Original Article

Acta Pharmacologica Sinica (2013) 34: 113-118
© 2013 CPS and SIMM  All rights reserved 1671-4083/13 $32.00

®

www.nature.com/aps

Neuroprotective effects of volume-regulated anion
channel blocker DCPIB on neonatal hypoxic-ischemic
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Aim: To evaluate the role of swelling-induced activation of volume-regulated anion channels (VRACs) in a neonatal hypoxic-ischemic
injury model using the selective VRAC blocker 4-(2-butyl-6,7-dichloro-2-cyclopentyl-indan-1-on5-yl) oxobutyric acid (DCPIB).

Methods: Cerebral hypoxic-ischemic injury was induced in 7-day-old mouse pups with Rice-Vannucci method. Prior to the onset of
ischemia, the animals were ip administered DCPIB (10 mg/kg). The animals were sacrificed 24 h afterwards, coronal sections of the
brains were cut and the areas of infarct were examined using TTC staining and an image-analysis system. Cultured PC12 cells were
subjected to oxygen-glucose deprivation (OGD) for 4 h. The cellular viability was assessed using Cell Counting Kit 8. Intracellular chlo-
ride concentration [CI"]; was measured using 6-methoxy-N-ethylquinolinium iodide.

Results: DCPIB-treated mice showed a significant reduction in hemispheric corrected infarct volume (26.65%+2.23%) compared to
that in vehicle-treated mice (45.52%+1.45%, P<0.001). DCPIB-treated mice also showed better functional recovery as they were
more active than vehicle-treated mice at 4 and 24 h post injury. In cultured PC12 cells, DCPIB (10 pmol/L) significantly reduced OGD-
induced cell death. Moreover, DCPIB (20 umol/L) blocked hypotonic-induced decrease in [Cl]; in PC12 cells of both control and OGD

groups.

Conclusion: The results further support the pathophysiological role of VRACs in ischemic brain injury, and suggest DCPIB as a potential,
easily administrable agent targeting VRACs in the context of perinatal and neonatal hypoxic-ischemic brain injury.
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Introduction

Perinatal and neonatal hypoxic-ischemic brain injury often
leads to cerebral palsy, which is a major cause of acute mor-
tality and chronic neurological morbidity in infants and
children?!. Cerebral palsy is a general term given to a group
of cognitive, perceptive and motor disorders that are caused
by abnormal development or damage to the parts of the brain
that control motor function and activities. Cerebral palsy
can affect various neural functions such as learning, think-
ing, hearing, seeing and movement in children. The perinatal
cerebral hypoxic-ischemic brain damage and the neurologi-
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cal entities of cerebral palsy, epilepsy and mental retarda-
tion were originally described in the Little’s Classic Treatise
(Little WJ 1861)* 7). Statistically, the prevalence of asphyxia
is approximately 0.2% (2-4 per 1000) in full-term or near full-
term newborn infants, and reaches 60% in premature or low-
birth-weight newborn infants. The perinatal hypoxic-ischemic
encephalopathy has a very high mortality rate, as about 20%
to 50% of asphyxiated newborn infants actually terminate as
early as during the newborn period. Among the survivors,
up to 25% of asphyxiated newly born infants show permanent
neuropsychological handicaps in the form of cerebral palsy
either with or without epilepsy, learning disability and/or
mental retardation™”. Depending on the severity of the disor-
der, an early diagnosis can be difficult depending on the sever-
ity of the disorder and currently there is no cure for cerebral
palsy. Potential treatments and therapies are aimed at helping
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cerebral palsy patients to reach their fullest individual poten-
tial and capacity of independency; these often require frequent
and lifelong rehabilitation. Thus, disabilities in afflicted sur-
vivors of infant hypoxic-ischemic brain injury directly affect
quality of life of these children and further have significant
social and economic impacts on our society. The lifetime costs
of cerebral palsy to the healthcare system were estimated at
11.5 billion dollars, according to 2003 US statistics®® °. Thus,
finding the causes and eventual cure for this childhood disease
is an important goal for our medical researchers.

