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Am80 (tamibarotene) is a retinoic acid receptor (RAR) agonist clinically available for treatment
of acute promyelocytic leukemia. As intracerebral hemorrhage (ICH) accompanies inflammatory
reactions in the brain and also because retinoids may suppress activation of microglia,
we investigated the effect of Am80 on collagenase-induced experimental model of ICH in adult
mice. Daily oral administration of Am80 (5 mg/kg) starting from 1 day before or from up to 6 hours
after intrastriatal injection of collagenase significantly inhibited the decrease in the number of
striatal neurons at 3 days after the insult. Am80 showed no significant effect on the hematoma size
and the extent of edema associated with hemorrhage. Prominent expression of RARa was observed
in activated microglia/macrophages, and the number of activated microglia/macrophages in the
perihematoma region was lower in Am80-treated mice than in vehicle-treated mice. Am80 treatment
also reduced areas affected by hemorrhage-associated oxidative stress as indicated by nitrotyr-
osine immunoreactivity, and attenuated heme oxygenase-1 expression in activated microglia/
macrophages. Moreover, Am80-treated mice exhibited better recovery from hemorrhage-induced
neurologic deficits than vehicle-treated mice. These results suggest that RAR is a promising target
of neuroprotective therapy for ICH.
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Introduction

Intracerebral hemorrhage (ICH), representing 10% to
30% of all strokes, is a devastating disease frequently
resulting in poor prognosis. Although several ther-
apeutic strategies including regulation of osmotic
pressure and invasive neurosurgical evacuation of
hematoma are in clinical practice (Qureshi, 2009),

virtually no therapeutic strategies intended for
neuroprotection are available.

Regulation of inflammatory processes may provide
an opportunity for restricting expansion of ICH-
induced brain tissue damage (Wang and Dore,
2007b). In the brain, inflammatory responses involve
robust activation of microglia that promotes neuro-
degeneration through production of deleterious
factors including inflammatory cytokines, reactive
oxygen species, and nitric oxide. Indeed, accumula-
tion of activated microglia/macrophages is observed
in the perihematoma region, and treatments aimed to
inhibit microglial activation improve neuropatholo-
gical outcome after ICH (Ohnishi et al, 2007).

In this study, we focused on the effect of retinoids
(Maden, 2007). Retinoids refer to natural or synthetic
compounds related to retinoic acid that act
on retinoic acid receptors (RARs) and retinoid X
receptors. Both RARs and retinoid X receptors
include three subtypes designated as a, b, and g,
and expression of these receptor subtypes is
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observed in the adult central nervous system (Krezel
et al, 1999; Zetterstrom et al, 1999). Details of
physiological and pathophysiological roles of reti-
noids remain to be investigated, but several lines of
evidence indicate that retinoids may protect neurons
from inflammation-associated injury (Mey, 2006;
Malaspina and Michael-Titus, 2008). For example,
all-trans-retinoic acid inhibits expression of induci-
ble nitric oxide synthase (iNOS) and several pro-
inflammatory cytokines in activated microglia in
culture (Dheen et al, 2005; Xu and Drew, 2006). A
synthetic RAR agonist Am80 (tamibarotene) amelio-
rates the symptoms of experimental autoimmune
encephalomyelitis (Wang et al, 2000; Klemann et al,
2009). In addition, we have recently reported that
Am80 prevents inflammatory degeneration of mid-
brain dopaminergic neurons induced by lipopoly-
saccharide both in vitro and in vivo (Katsuki et al,
2009). Here, we examined the effect of Am80 on
various pathological parameters in collagenase-
induced ICH in mice.

Materials and methods

Induction of Intracerebral Hemorrhage and Am80
Treatment

All procedures were approved by our institutional ethical
committee concerning animal experiments, and animals
were treated in accordance with the Guidelines of the
United States National Institutes of Health regarding the
care and use of animals for experimental procedures. Male
C57BL/6J mice at 8 to 10 weeks of age weighing 21 to 28 g
were used to produce collagenase-induced model of ICH
(Lee et al, 2007; Wang et al, 2003). Animals were
maintained at constant ambient temperature (221C±11C)
under a 12-hour light/dark cycle (lights on between
0800 and 2000 hours). After intraperitoneal injection of
50 mg/kg pentobarbital, mice were placed in a stereotaxic
frame. A 30-gauge needle was inserted through a burr hole
on the skull into the striatum (stereotaxic coordinates;
2.3 mm lateral to the midline, 0.2 mm anterior to the bregma
and 3.5 mm depth below the skull). The ICH was induced by
injection of 0.025 U collagenase type VII (Sigma, St Louis,
MO, USA) in 0.5mL saline, at a constant rate of 0.20mL/min
with a microinfusion pump. Sham-operated mice received
injection of the same volume of saline. Body temperature
was maintained at 371C during surgery.

