S.K. Halder et al. / Peptides 43 (2013) 68-75

7

Day 7 after retinal ischemia

Ps(pmol, i.vt.)

Veh

Control

GCL ‘.".'... - T
IPL

0
£ 1 3 10 °
Y i £
Ps (pmol; i.vt.) S
Ischemia

]
>
P

3 10

10 pm

AL TN VY

300
~ 250

1 3 10

3 10 1

Veh

°
t
s (pmol; i.vt.) S

Ischemia

Ps (pmol; i.vt.}
Ischemia

Fig. 2. Py peptide inhibits retinal ischemic damages. Ps is injected intravitreously (i.vt.) with doses of 1, 3 and 10 pmol/pl in the ipsilateral eye at 24 h after retinal ischemia.
Vehicle is treated with 0.05% DMSO0 in a similar manner. (A-D) Dose-dependent protective activity of Ps against ischemic damages. (A) H&E staining of retinal section is
performed in control (left panel), vehicle {(middle panel) and Py post-treated mice (right panel) at day 7 after retinal ischemia. (B-D) Measurement of retinal thickness (B)
as well as the a-wave (C) and b-wave (D) amplitudes of ERG analysis are performed at day 7 after retinal ischemia in control, vehicle and Py post-treated mice. The median
effective dose of Py is 8 pmol/eye for a-wave (n=10), and 4 pmol/eye for b-wave (n=10) of ERG analysis. Data are mean + 5.EM. (*P<0.05, vs. control, *P<0.05, vs. Veh) from

experiments using 5-7 mice for each group.

3.2, Pg-induced recovery of retinal ischemic damages

To examine whether Pg has in vivo protective effect against
ischemic damages, Pg was injected intravitreously (i.vt.) in the ipsi-
lateral eye with doses of 1, 3 and 10 pmol/p.l at 24 h after retinal
ischemia. The hematoxylin and eosin (H&E) staining data revealed
that number of cells in different retinal layers and retinal thick-
ness are significantly decreased in the vehicle-treated mice at day
7 after ischemia, whereas 10 pmol Pg, but not 1 and 3 pmol max-
imally and significantly blocked the cellular loss and decrease in
retinal thickness at day 7, compared tovehicle (Fig. 2A and B). The a-
and b-wave amplitudes in electroretinogram (ERG) study represent
the functional activity of photoreceptor cells in the outer nuclear
layer (ONL), and mixture of cells in different retinal layers including
bipolar, amacrine, Muller and ganglion cells, respectively [13,17].
Experiments using ERG analysis showed that a- and b-wave ampli-
tudes are significantly decreased in the vehicle-treated mice at day
7 after retinal ischemia, compared to control (Fig. 2C and D). Fol-
lowing Pg injection, amplitudes of a- and b-waves were gradually
increased in a dose-dependent manner and 10 pmol Pg induced the
maximum protective effect against ischemic damages at day 7 after
ischemia, compared to vehicle (Fig. 2C and D). The a-wave value for
naive (non-ischemia) was 94+ 6 WV (n=7), while 22 £3 uV (n=7)
for vehicle (ischemia alone). Thus, the median effective dose for
Pg to give 50 uV was 8 pmol/eye. On the other hand, b-wave val-
ues for naive (non-ischemia) and vehicle (ischemia alone) were
292+ 8wV (n=7) and 90+4 nV (n=7), respectively. In the case
of b-wave, the median effective dose for Py to give 150 .V was
4 pmol/eye.

3.3. Pg ameliorates the cerebral ischemic brain

To evaluate the Pg-induced protection against the ischemic
damages in brain, Pg was intravenously (i.v.) administered with
doses of 0.1, 0.3 and 1 mg/kg at 1h after cerebral ischemia (1h
tMCAOQ), and subsequent 2,3,5-triphenyl tetrazolium chloride (TTC)
staining and behavioral tests were performed at 24 h after the
ischemic stress. The infarct volume was calculated as the percent-
age of damaged areas in the ischemic brain on the ipsilateral side
to the contralateral side. TTC staining data showed that cerebral
ischemia causes a significant increase in ipsilateral infarct volume
in the vehicle-treated ischemic mice to 51+ 3% (n=7) of control.
Following systemic injection of Pg (1 mg/kg, i.v.), infarct volume
was maximally and significantly decreased at 24 h in the ischemic
brain treated with 0.3 or 1 mg/kg of Pg, which had been givenat 1h
after the ischemic stress (33 +£3%, n=7, and 30+ 2%, n=7, respec-
tively), compared to vehicle (Fig. 3A and B). On the other hand,
the behavioral study showed that clinical scores are significantly
increased at 24 h after ischemia in vehicle-treated mice (score:
3.5+0.5, n=6) (Fig. 3C). The systemic injection (i.v.) with 0.3 or
1 mg of Pg at 1 h after tMCAO caused the significant decline in clin-
ical scores (scores: 2.5+ 0.5, n=6,and 2.0+ 0.5, n=7, respectively),
as shown in Fig. 3C.

3.4. Blockade of cerebral ischemia-induced blood vessel damages
by Pg

To investigate whether Pg inhibits the ischemia-induced blood
vessel damages, Py was injected (1 mg/kg, i.v.) at 1 h after cerebral
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ischemia (1 h tMCAO). Following in vivo binding with biotinylated
tomato lectin, the damages of blood vessels after fixation were
evaluated by staining with Alexa Fluor 488 streptavidin at day
1 after tMCAO. When the damage was calculated as the ratio of
averaged length of blood vessels in the region of somatosensory
cortex on the ipsilateral side to the contralateral side, the cerebral
ischemia caused a significant decrease to 45 = 5% (n=6) of control.
The systemic injection of Pg (1 mg/kg, i.v.) completely prevented
the ischemia-induced damages of blood vessels (108 £ 6%, n=7),
as shown in Fig. 4A and B. Similar significant prevention by Pq
was observed in the striatum (control: 100%, n=6; ischemia alone:
47 + 4%, n=6; ischemia+Pg: 104+3%, n=7) and hippocampus
(control: 100%, n=6; ischemia alone: 34 + 5%, n=6; ischemia +Pq:
102+ 4%, n=7).

4. Discussion

The present study includes the following important find-
ings: (1) the 9-amino acid peptide Pg (amino acids 52-60)
derived from ProTa shows the full survival activity in cul-
tured neuronal cells against ischemic stress, (2) Pg significantly
ameliorates the ischemic damages in retina and brain, and (3)
Py prevents the cerebral ischemia-induced disruption of blood
vessels.

The previous in vitro investigations suggested that the action
of ProTa is related to cell survival [6,23,24,30,45,47], though
the sequence-specific diverse functions of ProTa also have been
reported [5,14,15,36,42,43]. Most recently, we demonstrated using
various deletion mutants of GST-ProTa that the active core peptide
P3g (amino acids 49-78), but not N-terminal (amino acids 2-29)
including the sequence (amino acids 1-48) or C-terminal sequence

(amino acids 79-112 and 102-112) in ProTa induces original
survival effect in cultured cortical neurons against the ischemic
stress [17]. In the present study, we firstly applied alanine scanning
technique for the determination of minimum peptide sequence
of P3p that exerts full neuroprotective effect in cultured corti-
cal neurons under ischemic (serum-free) condition. The findings
revealed that the replacement of amino acids D50 and N51 with
alanine (D50A and N51A) retains the original survival activity of
P3p in cortical neurons against the ischemic stress, whereas ala-
nine replacement of E52, V53, and E55 (E52A, V53A, and E55A)
exerted partial survival action. Interestingly, the neuroprotective
effect of P3g was significantly abolished when replaced amino acids
between E56 and G60 by alanine. However, the peptide comprised
of 54-73 amino acid residues as well as the C-terminal sequence of
P3p (amino acids 59-78) induced no neuroprotective action against
ischemic stress. Therefore, our in vitro study clarified that this 9-
amino acid peptide Pg (amino acids 52-60) represents the short
active core sequence in P3p, which is required for full-length neu-
roprotection.

Next, we performed in vivo experiments to examine the neuro-
protective effect of Py against ischemic stress in retina and brain.
Retinal ischemia is associated with injury-related mechanism-
induced destruction of cellular and functional response in the
different cell layers of retina, leading to visual disorders and
blindness [31,32]. Since retinal ischemic model provides higher
reproducibility to comprehend the pathophysiological alternation
and signaling cascades [37], this ischemic stress was used as a
simple model for screening the neuroprotective action of Py by
intravitreous administration. It is evident that ProTa improves
the ischemic damages in retina [13,47,50]. Most recently, our
in vivo study demonstrated that Psp peptide in ProTa inhibits



S.K. Halder et al. / Peptides 43 (2013) 68-75 73

A Somatosensory cortex

Day 1 after 1 h tMCAO)

Control: 0 h

Contra

e
‘@
.&. .

