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Abstract

Background: Excessive release of chelatable zinc from excitatory synaptic vesicles is involved in the pathogenesis of
selective neuronal cell death following transient forebrain ischemia. The present study was designed to examine the
neuroprotective effect of a membrane-permeable zinc chelator, clioquinol (CQ), in the CA1 region of the gerbil
hippocampus after transient global ischemia.

Methodology/Principal Findings: The common carotid arteries were occluded bilaterally, and CQ (10 mg/kg, i.p.) was
injected into gerbils once a day. The zinc chelating effect of CQ was examined with TSQ fluorescence and
autometallography. Neuronal death, the expression levels of caspases and apoptosis inducing factor (AIF) were evaluated
using TUNEL, in situ hybridization and Western blotting, respectively. We were able to show for the first time that CQ
treatment attenuates the ischemia-induced zinc accumulation in the CA1 pyramidal neurons, accompanied by less neuronal
loss in the CA1 field of the hippocampus after ischemia. Furthermore, the expression levels of caspase-3, -9, and AIF were
significantly decreased in the hippocampus of CQ-treated gerbils.

Conclusions/Significance: The present study indicates that the neuroprotective effect of CQ is related to downregulation of
zinc-triggered caspase activation in the hippocampal CA1 region of gerbils with global ischemia.
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Introduction

Transient global ischemia, which often occurs during cardiac

arrest when the brain is deprived of oxygen and glucose for a short

period of time, involves several mechanisms of delayed neuronal

cell death, such as excitotoxicity, free radical reaction, mitochon-

drial dysfunction, inflammation, and neuronal apoptosis [1,2,3].

Certain brain regions, especially the hippocampal CA1 field, are

selectively vulnerable to transient global ischemia [4,5,6].

Interestingly, recent studies suggest that release of synaptic zinc

from the zinc-containing excitatory neurons plays a key role in

hippocampal neuronal death during cerebral ischemia [7].

In the brain, zinc is mostly bound to proteins, including

metalloenzymes and transcription factors, where it plays catalytic

or structural roles [8,9]. Chelatable zinc is located in presynaptic

vesicles in a subset of glutamatergic axonal terminals throughout

the mammalian forebrain, especially the hippocampus and cortex

[10]. Under physiological conditions, synaptically released zinc

serves as a neuromodulator and modulates the activity of

postsynaptic receptors. In some pathological conditions, such as

transient cerebral ischemia, zinc translocation from presynaptic

terminals into postsynaptic neuronal cell bodies contributes to the

pathogenesis of delayed selective neuronal cell death [11].

Importantly, several studies have shown that chelation of zinc in

vivo protects against zinc-induced neuronal death in cerebral

ischemic animal models. For instance, injection of a zinc chelator,

Ca-EDTA, significantly reduces caspase-3 activity and neuronal

death resulting from damage caused by global ischemia [11,12].

Another zinc chelator, DP-b99, has been shown to have

neuroprotective properties in animal models as well as stroke

patients [13,14]. These data suggest that zinc chelators are

promising agents for neuroprotective therapy after ischemic stroke.

Clioquinol (5-chloro-7-iodo-8-hydroxyquinoline, CQ) is a

membrane-permeable and hydrophobic metal chelator [15]. It

can selectively bind zinc and copper with greater affinity than

calcium and manganese, and can easily cross the blood-brain

barrier [15]. Moreover, unlike traditional chelators, CQ is seen as

acting to restore biometal homeostasis rather than causing a bulk

excretion and is now understood to include a metal chaperone or

ionophore activity. CQ could bring metals captured into nearby

cells and this activity is most associated with anti-cancer property

[16,17] and decreased interstitial Ab [18,19]. Following oral

treatment, CQ can significantly reduce the brain b-amyloid

burden and can improve the memory impairment of aged AD
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transgenic mice [15]. In addition, preliminary data from clinical

trials have shown that CQ has positive effects on AD patients

[20,21,22]. Therefore, CQ, with its properties in modulation of

cellular biometal metabolism, is being used as a candidate

therapeutic strategy for AD [23]. In addition, it is also confirmed

that CQ has positive effects in animal models of Parkinson’s

disease and Huntington’s disease [24,25].

Although the importance of zinc in ischemic neuronal death and

the effect of zinc chelation in zinc-induced cell death have been

clearly demonstrated, the beneficial effects of CQ have not been

investigated in global cerebral ischemia. Therefore, the present

study was undertaken to explore the neuroprotective potential

of CQ, with special concentration on the inhibition of zinc

accumulation in CA1 pyramidal neurons and caspase activity in

the hippocampus, in global cerebral ischemia in Mongolian gerbils.