Am80 (0.5 or 1.5 mg/mL) was suspended in 0.5%
carboxymethyl cellulose solution and orally administered
to mice at 5 or 15 mg/kg once per day. In pretreatment
studies, animals received collagenase injection on the next
day (0900 to 1100 hours) of the first oral administration of
Am80 (1900 to 2300 hours), and then received Am80 orally
for consecutive 3 days (1900 to 2000 hours). In posttreat-
ment studies, oral administration of Am80 was first
performed 2, 6, or 24 hours after collagenase injection,
and then daily at 24-hour intervals (total three times in the
case of 2 and 6 hours posttreatment, and total twice in the
case of 24 hours posttreatment). Control animals received

oral administration of the same volume of 0.5% carbox-
ymethyl cellulose solution.

Immunohistochemistry

Three days after ICH, mice were anesthetized again with
pentobarbital and perfused transcardially with 30 mL of
ice-cold phosphate-buffered saline (PBS) followed by
30 mL of 4% paraformaldehyde. Brains were isolated and
fixed in 4% paraformaldehyde overnight and then soaked
in 15% sucrose overnight at 41C. After freezing, they were
cut into sections of 30 mm thickness, and four sections
around the injection site were collected every 120 mm and
mounted onto slides. Antigen retrieval was achieved by
soaking specimens in 10 mmol/L citric acid buffer (pH 8.5)
for 30 minutes at 801C and incubation for 1 hour at room
temperature. After rinsing with PBS containing 0.3%
Triton X-100 (tPBS), specimens were treated with tPBS
containing blocking serum for 1 hour at room temperature,
then incubated with primary antibodies overnight at 41C.
Primary antibodies were mouse anti-NeuN (1:500, Milli-
pore, Bedford, MA, USA), rabbit anti-nitrotyrosine (1:500,
Millipore), rabbit anti-heme oxygenase-1 (1:500, Assay
Designs, Ann Arbor, MI, USA), rabbit anti-RARa (1:200,
Santa Cruz Biotech., Santa Cruz, CA, USA), and rabbit anti-
RARb (1:200, Santa Cruz Biotech.). After rinsing with tPBS,
specimens were incubated with corresponding secondary
antibodies for 2 hours at room temperature. Biotinylated
goat anti-mouse IgG (1:200, Vector Laboratories, Burlin-
game, CA, USA) and biotinylated goat anti-rabbit IgG
(1:200, Vector Laboratories) were used as secondary
antibodies. Microglia/macrophages were labeled by over-
night incubation with biotinylated Griffonia simplicifolia
isolectin B4 (1:100, Vector Laboratories; Lee et al, 2006a).

After incubation with biotinylated conjugates, speci-
mens were treated with avidin–biotinylated horseradish
peroxidase complex (Vectastain Elite ABC kit, Vector
Laboratories) and then peroxidase was visualized with
diaminobenzidine and H2O2. The number of NeuN-positive
cells per 230� 340mm2 was counted at the central and the
peripheral regions of hematoma in the striatum as
described (Ohnishi et al, 2007). Here, the central region
of hematoma refers to the region adjacent to the collagenase
injection site defined by a track of cannula. The peripheral
region of hematoma means the region adjacent to the edge
of hematoma defined by low NeuN immunoreactivity. Four
coronal sections collected every 120 mm from around the
injection site in each mouse were examined for cell
counting, and the averaged number of cells from these
sections was taken as a value of each mouse. The number
of isolectin B4 binding- or HO-1-positive cells per
230� 340mm2 was counted at the peripheral region of
hematoma. Concerning isolectin B4 binding-positive cells,
only cells exhibiting morphology of activated microglia/
macrophages, such as amoeboid appearance with short and
thick processes, were incorporated in cell counting. For
nitrotyrosine immunoreactivity, threshold-based quantifi-
cation of immunopositive area was conducted with ImageJ
in a section containing a track of cannula. Nitrotyrosine-
positive area was presented as a total value obtained from
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four fields of 0.25 mm2. As this method of quantification
discards information on variable staining intensities,
integrated values of intensity of nitrotyrosine immuno-
reactivity were also obtained from the same fields, with the
use of ImageJ software.

