
Prothymosin-a plays a defensive role in retinal
ischemia through necrosis and apoptosis inhibition
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Prothymosin-a (ProTa) causes a switch in cell death mode from necrosis to neurotrophin-reversible apoptosis in primary
cultured cortical neurons. In the present study, post-ischemic administration (3 or 24 h, intravenously) of recombinant mouse
ProTa without neurotrophins completely prevented ischemia-induced retinal damage accompanying necrosis and apoptosis, as
well as dysfunction assessed by electroretinogram. Treatments with anti-erythropoietin (EPO) or brain-derived neurotrophic
factor (BDNF) immunoglobulin G (IgG) reversed ProTa-induced inhibition of apoptosis. ProTa upregulated retinal EPO and BDNF
levels in the presence of ischemia. Moreover, intravitreous administration of anti-ProTa IgG or an antisense oligodeoxynucleo-
tide for ProTa accelerated ischemia-induced retinal damage. We also observed that ischemia treatment caused a depletion of
ProTa from retinal cells. Altogether, these results suggest that the systemic administration of ProTa switches ischemia-induced
necrosis to apoptosis, which in turn is inhibited by neurotrophic factors upregulated by ProTa and ischemia. ProTa released
upon ischemic stress was found to have a defensive role in retinal ischemia.
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Ischemic stress in the central nervous system causes both
necrosis, which occurs first in the ischemic core, and
apoptosis, which occurs following necrosis in the region
surrounding the core, called the penumbra.1–3 Necrosis,
which accompanies cell membrane destruction, is followed by
the release of intracellular cytotoxic substances that cause
cell death expansion, whereas apoptosis occurs after some
delay, but may also have a potential role in restricting the
spread of irretrievable damage in the penumbra, as microglia
phagocytize apoptotic neurons without releasing cytotoxic
substances. Although several compounds that inhibit apop-
tosis have been reported to be protective against ischemic
damage in vivo, their potencies are limited,4–7 possibly
because the necrotic region becomes enlarged at a relatively
early stage. Thus, necrosis could be a most important target
for treating ischemic damage.
We previously demonstrated that a switch in cell death

mode occurs when cortical neurons are cultured under serum-
free conditions without any supplements. Specifically, cortical
neurons die by necrosis when cultured at low densities, but die
by apoptosis after some delay when cultured at high
densities.8,9 Recently, we identified a molecule, prothymo-
sin-a (ProTa), which is responsible for the density-dependent
cell death mode switch, by analyzing factors in conditioned
media derived from high-density cultures.10 Detailed analysis
revealed that ProTa inhibits necrosis by reversing the

decreased externalization of the glucose transporters GLUT1
and GLUT4, through the activation of protein kinase Cb2
(PKCb2), while causing apoptosis by upregulating the
proapoptotic proteins Bax and Bim through activation of
PKCb1 and b2. More recently, we demonstrated that ProTa
strongly prevents ischemia-induced damage after rat middle
cerebral artery occlusion.11 In that study, ProTa inhibited both
necrotic and apoptotic cell death in vivo, in contrast with the
fact that this protein caused apoptosis in a culture study.10

However, themachineries underlying this difference remain to
be determined.
The retina is a part of the central nervous system that is

easily accessible for quantitative analysis of pathophysiologi-
cal processes and experimental manipulation.12 Transient
ischemia-induced damage of the retina, as well as of the brain,
results in a prolonged period of neuronal cell death. The
mechanisms of ischemia-induced neuronal cell death
include an early phase of excitotoxicity through glutamate,
leading to necrosis, and a prolonged phase of apoptosis.13,14

This model seems to be ideal for characterizing the in vivo
effects and roles of ProTa in terms of gain-of-function and
loss-of-function, as it causes both necrosis and apoptosis,
and drug manipulation is very easy. The present study shows
that ProTa causes a switch in cell death mode in an in vivo
retinal ischemia model, and that it inhibits cell death
expansion.
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Results

ProTa-induced prevention of histological and functional
retinal ischemic damage. When mouse eyes were
subjected to hydrostatic pressure (130mmHg) for 45min
followed by reperfusion, the thicknesses of retinal cell layers,
namely the ganglion cell layer (GCL), the inner nuclear layer
(INL) and the outer nuclear layer (ONL), decreased in a time-
dependent manner (Figure 1a and Table 1). The maximal
decrease was attained on day 7 after ischemic–reperfusion
stress, and no further damage was observed on day 14. This
decrease in thickness was mostly attributable to damage to
the inner plexiform layer (IPL) fibers. Intravitreous (i.vb.)
application of recombinant mouse ProTa (rmProTa) 30min
before the stress, or 3 or 24 h after the stress, prevented this
decrease in the thickness of layers (Figure 1a and Table 1).
Systemic intravenous (i.v.) administration of rmProTa at
100mg/kg 3 h after the stress also provided complete
protection. In electroretinograms (ERGs), the amplitudes
called a-waves (indicated in Figure 1b) are known to
represent the function of photoreceptor cells, whereas
b-waves represent the functions of bipolar and Muller
cells.15 On day 7 after ischemic stress, the a- and b-wave
amplitudes were markedly decreased to approximately 25
and 15%, respectively, of those in sham-operated and
vehicle-treated control animals, as shown in Figure 1c and

