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Changes in the expression of DNA-binding/differentiation protein
inhibitors in neurons and glial cells of the gerbil hippocampus
following transient global cerebral ischemia
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Abstract. Inhibitors of DNA-binding/differentiation (ID)
proteins bind to basic helix-loop-helix (bHLH) transcrip-
tion factors, including those that regulate differentiation
and cell-cycle progression during development, and regulate
gene transcription. However, little is known about the role
of ID proteins in the brain under transient cerebral ischemic
conditions. In the present study, we examined the effects of
ischemia-reperfusion (I-R) injury on the immunoreactivity
and protein levels of IDs 1-4 in the gerbil hippocampus proper
Cornu Ammonis regions CA1-3 following 5 min of transient
cerebral ischemia. Strong ID1 immunoreactivity was detected
in the nuclei of pyramidal neurons in the hippocampal CA1-3
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regions; immunoreactivity was significantly changed following
I-R in the CA1 region, but not in the CA2/3 region. Five days
following I-R, ID1 immunoreactivity was not detected in the
CAl pyramidal neurons. ID] immunoreactivity was detected
only in GABAergic interneurons in the ischemic CAl region.
Weak ID4 immunoreactivity was detected in non-pyramidal
cells, and immunoreactivity was again only changed in the
ischemic CAl region. Five days following I-R, strong ID4
immunoreactivity was detected in non-pyramidal cells, which
were identified as microglia, and not astrocytes, in the isch-
emic CAl region. Furthermore, changes in the protein levels
of ID1 and ID4 in the ischemic CA1 region studied by western
blot were consistent with patterns of immunoreactivity.
In summary, these results indicate that immunoreactivity
and protein levels of ID1 and ID4 are distinctively altered
following transient cerebral ischemia only in the CA1 region,
and that the changes in ID1 and ID4 expression may relate to
the ischemia-induced delayed neuronal death.

Introduction

Transient global cerebral ischemia, due to temporary blood
flow deprivation of the brain, causes insidious delayed neuronal
degeneration in the hippocampus (1,2). Specifically, the pyra-
midal neurons in the hippocampal Cornu Ammonis region
CAl are the most vulnerable to transient global cerebral isch-
emia; however, neurons in the CA3 and dentate gyrus remain
essentially intact (1,3). Neuronal death in the CAl region,
which occurs several days after ischemia-reperfusion (I-R),
is described as ‘delayed neuronal death’ (1). It has been
suggested that the molecular events associated with delayed
neuronal death are caused by glutamate receptor-mediated
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neurotoxicity (4), free radical-related damage (5) and oxida-
tive stress (6). However, the precise mechanisms of delayed
neuronal death remain unclear.

Inhibitors of DNA binding/differentiation (ID)
proteins regulate gene transcription through binding to
basic helix-loop-helix (bHLH) transcription factors; four
members of this protein family, ID1-4, have been identified
in mammals (7-10). Members of the ID protein family share
a highly conserved bHLH domain and are similar in size
(13-20 kDa), but display extensive sequence variation outside
the bHLH domain. As transcription factors, ID proteins are
involved in the development of the nervous system, muscle
genesis, tumorigenesis, cell cycle regulation and apop-
tosis (10-12). ID1-3 are expressed in dividing neuroblasts of
the central nervous system (CNS) during development (13,14).
However, ID4, which is dissimilar to the other ID proteins, is
exclusively localized in the regions undergoing neuronal matu-
ration in the CNS and the peripheral nervous system (13,15).
Expression of ID proteins is very limited in the adult CNS,
but is detectable in distinct populations of adult post-mitotic
neurons in specific regions, such as all layers of the cerebral
cortex except layer IV, the Purkinje cell layer of the cerebellum,
the olfactory bulb (the mitral cell, glomerular and internal
granule cell layers), the hippocampus and the suprachiasmatic
nucleus in the adult rodent brain (14,16-19).

