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Abstract 

This study aims to investigate the effect and mechanism of type 2 voltage-gated chloride channel 
(ClC-2) on myelin development of newborn rats’ cerebral white matter with gestational diabetes 
mellitus (GDM). In this study, GDM model was induced in late pregnant rat model. The alteration 
of ClC-2 expression in various developmental stages of cerebral white matter with/without being 
exposed to high glucose was analyzed using RT-PCR, active oxygen detection, TUNEL staining, 
Western Blot as well as immuno-histochemical staining. Our results showed that ClC-2 mRNA and 
protein expressions in GDM group were significantly increased in white matter of fetal rats after 
E18 stage, and elevated the level of TNF-α and iNOS in white matter at P0 and P3 stage of 
newborn rats. Meanwhile, In GDM group, reactive oxygen species (ROS) levels of the white matter 
at E18, P0, and P3 stage were significantly higher than control group. Furthermore, the expression 
level of myelin transcription factor Olig2 at P0 stage and CNPase at P3 stage were strikingly lower 
than that of the control group. In GDM group, ClC-2 expression in the corpus callosum (CC) and 
cingulate gyrus (CG) regains, and TUNEL positive cell number were increased at P0 and P3 stage. 
However, PDGFα positive cell number at P0 stage and CNPase expression at P3 stage were 
significantly decreased. Caspase-3 was also increased in those white matter regions in GDM group, 
but p-Akt expression was inhibited. While DIDS (a chloride channel blocker) can reverse these 
changes. In conclusion, ClC-2 and caspase-3 were induced by GDM, which resulted in apoptosis 
and myelination inhibition. The effect was caused by repressing PI3K-Akt signaling pathway. 
Application of ClC-2 inhibitor DIDS showed protective effects on cerebral white matter damage 
stimulated by high glucose concentration. 

Key words: type 2 voltage-gated chloride channel (ClC-2); Gestational Diabetes Mellitus (GDM); 
oligodendrocyte progenitor cell (OPCs); premyelinating oligodendrocytes (Pre-OLs); apoptosis; white matter 
development. 

Introduction 
Gestational diabetes mellitus (GDM) refers to 

any degree of glucose intolerance with onset or first 
recognition during pregnancy [1-3]. Patients develop 
high blood sugar concentration which can do harm to 
the intrauterine fetus. Clinical studies have provided 
evidence that high glucose level could affect the 
development of fetus’ nervous system and result in a 
high possibility of neural tube defects (NTDs) [4, 5]. In 
addition, study in neuropathological showed that 

hyperglycemia is connected with oligodendrocytes 
(OLs) injury [6]. Most OLs are located in white matter 
regions [7]. In early stage of myelination, 
oligodendrocyte progenitor cells(OPCs) differentiate 
into OLs and form myelin sheath [8]. This process 
usually occurs in the third trimester of pregnancy and 
even last after birth [9]. Numerous studies have 
shown that during the period when OPCs 
differentiate into early OLs, immature OLs were 
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vulnerable to injury factors, such as hypoxia-ischemia 
[10], toxicity [11], oxidative stress [12] etc. which led to 
OPCs/Pre-OLs injury and myelination disturbance 
[13]. In addition, high blood sugar concentration can 
induce cell apoptosis by increasing oxidative stress 
response [14] and glycosylation level [15]. In diabetic 
neuropathy, the apoptosis of rat primary dorsal root 
ganglion neurons is associated with generation of a 
variety of reactive oxygen species (ROS) [16]. Besides, 
Yu, J et al [17] demonstrated the involvement of 
oxidative stress in NTDs under maternal diabetic in 
vivo or high glucose in vitro. However, in the early 
development stage for the white matter, whether high 
glucose can induce OPCs/Pre-OLs injury and affected 
myelination development still remains unclear. 

