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Abstract

Objective: This study was to investigate the role of Chloride Channel-3 (ClC-3) in apoptosis of primary
rat hippocampal neurons.
Methods: SIN-1 (3-morpholinosyndomine), a nitric oxide donor, was used to induce apoptosis in the
hippocampal neurons. The cell viability was assessed by the MTT (3-(4, 5-Dimethythiazol-2 yl)-
diphenytetra zolium bromide) assay. Hoechst 33342 staining was performed to detect apoptosis.
Immunofluorescence staining, Western blot and quantitative real-time PCR were used to evaluate
protein and mRNA expression levels.
Results: MTT assay showed that SIN-1 could decrease the cell viability of rat hippocampal neurons,
which could be restored by the chloride channel inhibitor, DIDS (4, 4’-diisothiocyanostilbene-2, 2’-
disulfonic acid). Results from the immunofluorescence and Hoechst 33342 staining showed that the
expression level of ClC-3 was dramatically elevated, and the apoptosis rate was significantly increased,
in the SIN-1 group. However, the DIDS treatment could decrease the expression levels of ClC-3, and
inhibited SIN-1-induced apoptosis of neurons. Moreover, Western blot analysis showed that the levels of
cleaved caspase-3 were significantly elevated following SIN-1 induction, which could be inhibited by the
DIDS treatment.
Conclusion: ClC-3 is involved in SIN-1-induced apoptosis in rat hippocampal neurons. These findings
might provide theoretical and experimental evidence for the development and application of anti-
apoptotic drugs in clinical practice.
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Introduction
Apoptosis occurs under a variety of physiological and/or
pathological conditions in diverse cell types, in which multiple
pathways might be involved [1,2]. It has been widely accepted
that apoptosis affects disease progression, including cancer,
chronic inflammation, myocardial infarction, and stroke [3].
Similar characteristic alterations can be observed in various
apoptotic cells, including cellular shrinkage, nuclear
condensation, DNA fragmentation, and formation of apoptotic
bodies [4]. In addition, cell volume loss has been considered as
a common feature in virtually all kinds of cellular apoptotic
models [5,6]. Recent studies have provided compelling
evidence that chloride channels underlie the loss of cell volume
in apoptotic pathology, which is closely linked with a series of
apoptotic events in different cell types [7,8]. These channels
play important roles in the regulation of chloride homeostasis
and cell volume under pathophysiological conditions [9].
Moreover, blockers of chloride channels have been shown to
possess protective effects against apoptotic responses [8,10].
Among the chloride channel family members, Chloride

Channel-3 (ClC-3) is believed to be located on the plasma
membrane of mammalian cells, which is associated with the
alterations in cell volume, and subsequently involved in the
regulation of cell migration, proliferation, differentiation, and
apoptosis [11-13]. However, whether ClC-3 could regulate
neuronal apoptosis and the underlying mechanism(s) still
remain to be established. In this study, SIN-1 (3-
morpholinosyndomine), a nitric oxide donor, was used to
induce apoptosis in rat hippocampal neurons, and the role of
ClC-3 in apoptosis was investigated. Our results showed that
ClC-3 expression level was elevated in hippocampal neuronal
apoptosis induced by SIN-1, which might be involved in the
regulation of the apoptotic process.

Materials and Methods

Primary rat hippocampal neuron culture and
grouping
New-born Sprague-Dawley (SD) rats within 1 d after birth,
males or females, were provided by the Experimental Animal
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Center of Guangdong Province (Guangzhou, Guangdong,
China). All animal experiments were approved by the
Experimental Animal Ethics Committee of Guangdong
Province, and complied with the Guide for the Care and Use of
Laboratory Animals [14].