d. This functional damage was significantly prevented by
local (i.vb.) or systemic (i.v.) application of rmProTa in a
dose-dependent manner. To examine the retinal transport of
rmProTa, biotinylated rmProTa was administered at 1mg/kg
(i.v.) 3 h after ischemia and reperfusion. As shown in
Figure 1e, a significant amount of biotinylated rmProTa was
detected in the retina 6 h after reperfusion. However,
negligible amounts of biotinylated rmProTa were detected
in the preparations from sham-operated mice.

Necrosis precedes apoptosis following ischemic
stress. By transmission electron microscopy (TEM)
analysis, the cell morphology is different between INL and
ONL cells. In the INL, cell-cell adhesion is very tight (low
magnification), the nuclei occupy most of the space in cells
(middle magnification) and mitochondria have clear cristae
(high magnification) (Figure 2a). In the ONL, cells show very
high electron density in central nuclei and characteristic
lower-density regions at their edges. As early as day 1 after
ischemic stress, INL and ONL cells died by necrosis, which
was characterized by a loss of electron density in the cytosol
and swollen mitochondria without nuclear condensation
(Figure 2a, arrowhead). Three days after the stress,
necrotic cells disappeared, but apoptosis, which was
characterized by nuclear fragmentation or condensation,

Figure 1 ProTa prevents retinal ischemia-induced necrosis and apoptosis. (a) H&E staining of retinal sections at days 2, 4 and 7 after ischemia and reperfusion. rmProTa
(100mg/kg, i.v.) was administered at 24 h after retinal ischemic stress. (b) ERG recordings at day 7 after ischemic stress. rmProTa was given at 24 h after the stress. Results
represent the means±S.E.M. of 6 independent experiments. (c and d) Dose-dependent prevention of retinal ischemic damage evaluated by a- (c) and b- (d) wave ERG
analysis. ProTa (0.01–1 pmol i.vb. or 1–100mg/kg, i.v.) was administered 24 h after retinal ischemic stress. The results were evaluated on the basis of a- and b-wave
amplitudes, and represent the means±S.E.M. of six independent experiments. *Po0.05 versus sham. wPo0.05 versus ischemia vehicle treatment. (e) Evidence for
biotinylated ProTa transport through the blood–retina barrier after ischemic stress. Biotinylated ProTa at 1 mg/kg (i.v.) was given to mice 3 h after reperfusion. Proteins (50 mg)
from the retina were isolated 3 h after administration and then used for western blot analysis
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Table 1 ProTa-induced prevention of retinal neuron damage under ischemic conditions

Treatment Days after ischemia/reperfusion GCL INL ONL

Control 0 18.23±3.24 113.05±5.11 303.64±42.38
Sham+vehicle 7 16.61±1.12 123.02±5.91 296.69±28.37
Ischemia+vehicle 2 14.63±0.88 110.60±15.61 222.20±6.98*
Ischemia+vehicle 4 7.82±3.56* 88.95±12.84* 171.56±19.62*
Ischemia+vehicle 7 5.37±0.30* 75.37±3.76* 147.54±7.09*
Ischemia+vehicle 14 6.30±0.48* 72.63±3.64* 144.51±4.44*
Sham+ProTa (�0.5 h, 1 pmol, i.vb.) 7 15.84±1.99 133.01±2.15 273.80±19.66
Ischemia+ProTa (�0.5 h, 0.01 pmol, i.vb.) 7 6.35±0.38 82.56±5.16 135.86±8.85
Ischemia+ProTa (�0.5 h, 0.1 pmol, i.vb.) 7 11.57±1.50# 104.53±6.50# 217.02±1.59#

Ischemia+ProTa (�0.5 h, 1 pmol, i.vb.) 7 14.74±0.67# 116.33±0.88# 270.06±9.54#

Ischemia+ProTa (3 h, 0.01 pmol, i.vb.) 7 4.94±2.21 71.53±3.38 144.23±12.25
Ischemia+ProTa (3 h, 0.1 pmol, i.vb.) 7 12.31±0.25# 83.82±4.23 222.31±4.70#