The roles and the changes in ID protein levels induced by
transient cerebral ischemia in the hippocampus have not been
studied in detail. Therefore in the present study, we examined
the changes in immunoreactivity and protein levels of ID1-4 in
the ischemic hippocampus of the gerbil 5 min after transient
ischemia; the gerbil has been established as a good model for
the study of transient global cerebral ischemia (20-23).

Materials and methods

Animals and ethics.Male Mongolian gerbils (Meriones unguic-
ulatus) were obtained from the Experimental Animal Center
at the Kangwon National University (Chuncheon, Korea).
Gerbils were used at 6 months of age (body weight, 65-75 g).
The animals were housed in conventional cages at 23°C and
60% humidity, with a 12-h light/12-h dark cycle. The animals
had free access to food and water. The procedures for animal
handling and care adhered to guidelines that are in compli-
ance with the current international laws and policies (Guide
for the Care and Use of Laboratory Animals, The National
Academies Press, 8th edition, Washington DC, USA, 2011) and
they were approved by the Institutional Animal Care and Use
Committee of the Kangwon National University. All experi-
ments were conducted with care to minimize the number and
the suffering of animals.

Induction of transient cerebral ischemia. Cerebral ischemia
was established with a method previously described by our
group (24,25). Briefly, ischemia was induced by bilateral
common carotid artery occlusion under anesthesia by inha-
lation of 2.5% isoflurane in 30% O, and 70% N,. Bilateral
common carotid arteries were occluded using non-traumatic
aneurysm clips for 5 min. The complete interruption of blood
flow was confirmed by observing the central artery in the
retinae using an ophthalmoscope. During surgery, the animals
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were kept on a heating pad at 37+0.5°C. Thereafter, the animals
were kept on a thermal incubator (Mirae Medical Foundation
Health Improvement Centre, Seoul, Korea) to maintain their
body temperature until sacrifice. Sham-operated animals were
exposed to similar surgery without carotid artery occlusion.

Tissue processing for histology. For histological examina-
tion, the sham-operated and ischemic gerbils (sham and
ischemia groups, n=7 in each) were deeply anesthetized
with chloral hydrate (300 mg/kg, intraperitoneal injection)
and transcardially perfused with 0.1 M phosphate-buffered
saline (PBS; pH 7.4) followed by perfusion with 4% para-
formaldehyde in 0.1 M phosphate buffer (pH 7.4) at 12 h,
1,2, 5 and 10 days after ischemia-reperfusion. Following
perfusion, the brains were carefully dissected and post-fixed
in 4% paraformaldehyde for 6 h. The brain tissues were
cryoprotected by infiltration in 30% sucrose overnight. Next,
frozen tissues containing the hippocampus were serially
cut into 30-pm-thick slices with a cryostat (CM1900 UV;
Leica, Wetzlar, Germany) and placed into six-well plates
containing PBS.

Assessment of neuronal damage. Neuronal damage in the
hippocampal CA1l region was examined in the sham and
ischemia groups after transient cerebral ischemia by Cresyl
violet (CV) staining, neuronal nuclear antigen (NeuN) immu-
nohistochemistry and Fluoro-Jade B (F-J B) histofluorescence
at designated time points (1,2, 5 and 10 days after reperfusion).

CV staining. To examine neuronal damage in the brain upon
transient cerebral ischemia, sections from the sham and the
ischemia groups were mounted on gelatin-coated microscopy
slides. Cresyl violet acetate (Sigma-Aldrich, St. Louis, MO,
USA) was dissolved in distilled water at 1.0% (w/v), and
glacial acetic acid was added to this solution. The sections
were stained and dehydrated by immersing in serial ethanol
baths, and were then mounted with Canada balsam (Kanto
Chemical Co., Ltd., Tokyo, Japan).