Double fluorescence histochemistry was performed for
combinations of isolectin B4 binding with immunoreactiv-
ity against RARa, Iba1, iNOS, or HO-1. Rabbit anti-RARa
(1:200), rabbit anti-Iba1 (1:200, Wako Chemicals, Osaka,
Japan), mouse anti-iNOS (1:500, BD Transduction Labora-
tories, Franklin Lakes, NJ, USA), and rabbit anti-HO-1
(1:200) were used as primary antibodies, along with
biotinylated G. simplicifolia isolectin B4 (1:100). Alexa
Fluor 594-conjugated donkey anti-rabbit IgG(H + L) (1:500,
Molecular Probes, Eugene, OR, USA) or Alexa Fluor 594-
conjugated goat anti-mouse IgG(H + L) (1:500, Molecular
Probes), and Alexa Fluor 488-conjugated streptavidin
(1:2000, Molecular Probes) were used to detect localization.
Double immunofluorescence staining was also performed
for iNOS and myeloperoxidase, a neutrophil marker. For
myeloperoxidase immunostaining, rabbit antimyeloperox-
idase (1:500, Dako, Glostrup, Denmark) and Alexa Fluor
488-conjugated goat anti-rabbit IgG(H + L) (1:500, Molecular
Probes) were used. Confocal images were obtained with the
usage of Fluoview FV300 system (Olympus, Tokyo, Japan).

Estimation of Lesion Size

According to the procedures by Ohnishi et al (2007), the
area with low NeuN immunoreactivity in a section
containing a track of cannula for collagenase injection
was taken as an area invaded by hematoma, which was
quantified with ImageJ software.

Lesion volume was also estimated by Nissl staining with
Cresyl Violet (Wang and Dore, 2007a; Rynkowski et al,
2009) of 30-mm coronal frozen brain sections obtained every
210mm. Injured hemorrhage areas in sections spanning the
entire hematoma were measured by ImageJ software. Lesion
volume (in mm3) was determined by integration of the
injured area in each section over the section depth.

Estimation of Hemorrhage Volume

Hemorrhage volume was estimated by spectrophotometric
assay of hemoglobin content using Drabkin’s reagent
(Sigma), essentially according to the procedures described
earlier (Lee et al, 2006b). Hemispheres ipsilateral and
contralateral to the hemorrhage were harvested as separate
samples. Calibration of the blood volume was made by
addition of a defined volume of homologous blood to assay
samples. The value of hemorrhage volume was obtained by
subtracting the value of the contralateral side from that of
the ipsilateral side.

Measurement of Brain Water Content

Three days after ICH, mice were decapitated under deep
anesthesia with pentobarbital. Brain was removed from the
skull and a coronal brain slice of 4 mm thickness was
obtained 2 mm posterior from the frontal pole. The brain

slice was divided into the ipsilateral and the contralateral
sides along the midline. The cerebellum was also collected
as a control. After wet weight of the tissues was obtained,
tissues were dried at 751C for 12 hours to give the dry
weight. The water content was calculated by the following
formula: (wet weight�dry weight)/wet weight)� 100 (%).

Behavioral Tests

Sensorimoter functions were evaluated by means of beam-
walking test, rotarod test, and modified limb-placing test
at 1, 3, 7, and 14 days after surgery. These tests were
conducted by an experimenter blinded to the treatments.

In the beam-walking test, mouse was placed on a beam
(1.2 m long, 1.5 cm wide, and 50 cm high), and usage of
hindlimb during crossing the beam was analyzed on the
basis of an eight-point scale as well as a fault rate. A score
of 0 was given when mouse could not balance on the beam
( < 5 seconds); 1 was given when mouse remained on the
beam for > 5 seconds but could not cross the beam; 2 was
given when mouse could balance on the beam but not
traverse it; 3 was given when mouse traversed the beam
with the affected limb extended and not reaching the
surface of the beam, or when mouse made a turn on
the beam; 4 was given when mouse traversed the beam
with 100% footslips; 5 was given when mouse traversed
the beam with > 50% but < 100% footslips; 6 was given
when mouse traversed the beam with < 50% footslips; 7
was given when mouse traversed the beam with two or less
footslips. Performance on each day was expressed as a
summated score of three trials. Fault rate was presented as
an average of three trials.

In the rotarod test, mouse was placed on a rotarod
cylinder, and the duration for which the mouse remained
on the rotarod was recorded. The rotation speed was
slowly increased from 4 to 40 revolutions/min within a
period of 5 minutes. The trial was ended if the animal fell
off the rung or gripped the device and spun around for two
consecutive revolutions. Animals were trained for 3 days
before surgery of collagenase injection. The maximum
duration was obtained with three measurements before
ICH induction. Data are presented as percentages of the
maximal duration compared with the internal baseline
control (before ICH).

Modified limb-placing test consists of two limb-placing
tasks that assess the sensorimotor integration of the
forelimb and the hindlimb, by testing responses to tactile
and proprioceptive stimuli (Chu et al, 2004). First, mouse
was suspended 10 cm over a table, and the stretch of the
forelimbs toward the table was observed and evaluated:
normal stretch, 0 point; abnormal flexion, 1 point. Next,
the mouse was positioned along the edge of the table, and
forelimbs were placed out of the table, suspended over the
edge and allowed to move freely. Each forelimb was gently
pulled down and retrieval and placement was observed.
Finally, the mouse was placed toward the table edge to
check lateral placement of the forelimb. The three tasks
were scored in the following manner: normal performance,
0 point; performance with a delay (2 seconds) and/or
incomplete performance, 1 point; no performance,
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2 points; 7 points means maximal neurologic deficit and 0
point means normal performance.

