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Abstract Retinoic acid (RA) plays an important role in
the developing mammalian nervous system. Based on this
concept, some studies have demonstrated the beneficial
effects of RA administration on neurogenesis in neuro-
pathological diseases. Some investigations have revealed
the anti-inflammatory effects of RA treatment in multiple
systems, in addition to its role in neurogenesis. To date,
however, the neuroprotective efficacy of RA after cerebral
ischemia, especially in the context of its anti-inflammatory
effects, has been poorly demonstrated. Additionally, to the
best of our knowledge, experiments of the therapeutic
efficacy of RA treatment in a transient global ischemic
model in the Mongolian gerbil have been lacking world-
wide. Here, we studied the neuroprotective effects and
neurobehavioral outcomes of intraperitoneally adminis-
tered all-frans-RA (ATRA; a synthetic form of RA) on
brains with transient global ischemia that was induced with
the bilateral common carotid artery occlusion and reper-
fusion (BCCAO/R) model in the gerbil. In order to identify
whether these neuroprotective mechanisms were due to the
anti-inflammatory effects of ATRA, in vivo hippocampal
expression of proinflammatory cytokines including tissue
necrosis factor-alpha (TNF-o), and interleukin-6 (IL-6)
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after ATRA injection and in vitro levels of release of nitric
oxide, TNF-a and IL-6 from lipopolysaccharide (LPS)-
stimulated BV2 microglial cells after ATRA treatment
were evaluated. The results showed that ATRA can protect
pyramidal neurons in the hippocampal CA1 region against
BCCAO-induced neuronal apoptosis and significantly
reduce the extent of astrocytosis and microglial activation.
In addition, the ischemia-induced neurobehavioral changes
were normalized by ATRA injection. Consistent with these
phenotypic data, we observed the diminishing effects of
ATRA treatment on the production of proinflammatory
mediators (e.g., TNF-a and IL-6) in hippocampal homog-
enates and LPS-stimulated BV2 cells, and these effects
were dose-dependent. These results suggest a beneficial
role of ATRA in the attenuation of global cerebral ischemia
due to its anti-inflammatory properties, resulting in, at least
partly, the inhibition of microglial secretion of variable
proinflammatory cytokines.

Keywords All-trans-retinoic acid - Bilateral
common carotid artery occlusion and reperfusion -
BV?2 - Nitric oxide - Tissue necrosis factor-alpha -
Interleukin-6

Introduction

Brain lesions, such as those resulting from ischemia or
neurodegenerative diseases, are accompanied by inflam-
matory reactions that involve the activation and prolifera-
tion of glial cells, such as astrocytes and microglial cells. In
these inflammatory processes, inflammatory mediators play
an important role [1]. Among these mediators, tissue
necrosis factor-oo (TNF-a) and interleukin-6 (IL-6), which
are quickly released in the course of brain injuries, are
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essential for the generation of immunological responses
[2]. Anti-inflammatory agents that inhibit the release of
these cytokines have been shown to be experimentally
beneficial in various animal models of brain injuries [3-5].
Especially in cerebral ischemia, one process that may be
involved in delayed neuronal death is post-ischemic neur-
oinflammation [6]. Therefore, the search for agents that
diminish such inflammatory processes is important because
these agents might suggest new therapeutic strategies that
are targeted at the late phase of ischemic cerebral injury.

Retinoic acid (RA) plays an important role in the
developing mammalian nervous system [7]. RA, which is a
metabolite of vitamin A (retinol), mediates the functions of
vitamin A that are required for growth and development.
RA is essential for the initial anteroposterior neural pat-
terning and the subsequent development of the spinal cord
and hindbrain structures. Based on the concept that there is
substantial overlap between the molecular and cellular
events of neural development and adult neuroregeneration
after nerve lesions, some studies have demonstrated the
beneficial effects of RA administration in neuropathologi-
cal diseases. In fact, in vivo experiments with rats and mice
have demonstrated that RA treatment is beneficial in
reducing ischemic volume and neurobehavioral perfor-
mance [8, 9]. In these cases, of course, direct RA signaling
within neurons through its nuclear receptors (e.g., RAR and
RXR) may play a major role.

However, other than these direct effects on neurons, we
cannot rule out the possibility that anti-inflammatory effects
of RA might also be involved. It is likely that RA interferes
in the later stages of inflammatory reactions because
numerous reports have demonstrated negative effects of RA
on the production of proinflammatory cytokines [10]. For
example, in monocytes, RA has been shown to inhibit the
synthesis of IL-1, IL-8, and IL-6 [11] and macrophage
colony-stimulating factor [12]. After stimulation with
lipopolysaccharide (LPS), RA reduces the levels of
expression of cyclooxygenase-2 (COX-2), the associated
release of prostaglandin E2 from mouse peritoneal macro-
phages, and TNF-a release from blood mononuclear cells
[13]. Phospholipase-A2, which is involved in the synthesis
of arachidonic acid, has also been shown to be inhibited
[14], and there have been numerous reports about the ben-
eficial effects of RA on pathophysiologic conditions that are
not related to nerve injury [15-17]. However, as mentioned
above, numerous investigations have confirmed the anti-
inflammatory activities of RA in multiple systems, but the
neuroprotective efficacy of RA after cerebral ischemia in
the context of its anti-inflammatory effects have been
poorly demonstrated. In addition, to the best of our
knowledge, experiments on the efficacy of RA treatment in
a transient global ischemic model in gerbils have not been
conducted. Here, for the first time, we examined the