Neonatal encephalopathy is associated with neonatal
hypoxic-ischemic injuries or neonatal stroke, and affects 1-6
per 1000 live full-term births”. Neonatal encephalopathy
results in disturbed neurological functions and activities in
newborn infants due to problems in initiating and maintaining
respiration. It is clinically defined as a syndrome of disturbed
neurological functions in the early days of newborn infant life
with apparent evidence in difficult starting and maintaining
breathing, poor awareness and consciousness, inadequate and
declined reflexes and muscle tone, and even seizure activi-
ties. Along with these, neonatal encephalopathy increases the
chances of developing neurodevelopmental disabilities, such
as cerebral palsy, after birth. Depending on severity, neonatal
encephalopathy can cause the development of cognitive disor-
ders or death.

Perinatal cerebral hypoxic-ischemic brain damage is one
of the major causes of acute mortality and chronic disability
in infants and children. However, the underlying mecha-
nisms of the neonatal stroke are still largely unclear. There
are few animal models available in studying the neonatal
hypoxic-ischemic brain injury and neonatal stroke"” . With
the understanding of what we have learned from the stroke
mechanisms in adult animal models, we investigated one of
the non-glutamate mechanisms!"”, the volume-regulated anion
channels (VRAC), in neonatal stroke using mouse neonatal

11121 We are interested in

hypoxic-ischemic injury mode
developing prevention and therapeutic strategies of neuropro-
tection for neonatal stroke and thus its subsequent disorder,
cerebral palsy.

Chloride (CI') is the most abundant anion under physiologi-
cal conditions. It permeates the cell membrane through sev-
eral types of CI” channels that have different gating character-
istics, including ligand-, voltage-, and Ca**-gated channels™".
An important class of CI” channels is the volume-regulated
anion channel (VRAC). Principally, VRACs are responsible
for mediating the swelling-induced CI” current, which also
plays an important role in a cell’s regulatory mechanism for
decreasing cell volume during osmotic perturbations. In the
brain, the VRACs are widely expressed and have been pro-
posed to play an important role in cerebral ischemia!™. VRAC
is ubiquitously expressed and mediates CI™ efflux when a cell
faces hypo-osmotic swelling. VRAC-mediated CI efflux is
normally paired with that of K*, bringing along osmotically-
obliged water and consequently giving rise to a regulatory
volume decrease. However, the molecular identities and the
in vivo roles of the VRACs in ischemia and stroke are not yet
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clear!™

CIC-3 channel has been proposed as one of the candidates
for VRACs"® "), Studies have shown that CIC-3 channel plays
an important role in myocyte volume regulation during heart

118191 a5 well as in redox

[20, 21]

ischemia in vivo using CICn3”" mice
signalling and vascular remodelling in vascular cells

2221 and the recent

CIC-3 channels are expressed in the brain
evidence suggests that CIC-3 may also engage in neuronal
excitability™), but their pathophysiological role in cerebral
ischemia and stroke has not yet been investigated.

There is a rich pharmacology for different types of CI” chan-
nels. 5-nitro-2-(3-phenylpropylamino)-benzoate (NPPB) and
tamoxifen, which are both potent but non-selective CI” channel
blockers, have been extensively studied. Although the molec-
ular identities of VRACs remain elusive, a study"®! showed
that 4-(2-butyl-6,7-dichloro-2-cyclopentyl-indan-1-on-5-yl)
oxobutyric acid (DCPIB) is a novel selective blocker for the
swelling-induced CI" current and therefore of VRACs as well.