NeuN immunohistochemical detection. To investigate the
neuronal changes in the CAl region upon transient cerebral
ischemia, the anti-NeuN antibody was used, which targets a
neuron-specific soluble nuclear antigen. Briefly, the sections
were sequentially treated with 0.3% hydrogen peroxide (H,0,)
in PBS for 30 min and 10% normal goat serum in 0.05 M PBS
for 30 min. The sections were next incubated with diluted
mouse anti-NeuN (1:1,000; Chemicon International, Temecula,
CA, USA) overnight at 4°C. Next, the tissues were exposed to
biotinylated goat anti-mouse IgG and streptavidin peroxidase
complex (1:200; Vector Laboratories Inc., Burlingame, CA,
USA). They were then visualized by addition of 3,3'-diami-
nobenzidine in a 0.1 M Tris-HCI buffer, and mounted on
gelatin-coated slides. Following dehydration, the sections were
mounted with Canada balsam (Kanto Chemical Co., Ltd.).

F-J B histofluorescence staining. F-J B histofluorescence
staining procedures were conducted according to the method
reported by Candelario-Jalil ez al (6). Briefly, the sections were
first immersed in a solution containing 1% sodium hydroxide
in 80% alcohol, followed by immersion in 70% alcohol. They
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were then transferred to a 0.06% potassium permanganate
solution and transferred to a 0.0004% F-J B staining solution
(Histo-Chem Inc., Jefferson, AR, USA). After washing, the
sections were placed on a slide warmer (~50°C) and then
examined using an epifluorescent microscope (Carl Zeiss,
Gottingen, Germany) with a blue (450-490 nm) excitation
light and a barrier filter. With this method, neurons that
undergo degeneration brightly fluoresce in comparison to the
background (26).

Cell counts. In order to ensure objectivity, all measurements
were blindly performed by two observers for each experiment,
under the same conditions. The studied tissue sections were
selected in a 120-pm interval based on anatomical landmarks
corresponding to an anteroposterior position -1.4 ~ -1.8 mm
from the stereotaxic atlas of the gerbil brain (27), and cell
counts were obtained by averaging the counts from 20 sections
taken from each animal. NeuN- and F-J B-positive (*) cell struc-
tures were observed from 3 layers of the hippocampus proper
(strata oriens, pyramidal and radiatum) using an AxioM1
light microscope (Carl Zeiss) equipped with a digital camera
(Axiocam; Carl Zeiss) connected to a PC monitor. The number
of NeuN- and F-J B* cells was counted in a 250x250 pym? area
at approximately the center of the CAl region. Cell counts
were obtained by averaging the total cell number from each
animal per group.

Immunohistochemical detection of ID proteins. To obtain
accurate immunoreactivity data, sections from the sham-oper-
ated and ischemic animals (n=7 at each time point) were used
at designated time points (0, 12 h, 1, 2, 5 and 10 days after
reperfusion) under the same conditions. Immunohistochemical
staining was performed using anti-ID1, -ID2, -ID3 and ID4
primary antibodies (1:200; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA). In order to establish the specificity
of immunostaining, a negative control test was carried out
using pre-blocking with goat serum, instead of the primary
antibody. The negative control showed no immunoreactivity
in the studied samples.

Twenty sections per animal were selected to quanti-
tatively analyze immunoreactivity for the ID1, ID2, ID3
and ID4. Digital images of the hippocampal region were
captured under an AxioM1 light microscope equipped with
an Axiocam digital camera connected to a PC monitor. The
immunostaining intensities were semi-quantitatively evalu-
ated using the MetaMorph 4.01 digital image analysis software
(Universal Imaging Corporation Ltd., Marlow, UK). The level
of immunoreactivity was scaled as -, +, +, or ++, representing
no staining ( grey scale value: =200), weakly positive (grey
scale value: 150-199), moderate (grey scale value: 100-149), or
strong (grey scale value: <99) staining, respectively, as in (28).