neuroprotective effects of all-trans-RA (ATRA), which is a
synthetic form of RA, in an experimental model of transient
global cerebral ischemia that used the bilateral common
carotid artery occlusion and reperfusion (BCCAO/R)
method in Mongolian gerbils. In addition, we evaluated the
effects of ATRA on the behavioral changes of ischemic
gerbils in an open-field test. Furthermore, for demonstrating
the involvement of its modulating effects on neuroinflam-
mation for pursuing its neuroprotective role, we measured
the expression of TNF-o and IL-6 in gerbils’ hippocampal
homogenates and release of nitric oxide (NO), TNF-a and
IL-6 from LPS-stimulated microglial cell line BV2, which
is well established in vitro model of mimicking neuroin-
flammatory conditions accompanying cerebral ischemia
[18-21], with or without ATRA treatment.

Materials and Methods
Experimental Animals

A total of 80 male Mongolian gerbils (Meriones unguicul-
atus) was obtained from the Experimental Animal Center,
Konyang University, Daejeon, South Korea. The gerbils
were used at 6 months (body weight, 65-75 g) of age. The
animals were housed in a conventional state under adequate
temperature (23 °C) and humidity (60 %) control with a
12-h light/12-h dark cycle, and they were provided free
access to water and food. The procedures for handling the
animals and their care conformed to the guidelines that are
in compliance with current international laws and policies
(NIH Guide for the Care and Use of Laboratory Animals,
NIH Publication No. 85-23, 1985, revised 1996). All of the
experiments were conducted in order to minimize the
number of animals used and the suffering caused by such
procedures. The gerbils were divided into the following 5
groups, each with 16 individuals: sham-operated (SHAM),
operated (OP), 1-mg/kg-ATRA-injected, 5-mg/kg-ATRA-
injected, and 10-mg/kg-ATRA-injected groups.

Surgeries (BCCAO/R) and Drug Administration

The animals were anesthetized with a mixture of 2.5 %
isoflurane in 33 % oxygen and 67 % NO. Both of the
common carotid arteries were isolated and occluded with
nontraumatic aneurysm clips. Complete interruption of the
blood flow was confirmed by observing the central artery in
the retina with an ophthalmoscope. After 6 min of occlu-
sion, the aneurysmal clips were removed from the common
carotid arteries. Body (rectal) temperatures under free-
regulating or normothermic (37 £ 0.5 °C) conditions were
monitored with a rectal temperature probe (TR-100; Fine
Science Tools, Inc., Foster City, CA, USA) and maintained
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with a thermometric blanket before, during, and after the
surgery until the animals completely recovered from the
anesthesia. Thereafter, the animals were maintained in a
thermal incubator (Mirae Medical Industry, Seoul, South
Korea) in order to maintain their body temperature until
they were euthanized. The gerbils in the SHAM group were
subjected to the same surgical procedures as the other
groups except that the common carotid arteries were not
occluded. The gerbils were treated with 1, 5, or 10 mg/kg
of ATRA (Sigma-Aldrich Co. LLC, St. Louis, MO, USA)
that was dissolved in a 1:1 mixture ratio of v/v dimethyl
sulfoxide (DMSO): saline (0.9 % w/v sodium chloride) for
5 days before and over the variable days after the surgery
until they were sacrificed for further studies. The gerbils in
the OP group received saline with DMSO at a ratio of 1:1
v/v instead of the ATRA solution.

Tissue Processing and Hematoxylin-Eosin Staining

For the histological analyses i.e., hematoxylin-eosin (H-E)
and Fluoro-Jade C (F-J C) histofluorescence staining, ani-
mals were sacrificed 3 days after the BCCAO/R surgery
(n of each group subjected to different staining were indi-
cated below). All the animals were anesthetized with
sodium pentobarbital and perfused trans cordially with
0.1 M phosphate-buffered saline (PBS, pH 7.4), which was
followed by 4 % paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4). The brains were removed and postfixed in
the same fixative for 6 h. For H-E staining (n of each
group = 3), the brain tissues were dehydrated by placing the
fixed brain tissues for 2 h in 50, 70, 80, 90, 95, and 100 %
ethanol baths in a consecutive manner at room temperature.
Then, the tissues were placed 2 times, each time for 1 h, in
fresh pure xylene and then in molds containing melted
paraffin (Sigma-Aldrich Co. LLC). Serial transverse sec-
tions, which were 5 pm in thickness, were made by a tissue
microtome and mounted on microscopic slides. For mea-
suring neuronal survival, the hippocampal CA1 region of the
tissue sections of each group were stained with H-E.
Observations of the slides were performed with the aid of a
light microscope (Leica Microsystems CMS GmbH,
Mannheim, Germany). The numbers of intact neurons in a
1-mm length of the middle portion of the hippocampal CAl
subfield from 5 randomly selected coronal sections (located
between 0 and +2.00 mm from bregma in the stereotaxic
frame) per animal were counted by 3 blinded observers with
visualization with a microscope at 400x magnification.
Only neurons with visible nuclei were counted.