Ps (1 mgl/kg, i.v.)

B Length of blood vessels

% of contralateral

Control

120 -
100
80
60
40
20
0

P9 (1 mg/kg)

Day 1 after tMCAO

Fig. 4. Py prevents cerebral ischemia-induced blood vessel disruption. Py is administered (1 mg/kg, i.v.) at 1 h after cerebral ischemia (1h tMCAO). (A and B) Following
biotinylated tomato lectin injection (1 mg/ml, 100 l, i.v.) at 24 h after tMCAO, and subsequent perfusion of mice 5min after tomato lectin delivery, the staining of blood
vessels using Alexa Fluor 488 streptavidin (A) as well as measurement of the length of blood vessels (B) is performed at day 1 after the ischemic stress. Data represent the
means £ S.E.M. (*P<0.05, vs. control, *P<0.05, vs. Veh) from experiments using 5-7 mice for each group.

ischemia-induced retinal damages [17]. The present findings using
H&E staining and ERG analysis revealed that intravitreous treat-
ment with 10 pmol of Pg at 24 h after retinal ischemia markedly
rescues the ischemia-induced decrease in retinal thickness and cell
number in different layers in the retina.

Brainischemiais one of the major clinical issue that is associated
with irreversible neurological damages, along with dysfunction
of motor, sensory and cognitive systems [10,20,39,40]. There
are several reports about ProTa-induced blockade of ischemic
brain damages [12,17,48]. Following cerebral ischemia (tMCAQ),
in the present study, the experiments using TTC staining and
behavioral assessment in terms of clinical score suggested that
systemic administration of Pg (1 mg/kg, i.v.) at 1h after tMCAO

significantly improves the ischemic brain. Ischemic stress in the
brain causes adequate breakdown of blood vessels [2,19], whereas
this disruption of blood vessels is protected by P3p peptide [17].
The experiment of fluorescence staining by in vivo tomato lectin
administration showed the Pg-induced (1 mg/kg, i.v.) significant
prevention of ischemia-induced cerebral blood vessel damages at
day 1.

Itis interesting to examine the potency ratio of Pg-induced pro-
tection to P3g, which has recently been reported. In the present
retinal ischemia model, the median effective dose of Py to give
50 WV was approximately 8 pmol/eye for a-wave, and to give
150 LV was 4 pmol/eye for b-wave of ERG analysis, respectively,
while these values for Pyg were 2 and 1 pmol/eye, respectively [17],
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indicating that Pq is 4 times less potent than Psq. In the cerebral
ischemia model, on the other hand, systemic treatment (i.v.) with
0.3 or 1 mg/kg of P3p causes markedly decrease in infarct volume
at 24 h after the ischemic stress (33 = 3% and 30 & 2%, respectively),
compared to ischemia alone (52 +3%), suggesting that the value
with 0.3 mg/kg (approximately 0.3 wmol/kg) of Pg is equivalent to
that with 0.3 mg/kg (~0.1 wmol/kg) of P3p. Regarding the clinical
score, the value (score: 2.0 + 0.5) with 1 mg/kg (~1.0 wmol/kg) of P
is equivalent to that (score: 2.0+ 0.5) with 1 mg/kg (~0.3 wmol/kg)
of P3g [17] indicating that Pg is 3 times less potent than P3p in cere-
bral ischemia-induced infarction and clinical score. All together,
it is evident that the relative potencies of Pg to P3g in preven-
tion of retinal and brain damages seem to be similar, though the
administration routes are different (local/intravitreous and sys-
temic/intravenous, respectively). Cerebral ischemic stress disrupts
the blood-brain barrier (BBB) [26,35], but we previously found that
ProTa through intraperitoneal (i.p.) route is penetrated into the
damaged regions in cerebral and retinal ischemia models [12,13].
It is considered that smaller peptides are generally preferable in
BBB-penetration, while at the same time they are more susceptible
to enzymatic degradation [22,38]. Thus, similar relative potency of
Pg and P3q in the present study may be a result of these opposite
factors. The present study suggests that Pg would be a promis-
ing prototype of small peptides to prevent the stroke. However,
much more detailed studies should be performed prior to the future
studies of peptide modification. They include (1) the quantitative
beneficial actions in cultured neuronal cell death, and its mecha-
nisms, (2)differentadministration schedules in vivo, (3) assessment
studies of BBB-penetration and metabolic stability. All these studies
are in progress in our group.

In conclusion, ProTa-derived 9-amino acid peptide Pg induced
potent actions against the cerebral and retinal ischemic damages.
Thus, the present study would be a key demonstration to develop
a new type of peptidic medicines against stroke.
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Abstract Prothymosin alpha (ProTe) is an acidic nuclear
protein implicated in several cellular functions including
cell survival. ProT« is found in the central nervous system,
but the regional and cell type-specific expression patterns
are not known. In this study, our immunohistochemical
analysis demonstrated that ProTu is expressed ubiquitously
throughout adult brain with difference in the intensity of
region-specific protein reactivity. Interestingly, the highest
ProTeo signals were observed in the brain regions relevant to
neurogenesis, such as sub-ventricular zone, granular cell
layer of dentate gyrus, as well as granule cell layer of
olfactory bulb. Strong immunoreactivity was also found in
habenula, ependymal cells lining the dorsal third and fourth
ventricle, and in neurons in the Purkinje cell layer of cer-
ebellum. We showed that ProT« was strictly localized in the
nuclei of neurons, while it was found in the cytosolic space
of astroglial and microglial processes and cell body in the
adult brain. To clarify the phenomenon underlying cytosolic
localization of ProTe in non-neuronal cells, ZVAD-fmk, a
caspase-3 inhibitor, was delivered intracerebroventricularly
in the brain. At the follow-up 24 h after ZVAD-fmk
injection, we found that nuclear intensity of ProTu« was
significantly increased in astrocytes, whereas the ProTux
expression was not affected in microglia. The present study
would contribute toward better understanding of physio-
logical and pathophysiological roles of ProTe in the brain.
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Abbreviations

ProTo Prothymosin alpha

SVZ Sub-ventricular zone

LV Lateral ventricle

3V Third ventricle

4V Fourth ventricle

CA Cornu ammonis

Str rad Stratum radiatum

DG Dentate gyrus

GCL Granular cell layer

1ic.¥V. Intracerebroventricular
Z-VAD-fmk Z-Val-Ala-Asp fluoromethyl ketone
DAB 3,3’-diaminobenzidine tetrahydrochloride
Amyg Amygdala

Introduction

Prothymosin alpha (ProTx) is a small (12.6 kDa), nuclear
protein that belongs to alpha-thymosin family, and widely
distributed in variety of tissues, such as thymus, spleen,
lung, kidney, liver, and brain (Haritos et al. 1984; Pineiro
et al. 2000). ProTe, a signal peptide-deficient protein, is
associated with cell functions, such as proliferation, divi-
sion, and survival in various cells (Karapetian et al. 2005;
Letsas and Frangou-Lazaridis 2006; Jiang et al. 2003;
Gomez-Marquez 2007; Ueda 2008), and with genomic
actions such as binding to linker histone H1, DNA pack-
aging (Papamarcaki and Tsolas 1994; Diaz-Jullien et al.
1996; George and Brown 2010), chromatin remodeling
(Gomez-Marquez 2007), and regulation of transcription
(Martini et al. 2000); Karetsou et al. 2002). In addition to
these intracellular functions, there are also several reports
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about the immunoregulatory role of extracellular ProTeo,
such as activation of major histocompatibility complex
(MHC) expression (Baxevanis et al. 1992), induction of
antitumor and antiviral activity (Garbin et al. 1997,
Mosoian et al. 2006), activation of immune cells, and
cytokine production (Pineiro et al. 2000; Skopeliti et al.
2007). There is an interesting report that ProT« induces an
immunosuppressive activity against viral infection through
the activation of Toll-like receptor-4 (Mosoian et al. 2010).
Although ProTa has been detected in mammalian tissues,
very little is known about cellular and biological roles of
ProTe« in the nervous system. Recently, ProTa has been
identified as a unique cell death regulatory molecule in that
it converts the intractable cell death necrosis into the
controllable apoptosis, which is in turn inhibited by brain-
derived neurotrophic factor/BDNF (Ueda et al. 2007). In
addition, the administration of ProTw also inhibited the
cerebral and retinal ischemia-induced necrosis as well as
apoptosis through up-regulation of BDNF or erythropoie-
tin/EPO (Ueda 2009; Fujita et al. 2009; Ueda et al. 2010).
The most recent investigation demonstrate that ProTz is
localized in the nuclei of cultured cortical neurons and
astrocytes (Matsunaga and Ueda 2010). However, the
pattern of ProTo expression in cells in the central nervous
system is yet unknown. In this study, we attempted to see
the regional distribution and cell type-specific subcellular
localization of ProTo in mouse brain.

