Int. . Biol. Sci. 2013, Vol. 9 190

%' 1Yy [VYSPRING

vgﬁ INTERNATIONAL PUBLISHER

International Journal of Biological Sciences

2013; 9(2):190-199. doi: 10.7150/ijbs.5844
Research Paper

Temporal Profile of Astrocytes and Changes of Oli-
godendrocyte-Based Myelin Following Middle Cerebral
Artery Occlusion in Diabetic and Non-diabetic Rats

Li Jing! 2, Qingping He!, Jian-Zhong Zhang?*, P. Andy Lil2*

1. Department of Pharmaceutical Sciences, Biomanufacturing Research Institute and Technological Enterprise (BRITE), North Carolina
Central University, Durham, North Carolina, USA.

2. Department of Pathology and Ningxia Key Laboratory for Cerebrocranial Diseases, Ningxia Medical University, Yinchuan, Ningxia,
China.

>4 Corresponding author: Dr. P. Andy Li, Email: pli@nccu.edu or Dr. Jian-zhong Zhang, zhangjz@nxmu.edu.cn.

© Ivyspring International Publisher. This is an open-access article distributed under the terms of the Creative Commons License (http:/ /creativecommons.org/
licenses/by-nc-nd/3.0/). Reproduction is permitted for personal, noncommercial use, provided that the article is in whole, unmodified, and properly cited.

Received: 2013.01.09; Accepted: 2013.01.30; Published: 2013.02.11

Abstract

The long-term impacts of cerebral ischemia and diabetic ischemia on astrocytes and oligoden-
drocytes have not been defined. The objective of this study is to define profile of astrocyte and
changes of myelin in diabetic and non-diabetic rats subjected to focal ischemia.

Focal cerebral ischemia of 30-min duration was induced in streptozotocin-induced diabetic and
vehicle-injected normoglycemic rats. The brains were harvested for immunohistochemistry of glial
fibrillary acidic protein (GFAP) and 2', 3'-cyclic nucleotide 3'-phosphodiesterase (CNPase) at
various reperfusion endpoints ranging from 30 min up to 28 days. The results showed that activate
astrocytes were observed after 30 min and peaked at 3 h to | day after reperfusion in ischemic
penumbra, and peaked at 7 days of reperfusion in ischemic core. Diabetes inhibited the activation
of astrocytes in ischemic hemisphere. Demyelination occurred after 30 min of reperfusion in is-
chemic core and peaked at | day. Diabetes caused more severe demyelination compared with
non-diabetic rats. Remyelination started at 7 days and completed at 14 and 28 days in ischemic
region. Diabetes inhibited the remyelination processes. It is concluded that ischemia activates
astrocytes and induces demyelination. Diabetes inhibits the activation of astrocytes, exacerbates
the demyelination and delays the remyelination processes. These may contribute to the detri-
mental effects of hyperglycemia on ischemic brain damage.

Key words: astrocyte; cerebral ischemia; diabetes; hyperglycemia; myelin; oligodendrocyte; remy-
elination.

Introduction

It is well known that hyperglycemia exacerbates
the prognosis of critically ill patients and increases
mortality and morbidity of stroke patients [1-3]. Hy-
perglycemia-exacerbated neuronal damage is associ-
ated with an increase in the brain edema and en-
largement of infarct volume [2,3]. The underlying
cellular and molecular mechanisms by which hyper-
glycemia aggravates ischemic brain damage may in-
volve tissue acidosis, increased free radical produc-

tion, DNA oxidation, early mitochondrial damage,
activation of cell death pathways, inflammation,
compromised capillary patency, and induction of
mitochondrial fission [4-7,22].