Type 2 voltage-gated chloride channels (ClC-2) is 
a member of the Cl– channel family. It is also 
connected with the regulation of cellular volume, 
proliferation and migration [18, 19]. Previous studies 
have demonstrated that ischemia and hypoxia 
induced the excessive opening of Cl− channels, which 
was involved in the apoptosis-induced volume 
decrease of the myocardial cells [20, 21]. Study on 
white matter of neonatal rats also showed that 
ischemia-hypoxia elevated ClC-2 activation which 
initiated apoptosis of OLs [10]. Moreover, serum and 
glucocorticoid inducible kinases (SGK1), which is 
up-regulated by high glucose concentration [22, 23], 
can enhance ClC-2 expression in plasma membrane in 
vitro [24, 25]. In our study, we made a research on 
whether abnormal ClC-2 activation was associated 
with GDM in the early stage of white matter 
development and whether OPCs/Pre-OLs injury or 
white matter damage involved GDM. 

Previous studies have demonstrated that 
PI3K-Akt signal pathway played a crucial role in 
central nervous system (CNS) myelination [26-29]. It 
also regulated cellular survival [30], proliferation [31, 
32], differentiation [32] and apoptosis [33]. Moreover, 
high glucose concentration was reported to induce 
apoptosis of hippocampal neurons via inhibiting the 
phosphorylation of Akt (p-Akt). In contrast, 
increasing p-Akt was able to repress apoptosis of 
hippocampal neurons and alleviate diabetes induced 
neuron-degeneration [34, 35]. SGK1, which is 
mentioned above, is associated with elevated ClC-2 
membrane expression [24, 25] and is structurally and 
functionally similar to Akt [36]. Furthermore, 
activation of the ClC-3, another ClC family member, 
which subsequently inhibited the PI3K/Akt signaling 
pathway, was involved in tumor cell apoptosis [37]. 
Therefore we raised up the hypothesis that PI3K-Akt 
may be a downstream target of ClC-2. 

GDM model was used to explore the effects of 
ClC-2 activation on neonatal rats’ white matter at 

different development stages. We demonstrated that 
the activity of ClC2 was enhanced by GDM and this 
caused inflammation and oxidative stress. It led to 
apoptosis of white matter cells and decreased the 
number of OPCs/Pre-OLs. Subsequently white 
matter damage and myelination disturbance initiated. 
Furthermore, chloride channel blocker DIDS reversed 
down-regulation of p-Akt induced by ClC-2, 
indicating Akt is involved in GDM induced-OLs 
injury. Our work provides an important view into the 
molecular mechanism of GDM-induced white matter 
damage and myelination disturbance. 

Materials and methods 
Model Preparation and Sample Collection 

Adult Sprague-Dawley (SD) rats, weighing 
250–350 g, were provided by the Experimental 
Animal Center of the Third Military Medical 
University. The male and female mice were placed in 
the same cages in a 1:2 gender ratio at 06:00 pm and 
separated at 08:00 am the following day. When a 
vaginal plug in females was observed at 08:00 am, it 
was called embryonic day E0. After mating, the 
pregnant mice were randomly divided into a control 
group (CTL), a GDM group (GDM), and a DIDS 
treated group (GDM-DIDS).  

On embryos E13, after overnight fasting 
(deprived of food for 12 h had been allowed free 
access to water), diabetes was induced in rats by 
intraperitoneal injection of STZ [38] (Sigma-Aldrich, 
St Louis, MO, USA) dissolved in 0.1M sodium citrate 
buffer (pH 4.5) at a dose of 45 mg/kg body weight. 
DIDS rats were injected with STZ dissolved in 0.1M 
sodium citrate buffer (pH 4.5) at a dose of 45 mg/kg 
body weight and DIDS [21] (Sigma-Aldrich, Saint 
Louis, MO, USA) dissolved in 0.1M sodium citrate 
buffer (pH 4.5) at a dose of 5 mg/kg body weight. 
Control rats were injected with citrate buffer alone. 
Blood was sampled from the vein of the tail under 
non-anesthesia and fasting for 12 hours. Blood 
glucose level was determined on 72 hours after 
administration by using “glucose tester” (Bayer 
Healthcare LLC, Mishawaka, IN, USA). 