Primary rat hippocampal neurons were isolated and cultured as
previously described [15,16]. Briefly, new-born SD rats were
quickly decapitated, and the brains were removed under sterile
conditions. Bilateral hippocampi were separated in cold D-
Hank’s solution and cut into 1 mm3 pieces, followed by
digestion with 0.25% (w/v) trypsin (Gibco, Carlsbad, CA,
USA) at 37°C for 15 min. Neurobasal medium was added to
terminate the digestion, and cells were dispersed uniformly and
filtered a 400 mesh filter. Suspension was centrifuged at room
temperature at 1000 rpm for 10 min. Cells were then
suspended and seeded on culture plates pre-coated with poly-
lysine (Sigma, St. Louis, MO, USA) at a density of 4 × 105

cells/ml, and cultured in a 37°C, 5% CO2 humidified incubator.
Culture medium contained 90% (v/v) neurobasal medium,
supplemented with 10% (v/v) bovine serum, 2% (v/v) B27, 10
UI/ml penicillin and streptomycin (all from Gibco). 48 h later,
the cell culture was subjected to the treatment of 1 × 10-5

mol/L cytosine arabinofuranoside (Sigma) for 48 h to inhibit
glial cell proliferation. Neurons after another 12 d culture were
used for experiments, and the cells were identified using
immunofluorescence staining with anti-NeuN antibody
(Sigma).

These cells were divided into the following groups: (1) the
control group that was free from intervention; (2) the SIN-1
group that was treated with 0.5 mmol/L SIN-1 (Sigma) for 18
h; and (3) the SIN-1+DIDS ( 4, 4’-diisothiocyanostilbene-2,
2’-disulfonic acid) group that was treated with 0.5 mmol/L
SIN-1+0.1 mmol/L DIDS (Sigma) for 18 h. SIN-1 was used to
induce apoptosis in the hippocampal neurons and DIDS was
used as a chloride channel inhibitor to block CIC-3.

MTT (3-(4, 5-Dimethythiazol-2 yl)-diphenytetra
zolium bromide) assay
Cell viability was assessed by the MTT assay. The 20 μl MTT
(0.5 mg/ml; Sigma) was added into each well for 4 h
incubation. Then the culture medium was discarded, and 150
μl DMSO (Sigma) was added. Optical Density (OD) was
detected by a microplate reader. Cell viability was calculated
with the following equation: Cell viability (%)=(ODtreatment-
ODblank)/(ODcontrol-ODblank) × 100%.

Immunofluorescence and Hoechst 33342 staining
Rat hippocampal neurons cultured for 12 d were fixed with 4%
(v/v) paraformaldehyde (Boster, Wuhan, Hubei, China) for 30
min. After washed with PBS (pH 7.4), cells were blocked with
goat serum (Boster) at room temperature for 30 min. Then,
cells were incubated with rabbit anti-mouse anti-ClC-3
antibody (1:1000 dilution; Gibco) or mouse anti-rat anti-NeuN

antibody (1:1000 dilution; Gibco) at 4˚Covernight. Secondary
antibody (1:2000 dilution; goat anti-rabbit and goat anti-
mouse, respectively) was used to incubate the cells at room
temperature for 1 h. Then cells were subjected to 20 mg/L
Hoechst 33342 (Sigma) treatment at room temperature for 15
min. Observation was performed under inverted fluorescence
microscope, and the apoptosis rate was calculated.

Quantitative real-time PCR
Total RNA was extracted with the Trizol reagent (Invitrogen,
Shanghai, China). Real-time PCR was performed with SYBR
Green I. ClC-3 specific primers were synthesized by
Guangzhou Jetway Biotechnology Co. Ltd (Guangzhou,
Guangdong, China). The primer sequences were as follows:
ClC-3, forward 5’-CTACTACCACCACGACTG-3’ and
reverse 5’-TTGTCACACCACCTAAGC-3’; GAPDH
(Glyceraldehyde 3-phosphate dehydrogenase), forward 5’-
CTCCCATTCCTCCACCTTTG-3’ and reverse 5’-
CCACCACCCTGTTGCTGTAG-3’. PCR cycling conditions
were: denaturation at 93°C for 2 min, then 40 cycles of 93°C
for 30 s, 55°C for 45 s, and 72°C for 30 s. Products were
detected by 1.0% agarose gel electrophoresis, and the results
were analysed using an image analysis system (ABI PRISM
7000 Sequence Detection System, Life Technologies,
Shanghai, China). GAPDH was used as control reference.