Materials and Methods
Animals

Male MP-BL mice weighing 20-25 g were used for all the
experiments. Mice were kept in a room maintained at
constant temperature (21 & 2°C) and relative humidity
(55 £ 5%) with an automatic 12 h light/dark cycle with
free access to standard laboratory diet and tap water. All
the procedures were formally approved by Nagasaki Uni-
versity Animal Care Committee.

Drug Treatments

Z-Val-Ala-Asp fluoromethyl ketone (Z-VAD-fmk) was
purchased from Sigma-Aldrich, St. Louis, USA. Z-VAD-
fmk was dissolved in dimethyl sulfoxide (DMSO)
and finally diluted in artificial cerebrospinal fluid (ACSF).
Z-VAD-fmk was delivered intracerebroventricularly (i.c.v.)
at a dose of 1 pg/5 pl in the mouse brain using Hamilton
syringe. Control mice were treated with equal volume of
ACSF in a same manner. Mice were sacrificed at 3 and 24 h
after injection.

@ Springer

Tissue Preparations

Mice were deeply anesthetized with sodium pentobarbital
(50 mg/kg) and perfused transcardially with 0.1 M
potassium-free phosphate buffered saline (K*-free PBS,
pH 7.4) followed by 4% paraformaldehyde (PFA) in 0.1
M K*-free PBS. Brain was then quickly removed and post-
fixed in 4% PFA for 3 h, and immediately transferred to
25% sucrose solution (in 0.1 M K*-free PBS) overnight
for cryoprotection. Brain was frozen in cryoembedding
compound, and the coronal brain sections were prepared at
30-um thickness by cryostat for immunohistochemical
analysis.

Characterization of Anti-ProTe Antibody

Anti-ProTe antibody (mouse monoclonal IgG 2F11; Enzo
Life Sciences Int., PA, USA) recognizes N-terminal region
of ProTu« spanning amino acids 1-31. Immunohisto-
chemical analysis was used for the characterization of
anti-ProTe antibody against ProTa in mouse brain. The
isolation and purification of recombinant ProT« used in this
experiment were performed following the protocol as
described previously (Fujita et al. 2009). To confirm that
the immunoreactivity of ProTx is specific, another set of
experiments using anti-ProTo IgG primary antibody pre-
absorbed with purified mouse recombinant ProTz (rProTz)
for 30 min (10:1 rProTea:anti-ProTe IgG [w/w]; antibody
dilution 1:1,000 in 1% blocking buffer) was performed.
Then, fluorescent immunostaining was performed by
incubating brain coronal sections with preabsorbed anti-
ProTeo antibody. For control, brain sections were incubated
with anti-ProTo IgG primary antibody (1:1,000; Enzo Life
Sciences Int., PA, USA).

Immunohistochemical Analysis

To perform 3,3'-diaminobenzidine tetrahydrochloride
(DAB) immunostaining, the floating coronal brain sections
were incubated with 1% H,0, solution for 30 min and
washed with 0.1% Triton X-100 in phosphate-buffered
saline (PBST). The sections were incubated with blocking
buffer containing 2% BSA in PBST and goat antiserum to
mouse [gG (1:50; Cappel laboratories, PA, USA). Sections
were then incubated with anti-ProTa IgG primary anti-
bodies (1:1,000; mouse monoclonal IgG 2F11; Enzo Life
Sciences Int., PA, USA) in 1% blocking buffer overnight at
4°C. Then, the sections were incubated with biotin-conju-
gated secondary antibody (1:500; goat polyclonal anti-
mouse [gG, Invitrogen, CA, USA) and subsequently treated
with avidin—-biotin peroxidase solution (ABC kit, Vectastain
Vector, USA). ProTe reactivity was visualized by incuba-
tion with a solution containing 0.02% DAB (Dojindo,
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Kumamoto, Japan), 0.005% H,0, (WAKO, Japan) in
0.05 M Tris—HCI1 buffer (pH 7.6), 1% cobalt chloride
(CoCl,), and nickel sulfate 1% NiSO, solution (Sigma-
Aldrich, St. Louis, USA). Coronal brain sections were
dehydrated through a series of ethanol solutions, xylene,
and cover-slipped with Permount (Fisher Scientific, Wal-
tham, MA, USA). Immunoreactivity of ProTa-positive cells
(black reaction products) was analyzed using BZ Image
Measurement Software (Keyence, Tokyo, Japan). For
fluorescence immunostaining, coronal brain sections were
washed with K*-free PBS and incubated with 50% meth-
anol followed by 100% methanol for 10 min. Samples were
pretreated with blocking buffer containing 2% BSA in 0.1%
PBST and incubated overnight at 4°C with following pri-
mary antibodies: anti-MAP2 (1:500, rabbit polyclonal
antibody, Chemicon, CA, USA); anti-GFAP (1:500, rabbit
polyclonal antibody, Dako, Denmark); and anti-Ibal
(1:1,000, rabbit polyclonal antibody, WAKO, Japan); anti-
ProT« IgG (1:1,000; mouse monoclonal IgG 2F11; Enzo
Life Sciences Int., PA, USA). Brain sections were then
incubated with FITC-conjugated Alexa Fluor 594-conju-
gated anti-rabbit IgG and Alexa Fluor 488-conjugated anti-
mouse [gG secondary antibodies (1:300; Molecular Probes,
CA, USA). The nuclei were visualized through Hoechst
33342 (1:10,000, Molecular Probes, CA, USA). Samples
were then washed thoroughly with PBS, cover-slipped with
Perma Fluor (Thermo Shandon, Pittsburgh, PA, USA), and
examined under a confocal microscope imaging system
(Axiovert 200 M, Scan module: LSM 5 PASCAL; Carl
Zeiss Microlmaging, Inc.) with image browser software
(Carl Zeiss Microlmaging, Inc.), and also with BZ Tmage
Measurement Software (Keyence, Tokyo, Japan). For
image preparation, immunohistochemical images were
adjusted when necessary for contrast and brightness using
Adobe Photoshop (San Jose, CA, USA).

Results
Regional Distribution of ProTx in Brain

The diaminobenzidine (DAB) immunohistochemical anal-
ysis using mouse brain coronal sections show that ProTx
is expressed ubiquitously throughout the mouse brain
(Fig. 1a—d). The strength of ProT2 immunoreactivity was
different in the several regions of hippocampus (Fig. le).
Highly magnifying observation of hippocampal section
revealed that the signals in the pyramidal neuronal cell
layer of cornu ammonis (CA1-3) were stronger than in
cells in the stratum radiatum and stratum oriens (Fig. 1f).
Among the regions of hippocampus, the highest ProTx
signals were observed in neurons of granular cell layer in
dentate gyrus, the popular zone of neurogenesis (Fig. 1g).

Similar strong immunoreactivity was found in the sub-
ventricular zone (SVZ), few cells in the striatum close to
SVZ (Fig. 1h), and in some cells in the granule cell layer
(GC) of olfactory bulb (Fig. 1i). Stronger signals were also
observed in the ependymal cell layer lining the lateral
ventricle, a part of SVZ (Fig. 1h), and in the ependymal
cell lining the fourth ventricle of cerebellum (Fig. 1j),
whereas relatively weaker signals in peri-ventricular
nucleus were observed in the hypothalamus (Fig. 1k).

In addition, we found strong signals in the choroids
plexus (CP), ependymal cell layer lining the dorsal third
ventricle (3DV), and habenula (Fig. 11, m). Most interest-
ingly, the strongest signals were observed in neurons in
Purkinje cell layer in cerebellum (Fig. 1n).