In conditions of cerebral ischemia, a prolonged excitotoxic-
ity — the overstimulation of neurons by the neurotransmit-
ter glutamate — causes an excessive depolarization, which
drives water inflow and consequently cell swelling. Persistent
depolarization caused by excitotoxicity results in CI” influx
through VRACs (rather than its normal efflux as part of the
regulatory volume decrease), which further contributes to
swelling and eventually necrotic neuronal death™!. In a recent
study, the specific VRAC inhibitor DCPIB showed a neuropro-
tective effect in reducing the infarction and improving neu-
robehavioral scores in a rat transient middle cerebral artery
occlusion (MCAO) model only when the drug was delivered
intracisternally®!. Here we report that the selective VRAC
blocker DCPIB showed a promising neuroprotective effect in a
mouse neonatal stroke model as well as some supporting evi-
dence from in vitro study.

Methods and materials

Materials and drugs

Timed-pregnant CD1 mice were from Charles River Labo-
ratories (Sherbrooke, Quebec, Canada) and were used in the
study. Only one nursing female mouse and her litters were
allowed per cage with a free access to food and water, in a
room with an ambient temperature of 20£1°C and a 12:12 h
light/dark cycle. All experiments using these animals strictly
followed the guidelines of the Canadian Council on Animal
Care (CCAC protocol) in science and all animal experimental
procedures were approved by the local Animal Care and Use
Program Committee, Office of the Research Ethics at the Uni-
versity of Toronto.

Drugs used were from Sigma-Aldrich Canada: 4-(2-butyl-
6,7-dichloro-2-cyclopentyl-indan-1-on-5-yl) oxobutyric acid
(DCPIB), Sigma catalogue # D4068, was dissolved first in 0.2%
dimethyl sulfoxide (DMSO) then diluted in 1% phosphate
buffered saline (PBS) for the final concentration of 10 mg/kg.

Surgical preparation
Mouse pups were anesthetized with isoflurane and skin in



the neck was cleaned with iodine followed by 75% alcohol.
The midline ventral incision was made in the anterior neck.
DCPIB was delivered intraperitoneally. The body temperature
was monitored and maintained using a Harvard Apparatus
temperature control and heating blanket system.

Drug administration

Twenty minutes prior to the onset of ischemia, DCPIB (10
mg/kg)? with 0.2% dimethyl sulfoxide (DMSO) (treatment
group) and 0.2% DMSO alone (control group) were diluted in
1% phosphate buffered saline (PBS) before intraperitoneally
administering to the mouse pups. Total volume injected per
animal was 0.1 mL.

Hypoxic-ischemic injury model
Postnatal seven-day-old (P7) CD1 wild-type mouse pups of

either sex were used in the study. The Rice-Vannucci®™
[29]

neona-
tal adaptation of Levine'™ procedure with some modifications
was used to induce cerebral hypoxic-ischemic injury in the
neonatal mice. Appropriate measures were taken to ensure
that discomfort and pain were minimized. P7 mice weighing
5 to 5.5 g were anesthetized with 3% isoflurane in balance of
oxygen for 3 min as induction, followed by 2% isoflurane for
maintaining during the procedure. A stereo dissecting micro-
scope (SMZ-2B Nikon, Japan) with fiber-optic bifurcation
and ring lens illumination was used. After a 0.5-cm midline
cervical incision and a separation of the muscles covering the
frontolateral neck with a fine-tip forceps, the right common
carotid arteries were exposed, separated from accompany-
ing vagus and sympathetic nerves, and occluded by bipolar
electrical coagulation (Vetroson V-10 Bi-polar electrosurgical
unit). For the model development, the local cerebral blood
flow was measured using the PeriMed PeriScan System PIM II
Laser Doppler Blood Perfusion Imager (PeriMed, Stockholm,
Sweden) to ensure the sufficient local cerebral blood flow
reduction in the ipsilateral hemisphere. Normal body tem-
peratures were maintained by using a homeothermic heating
blanket. The procedure took approximately 10 min for each
pup to complete. After the surgical procedure, the wounds
were closed and the pups were placed in an incubator at 37°C
for 10 min until fully awake, after which they were returned to
their dam for at least 90 min to completely recover and feed.
For the hypoxic component of the insult, the pups were
transferred into an airtight, transparent chamber (A-Chamber
A-15274 with ProOx 110 Oxygen Controller/E-720 Sensor,
Biospherix, NY, USA) and perfused with a humidified gas
mixture that contained 7.8% oxygen balanced with 92.2%
nitrogen. Gas flowed at a constant rate for 50 min and oxygen
concentration was regulated by a compact oxygen controller
(ProOx 110 controller, Biospherix, NY, USA), to which a com-
pressed nitrogen gas source (Linde, Mississauga, ON, Canada)
was attached. One pup was monitored to ensure that body
temperature did not exceed 36.5°C by using homeothermic
blanket control unit (K-017484 Harvard Apparatus, Massa-
chusetts, USA). After the hypoxia exposure, the mouse pups
were recovered on a heating pad (33 °C) for 30 min and later
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returned to their mother in the dam.