Western blot analysis
Neurons were harvested and lysed with lysis buffer on ice for
30 min, and then centrifuged at 12000 Xg at 4°C for 15 min.
The supernatant was collected, and the protein concentration
was determined with a BCA kit (Beyotime, Haimen, Jiangsu,
China). Equal amount of protein from each group was
subjected to SDS-PAGE. Then the protein was
electrophoretically transferred onto a polyvinylidene fluoride
membrane. The membrane was blocked with 5% (w/v)
defatted milk at 4˚C overnight, and then incubated with rabbit
anti-mouse anti-caspase-3 polyclonal antibody (1:1000
dilution; Gibco) and rabbit anti-mouse anti-ClC-3 polyclonal
antibody (1:800 dilution; Gibco), respectively, at 4°C
overnight. After rinsed with Tris-buffered solution (8.0 g NaCl,
6.0 g Tris, and 1.0% Tweeen-20), the membrane was incubated
with horseradish peroxidase-conjugated goat anti-rabbit
secondary antibody (1:5000 dilution; Gibco) at room
temperature for 1 h. Exposure with conducted with enhanced
chemiluminescence reagent. The optical densities of bands
were quantitatively analysed with the ImageJ software.
GAPDH was used as control reference.

Statistical analysis
Data were expressed as mean ± SD. SPSS13.0 software was
used for statistical analysis. One way variance analysis
(ANONA) and t-test were applied for the comparisons between
groups. P<0.05 was considered statistically significant.
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Results

SIN-1 induces neuronal viability decline
To investigate the cell viability of rat hippocampal neurons
following SIN-1 and DIDS treatments, the MTT assay was
performed. Primary rat hippocampal neurons were subjected to
0.5 mmol/L SIN-1 treatment alone, or 0.5 mmol/L SIN-1+0.1
mmol/L DIDS treatment. As shown in Figure 1, the MTT assay
indicated that, compared with the control group, SIN-1
treatment significantly decreased the cell viability in rat
hippocampal neurons (53.41 ± 1.26%) (P<0.05). However, the
DIDS treatment significantly restored the decreased cell
viability induced by SIN-1 in these cells (69.83 ± 1.13%)
(P<0.05).

Figure 1. Effects of DIDS on cell viability of rat hippocampal neurons
treated with SIN-1. Primary rat hippocampal neurons were subjected
to 0.5 mmol/L SIN-1 treatment alone, or 0.5 mmol/L SIN-1+0.1
mmol/L DIDS treatment. MTT assay was performed to assess the cell
viability. Compared with the control group, *P<0.05; compared with
the SIN-1 group, #P<0.05.

SIN-1-induces apoptosis in rat hippocampal neurons
Hoechst 33342 staining was next performed to detect apoptosis
in rat hippocampal neurons with SIN-1 treatment. To
investigate the involvement of ClC-3 in SIN-1-induced
apoptosis, these neurons were counterstained for ClC-3 and
NeuN at the same time. Immunofluorescence and Hoechst
33342 staining indicated that ClC-3 was expressed in the rat
hippocampal neurons (Figure 2A). Our results showed obvious
apoptotic alterations in the SIN-1 group, and the expression
level of ClC-3 was dramatically elevated following SIN-1
treatment. Statistical analysis showed that, compared with the
control group, the apoptosis rate was significantly increased in
the SIN-1 group (Figure 2B) (P<0.05). On the other hand,
when these cells were treated with DIDS, the expression of
ClC-3 was significantly inhibited, and SIN-1-induced
apoptosis was dramatically attenuated. Moreover, the apoptosis
rate was significantly elevated compared with the SIN-1 group
(Figure 2B) (P<0.05).

On the other hand, the levels of cleaved caspase-3 were
detected by Western blot analysis. Our results showed that the
cleaved caspase-3 level was significantly elevated by SIN-1
induction (Figure 3) (P<0.05). As expected, compared with the
SIN-1 group, the cleaved caspase-3 level was significantly
decreased by DIDS treatment (Figure 3) (P<0.05).

Figure 2. Immunofluorescence and Hoechst 33342 staining of rat
hippocampal neurons. (A) Hoechst 33342 staining (blue) was
performed to detect apoptosis in rat hippocampal neurons after SIN-1
treatment, and the cells were counterstained for ClC-3 (green) and
NeuN (red) at the same time. Arrows indicated apoptotic neurons.
(X200). (B) Statistical analysis of the apoptosis rates of rat
hippocampal neurons. Compared with the control group, *P<0.05;
compared with the SIN-1 group, #P<0.05.