Cell type-Specific Subcellular Localization of ProTxz

To examine the cell type-specific expression of ProTz in
mouse brain, fluorescent immunostaining of brain coronal
sections was performed with antibodies against ProTo and
specific cell markers, such as MAP2 for neurons, GFAP for
astrocytes, and Iba-1 for microglia. Our triple immuno-
staining data revealed that ProTx was expressed and
strictly localized in the nuclei of MAP2-positive neurons in
CA1l pyramidal neuronal cell layer of hippocampus
(Fig. 2a). On the other hand, ProTo immunoreactivity was
also observed in both GFAP-positive astrocytes and Iba-1-
positive microglia in the stratum radiatum of hippocampus
(Fig. 2b, c, respectively). Interestingly, we found that
ProTo signal was localized in both cytosolic space of as-
troglial and microglial processes and cell body in the adult
brain. Similar expressions and subcellular localizations
were observed in neurons (Fig. 3a, b), astrocytes (Fig. 3c,
d) and microglia (Fig. 3e, f) in the striatum, and cortex of
brain.

In order to make sure that the signal was specific for
ProTu, antibody (mouse monoclonal anti-ProTe IgG, 2F11,
Enzo Life Sciences Int., PA, USA) was pretreated with
recombinant ProTo for 30 min, and subsequent immuno-
staining of brain coronal sections was performed. This
antibody has been reported to bind to the N-terminal region
of ProT« spanning amino acids 1-31. Our findings showed
that the addition of recombinant ProT« in antibody com-
pletely abolished the ProTe signal in MAP-2-positive
neurons (Fig. 2d), GFAP-positive astrocytes (Fig. 2e), and
Iba-1-positive microglia (Fig. 2f).

Caspase-3 Inhibitor Redistributes ProTa in Astrocytes
Our previous study reported that caspase-3 activation
cleaved off the nuclear localization signal of ProT« in

astrocytes and released it from the nucleus (Matsunaga and
Ueda 2010). In addition, as adult astrocytes are known to
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Fig. 1 Regional distribution of ProTa in the adult mouse brain, a—
n DAB immunohistochemical analysis of coronal brain sections was
performed, and ProTa immunoreactivity was observed using antibody
against ProTx in brain. a—d Low magnification views of coronal
sections show the general immunoreactivity of ProT« in the brain.
DAB immunostaining data show the ProTx signals in the various
regions of hippocampus (e) including cornu ammonis (CA1-3),
stratum radiatum and stratum oriens (f) and dentate gyrus (g). ProTx
signals are also found in sub-ventricular zone (SVZ) of the lateral

have caspase-3 activity in the nucleus (Duran-Vilaregut
et al. 2010); we attempted to see whether this protease
inhibitor might redistribute ProTxz. When Z-VAD-fmk, a
caspase-3 inhibitor, was administered (i.c.v.) in brain and
triple immunostaining performed at 3 and 24 h after
injection, nuclear ProTx intensity was significantly
increased in the nucleus of astrocytes in the stratum radi-
atum of hippocampus at 3 h (data are not shown) to 24 h
(Fig. 4b), as compared to the control (Fig. 4a). On the
other hand, no change in ProTx localization was observed
in microglia at the same period after injection (Fig. 4c, d).

Discussion

In this study, we demonstrated that ProTo is expressed
ubiquitously, but its regional expression varied throughout
the adult mouse brain. Higher expression was found in
dentate gyrus of hippocampus, SVZ of lateral ventricle and
olfactory bulb, the regions which have been described as
the popular areas for neurogenesis (Hack et al. 2005; Gould

_@ Springer

ventricle (LV) and in some cells in the striatum close to the SVZ (h),
granule cell layer (GC) of olfactory bulb (i), ependymal cell layer
lining the fourth ventricle (j), periventricular nucleus (Pe) in
hypothalamus (k), choroids plexus (CP) and ependymal cells lining
dorsal third ventricle (1), habenula (1, m), and in purkinje cell layer in
cerebellum (n). In figures f~n, the arrowhead points indicate the
higher intensity of ProTa reactivity in brain. Scale bars a, e,
1200 pm, b, ¢ 300 pm, d 400 pm, =k, m, n 30 um

2007; Zhao et al. 2008; Jin et al. 2010). ProTx expression
was relatively higher in the granular cell layer (GCL) of
dentate gyrus than the molecular layer. In the SVZ, more
intense expression was found in the ependymal cell layer.
It should be noted that some cells in the striatum close to
the SVZ and in the granule cell layer of olfactory bulb also
express intense signals. Taking it into consideration that
GCL is the major locus for adult neurogenesis and newly
born neurons in the adult SVZ migrate tangentially along
the rostral migratory stream (RMS) to olfactory bulb (Brill
et al. 2009) and also in the striatum (Ninomiya et al. 2006),
it may be speculated that ProT« expression is related to the
neurogenesis. However, ProTa expression is also high in
the ependymal cells lining the fourth ventricle, where
cerebrospinal fluid is produced, but little is known of the
relationship of this region to neurogenesis. It is unlikely
that the signals in ependymal cells at the edge of ventricle
are caused by non-specific staining, since no prominent
signals are found in the similar region at the third ventricle.

Higher expression was also observed in choroid plexus,
habenula, and Purkinje cell layers of cerebellum. Choroid
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Fig. 2 Cell type-specific sub-cellular localization of ProTux.
a—¢ Triple immunofluorescence staining was performed using brain
coronal sections. Immunostaining data indicate that ProTw is localized
in nucleus in the CA1 pyramidal cell layer neurons indicated by dot
lines in the hippocampus (a MAP-2, red; ProTx, green; Hoechst,
blue). ProTu is localized both in cytosolic space of processes and cell
body in astrocytes (b GFAP, red; ProTu, green; Hoechst, blue) and
microglia (c Iba-1, red; ProTx, green; Hoechst, blue) in the stratum

plexus is mainly involved in the production of cerebro-
spinal fluid (CSF) and in a variety of neurological disorders
(Wolburg and Paulus 2009; Wrede et al. 2009). Recently,
habenula has attracted a great deal of attention for its
prominent role in the regulation of dopamine and serotonin
systems in terms of depression, anxiety, sleep mode, and

Hoechst

G +rProTa § Anti-ProaTalegG +rProTa

radiatum of hippocampus. Insets in a—¢ indicate the high-magnifica-
tion view of ProTxz localization noted by squares. For antibody
characterization, anti-ProTx IgG was pretreated with recombinant
ProTz (rProTz) for 30 min, and subsequent double immunostaining
of brain coronal sections was performed. Addition of recombinant
ProTz in the antibody completely abolished the ProTx signal in
MAP-2-positive neurons (d), GFAP-positive astrocytes (e), and
Iba-1-positive microglia (f). Scale bars a—c 30 pm

extrapyramidal motor functions (Lecourtier et al. 2006;
Hikosaka 2010). As depression is associated with cell death
(Arantes-Goncalves and Coelho 2006; McKernan et al.
2009) and ProTw is a potent neuroprotective protein (Ueda
et al. 2007), the role of ProTu in the habenula may be
an intriguing subject in the phenotypic analysis of
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Fig. 3 Cell type-specific sub-cellular localization of ProTe in the
striatum and cortex. Triple fluorescence staining of brain coronal
indicates that ProTe was localized in nucleus in striatal (a MAP-2,
red; ProTa, green: Hoechst, blue) and cortical neurons (b). ProTe is
localized both in cytosolic space of processes and cell body in