Double immunofluorescence staining. In order to identify the
cell type showing ID1 and ID4 immunoreactivity, the sections
were processed at 5 days after surgery inducing ischemia by
double immunofluorescence staining. We used rabbit anti-ID1
(1:25; Santa Cruz Biotechnology, Inc.)/goat anti-glutamic acid
decarboxylase 67 (GADG67) (1:50; Chemicon International)
to detect the y-aminobutyric-acid (GABA)ergic neurons,
rabbit anti-ID4 (1:25; Santa Cruz Biotechnology, Inc.)/mouse
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anti-glial fibrillary acidic protein (GFAP) (1:200; Chemicon
International) to detect the astrocytes, and mouse anti-ionized
calcium-binding adapter molecule 1 (Iba-1) (1:200; Wako Pure
Chemical Industries, Ltd., Osaka, Japan) in order to detect the
microglia. The sections were incubated in the antisera mixture
overnight at room temperature. After washing 3 times for
10 min with PBS, the sections were incubated in a mixture
of fluorescein isothiocyanate-conjugated anti-rabbit IgG
(1:600; Jackson ImmunoResearch, West Grove, PA, USA) and
Cy3-conjugated anti-goat or anti-mouse IgG (1:200; Jackson
ImmunoResearch) for 2 h at room temperature. The sections
were then observed under a confocal microscope (LSM510
META NLO:; Carl Zeiss).

Detection of IDI and ID4 by western blot analysis. To
examine changes in the ID1 and ID4 protein levels in the
hippocampal CA1 region upon transient cerebral ischemia,
sham-operated and ischemic animals (n=5 at each time point)
were used for western blot analysis at designated time points
(2 and 5 days after I-R). Following animal sacrifice, the brain
was removed and transversely cut into serial sections of
400-pm thickness using a vibratome (Leica); the hippocampal
CAl region was then dissected with a surgical blade. The
tissues were homogenized in 50 mmol/l PBS (pH 7.4)
containing 0.1 mmol/l ethylene glycol-O-O'-bis(2-amino-eth
yD)-N,N,N',N'-tetraacetic acid (pH 8.0), 0.2% Nonidet P-40,
10 mmol/l ethylenediamime-N,N,N',N'-tetraacetic acid
(pH 8.0), 15 mmol/l sodium pyrophosphate, 100 mmol/I
B-glycerophosphate, 50 mmol/l NaF, 150 mmol/l NaCl,
2 mmol/l sodium orthovanadate, I mmol/l phenylmethylsul-
fonyl fluoride and 1 mmol/l dithiothreitol (DTT). Following
centrifugation at 22,000 x g, the protein level was determined
in the supernatants using a Pierce™ Micro BCA™ Protein
Assay kit with bovine serum albumin as the standard (Thermo
Fisher Scientific Inc., Waltham, MA, USA).

Aliquots containing 20 ug of total protein were boiled
in loading buffer containing 150 mmol/l Tris-HCI (pH 6.8),
3 mmol/l DTT, 6% sodium dodecyl sulphate, 0.3% bromo-
phenol blue and 30% glycerol. The aliquots were then loaded
onto a 10% polyacrylamide gel. Following electrophoresis, the
gels were transferred onto nitrocellulose transfer membranes
(Pall Corp., East Hills, NY, USA). To reduce background
staining, the membranes were incubated with 5% non-fat dry
milk in PBS containing 0.1% Tween-20 for 45 min, followed
by incubation with rabbit anti-ID1 and -ID4 antisera (1:1,000),
peroxidase-conjugated goat anti-rabbit IgG (Sigma-Aldrich)
and a Pierce™ Enhanced Chemiluminescent (ECL) substrates
(32106; Thermo Fisher Scientific Inc.). The western blots were
scanned, and densitometric analysis for the quantification of the
bands was performed using the Scion Image software (Scion
Corp., Frederick, MD, USA), which provided measures of rela-
tive optical density (ROD). ROD values were expressed as a
percentage; the ROD of the sham group was defined as 100%.