Measurement of infarct volume

After twenty-four hours, the animals were then sacrificed and
the brains were removed and cut coronally into approximately
1 mm sections. The sections were then immersed in 2% 2,3,5-
triphenyltetrazolium chloride (TTC) in 1% phosphate buffered
saline (PBS) at 37 °C in a dark place for 20-30 min®".

After TTC staining, the brain slices were scanned and the
areas of infarct were measured. The area of ipsilateral hemi-
sphere and that of the contralateral hemisphere were mea-
sured with an image-analysis system (NIH Image] software)
for each section. The volumes were calculated by summing
the representative areas in all sections and multiplying by the
slice thickness. After correcting for edema, the volumes of
infarction were calculated as follows:

Corrected infarct volume (CIV), (%)=[contralateral hemisphere
volume-(ipsilateral hemisphere volume-infarct volume)]/
contralateral hemisphere volumex100 Y,

Cell culture and reagents

PC12 cells were cultured as previously described®. PC12 (rat
pheochromocytoma) cells were cultured in RPMI-1640 (Invit-
rogen, USA) supplemented with 10% heat-inactivated horse
serum (Invitrogen, USA) and 5% heat-inactivated fetal calf
serum (Invitrogen, USA) in a humidified incubator containing
5% CO, at 37°C. PC12 cells were cultured on collagen-coated
plates or dishes when different experiments were performed.

Oxygen-glucose deprivation (OGD)

OGD was implemented using methods as described”.
Briefly, 24 h after PC12 cells were seeded in 96 wells plates, the
culture medium was changed to the glucose-free DMEM or
glucose-free DMEM containing 10 pmol/L DCPIB. Cells were
cultured under normoxic incubating conditions for 30 min,
followed by being placed in an anaerobic chamber that was
flushed with 5% CO, and 95% N, (v/v). The anaerobic cham-
ber was kept in a humidified incubator at 37°C. Four hours
later, the culture medium was changed to the normal medium
containing the same concentration of DCPIB and the plates
were returned to the normoxic incubating conditions.

Cellular viability

Cellular viability was assessed using Cell Counting Kit 8 (Bey-
otime, China) according to the instruction from the company.
Briefly, 18 h after OGD, 10 uL. CCKS8 solution was added into
100 pL culture medium in the 96 well plate, wells without cells
acted as control. The plates were then placed in a humidi-
fied incubator at 37 °C with 5% CO, and 95% air (v/v) at 90%
humidity for 2 h. Finally, the spectrophotometric absorbance
was measured using a microplate reader at an absorbance
wavelength of 450 nm.