Ischemia+ProTa (3 h, 1 pmol, i.vb.) 7 14.24±0.48# 101.63±5.12# 286.01±5.48#

Ischemia+ProTa (24 h, 0.1 pmol, i.vb.) 7 6.86±0.95 84.55±3.68 138.61±2.85
Ischemia+ProTa (24 h, 1 pmol, i.vb.) 7 10.62±0.25# 95.27±4.85# 245.28±5.24#

Ischemia+ProTa (�0.5 h, 1 mg/kg, i.v.) 7 5.51±1.25 75.83±3.64 158.21±8.25
Ischemia+ProTa (�0.5 h, 10mg/kg, i.v.) 7 10.86±2.28# 88.57±6.56# 172.87±6.85#

Ischemia+ProTa (�0.5 h, 100mg/kg, i.v.) 7 12.30±2.32# 110.82±6.65# 258.59±5.28#

Ischemia+ProTa (3 h, 1 mg/kg, i.v.) 7 4.91±2.35 72.23±2.86 142.66±5.28
Ischemia+ProTa (3 h, 10 mg/kg, i.v.) 7 12.61±3.66# 108.60±5.58# 196.54±12.84#

Ischemia+ProTa (3 h, 100mg/kg, i.v.) 7 15.27±1.41# 112.41±7.53# 236.95±7.09#

Ischemia+ProTa (24 h, 10mg/kg, i.v.) 7 5.23±3.26 78.56±4.85 135.81±6.64
Ischemia+ProTa (24 h, 100mg/kg, i.v.) 7 13.23±0.84# 104.29±3.68# 201.22±4.65#

Abbreviations: GCL, ganglion cell layer; INL, inner nuclear layer; i.v., intravenous; ONL, outer nuclear layer.
*P o 0.05 versus sham; #Po0.05 versus ischemia vehicle treatment

Figure 2 Necrosis precedes apoptosis after ischemic stress. (a) TEM analysis of the INL (left) and ONL (right). At days 1 and 3 after ischemia and reperfusion, necrosis is
characterized by membrane destruction and loss of electron density in the cytosol (arrowheads). Apoptosis is characterized by nuclear condensation (arrow). (b and c)
Quantitative comparisons in terms of the cell populations showing necrotic and apoptotic features in the TEM analysis in (a). Results represent the means±S.E.M. of four
independent experiments. *Po0.05 versus sham
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appeared instead (Figure 2a, arrow). However, mitochondrial
swelling was not observed. Time-course studies revealed
that the maximum incidence of necrosis in the INL and ONL
was observed at day 1, although that of apoptosis occurred
at day 3 after ischemic stress, as shown in Figure 2b and c.
As shown in Figure 3a and b, we confirmed that intravenous

administration of rmProTa at 100mg/kg (i.v.) 3 h after ischemic
stress completely inhibited necrosis by TEM analysis. This
treatment also abolished apoptosis.

ProTa-induced inhibition of necrotic and apoptotic cell
death. Propidium iodide (PI) staining has been used as a
marker for necrosis due to plasma membrane damage.16 In
the present retinal system, in vivo pretreatment with PI is
relatively easy, as it can be intravitreously administered
30min before isolation of the retina. No significant signal was
observed throughout the sham-operated retina, except in the
epithelial layer (EPI), which is liable to be damaged and
artificially stained with PI during the process of sample
preparation. When hydrostatic pressure was given to the
retina, marked PI staining was observed in the ONL as early
as 6 h (day 0.25) after stress, and subsequently, in the INL
and GCL at days 0.5 and 1, respectively. However, the PI
signals substantially disappeared thereafter until day 3

(Figure 4a), possibly due to lysis of the dead cells.
Quantitative analyses using NIH Image software revealed
that the maximal PI signals in the retinal region, including the
GCL, INL and ONL, but not the EPI, were observed at day 1
after the stress (Figure 4b). Systemic administration of
rmProTa at 100mg/kg (i.v.) 30min before the stress
thoroughly inhibited retinal ischemia and reperfusion-
induced PI staining for 3 days.
As shown in Figure 5a, apoptosis activity measured by

terminal deoxyribonucleotidyl transferase-mediated dUTP-
biotin nick end labeling (TUNEL) staining, which detects DNA
double strand brake in apoptosis, was strongly observed at
day 3 in the ONL, INL and GCL; moreover, on days 1 and 5
after the stress, weak signals were seen in the ONL and INL.
Caspase-3 activation has also been used to characterize
apoptosis. As shown in Figure 5b, caspase-3-like protease
activity, which digests the substrate acetyl-DEVD-amino-
methylcoumarin (Ac-DEVD-MCA) to release the fluorescent
aminomethylcoumarin, showed no significant increases in the
sham-operated retina. A marked increase in this activity was
detected in the ischemia and reperfusion-treated retina at day
3, but not before or after this time. Systemic administration of
rmProTa 30min before the stress completely prevented the
retinal apoptosis induced by ischemia and reperfusion up to
day 5. Active caspase-3-like immunoreactivity has also been
used to characterize apoptosis. A strong signal was detected
in the ONL optic disc and INL, specifically, at day 3, but not
before or after this time, as shown in Supplementary Figure
1a. Systemic administration of rmProTa 30min before the
stress completely prevented retinal apoptosis induced by
ischemia and reperfusion at day 5. Quantitative analyses
using NIH ImageJ software revealed that maximum active-
caspase-3 immunoreactivities were observed as late as day 3
after the ischemic stress (Supplementary Figure 1b).