Statistical analysis. Data were expressed as the mean + stan-
dard error of the mean (SEM). Differences in the mean ROD
between groups were statistically evaluated by a one-way
analysis of variance (ANOVA) using the SPSS program (IBM,
Armonk, NY, USA). P<0.05 was considered to indicate a
statistically significant difference.
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Figure 1. Cresyl violet (CV) staining (first and second columns), neuronal nuclear antigen (NeuN) immunohistochemical staining (third column) and
Fluoro-Jade B (F-J B) histofluorescence staining (fourth column) in the Cornu Ammonis regions CA1 (A-D) of the sham-operated and (E-P) ischemia groups. In
the sham-operated group, numerous CV*, NeuN*, and no F-J B* cells are detected in the stratum pyramidale (SP). In the ischemia groups, only a few CV* (black
asterisks) and NeuN* neurons (arrowhead), and numerous F-J B* cells (white asterisks) are detected in the stratum pyramidale (SP) at 5 and 10 days following
ischemia-reperfusion. DG, dentate gyrus; SO, stratum oriens; and SR, stratum radiatum. Scale bar=800 (A, E, I and M) and 50 ym (B-D, F-H, J-L and N-P).

Results

Neuronal cell death. In this study, we examined delayed
neuronal death in the hippocampal CAl region using CV
histochemistry, NeuN immunohistochemistry and F-J B
histofluorescence staining (Fig. 1). In the sham-operated
group, neurons in the stratum pyramidale of the CAl
region were well stained with CV and NeuN, but not with
F-J B (Table I, Fig. 1A-D). One and two days following I-R,
we did not find any significant change in the number of CV*,
NeuN*and F-J B* cells in the ischemic CA1 region (Fig. 1E-H).
However, 5 days after I-R, CV* cells and NeuN* neurons were
significantly decreased in the stratum pyramidale of the
CAL region (Table I, Fig. 11-K); at this time point, numerous
F-J B* cells were observed in the stratum pyramidale of
the CAl region (Table I, Fig. 1L). At 10 days following I-R,
the distribution pattern of CV* cells, NeuN* neurons and
F-J B* cells in the ischemic CAl region was similar to that
observed at the 5 days post-ischemia (Fig. 1IM-P). In the CA2
and CA3 regions, no difference in the distribution pattern of
CV* neurons was found between the sham-operated and the
ischemia groups (Fig. 1A, E, I and M).

IDI immunoreactivity. In the sham-operated group, ID1
immunoreactivity was detected in the pyramidal neurons of the
stratum pyramidale in the hippocampal regions CA1-3, espe-
cially in the nucleus, but not in the cytoplasm, of the pyramidal

Table I. Changes in the mean number of positively-stained
cells in the pyramidal neurons of the ischemic hippocampal
Cornu Ammonis region CA1 of the gerbil.

Positive cells

Time after I-R NeuN* F-J B*
Sham 364+17.74 0
5d 39+10.36* 207+28.66*

The mean + standard error of the mean values of neuronal nuclear
antigen (NeuN)* and Fluoro-Jade B (F-J B)* cells, counted in a
250x250 um? area of the stratum pyramidale in the CA1 region after
ischemia-reperfusion (I-R). N=7/group. *P<0.05, significantly dif-
ferent from the sham-operated (sham) group; and d, days.

neurons (Table II, Figs. 2A and 3A). ID1 immunoreactivity was
prominently changed in the pyramidal cells of the CA1 region,
and not of the CA2/3 region, following I-R. In the CA1 region
of the ischemia groups, positive ID1 immunoreactivity was
detected until 2 days post-ischemia (Table II, Fig. 2B-D). Five
days following I-R, ID1 immunoreactivity was hardly detect-
able in the pyramidal neurons of the stratum pyramidale of the
CALl region (Table II, Fig. 2E) and following this time point,
the pattern of ID1 immunoreactivity in the CAl region was
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Table II. Semi-quantitative analysis of ID1 and ID4 immunoreactivity in cells of the Cornu Ammonis regions CA1l and CA3 of
the sham-operated and ischemia groups.