Results

Chelating effects of CQ on free zinc ions in the gerbil
hippocampus

To evaluate the chelatable zinc accumulation and the chelating

effects of CQ on zinc ions in the ischemic gerbil hippocampus, we

first employed zinc-specific fluorescence indicator dye, N-6-

(methoxy-8-quinolyl)-para-toluenesulfonamide (TSQ), on hippo-

campal sections at 3 days after ischemia. In the sham control,

intense TSQ fluorescence was found in the mossy fibers from the

dentate gyrus (DG) to the CA3 region (Figure 1A), and the CA1

region showed a faint TSQ fluorescence (Figure 1B). In the vehicle-

treated ischemic gerbil hoppocampus, clear TSQ fluorescence

appeared in the pyramidal neurons of the CA3 region (Figure 1C,

D), which is consistent with previous findings that global ischemia

leads to a pronounced accumulation of TSQ fluorescence in cell

bodies of CA1 pyramidal neurons at 3 days after ischemia [26]. In

the CQ-treated ischemic gerbil hippocampus, TSQ fluorescence

was markedly reduced not only in the mossy fiber terminals, but also

in the cell bodies of CA1 pyramidal neurons (Figure 1E, F).

We also performed immersion autometallography (AMG)

staining to further examine the zinc chelating effects of CQ in

the ischemic gerbil hippocampus. Since the AMG development

procedure is very sensitive to temperature and other parameters,

the brain sections from sham control, vehicle-treated and CQ-

treated ischemic gerbils were incubated in the AMG developer in

the same jar at the same time. Furthermore, sodium diethyldithio-

carbamate trihydrate (DEDTC) treatment was carried out, and no

AMG-positive staining of brain sections was observed (data not

shown), suggesting the specificity of the zinc staining in our

immersion AMG staining [27]. In the sham and vehicle-treated

gerbils, intense AMG staining was observed in the mossy fibers of

the hippocampus (Figure 2A, C). However, the zinc staining in

mossy fiber terminals was markedly reduced following CQ

treatment (Figure 2E). Importantly, the ischemia-induced zinc

accumulation in CA1 pyramidal neurons was very marked in the

vehicle-treated ischemic gerbil brain (Figure 2D). In contrast, CQ

treatment resulted in virtually no zinc labeling in the cell bodies of

CA1 pyramidal neurons (Figure 2F). Consistent with the TSQ

fluorescence results, these findings indicate that CQ attenuated the

ischemia-induced zinc sequestration in CA1 pyramidal neurons.

CQ protects against neuronal loss and apoptosis in the
hippocampus

Global ischemia-induced neuronal loss was assessed by histolog-

ical examination of Nissl staining. Consistent with previous reports

[6], extensive neuronal changes in the CA1 regions of the

hippocampus were noted in ischemic gerbil brain. More shrunken

Figure 1. TSQ staining showing the zinc chelating effect of CQ in the gerbil hippocampus. (A–F) TSQ fluorescence dye staining in the
hippocampus at 3 d after sham-operation (A, B), and in vehicle-treated (C, D), and CQ-treated ischemic gerbils (E, F). Intense zinc fluorescence was
observed in the mossy fiber terminals from the DG to the CA3 region. Global ischemia increased the TSQ fluorescence in the CA1 area (C). Striking
accumulation of zinc fluorescence was observed in the cell bodies of pyramidal neurons (C, D). Treatment with CQ significantly reduced chelatable
zinc in hippocampal mossy fibers and the CA1 region (E, F). Arrows indicate TSQ fluorescence in the pyramidal neuronal cell bodies. CA1:
hippocampal CA1 area; CA3: hippocampal CA3 area; DG: dentate gyrus. Scale bars = 500 mm (A, C, E), 25 mm (B, D, F).
doi:10.1371/journal.pone.0011888.g001
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neurons with pyknotic nuclei were found in vehicle-treated ischemic

gerbils, compared with sham controls (Figure 3A). CQ treatment

markedly increased the number of surviving neurons with palely

stained nuclei and Nissl substance, compared with vehicle-treated

gerbils (Figure 3A). The quantitative results showed that the average

numbers of surviving cells in the hippocampal CA1 region of CQ-

treated ischemic gerbils were significantly increased compared with

those in vehicle-treated controls (p,0.01, Figure 3B).

We further assessed the hippocampal neuronal apoptotic

damage by terminal deoxynucleotidyl transferase-mediated dUTP

nick end-labeling (TUNEL) staining to determine the changes in

the number of neurons showing DNA breaks. As shown in Figure

4, there were very few TUNEL-positive neurons in the CA1

region of the hippocampus of sham control gerbils (Figure 4A).

Vehicle-treated ischemic gerbils had many more TUNEL-stained

cell nuclei in the CA1 region of the hippocampus (Figure 4B),

whereas CQ-treated gerbils had less TUNEL-positive neurons in

the hippocampal CA1 region (Figure 4C). Quantitative results

revealed that the average numbers of TUNEL-positive nuclei in

the hippocampal CA1 region in CQ-treated gerbils were

significantly reduced compared with those in vehicle controls

(p,0.01, Figure 4D). Taken together, both Nissl and TUNEL

staining results indicate that treatment with CQ is able to protect

against neuronal cell death in the hippocampal CA1 region

following an insult produced by transient global ischemia.