Fluoro-Jade C Histofluorescence Staining

The tissue sections of each of the groups (n of each
group = 3) were first immersed in a solution containing
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1 % sodium hydroxide in 80 % alcohol, which was fol-
lowed by immersion in 70 % alcohol. They were then
transferred to a solution of 0.06 % potassium permanga-
nate and then transferred to a 0.0004 % F-J C (Histo-Chem
Inc., Jefferson, AR, USA) staining solution. After washing,
the sections were placed in a slide warmer (approximately
50 °C) and then examined with the use of an epi fluores-
cent microscope (Olympus Corporation, Tokyo, Japan) and
with blue (450—490 nm) excitation light and a barrier filter.
With this method, neurons that undergo degeneration and
that display pyknotic nuclei brightly fluoresce in compar-
ison to the background. F-J C-positive cells were selected
from 5 randomly selected coronal sections (located
between 0 and +2.00 mm from bregma in the stereotaxic
frame) and counted at the center of CA1l with the same
methods described above.

Immunoblotting

Total protein extraction and western blot analyses were
performed as described in a previous study [22]. For
quantification of the poly (ADP-ribose) polymerase-1
(PARP-1) cleavage, TNF- o and IL-6 expression in the
hippocampal homogenates of each group (n of each group
for PARP-1 = 3; n for both TNF-a and IL-6 = 3), both
hippocampi were gently isolated from the cerebral hemi-
sphere in Hank’s Balanced Salt Solution (Lonza Ltd.,
Walkersville, MD, USA) on postoperative day (POD) 1,
transferred to lysis buffer, and homogenized. For this
study, the protein homogenates were incubated with rabbit
anti-PARP-1 (1:1,000), anti-TNF-o (1:1,000), anti-IL-6
(1:500) and anti-B-actin (1:2,000) as primary antibodies.
All antibodies were purchased by Santa Cruz Biotechnol-
ogy (CA, USA). After subsequential incubation with bio-
tinylated anti-rabbit IgG (1:1,000; Vector Laboratories,
Inc., Burlingame, CA, USA) and 5 times washing in PBS,
the proteins in PVDF membranes were detected by a
chemiluminescence detection system according to the
manufacturer’s instructions (ECL; GE Healthcare Life
Sciences, Buckinghamshire, UK). The band intensity was
quantified with a densitometric scanner (GE Healthcare
Life Sciences).

Open-Field Test

Locomotor activity was video recorded and assessed in an
open-field box that measured 72 x 72 cm with 36-cm
walls and that was divided into 16 squares (18 x 18 cm
each) that were drawn out with blue lines. One of the walls
was clear Plexiglas so that the gerbils could be visible in
the apparatus. The gerbils before being sacrificed for his-
tological staining (i.e., H-E and F-J C histofluorescence
staining; n of each group = 6) were placed at one corner of
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the box, and their activity was monitored by Noldus
Ethovision XT software (Noldus Information Technology,
Leesburg, VA, USA) installed in video-tracking system for
10 min at 5 time points (1 day before; on the same day of
the operation; and 1-3 days after the operation). Three
trials of spontaneous locomotor activities (line crossing:
the number of squares that the gerbils crossed with all 4
paws) in each animal were measured by the modified
method from Zhuang et al. [22] by 3 blinded observers.

Immunohistochemistry

In order to detect the extent of astrocytosis and microglial
activation, immunohistochemical staining was performed
with anti-glial fibrillary acidic protein (anti-GFAP; Santa
Cruz Biotechnology, Inc.) and anti-ionized calcium bind-
ing adapter molecule 1 (anti-Ibal; Santa Cruz Biotech-
nology, Inc.). Briefly, for each gerbil (n of each
group = 4), 5 randomly selected coronal paraffinized sec-
tions for both hippocampal CA1 regions (located between
0 and +2.00 mm from bregma in the stereotaxic frame)
were deparaffinized in xylene, hydrated by immersion in
baths featuring a decreasing ethanol gradient, and then
washed in distilled water. Next, each section was incubated
with primary antibodies that were diluted in blocking
solution at a ratio of 1:200 for rabbit anti-GFAP and 1:100
for rabbit anti-Ibal for 24 h at 4 °C. After 3 washes in
PBS, the sections were sequentially incubated with sec-
ondary antibodies containing anti-rabbit IgG for 1 h at
36 °C and then avidin—biotin complex solution for 1 h at
36 °C. The immunoreactive regions turned dark brown in
appearance after addition of the chromogen 3,3'-diam-
inobenzidine tetrachloride (DAB; Sigma-Aldrich Co.
LLC). The densities of the GFAP-immunoreactive astro-
cytes and the numbers of Ibal-immunoreactive activated
microglia in a 1-mm length of the hippocampal CA1 sub-
fields in the 5 randomly selected coronal sections per
n were evaluated by 3 blinded observers with an image
analysis system (ImageJ software, National Institutes of
Health, Bethesda, MD, USA).