Involvement of neurotrophins in ProTa-induced retino-
protection against ischemic damage. Weak brain-derived
neurotrophic factor (BDNF) immunoreactivities were observed
in the INL, IPL, ONL and ONL optic disk (Figure 6a). Ischemic
stress elevated the BDNF level in the GCL at 24h after the
stress, without substantial changes in the other cell layers. The
administration of rmProTa at 100mg/kg (i.v.) enhanced BDNF
expression throughout the retinal layers (GCL, INL and ONL
optic disk). However, rmProTa alone, without ischemia
treatment had no effect (data not shown), though it remains
unclear whether the lack of change is attributed to poor
transportation into the retina without ischemia. Moreover,
erythropoietin (EPO) expression was elevated in the GCL
after ischemic stress, with no substantial changes in other cell
layers. ProTa administration did not change the EPO levels in
the GCL or INL, but increased the level in the ONL optic disc.
Western blot analysis confirmed that ProTa plus ischemic
stress caused significant elevations of mature BDNF and EPO,
but not nerve growth factor or basic fibroblast growth factor
(bFGF), in the retina (Figure 6b and Supplementary Figure 2).
As shown in Figure 6c, the apoptosis activity measured by
TUNEL staining was weak, but significant in the ONL layer as
early as day 1 after the stress. Systemic (i.v.) injection of ProTa
markedly inhibited both necrotic PI and apoptotic TUNEL
staining throughout the retina. It should be noted that ProTa

Figure 3 ProTa prevents retinal ischemia-induced necrosis and apoptosis. (a)
TEM analysis of the INL. rmProTa (100mg/kg, i.v.) was administered 3 h after retinal
ischemic stress and the retina was isolated 1 or 3 day after the stress. (b)
Quantitative comparisons in terms of the cell populations showing necrotic (closed
column) and apoptotic (open column) features in the TEM analysis in (a). Results
represent the means±S.E.M. of 4–6 independent experiments. *Po0.05 versus
sham. #Po0.05 versus ischemia vehicle treatment
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inhibited both necrosis and apoptosis following retinal ischemia.
This finding contrasts with our recent study, in which ProTa was
shown to inhibit necrosis, but to cause apoptosis.10 However,
complete inhibition of cell death was observed when ischemic
neurons were cotreated with ProTa and anti-apoptotic
neurotrophins, the expression levels of which are upregulated
in this model (Figure 6a and b). In fact, when anti-BDNF or
anti-EPO immunoglobulin G (IgG; 1mg per eye) was
intravitreously administered 30min before ischemic stress,

TUNEL staining reappeared more intensely than in the
vehicle control, but no significant change in the intensity of PI
staining was observed (Figure 6c and d). However, these
anti-IgG treatments alone had no effect on the levels of
either necrosis or apoptosis. Pretreatment with BDNF- or
EPO-antisense oligodeoxynucleotide (AS-ODN) reversed the
ProTa-induced inhibition of apoptosis, but not of necrosis
(Figure 6d and Supplementary Figure 3). These results were
consistent with the results for anti-BDNF or EPO IgG. However,

Figure 4 Time course of PI staining of retinas after ischemia and reperfusion under the ProTa-treated condition. (a) PI staining of retinal sections at the indicated time
points after ischemia and reperfusion. GCL: ganglion cell layer, INL: inner nuclear layer, ONL: outer nuclear layer and EPI: epithelial cell layer. (b) Fluorescence intensities
were analyzed using NIH Image. *Po0.05 versus 0 day. As the PI signal in the EPI is observed in the preparation without ischemia, we did not include the change in this layer
in the evaluation of cell death. Results represent the means±S.E.M. of 4–6 independent experiments. #Po0.05 versus ischemia vehicle treatment

Figure 5 Time course of apoptotic cell death of retinas after ischemia and reperfusion under the ProTa-treated condition. (a) TUNEL staining of retinal sections at the
indicated time points after ischemia and reperfusion. rmProTa (100 mg/kg, i.v.) was administered 3 h after retinal ischemic stress. GCL: ganglion cell layer, INL: inner nuclear
layer, ONL: outer nuclear layer and EPI: epithelial cell layer. (b) Caspase-3-like activity of retinal cells at the indicated time points after ischemia and reperfusion. rmProTa
(100mg/kg, i.v.) was administered 3 h after retinal ischemic stress. Results represent the means±S.E.M. of 4–6 independent experiments. *Po0.05 versus day 0. #Po0.05
versus ischemia vehicle treatment
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treatments with corresponding missense oligodeoxynucleotides
(MS-ODNs) had no effect.