ProTe-related transgenic mice. Most interestingly, stronger
ProTu signals that were found in neurons in Purkinje cell
layer of cerebellum play an important role in movement,
posture, and cognitive functions (Jorntell and Hansel 2006;
Iscru et al. 2009). In this study we successfully demon-
strated the cell type-specific sub-cellular localization of
ProTe in adult brain. Detailed immunohistochemical find-
ings revealed that ProTa was strictly confined in the nuclei
of neuronal cells, whereas the expression was observed in
the cytosolic space of astroglial and microglial processes
and cell body in the adult brain. Several investigations
demonstrated that ProTx binds to partner histone H1 in the
nuclei and helps in DNA packaging (Papamarcaki and
Tsolas 1994; Diaz-Jullien et al. 1996; George and Brown
2010), participates in chromatin remodeling (Gomez-
Marquez and Rodriguez 1998), and regulates gene tran-
scription (Trumbore and Berger 2000; karetsou et al.
2002). Tt is evident that ProTe regulates transcriptional
activity of the estrogen receptor by sequestering repressor
from the estrogen receptor complex (Martini et al. 2000).
Therefore, it is suggested that nuclear ProTz may play
roles in epigenetic regulation in neurons. In addition to
such nuclear functions, ProTa has various putative func-
tions in the cytosol space (Jiang et al. 2003; Karapetian
et al. 2005). There is a challenging investigation about
ProTa-mediated inhibition of translation by regulating the
phosphorylation of eukaryotic elongation factor 2 during
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astrocytes in the striatum (¢ GFAP, red; ProTu, green; Hoechst, blue)
and cortex (d). The expression of ProTx in the striatal (e Iba-1, red:
ProTu, green; Hoechst, blue) and cortical microglia (f). Insets in a—
f indicate the high-magnification view of ProTa localization noted by
squares. Scale bars 30 pm

mitotic cell division (Vega et al. 1998; Enkemann et al.
1999). ProTz protects cells from oxidative stress through
the dissociation of the intranuclear Nrf2-Keapl complex
and facilitates expression of oxidative stress-protecting
genes (Karapetian et al. 2005). It has also been hypothe-
sized that ProTx prevents cells from apoptosis through the
inhibition of apoptosome formation (Jiang et al. 2003; Letsas
and Frangou-Lazaridis 2006). The cytosol expression of
ProTu in glial cells may be related to the fact that glial cells
have more resistance to cell death stress than neurons.
Recent in vitro study has postulated that ProTux is
localized in the nuclei of primary culture of rat embryonic
astrocytes (Matsunaga and Ueda 2010). This finding
revealed a discrepancy from the present study, in which
ProT« is found in both cytosol and nucleus of astrocytes.
There are several reports hypothesizing that the fragmen-
tation of ProTa was mediated by caspase-3 enzyme at
C-terminal side located within the spacer region bipartite
nuclear localization signal (NLS) in ProTz (Rubtsov et al.
1997; Enkemann et al. 2000; Matsunaga and Ueda 2010). Tt
has recently been described that active caspase-3 is present
in the nuclei of astrocytes in normal brain (Duran-Vilaregut
et al. 2010). Based on these findings, we attempted to see
effects of ZVAD-fmk, a caspase-3 inhibitor, and found that
nuclear localization of ProTa was significantly increased at
3-24 h in astrocytes after i.c.v administration. Therefore, it
is supposed that the C-terminal part possessing NLS of
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Fig. 4 Redistribution of ProTa by caspase-3 inhibitor treatment in
astrocytes. ZVAD-fmk, a caspase-3 inhibitor, was injected intracer-
ebroventricularly (i.c.v.) in mice brain, and ProTz immunostaining
was performed at 24 h after treatment. Nuclear intensity of ProT« was
significantly increased in astrocytes (b GFAP, red; ProTea, green;
Hoechst, blue) in the stratum radiatum of hippocampus at 24 h after

ProTo may be cleaved by active caspase-3 in adult astro-
cytes of normal brain. Similarly, ProTx expression was also
observed in both cytosol and nucleus in microglia. How-
ever, the expression pattern of ProTu in microglia was
unchanged in the ZVAD-fmk-treated brain, though detailed
mechanisms underlying this discrepancy in subcellular
localization among neurons, astrocytes, and microglia
would become the subject of future research. Taken toge-
ther, the present findings encourage us to investigate the
possible intracellular roles of cytosolic ProTz in astrocytes
and microglia.

In conclusion, our study demonstrates that ProTz is
expressed ubiquitously throughout the adult brain. There
are very strong signals observed in some regions, espe-
cially in the neurogenesis-related zones in brain. The pat-
tern of ProTx localization in neurons was completely

Z-VAD-fmk

Control

Strrad Str rad

Hoechst

injection compared to the control (a), but there was no change in
ProTx signals in microglia (d Iba-1, red; ProTx, green; Hoechst blue),
compared to the control (e). Insets in a-d indicate the high-
magnification view of ProTx localization denoted by squares. Scale
bars 30 pm

different from that in astrocytes or microglia in the adult
brain. Our demonstration would contribute to further
understanding of the physiological and pathophysiological
roles of ProTx in the brain.
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Abstract

Prothymosin alpha (ProTa), a nuclear protein devoid of signal
sequence, has been shown to possess a number of cellular
functions including cell survival. Most recently, we demon-
strated that ProTa is localized in the nuclei of neurons, while it
is found in both nuclei and cytoplasm in the astrocytes and
microglia of adult brain. However, the cell type-specific non-
classical release of ProTa under cerebral ischemia is yet
unknown. In this study, we report that ProTa is non-classically
released along with S100A13 from neurons in the hippocam-
pus, striatum and somatosensory cortex at 3 h after cerebral
ischemia, but amlexanox (an anti-allergic compound) rever-
sibly blocks this neuronal ProTa release. We found that none
of ProTa is released from astrocytes and microglia under

The ischemia in the central nervous system is a complex
pathophysiological condition, in which neuronal necrosis in
the ischemic core causes progressive secretion of cytotoxic
mediators, which in turns further cause extended neuronal
death (Danton and Dietrich 2003; Swanson er al. 2004; Ueda
2009; Niizuma et al. 2010; Zhao and Rampe 2010). A wide
variety of intracellular molecules termed as damage-associ-
ated molecular patterns (DAMPs) are secreted into the
extracellular environment upon necrotic/ischemic stress and
play key roles in such deterioration of cellular damages
(Rubartelli and Lotze 2007; Kono and Rock 2008; Chen and
Nunez 2010; Schmidt and Tuder 2010; Zitvogel et al. 2010;
Pisetsky 2011). Among these molecules, high mobility group
box-1 (HMGB-1) is a representative DAMPs protein, which is
extracellularly released from the nuclei of neurons upon
ischemic damages (Lotze and Tracey 2005; Liu er al. 2007,
Muhammad et al. 2008; Qiu et al. 2008; Sims et al. 2010;
Yang et al. 2010; Zhang et al. 2011). However, there is also a
case that neuroprotective molecule, such as prothymosin

© 2012 The Authors

ischemic stress. Indeed, ProTx intensity is increased grad-
ually in astrocytes and microglia through 24 h after the
cerebral ischemia. Interestingly, Z-Val-Ala-Asp fluoromethyl
ketone, a caspase 3 inhibitor, pre-treatment induces ProTo
release from astrocytes in the ischemic brain, but this release
is reversibly blocked by amlexanox. However, Z-Val-Ala-Asp
fluoromethyl ketone as well as amlexanox has no effect on
ProT« distribution in microglia upon cerebral ischemia. Taken
together, these results suggest that only neurons have
machineries to release ProTa upon cerebral ischemic stress
in vivo.

Keywords: apoptosis, cerebral ischemia, necrosis, neuro-
protective DAMPs, non-classical release, S100A13.

J. Neurochem. (2012) 123, 262-275.

alpha (ProTa), is released into the extracellular milieu upon
ischemic/necrotic stress in culture experiments (Ueda and
Fujita 2004; Fujita and Ueda 2007; Ueda et al. 2007, 2010;
Fujita et al. 2009; Ueda 2009). In this sense, ProTa may be
called as a new member of cytoprotective DAMPs molecules.

ProTx is a nuclear protein and functionally implicated with
cellular proliferation and survival (Pineiro er al. 2000; Jiang
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et al. 2003; Gomez-Marquez 2007; Ueda 2009), chromatin
remodeling (Gomez-Marquez and Rbdriguez 1998), DNA
packaging (Diaz-Jullien et al. 1996; George and Brown 2010),
and regulation of transcription (Martini et al. 2000; Karetsou
et al. 2002). In addition to this, extracellular roles of ProTu
have also been reported (Baxevanis er al. 1992; Garbin er al.
1997; Mosoian er al. 2006). There is an exciting report about
the involvement of Toll-like receptor-4 in ProTo-induced
immunoprotection against virus (Mosoian et al. 2010). The
recent in vitro investigations described that ProTa is localized
in nuclei of both cultured cortical neurons and embryonic
astrocytes, and that is extracellularly released from these cells
upon ischemic stress (Matsunaga and Ueda 2010). The mode
of ischemia-induced non-classical release of ProTo was
characterized in the experiments using C6 astroglioma cells
in vitro (Matsunaga and Ueda 2010). This study explained that
ProTa is first diffused from the nucleus to cytosol, and in turn
immediately co-released to the extracellular space with
S100A13 (a Ca’*-binding cargo protein) and this release is
reversibly blocked by amlexanox, an anti-allergic drug.