The rats were sacrificed respectively at 
embryonic 18, postoperative 0, 3, 7, 14, 21 and 28 days. 
Brain white matter was harvested and tissue 
harvested for the following experiments: single cell 
suspensions for ROS detection, protein extraction for 
Western blots, total RNA extraction for RT-PCR 
analysis, and frozen histological sections (10μm) for 
immunohistochemistry (IHC). 

RT-PCR 
For RT-PCR, total RNA from white matter tissue 

was extracted with Trizol (Invitrogen, NY, USA). 
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Quality of extracted RNA was confirmed by 
spectrophotometer and agarose gel electrophoresis. 28 
and 18 s bands were visible, and samples had no 
obvious degradation. The samples were stored at −80 
°C until use. First chain cDNA synthesis was 
performed using kit following manufacturer’s 
instructions. PCR was done and primer sequences 
were as follows: ClC-2 forward sequence: 5'-AGA 
CAA TCC CTA CAC CCT TCA A-3', reverse 
sequence: 5'-TGT CGG TAG AACACC TTG TCA C-3'; 
TNF-α forward sequence: 5'-TGT GCC TCA GCC TCT 
TCT CAT-3', reverse sequence: 5'-ACC ACC AGT 
TGG TTG TCT TTG A-3'; iNOS forward sequence: 
5'-TTG GAG CGAGTT GTG GAT TGT-3', reverse 
sequence: 5'-CGT TGT ACT CTG AGG GCT GAC 
A-3'; Olig2 forward sequence: 5'-GGA GGA GAT 
GAA GCG ACT GG-3', reverse sequence: 5'-GCA 
GAC GGA GAC TTG AGT AGG-3'; CNPase forward 
sequence: 5'-ATTTTGGCAAGAGACCTCCA-3', 
reverse sequence: 5'-AAAGAGGGCAGAGA 
TGGACA-3'; β-actin forward sequence: 5'-GAG ACC 
TTC AAC ACC CCA GCC-3', reverse sequence: 
5'-TCG GGG GATCGG AAC CGC TCA-3'. β-actin 
was used as a normalizing control. 

Active Oxygen Concentration Detection 
2', 7'-dichlorofluorescin diacetate (DCFH-DA) 

1μL was added to 1 mL single cell suspensions, 
according to the reactive oxygen species (ROS) 
detection kit (Zhongshan, Beijing, China). The 
samples were incubated in the dark at 37 °C for 30 
min. 1μL rosup positive control was added to 
stimulate cells, and readings were taken 25 min later 
at 525 nm excitation wavelength in the 
spectrophotometer. 

Western Blot 
Rats were decapitated and brain tissues were 

quickly removed from the skull. For total protein 
extracts, individual tissue samples were homogenized 
with ice-cold lysis buffer and protease inhibitors, and 
total protein quantified using Bradford assays; 100μg 
was loaded per well and standard SDS gel 
electrophoresis and Western blotting techniques used. 
Immunoblots were incubated with primary 
antibodies against ClC-2 (1:500, Sigma-Aldrich, Saint 
Louis, MO, USA), iNOS (1:500, Sigma-Aldrich, Saint 
Louis, MO, USA), CNPase (1:500, Sigma-Aldrich, 
Saint Louis, MO, USA), Akt (1:500, Sigma-Aldrich, 
Saint Louis, MO, USA), p-Akt (1:500, Sigma-Aldrich, 
Saint Louis, MO, USA) or cleaved caspase-3 
[39](1:500,Santa Cruz, Dallas, TX, USA) at 4 °C 
overnight. Horseradish peroxidase-conjugated 
secondary antibodies (1:5000, Santa Cruz) were used 
and immunoblots incubated at 37 °C for 4 h, followed 

by chemiluminescence detection for visualization. 
Protein bands were detected by the enhanced 
chemiluminescence method (ECL kit, Amersham, 
Pittsburgh, PA, USA) for 5 min. The β-actin protein 
was used as an internal control. 