In vivo neuroprotective role of ProTa during retinal
ischemia. As early as day 4 after ischemic stress, partial

damage to retinal cells was observed in the GCL, INL, and
ONL (Figure 7a and Table 2). I.vb pretreatment with an
AS-ODN against ProTa, but not with a mismatch scrambled
MS-ODN, significantly worsened the damage at day 4 after
ischemic stress. Similar results were also observed following

Figure 6 Involvement of neurotrophins in the ProTa-induced retinal protection against ischemic damage. (a and b) Enhanced expression of various neurotrophic factors
after retinal ischemic stress with or without ProTa. rmProTa (100mg/kg, i.v.) was administered 3 h after retinal ischemic stress. Immunostaining of retinas was carried out at
24 h after ischemia–reperfusion (a). Western blot analysis of BDNF and EPO in retinas at 24 h after ischemia–reperfusion (b). Results represent the means±S.E.M. of four
independent experiments. (c) rmProTa (100mg/kg i.v.)-induced suppression of retinal ischemia-induced necrosis (PI staining) and apoptosis (TUNEL staining), and selective
reversal of apoptosis by polyclonal anti-BDNF or polyclonal anti-EPO IgG. Anti-BDNF or anti-EPO IgG (1 mg per eye) was i.vb. injected at 30 min before the ischemic stress. (d)
Fluorescence intensities were analyzed using NIH ImageJ software. Results represent the means±S.E.M. of 4–6 independent experiments. *Po0.05 versus sham.
wPo0.05 versus ischemia vehicle treatment. zPo0.05 versus ischemia rmProTa treatment
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i.vb pretreatment (1mg/eye, 30min before ischemic stress)
with anti-ProTa IgG, which absorbs ProTa,10 which is
released upon ischemic stress. In the ERG analysis,
moreover, a weak but significant reduction in stimulation-
induced a- and b-wave responses was observed at day 4
after the stress (Figure 7b and c). Anti-ProTa IgG injection
further worsened the ischemia-induced functional damage.
Moreover, the ProTa-like immunoreactivities, which were
observed in the nuclei of INL cells in the sham-operated
retinas, completely disappeared without exception 3 h after
the stress (Figure 7d).

Discussion

Prothymosin-a, which is a highly acidic nuclear protein, is
widely distributed throughout the body and is reported to play
essential roles in the regulation of cell proliferation, as seen in

the facts that ProTa upregulates c-Myc and selectively
enhances estrogen receptor transcriptional activity by
interacting with a repressor of estrogen receptor activity.17–22

Furthermore, ProTa interacts with histones and affects chroma-
tin remodeling processes through histone acetyltransferases to
promote and stabilize the interaction of ProTa with the
oncoprotein SET/TAF-1b.23–25 Moreover, ProTa plays a cyto-
protective role by inhibiting apoptosome formation in NIH3T3
cells subjected to apoptotic stress.26 Moreover, a recent report
demonstrated that ProTa liberates Nrf2 from a Keap1-Nrf2
inhibitory complex under oxidative stress and contributes to
Nrf2-dependent gene expression.27 In this mechanism, the
transcription factor Nrf2 induces glutathione S-transferase,
NAD(P)H-quinone oxidoreductase (NQO1), g-glutamylcysteine
synthetase and heme oxygenese-1.
We recently reported that ProTa, but not thymosin-a,

inhibits the necrosis of cortical neurons treated with ischemic

Figure 7 In vivo neuroprotective role of ProTa during retinal ischemia. (a) Worsening of retinal ischemic damage following treatment with anti-ProTa IgG (1 mg per eye
30 min before ischemic stress) or an AS-ODN for ProTa. Retinas were isolated at day 4 after ischemic stress and used for histological studies. Upper panel: loss of ProTa
protein in a retina pretreated with the AS-ODN, as evaluated by Gelcode Blue staining analysis.10 (b and c) Functional worsening of the retinal ischemic damage following
treatment with anti-ProTa IgG or an AS-ODN for ProTa evaluated on the basis of a- (b) and b- (c) wave ERG analysis. The results represent the means±S.E.M. of six
independent experiments. *Po0.05 versus sham. wPo0.05 versus ischemia vehicle treatment. (d) Depletion of immunoreactive ProTa in the INL of the retina at 3 h after
ischemia–reperfusion