BV2 Cell Culture and Cell Viability Assay

BV?2 cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) that was supplemented with 10 % fetal
bovine serum, penicillin (100 units/mL), and streptomycin
(100 pg/mL). Cells were maintained in a humidified
incubator with 5 % CQO,. ATRA was dissolved in DMSO,
and dilutions were made in DMEM. The final concentra-
tion of DMSO in the medium was less than 0.05 % (v/v),
and this concentration showed no influence on cell growth
(data not shown). In all of the experiments, the cells were
pretreated with the indicated concentrations (0.78-50 pg/

mL) of ATRA for 1 h with or without LPS (0.5 pg/mL) for
24 h. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) reduction assay was used for the
determination of cell viability. In brief, BV2 cells
(4 x 10° cells/well) were seeded and treated with the
indicated concentrations of ATRA 1 h before LPS (0.5 pg/
mL) treatment for 24 h. After the treatments, the medium
was removed, and the cells were incubated with 0.5 mg/
mL of MTT solution. After incubation for 2 h at 37 °C and
5 % CO,, the supernatant was removed, and the formation
of formazan was measured at 540 nm with a microplate
reader (BioTek Instruments, Inc., Luton, UK).

Enzyme-Linked Immunosorbent Assay

In accordance with the manufacturer’s instructions, the
levels of TNF-o (R&D Systems, Inc., Minneapolis, MN,
USA) and IL-6 (BioLegend, Inc., San Diego, CA, USA) in
the BV2 cell media that were pretreated with the indicated
concentrations (0.78-50 pg/mL) of ATRA for 1 h with or
without LPS (0.5 pg/mL) for 24 h were measured with
enzyme-linked immunosorbent assay (ELISA) Kkits.
Absorbance was determined at 540 nm with a microplate
reader.

Statistical Analysis

All data are presented as mean £ SE of the means (SEMs).
Comparisons of the data from the different groups were
performed with Student’s ¢ tests (IBM Corporation, Ar-
monk, NY, USA). Differences with p values less than 0.05
were considered to be statistically significant. Each “n”
value refers to the number of separate experiments
conducted.

Results

Protective effects of ATRA on pyramidal neurons in the
hippocampal CA1 region in a model of transient global
cerebral ischemia.

In the present study, the neuroprotective effects of
ATRA against transient global cerebral ischemia were
evaluated by histologic assessments of viable pyramidal
neurons in the stratum pyramidale (SP) of the hippocampal
CAl region. 3 days after BCCAO/R, viable pyramidal
neurons in the SP were rarely seen in the OP group
(Fig. 1A-b, g). The cell numbers of the viable pyramidal
neurons in the OP group were approximately estimated to
be 5 % of that of the SHAM group (Fig. 1B). Importantly,
intraperitoneal injections of 1, 5, or 10 mg/kg of ATRA
significantly and dose-dependently increased the viable cell
numbers in the SP of the hippocampal CA1l region.
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Fig. 1 Effects of ATRA on
neuronal survival in an in vivo
gerbil model of global cerebral
ischemia. A Histochemical
examination with hematoxylin-
eosin (H-E) staining of
hippocampal areas 3 days after
bilateral common carotid artery
occlusion and reperfusion
(BCCAO/R). Photomicrographs
of low (x40, a—e) and high
(%400, f~j) magnifications of
representative H-E-stained
slices of the hippocampi reveal
dose-dependent neuroprotective
effects of ATRA in the context
of global cerebral ischemia.
Three blind observers counted
the pyramidal neurons with
normal morphology (indicated
by open arrows) and those with
dark, shrunken, and damaged
appearances (indicated by
closed arrows) in a 1-mm length
of the middle portion of the
hippocampal CA1 subfield from
5 randomly selected coronal
sections per animal. Scale

bar = 200 pm. B The summed
cell counts of viable neurons in
the stratum pyramidale (SP) of
the hippocampal CA1 region in
5 randomly selected slices. The
graphs reveal that the total
numbers of viable cells in the
areas of interest in gerbils that
were treated with 1, 5, and