TUNEL staining 
TUNEL staining was performed using an In Situ 

Cell Death Detection Kit, POD (Promega, Madison, 
WI, USA) according to the manufacturer's 
instructions. After washing with PBS, sections were 
incubated with 3%H2O2 in methanol for10 min at 
room temperature to block endogenous peroxidases. 
Then, they were placed in permeabilization solution 
containing 0.1%Triton X-100in0.1% sodium citrate for 
2 min on ice. The sections were then incubated with 
TUNEL reaction mixture for 60 min at 37℃ and 
incubated with peroxidase streptavidin conjugate for 
30 min at 37℃. The slides were further visualized 
using a diaminobenzidine (DAB) kit (Zhongshan, 
China). A negative control was set up using the Label 
Solution instead of the TUNEL reaction mixture. 

Immunohistochemistry and 
Immunofluorescent Staining 

For single-antibody immunostaining, frozen 
sections were rinsed three times in PBS, 
permeabilized and blocked with 10% goat serum in 
0.1% (w/v) Triton X-100/PBS for 1 h at room 
temperature (RT). Then, sections were 
immunostained overnight at 4 °C using an antibody 
against ClC-2 (1:500, Sigma-Aldrich, USA). The 
following day, the sections were rinsed three times in 
PBS and incubated with a biotinylated anti-rabbit 
secondary antibody (Zhongshan, Beijing, China) at 37 
°C for 4 h and DAB chromagen kit (Zhongshan, 
Beijing, China) used for detection. 

For double-antibody immunostaining, sections 
were incubated with 5% normal goat serum and then 
incubated with primary antibodies and Secondary 
antibodies overnight at 4 °C. Sections were incubated 
with a mixture of FITC- and TRITC-conjugated 
secondary antibodies (1:100, Abcam, Cambridge, MA, 
USA) at 37 °C for 4 h. Slides were counterstained with 
DAPI (1:800, Sigma-Aldrich, Saint Louis, MO, USA) 
after rinsing and being cover-slipped with 
fluorescence mounting medium (Dako, Copenhagen, 
Denmark). Tissues were visualized using an Olympus 
fluorescence microscope (Olympus, Tokyo, Japan), 
and digital images of sections acquired with a 
Charge-coupled Device camera. 

Quantities Image Analysis 
For Statistical analysis, at least nine 

representative fields were randomly acquired at 20× 
magnification from each of the two experiments 
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performed in triplicate. Cell counting was conducted 
on nine randomly-chosen fields for each sample. 
Quantification of immunostaining and cell counting 
was performed using the Image Pro Plus software. 
The optical density of the bands of PCR products or 
Western blot results (normalized with those of 
β-actin) was also determined by Image Pro Plus image 
analysis system. 

Statistical Analysis 
Statistical analyses were performed using one- or 

two-way analysis of variance (ANOVA) followed by 
Tukey’s post hoc test. Comparisons between two 
experimental groups were made using Student’s 
t-test. A significant statistical difference was 
determined by a value of at least p<0.05. 

Results 
Excessive activation of ClC-2 and increasing 
expression of TNF-α and iNOS were induced 
by GDM 

RT-PCR results showed that ClC-2 mRNA 
expression in the white matter was higher at E18 than 
P0, P3, and P7 (p<0.01). It suggests that ClC-2 
maintained a high degree of expression in the late 

stage of embryonic development, and then decreased 
after birth. Moreover, in GDM group ClC-2 mRNA 
expression increased significantly in the white matter 
at E18, P0, and P3 (p<0.01). Although ClC-2 mRNA 
expression decreased at P7 in GDM group, it was still 
higher than that of the control group (p<0.05). DIDS 
significantly reduced ClC-2 mRNA expression at E18, 
P0, and P3 when compared with the GDM group 
(p<0.01), but was still higher than the control group 
(p<0.01). After P7 (from P7 to P28) there were no 
significant difference between control, GDM and 
GDM-DIDS group (p>0.05) (Figure 1 A, B). 

Further observation showed that in the white 
matter atP0 and P3, TNF-α and iNOS mRNA 
expressions were significantly elevated in GDM 
group than the control group (p<0.01). However, 
TNF-α and iNOS mRNA expressions in white matter 
regions at E18 and from P7 to P28 were not 
significantly different between the two groups 
(p>0.05). DIDS application significantly reduced the 
expression of TNF-α and iNOS mRNA at P0 and P3 
stages (p<0.05) (Figure 1 C, D). 