Table 2 In vivo neuroprotective role of ProTa during retinal ischemia

Treatment Days after ischemia/reperfusion GCL INL ONL

Sham+vehicle 4 16.53±1.23 128.71±5.93 299.61±28.69
Ischemia+vehicle 4 13.02±0.74 111.54±2.96 253.41±7.97*
Ischemia+ProTa AS-ODN 4 9.62±0.08# 90.71±4.15# 164.15±3.19#

Ischemia+ProTa MS-ODN 4 13.62±0.58 110.91±5.34 266.10±7.97
Ischemia+ProTa IgG 4 10.51±1.07# 94.30±8.30# 221.54±15.94#

Abbreviations: AS-ODN, antisense oligodeoxynucleotide; GCL, ganglion cell layer; IgG, immunoglobulin G; INL, inner nuclear layer; MS-ODN, missense
oligodeoxynucleotide; ONL, outer nuclear layer
*Po0.05 versus sham; #Po0.05 versus ischemia vehicle treatment
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or starvation stress.10 Under the condition of starvation stress,
we found that membrane glucose transporters, such as
GLUT1 and GLUT4, are internalized, thereby decreasing
glucose transport in plasma membrane, leading to a rapid
decrease in the intracellular adinosinetriphosphate (ATP)
level. It should be noted that ProTa causes the apoptosis of
cortical neurons in cultures subjected to starvation stress. As
the addition of pyruvate, which inhibits necrosis by elevating
cellular ATP levels, does not cause apoptosis in the same
system, it is evident that ProTa-induced necrosis-inhibition
and apoptosis-induction can be attributed to independent
mechanisms.28 However, this switch in cell death mode
seems to have an important role in the protection of the brain
in the event of stroke, as brain has potent anti-apoptosis
systems, such as neurotrophins.11 Indeed, we have demon-
strated that the concomitant addition of neurotrophins with
ProTa completely inhibited neuronal death, at least for 3 days,
in an in vitro culture system.10

The present study provides in vivo evidence for the ProTa-
induced switch in cell death mode. The first finding is that i.vb
or systemic administration of ProTa completely blocked retinal
damage at day 7 after ischemia. This prevention of cell death
was observed throughout the retina, including in neural fibers
(IPL and OPL) as well as in the GCL, INL and ONL, when
ProTa was administered 30min before, or at 3 and 24 h after
ischemia. As ERG study also showed that retinal function was
protected, it appears that ProTa has potential for use
protecting against retinal damage. It is known that material
transport into the retina from the blood is limited by the blood–
retina barrier, as in the case of the blood–brain barrier. In the
present study, systemic administration of biotinylated rmPro-
Ta was detected in the retina, with ischemia. This finding is
consistent with the report that systemic administration (i.v.) of
EPO (MW: 18,519), which has a greater MW than ProTa (MW:
12,251), protects retinal neurons from ischemic damage.29

We have also reported the ischemia-dependent transport of
Myc-tagged ProTa to the brain 30min after systemic admin-
istration (i.v.).11 Thus, these findings suggest that damage to
retinal capillary vessels by ischemic treatment allows the
material to be freely transported.
The second finding is that necrosis occurs first and

apoptosis later. In the present study, we used PI staining as
a necrosis marker, although caspase-3 and TUNEL staining
were used as apoptosis markers. The time course of necrosis
and apoptosis incidents evaluated by TEM analysis clearly
corresponded to that evaluated by PI staining and caspase-3
or TUNEL staining. We also found that there were no cortical
neurons colabeled with PI-signal and caspase-3 (or TUNEL)
signal following brain ischemia.11 Thus, these markers seem
to be valid for the characterization of cell death modes. Our
initial speculation was that cell death initiated by necrosis in
the core expands because of the subsequent release of
cytotoxic molecules causingmore necrosis. However, this cell
death expansion was terminated by the occurrence of
apoptosis, in which microglia removed damaged cells without
releasing cytotoxic molecules. Although systemic administra-
tion of ProTa thoroughly abolished both necrosis and
apoptosis after retinal ischemia, the concomitant application
of anti-BDNF or anti-EPO IgG with ProTa or pretreatment of
BDNF or EPO AS-ODN with ProTa caused marked apoptosis

as early as day 1 after the stress. However, these treatments
alone had no effect on ischemia-induced cell death. As ProTa
upregulated BDNF- and EPO-like immunoreactivities in the
presence of ischemia, but not in its absence, ProTa-induced
apoptosis must have been inhibited at the same time by the
upregulated neurotrophins. From these findings, it is evident
that a ProTa-induced switch in cell death mode occurs at day
1, but the machineries that underlie the delayed apoptosis at
day 3 and its inhibition by ProTa remain to be elucidated.
There are reports showing that many other cytotoxic
molecules, such as cytokines and NO, cause delayed
apoptosis.30,31 As the administered ProTa is unlikely to
remain in the retina for 3 days, inhibition of delayed apoptosis
by ProTa may be secondary to the initial prevention of rapid
cell death, which may delay apoptosis through the production
of cytotoxic molecules. Alternatively, the upregulation of
neurotrophins by synergistic mechanisms induced by ProTa
and ischemia may last for longer periods.
The major issue we addressed was whether or not ProTa