Measurement of [CI7];
Intracellular chloride concentration [Cl']; was measured
using 6-methoxy-N-ethylquinolinium iodide (MEQ) as previ-
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ously described in our publication™. Briefly, dihydro-MEQ
was freshly prepared before the measurement. Cells were
incubated, at room temperature in the dark for 30 min, with
100-150 pmol/L dihydro-MEQ in a Ringer’s buffer contain-
ing (mmol/L): 119 NaCl, 2.5 KCl, 1.0 NaH,PO,, 1.3 MgSO,,
2.5 CaCl,, 26 NaHCO;, 11 glucose, and pH 7.4. At room tem-
perature, the MEQ reduction was performed by adding 32
pmol/L sodium borohydride to MEQ solution under flowing
nitrogen in the dark for 30 min. In cytoplasm, dihydro-MEQ
was quickly oxidized to MEQ, which is sensitive to [CI'];, and
the fluorescence quenching induced by CI” was measured by
MetaFluor Imaging software (Universal Imaging Systems,
Chester, PA) with 350-nm excitation wavelength and 435-nm
emission wavelength. Percentage decrease of [CI]; with the
exposure to hypotonic solution was calculated from the equa-
tion of ([CI']; is6=[Cl']; nypo)/ [CI]; 1so°100%; percentage inhibi-
tion of [CI']; by DCPIB was calculated from the equation of
(ICTT; peps=TClT; nype)/ ([C1 T o= [CLT; ) *100%.

Statistics and data analysis

Data are presented as means+SEM. Statistical analysis was
carried out using SigmaStat (3.0, Jandel Scientific). Student’s
t-test was performed to assess the statistical significance of the
difference in two groups between control group and DCPIB
treated group. In multiple groups, one-way ANOVA with
Bonferroni test were used. Significance was defined by the
probability level of lower than 0.05 (P<0.05).

Results and discussion

In vivo study: effects of DCPIB on neonatal hypoxic-ischemic
brain injury in mice

The Rice-Vannucci method of neonatal hypoxic-ischemic
injury produced an area of brain injury confined from the ipsi-
lateral brain hemisphere to the common carotid occlusion as
shown in the TTC stain, which is in white color (Figure 1A).
The contralateral hemisphere has no demonstrable brain injury
with the TTC stain, which is in red color (Figure 1A). The
mean percentage of right hemispheric corrected infarct vol-
ume was 45.5%%1.45% (n=>5) in vehicle treated animals, which
was significantly reduced to 26.65%+2.23% (n=>5) in DCPIB
treated animals (P=<0.001) (Figure 1B). Individual coronal
sections of both vehicle and DCPIB treated groups were also
plotted and graphed (Figure 2); the DCPIB also significantly
reduced the infarctions in individual stereotaxic coronal plates
in comparison to that of the vehicle treated group (Figure 2).
In addition, the hypoxic-ischemic mouse pups treated with
DCPIB recovered better than that of the vehicle treated con-
trol group. The DCPIB treated group was more active from 4
and 24 h after the hypoxic-ischemic injury. Thus the selective
VRAC blocker DCPIB reduced the neonatal hypoxic-ischemic
brain injury and improved the behavioural outcomes in the
24 h after the insults.

In vitro study: effects of DCPIB on OGD and intracellular chloride
concentration
From Stern-Volmer equation, the resting [CI']; in PC12 cells of
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Figure 1. Effects of DCPIB in reducing infarction size in mouse neonatal
hypoxic-ischemic injury model. (A) Representative infarcts in 2% 2,3,5-
Triphenyltetrazolium Chloride (TTC) stained coronal sections from vehicle
(DMSO) (A) and DCPIB (B) treated groups at 24 h after the neonatal
hypoxic-ischemic injury in P7 mice. (B) Bar graph shows the effects of
intraperitoneal (ip) treatment with DCPIB (ip 10 mg/kg in 0.2% DMSO0)
on brain hemispheric infarct volume compared to that of the vehicle
DMSO treated animals. DCPIB given 20 min before initiation of ischemia
reduced infarct volume significantly. (°P<0.01, n=5 per groups, Student
t-test).
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Figure 2. Individual coronal sections of ipsilateral brains also show
reduction of the infarction in mouse neonates treated with DCPIB in
comparison to that of vehicle DMSO treated group. (n=5 per groups,
°P<0.05).

control group and OGD group were 24.71+1.28 mmol/L and
40.49+2.44 mmol/L, and there were significant differences
between the two groups (P<0.01, n=30, Figure 3). After perfu-
sion with hypotonic solution, the [CI]; in control and OGD
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Figure 3. Intracellular CI” concentration ([CI']) of PC12 cells in isotonic
solution from control and OGD groups. Bar graph shows that OGD treated
cells had significant higher resting [CI].. (n=30, °P<0.01).