Astroglial cells are the most abundant cells in the
central nervous system (CNS), providing structural,
trophic, and metabolic support to neurons and mod-
ulating synaptic activity. They are believed to exert a
neuroprotective effect in stroke by shielding neurons
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from oxidative stress [8]. Astrocytes become activated
(reactive) in response to many CNS injuries, including
brain infection, inflammation, ischemia, trauma,
neurodegenerative diseases, and tumor [9]. Reactive
astrocytes undergo changes in morphology and in
their expression of a wide range of molecules. The
hallmarks of astrocyte activation, regardless of its
origin, are enhanced expression of glial fibrillary
acidic protein (GFAP), enlarged cell body, increased
number and length of dendrites. Impairment of as-
trocytes can critically affect the homeostasis of neu-
ronal cells. Our previous study conducted in a brief
period of forebrain ischemia model demonstrated that
diabetic hyperglycemia increased damage to astro-
cytes, which presented as inhibition of activation, de-
crease in GFAP positive cell number, mitochondrial
swelling and nuclear chromatin condensation [10].
However, the impact of diabetes/hyperglycemia on
astrocytes after a long period of recovery following a
short duration of focal cerebral ischemia has not been
reported.

Myelination is a complex process by which an
axon becomes insulated by the continuous wrapping
of the proteolipid oligodendroglial membrane known
as myelin [11-13]. Myelin is a dielectric (electrically
insulating) material that forms a layer, the myelin
sheath, usually around only the axon of a neuron.
Myelin is formed from membranous sheets that are
elaborated by Schwann cells in the PNS and oli-
godendrocytes in the CNS. Myelination is essential for
the proper functioning nervous system [12]. Demye-
lination, loss of myelin sheath around an axon, im-
pairs the conduction of action potential in affected
nerves, causing impaired sensation, movement, cog-
nition, or other function aspects depending on which
nerves are involved [14]. Remyelination of denuded
or regenerating axons in the peri-infarct area has been
observed in the CNS [15]. However, the effect of dia-
betic hyperglycemia on oligodendrocyte-based de-
myelination and remyelination after cerebral ischemia
following a long period of reperfusion has not been
studied. The purpose of the present study was to re-
veal the temporal profile of astrocyte and changes of
oligodendrocyte-based myelin in diabetic and
non-diabetic rats subjected to 30-min transient cere-
bral focal ischemia with sequential reperfusion end-
points up to 28 days.

Materials and Methods

Animals

A total of 77 male Wistar rats (Charles River
Laboratories, Wilmington, MA), weighing 310-340 g,
were used in the presented experiment. Experimental

groups and number of rats in each group were given
in Table 1.

All animal use procedures were in strict ac-
cordance with the National Institutes of Health (NIH)
Guide for Care and Use of Laboratory Animals, and
were approved by the Institutional Animal Care and
Use Committee at the North Carolina Central Uni-
versity.

Table I: Experimental groups and number of rats in
each group. Brain sections used for immunohistochem-
istry staining of GFAP and GNPase were from the same
rats.

ctr 30m 3h 6h 1d 3d 7d 14d 28d

Non-diabetic 3 3 6 3 5 3 6 6 4
Diabetic 4 3 4 4 6 0 10 4 3

STZ-induced diabetes

The rats were fasted overnight, injected intra-
peritoneally with streptozotocin (STZ, 40 mg/kg, in
01 mol/l citrate buffered saline, pH 4.5).
Age-matched rats received the same volume of cit-
rate-buffered saline served as normoglycemic con-
trols. Blood glucose levels were measured 2-3 days
after STZ injection to verify the successfulness of di-
abetes induction. Those with glucose>16mM were
included in diabetic group. Cerebral ischemia was
induced 4 weeks after STZ-induced diabetic and cit-
rate buffer injected non-diabetic animals.

Ischemic model

Both diabetic hyperglycemic and non-diabetic
normoglycemic animals were subjected to a 30-min
duration of middle cerebral artery occlusion (MCAO)
using an intraluminal filament [2]. The choice of a
mild MCAO model was based on our previous stud-
ies showing that the effect of diabetes on ischemic
brain could be clearly distinguished from that of
normolgycemic ischemic animals in 30 min MCAO
model [2,3]. Rats were revived after reperfusion and
neurological defect was examined according to
Bederson score [16]. Animals with neurological signs
of diminished resistance to lateral push, walking to
the left after being pulled backwards by the tail, or
with spontaneous contralateral circling were included
in the study.