CQ inhibits the activity of caspase-3, caspase-9 and AIF in
the hippocampus

To examine whether CQ could modulate the expression of

apoptosis-related proteins in the hippocampus, in situ hybridiza-

tion of caspase-3 and caspase-9 was performed on hippocampal

sections from sham control, vehicle-treated and CQ-treated

ischemic gerbils (Figure 5). In the CA1 region of the sham control

hippocampus, few caspase-3- and caspase-9-positive neurons could

be observed (Figure 5A, E). However, in vehicle-treated ischemic

gerbils, the number of caspase-3- and caspase-9-stained cells was

markedly elevated (Figure 5B, F), whereas CQ treatment

significantly reduced the number of caspase-positive neurons

(Figure 5C, G). Quantitative results indicated that the number of

both caspase-3- and caspase-9-positive cells in CQ-treated

ischemic gerbils was significantly reduced in the CA1 region of

the hippocampus, compared with that in vehicle-treated ischemic

gerbils (p,0.01, Figure 5D, H).

The expression level of caspase-3 in the hippocampus was further

examined using Western blot immunoassay. It is known that

caspase-3 is a cytosolic protein and an inactive proenzyme, and is

activated by proteolytic cleavage into active subunits. As shown in

Figure 6A, the checked proteins were detected in bands located at

32 kDa for procaspase-3 and 20 kDa for cleaved caspase-3 in the

gerbil hippocampus. Statistical analyses showed that there were

significant reductions in the expression levels of both cleaved

caspase-3 (active) and procaspase-3 (inactive) in CQ-treated

ischemic hippocampi at 1, 3, and 7d, respectively, compared with

vehicle-treated controls (p,0.0520.01, Figure 6B, C).

Apoptosis inducing factor (AIF) is a pro-apoptotic protein

associated with caspase-independent neuronal cell apoptosis, and

is involved in hippocampal neuronal apoptosis in the ischemic

gerbil [28]. Thus, we examined the effect of CQ on the expression

of AIF in the hippocampus of the ischemic gerbil using Western

blot assay. Our immunoblot results showed that AIF was detected

Figure 2. AMG staining showing that CQ injection markedly reduces chelatable zinc in the gerbil hippocampus. (A–F) Zinc AMG
staining in the hippocampus at 3 d after ischemia. Distinct zinc staining was detected in the hippocampal mossy fibers in sham control (A, B) and
vehicle-treated ischemic gerbils (C, D). CQ treatment markedly reduced the zinc staining in the mossy fibers from the DG to the CA3 region (E).
Consistent with TSQ fluorescence dye staining, massive accumulation of zinc was observed in the cell bodies of CA1 pyramidal neurons in vehicle-
treated ischemic gerbils (D), whereas CQ injection markedly reduced chelatable zinc in CA1 pyramidal neurons (F). Arrows indicate zinc-containing
pyramidal neuronal cell bodies. CA1: hippocampal CA1 area; CA3: hippocampal CA3 area; DG: dentate gyrus. Scale bars = 500 mm (A, C, E), 25 mm (B,
D, F).
doi:10.1371/journal.pone.0011888.g002
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in the band located at 66 kDa (Figure 7A). At 1 and 3d post-

ischemia, CQ treatment significantly reduced the level of AIF in

the ischemic hippocampus, compared with the vehicle-treated

control (p,0.05-0.01, Figure 7B). Taken together, these results

indicate that the neuroprotective effects of CQ in the hippocam-

pus of the ischemia gerbil may be due to regulating both caspase-

dependent and -independent apoptosis signaling pathways.

Discussion

It is well known that global ischemia causes delayed neuronal

death in the selectively vulnerable hippocampal CA1 region and,

most interestingly, a delayed zinc rise after ischemic insult but

before the onset of cell death is observed in the CA1 neurons

[11,26,29]. At 3 d after ischemia, the accumulation of zinc is

massively increased in CA1 pyramidal neurons [26], indicating

that the delayed accumulation of zinc is involved in delayed

neuronal death in the gerbil brain. It has been suggested that

reduction of zinc accumulation in neurons with a high-affinity zinc

chelator, Ca-EDTA, is beneficial for preventing neuronal death

after transient cerebral ischemia [11,26]. In an ischemia rat model,

accumulation of zinc was observed specifically in degenerating

neurons in the hippocampus, and intraventricular injection of Ca-

EDTA could reduce zinc accumulation and prevent hippocampal

neurodegeneration [11]. Administration of Ca-EDTA markedly

attenuated the late rise in zinc and cell death in the hippocampal

CA1 region at 3 days after ischemia in the gerbil [26]. In the

present study, we extended our experiments to assess the chelating

effects of a zinc chelator, CQ, on the ischemic gerbil hippocampus.

Both TSQ fluorescence dye and AMG staining, which are widely

employed to demonstrate loosely bound or chelatable zinc ions

[30,31], were employed to assess the effects of CQ on chelatable

zinc pools in the gerbil brain. Consistent with a previous report

[32], our data showed that CQ reduced the density of TSQ

fluorescence and AMG staining in the mossy fibers, suggesting that

intraperitoneal treatment of CQ rapidly targets chelatable zinc

pools in the hippocampus of the gerbil brain [32]. Most im-

portantly, we showed for the first time that CQ attenuates

ischemia-induced zinc accumulation, accompanied by less delayed

neuronal death in the CA1 field revealed by Nissl and TUNEL

staining. These findings indicate that CQ can target a reduction in

delayed zinc accumulation, and is a potential therapeutic

approach to preventing neuronal death after transient global

ischemia.

