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Abstract

Purpose: Retinal ischemic diseases primarily lead to damage of the inner retinal neurons. Electrophysiological
studies also suggest impairment of the inner retinal neurons. Our recent studies with acute ocular hypertensive
rats confirmed damage predominantly in the inner retinal layer along with the ganglion cell layer, changes that
are ameliorated by the calpain inhibitor SNJ-1945. However, we do not know which specific neuronal cells in
the inner retinal layer are damaged by calpains. Thus, the purpose of the present study was to identify specific
calpain-damaged neuronal cells in the inner retina from acute ocular hypertensive rats.
Methods: Intraocular pressure was elevated to 110 mm Hg for 40 min. One hour after ocular hypertension (OH),
SNJ-1945 was administrated as a single oral dose of 50 mg/kg. Retinal function was assessed by scotopic
electroretinography (ERG). Histological degeneration was evaluated by hematoxylin and eosin, terminal deox-
ynucleotidyl transferase (TdT)-mediated dUTP nick-end-labeling (TUNEL), and immunostaining in thin sections
and flat mounts of the retina. Calpain activation was determined by proteolysis of the calpain substrate a-spectrin.
Results: OH caused calpain activation, increased TUNEL-positive staining, decreased thickness of the inner
nuclear layer (INL), and decreased amplitudes of the ERG a- and b-waves and oscillatory potentials (OPs). SNJ-
1945 significantly inhibited calpain activation and the decrease in ERG values. Interestingly, the changes in the
b-wave and OPs amplitudes were significantly correlated to changes in the thickness of the INL. In the inner
retinal layer, the numbers of rod bipolar, cone-ON bipolar, and amacrine cells were decreased after OH. SNJ-
1945 suppressed the loss of cone-ON bipolar and amacrine cells, but did not inhibit the loss of rod bipolar cells.
We also observed increased glial fibrillary acid protein-positive staining in the Müller cells after OH and the
treatment with SNJ-1945.
Conclusions: Calpains may contribute to ischemic retinal dysfunction by causing the loss of cone-ON bipolar
and amacrine cells and causing the activation of Müller cells. Calpain inhibitor SNJ-1945 may be a candidate
compound for treatment of retinal ischemic disease.

Introduction

Retinal ischemia is associated with a variety of oc-
ular pathologies. Examples include optic neuropathy,

retinal and choroidal vessel occlusion, diabetic retinopathy,
and acute angle closure glaucoma.1 These conditions lead to
visual impairment and, in severe cases, blindness. Severe
acute hypertension lasting over 60 min in rats leads to retinal
ischemia, loss of ganglion cells, and injury to the inner
retinal layers.2,3 A milder hypertensive model lasting less
than 45 min was recently reported and is probably closer to
the human clinical condition.4

The underlying molecular mechanisms for degeneration
of the inner retina in ischemia are not completely under-
stood. Histological degeneration in rat inner retina is asso-
ciated with loss of the electroretinography (ERG) b-waves,
suggesting dysfunction of the ON bipolar and Müller cells.5

Calcium overload, glutamate toxicity and oxidative stress
are also suggested mechanisms for the pathogenesis of ret-
inal ischemia.1

Calcium overload activates a family of proteases called
calpains (EC 3.4.22.17). Fifteen genes in mammals code for
these cytoplasmic, cysteine proteases.6 Calpain activation is
involved in the degeneration of the ganglion cell layer
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(GCL) after optic nerve crush,7 after acute elevation of in-
traocular pressure (IOP),8 and in light-induced photoreceptor
degeneration.9 Activation of calpains, proteolysis of calpain
substrates, apoptosis, retinal neuronal cell degeneration, and
loss of ERG waves also occur in ocular hypertensive rats.10,11

The orally available calpain inhibitor SNJ-1945 suppresses
proteolysis of calpain substrates and the degeneration of
the ganglion cell and inner retinal layers.11 Studies in rats
with chronic, ocular hypertension (OH) also suggest that
calpain activation is associated with degeneration of the
inner retina.12 However, these studies do not specifically
identify which neuronal cells (e.g., photoreceptor, bipolar,
horizontal, amacrine, and/or ganglion) are damaged by
calpains.