Statistical Analysis

All data are presented as means±s.e.m. Data were
statistically analyzed by Student’s t-test for two group
comparison (data in Figures 5 and 6). If the distribution of
data points was not suitable for t-test, nonparametric
Mann–Whitney U-test was used. When data sets included
more than two groups (data in Figures 1–3), one-way
analysis of variance followed by post hoc comparisons by
Student–Newman–Keuls test was used. Behavioral data
(Figure 7) were analyzed by two-way analysis of variance
with repeated measures, followed by post hoc comparisons
with Bonferroni method. Two-tailed probability values
< 0.05 were considered significant.

Results

Oral Administration of Am80 Prevents Intracerebral
Hemorrhage-Induced Neuron Loss

Three days after induction of ICH in the striatum by
collagenase injection, brain sections were obtained
and immunostained with an antibody against a
neuronal marker NeuN. At low magnification, the
striatal region corresponding to the hematoma area
was characterized by much lower NeuN-positive
signals than the surrounding intact area (Figure 1A).
According to the procedures by Ohnishi et al (2007),
we counted the number of remaining NeuN-positive
cells at the center of hematoma (central region) and
at the region adjacent to the intact area (peripheral
region). A substantial decrease in the number of

Figure 1 Effect of Am80 on intracerebral hemorrhage (ICH)-induced neuronal damage. (A) A representative image of a NeuN-
immunostained coronal section obtained 3 days after collagenase injection. The central region and the peripheral region for cell
counts were denoted by rectangles with and without an asterisk, respectively. Scale bar = 1 mm. (B–E) Representative images of the
area corresponding to the center of hematoma in NeuN-immunostained coronal sections obtained 3 days after induction of ICH. Mice
received intrastriatal injection of saline (Sal; B) or collagenase (Col; C–E). Oral administration of vehicle (0.5% carboxymethyl
cellulose (CMC); B and C) or Am80 at indicated doses (D and E) was performed once daily for 4 days starting from the day before
induction of ICH. Scale bar = 50mm. (F and G) The number of NeuN-positive cells in the central (F) and the peripheral (G) regions of
hematoma was quantified. n = 6 to 15 for each condition. ***P < 0.001 versus sham group; ###P < 0.001 versus CMC group
(analysis of variance results: for E, F3,36 = 191.95, P < 0.0001; for F, F3,36 = 463.92, P < 0.0001).
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NeuN-positive cells was observed both in the central
and the peripheral regions of hematoma, compared
with the striatum of saline-injected control mice
(Figures 1B and 1C). When mice received daily oral
administration of 5 mg/kg Am80 for 4 consecutive
days starting from the day before collagenase injec-
tion, the decrease in the number of striatal neurons
was prevented partially but significantly (Figure 1D).
A higher dose of 15 mg/kg was also protective, but
the degree of the effect did not exceed that of the

lower dose (Figures 1E–1G). Accordingly, we used
Am80 at a dose of 5 mg/kg in all of the following
experiments. The protective effect of Am80 was also
observed in the posttreatment regimen, where mice
received daily oral administration of 5 mg/kg Am80
for 3 consecutive days starting from 2 or 6 hours after
collagenase injection (Figures 2A–2D). When the
first administration was performed 24 hours after
induction of ICH, Am80 no longer showed a
significant effect (Figures 2E and 2F).

Figure 2 Effect of posttreatment with Am80 on intracerebral hemorrhage (ICH)-induced neuronal damage. Oral administration
of vehicle (carboxymethyl cellulose, CMC) or 5 mg/kg Am80 was performed once daily, starting from 2 hours (A and B), 6 hours
(C and D), or 24 hours (E and F) after induction of ICH. The number of NeuN-positive cells in the central (A, C, E) and the peripheral
(B, D, F) regions of hematoma was assessed 3 days after induction of ICH. n = 4 to 7 for each condition. ***P < 0.001 versus sham
group; ##P < 0.01 versus CMC group; n.s., not significant (analysis of variance results: for A, F2,13 = 58.847, P < 0.0001; for B,
F2,13 = 102.40, P < 0.0001; for C, F2,13 = 54.271, P < 0.0001; for D, F2,13 = 122.18, P < 0.0001; for E, F2,14 = 178.21,
P < 0.0001; for F, F2,14 = 347.83, P < 0.0001).
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Am80 does not Affect Hematoma Expansion and Brain
Edema