groups were decreased to 21.47+1.19 mmol/L and 36.55+2.181
mmol/L, respectively, which resulted in 13.66%+0.91% and
9.60%+0.45% decrease in [Cl']; as compared with their isotonic
controls, and there were significant differences (P<0.01, n=30,
Figure 4). The percentage inhibition of reduction in [CI];
by DCPIB (20 pmol/L) in PC12 cells from control and OGD
groups are 12.99%+1.54% and 11.80%%1.48%, there was no sig-
nificant difference between the two groups (n=7, P>0.05, Fig-
ure 5), indicating that DCPIB could block hypotonic-induced
decrease in [CI']; change in both control and OGD groups.
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Figure 4. The percentage decrease of [CI']; induced by hypotonic
perfusion in PC12 cells from control and OGD groups. Bar graph shows
that the percentage decrease was significantly lower in OGD treated cells.
(n=30, °P<0.01).
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Figure 5. The percentage inhibition of reduction in [CI]; by DCPIB (20
pmol/L) in PC12 cells from control and OGD groups. Bar graph shows that
there is no significant difference between the two groups. (n=7, P>0.05).

We further tested the in vitro effect of DCPIB on cell viabil-
ity in PC12 model of OGD. OGD in PC12 cell line has been
used as a rapid and sensitive in vitro model of ischemic
stroke in searching for potential neuroprotective agent. After
4 h of OGD, incubation with DCPIB (10 pmol/L) for 18 h
significantly attenuated cell death induced by OGD and
increased cell survival (P<0.001, Figure 6). DCPIB alone at the
given concentration did not show any toxic effects on cultured
cells. The data from in vitro study thus suggested that DCPIB
at the concentration of 10 pmol/L was able to block OGD-
induced injury in PC12 cells.

In summary, we studied the neuroprotective effect of this
selective VRAC blocker DCPIB in neonatal hypoxic-ischemic
injury model in P7 mice. This drug has been shown to be
effective in reducing the infarct volumes in the adult MCAO
model®!. In our study, intraperitoneally administered DCPIB
effectively and significantly reduced the brain damages
induced by the neonatal hypoxic-ischemic injury in P7 mice,
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Figure 6. Effect of DCPIB on cell viability in PC12 model of OGD. Bar
graph shows the effect of treatment with DCPIB (10 pmol/L) on the
survival of cultured PC12 cells at 18 h after 4 h of OGD. The cell viability
was determined by Cell Counting Kit 8 assay and indicated by OD values.
Treatment with DCPIB attenuated OGD-induced cell injury. Values are
mean+SEM. (°P<0.01 vs control group, ‘P<0.01 vs OGD group, n=6/
groups, one way ANOVA with Bonferroni test).

and improved the neurobehavioral outcomes. This implied
that the blood-brain barrier is less developed in the perinatal
and neonatal mice. In addition, the DCPIB was able to block,
partially but significantly, the apparently VRAC mediated cell
death in vitro under OGD condition. The DCPIB also reversed
the changes in the intracellular CI" concentration under hypo-
tonic condition in the cultured cells. Collectively, the findings
strongly suggest that the volume-regulated anion channel or
volume-regulated chloride channel, which is one of the newly
recognized non-glutamate mechanisms, is involved in trig-
gering intracellular ion imbalance and cell death in ischemia.
Even the molecular identities of the VRAC are not yet fully
understood, studies have suggested chloride CIC-3 channels
may be one of the VRAC channels™® "\, Further studies will be
needed to provide evidence for the VRAC identity and block-
ing of CI” current using DCPIB should be confirmed using
electrophysiological tests. In conclusion, we demonstrated
that 1) the VRAC is one of the non-glutamate mechanisms in
cerebral ischemia and potential therapeutic target for stroke,
and 2) the selective VRAC blocker DCPIB has the potential for
prevention and treatment of human neonatal stroke and its
subsequent neurological disorders including cerebral palsy.
Further study will be needed to test the pharmacology of this
drug.