These results suggest that excessive activation of 
ClC-2 was induced by GDM and caused 
inflammatory effects. 

 

 
Figure 1. (A) RT-PCR showed ClC-2 mRNA relative expression levels in cerebral white matter at different development stages; (B) Quantification for RT-PCR 
results showing ClC-2 relative OD between different groups and stages. The values represent the mean ± S.E.M. (n = 3). * p<0.05, ** p< 0.01; (C) RT-PCR showed 
TNF-α and iNOS mRNA relative expression changes in cerebral white matter in P0 and P3 stage; (D) Quantification for RT-PCR results for TNF-α and iNOS 
between CTL, GDM and GDM-DIDS group. The values represent the mean ± S.E.M. (n = 3). * p<0.05, ** p< 0.01. 
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ROS level was significantly increased in GDM, 
with differentiation of OLs and myelination 
being inhibited 

The ROS level was maintained at a low level at 
E18, P0, P3, and P7 stages in normal rats. In the white 
matter region at E18, P0, and P3, the ROS level of the 
GDM group was significantly higher than control 
group (p<0.05). However, at P7 stage there was not 
significantly difference in ROS level between the two 
groups (p>0.05). Combined application of DIDS 
significantly reduced the ROS level in the white 
matter at E18, P0, and P3, when compared with GDM 
group (p<0.01). However, ROS level did not change 
significantly from P7 to P28 (p>0.05) (Figure 2 A). 

In early stage of myelination, transcription factor 
Olig2 expression level determines whether OPCs can 
differentiate into OLs. CNPase is a marker for 
immature OLs, therefore it can be used to reflect the 
degree of myelination. Olig2 mRNA expression at P0 
and CNPase mRNA expression at P3 in white matter 
regions of the GDM group were both significantly 
lower than control group (p<0.01),(p<0.05). Combined 
application of DIDS could significantly increase the 
expression of Olig2 and CNPase mRNA when 
compared with GDM group (p<0.05) (Figure 2 B, C). 

Expressions of inflammatory factors and myelin 
development-related factors in GDM rats were further 

confirmed by Western blot. The results showed that at 
P0 and P3 in white matter ClC-2 protein expression of 
the GDM group was significantly higher than control 
group (p<0.01). ClC-2 expression was reduced in 
GDM-DIDS group, which significantly lower than 
GDM group (p<0.01), but still higher than control 
group (p<0.01). In addition, iNOS expression of the 
GDM group at P0 and P3 in white matter was 
significantly higher than control group (p<0.01). 
Combined application of DIDS significantly reduced 
iNOS expression when compared with GDM group 
(p<0.01) but was still higher than control group 
(p<0.01). In contrast, Olig2 and CNPase protein levels 
at P0 and P3 of the GDM group were reduced and 
there was a significant difference between GDM 
group and control group (p<0.01); while DIDS could 
significantly increase the protein levels. There was a 
significant difference between GDM-DIDS and GDM 
groups (p<0.01) (Figure 2 D, E). 

The results above suggest that ROS level was 
significantly increased in GDM and differentiation of 
OLs and myelination were inhibited, while DIDS 
reduced oxidative stress and inflammation caused by 
GDM. It reduced the damage to early development of 
OLs and promoted differentiation and maturation of 
OLs. 

 

 
Figure 2. (A) Quantification for ROS OD value. Data represents mean ± S.E.M. (n = 3). ** p< 0.01; (B) RT-PCR showed P0 stage Olig2 and P3 stage CNPase mRNA 
relative expression changes in cerebral white matter; (C) Quantification for RT-PCR. The values represent mean ± S.E.M. (n = 3). *p<0.05, ** p< 0.01; (D) Western 
blot for ClC-2, iNOS, CNPase in cerebral white matter in P3 stage; (E) Quantification for Western blot analysis. The values represent the mean ± S.E.M. (n = 3). 
*p<0.05, ** p< 0.01. 
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The number of TUNEL positive cells was 
increased in GDM, accompanied with 
decreased the number of PDGFα fluorescence 
positive cells in CC and CG regions 

Immunohistochemistry staining showed that the 
ClC-2 positive signal in the CC and CG regions at E18, 
P0, and P3 stages in GDM group were increased, and 
the OD value of the positive signal was significantly 
higher than control group (p<0.01). Combined 
application of DIDS significantly reduced the OD 
value of ClC-2 positive signal, which was significantly 
different when compared with GDM group (p<0.01), 
but was still higher than control group (p<0.01). These 
findings showed that DIDS could partially reduce the 

overexpression of ClC-2 in the white matter induced 
in GDM (Figure 3 A above, B). 