The underlying mechanisms whereby zinc is involved in

delayed neuronal death and the neuroprotective effects of CQ

after ischemic insult are still obscure. In a hippocampal slice model

with oxygen-glucose deprivation, zinc rapidly enters neurons,

accumulates in mitochondria, and contributes to consequent

mitochondrial dysfunction and cell death [33,34], suggesting

caspase-dependent neuronal apoptosis after a toxic zinc insult. In

the present study, we measured the expression levels of caspase-3

and caspase-9, two key molecules in the caspase-dependent

apoptotic cascade, in the ischemic gerbil hippocampus. Our

results showed that ischemic insult markedly increased the number

of both caspase-3- and caspase-9-positive neurons in the

hippocampal CA1 region 3 days after global ischemia. Together

with our TSQ and AMG data and previous reports that increased

zinc accumulation in the CA1 neurons was observed after

transient cerebral ischemia [26], it is reasonable to speculate that

the ischemia-induced zinc rise may trigger the activity of caspases

in the CA1 neurons and, consequently, lead to neuronal death. In

addition, our data also showed that transient ischemia resulted in

an increased level of AIF, a pro-apoptotic mitochondrial molecule

Figure 3. Nissl staining showing the neuroprotective effect of CQ on the pyramidal cells in the gerbil hippocampal CA1 region. (A)
The number of surviving neurons with round and palely stained nuclei in the CA1 region was increased in CQ-treated gerbils, compared with vehicle-
treated controls, at day 1, 3 and 7 post-ischemia. Arrows indicate the dark shrunken damaged neurons. Scale bars = 25 mm. (B) Cell densities were
represented on the graphs by counting surviving cells per field under a light microscope, and a significant increase in the numbers of pyramidal
neurons in the CA1 were observed in CQ-treated gerbils at day 1, 3 and 7 post-ischemia. ** p,0.01 (n = 6).
doi:10.1371/journal.pone.0011888.g003
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and the key factor in the caspase-independent apoptosis signaling

pathway [35]. This indicates that ischemia-induced zinc accumu-

lation plays a role in modulating caspase-independent neuronal

death following transient cerebral ischemia. In the present study,

we further assessed the effects of CQ on modulating the caspase-

dependent and -independent death pathways in the hippocampus

of the ischemic gerbil. Our data showed that administration of CQ

significantly reduced the expression levels of caspase-3, -9, as well

as AIF in the hippocampus, 3 days after ischemia in the gerbil.

These findings indicate that the neuroprotective effect of CQ

involves regulation of caspase-dependent and -independent death

pathways, through reducing the delayed accumulation of zinc in

the vulnerable neurons in the hippocampus of the ischemic gerbil.

However, CQ could also act by alternative pathways involving

modulation of cellular biometal metabolism. After administration

of CQ, the normalization of zinc and copper reuptake in the

glutamatergic synapse may improve the function of the NMDA

receptor and restore long-term potentiation (LTP) [18]. The

ionophoric activity of CQ has been shown to activate PI3K-Akt

pathway through a mechanism that involves raising cellular metal

levels [19], which might lead to neurons survival in the

hippocampus of the ischemic gerbil, too. Moreover, CQ-zinc

complex can cross the plasma membrane and intrcellular

membranes, thereby decrease the free zinc concentration of

cytoplasm by transport zinc to intracellular organelles such as

mitochondria and lysosomes, which induced cancer cells apopto-

sis, but not normal cells [16]. Thus, there are other mechanisms of

CQ involved in neuroprotective effects after ischemic insult.

In summary, we present data showing that administration of the

zinc chelator, CQ, markedly reduces chelatable zinc accumula-

tion, prevents neurodegeneration, and is accompanied by

downregulation of zinc-triggered caspase-3, -9, and AIF activation

in the gerbil hippocampus after ischemic insult. The present study

indicates that the neuroprotective effect of CQ, likely involves

modulation of both caspase-dependent and -independent apoptot-

ic pathways.

Materials and Methods

Ethics statement
All efforts were made to minimize animal suffering and the

number of animals used. The experimental procedures were

carried out in accordance with the regulations of the animal

protection laws of China and approved by the animal ethics

committee of China Medical University (JYT-20060948).

Animals and treatment
Adult male Mongolian gerbils weighing 60–80 g were used in

this study. They were housed under a 12 h light/dark cycle with

water and food available ad libitum.

The surgical procedure to produce transient global ischemia

was carried out according to the method described previously with

minor modification [36,37]. Briefly, gerbils were anesthetized

intraperitoneally (i.p.) with pentobarbital (40 mg/kg) and a 2.5 cm

ventral neck incision was made. The bilateral common carotid

arteries were separated carefully from the vagus nerves and were

occluded bilaterally for 10 min with non-traumatic aneurysm

clips. Then, the aneurysm clips were removed and complete

reperfusion of the arteries was confirmed by direct visual

observation. After suturing the neck incision area, gerbils were

kept under a heating lamp for 2 h until they recovered. CQ

(10 mg/kg, i.p., Sigma) or vehicle (DMSO, Sigma) was injected

into the gerbils immediately after cerebral ischemia and then was

given once a day untill the animals were sacrificed. The sham-

operated non-ischemia gerbils underwent the same surgical

procedures, except that the bilateral common carotid arteries

were not occluded. All efforts were made to minimize the number

of animals used and their suffering.