Acknowledgements

This work was supported by a Grant-in Aid from Heart and
Stroke Foundation of Canada to Hong-shuo SUN, and by a
General Program from National Natural Science Foundation
of China (No 30873059) to Guan-lei WANG. Ammar ALI-
BRAHIM is a recipient of the Saudi Arabian Cultural Bureau
Scholarship. Christine You-jin BAE is a recipient of Ontario
Graduate Scholarship.

Author contribution

Hong-shuo SUN and Guan-lei WANG designed and coor-
dinated the overall project. Ammar ALIBRAHIM carried
out in vivo work. Li-yan ZHAO carried out in vitro experi-
ment. Christine You-jin BAE, Andrew BARSZCZYK, and

117

Acta Pharmacologica Sinica



www.nature.com/aps
Alibrahim A et al

118

Christopher LF SUN assisted experiment, data analysis and

manuscript preparation. Hong-shuo SUN, Guan-lei WANG,
Ammar ALIBRAHIM, Li-yan ZHAO, Christine You-jin BAE,
and Christopher LF SUN wrote the paper. All authors dis-
cussed the results and commented on the manuscript.

References

1

10

11

12

13

14

15

16

17

Vannucci SJ. Cerebral ischemia and the developing brain: introduc-
tion. Stroke 2007; 38: 723.

Vannucci SJ, Hagberg H. Hypoxia-ischemia in the immature brain. J
Exp Biol 2004; 207: 3149-54.

Nelson KB, Grether JK. Causes of cerebral palsy. Curr Opin Pediatr
1999; 11: 487-91.

Nelson KB. Perinatal ischemic stroke. Stroke 2007; 38: 742-5.
Nelson KB, Lynch JK. Stroke in newborn infants. Lancet Neurol
2004; 3: 150-8.

Little WJ. On the influence of abnormal parturition, difficult labours,
premature birth, and asphyxia neonatorum, on the mental and
physical condition of the child, especially in relation to deformities.
Clin Orthop Relat Res 1966; 46: 7-22.

Vannucci RC. Hypoxic-ischemic encephalopathy. Am J Perinatol
2000; 17: 113-20.

Centers for Disease Control and Prevention (CDC). Economic costs
associated with mental retardation, cerebral palsy, hearing loss, and
vision impairment — United States, 2003. MMWR Morb Mortal Wkly
Rep 2004; 53: 57-9.

Kruse M, Michelsen SI, Flachs EM, Bronnum-Hansen H, Madsen
M, Uldall P. Lifetime costs of cerebral palsy. Dev Med Child Neurol
2009; 51: 622-8.

de Vries LS, Jongmans MJ. Long-term outcome after neonatal
hypoxic-ischaemic encephalopathy. Arch Dis Child Fetal Neonatal Ed
2010; 95: F220-F224.

Vannucci RC, Vannucci SJ. A model of perinatal hypoxic-ischemic
brain damage. Ann N 'Y Acad Sci 1997; 835: 234-49.

Vannucci RC. Experimental models of perinatal hypoxic-ischemic
brain damage. APMIS Suppl 1993; 40: 89-95.

Besancon E, Guo S, Lok J, Tymianski M, Lo EH. Beyond NMDA and
AMPA glutamate receptors: emerging mechanisms for ionic imbalance
and cell death in stroke. Trends Pharmac ol Sci 2008; 29: 268-75.
Kim SY, Shin DH, Kim SJ, Koo BS, Bae CD, Park J, et al. Chloride
channel conductance is required for NGF-induced neurite outgrowth
in PC12 cells. Neurochem Int 2010; 56: 663-9.

Zhao Y, Rempe DA. Targeting astrocytes for stroke therapy. Neuro-
therapeutics 2010; 7: 439-51.

Duan D, Winter C, Cowley S, Hume JR, Horowitz B. Molecular
identification of a volume-regulated chloride channel. Nature 1997;
390: 417-21.