In order to confirm the apoptosis in GDM rats, 
TUNEL staining was used and found that the number 
of apoptotic cells in white matter at E18, P0, and P3 
stages was significantly higher than control group 
(p<0.01). Although the number of apoptotic cells in 
white matter from P7 to P28 stage were slightly higher 
than control group, the difference was not statistically 
significant (p>0.05). Combined application of DIDS 
significantly reduced the number of apoptotic cells at 
E18, P0, and P3 stages (p<0.01), but the number was 
still higher than control group (p<0.05) (Figure 3 A 
below, C). 

 
 

 
Figure 3. (A above) ClC-2 expression were identified by immunofluorescence staining in P0 stage in cerebral white matter, positive cells were stained brown; (B) 
Relative OD value of ClC-2 staining is depicted in the bar graphs. The values represent the mean ± S.E.M. (n = 3). ** p< 0.01; (A below) TUNEL staining in P0 stage 
in cerebral white matter, TUNEL positive cells, also called apoptosis cells, were stained brown; (C) Relative number of TUNEL positive cells is depicted in the bar 
graphs. The values represent the mean ± S.E.M. (n = 3). * p<0.05, ** p< 0.01; (D above) PDGFα expression were identified by immunofluorescence staining in P0 
stage in cerebral white matter, PDGFα positive cells were stained red fluorescence, distributed in the cytoplasm. DAPI stained blue fluorescence showed the nucleus; 
(E) Percentage of PDGFα positive cells is depicted in the bar graphs. The values represent the mean ± S.E.M. (n = 3). * p<0.05; (D below) CNPase expression were 
identified by immunofluorescence staining in P3 stage in cerebral white matter, CNPase positive cells were stained green fluorescence, distributed in the cytoplasm 
and processes; (F) Relative quantification of CNPase relative optional density is depicted in the bar graphs. The values represent the mean ± S.E.M. (n = 3). * p<0.05, 
** p< 0.01. 
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In order to clarify the types of the apoptotic cells, 
immunofluorescent staining was used to measure 
PDGFα, the OPCs/Pre-OLs marker, positive cell 
number in the early stage of development. Results 
showed that the number of cells with positive PDGFα 
fluorescence (the percentage to DAPI was 38.08±4.47) 
in CC and CG areas of white matter in P0 stage was 
significantly lower in the GDM group than control 
group (54.49±4.93) (p<0.05). Combined application of 
DIDS up-regulated the number PDGFα fluorescence 
positive cells (50.56±1.88), which was significantly 
different from the level in the GDM group (p<0.05) 
(Figure 3 D above, E). 

Immunofluorescent staining was used to 
elucidate the effects of GDM on myelin development 
and maturation. The results showed that the CNPase 
positive fluorescence signal in the CC and CG regions 
of white matter at P3 stage was significantly lower in 
the GDM group than control group (p<0.01). 
Combined application of DIDS could significantly 
increase the CNPase expression as comparing with 
the GDM group (p<0.05) (Figure 3 D below, F). 

These results suggest that apoptosis was 
accelerated in GDM in the CC and CG regions of 
cerebral white matter and the differentiation of OPCs 
to OLs and myelin mature were inhibited. DIDS 

reduced the apoptosis induced by GDM and 
promoted the differentiation and maturation of OLs. 