TSQ fluorescence staining
TSQ (Molecular Probes, Eugene, OR) fluorescence dye staining

was carried out as described previously [38,39]. Briefly, three days

after the production of transient global ischemia, gerbils (n = 6 in

each group) were given the last injection of CQ or vehicle and, one

hour later, the animals were sacrificed by giving an overdose of

pentobarbital. The brains were removed immediately and

cryosections (20 mm) were prepared. The sections were immersed

Figure 4. TUNEL staining showing that CQ treatment leads to
less apoptotic neurons in the gerbil hippocampal CA1 region.
(A–C) The TUNEL-positive cells in the hippocampal CA1 region were
examined at 3 d after ischemia. Compared with sham controls (A), more
TUNEL-positive apoptotic neurons were observed in vehicle-treated
ischemic gerbils (B), while the number of TUNEL-positive cells was
markedly reduced in ischemic gerbils treated with CQ (C), compared
with vehicle-treated gerbils. Scale bar = 25 mm. (D) TUNEL-positive
neurons in the CA1 region were counted under a light microscope.
Statistically significant reduction in the number of TUNEL-positive
apoptotic neurons in the CA1 region were found in CQ-treated gerbils,
compared with vehicle-treated controls. ** p,0.01 (n = 6).
doi:10.1371/journal.pone.0011888.g004
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in a solution of TSQ in 140 mM sodium barbital and 140 mM

sodium acetate buffer (pH 10) for 90 s, followed by washing with

normal saline for 60 s. TSQ fluorescence was observed under a

fluorescence microscope with an ultraviolet filter.

Zinc autometallography
The immersion AMG was performed as we described previously

[40]. Three days after surgery, the gerbils (n = 6 in each group)

received an injection of CQ or vehicle. One hour later, they were

sacrificed and their brains were carefully removed. Fresh brain slices

(2 mm) were prepared with a vibratome and immersed in NTS

solution containing 0.1% sodium sulphide and 3% glutaraldehyde in

0.1 M phosphate buffer (PBS, pH 7.4) for 72 h at 4uC. After rinsing

with PBS, the brain slices were immersed in 30% sucrose overnight at

4uC, and were then cut into 20 mm coronal sections in a cryostat. Five

sections from each animal were selected and were incubated in the

AMG developer in the same jar at 26uC for 60 min. The AMG

developer was prepared as described previously [41]. After several

rinses in distilled water, the sections were dehydrated, covered, and

analyzed with a light microscope equipped with a digital camera. The

DEDTC (Merck) control procedure was performed as reported

previously [27], to confirm the specificity of the zinc staining.

Nissl staining
At 1, 3 and 7 d post-surgery, the gerbils in each group (n = 6)

were perfused transcardially with 4% paraformaldehyde in 0.1 M

PBS. Their brains were then removed and embedded in paraffin

according to standard protocols. When the intact morphology of

the hippocampus was found in a section, it was considered as the

beginning. Thus, seven series of paraffin sections (7 mm) were

prepared and 5 series of sections were selected for Nissl, TUNEL,

caspase-3, csapase-9, and HE staining, respectively.

For Nissl staining, sections were immersed in 0.1% cresyl violet at

37uC for 20 min. After rinsing with distilled water, sections were

dehydrated, fitted with coverslips and examined with a light

microscope. To assess neuronal survival in the CA1 region, neurons

Figure 5. In situ hybridization detection of caspase-3 and -9 in the gerbil hippocampal CA1 region. (A–G) The caspase-3- (A–C) and
caspase-9-positive neurons (E–G) in the hippocampal CA1 region were analyzed at 3 d after ischemia. The numbers of both caspase-3- and caspase-9-
positive neurons were massively increased in vehicle-treated ischemic gerbils (B, F), compared with sham controls (A, E). In the CQ-treated ischemic
gerbils, the numbers of caspase-3- (C) and caspase-9-positive cells (G) were markedly reduced compared with vehicle-treated gerbils. Scale bar
= 25 mm. (D, H) Statistical analysis showed that the numbers of both caspase-3- and caspase-9-positive neurons were significantly reduced in CQ-
treated gerbils, compared with that in vehicle controls. ** p,0.01 (n = 6).
doi:10.1371/journal.pone.0011888.g005
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with round and palely stained nuclei were considered as surviving,

while shrunken cells with pyknotic nuclei were considered as not

surviving. Five brain sections were selected from each animal and

processed for counting. Data were expressed as the number of

surviving cells/field, as we reported previously [42].