To clarify whether Am80 treatment affected the
amount of bleeding and edema formation, we
measured the size of hematoma and the water
content of the brain tissue. The size of hematoma

estimated by an area with low NeuN immunoreac-
tivity (Ohnishi et al, 2007) was not different between
control mice and mice treated with 5 mg/kg Am80 for
4 days starting from the day before collagenase
injection (3.18±0.24 mm2, n = 15 and 2.92±0.26 mm2,
n = 10, respectively; P = 0.605 by Mann–Whitney
U-test). Lesion volume at 3 days after collagenase

Figure 3 Effect of Am80 on the lesion volume and the increase in brain water content at 3 days after induction of intracerebral
hemorrhage (ICH). Vehicle (carboxymethyl cellulose, CMC) or 5 mg/kg Am80 was administered orally for 4 days, once daily from the
day before ICH induction by intrastriatal injection of collagenase (Col). (A and B) Representative images of the area invaded by
hematoma in CMC-treated (A) and Am80-treated (B) mice, as revealed by Nissl staining. Scale bar = 1 mm. (C) Results of
quantification of lesion volume in CMC-treated (n = 7) and Am80-treated (n = 8) mice. n.s., not significant. (D) The region used for
the measurement of water content is shown. The black dot indicates the coordinate of collagenase injection. (E) Results of
quantification of brain water content. n = 4 to 5 for each condition. **P < 0.01; n.s., not significant.
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injection was also assessed by Nissl staining, and
obtained values were not different between control
mice and Am80-treated mice (Figures 3A and 3B;
t13 = 0.125, P = 0.903). In addition, we estimated
hemorrhage volume at 6 hours after collagenase
injection by spectrophotometrical assay of hemoglo-
bin content (Lee et al, 2006b). Again, the volume was
not different between control mice and mice treated
with 5 mg/kg Am80 (6.1±0.9 mL, n = 6 and
6.6±0.8 mL, n = 6, respectively; t10 = 0.420, P = 0.683).

Brain water content, measured at 3 days after
collagenase injection, showed a consistent increase
in the hemisphere ipisilateral to the hemorrhage,
compared with the contralateral side (analysis of
variance result: F2,11 = 11.479, P = 0.0020). Am80
treatment did not affect ICH-induced increase in
tissue water content (Figures 3D and 3E).

Retinoic Acid Receptor a Is Expressed in Activated
Microglia/Macrophages

Am80 exerts agonist activity on RARa and to a lesser
extent on RARb (Umemiya et al, 1997). Accordingly,
we performed immunohistochemical localization
of RARa and RARb in the brain after ICH. Moderate
to intense immunoreactivity against RARa was
observed in the peripheral region of hematoma,
whereas RARb immunoreactivity was not evident
in the same region (Figures 4A and 4D). Cells
immunoreactive for RARa and RARb, presumably
neurons, were also found scattered in the contral-
ateral striatum and cerebral cortex (Figures 4B, 4C,
4E, and 4F). As RARa-positive cells in the perihe-
matoma region exhibited morphologic characteristics
of activated microglia, we next performed double
staining of RARa immunoreactivity and isolectin B4

binding. As shown in Figure 4G, RARa immunor-
eactivity around the hematoma was colocalized with
isolectin B4 binding, suggesting that these immunor-
eactive cells were activated microglia/macrophages.
These cells also exhibited immunoreactivity against
Iba1, a marker of microglia/macrophages (Figure 4H).
On the other hand, we confirmed the presence of
neutrophils within the hematoma region, by myelo-
peroxidase immunohistochemistry (data not shown).
Neutrophils are another cell population positive for
isolectin B4 binding (Matsumoto et al, 2007), but they
were much smaller in cell size and could be easily
distinguished from microglia/macrophages.

Am80 Decreases Activated Microglia/Macrophages
and Areas Affected by Oxidative Stress Associated
with Intracerebral Hemorrhage

The above results suggest that Am80 could act on
activated microglia/macrophages. As microglial acti-
vation may contribute to ICH-induced tissue injury,
we examined whether Am80 had any effect on
activated microglia/macrophages. The number of
activated microglia/macrophages, identified by their
amoeboid appearance with short, thick processes as

well as by isolectin B4 binding, was significantly
decreased in mice treated with Am80 for 4 days
starting from the day before collagenase injection
(Figures 5A, 5B, and 5F; t11 = 4.486, P = 0.0009).