Preparation of Histological Samples

At 30 min, 6 h and 1, 3, 7, 14, 28 days of recircu-
lation, animals were reanesthetized and the thoraxes
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were exposed. Animals were transcardially perfused
with normal saline and followed by ice-cold 4%
PBS-buffered paraformaldehyde. The brains were
removed and post-fixed in 4% PBS-buffered para-
formaldehyde for 48 h. A 2 mm thick block, at a level
of -0.3 mm to the bregma, was obtained and embed-
ded in paraffin. This coronal level displays an ideal
caudoputamen and cortical areas for detection of
MACO damage. A series of consecutive sections (5
pm in thickness) were collected from paraf-
fin-embedded blocks for conventional histologic ex-
amination and immunohistochemistry (IHC). Neu-
ronal damage was defined as neurons in triangular
shape with nuclear shrinkage. Three microscopic
fields at 400X were captured and number of damaged
neurons was counted. Fig. 1 shows the sites of image
sampling.

Fig. 1. Coronal section of a rat brain map at Bregma -3.0 mm
illustrates the areas (marked black areas) where images were
captured for analysis.

Immunohistochemistry

IHC staining follows the same procedure as
having been described previously [7]. In brief, the
tissue sections were deparaffinized, rehydrated and
washed. Antigen retrival was achieved by heating the
sections that were immersed in a sodium citrate buffer
(pH 6.0) at 92°C for 40 min in a pre-heated steamer.
Nonspecific binding sites were blocked with 10%
normal serum in tris-buffered saline containing 0.1%
Tween 20 (TBS-T). The sections were incubated over-
night with primary antibodies against GFAP at 1:800
(purified mouse monoclonal antibody; Cell Signaling)
or CNPase (2 3'-cyclic nucleotide

3'-phosphodiesterase) at 1:200 (polyclonal antibody,
Abcam). The sections were incubated in 0.3% hydro-
gen peroxide for 15 min at room temperature to
quench endogenous hydrogen peroxidase activity.
The sections were washed and then incubated with
horseradish peroxidase (HRP) conjugated second an-
tibody (1:300, Santa Cruz). Color reaction was
achieved by 3,3’-diaminobenzidine (DAB) incubation
for 3 min at room temperature. The sections were then
rinsed in distilled water and counterstained with
haematoxylin. Immunoreactivity of the GFAP was
graded as follows: 0 = no reactivity as viewed with no
DAB precipitation; 1 = weak reactivity depicted as
light brownish staining; 2 = moderate reactivity ob-
served as moderate brownish staining; and 3 = strong
reactivity presented as strong dark brownish staining.
CNPase images were captured and areas of CNPase
positive staining were measured using a comput-
er-assisted imaging system (Nikon Eclipse C1 soft-
ware). A third person who was blinded to the ex-
perimental conditions assessed the IHC sections.
Percent of demyelination was measured in brain
samples from control, 30 min, 6 h and 1 day ischemic
reperfusion groups, while percent of remyelination
was presented in brain samples collected from 7, 14,
and 28 days of reperfusion. Percent of demyelination
= [Total area of ipsilateral caudoputamen - CNPase
stained area of ipsilateral caudoputamen] / Total area
of ipsilateral caudoputamen. Percent of remye-
lination = CNPase stained area in caudoputamen/
Total area of ipsilateral caudoputamen.

Immunofluorescent staining for GFAP and
CNPase were also performed using aforementioned
antibodies. Following being incubated with an-
ti-GFAP or anti-CNPase antibodies, the sections were
incubated with secondary donkey anti-mouse anti-
body conjugated with Alexa Fluor 561 (1:300, Invi-
trogen) or donkey anti-rabbit antibody conjugated
with Alexa Fluor 488 (1:300, Invitrogen) for 1 h at
room temperature. Double labeling of GFAP and
CNPase was achieved by incubating the two primary
antibodies separately and then mixture of the two
fluorescence-conjugated secondary antibodies. The
specimens were mounted with Vectashield Hardset
Mounting Media (H-1200, Vector) containing 4',
6-diamidino-2-phenylindole (DAPI) and examined
using a fluorescence confocal-scanning microscope
(Nikon Eclipse C1).