Protein expression of caspase-3 in cerebral 
white matter was increased in GDM with 
p-Akt being inhibited 

In order to elucidate the mechanisms of cell 
apoptosis in the white matter, western blot method 
was used to measure the caspase-3 expression level 
and the association with PI3K-Akt signaling pathway. 
The results showed that the caspase-3 expression level 
increased in the white matter at E18, P0, and P3 stages 
in the GDM group, which was significantly inhibited 
by the application of DIDS (p<0.05). The effects of 
DIDS was more pronounced at P0 stage (p<0.01), 
while the change of caspase-3 level in the white matter 
from P7 to P28 stage were not statistically significant 
(p>0.05) (Figure 4 A, B). Immunofluorescent 
double-staining was also used to measure PDGFα and 
caspase-3 in white matter. The result showed that 
percentage of caspase-3 positive cells in white matter 
was significantly higher than control group, especially 
at P0 stage (p<0.01). Combined application of DIDS 
significantly reduced the number of apoptotic cells 
(p<0.05), but the number was still higher than control 
group (p<0.01) (Figure S1). 

 
 

 
Figure 4. (A) Western blot analysis showed caspase-3 protein expression changes in cerebral white matter in GDM group and DIDS group; (B) Relative 
quantification of Western blot analysis is depicted in the bar graphs. The values represent the mean ± S.E.M. (n = 3). * p<0.05, ** p< 0.01; (C) Western blot analysis 
showed p-Akt, Akt, caspase-3 protein expression changes in cerebral white matter in P0 stage; (D) Relative quantification of Western blot analysis is depicted in the 
bar graphs. Values represent mean ± S.E.M. (n = 3). * p<0.05, ** p< 0.01. 
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In addition to the increase of caspase-3 protein, 
the p-Akt protein expression decreased in the white 
matter at P0 stage in the GDM group, which was 
significantly different when compared with the 
control group (p<0.01). Combined application of 
DIDS could significantly increase the expression of 
p-Akt, and the difference with the GDM group was 
statistically significant (p<0.01). However, no 
significant change of Akt protein was found (p>0.05) 
(Figure 4 C, D). 

These results indicated that DIDS could 
significantly increase p-Akt protein expression, OLs 
apoptosis induced by GDM may be induced by the 
activation of ClC-2 via caspase-3 and inhibiting 
PI3K-Akt pathway. 

Discussion 
ClC-2, a member of the voltage-gated chloride 

channel gene superfamily, transports Cl− and other 
anions into mammalian cells and is involved in 
various physiological processes. Recent studies have 
shown that in ischemia-hypoxia-induced white matter 
damage model over activation of ClC-2 cause 
apoptosis of OLs, while Cl− channel blockers can work 
against ClC-2 and protect the cells. Guo et al showed 
change expression of ClC was consistent with Cl- 
current change [40]. Thus, excessive activation of 
ClC-2 may be involved in cell damage. In vitro single 
cell recording result suggested that high glucose 
concentration causes excess opening of ClC-2 on cell 
membranes [22-25], therefore high glucose may 
induce activation of ClC-2. The findings of this study 
showed that the activation of ClC-2 was evidently 
induced by GDM in cerebral white matter at E18, P0 
and P3 (p<0.01) and DIDS can significantly 
down-regulate the effect of ClC-2. Recent studies have 
reported that in early stage of cerebral ischemia and 
hypoxia, excessive activation of ClC-2 caused cerebral 
white matter damage [10], which also supported our 
findings. 

High glucose is associated with oxidative stress 
and often leads to imbalance of antioxidant system 
[17, 41, 42]. Previous animal experiment shave proved 
that maternal diabetes caused oxidative stress in 
embryo by increasing intracellular ROS and 
undermining the endogenous antioxidant capacity 
[43]. Mitochondria are the main source of ROS. High 
ROS concentration can cause damage to mitochondria 
DNA and matrix enzymes in the metabolic pathway 
and ultimately initiates apoptosis [44, 45]. Although 
OLs have their own antioxidant system, they are still 
highly vulnerable to oxidative stress because the cells 
are rich in membrane lipids and intracellular iron and 
have few antioxidant enzymes [46, 47]. Our study 
showed that high glucose concentration significantly 

raised up cerebral white matter ROS level from E18 to 
P3, which induced intracellular oxidative stress and 
increased the release of inflammatory cytokines TNF 
-α and iNOS. 

