56]. Among

them, PSD-95 functioned by binding to its receptors such as

NMDA receptors. Researchers found that overactivation of PSD-

95 in hippocampal CA1 neurons could contribute to the excit-

atory synaptic maturation and increase the activities of glutamate

receptors [57,58]. Studies also reported that overexpression of

PSD-95 could be induced by brain ischemic injury. Overactivation

of PSD-95 exaggerated the excitatory injury in ischemic brain by

interacting with MLK3 and GluR6, while PSD-95 antisense oligo-

deoxynucleotides reversed the harmful effect [59]. Another key

regulator of synaptic plasticity is synapsin 1, which is associated

with neurotransmitter release and synaptic vesicle life cycle [60].

One study proved that synapsin 1-mutant mice displayed an

increasing cognitive impairment associated with aging [61]. Con-

sistent to the above findings, our data demonstrated that IMM-

H004 reversed the overexpressed PSD-95 and increased the level

of synapsin 1, suggesting its role in improving synaptic plasticity.

Changes in the structure of synapse were thought to involve in

most types of synaptic plasticity as well. With EM, we observed

that PSDs were thicker and less condensed in ischemic brain com-

pared with control, while IMM-H004 reversed these changes.

In conclusion, our findings demonstrate that treatment with

compound IMM-H004 after transient global ischemia protects

against the loss of CA1 neurons as well as the impairment of

spatial learning. Further research suggests that the neuroprotec-

tive properties are mediated by regulating the balance of Bcl-2/

Bax, inactivating caspase-3 pathway and enhancing synaptic

plasticity. These results contribute to a growing body of research

literature investigating the effects of IMM-H004 on neuronal

and behavioral outcome after brain ischemic injury, and further

contribute to the development of IMM-H004-based strategies

for ischemia therapy.
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