TUNEL staining
TUNEL staining of paraffin sections was performed according

to the manufacturer’s protocol (Roche, Germany). Briefly, sections

of gerbil brain were incubated with 2% H2O2 in PBS for 5 min,

and with a 20 mg/ml proteinase K working solution for 15 min at

37uC. After rinsing with 0.1 M PBS, sections were incubated in

the TUNEL reaction mixture for 60 min at 37uC in a humidified

atmosphere in the dark. The Converter-POD was added to the

sections for 30 min at 37uC. After rinsing, sections were incubated

with 0.025% 3,39-diaminobenzidine plus 0.0033% H2O2 for

10 min. After rinsing, sections were counterstained with hema-

toxylin and examined with a light microscope. To assess TUNEL-

positive cell expression, brown grains clustered over hematoxylin

stained cells were counted and analyzed. Five brain sections were

selected from each animal (n = 6) and cell counting was carried

out. Data were expressed as the number of TUNEL-positive cells/

field. As a negative control, the step using the TUNEL reaction

mixture was omitted, and a nucleotide mixture in reaction buffer

was used instead.

In situ hybridization
In situ hybridization was carried out using a commercially

available kit (Boster Biological Technology), with high-perfor-

mance liquid chromatography (HPLC)-purified oligonucleotide

probes specific for caspase-3 and caspase-9 mRNA. The mRNA

expression was assessed on paraffin sections of brain at the level of

the hippocampus from sham, vehicle- and CQ-treated ischemic

gerbils at 3 d after the insult. Sections were acetylated, and

Figure 6. Expression levels of caspase-3 proteins in the gerbil
hippocampus. (A) Representative images of immunoblots are shown
with antibodies against caspase-3 and GAPDH. GAPDH was used as a
loading control. (B, C) Compared with vehicle-treated ischemic
controls, the expression levels of both cleaved caspase-3 (B) and
procaspase-3 (C) proteins were reduced significantly in the CQ-treated
ischemic gerbil hippocampus at 1, 3, and 7 d after ischemia. * p,0.05,
** p,0.01 (n = 6).
doi:10.1371/journal.pone.0011888.g006

Figure 7. Expression level of AIF protein in the gerbil
hippocampus. (A) The protein level of AIF in the hippocampus was
measured at 1, 3 and 7 d after ischemia. Representative images of
immunoblots are shown with antibodies against AIF and GAPDH.
GAPDH was used as a loading control. (B) The expression level of AIF
protein was significantly reduced in the CQ-treated ischemic gerbil
hippocampus at 1 and 3 d after ischemia, compared with vehicle-
treated ischemic controls. No significant difference in AIF level was
detected between vehicle- and CQ-treated ischemic gerbil hippocam-
pus at 7 d after ischemia. * p,0.05, ** p,0.01 (n = 6).
doi:10.1371/journal.pone.0011888.g007
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incubated with pre-hybridization solution for 4 h at 40uC, and

with the probes of caspase-3, and caspase-9 at 40uC, overnight.

After rinsing, sections were treated with confining liquid at 37uC
for 30 min. Then the ABC kit was applied for 1 h at room

temperature, and a brown color appeared in the sections after

incubation of the sections in 0.025% DAB with 0.0033% H2O2 for

10 min. Further processing of the stained sections was as described

above. As a control, sections were incubated with a nonsense

probe, which resulted in no detectable signal.

Western blot analysis
Hippocampi isolated from gerbil brains were homogenized at a

ratio of 1:4 (w/v) in an ice-cold lysis buffer (50 mM Tris–HCl,

150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 0.25% sodium

deoxycolate, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride,

10 mg/ml leupeptin, 1 mM Na3VO4, and 1 mM NaF). The

resulting homogenate was centrifuged at 12,000 g for 30 min at

4uC. The supernatant was collected and total protein levels were

measured using a BCA protein assay kit (Pierce Biotechnology).

Sample protein (30 mg) was separated on 10% SDS-polyacryl-

amide gels and transferred onto PVDF membranes (Milipore).

The membranes were blocked with 5% nonfat milk in TBS

containing 0.05% Tween 20 for 2 h and then incubated with

primary antibody for 2 h at room temperature. The dilutions of

primary antibodies were 1:500 for caspase-3 (Santa Cruz) and AIF

(Santa Cruz), and 1:12,000 for GAPDH (Kang Chen). Then,

membranes were washed and incubated in HRP-conjugated goat

anti-rabbit antibody (1:5000) or HRP-conjugated goat anti-mouse

antibody (1:5000) for 1 h. Immunolabeled protein bands were

detected using an enhanced chemiluminiscence system. Films were

digitized using a scanner, and the relative optical density of the

bands was determined with Image Scion software 4.03.

Statistical analysis
All statistical analyses were carried out using an SPSS 13.0

software package. All values were represented as mean 6 SD.

Student’s t-test was used for comparison between vehicle control

and CQ treatment groups at each time point. p,0.05 was

considered statistically significant.

Author Contributions

Conceived and designed the experiments: WZ JMZ ZYW. Performed the

experiments: TW WZ HX JMZ. Analyzed the data: TW JMZ. Wrote the

paper: ZYW.