has a neuroprotective role in ischemic retina. The present
study successfully demonstrated that treatments with an
AS-ODN against ProTa or anti-ProTa IgG worsened or
accelerated retinal damage as detected by histochemistry
and measurement of ERG functions. As ProTa was depleted
from retinal cells upon ischemic stress, it is evident that
released, not intracellular ProTamay afford retinal protection.
In conclusion, we demonstrated that ProTa inhibits necrosis

of retinal cells, but causes apoptosis, which in turn is inhibited
by endogenous and ProTa-induced neurotrophins. Along with
this gain-of-function study, we alsomodeled loss of function of
ProTa by using an AS-ODN and anti-ProTa IgG. We found
that ProTa appears to have therapeutic potential for treatment
of acute retinal ischemia, as the therapeutic window of
systemic ProTa was later than 3 h after ischemic stress.

Materials and Methods
Preparation of recombinant proteins. Recombinant ProTa gene was
amplified from cDNAs derived from mouse embryonic brains using specific primers:
mouse 50 primer, 50-AACATATGTCAGACGCGGCAGTGGA-30; 30-primer,
50-GGATCCAAGCTTGCTGTCTAGTCATCCTGG-30. The PCR products were
cloned into pGEM-T Easy, and then subcloned into pET16b. BL21 (DE3) cells
were transformed with pET16b-ProTa. Recombinant mouse ProTa were induced by
0.1 mM isopropylthio-b-galactopyranoside, purified by acid phenol extraction32 and
Biophoresis (ATTO, Tokyo, Japan) separation, and dialyzed against phosphate-
buffered saline (PBS) for later use. The purified recombinant proteins were used in
experiments involving mouse retina preparations.

Animals and induction of ischemia–reperfusion injury. Male ddY
mice were purchased from Tagawa Experimental Animals (Nagasaki, Japan), and
subjected to a modified method for retinal ischemia–reperfusion injury. Briefly, ddY
mice (30–40 g) were anesthetized with an i1ntraperitoneal injection of sodium
pentobarbital (75 mg/kg), and their pupils were fully dilated with 1% atropine sulfate
drops. The anterior chamber was cannulated with a 33-gauge needle connected to
a container of sterile intraocular irrigating solution (BSS PLUS dilution buffer; Alcon,
Fort Worth, TX, USA). Retinal ischemia was induced by elevating the IOP to
generate a hydrostatic pressure of 130 mm Hg for 45 min by lifting the container.
The retina was isolated at the indicated time points after ischemia–reperfusion
treatment and the extent of damage was evaluated by hematoxylin and eosin
staining. The numbers of cells for these measurements, taken in five adjacent areas
(one area: 100mm) within 1 mm of the optic nerve, were calculated (Tables 1 and 2).
Data are the means±S.E.M. from 4 to 6 independent experiments. ProTa AS-ODN
(50-ATCGCCGCGTCTGACATGGT-30), MS-ODN (50-AGTGCAGCTTCGCACCTG
GT-30), BDNF AS-ODN (50-CATCACTCTTCTCACCTGGTGGAAC-30), MS-ODN
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(50-GTTCCACCAGGTGAGAAGAGTGATG-30),33 EPO AS-ODN (50-CTCACCGG
GCACCCCCAT-30) and MS-ODN (50-ATGGGGGTGCCCGGTGAG-30)34 were i.vb.
injected (1 nmol per eye) at 5, 3 or 1 day before ischemic stress. Anti-BDNF or anti-
EPO antibody (Santa Cruz Biotechnology, Tokyo, Japan) were i.vb. injected at
30 min before ischemic stress. Animal care and experimental procedures were
performed in accordance with conformed to the Guidelines for Animal
Experimentation of Nagasaki University with the approval of the Institutional
Animal Care and Use Committee.

Electroretinogram. The mice were tested after 3 h of dark adaptation. They
were anesthetized with intraperitoneal pentobarbital sodium. Their pupils were
dilated with 1% atropine. A contact electrode (KE-S; Kyoto contact lenses, Kyoto,
Japan) was placed on the corneal apex and referenced to a needle electrode near
the eye. The ground was a subdermal platinum needle electrode near the
abdominal area. ERGs were produced by 20J flash intensities. The flash stimulus
source (SLS-3100; Nihon Kohden, Tokyo, Japan) illuminated the eye by diffuse
reflection off the interior surface of the ganzfeld. Maximum flash luminance was
measured with detector (MEB-9104; Nihon Kohden, Tokyo, Japan). After the
intensity series, an incandescent background light sufficient to desensitize the rod
system was turned on, and ERGs produced by the standard stimulus were recorded
every 2 min for 20 min. The background was then turned off, and ERGs were
produced by the standard stimulus every 2 min for the first 30 min of dark
adaptation. The a- and b-wave amplitudes were measured online (Neuropack m;
QP-903B, Nihon Kohden, Tokyo, Japan).