Time after ischemia/reperfusion

Antibody Region Cell type Sham 12h 1d 2d 5d 10d
ID1 CAl CSP ++ ++ ++ + - +
ID1 CAl CSOR + + + + ++ ++
ID1 CA3 CSP ++ ++ ++ ++ ++ ++
ID1 CA3 CSOR ++ ++ ++ ++ ++ ++
ID4 CAl CSP + + + + + +
ID4 CAl CSOR + + + ++ ++ 4+
1D4 CA3 CSP + + + + + +
1D4 CA3 CSOR + + + + + +

Immunoreactivity is scaled as -, +, + or ++ representing no staining, weakly positive, moderate and strong staining, respectively. ID, inhibitors
of DNA binding/differentiation proteins; h, hours; d, days; CSP, cells in stratum pyramidale; and CSOR, cells in stratum oriens and radiatum.

Figure 2. Immunohistochemical detection of ID1 in the Cornu Ammonis region CA1 (A) of the sham-operated and (B-F) ischemia groups. ID1 immunore-
activity is easily detected in the stratum pyramidale (SP) in the sham-operated group. ID1 immunoreactivity in the SP is markedly decreased 5 days after
ischemia-reperfusion; a few cells near the SP (arrows) show ID1 immunoreactivity. ID, inhibitors of DNA binding/differentiation proteins; SO, stratum oriens;
SR, stratum radiatum; h, hours; and d, days. Scale bar=50 ym.

Figure 3. Immunohistochemical detection of ID1 in the Cornu Ammonis region CA3 (A) of the sham-operated and (B-F) ischemia groups. In the ischemia
groups, ID1 immunoreactivity is not significantly changed compared to that of the sham-operated group. ID, inhibitors of DNA binding/differentiation
proteins; SO, stratum oriens; SP, stratum pyramidale; and SR, stratum radiatum; h, hours; and d, days. Scale bar=50 ym.
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Figure 4. Immunohistochemical detection of ID4 in the Cornu Ammonis region CA1 (A) of the sham-operated and (B-F) ischemia groups. ID4 immuno-
reactivity is weakly detected in the processes (arrow head) of the stratum oriens (SO) and stratum radiatum (SR) in the sham-operated group 2 days after
ischemia-reperfusion and is markedly increased from 5 days (arrows) after ischemia-reperfusion. ID, inhibitors of DNA binding/differentiation proteins; SP,

stratum pyramidale; h, hours; and d, days. Scale bar=50 ym.

Figure 5. Immunohistochemical detection of ID4 in the Cornu Ammonis region CA3 (A) of the sham-operated and (B-F) ischemia groups. In the ischemia
groups, ID4 immunoreactivity is not significantly changed compared to the sham-operated group. SO, stratum oriens; SP, stratum pyramidale; SR, stratum

radiatum; h, hours; and d, days. Scale bar=50 ym.

similar to that observed 5 days following I-R (Table II, Fig. 2F).
At these time points (5 and 10 days), a few IDI1* cells were
observed near the stratum pyramidale (Fig. 2E and F).

By contrast, ID1 immunoreactivity in the CA2/3 region
of the sham-operated group was similar to that observed
in the CA1 region (Table II, Fig. 3A). In the ischemia
groups, ID1 immunoreactivity was barely changed upon
I-R (Table II, Fig.3B-F).

ID2 and ID3 immunoreactivity. No ID2* or ID3* cells were
detected in the hippocampus proper (CA1-CA3) of both the
sham-operated and the ischemia groups (data not shown).

ID4 immunoreactivity. ID4 immunoreactivity in the
sham-operated group was weakly detected in the hippo-
campal CAIl region; ID4 immunoreactivity was detected
in cells that had short processes (indicated by arrowhead
in Fig. 3A), in the stratum oriens and the stratum radiatum
(Table II). In the the CAl region of the ischemia groups,

ID4 immunoreactivity was not changed until 1 day after
I-R (Table II, Fig. 4B and C). However, ID4 immunoreac-
tivity was slightly increased 2 days following I-R (Table II,
Fig. 4D) and reached its highest level 5 days following
I-R (Table II, Fig. 4E). Ten days after I-R, ID4 immunore-
activity was slightly decreased in the ischemic CAl region,
and ID4* processes were longer than those observed at
5 days post-ischemia (Table II, Fig. 4F).