Activated microglia produces nitric oxide and
superoxide anion that form peroxynitrite to attack
various biomolecules (Brown and Bal-Price, 2003).
Indeed, iNOS immunoreactivity overlapped with a
subset of isolectin B4-positive cells at 3 days after
collagenase injection (Figure 5E), suggesting that
microglia/macrophages are a primary source of nitric
oxide. Neutrophils, as identified by myeloperoxidase
immunoreactivity, did not display iNOS immunor-
eactivity (data not shown). To clarify whether Am80
treatment affected the level of oxidative stress, we
examined immunoreactivity against nitrotyrosine, a
marker of peroxynitrite-mediated protein modifica-
tion. Three days after collagenase injection, intense
nitrotyrosine immunoreactivity was observed around
the hematoma in control mice (Figure 5C). Increase
in nitrotyrosine immunoreactivity was also observed
in mice treated with Am80, but immunopositive area
was significantly reduced as compared with that in
control mice (Figures 5D and 5G; t10 = 3.122,
P = 0.0108). Total intensities of nitrotyrosine immu-
noreactivity obtained by integration of staining
intensities were not different between control mice
and Am80-treated mice (in arbitrary units: (29.4±
3.3)� 105 in control mice, n = 5; (29.1±4.0)� 105 in
Am80-treated mice, n = 7; t10 = 0.039, P = 0.970).

Am80 Decreases HO-1 Expression Associated with
Intracerebral Hemorrhage

HO-1 is a stress response enzyme whose expression
is induced mainly in microglia after ICH (Koeppen
et al, 2004; Nakaso et al, 2000). Deletion of HO-1 gene
results in improved preservation of tissue integrity
after ICH (Wang and Dore, 2007a), suggesting that
changes in the level of HO-1 expression affect the
consequences of hemorrhagic injury. By double
staining of HO-1 immunoreactivity with isolectin B4

binding, we confirmed robust induction of HO-1 in
activated microglia/macrophages in the peripheral
region of hematoma at 3 days after collagenase
injection (Figure 6A). Counting of HO-1-immunoreac-
tive cells revealed that Am80 treatment significantly
decreased the number of HO-1-positive cells (Figures
6B and 6C; t11 = 7.552, P < 0.0001).

Am80 Improves Neurologic Outcome After
Intracerebral Hemorrhage

We conducted several sets of behavioral experiments
to verify whether Am80 treatment also improved
recovery from neurologic deficits. Behavioral assess-
ments were made before, and 1, 3, 7, and 14 days
after induction of ICH (Figure 7A). In the beam-
walking test, the performance score of control mice
with vehicle treatment dropped substantially after
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collagenase injection, and then gradually recovered
during the course of examination for 14 days. Am80
treatment promoted recovery of the performance

score, and difference between control mice and
Am80-treated mice reached statistical significance
(Figure 7B; main effect of treatment: F1,22 = 7.921,

Figure 4 Immunohistochemical localization of retinoic acid receptor (RAR)a and RARb at 3 days after induction of intracerebral
hemorrhage (ICH). (A–F) Shown are immunoreactivities against RARa (A–C) and RARb (D–F) in the peripheral region of hematoma
(A and D), in the contralateral striatum (B and E) and in the contralateral cerebral cortex (C and F). Scale bar = 50 mm. (G) Double
staining of isolectin B4 binding and RARa immunoreactivity in the peripheral region of hematoma. Scale bar = 20mm. (H) Double
staining of isolectin B4 binding and Iba1 immunoreactivity. Scale bar = 20mm. Reproducibility of the results shown in this figure was
confirmed in four mice.
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P = 0.0101). Foot fault rate in the beam-walking test
was also improved by Am80 treatment, and signifi-
cant difference between control and Am80 groups
was detected (Figure 7C; main effect of treatment:
F1,22 = 5.483, P = 0.0287).

In the rotarod test, induction of ICH in mice treated
with vehicle resulted in substantial disability in
performance indicated by a decrease in running
time. Am80 treatment partially but significantly
prevented the decline in performance (Figure 7D;
main effect of treatment: F1,22 = 5.013, P = 0.0356). In
the modified limb-placing test, disability in motor
performance was evident after ICH as a robust
increase in score. Am80 treatment partially pre-
vented the increase in disability score, and the effect
reached statistical significance (Figure 7E; main
effect of treatment: F1,22 = 8.583, P = 0.0078).

Discussion

Here, we demonstrated for the first time that
systemic administration of an RAR agonist prevented
neuron loss, lessened inflammatory reactions, and
ameliorated neurologic deficits resulting from ICH.
The neuroprotective effect of Am80, the RAR agonist
used in this study, was evident at 5 mg/kg per day.
This dose is comparable to the doses of Am80
previously shown to be effective in ameliorating
scopolamine-induced memory deficit in rats (5 to
15 mg/kg per day; Shudo et al, 2004) and in
alleviating experimental autoimmune encephalo-
myelitis in rats and mice (1 to 3 mg/kg per day;
Wang et al, 2000; Klemann et al, 2009). In addition,
we recently showed that oral administration of Am80
at 10 mg/kg per day prevented dopaminergic cell loss
induced by intranigral injection of lipopolysacchar-
ide in mice (Katsuki et al, 2009). Notably, Am80
could rescue neurons from hemorrhagic injury when
administered as late as 6 hours after induction of
hemorrhage, suggesting that RAR is a promising
target for emergency therapy in ICH. In this study, we
evaluated neuroprotective effect by an increase in the
number of NeuN-immunoreactive cells remaining
within the hematoma. In a strict sense, we do not
know whether these cells are really alive and how
neurons can survive under severe conditions. How-
ever, we consider it unlikely that NeuN immuno-
reactivity is retained for a long time in dead cells.
Indeed, acceleration of behavioral recovery by Am80
(as discussed below) provides another line of
evidence for neuroprotection by this compound.