Most recently, we demonstrated that ProTo is strictly
localized in the nucleus of adult brain neurons, whereas it is
expressed both in the cell body and cytosolic space of
processes in the astrocytes and microglia, an indication of big
difference between in vitro and in vive studies in terms of
ProTa localization in astrocytes (Matsunaga and Ueda 2010,
Halder and Ueda 2012). Interestingly, nuclear ProTo intensity
was drastically increased in astrocytes by diminishing cyto-
solic contents, but not in microglia after the pre-treatment with
Z-Val-Ala-Asp fluoromethyl ketone (Z-VAD-fmk), a caspase
3 inhibitor (Halder and Ueda 2012). The existence of caspase 3
activity in astrocytes in the adult brain as well as the caspase
3-mediated ProTo fragmentation in vitro has been reported
previously (Enkemann et al. 2000; Evatafieva er al. 2003;
Duran-Vilaregut ef al. 2010; Matsunaga and Ueda 2010).
Taken together, these studies suggested that caspase 3 controls
the distribution of astroglial ProT% in the brain. However, the
ischemia-induced ProTo release from brain is still under
investigation. In the present study, we firstly attempted to see
the cell type-specific non-classical release of ProTx as well as
the effect of amlexanox on ProT distribution in brain after
cerebral ischemia.

Materials and methods

Middle cerebral artery occlusion mouse model

The transient middle cerebral artery occlusion (IMCAQO) model was
induced following the method as described previously (Egashira
et al. 2004). Briefly, mice were anesthetized by 2% isoflurane
(Mylan, Tokyo, Japan), and body temperature was monitored and
maintained at 37°C during surgery. After a midline neck incision,
the middle cerebral artery was occluded transiently using 8-0 in size
monofilament nylon surgical suture (Natsume Co. Lid., Tokyo,
Japan) coated with silicon (Xantopren; Bayer dental, Osaka, Japan)
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that was inserted through the left common carotid artery and
advanced into the left internal carotid artery. Following 1 h tMCAO,
the animals were briefly re-anesthetized with isoflurane and the
monofilament was withdrawn for reperfusion studies. As the silicon-
coated nylon suture also plugs the branch from middle cerebral
artery to supply blood to hippocampus in mice, due to small brain
size, the ischemia-induced brain damages are also observed in the
hippocampus. Cerebral blood flow was monitored by laser Doppler
flowmeter (ALF21; Advance Co., Tokyo, Japan) using a probe
(diameter 0.5 mm) of a laser Doppler flowmeter (ALF2100;
Advance Co.) inserted into the left stiatum (anterior: 20.5 mm;
lateral: 1.8 mm from bregma: depth: 4.2 mm from the skull surface)
through a guide cannula.

Drug treatment

Amlexanox (kindly provided by Takeda Pharmaceutical Company
Ltd, Osaka, Japan) was dissolved in 0.05 N NaOH in phosphate
buffered saline [K™ free phosphate-buffered saline (PBS), pH 7.4],
adjusted pH 7.6 by 0.1 M H5PO,, and finally diluted in PBS. Using
Hamilton syringe, amlexanox was injected intracerebroventricularly
(i.c.v.) at a dose of 10 pg/5 pL in the brain 30 min before ischemia.
Vehicle was treated with equal volume of solution containing
0.05 N NaOH and 0.1 M H3PO, in PBS 30 min before ischemia in
a similar manner. However, Z-VAD-fmk was purchased from
Sigma-Aldrich, St Louis, MO, USA and dissolved in dimethyl
sulfoxide and finally diluted in artificial CSF, Z-VAD-fmk was
delivered i.c.v. at a dose of 1 pg/5 pL in the brain 30 min before
ischemia (1 h tMCAOQ). Following similar way, vehicle was treated
with equal volume of artificial CSF in the brain 30 min before
cerebral ischemia.

Cell counting

Measurements of ProTa- and S100A13-positive cells in the brain
were done using the BZ Image Measurement software. Briefly. cell
counts were carried out in bright field images following the protocol
as reported previously (Matsumoto ef al. 2006). The number of
ProTa- and S100A13-positive neurons, astrocytes and microglia in
the somatosensory cortex of brain were stereologically counted
(bregma 0.62 to -2.06) in the square fields (approximately
250 pm x 250 pm) of vehicle-treated (n = 3) and amlexanox-
treated (n = 3) ischemic brain and were normalized to those
obtained identically in the control brain (n = 4). However, to
determine the ProTa- and S100A13-positive cells, we carried out
the counts using specific cell markers with clearly visible nuclei.
The quantification was expressed as average percentage of the total
number of cell type-specific ProTo- and S100A13-positive cells in
the 4-7 brain sections per mouse.

Statistical analysis

All results are shown as means = SEM. Two independent groups
were compared using the Student’s f-test. Multiple groups were
compared using Dunnett’s multiple comparison test after a one-
factor ANOVA. P < 0.01 was considered significant.

Other methods

Animals, tissue preparations, antigen retrieval microwave technique
and proteinase K treatment, and immunohistochemical analysis are
available as Appendix S1.
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Results

Cerebral ischemia-induced rapid depletion of ProTa

from hippocampal neurons

Following cerebral ischemia (I h tMCAO) in mice, we
examined time-dependent changes in ProTa expression in the
ipsilateral hippocampus throughout 1-24 h. The 3,3"-diam-
inobenzidine  tetrahydrochloride immunostaining data
revealed that ProTo depletion in ipsilateral CAl pyramidal
neurons starts as early as 1 h after the cerebral ischemia
(Fig. 1b), completes at 3 h (Fig. lc) and followed by a
gradual recovery of ProTa signals through 24 h (Fig. 1-d-f).
However, there were some cells showing intense ProTa-
immunoreactivity in the ipsilateral stratum radiatum of
hippocampus at 3 h (Fig. 1c). The ProT« signals in various
cells in the stratum radiatum gradually increased as time goes
thereafter (Fig. 1-d-f). However, there was no significant
change in ProTo reactivity in the respective contralateral
hippocampus of ischemic brain (Fig. 1—a—f). Similar results
of ProTo depletion and recovery were also observed in the
regions of striatum (Fig. 2—a—f) and somatosensory cortex

(Fig. 2—-g-1).

Ischemia-induced depletion of neuronal ProTa

To identify the cell type specificity for ProTx release after
cerebral ischemia (1 h tMCAO) and reperfusion, coronal
brain sections were co-stained with anti-ProT« IgG and
antibody against Microtubule-associated protein (MAP-2), a

cytoplasmic neuronal marker. Our double fluorescence
immunohistochemical data explained that ProTe immunore-
activity is strictly localized in nuclei of MAP-2-positive CA1l
pyramidal neurons of hippocampus in the control mice
(Fig. 3a). In confocal microscopy observation, ProTao signals
were also found in nuclei in the MAP-2-positive CAl
pyramidal neurons of control hippocampus (Fig. 3g). As
early as 3 h after the cerebral ischemia and reperfusion,
ProTa signals in CAl pyramidal neurons were completely
lost, whereas the signals were significantly enhanced in some
non-neuronal cells in the stratum radiatum of hippocampus
(Fig. 3b). ProTa in the nuclei of pyramidal neurons was
recovered largely to the control levels, and the signals were
also localized in the nuclei at 24 h (Fig. 3c). Like control,
there was also no change in nuclear ProTu levels observed in
the contralateral side of brain (data are not shown). Similar
patterns of ProTa release at 3 h and recovery at 24 h were
observed in MAP-2-positive neurons in the striatum (Fig. 3i)
and somatosensory cortex (Fig. 3j and k) of ischemic brain.