Statistics

Comparison of recirculation endpoints with
sham-operated controls within diabetic group or
non-diabetic group were made by ANOVA followed
by post hoc Scheffe’s test. A P value less than 0.05 was

http://www.biolsci.org



Int. J. Biol. Sci. 2013, Vol. 9

193

considered as statistically significant. Data were pre-
sented as meanstsd.

Results

Diabetes enhances ischemic brain damage

Haematoxylin and eosin (H&E) staining showed
no obvious cell morphologic change in sham-operated
controls (Fig 2a sham). Neuronal cell death was ob-
served after 6 h of reperfusion and localized mainly in
caudoputamen (Fig. 2a & 2b). The number of dam-
aged cell increased after 6 h and peaked at 3-7 days of
recovery in normoglycemic animals. After 7 days of
reperfusion, glial cells gradually infiltrated into is-
chemic core and replacing the damaged tissue with
glial scar (data not shown). At 28 days, most infarct
tissues in the caudoputamen were repaired and in-
distinguishable from undamaged tissue. Only 1 ani-
mal still had small infarct foci. The number of dam-
aged cells in the cortical area (penumbra) also in-
creased after 6 h, 1, and 7 days of reperfusion (Fig 2c &
2d). Comparing to normoglycemic animals, diabetic
hyperglycemia increased neuronal death after 6 h, 1

a sham

6 hrs I/R 1 day I/R

>‘_ »
sham 6 hrs I 1 day I/R
c % = “ ;Q, A ‘\ ‘-ﬁu
3 N 5, | _‘ | ' ‘-ha.} .. *Iﬁ* : ..

day (Fig. 2a & 2b) and up to 7 day of reperfusion (data
not shown).

Diabetes inhibits astrocytes

Activation of astrocytes is a universal reaction to
brain injury, which seals off the injured tissue and
restricts inflammation and neuronal death. Activated
astrocytes undergo hypertrophy of their somata and
dendritic processes and increase synthesis of GFAP
[10]. As shown in Fig. 3b, following normoglycemic
ischemia and 1 day reperfusion, astrocytic cell bodies
and processes were enlarged compared with the as-
trocytes in sham operated rats (Fig. 3a). Diabetes in-
hibited the ischemia-induced astrocyte activation
(Fig.3e). Furthermore, at 14 days reperfusion in
normoglycemic animals, astrocyte endfoot entirely
ensheathed blood vessel wall in infarct area as shown
in Fig. 3c. However, in diabetic animals, astrocytic
endfoot failed to completely ensheath a vascular wall
by attaching to only a small portion of a vascular wall
(Fig. 3f).
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Fig. 2. Histologic changes after MCAO in diabetic and non-diabetic animals. a, Representative H&E stained photomicrographs and
enlarged inserts demonstrating changes in the caudoputamen during early reperfusion stages. b, Mean numbers of damaged neuronal cells
per high power (400x) microscopic field (HPF) in the caudoputamen. c: Representative photomicrographs showing changes in the cortical
area. d: Mean numbers of damaged neurons in the cortex. Arrowheads indicate normal neurons and arrows indicate dead neurons. NG,
normoglycemia, HG, diabetic hyperglycemia, I/R, ischemia and reperfusion. *P < 0.0 vs. sham control within same glycemic group and #

p<0.05 vs. NG samples at an identical time point. Bar = 50 pm.
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sham 1-day I/R

14-day I/R

Fig. 3. Double labeling of astrocytes (GFAP, green color) and nuclei (DAPI, blue color) in normoglycemic (NG, a-c) and hyperglycemic
(HG, d-f) animals in infarct area. A completely ensheathed by astrocyte end-foot in NG and a partial ensheathed vessel in HG are
presented in ¢ and f, respectively. Arrowheads indicate normal astrocytes and arrows indicate activated astrocytes in b and astrocyte

end-foot in ¢ and f. Bar = 60 ym.