References

1. Carboni S, Antonsson B, Gaillard P, Gotteland JP, Gillon JY, et al. (2005)

Control of death receptor and mitochondrial-dependent apoptosis by c-Jun N-

terminal kinase in hippocampal CA1 neurones following global transient

ischaemia. J Neurochem 92: 1054–1060.

2. Hetz C, Vitte PA, Bombrun A, Rostovtseva TK, Montessuit S, et al. (2005) Bax

channel inhibitors prevent mitochondrion-mediated apoptosis and protect

neurons in a model of global brain ischemia. J Biol Chem 280: 42960–42970.

3. Stoll G, Jander S, Schroeter M (1998) Inflammation and glial responses in

ischemic brain lesions. Prog Neurobiol 56: 149–171.

4. Smith ML, Auer RN, Siesjo BK (1984) The density and distribution of ischemic

brain injury in the rat following 2–10 min of forebrain ischemia. Acta

Neuropathol 64: 319–332.

5. Araki T, Kato H, Kogure K (1989) Selective neuronal vulnerability following

transient cerebral ischemia in the gerbil: distribution and time course. Acta

Neurol Scand 80: 548–553.

6. Kirino T (1982) Delayed neuronal death in the gerbil hippocampus following

ischemia. Brain Res 239: 57–69.

7. Suh SW, Chen JW, Motamedi M, Bell B, Listiak K, et al. (2000) Evidence that

synaptically-released zinc contributes to neuronal injury after traumatic brain

injury. Brain Res 852: 268–273.

8. Vallee BL, Coleman JE, Auld DS (1991) Zinc fingers, zinc clusters, and zinc

twists in DNA-binding protein domains. Proc Natl Acad Sci U S A 88:

999–1003.

9. O’Halloran TV (1993) Transition metals in control of gene expression. Science

261: 715–725.

10. Danscher G, Howell G, Perez-Clausell J, Hertel N (1985) The dithizone,

Timm’s sulphide silver and the selenium methods demonstrate a chelatable pool

of zinc in CNS. A proton activation (PIXE) analysis of carbon tetrachloride

extracts from rat brains and spinal cords intravitally treated with dithizone.

Histochemistry 83: 419–422.

11. Koh JY, Suh SW, Gwag BJ, He YY, Hsu CY, et al. (1996) The role of zinc in

selective neuronal death after transient global cerebral ischemia. Science 272:

1013–1016.

12. Frederickson CJ, Koh JY, Bush AI (2005) The neurobiology of zinc in health

and disease. Nat Rev Neurosci 6: 449–462.

13. Diener HC, Schneider D, Lampl Y, Bornstein NM, Kozak A, et al. (2008) DP-

b99, a membrane-activated metal ion chelator, as neuroprotective therapy in

ischemic stroke. Stroke 39: 1774–1778.

14. Barkalifa R, Hershfinkel M, Friedman JE, Kozak A, Sekler I (2009) The

lipophilic zinc chelator DP-b99 prevents zinc induced neuronal death.

Eur J Pharmacol 618: 15–21.

15. Cherny RA, Atwood CS, Xilinas ME, Gray DN, Jones WD, et al. (2001)

Treatment with a copper-zinc chelator markedly and rapidly inhibits beta-

amyloid accumulation in Alzheimer’s disease transgenic mice. Neuron 30:

665–676.

16. Yu H, Zhou Y, Lind SE, Ding WQ (2009) Clioquinol targets zinc to lysosomes

in human cancer cells. Biochem J 417: 133–139.

17. Chen D, Cui QC, Yang H, Barrea RA, Sarkar FH, et al. (2007) Clioquinol, a

therapeutic agent for Alzheimer’s disease, has proteasome-inhibitory, androgen

receptor-suppressing, apoptosis-inducing, and antitumor activities in human

prostate cancer cells and xenografts. Cancer Res 67: 1636–1644.

18. Adlard PA, Cherny RA, Finkelstein DI, Gautier E, Robb E, et al. (2008) Rapid

restoration of cognition in Alzheimer’s transgenic mice with 8-hydroxy quinoline

analogs is associated with decreased interstitial Abeta. Neuron 59: 43–55.

19. White AR, Du T, Laughton KM, Volitakis I, Sharples RA, et al. (2006)

Degradation of the Alzheimer disease amyloid beta-peptide by metal-dependent

up-regulation of metalloprotease activity. J Biol Chem 281: 17670–17680.

20. Ibach B, Haen E, Marienhagen J, Hajak G (2005) Clioquinol treatment in

familiar early onset of Alzheimer’s disease: a case report. Pharmacopsychiatry

38: 178–179.

21. Regland B, Lehmann W, Abedini I, Blennow K, Jonsson M, et al. (2001)

Treatment of Alzheimer’s disease with clioquinol. Dement Geriatr Cogn Disord

12: 408–414.

22. Ritchie CW, Bush AI, Masters CL (2004) Metal-protein attenuating compounds

and Alzheimer’s disease. Expert Opin Investig Drugs 13: 1585–1592.

23. Hegde ML, Bharathi P, Suram A, Venugopal C, Jagannathan R, et al. (2009)

Challenges associated with metal chelation therapy in Alzheimer’s disease.