Weak ID4 immunoreactivity was also detected in the CA3
region of the sham-operated group (Table II, Fig. 5A). In the
ischemia groups, the pattern of ID4 immunoreactivity was
similar to that of the sham-operated group (Table I1, Fig. 5B-F).

Colocalization of IDI/GADG67 and ID4/Iba-1. 1D1 and 1D4
immunoreactivities were detected in non-pyramidal cells of
the CAl region, but not in pyramidal neurons, from 5 days
post-I-R (Figs. 2E and 4E). In order to identify the cell types
of non-pyramidal ID1* and ID4" cells, double immunofluo-
rescence staining was performed for IDI/GADG67, ID4/GFAP
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Figure 6. Double immunofluorescence staining for (A) IDI (green), (B) GADG67 (red), (C) IDI+GADG67 (merged image), (D) ID4 (green), (E) Iba-1 (red)
and (F) ID4+Iba-1 (merged image) in the Cornu Ammonis region CA1 5 days after ischemia-reperfusion. ID1* cells colocalize with GAD67* GABAergic
interneurons (C, arrows); ID4" cells colocalize with GFAP* astrocytes (F, arrows). ID, inhibitors of DNA binding/differentiation proteins; GAD67, glutamic
acid decarboxylase 67; GABA, y-aminobutyric-acid; Iba-1, ionized calcium-binding adapter molecule 1; GFAP, glial fibrillary acidic protein; SO, stratum

oriens; SP, stratum pyramidale; and SR, stratum radiatum. Scale bar=20 gm.
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Figure 7. (A) Western blot analysis of ID1 and ID4 in the Cornu Ammonis region CAl of the sham-operated and the ischemia groups, using -actin as the
loading control. The intensity of the immunoblot bands corresponding to (B) ID1 and (C) ID4 was quantified and expressed as relative optical density (ROD)%
values relative to the sham-operated group. "P<0.05 compared to the sham-operated group; and “P<0.05 compared to the ischemia group at 2 days (2 d). Bars
denote standard error of the mean. ID, inhibitors of DNA binding/differentiation proteins.

and ID4/Iba-1 in the hippocampal CAl region at 5 days
post-ischemia. We found that IDI* cells colocalized with
GADO67* GABAergic interneurons (Fig. 6A-C). In addition,
ID4* non-pyramidal cells colocalized with Iba-1* microglia,
but not with GFAP* astrocytes (data not shown), in the isch-
emic CAl region (Fig. 6D-F).

Changes in IDI and ID4 protein levels. Western blot analysis
showed that the patterns of changes in the ID1 and ID4
protein levels in the hippocampal CA1 region following I-R
were similar to those observed in the immunohistochemical
data. In the ischemia groups, the ID1 protein level was
slightly decreased at 2 days following I-R compared to that of
the sham-operated group; however, the ID1 protein level was
significantly decreased 5 days following I-R compared to that
of the sham-operated group (Fig. 7). The ID4 protein level

was increased compared to the sham-operated group at 2 days
following I-R and peaked at 5 days post-I-R (Fig. 7).

Discussion

In the present study, we observed neuronal damage in the
gerbil hippocampal CAl region 5 days after I-R using NeuN
immunohistochemistry and F-J B histofluorescence staining.
F-J B has been used as a good fluorescent marker for the
detection of neuronal degeneration (26). NeuN* neurons were
significantly decreased in the stratum pyramidale of the CAl
region 5 days following I-R, and numerous F-J B* neurons
were detected in the stratum pyramidale. This result is consis-
tent with previous studies (1,29).