The purposes of the present experiments were to (1)
identify neuronal cells in the inner retinal layer that suffer
degeneration and electrophysiological dysfunction during
OH in rats and (2) document involvement of calpains and
efficacy of the calpain inhibitor SNJ-1945 in preventing
retinal cell pathology. The resulting data provide a novel
mechanism to explain loss of specific retinal neuronal cells
and function during retinal ischemia.

Methods

Experimental animals

Male Sprague-Dawley rats at 11–12 weeks of age were
obtained from Charles River (Yokohama, Japan). Experi-
mental animals were handled in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research and with the Guiding Principles in the Care and
Use of Animals (DHEW Publication, NIH 80-23). All ex-
periments were designed to minimize stress, number of
animals used, and suffering.

Rat model of acute OH

Acute OH was produced in rats according to a modifi-
cation of previously reported methods.11 Briefly, the rats

were anesthetized with 3.5% sevoflurane/O2 gas. Rats were
laid on a regulated heating pad maintaining body tempera-
ture at 37�C during anesthesia. For local anesthesia, 0.4%
oxybuprocaine hydrochloride solution (Benoxil; Santen,
Osaka, Japan) was instilled into the right eye. A 30-gauge
steel cannula connected to a saline bag was inserted
through the peripheral cornea into the anterior chamber,
and the IOP was elevated to 110 mm Hg. The IOP was
continuously measured with a calibrated pressure trans-
ducer (ADInstruments, Colorado Springs, CO), and data
were compiled in LabChart 7.0 software with a PowerLab
analog/digital interface (ADInstruments). After 30–50 min,
the pressure was lowered to normal IOP, the cannula was
removed, and an antibiotic ointment was applied. No
procedure was performed on the left eye, since cannulation
of sham-operated eyes does not cause retinal dysfunction
or degeneration.10

Treatment with calpain inhibitor SNJ-1945

SNJ-1945 was suspended at 1.25% or 0.65% (w/v) in
distilled water containing 0.5% carboxymethyl cellulose.
One hour after OH, a single oral dose of 25 or 50 mg SNJ-
1945/kg body weight was administrated with a feeding
needle. The control group received the same volume of
carboxymethyl cellulose vehicle solution without SNJ-1945.

Measurement of electroretinograms

Full-field scotopic ERGs were recorded before cannula-
tion and at 1 and 7 days after OH according to a modifi-
cation of methods previously reported.10 Briefly, the rats
were dark-adapted overnight, and all further procedures
were performed under dim red illumination. The rats were
anesthetized by a 1.5 mL/kg intramuscular injection of a 4:1
mixture of Ketalar (5% ketamine hydrochloride; Sankyo,
Tokyo, Japan) and Celactal (2% xylazine hydrochloride;
Bayer, Leverkusen, Germany)/kg body weight. The pupils
had been dilated in advance with Mydrin-P (Santen). A

FIG. 1. Representative ERGs (A)
and quantitative measurement of a-
waves (B), b-waves (C), and OPs
amplitudes (D), showing significant
decrease in amplitudes of a- and b-
waves and OPs 7 days after OH, and
the protective effect of oral 50 mg/kg
SNJ-1945. Data are expressed as
mean – SEM (n = 16 each). #P < 0.05
relative to normal (paired Wilcoxon’s
rank sum test). *P < 0.05 relative to
vehicle (Student’s t-test). ERGs,
electroretinographies; OPs, oscillatory
potentials.
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small amount of hydroxyethylcellulose solution (Senju,
Osaka, Japan) was applied to the corneal surface, and a
contact lens electrode equipped with a light-emitting diode
was positioned on the cornea. A wire electrode placed in the
mouth served as the reference electrode, and a grounding
needle electrode was subcutaneously inserted above the
femur. The ERG response was amplified using a low-pass
filter setting of 0.3 Hz and a high-pass filter setting of 500 Hz,
and the ERG response was recorded with the PuREC system
(Mayo, Inazawa, Japan). Five to ten, successive, white,
stroboscopic flashes at 3 cds/m2 were presented to the cor-
nea, and the maximal ERG response was used (Fig. 1A). The
a-wave was measured as the difference between the ampli-
tudes at the onset and the trough of the negative deflection.
The b-wave amplitude was measured from the trough of the
a-wave to the peak of the b-wave. The implicit times of
a-and b-waves were measured from onset to the trough of the
a-wave, and onset to the peak of the b-wave, respectively.
The oscillatory potentials (OPs) were extracted from the
above ERG data using 65–285 Hz band-pass filters and the
PuREC 1.0 software (Mayo). The amplitude of each OP
wavelet was measured from the baseline drawn between the

troughs of successive wavelets to their peaks.13 Because
the first of 5 wavelets are contaminated with the a-wave,14

the amplitudes of second to fifth wavelet were combined
as the final adjusted OPs amplitude. Baselines were also
recorded a few days before OH. All ERG analyses were
performed using a masking procedure.