J Alzheimers Dis 17: 457–468.

24. Kaur D, Yantiri F, Rajagopalan S, Kumar J, Mo JQ, et al. (2003) Genetic or

pharmacological iron chelation prevents MPTP-induced neurotoxicity in vivo: a

novel therapy for Parkinson’s disease. Neuron 37: 899–909.

25. Nguyen T, Hamby A, Massa SM (2005) Clioquinol down-regulates mutant

huntingtin expression in vitro and mitigates pathology in a Huntington’s disease

mouse model. Proc Natl Acad Sci U S A 102: 11840–11845.

26. Calderone A, Jover T, Mashiko T, Noh KM, Tanaka H, et al. (2004) Late

calcium EDTA rescues hippocampal CA1 neurons from global ischemia-

induced death. J Neurosci 24: 9903–9913.

27. Danscher G, Stoltenberg M (2006) Silver enhancement of quantum dots

resulting from (1) metabolism of toxic metals in animals and humans, (2) in vivo,

in vitro and immersion created zinc-sulphur/zinc-selenium nanocrystals, (3)

metal ions liberated from metal implants and particles. Prog Histochem

Cytochem 41: 57–139.

28. Strosznajder R, Gajkowska B (2006) Effect of 3-aminobenzamide on Bcl-2, Bax

and AIF localization in hippocampal neurons altered by ischemia-reperfusion

injury. the immunocytochemical study. Acta Neurobiol Exp (Wars) 66: 15–22.

29. Park JA, Lee JY, Sato TA, Koh JY (2000) Co-induction of p75NTR and

p75NTR-associated death executor in neurons after zinc exposure in cortical

culture or transient ischemia in the rat. J Neurosci 20: 9096–9103.

30. Danscher G (1982) Exogenous selenium in the brain. A histochemical technique

for light and electron microscopical localization of catalytic selenium bonds.

Histochemistry 76: 281–293.

31. Frederickson CJ, Kasarskis EJ, Ringo D, Frederickson RE (1987) A quinoline

fluorescence method for visualizing and assaying the histochemically reactive

zinc (bouton zinc) in the brain. J Neurosci Methods 20: 91–103.

32. Nitzan YB, Sekler I, Frederickson CJ, Coulter DA, Balaji RV, et al. (2003)

Clioquinol effects on tissue chelatable zinc in mice. J Mol Med 81: 637–644.

33. Medvedeva YV, Lin B, Shuttleworth CW, Weiss JH (2009) Intracellular Zn2+
accumulation contributes to synaptic failure, mitochondrial depolarization, and

Clioquinol Inhibits Caspases

PLoS ONE | www.plosone.org 8 July 2010 | Volume 5 | Issue 7 | e11888



cell death in an acute slice oxygen-glucose deprivation model of ischemia.

J Neurosci 29: 1105–1114.
34. Jiang D, Sullivan PG, Sensi SL, Steward O, Weiss JH (2001) Zn(2+) induces

permeability transition pore opening and release of pro-apoptotic peptides from

neuronal mitochondria. J Biol Chem 276: 47524–47529.
35. Susin SA, Lorenzo HK, Zamzami N, Marzo I, Snow BE, et al. (1999) Molecular

characterization of mitochondrial apoptosis-inducing factor. Nature 397:
441–446.

36. Colbourne F, Corbett D (1994) Delayed and prolonged post-ischemic

hypothermia is neuroprotective in the gerbil. Brain Res 654: 265–272.
37. Gupta S, Sharma SS (2006) Neuroprotective effects of trolox in global cerebral

ischemia in gerbils. Biol Pharm Bull 29: 957–961.
38. Suh SW, Frederickson CJ, Danscher G (2006) Neurotoxic zinc translocation into

hippocampal neurons is inhibited by hypothermia and is aggravated by

hyperthermia after traumatic brain injury in rats. J Cereb Blood Flow Metab

26: 161–169.
39. Gao HL, Zheng W, Xin N, Chi ZH, Wang ZY, et al. (2009) Zinc deficiency

reduces neurogenesis accompanied by neuronal apoptosis through caspase-

dependent and -independent signaling pathways. Neurotox Res 16: 416–425.
40. Zhang LH, Wang X, Zheng ZH, Ren H, Stoltenberg M, et al. (2010) Altered

expression and distribution of zinc transporters in APP/PS1 transgenic mouse
brain. Neurobiol Aging 31: 74–87.

41. Doering P, Stoltenberg M, Penkowa M, Rungby J, Larsen A, et al. (2010)

Chemical blocking of zinc ions in CNS increases neuronal damage following
traumatic brain injury (TBI) in mice. PLoS One 5: e10131.

42. Xu H, Gao HL, Zheng W, Xin N, Chi ZH, et al. (2010) Lactational zinc
deficiency-induced hippocampal neuronal apoptosis by a BDNF-independent

TrkB signaling pathway. Hippocampus. DOI: 10.1002/hipo.20767.

Clioquinol Inhibits Caspases

PLoS ONE | www.plosone.org 9 July 2010 | Volume 5 | Issue 7 | e11888