10 mg/kg of ATRA were
significantly higher compared to
that of the operated (OP) group
[78.2 £ 8.2,96.3 £ 11.6, and
113.2 £ 9.8 vs. 8.9 + 4.6,
respectively; n of each

group = 3 per group;

**%¥p < 0.001 vs. OP group,
##¥p < 0.001 vs. sham-operated
(SHAM) group]. The bars
indicate SEs of the mean
(SEMs)
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Fig. 2 Effects of ATRA on neurodegeneration in an in vivo gerbil
model of global cerebral ischemia. A Histo fluorescent examination
with Fluoro-Jade C (F-J C) staining of hippocampal areas 3 days after
BCCAO/R. Photomicrographs of high magnifications (x400, a—e) of
representative F-J C-stained slices of the hippocampi reveal a dose-
dependent reduction effect of ATRA on neurodegeneration in the
context of global cerebral ischemia. Three blind observers counted
F-J C-positive neurons (indicated by closed arrows) in a 1-mm length
of the middle portion of the hippocampal CAl subfield from 5
randomly selected coronal sections per animal. Scale bar = 200 pm.
B The summed cell counts of degenerated neurons in the SP of the
hippocampal CAl in 5 randomly selected slices. The graphs

Especially in the 10-mg/kg-ATRA-injected group, viable
neurons in the SP reached nearly 93 % of that in the
SHAM group (Fig. 1A-e, j, B). Next, in order to rule out
the possibility that morphologically viable neurons could
be subjected to neurodegeneration and eventually to cell
death, we examined the effects of ATRA treatment on
neurodegeneration in the hippocampal CAl region after
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demonstrate that the numbers of degenerated neurons in the areas
of interest in gerbils treated with 1, 5, or 10 mg/kg ATRA were
significantly lower compared to that of the OP group (48.2 &+ 6.7,
25.3 + 10.6, and 14.2 £ 12.1 vs. 64.9 +£ 4.1, respectively; n of each
group = 3 per group; **p <0.01, *p <0.001 vs. OP group,
##¥p < 0.001 vs. SHAM group). The bars indicate SEMs. C Quanti-
tative changes in poly (ADP-ribose) polymerase-1 (PARP-1) cleavage
in the gerbil hippocampal tissue at postoperative day (POD) 1 with
and without 10 mg/kg of ATRA. These results reveal that cleaved
PARP-1 fragments (89 kDa) are significantly downregulated by
10-mg/kg-ATRA injections. The p-actin band is shown as a
molecular reference

ischemic insult with histofluorescence staining for F-J C,
which is a high-affinity fluorescent marker that is used for
the localization of neuronal degeneration, according to the
methods described in a previous study [23]. Although some
F-J C-positive glial cells were also seen in the stratum
oriens (SO) and the stratum radiatum (SR), we demon-
strated that the neuroprotective effects of ATRA were
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Fig. 3 Effects of ATRA on ischemia-induced locomotor activity. In
an open-field test, the changes in locomotor activity were measured in
the animals of each group before and after BCCAO/R surgery (n of
each group = 6). Three trials of the locomotor activities (line
crossing: number of squares that gerbils crossed with all 4 paws) in
each animal were measured by 3 blind observers, and the averages
were obtained for each trial. The overall activity levels of all of the
experimental groups, including the OP group, were higher than that of
the SHAM group at POD 0 (*p < 0.05, #p < 0.01 vs. SHAM group).
Interestingly, a statistically significant attenuation of ischemia-
induced hyperactivity is evident in the 5- and 10-mg/kg-ATRA-
injected groups compared to those of the OP group (**p < 0.01 vs.
OP group). The bars indicate SEMs

mainly due to an attenuation of neurodegeneration in the
SP (Fig. 2A, B). More importantly, we confirmed that the
morphologically viable neurons that we observed in the
H-E-stained SP in the hippocampal CA1 of ATRA-treated
groups were not subjected to ongoing death processes but
were actually healthy and alive. Additionally, we con-
firmed that ATRA treatment inhibited neurodegeneration
in a dose-dependent manner. In order to elucidate whether
these neuroprotective effects of ATRA were due to the
inhibition of apoptosis or the prevention of necrosis, the
extent of cleaved PARP-1 fragments, which are produced
by activated caspase-3, in the hippocampal homogenates of
the OP group and the 10-mg/kg-ATRA-injected group was
compared. As shown in Fig. 2C, ATRA treatment at this
dose (10 mg/kg) clearly inhibited PARP-1 cleavage, which
is a hallmark of apoptosis, compared to that in the OP
group. These results demonstrated that neuroprotective
effects of ATRA involves the mechanism of inhibition for
neuronal apoptosis.