Guan YY, Wang GL, Zhou JG. The CIC-3 CI" channel in cell volume
regulation, proliferation and apoptosis in vascular smooth muscle
cells. Trends Pharmacol Sci 2006; 27: 290-6.

Acta Pharmacologica Sinica

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Bozeat N, Dwyer L, Ye L, Yao T, Duan D. The role of CIC-3 chloride
channels in early and late ischemic preconditioning in mouse heart.
FASEB J 2005; 19: A694-5.

Bozeat N, Dwyer L, Ye L, Yao T, Hampe CL, Duan D. VSOACs play an
important cardioprotective role in late ischemic preconditioning in
mouse heart. Circulation 2006; 114: 272-3.

Liu YJ, Wang XG, Tang YB, Chen JH, Lv XF, Zhou JG, et al. Simvastatin
ameliorates rat cerebrovascular remodeling during hypertension via
inhibition of volume-regulated chloride channel. Hypertension 2010;
56: 445-52.

Duan DD. Volume matters: novel roles of the volume-regulated
CLC-3 channels in hypertension-induced cerebrovascular remodeling.
Hypertension 2010; 56: 346-8.

Wang XQ, Deriy LV, Foss S, Huang P, Lamb FS, Kaetzel MA, et al. CLC-
3 channels modulate excitatory synaptic transmission in hippocampal
neurons. Neuron 2006; 52: 321-33.

Kawasaki M, Uchida S, Monkawa T, Miyawaki A, Mikoshiba K, Marumo
F, et al. Cloning and expression of a protein kinase C-regulated
chloride channel abundantly expressed in rat brain neuronal cells.
Neuron 1994; 12: 597-604.

Decher N, Lang HJ, Nilius B, Bruggemann A, Busch AE, Steinmeyer K.
DCPIB is a novel selective blocker of I(Cl,swell) and prevents swelling-
induced shortening of guinea-pig atrial action potential duration. Br J
Pharmacol 2001; 134: 1467-79.

Inoue H, Okada Y. Roles of volume-sensitive chloride channel in
excitotoxic neuronal injury. J Neurosci 2007; 27: 1445-55.

Zhang Y, Zhang H, Feustel PJ, Kimelberg HK. DCPIB, a specific
inhibitor of volume regulated anion channels (VRACs), reduces infarct
size in MCAo and the release of glutamate in the ischemic cortical
penumbra. Exp Neurol 2008; 210: 514-20.

Sun HS, Jackson MF, Martin LJ, Jansen K, Teves L, Cui H, et al.
Suppression of hippocampal TRPM7 protein prevents delayed
neuronal death in brain ischemia. Nat Neurosci 2009; 12: 1300-7.
Rice JE Ill, Vannucci RC, Brierley JB. The influence of immaturity on
hypoxic-ischemic brain damage in the rat. Ann Neurol 1981; 9: 131-
41.

Levine S. Anoxic-ischemic encephalopathy in rats. Am J Pathol
1960; 36: 1-17.

Sun HS, Doucette TA, Liu Y, Fang Y, Teves L, Aarts M, et al. Effec-
tiveness of PSD95 inhibitors in permanent and transient focal
ischemia in the rat. Stroke 2008; 39: 2544-53.

Qi X, Hosoi T, Okuma Y, Kaneko M, Nomura Y. Sodium 4-phenyl-
butyrate protects against cerebral ischemic injury. Mol Pharmacol
2004; 66: 899-908.

Lu XL, Xu ZL, Yao XL, Su FJ, Ye CH, Li J, et al. Marine cyclotripeptide
X-13 promotes angiogenesis in zebrafish and human endothelial cells
via PI3K/Akt/eNOS signaling pathways. Mar Drugs 2012; 10: 1307 -
20.

Zhou JG, Ren JL, Qiu QY, He H, Guan YY. Regulation of intracellular CI”
concentration through volume-regulated CIC-3 chloride channels in
A10 vascular smooth muscle cells. J Biol Chem 2005; 280: 7301-8.