Amlexanox-reversible blockade of neuronal ProTe release

To understand the phenomenon whether amlexanox blocks
ischemia-induced non-classical release of ProTa in vive,
mice was treated with amlexanox (10 pg/5 pL; ic.v.)
30 min before cerebral ischemia (1 h tMCAO). Our immu-
nohistochemical results revealed that ProTa signals are
completely lost in ipsilateral MAP-2-positive CA1 pyramidal
neuronal cells in the hippocampus of PBS-pre—treated

Cerebral ischemia (1 h tMCAO) and reperfusion: ProTa

Fig. 1 Depletion of ProTx in the CA1 pyramidal cell layer of hippo-
campus under cerebral ischemia. (a~f) Immunostaining of ProTa in
adult mice brain after ischemic stress. 3,3"-Diaminobenzidine tetrahy-
drochloride (DAB) immunostaining data of coronal brain sections
indicate that ProTx is partially released at 1 h (b) followed by complete
release at 3 h (c) in the ipsilateral CA1 pyramidal cell layer of
hippocampus after ischemic stress (1 h tMCAQ). Some cells show
intense ProTu reactivity at 3 hin the stratum radiatum of hippocampus
noted by arrow points (c). (d-f) ProT= level is recovered gradually inthe
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ipsilateral CA1 pyramidal cell layer at the later time points that starts
from 6 h (d) continuing 12 h (e) and 24 h (f) after ischemic stress.
ProTa intensity is also gradually increased in the ipsilateral stratum
radiatum of hippocampus through 24 h after ischemic stress noted by
arrows (d-f). Thereis nochange in ProTx stainingat0 h (a)aswellasin
the respective contralateral sides of hippocampus after ischemia.
Insets in panels (a-f) indicate the higher magnification view of ProTx
intensity noted by red squares.
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Cerebral ischemia (1 h tMCAD) and reperfusion: ProTa

Striatum

Cortex (S1)

Fig. 2 ProTu is released from striatum and somatosensory cortex of
ischemic brain. 3,3-Diaminobenzidine tetrahydrochloride (DAB) im-
munostaining of coronal brain sections is performed using antibody
against ProT«. (a-f) ProT« signal is partially lost at 1 h (b), followed
by complete lost at 3 h (c) and recovery gradually at 6 h (d), 12 h (e)
and 24 h (f) in the ipsilateral striatum after ischemic stress (1 h
tMCAO) in adult mice, retaining the normal staining at 0 h (a) and

(vehicle) brain at 3 h after ischemia and reperfusion
(Fig. 3d). However, ProTa was diffused to the cytoplasm
from the nucleus in ipsilateral MAP-2-positive CA1 neurons
in the amlexanox-pre—treated ischemic brain (Fig. 3e),
preserving normal nuclear staining in the contralateral
hippocampus (Fig. 3f). In confocal microscopy observation,
we also found that ProTo is diffused to MAP-2-positive
neuronal cytoplasm from nucleus at 3 h after ischemic stress
in the amlexanox-pre—treated brain (Fig. 3h). Similar results
were also observed in MAP-2-positive neuronal cells of
ipsilateral striatum (Fig. 3i) and somatosensory cortex
(Fig. 3j and k) in the ischemic brain.

Caspase 3 inhibition causes ProTa release from astrocytes

To investigate the clue whether ProTa is released from
astrocytes in vive, coronal brain seclions were co-stained
with anti-ProTo. IgG and antibody against an astroglial
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also in the respective contralateral sides. (g-) DAB immunostaining
data show the time—course ProT« expression in the ipsilateral as well
as contralateral somatosensory cortex of brain from 0 to 24 h after
ischemic stress. (c, i) Some non-neuronal-like cells show intense
ProTa reactivity at 3 h in the ipsilateral striatum (c) and somatosen-
sory cortex (i) noted by arrows.

marker, glial fibrillary acidic protein (GFAP). ProTo immu-
noreactivity was observed both in nucleus and cytoplasm in
the GFAP-positive astrocytes located in the stratum radiatum
of control hippocampus (Fig. 4a and g). In the presence of
ischemic stress in brain, the findings clarified that the ProTa
immunoreactivity is still observed with higher intensity in
ipsilateral GFAP-positive astrocytes in the stratum radiatum
of hippocampus at 3 h after cerebral ischemia and reperfu-
sion (Fig. 4b), compared with the control brain (Fig. 4a).
Indeed, the ProTo signals were increased gradually in
astrocytes through 24 h (Fig. 4c¢). Similar results were also
observed in astrocytes in the ipsilateral striatum (Fig. 4h) and
somatosensory cortex (Fig. 4i and j) after ischemic stress in
brain. Most recently, we demonstrated that ProTo is
distributed in both cell body and cytosolic space of processes
in adult astrocytes of mouse brain, and that ProTx signal in
the astroglial nuclei is drastically increased by diminishing
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Cerebral ischemia (1 h tMCAQ) and reperfusion: MAP-2 & ProTa

(a) (b) (c)
Control; 0 h

Ipsi;3n

(g) Confocal microscopy; Control (0 h)

(i) Striatum (ipsi)

Oh

(j) Cortex {ipsi)
Oh

Fig. 3 Ischemia-induced ProTa depletion in neurons is blocked by
amlexanox. Amlexanox (Amx) is injected (10 pg/5 pL; i.c.v.) in the
mice brain 30 min before cerebral ischemia (1 h tMCAOQ). (a-j)
Coronal brain sections are co-stained with antibodies against ProTux
and MAP-2. (a, b) Double fluorescence immunostaining shows that
ProT« signal is completely lost in MAP-2-positive neurons in the
ipsilateral CA1 pyramidal cell layer of hippocampus (MAP-2, red;
ProTa, green) at 3 h after cerebral ischemia (1 h tMCAQ), compared
with the nuclear ProTx staining in the MAP-2-positive neurons of
control brain. (b) Some non-neuronal cells shows higher ProTax
immunoreactivity in the ipsilateral stratum radiatum of hippocampus
indicated at 3 h by arrow points. (c) ProTx is recovered in nuclei in
the ipsilateral CA1 pyramidal neuronal cells at 24 h, but some non-
neuronal cells shows the higher ProTa intensity in the stratum
radiatum noted by arrows. (d) ProTx staining is completely lost in the
ipsilateral MAP2-positive CA1 pyramidal neurons of PBS-pre-treated
(vehicle) ischemic mice at 3 h. (e) Following Amx pre-treatment in
ischemic mice brain, ProT« release is blocked in the ipsilateral MAP-
2-positive CA1 pyramidal neurons and consequently translocated in

cytosolic levels when pre-treatment with Z-VAD-fmk, a
caspase 3 inhibitor (Halder and Ueda 2012). In the present
study, we confirmed that ProTa is also localized in both cell
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Ipsi; 24 h

(h) Confocal microscopy; ipsi (3 h) + Amx

(d) (e) (f)

Contra; 3 h
+ Amx

ipsi;3h
+ Vehicle

Ipsi; 3 h
+Amx

-5
Ll

% of control
(ProTu-positive neuron:
5 8
L

-]
Veh: 3 h
Veh: 24 h

Amx: 3 h

Control: 0 h

Ischemia

the neuronal cytoplasmic spaces at 3 h after stress, compared with
the contralateral side (f). (g, h) Conforcal microscopy observation
indicates ProTz signals in the MAP-Z-positive CA1 pyramidal
neurons of hippocampus. A higher magnification view is indicated
as doted square in (g) and (j), respectively. Arrowheads indicate the
3D imaged line (thickness: 10 um), as shown in upper (x-axis) and
right panels (y-axis). (i, j) Double fluorescence immunostaining shows
that ProT« signal is completely lost in MAP-2-positive neurons in the
ipsilateral striatum and somatosensory cortex at 3 h after 1 h tMCAD,
compared with the normal nuclear ProTaz staining in the control.
ProTa signal is recovered in nuclei in the ipsilateral striatum and
somatosensory cortex at 24 h after ischemia. Amx injection 30 min
before ischemia inhibits the release of neuronal ProTx in the
ipsilateral striatum and somatosensory cortex at 3 h after ischemic
stress. Insets indicate the higher magnification view of ProTa
localization in CA1 pyramidal neurons noted by dotted squares. (k)
Quantitative analysis of ProT« -positive neurons in the somatosen-
sory cortex. Data represent the means = SEM (**p < 0.01, vs. the
control: 0 h and the Amx: 3 h, respectively).

body and processes in immature astrocytes in the neonatal
mice brain including stratum radiatum of hippocampus
(Fig. 4k). Our in vivo experiments revealed that ProTu
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Cerebral ischemia (1 h tMCAO) and reperfusion: GFAP & ProTu

(a) (b) (c)

Control; 0 h Ipsi; 3h

Striatum
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lpsi; 24 h

(d)