Effects of ATRA on Ischemia-Induced Hyperactivity
in Gerbils

In order to determine the effects of ATRA treatment on the
development of ischemia-induced neurobehavioral chan-
ges, the ischemia-induced hyperactivity levels in gerbils
that had been treated with different doses of ATRA were
compared to those of the OP group with an open-field test.
Changes in locomotor activity that have been induced by
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cerebral ischemia in gerbils have been clearly documented,
and this hyperactivity occurs immediately after occlusion
in accordance with the progression of hippocampal CAl
neuronal death [24-27]. Wang and Corbett [27] have
reported that the increased locomotor activity that results
from ischemic damage is due to a reduction in the potential
of the animal to form spatial maps. The OP group showed
an abrupt increase in spontaneous locomotor activity to
approximately 3 times that of the SHAM group on the day
of the operation (POD 0) (Fig. 3). Interestingly, in the trials
conducted on POD 0, a statistically significant attenuation
of the ischemia-induced hyperactivity was evident in the 5-
and 10-mg/kg-ATRA-injected groups compared to those in
the OP group. These results suggested that, other than the
biochemical evidence previously shown by morphologic
and quantitative assessments, ATRA demonstrated neuro-
behavioral benefits on transient global cerebral ischemia.

Effects of ATRA on Neuroinflammation

By results from F-J C histofluorescence staining and
quantitative observation of PARP-1 cleavage, now we
could suggest the involvement of neuronal antiapoptotic
mechanism for ATRA’s neuroprotection. On the other
hand, as described in the introduction, ischemia is
accompanied by inflammatory reactions that involve the
activation and proliferation of astrocytes and microglia. For
addressing possible involvement of ATRA’s modulating
effects on neuroinflammation as a kind of the upstream
events proceeded by these processes, we compared the
extent of astrocytosis and the microglial activation in
hippocampal CA1 regions in response to the different doses
of ATRA in the ATRA-injected groups with the OP group
with immunohistochemistry with antibodies to GFAP and
Ibal, respectively (Fig. 4A). Although changes in the
attenuation of the neuroinflammatory reactions were not
observed in the 1- and 5-mg/kg-ATRA-injected group (data
not shown), the 10-mg/kg injections of ATRA significantly
reduced the extent of astrocytosis and microglial activa-
tion. A robust increase in GFAP-positive astrocytes with
thick and short processes (the morphological characteris-
tics of activated astrocytes) was observed not only in the
SO and SR, but also in the SP in the OP group (Fig. 4A-c,
f, B). However, these characteristics were obviously rarely
seen in the SP of the 10-mg/kg-ATRA-injected group,
although some activated astrocytes were observed in the
SO and SR of that group. Increased Ibal-positive activated
microglia were also evident in the OP group compared to
the SHAM group, but 10 mg/kg of ATRA significantly
attenuated these increases (Fig. 4A-i, 1, B) in all 3 regions
of the hippocampal CAl. Next, in order to examine whe-
ther ATRA acted as a neuroinflammatory modulator in
ischemic processes in vivo and in vitro, we measured the
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showing that cerebral ischemia induces an acute neuroin-
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first determined the gerbils’ hippocampal expression of
TNF-o and IL-6 as proinflammatory cytokines, 24 h after
the BCCAO/R procedure. As it is shown in Fig. 5A, B,
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induction of global ischemia by BCCAO/R (i.e., OP group)
intensly increased the hippocampal expression of TNF-a
and IL-1fB, compared with the SHAM group. However,
those of 1- and 10-mg/kg-ATRA group were significantly
lower than that of OP group, although these extents were
not dose-dependent (n of each group = 4; **p < 0.01 vs.
OP group; *p < 0.05, ¥p < 0.01 vs. OP group). Next, for
establishment of well-correlated in vitro data supporting
in vivo, we first identified the applicable doses of ATRA
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Fig. 4 Effects of ATRA on astrocytosis and microglial activation in
gerbil hippocampal CAl regions following BCCAO/R (n of each
group = 4). A Immunohistochemical examinations of anti-GFAP (a—
f) and anti-Ibal (g-/) in the hippocampal CA1 regions 3 days after
BCCAO/R reveal that 10-mg/kg-ATRA injections reduce the extent
of astrogliosis and microglial activation, respectively. In photomi-
crographs of low (x200, a—c) and high (x400, d—f) magnifications, a
robust increase of GFAP-positive astrocytes with thick and short
processes is observed in hippocampal CAl regions of the OP group
compared to that of the SHAM group (b and e vs. a and d). However,
these increases are obviously rarely seen in the regions of interest of
the 10-mg/kg-ATRA-injected group (c, f). Similarly, low (x200, g—
i) and high (x400, j—/) magnifications of images obtained of the
immunohistochemistry with anti-Ibal demonstrate that increases of
activated microglia are also evident in the OP group compared to the
SHAM group (h and k vs. g and j). However, 10 mg/kg of ATRA
significantly attenuates these results in all 3 regions of the
hippocampal CALl (i, [). The arrows in e and f and k and [ indicate
the astrocytes and activated microglial cells, respectively. Scale
bar = 200 nm. B Average relative optical intensity and cell counts of
GFAP-positive astrocytes and Ibal-positive activated microglia in the
hippocampal CAl of 5 randomly selected slices. The graphs
demonstrate that the density of astrocytes and the numbers of
activated microglia in the areas of interest in the OP group are
significantly increased compared to that of each SHAM group
(9.52 & 0.9 vs. 1 and 185.36 & 21.72 vs. 47.30 £ 2.73, respectively;
#1 < 0.05), while a 10-mg/kg-ATRA injection significantly reduces
both of these values by approximately one-third for astrocytosis and
half for microglial activation (**p < 0.01 vs. OP group). The bars
indicate SEMs