Mature neurons are terminally-differentiated,
post-mitotic cells that do not follow the conventional
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cell-cycle process. However, a number of studies have
shown that in certain neurological disorders, mature
neurons reenter the process of cell cycle and undergo cell
damage/death including apoptosis (30-32), because they
are terminally-differentiated cells that can not re-enter the
cell cycle (32,33). There is some evidence that the process
of neuronal re-entry into the cell cycle is associated with
pathological conditions such as stroke (34,35) and cerebral
hypoxia-ischemia (36). ID proteins can inhibit the expression
of cyclin-dependent inhibitors such as p21 via inhibition of
bHLH factors (10,37). Moreover, the inhibition of ID protein
synthesis by antisense oligonucleotides prevents the re-entry
of GO-arrested fibroblasts into the cell cycle (38,39). These
reports strongly suggest that ID proteins play a role in the
GO-S phase transition of the cell cycle. To the best of our
knowledge, no studies of the changes in immunoreactivity of
ID proteins following ischemic damage have been reported
yet, and the roles of ID in the ischemic brain remain unclear.
The present study demosntrated a method by which to
maintain neurons in the quiescent GO phase and to protect
neurons from damage caused by cerebral ischemia. In this
study, we observed changes in ID1 immunoreactivity in the
CAl region following I-R; ID1 immunoreactivity in the pyra-
midal neurons was markedly decreased from 5 days after
I-R, and the changes in the IDI1 protein level were in accor-
dance with ID1 immunoreactivity. This finding indicates
that ID1 protein may be related to the delay of damage/death
of the CA1 pyramidal neurons following I-R injury. It is
notable that ID1 immunoreactivity was not distinctively
changed in the CA3 region following I-R. The CA3 region
is known as the most tolerant area of the hippocampus to
ischemia (1,29). In addition, we observed that ID1* cells
that survived near the stratum pyramidale 5 days following
I-R were GABAergic interneurons. This is the first study to
show that ID1 is expressed in the GABAergic interneurons
of the CA1 region following transient cerebral ischemia. It
has been previously reported that most of GABAergic inter-
neurons in the CA1 region are resistant to transient cerebral
ischemia (40,41). Our findings indicate that the IDI protein
may be involved in the survival of GABAergic neurons
following an ischemic insult.

In the present study, we found that ID4 immunoreactivity
is gradually increased in the microglia in the CAl region,
and peaks 5 days following I-R. This is also the first study
reporting expression of ID4 in the microglia, but not astro-
cytes, in the CAl region. It is well known that ID4 plays an
important role in proliferation and differentiation in a variety
of cell types, including neurons (42-44). In addition, it was
reported that ID4 protein enhances the translation of mRNAs
encoding pro-angiogenic cytokines, such as interleukin 8
and growth-regulated oncogene-a, and that ID4 increases
the angiogenic potential of cancer cells (45). Based on these
studies, we suggest that ID4 plays a role in proliferation of the
microglia following ischemic damage. We do not have a solid
hypothesis to explain the increased expression of ID4 in the
microglia following I-R, but it is well known that microglia
are hyperactivated and hypertrophied in all the layers of the
CAL region following transient cerebral ischemia and before
the occurence of delayed neuronal death in the CA1 pyramidal
neurons (46). Furthermore, numerous studies have shown that
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the activation of microglia is associated with the develop-
ment of neuronal death during ischemia (47-49); microglia
secrete large amounts of cytotoxic and inflammatory media-
tors (50-52), and contribute to the elimination of deleterious
debris, promotion of tissue repair and return to tissue homeo-
stasis (53-55). Therefore, it can be postulated that ID4 plays
an important role in microglial proliferation in response to
ischemic damage. Additional studies are needed to elucidate
the exact role of ID4 in the microglia following transient cere-
bral ischemia.

In summary, immunoreactivity and the protein level of ID1
protein were apparently altered in the CA1 pyramidal neurons
following transient cerebral ischemia, while ID4 immunore-
activity was detected in the microglia, but not the astrocytes,
in the CA1 region following I-R. These results indicate that
changes in the expression of ID1 and ID4 may be associated
with delayed neuronal death and glial activation in the CA1l
region following ischemic damage.
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