Figure 3. Effects of DIDS on the levels of cleaved caspase-3 in rat
hippocampal neurons. (A) Levels of cleaved caspase-3 in rat
hippocampal neurons were detected by Western blot analysis. (B)
Statistical analysis of the levels of cleaved caspase-3 in rat
hippocampal neurons. Compared with the control group, *P<0.05;
compared with the SIN-1 group, #P<0.05.

Figure 4. Involvement of ClC-3 in SIN-1-induced apoptosis in rat
hippocampal neurons. (A) The mRNA expression levels of ClC-3 in
rat hippocampal neurons were detected by real-time PCR. (B)
Statistical analysis of the mRNA expression levels of CIC-3. (C) The
protein expression levels of ClC-3 in rat hippocampal neurons were
detected by Western blot analysis. (B) Statistical analysis of the
protein expression levels of CIC-3. Compared with the control group,
*P<0.05; compared with the SIN-1 group, #P<0.05.

ClC-3 is involved in SIN-1-induced apoptosis in rat
hippocampal neurons
To further investigate the involvement of ClC-3 in SIN-1-
induced apoptosis, the mRNA and protein expression levels of
ClC-3 in rat hippocampal neurons following drug treatments
were detected by real-time PCR and Western blot analysis,
respectively. Our results from real-time PCR showed that the
mRNA expression level of ClC-3 was significantly elevated in
the SIN-1 group, compared with the control group (P<0.05).
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However, the DIDS treatment dramatically decreased the
mRNA expression level of ClC-3 in rat hippocampal neurons
(P<0.05) (Figures 4A and 4B). Similar results were obtained
with the Western blot analysis. The protein expression level of
ClC-3 was increased by SIN-1 administration, which could be
decreased by the treatment of DIDS (Figures 4C and 4D)
(P<0.05).

Discussion
Studies show that chloride channels are probably involved in
neuronal apoptosis [17]. However, due to the fact that
nonspecific chloride channel blockers were used in these
previous studies. It is difficult to recognize the specific
chloride channel(s) which might be responsible in the apoptotic
process. In this study, we investigated the role of ClC-3 in the
apoptosis of primary rat hippocampal neurons. SIN-1, a nitric
oxide donor, was used to induce neuronal apoptosis in vitro,
mimicking the events that occurred in patients with ischemic
brain damage. On the other hand, NeuN anti-body is a specific
marker for mature neurons, and Hoechst33342 staining is a
commonly used method to determine apoptosis [18].
Moreover, caspase-3 plays a key role in cellular apoptosis.
Activated caspas-3 fragment (17 kD) is acting as the killer in
the apoptotic cascade [19,20]. Our results from the MTT assay,
immunofluorescence and Hoechst33342 staining, and Western
blot analysis showed that ClC-3 may be involved in the
apoptotic process induced by SIN-1 in rat hippocampal
neurons, which was in accordance with our previous studies
[21].

To further explore whether the ClC-3 was involved in neuronal
apoptosis, its mRNA and protein expression levels were
detected by real-time PCR and Western blot analysis,
respectively. Our results revealed that ClC-3 was expressed in
normal neurons, and its expression level was significantly
increased in apoptotic cells. Importantly, DIDS could reverse
the increased expression of ClC-3 in SIN-1-treated cells. Taken
together, the results suggest that ClC-3 may be involved in
apoptosis of rat hippocampal neurons induced by SIN-1.
Apoptosis is a cascade consisting of multiple signalling
pathways. Based on our results and other studies [22], we
speculate that caspase-dependent signalling pathway(s) may be
involved in SIN-1-induced apoptosis of rat hippocampal
neurons. Of course, further in-depth studies are still needed to
elucidate the detailed underlying mechanism(s).

In conclusion, our results showed that SIN-1 could decrease
the cell viability in rat hippocampal neurons, which could be
restored by DIDS. Moreover, the inhibition of ClC-3
attenuated SIN-1-induced apoptosis, suggesting that ClC-3 is
involved in SIN-1-induced apoptosis in rat hippocampal
neurons. These findings might provide theoretical and
experimental evidence for the development and application of
anti-apoptotic drugs in clinical practice.
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