Quantitative measurement of cells in the ganglion
cell layer and the thickness of the inner retinal layer

Immediately after recording the ERG at 7 days of OH, the
rats were asphyxiated with CO2 gas, and the eyes were
enucleated. Enucleated right globes were fixed overnight in
10% neutral-buffer formalin containing glutaraldehyde and
embedded in paraffin. Sections (3 mm) of the retina through
the optic disc were stained with hematoxylin and eosin as
previously reported.11 The retinal sections were observed
with an optical microscope and then digital images were
captured with a CCD camera (DP72; Olympus, Tokyo, Ja-
pan) and e-Tiling 3.7 software (Mitani, Fukui, Japan). Cell
nuclei in the ganglion cell layer (GCL) were counted in two,
0.8 mm-wide regions located 0.5–2.5 mm in both the right

FIG. 2. Degeneration in retina after OH in rats. Representative retinal sections stained with H&E from normal rats (A)
and from rats 1 day (B) or 7 days (C) after OH at 110 mm Hg for 40 min. Representative TUNEL staining in normal retina
(D) and 1 day after OH (E), showing TUNEL-positive nuclei (arrows) in INL and ONL. Cell nuclei were stained with
TOPRO-3 (blue). Retinal sections stained with PKCa (F), Goa (G), and TUNEL (H) were merged (I). The area with an
asterisk in (I) was magnified (J). Rod bipolar cells ( J, arrows) staining Goa-positive (purple) and PKCa-positive (green),
stained positive for TUNEL. Cone-ON bipolar cells (arrowheads), staining Goa-positive and PKCa-negative, likewise
stained positive for TUNEL (J). Retinal section stained with calretinin (K) or with calbindin (N) were merged with TUNEL
staining (L, O). AII amacrine cells (arrows), staining positive for calretinin (green), stained positive for TUNEL (M,
merged K, L). Horizontal cells (N), staining positive for calbindin (green) were TUNEL-negative (O), are shown merged in
(P). Scale bar = 50mm (A), 20mm (D), and 10mm (F, K, N). OH, ocular hypertension; H&E, hematoxylin and eosin; GCL,
ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; ONL, outer nuclear layer; OS, outer segment;
TUNEL, terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end-labeling.
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and left sides from the center of the optic disk and expressed
as the mean of these four regions.10

The thicknesses of the inner plexiform layer (IPL) and the
inner nuclear layer (INL), which included bipolar, amacrine,
and horizontal cells, were measured in the same regions
used above for GCL counting. Mean thickness values from
the entire 0.8 mm-wide regions were computed with Image-
Pro Plus 6.3 software (Media Cybernetics, Bethesda, MD).
The mean thickness measurements were then calculated
from the four regions in each section.15 The thicknesses of
the outer nuclear layer (ONL) and the outer segment (OS),
which include the photoreceptor cells, were measured using
the same method as for the IPL and INL described above.