In contrast to the significant neuroprotective effect,
Am80 showed no effect on hematoma expansion and
edema formation after ICH. These profiles of the
effect of Am80 are different from those of the effects
of several drugs including blood coagulation factor
VIIa (Mayer, 2007), statins (Karki et al, 2009), and
edaravone (Nakamura et al, 2008) that have been
shown to inhibit hematoma expansion and/or edema
formation. As formation of hematoma and edema
contributes to physical damage of brain tissue,
ineffectiveness of Am80 on hematoma and edema
may be relevant to the fact that the neuroprotective
effect of this compound remained partial. On the
other hand, these profiles indicate that combinations

Figure 5 Effect of Am80 on the number of microglia/macro-
phages and the level of oxidative stress at 3 days after induction
of intracerebral hemorrhage (ICH). Vehicle (carboxymethyl
cellulose, CMC) or 5 mg/kg Am80 was administered orally for
4 days, once daily from the day before ICH induction by
collagenase (Col). (A and B) Representative images of cells
positive for isolectin B4 binding in the peripheral region of
hematoma of CMC-treated (A) and Am80-treated (B) mice.
Scale bar = 50mm. (C and D) Nitrotyrosine immunoreactivity in
the brain of CMC-treated (C) and Am80-treated (D) mice. Scale
bar = 1 mm. (E) Double staining against inducible nitric oxide
synthase (iNOS) immunoreactivity and isolectin B4 binding at 3
days after collagenase injection in control mice. Arrows indicate
double-positive cells. Scale bar = 50 mm. (F) The number of
isolectin B4 binding-positive cells in CMC-treated (n = 6) and
Am80-treated (n = 7) mice. (G) Results of quantification of
nitrotyrosine-positive area in CMC-treated (n = 5) and Am80-
treated (n = 7) mice. *P < 0.05, ***P < 0.001 versus CMC
group.
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of Am80 with other drugs affecting hematoma or
edema may provide an additive or synergistic effect
on neuronal viability. This possibility deserves
further investigations.

Regulation of inflammation is a potential strategy
for ICH therapy (Wang and Dore, 2007b). Although
inflammatory processes associated with ICH may be
intimately linked to edema formation (Wasserman
and Schlichter, 2007), edema after ICH can result
from multiple mechanisms (Xi et al, 2006), and
suppression of inflammation without accompanying
inhibition of edema formation has been reported in
several cases (Ohnishi et al, 2007; Wang and Dore,
2007a). Here, the neuroprotective effect of Am80 was

likely to involve suppression of inflammatory reac-
tions after ICH. This assumption was supported by
precedent findings that retinoic acids inhibited
expression of iNOS and proinflammatory cytokines
in activated microglia in culture (Dheen et al, 2005;
Xu and Drew, 2006). Moreover, Am80 suppressed
inflammatory events associated with experimental
allergic encephalomyelitis in rats (Wang et al, 2000).
Indeed, we found in this study that isolectin B4

binding-positive cells accumulating in the perihe-
matoma region expressed RARa, suggesting that
Am80 can act on microglia/macrophages in hemor-
rhagic brain. Isolectin B4 binding can be used as a
marker of microglia/macrophages (Lee et al, 2006a)

Figure 6 Effect of Am80 on the number of HO-1-positive cells in the peripheral region of hematoma. Vehicle (carboxymethyl
cellulose, CMC) or 5 mg/kg Am80 was administered orally for 4 days, once daily from the day before intracerebral hemorrhage (ICH)
induction by collagenase (Col). (A) Double staining of isolectin B4 binding with HO-1 immunoreactivity at 3 days after ICH. Scale
bar = 50 mm. (B) HO-1 immunohistochemistry in the peripheral region of hematoma of CMC-treated and Am80-treated mice at 3
days after ICH. Scale bar = 50 mm. (C) The number of HO-1-positive cells in CMC-treated (n = 5) and Am80-treated (n = 8) mice.
***P < 0.001 versus CMC group.
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but is also known to label endothelial cells. In
this study, intense labeling with isolectin B4 was
observed in activated microglia/macrophages but not
in microglia with resting morphology. In addition,
we could distinguish microglia/macrophages from
endothelial cells or neutrophils by their morphologic
characteristics. The validity of identification of
activated microglia/macrophages by our criteria was
confirmed by examinations of immunoreactivities
against Iba1 (for microglia/macrophages) and myelo-
peroxidase (for neutrophils), although utilization of
other markers of microglia/macrophages such as
CD11b or F4/80 may be also useful. We also showed
that Am80 treatment decreased the number of
microglia/macrophages in the perihematoma region,