Transmission electron microscopy. Retinas treated with ischemia–
reperfusion were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4)
for 1 h at 251C, postfixed with 1% osmium tetroxide for 1 h at 251C, dehydrated
through a graded alcohol series and embedded in Epon812 resin. Ultrathin sections
(80-nm thick) were cut with an Ultracut S (Leica, Vienna, Austria), and then stained
with uranyl acetate and lead citrate for 30 and 5 min, respectively. The stained
sections were observed under an electron microscope (JEM-1210; JEOL, Tokyo,
Japan). TEM analysis was used to characterize the cell death mode in the retinas at
24 h after the ischemia–reperfusion treatment. The numbers of necrotic and
apoptotic cells for these measurements, taken in 30–50 adjacent areas (one area:
8� 12mm) within 3 mm of the optic nerve, were calculated (Figures 2 and 3).

In vivo retinal PI staining. For PI (Sigma, Tokyo Japan) staining experiments,
mice were anesthetized with sodium pentobarbital and i.vb. injected with PI (2 ng
per eye) 1 h before collection of their retinas. The retinas were removed, fixed in 4%
paraformaldehyde (PFA) in Kþ -free PBS and cryoprotected overnight in 25%
sucrose in Kþ -free PBS. Retinas were fast-frozen in a cryoembedding compound
on a mixture of ethanol and dry ice and stored at �801C until use. The retinas were
cut into 10-mm sections using a cryostat, thaw-mounted onto silane-coated glass
slides and examined under a fluorescence microscope (Olympus, Tokyo, Japan).
The fluorescence intensities of the PI-signals were quantified using NIH Image for
Macintosh. The counting region of PI fluorescence intensities was from the GCL to
the ONL, but not the EPI region because, in the EPI, PI signal was observed
throughout the sham-operated retina, which is liable to be damaged and artificially
stained with PI during the process of sample preparation.

Apoptosis staining of retinal sections. Retinal sections (10 mm) were
rinsed twice with PBS and reacted with TUNEL (Invitrogen, Tokyo Japan) solution
from Roche Molecular Biochemicals for 1 h at 371C. They were washed twice in
PBS and added to blocking buffer (1% bovine serum albumin (BSA) in PBS, pH 7.4)
for 1 h at 251C, followed by incubation with streptavidin-fluorescein isothiocyanate
(1 : 100; Vector Laboratories, Burlingame, CA, USA) for 1.5 h at 251C.
Immunolabeled sections were mounted with Permafluor (Thermo Shandon,
Pittsburgh, PA, USA), and examined under a fluorescence microscope (Olympus,
Tokyo, Japan). Moreover, for active caspase-3 immunostaining, retinal sections
(10mm) were rinsed twice with PBS and preincubated in blocking buffer (3% BSA
and 0.1% Tween 20 in PBS) for 1 h at 251C. Next, the sections were incubated with
polyclonal anti-active caspase-3 (1 : 100 dilution in blocking buffer; Cell Signaling,
Tokyo, Japan) overnight at 41C, rinsed with PBS and incubated with Alexa 488-
conjugated anti-rabbit IgG (1 : 200 dilution; Invitrogen) for 2 h at 251C. Other
sections were fixed with 4% PFA in PBS for 30 min, and permeabilized with 50 and
100% methanol for 5 min each. Immunolabeled sections were mounted with
Permafluor, and examined under a fluorescence microscope. The fluorescence

intensities of the caspase-3 signals were quantified using NIH ImageJ software for
Macintosh.

Western blot analysis. SDS–polyacrylamide gel electrophoresis using
10–12% polyacrylamide gels and immunoblot analysis was performed as
described previously.28 Anti-BDNF, anti-EPO, anti-nerve growth factor and anti-
bFGF IgG (1 : 500; Santa Cruz Biotechnology) were used as the primary antibodies.
Visualization of immunoreactive bands was performed using an enhanced
chemiluminescent substrate (Super Signaling Substrate; Pierce Chemical Co.,
Rockford, IL, USA) for the detection of horseradish peroxidase. The specificity of
polyclonal anti-BDNF and anti-EPO antibodies is described in the Supplementary
text and Supplementary Figure 4.

Statistical analysis. For statistical analysis of the data, Student’s t-tests
following multiple comparisons by analysis of variance were used. The criterion of
significance was set at Po0.05. All results are expressed as means±S.E.M.
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