that were not neurotoxic on BV2 cells with MTT assays after
a 24-h incubation with different concentrations of ATRA.
As shown in Fig. 5C, D, cell viability following treatment
with 0.78-25 pg/mL of ATRA was not significantly dif-
ferent from that in the control in the absence or presence of
LPS. However, the exposure of BV2 cells to 50 pg/mL of
ATRA led to about a 50 % decrease in cell survival. After
identifying the optimal dose of safety in this setting, BV2
cells were pretreated with ATRA (0.78-50 pg/mL) for 1 h
and then stimulated with 0.5 pg/mL of LPS for a 24-h
incubation period. As anticipated, LPS significantly
enhanced NO release in the culture media, while pretreat-
ment with a dose of 25 pg/mL of ATRA surprisingly
reduced NO production by about 0 % (Fig. 5e). We further
determined whether ATRA regulated the release of other
proinflammatory cytokines that were secreted by microglia
in the processes of neuroinflammation. As shown in Fig. 5F,
G, LPS incubation caused a remarkable increase in the
levels of TNF-o and IL-6, which were suppressed by ATRA
in a dose-dependent manner.

Discussion
Ischemic stroke is caused by an interruption of cerebral
blood flow, which can lead to a failure of energy produc-

tion, the activation of proteases, impairments in metabo-
lism, free radical production, excito toxicity, and altered
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calcium homeostasis [28-31]. Cerebral ischemia is asso-
ciated with a severe deterioration in the ability of neuronal
mitochondria to function effectively; this seriously com-
promises oxidative phosphorylation, which is a key
mechanism by which adenosine triphosphate is produced.
Furthermore, dysfunctional mitochondria may increase the
production of reactive oxygen species (ROS), and they are
then unable to maintain a normal [Ca2+]i. This causes
depolarization of the cytoplasmic membrane potential.
Such changes can contribute to both Ca*"-induced mem-
brane damage and increases in the levels of Ca**-induced
proteases, the extent of ROS-mediated cell damage (to
membranes and DNA), and lipid peroxidation [32]. These
changes can induce a failure of cytoskeletal organization,
the activation of apoptotic signals that lead to cell death,
and mitochondrial dysfunction [33]. In turn, the down-
stream cytotoxic cascades that are thus activated render
Ca”* homeostasis dysfunctional, and the positive feedback
loop that is thus created eventually kills the cell.

Apart from these so-called intrinsic mechanisms of
neuronal apoptosis, the extrinsic mechanisms of neuronal
apoptosis in the pathogenesis of cerebral ischemia involve
the engagement of interactions between death receptors
that are located on the plasma membrane and various
cytokines that are secreted by activated glia, and this is
referred to as the “death receptor pathway.” Neuronal
surface death receptors belong to the tumor necrosis factor
receptor superfamily, which is activated by its ligand,
TNF-a. Together with IL-6 receptors (IL-6R) that are also
expressed on the neuronal plasma membrane, these
receptors trigger the recruitment of the Fas-associated
death domain protein (FADD). FADD then activates cas-
pase-8 and mediates the cleavage of Bid and caspase-3.
Caspase-3 cleaves PARP-1 and inactivates it, resulting in
the breakdown of DNA structures.

The results of these studies demonstrated that ATRA
treatment maintains the neuronal population in the SP of
the hippocampal CAl region in gerbils that are exposed
to global cerebral ischemia by antiapoptotic activity.
Additionally, ATRA showed beneficial effects on the
behavioral outcomes, as demonstrated by it altering the
ischemia-induced hyperactivity of gerbils. These effects
were due, at least in part, to inhibition of the release of
NO, TNF-o, and IL-6 by activated microglia. These
results demonstrated that ATRA treatment protects neu-
rons by attenuating neuroinflammatory processes in the
hippocampal CAl region from ischemia-induced neuro-
degeneration in a transient global cerebral ischemia
model.