Temporal profile of astrocyte activation

GFAP immunoreactivity slightly increased in
both contralateral and ipsilateral hemispheres after 30
min [/R. Activated astrocytes were first observed in
periventricular zones of both hemispheres, followed
by an increase in the corpus callosum, cingulum and
then in dorsolateral caudoputamen and overlying
cortex of ipsilateral hemisphere before the astrocyte
infiltration into the ischemic core. In ischemic pe-
numbra region of the normoglycemic animals, num-
ber of GFAP positive astrocytes increased after 30 min
of reperfusion, accumulated after 3-6 h and peaked at
1-3 days of reperfusion. The GFAP positive cells re-
duced after 7 days and returned back to non-ischemic
control level after 28 days of recovery. The temporal
profile of the astrycyte in diabetic animals followed
the same pattern with suppressed GFAP immunore-
activity in the penumbra area (Fig 4a & 4b).

The GFAP positive astrocytes infiltrated into is-
chemic core at 3 days and peaked at 7 days of reper-
fusion (Fig 4c). The GFAP positive cells then started to
decrease after 14 days but remained to be higher than
preischemic value at 14 and 28 days of recovery in
normoglycemic animals. Again, astrocyte change in
diabetic animals followed the same pattern as the
normoglycemic animals, with a blunted peak value at
7 days. Thus, number of GFAP positive cell peaked at
7 days of recovery, decreased at 14 days and com-

pletely back to normal at 28 days of recovery in is-
chemic core (Fig 4c).

Diabetes enhances ischemia-induced demye-
lination and inhibites remyelination.

CNPase, encoded by the CNP gene, expresses
exclusively by oligodendrocytes in the CNS. CNPase
is thought to play a critical role in events leading to
myelination. Ischemia-caused demyelination was
mainly observed in ischemic core area and to a less
extend in penumbra. The demyelination, as reflected
by significantly decreased or absence of CNPase im-
munoreactivity, was observed 30 min after and
peaked at 1 days of reperfusion in normoglycemic
animals (Fig. 5a & 5b). Remyelination, as reflected by
the reappearance of positive CNPase staining, started
at 7 days of recovery in ischemic core and penumbra
areas in normoglycemic animals. The remyelination
significantly progressed after 14 days and reached to
peak level at 28 day of reperfusion in normoglycemic
animals (Fig. 5¢ & 5d). In fact, at 28 days of reperfu-
sion, oligodendrocyte based myelination reappeared
in most ischemic core region. Comparing to normo-
glycemic animals, hyperglycemia resulted in larger
area of demyelination in early reperfusion stage (30
min to 1 day reperfusion), which probably correlates
to the severity of the damage in these animals. Hy-
perglycemia suppressed remyelination process. As
shown in Fig. 5d, the area of remyelination is much
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less in hyperglycemic animals than in normoglycemic
animals subjected to ischemia and reperfusion at 7, 14,
an 28 days.

Remyelination correlates with astrocyte infil-
tration.

Double immunolabeling of GFAP and CNPase
revealed that astrocyte infiltration into infarct area
was concomitant with remyelination in the area. At 3

g

100

No. of GFAP-positive cells
3

reperfusion timepoint

0
sham 30min 3hrs 6hrs 1day 7day 14day 28day

days of recover, small numbers of GFAP immunore-
active astrocytes infiltrated to ischemic core. The
number of infiltrated astrocytes markedly increased at
7 days of recovery. At this time, massive remye-
lination appeared in the areas where astrocytes had
been infiltrated, but not in areas without astrocyte