and also decreased the area affected by oxidative
stress as revealed by nitrotyrosine immunoreactivity.
With regard to nitrotyrosine immunoreactivity,
integrated values of staining intensity was not
different between groups, suggesting that Am80
arrested expansion, but did not affect total amount,
of oxidative stress associated with ICH. A plausible
mechanism of these effects of Am80 is suppression
of microglial proliferation. Intraperitoneal adminis-
tration of 13-cis-retinoic acid (isotretinoin) in mice
has been shown to inhibit lipopolysaccharide-
induced microglial proliferation in vivo (Shankaran
et al, 2007). If a similar mechanism of action is
involved, suppression of microglial proliferation by
Am80 can result in a decrease in the number of

Figure 7 Effect of Am80 on neurologic dysfunctions induced by intracerebral hemorrhage (ICH). (A) Schematic representation of the
experimental schedule. Vehicle (carboxymethyl cellulose, CMC) or 5 mg/kg Am80 was administered orally for 4 days as indicated.
(B and C) Performance in the beam-walking test in CMC-treated and Am80-treated mice, evaluated by performance score (B) and
foot fault rate (C). (D and E) Results of performance in the rotarod test (D) and the modified limb-placing test (E). n = 12 for each
condition. **P < 0.01, ***P < 0.001 versus Col + CMC group, by Bonferroni’s post hoc comparisons.
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microglia and in arrested distribution of oxidative
stress produced by activated microglia.

The present results on the effect of Am80 relied on
the experimental model of ICH induced by collage-
nase injection. Although this model of ICH is
generally thought to mimic human pathology in
many features, we should note that collagenase by
itself might be able to elicit inflammatory responses
(James et al, 2008; Xue and Del Bigio, 2003).
Therefore, at present we cannot exclude possible
contribution of events unrelated to hemorrhage that
result from the action of collagenase. Investigations
such as those including autologous blood model of
ICH may help further elucidation of the mechanisms
of the effect of Am80.

Another issue to be considered is a change in HO-1
expression levels. HO-1 is a stress response protein
whose expression increases after ICH. The principal
cell population expressing HO-1 is microglia at 24 to
48 hours after injection of autologous blood in rats
and rabbits (Nakaso et al, 2000; Koeppen et al, 2004)
and at 24 hours after collagenase injection in mice
(Wang and Dore, 2007a). We confirmed that HO-1
was robustly expressed in microglia/macrophages in
the perihematoma region at 3 days after collagenase
injection. In addition, we showed that Am80 treat-
ment decreased the number of HO-1-positive cells.
Importantly, Wang and Dore (2007a) have shown that
HO-1-deficient mice displayed smaller neuronal
injury, reduced microglia/macrophages activation,
and reduced free radical levels after ICH than wild-
type littermates, whereas ICH-associated edema
formation was not affected by HO-1 deficiency. Most
of these neuropathological features of HO-1-deficient
mice are consistent with those of Am80-treated
animals in this study. Therefore, the decrease in
HO-1 expression might have a fundamental function
in the effect of Am80 on ICH-induced injury.
Although the precise mechanisms of the decrease
in HO-1 expression by Am80 are unclear at present,
RARa stimulation in a mammary cell line has been
shown to suppress the activity of Nrf2 (Wang et al,
2007), a transcription factor regulating the expres-
sion of various genes including those encoding HO-1
(Syapin, 2008).

We do not exclude the possibility that direct
effects on neurons are also involved in the protective
effect of Am80, as RARs are also expressed in
neurons (Katsuki et al, 2009; Zetterstrom et al,
1999). In fact, our earlier study on midbrain slice
cultures has shown that Am80 protected dopaminer-
gic neurons from inflammatory degeneration, pre-
sumably through upregulation of brain-derived
neurotrophic factor (Katsuki et al, 2009). Whether
neurotrophin expression contributes to the protec-
tive effect of Am80 in ICH model is an interesting
point to be addressed.

We also showed that neurologic deficits after
induction of ICH were significantly attenuated by
Am80. Remarkably, administration of Am80 was
discontinued at 2 days, whereas the significant effect

of Am80 on various behavioral parameters was
observed as late as 14 days, after induction of ICH.
The results suggest that Am80 effectively inhibited
neuropathological events occurring at acute phase of
ICH, which consequently resulted in better recovery
of neurologic functions after a long period. Along
with the fact that Am80 is already available for
therapy of acute promyelocytic leukemia (Ohnishi,
2007), the present findings indicate that RAR
agonists including Am80 may constitute a novel
class of therapeutic drugs for ICH.
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