Ipsi; 3 h
+Amx + Z-VAD

Ipsi; 3 h
+ Vehicle

Ipsi; 3 h
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Fig. 4 Initiation of ProTa release from astrocytes by caspase 3
inhibition. Z-VAD-fmk (Z-VAD), a caspase 3 inhibitor (1 pg/5 uL) as
well as Amx (1 ug/5 pL) is injected (i.c.v.) in the brain 30 min before
cerebral ischemia (1 h tMCAQ). Coronal brain sections are co-stained
with antibodies against ProT« and GFAP. (a) Immunohistochemical
analysis shows the expression of ProT« in GFAP-positive astrocytes in
the stratum radiatum of hippocampus in control brain (GFAP, red;
ProT«, green). (b) Higher ProTu signal is found in GFAP-positive
astrocytes in the ipsilateral stratum radiatum at 3 h after ischemia. (c)
The signal is gradually increased in astrocytes through 24 h after
ischemia. (d) Intense ProTa signal is observed in GFAP-positive
astrocytes in the ipsilateral stratum radiatum at 3 h after ischemia in the
in PBS-pre-treated (vehicle) mice. (e) Following Z-VAD-fmk pre-
treatment and ischemic stress, ProT« signal is significantly decreased
in GFAP-positive astrocytes in the ipsilateral stratum radiatum at 3 h.
(f) Z-VAD-fmk-induced ProTx release is blocked from GFAP-positive
astrocytes in the ipsilateral stratum radiatum at 3 h after ischemia in
Amx pre-treated brain. (g) Higher magnification views of ProTa in
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Ischemia

astrocytes in the control brain (upper left panel), the vehicle pre-treated
ischemic brain (upper right panel), the Z-VAD-fmk pre-treated ischemic
brain (lower left panel), and Amx + Z-VAD-fmk pre-treated ischemic
brain (lower right panel) at 3 h after stress. (h, i) ProTa is not released
from astrocytes in the striatum and somatosensory cortex after
cerebral ischemia. ProTw« signal is found with higher intensity in
GFAP-positive astrocytes in the ipsilateral striatum and somatosensory
cortex at 3 h after ischemic stress, compared with the ProTa signals in
the control brain. ProTx intensity is gradually increased in GFAP-
positive astrocytes in the ipsilateral striatum and somatosensory cortex
through 24 h after ischemic stress. (j) Quantitative analysis of ProTx
localization of astrocytes in the stratum radiatum of hippocampus (left
panel) and somatosensory cortex (right panel). Data represent the
means = SEM, (**'P < 0,01, vs. the control: 0 h, the Veh: 3 h, and
the Z-VAD: 3 h, respectively). (k) ProT is localized both in cell body
and processes in the astrocytes of post-natal (P1) mice brain (GFAP,
red; ProTa, green; Nuclei, blue). Insets indicate the higher magnifica-
tion view of ProTx expression in astrocytes noted by dotted squares.
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signal is significantly lost in mature astrocytes in the stratum
radiatum of hippocampus as early as 3 h after cerebral
ischemic stress in adult mice brain pre-treated with Z-VAD-
fmk (Fig. de and g), whereas higher reactivity was observed
in astrocytes in the PBS-pre~treated (vehicle) ischemic brain
(Fig. 4d and g), an indication of ProTao release from
astrocytes. Following the combined pre-treatment with
Z-VAD-fmk, amlexanox and subsequent ischemia, the
signals in astrocytes were recovered as the level in vehicle
at 3 h, indicates that Z-VAD-fmk-induced ProTa release
from astroglia is blocked by amlexanox (Fig. 4f and g). We
also found the similar effects of Z-VAD-fmk and amlexanox
on GFAP-positive astroglial ProTo in the ipsilateral the
striatum (data are not shown) and somatosensory cortex
(Fig. 4j).

No ProTa. release from microglia

To see cerebral ischemia-induced ProTa expression in
microglia, coronal brain sections were co-stained with anti-
ProTa IgG and antibody against Iba-1 (a microglia marker).
Recently, we reported that ProT« is localized in both cell
body and cytosolic space of processes in microglial in the
adult mice brain (Halder and Ueda 2012). Our immunohis-
tochemical analysis suggested that ProTw is also distributed
in whole cell in microglia in the adult and neonatal mice
brain (Fig. 5a and f). Using the adult brain, the ProTux
reactivity was still observed with higher intensity in Iba-1-
positive microglia in the ipsilateral stratum radiatum of
hippocampus as early as 3 h after ischemia (1 h tMCAO)
and reperfusion (Fig. 5b), compared with the control brain
(Fig. 5a). However, the ProTa signals were increased
gradually in microglia through 24 h (Fig. 5c). On the other
hand, there was no effect on microglial ProTa levels by pre-
treatment with Z-VAD-fmk in ischemic brain (Fig. 5e),
compared with the intensity in the PBS-pre—treated (vehicle)
ischemic brain (Fig. 5d). Similar results of ischemia-induced
ProTa expression in Iba-1-positive adult microglia were also
observed at 3 h and 24 h after ischemia in the regions of
striatum (Fig. 5g) and somatosensory cortex (Fig. 5h and i),
the regions from where the ProTx signals were completely
lost in neurons.

Neuronal depletion of S100A13, a cargo protein

for non-classical release

Recently, in vitro experiments demonstrated that the non-
classical release of ProTo requires interaction with C-
terminal sequence of SI00A13, a cargo protein (Matsunaga
and Ueda 2010). To examine the phenomenon whether
S100A13 is released from neurons of adult brain under
cerebral ischemic stress (1 h tMCAQ), coronal brain sections
were co-stained with anti-S100A13 and anti-NeuN antibodies.
Our immunostaining data revealed that S100A13 is
expressed in NeuN-positive neurons in the CAl pyramidal
cell layer of hippocampus (Fig. 6a). and also in neurons in
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the striatum (Fig. 6i) and somatosensory cortex (Fig. 6j) of
mice brain. As early as 3 h after ischemia and reperfusion,
S100A13 was released completely from ipsilateral NeuN-
positive CA1 pyramidal neurons (Fig. 6b), compared with
the control (Fig. 6a). However, the dot-like signals were
observed in some non-neuronal cells in the stratum radiatum
of hippocampus (Fig. 6b). S100A13 in pyramidal neurons
was recovered in a lesser level at 24 h after ischemia,
whereas non-neuronal cells in stratum radiatum completely
released S100A13 at this time point (Fig. 6¢). Similar results
of SI00A13 release were observed in ipsilateral neurons of
striatum (Fig. 6i) and somatosensory cortex at 3 h (Fig. 6]
and k) as well as recovery in neurons at 24 h (Fig 6k) after
cerebral ischemic stress.

Blockade of neuronal ST00A13 release by amlexanox

It has been described previously that the non-classical release
of SI00A13 from C6 glioma cells is blocked by amlexanox
upon serum-deprivation stress (Matsunaga and Ueda 2010).
To investigate the in vivo effect of amlexanox on the stress-
induced non-classical release of S100A13 from adult brain,
mice were treated with amlexanox (10 pg/5 pL; icv.)
30 min before cerebral ischemia (1 h tMCAO) and reperfu-
sion. Using anti-S100A13 and anti-NeuN antibodies, our
immunohistochemical findings suggested that S100A13
signals are completely lost in ipsilateral NeuN-positive
neurons in the CA1 pyramidal cell layer of hippocampus at
3 h after ischemia in PBS-pre-twreated (vehicle) brain
(Fig. 6e), retaining the normal staining in the control brain
(Fig. 6d). Whereas, S100A13 reactivity was rescued in
ipsilateral NeuN-positive CAl neurons in the ischemic brain
pre-treated with amlexanox, an indicative of non-classical
blockade of neuronal S100A13 release by amlexanox
(Fig. 6f). In confocal microscopy observation, we found that
S100A 13 immunoreactivity was increased in NeuN-positive
CAT1 pyramidal neurons of hippocampus due to the blockade
of its release by amlexanox (Fig. 6h), compared with the
control (Fig. 6g). This result suggests that ischemic stress
might cause the up-regulation of S100A13, as shown in
Fig. 6¢c. We also observed the similar results of amlexanox
effect on the release of neuronal S100A13 in the striatum
(Fig. 6i) and somatosensory cortex (Fig. 6j and k) after the
onset of cerebral ischemic stress.

S100A13 is released from astrocytes, but not from microglia
To find out whether S100A13 is released from non-neuronal
astrocytes and microglia in the adult brain under cerebral
ischemic stress (1 h tIMCAQ), coronal brain sections were
co-stained with anti-S100A13 and antibodies against GFAP
and Iba-1. Our double immunostaining data showed that
S100A13 is expressed in GFAP-positive astrocytes in the
adult mice brain including stratum radiatum of hippocampus
(Fig. 7a and c). Following cerebral ischemia and reperfusion,
S100A13 signals were partially lost at 3 h in the GFAP-
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