infiltration.
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Fig. 4. Changes of GFAP-positive cells after ischemia and reperfusion (I/R) in normo- and hyperglycemic rats after various reperfusion
stages. a, Representative photomicrographs showing GFAP staining in the ischemic core area in normoglycemic (NG) and hyperglycemic
(HG) animals. Brown color represents GFAP positive stained astrocytes. Bar =100 ym. b, Temporal profile of GFAP positive staining in
the penumbra. ¢, Temporal profile of GFAP positive staining in the ischemic core, Arrows indicate GFAP positively stained astrocytes.
*p<0.05 vs. sham control and #p<0.01 vs. same HG at an identical reperfusion stage.
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Fig. 5. CNPase staining in caudoputamen following transient 30-min MCAOQ. a, Representative photomicrographs of CNPase stained
sections in the caudoputamen and the overlaying cortex up to | day reperfusion; b, Percentage of demyelination in the caudoputamen. *P
< 0.0l vs. sham within same glycemic group and ## p<0.0/ HG vs. NG samples at an identical reperfusion endpoint. ¢, Representative
photomicrograph showing CNPase staining in late reperfusion phases (7, 14 and 28 days) in the caudoputamen; d, Percentage of remy-
elination in the caudoputamen. *P < 0.0l vs. 7 day I/R within same glycemic group and ## p<0.0/ HG vs. NG samples at an identical
reperfusion endpoint. Bar = 60 pm.
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“NPase GFAP+CNPase

Fig 6: Triple immunolabeling of GFAP (green color) and CNPase (purple color) and DAPI (blue color) on ischemic brain sections. Yellow
curve indicate the border between caudoputamen and the overlaying cortex. Magnification 200X.
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Discussion

Diabetes aggravates cerebral ischemic dam-
age

We have previously shown that diabetes accel-
erates and enlarges ischemic brain damage in early
reperfusion phase [7]. The present study further ex-
pended the previous study by showing that the ag-
gravating effects of diabetes on ischemic brain dam-
age persisted to late reperfusion stage. Thus, en-
hanced neuronal damage was not only observed in
caudoputamen at 6 h and 1 day as shown previously,
but also at 7 and 14 day of reperfusion in diabetic rats
compared to non-diabetic ones. The mechanisms un-
derlying hyperglycemia-enhanced ischemic brain
damage may involve tissue acidosis, energy deple-
tion, loss of ionic homeostasis, mitochondrial dys-
function, free radical production, neuroinflammatory
processes, damage to the blood-brain barrier (BBB)
and neuroglial cells [6,7,17- 21]. Recent study shows
that hyperglycemia causes mitochondrial dynamic
imbalance and activates autophagy after transient
cerebral ischemia [22].

Effects of diabetes on astrocytes

Astrocyte is the most abundant cell type in the
CNS. Astrocytes participate in formation of the BBB,
maintain electrolyte balance, release neurotrophic
factors, limit the expension of tissue injury and repair
damaged nerve tissues [8,9]. We observed that astro-
cytes were first increased in the periventricular zone
after 30 min of reperfusion and then appeared in
corpus callosum, penumbra, and ischemic core area
before infiltration to ischemic core at 3 days of recov-
ery. This may suggest that in response to CNS injury,
astroglial cells might be activated at their nesting area
of perventricular zone and then migrated along cor-
pus callosum over considerable distances to the in-
jured region, where they join the local pool of reactive
astrocytes [23]. We observed that brain infarct area
was repaired back to normal level in the brain areas
where astrocytes infiltrated, while poor tissue repair
was noted in brain areas where astrocytes poorly in-
filtrated. Thus, it is likely that reactive astrocytes play
a key role in the reconstruction of damaged neural
tissue after stroke [24]. These results are consistent
with the neuroprotective role of astrocytes observed
in stroke and other CNS injury models [8,24].

Our results also demonstrated that while astro-
cyte end-foot entirely ensheathed the wall of some
blood vessels under normoglycemic condition, partial
or completely absence of astrocyte end-foot around
the blood vessel wall was observed in diabetic ani-

mals. Recent research suggest that astrocytes serve as
tight junctions and as basal lamina of the cerebral
endothelial cells, which play the most substantial role
in maintaining the BBB [25,26]. Since astrocyte
end-foot encircling vascular endothelial cells consti-
tutes the BBB, partial or absence of astrocyte end-foot
ensheathed blood vessels cause damages the BBB in-
tegrity. In fact, published studies have shown that
hyperglycemia increases the BBB permeability [27-29].