Excessive release of inflammatory factors (TNF-α 
et al.) caused by oxidative stress impairs OLs by 
increasing mitochondrial ROS levels [44]. Previous 
studies have reported that oxidative stress and 
proinflammatory cytokines are crucial for OLs 
apoptosis [48, 49]. Studies have shown that maternal 
diabetes increases the expression of inducible nitric 
oxide synthase (iNOS) [50], which can catalyze the 
reaction of superoxide and nitric oxide to produce 
reactive nitrogen species. Reactive nitrogen specie 
causes severe oxidative stress and nitrosative stress, 
which are responsible for cell damage [51, 52]. Our 
study found that combined application of DIDS can 
inhibit ROS level and the expression of inflammatory 
factors, indicating that oxidative stress and 
inflammation caused by GDM were closely related to 
the activity of ClC-2. 

OLs are the CNS myelin-forming cells that have 
the critical function in supporting axons and 
sustaining their structural integrity and survival. It 
has been proved that last week of gestation and the 
first postnatal month are crucial periods for white 
matter maturation. Previous studies have reported 
that the most common types of CNS defects 
associated with GDM are NTDs [4, 51]. Studies in vitro 
also observed that the proliferation and 
differentiation of neural stem cells obviously 
suppressed cultures in high glucose medium [4, 53]. 
The findings of our study showed that in the late stage 
of pregnancy, in addition to ClC-2 activation, the 
increase of apoptotic cells in early stage white matter 
was also induced by GDM accompanied by PDGFα 
positive cells reduction (namely OPCs/Pre-OLs) and 
decreasing expression of transcription factor Olig2 
initiated by OPCs/Pre-OLs differentiation in early 
stage (before P7), which affected the differentiation of 
OPCs/Pre-OLs. Meanwhile, the data still showed 
slight differences between different groups after P7 
(from P7 to P28), but not statistically differences, 
indicating the indirect effects of GDM on baby rats’ 
white matter gradually weakened with the growth 
and development of baby rats after birth. Using DIDS 
could reduce cell apoptosis in white matter, and 
promote the differentiation and differentiation of OLs, 
suggesting that the ClC-2 over-activation caused by 
GDM participated in the white matter injury, and 
affected the development and maturation of myelin. 

PI3K-Akt signal pathway plays an important 
role in diverse cellular responses, including cell 
survival [30], proliferation [31, 32], differentiation [32] 
and apoptosis [33]. Studies in vitro and in vivo have 
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demonstrated the importance of the Akt signal 
pathway in CNS myelination [26-29]. It has been 
shown that apoptosis can be reversed via PI3K/Akt 
mediated inhibition of caspase-3 activity [54-56]. In 
the study of high glucose-induced hippocampal 
neuronal apoptosis, inhibiting PI3K-Akt pathway 
phosphorylation increases apoptosis and causes 
neural degeneration [35, 36]. The findings of our 
study showed that the demyelination and increased 
expression of caspase-3 protein in the CC and CG 
regains of white matter at P0 stage in GDM group 
were associated with decreased expression of p-Akt 
protein, combined application of DIDS could reduce 
the number of apoptotic cells, increase the CNPase 
expression, decrease the expression of caspase-3, 
increase the expression of p-Akt protein, and improve 
the maturation of myelin. Similarly, the findings that 
myocardial cell damage was induced by 
ischemia/hypoxia suggested that DIDS could activate 
the PI3K-Akt pathway and thus inhibit the apoptosis 
of myocardial cells. Recent studies also showed that 
the activity of Akt was closely associated with the 
activities of voltage-gated chloride channels [57, 58], 
which supported our findings. 

Overall, the results of the present study suggest 
that ClC-2 activation induced by GDM inhibits myelin 
development and cell apoptosis in white matter, 
which is associated with caspase-3 mediated 
PI3K-Akt pathway. In the early stage of white matter 
injury, effectively control the excessive activation of 
ClC-2 may play a significant protective effect. 
Therefore, these findings provide an important view 
into the molecular mechanism of GDM-induced white 
matter damage and demyelination of newborn rats. 
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