However, we cannot exclude the possibility that direct
effects on the neurons were also involved in the protective
effects of ATRA, as RARs are also expressed in neurons.
In fact, previous research on brain slice cultures has shown
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that RA protects neurons from inflammatory degeneration,
presumably through an upregulation of brain-derived neu-
rotrophic factor [34]. Because RA has a role in patterning
in mammalian developmental stages and neurogenesis in
rodent adult brain, we cannot rule out the possibility that
neuroregeneration processes participated in these process
[35-37]. However, the chances of the latter possibility

occurring are relatively low, as we focused on screening for
the short-term efficacy of ATRA on cerebral ischemia with
the experimental models at POD 3. Nevertheless, whether
neurotrophin expression or neuroregeneration processes
contributed to the protective effects of ATRA in cerebral
ischemia is an interesting point to be addressed in the
future.
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«Fig. 5 Effects of ATRA on the expression and release of proinflam-
matory cytokines in gerbils’ hippocampal homogenates and lipopoly-
saccharide (LPS)-stimulated BV-2 cells, respectively. The
representative photographs of immunoblots (a) and the bar graphs
for its densitometric analysis (b) revealed that the BCCAO/R (i.e.,
OP) increased robustly the extent of hippocampal expression of tumor
necrosis factor (TNF)-a and interleukin (IL)-6 (n of each group = 3;
3.89 £0.38 and 4.21 &+ 0.22 for TNF-o. and IL-6, respectively),
however 1 (2.15 & 0.21 and 2.66 + 0.04 for TNF-o and IL-6,
respectively; **p < 0.01 and *p < 0.05 vs. OP groups’ TNF-o. and
IL-6, respectively) and 10 mg/kg of ATRA treatment (2.31 £ 0.13
and 2.98 £ 0.20 for TNF-o and IL-6, respectively; **p < 0.01 and
#1 < 0.01 vs. OP groups’ TNF-o and IL-6, respectively) significantly
reduced these extent. After determining the maximal safe dose of
ATRA in BV-2 cells with or without LPS (c and d, respectively), we
evaluated the concentrations of nitric oxide (NO; e), TNF-a (f) and
IL-6 (g) in culture media of LPS-stimulated BV-2 cells that were
treated with different doses of ATRA for 24 h and that were
demonstrated with enzyme-linked immunosorbent assays. A remark-
able increase in the levels of NO, TNF-o and IL-6 secretion from BV-
2 cells that were stimulated by LPS is significantly suppressed by
ATRA in a dose-dependent manner (*p < 0.05, **p < 0.01, and
**¥p < 0.001 vs. control). The bars indicate SEMs. The numbers
above the error bars indicate the actual measurements of the
concentrations of each cytokine

In this study, we focused on examining the synthetic
form of retinoids as an immune modulator. Retinoids refer
to natural or synthetic compounds that are related to RA
and that act on RARs and RXRs. Both RARs and RXRs
include 3 subtypes that are designated as o, f3, and ), and
the expression of these subtypes has been demonstrated in
the adult central nervous system [38]. The detailed roles of
retinoids in physiological conditions remain to be investi-
gated, but some evidence has indicated that retinoids may
protect neurons from neuroinflammatory processes. A
synthetic RAR agonist, Am80 (tamibarotene), has been
shown to ameliorate the symptoms of experimental auto-
immune encephalomyelitis [39, 40]. Here, the neuropro-
tective effects of ATRA likely involved the suppression of
inflammatory reactions in the transient global cerebral
ischemia model. This assumption was supported by pre-
vious findings that RAs inhibit the expression of inducible
nitric oxide synthase and proinflammatory cytokines in
LPS-stimulated primary isolated microglial cells [41, 42].

Some fundamental questions about the relationships of
neuroinflammatory processes that originate from the sur-
rounding glial population with RA signaling remain. What
might be the underlying mechanisms of the attenuation of
microglial activation after ATRA treatment? One possibil-
ity is that microglial activation is associated with the initial
glutamate-induced excitotoxic events that occur due to
cerebral ischemia [43], and ATRA might inhibit these steps.
A more intriguing possibility is that microglial activation
might be due to an innate immune response to CNS injury
and that RA signaling is engaged in these kinds of immune
response. In fact, much of the neuronal damage that is seen
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in LPS-induced CNS injury models appears to be mediated
through Toll-like receptors (TLR) that are present on the
microglial plasma membrane [44]. Actually, cerebral
ischemia induces one of the endogenous ligands of mi-
croglial TLRs [45]. In a study by Liu et al., the effects of
ATRA on TLR expression in primary human monocytes
have been studied by measuring the levels of mRNA and
protein expression of TLRs 1-10 and the TLR-2 co recep-
tor, CD14, in cells after ATRA exposure [46, 47]. TLR-2
and CD14 mRNA encoding was decreased by 34 and 65 %,
respectively, while TLR-4 mRNA levels were maintained.
Furthermore, ATRA decreased TLR-2 and CD14 protein
expression by 41 and 42 %, respectively. These findings
suggest that ATRA directly suppresses TLR-mediated
inflammation, most likely by effecting TLR signaling or
mRNA stability. Thus, identifying the direct path of ATRA
action in signaling cascades in microglial cells (e.g., cas-
cades of glutamate excito toxicity and/or TLRs signaling)
during cerebral ischemia remains for further investigation.
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