The results demonstrated that ischemia resulted
in increased number of astrocytes in ischemic pe-
numbra area as early as 30 min after reperfusion in the
ipsilateral hemisphere of the normoglycemic animals.
The GFAP-positive astrocytes remained increased
thereafter, reached to peak level after 1-3 days of
reperfusion, and then gradually decreased to control
level after 28 days of reperfusion. Preischemic diabe-
tes significantly reduced the number of astrocytes in
this region compared with normoglycemic animals. In
ischemic core area of the normoglycemic animals,
number of astrocytes did not increased significantly
until 3 days of reperfusion and reached to peak level
after 7 days. Number of astrocytes decreased after 14
days but remained elevated at 28 days of reperfusion.
Comparing to normoglycemic animals, the peak of
astrocytes in ischemic core reduced and returned to
control level after 28 days of reperfusion in diabetic
animals. Suppression of actrocytes by presichemic
diabetes may contribute to the detrimental effects of
hyperglycemia on ischemic brain damage by exacer-
bating the BBB damage and hindering tissue repair.
As discussed elsewhere, astrocytes are especially sen-
sitive to acidosis and die quickly in acidic and hypoxic
conditions [30,31]. Diabetic ischemia enhances tissue
acidosis during ischemia/hypoxia due to increased
anaerobic glucose metabolism [32].

Effects of diabetes on demyelination and re-
myelination

Oligodendrocytes myelinate neuronal axons in
the CNS, which is important for fast conduction of
nerve impulses [12]. Demyelination associates with
several clinical disorders including multiple sclerosis
[33] and virus-induced demyelination [34], character-
ized by slow or stopped conduction of action potential
in certain nerve fibers. Ischemia induces demye-
lination, as reflected by loss of myelin sheath sur-
round the axons of neurons. Mild demyelination was
detected in ischemic core after 30 min of reperfusion
in normoglyemic ischemic brain by CNPase IHC. The
demyelination persisted and peaked after 1-3 days of
reperfusion. Diabetes further enhanced demyelination
as reflected by increased area of demyelination and
low intensity or absence of CNPase immunoreactivi-
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ty. The reasons for increased demyelination in hyper-
glycemic animals are not clear. It may be related to
increased brain damage, injury to the BBB that allows
the entry of circulating antibodies, in particular de-
myelinating antibodies such as an-
ti-myelin/oligodendrocyte glycoprotein (MOG) an-
tibodies, into the CNS [27,35], enhanced inflammatory
responses [21], and dislocation of iron from their
binding sites that triggers formation of reactive oxy-
gen species [29,36-39]. In this context, oligodendro-
cytes have high iron content, making them especially
prone to oxidative stress by reactive oxygen species.

Remyelination of denuded or regenerating axons
in infarct area has been observed in the CNS after
focal ischemia [40,41]. In this study, remyelination
started at 7 days and persisted to 28 days after reper-
fusion in normoglycemic animals. Diabetes sup-
pressed the remyelination process as the area of re-
myelination decreased comparing to normoglycemic
animals. This may be correlated to the suppression of
astrocytes by diabetes. It has been known for many
years that astrocytes secrete promyelinating factors
including cytokine leukemia inhibitory factor that
promotes the myelinating activity of oligodendro-
cytes [42]. Therefore, astrocytes have an important
role in stimulating oligodendricytes to produce mye-
lin for remyelination [43]. In an attempt to gain a bet-
ter understanding of the interaction between astro-
cytes and oligodendrocyte-based remyelination, we
performed double immunostanning of GFAP and
CNPase. We observed a close association between
GFAP and CNPase immunoreactivity in brain injury
areas. In areas where astrocyte infiltrated, remye-
lination followed. Vice versa, in areas where astro-
cytes were not infiltrated, remyelination was not ob-
served. This observation suggests that astrocytes may
promote myelinating activity of oligodendrocytes
after brain ischemia. Our finding does not support
previous suggestion that the presence of established
astrocytes in an area of demyelination has an inhibi-
tory effect on the extent of remyelination [44].

In summary, cerebral ischemia activates astro-
cytes and causes demyelination. Diabetes inhibits the
activation of astrocytes, exacerbates demyelination
process and suppresses the remyelination after is-
chemia and reperfusion. These may contribute to the
detrimental effects of hyperglycemia on ischemic
brain damage.
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