Immunohistochemistry and cell counting in retinal
thin section and flat mount

Retinal thin section. Animals were deeply anesthetized
and euthanized by inhalation of air-saturated sevoflurane.
Partial blood washout in tissues was performed by intra-
cardial perfusion with saline. The globes were enucleated,
fixed for 2 h in 4% paraformaldehyde (PFA) in 0.1 M
phosphate buffer (PB, pH 7.4), cryoprotected for 1 h in PB
containing 20% sucrose, and embedded in OCT compound
(Sakura Finetech, Tokyo, Japan) in liquid nitrogen. Cryo-
sections were prepared at 10mm thickness. The sections
were immersed in 10 mM phosphate-buffered saline (PBS:
pH 7.4) for 20 min at room temperature. The sections were
then incubated overnight at 4�C with primary antibodies for
protein kinase Ca (PKCa, 1:100; Cell Signaling Technolo-
gies, Beverly, MA) for visualization of rod bipolar cells and
amacrine cells; Goa (1:50; Chemicon/Millipore, CA) for
cone-ON bipolar and rod bipolar cells; calretinin (1:1,000;
Santa Cruz Technologies, Santa Cruz, CA) for AII amacrine
cells; calbindin (1:1,000; Swant, Bellinzona, Switzerland)
for horizontal cells; and glial fibrillary acid protein (GFAP)
(1:1,000. Dako, Glostrup, Denmark) for astrocytes and
Müller cells.16,17 After washing thrice with PBS for 5 min
each, the sections were incubated for 45 min with secondary
antibodies conjugated to Alexa Fluor 488 or 568 (Invitro-
gen, Carlsbad, CA). The sections were washed 3 more times
with PBS and embedded with Fluoromount (Diagnostic
BioSystems, Pleasanton, CA) containing 0.01% TOPRO-3
(Invitrogen). Immunofluorescence images were acquired
using a laser scanning confocal microscope (LSM710; Carl
Zeiss, Hallbergmoos, Germany), and images were digita-
lized with ZEN2008 software. Immuno-positive cells were
counted in the inner retinal layer in the same regions and
using the same procedures as described above for the GCL.

Retinal flat mounts

After transcardiac perfusion, the globes were enucleated,
fixed overnight at 4�C in 4% PFA/0.1 M PB. Posterior
eyecups were prepared and the remaining vitreous was re-
moved. To allow penetration of the antibody into the retina,
eyecups were treated with the following modifications.18

The eyecups were incubated overnight at - 30�C in di-
methyl sulfoxide (DMSO)/methanol (1:4). After rinsing
twice with 100% methanol for 30 min each, the eyecups
were subjected to 3 cycles of freezing and thawing between
- 80�C and room temperature to fragment plasma mem-
branes. The eyecups were then rehydrated in 70%, 50%, and

15% methanol, and PBS for 30 min each. The tissues were
free-rotated for 1 h at 4�C in PBS blocking solution contain-
ing 2% skim milk, 5% DMSO, and 0.1% Triton X-100. The
tissues were then incubated overnight with primary mono-
clonal antibody for Brn-3a (MAB1585, 1:100; Chemicon/
Millipore), a transcription factor specifically expressed in
the nuclei of ganglion cells.19 After washing 3 times with
blocking solution for 90 min, the tissues were incubated
overnight with secondary antibody conjugated to Alexa Fluor
488 (1:200). After washing 3 times for 90 min in PBS with
5% DMSO, whole retinas were isolated. Four radial incisions
toward the optic disk were performed, and the retinas with the
GCL up were flat-mounted in Vectashield (Vector, Burlin-
game, CA) onto glass slides. Immunofluorescence images
of Brn-3a-positive RGC soma were acquired using a laser
scanning confocal microscope (FV1000; Olympus) and digi-
talized with FV10-ASW software. Using Image-Pro Plus,
RGCs were counted in two square areas (0.36 mm2) located 1
and 2 mm from the center of the optic disk in each retinal
quadrant. For each retina, the number of RGCs was averaged
over the eight square areas.

TUNEL staining

Cleavage of DNA was visualized in situ with Alexa Fluor
488 after marking the free 3¢-H ends of DNA with terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick-
end-labeling (TUNEL, Click-iT TUNEL Assay Kit; Invitro-
gen). TUNEL-positive cells were assumed to be undergoing
apoptosis.

Immunoblotting

Immunoblotting was performed in rat retinas according to
a modification of previously reported methods.11 Briefly, 4 h
after OH, the retina from a right eye was homogenized to-
gether in buffer containing 20 mM Tris (pH 7.5), 5 mM
EGTA, 5 mM EDTA, and 2 mM dithioerythritol. The solu-
ble proteins were obtained by centrifugation at 13,000 g for
20 min at 4�C. Protein concentrations were measured using
the BCA assay (Pierce, Rockford, IL) with bovine serum
albumin as the standard. All steps were performed at 4�C.

SDS-PAGE of retinal soluble proteins (20mg/lane) was
performed on 4%–12% Bis-Tris gels (NuPAGE; Invitrogen)
with the MOPS buffer system (Invitrogen). Immunoblotting
was performed by electrotransferring the proteins from Nu-
PAGE gels onto polyvinylidene fluoride membranes (Milli-
pore, Bedford, MA). The membranes were probed with mouse
monoclonal antibody to a-spectrin (nonerythroid, clone AA6;
Affiniti Research Product, Exeter, United Kingdom) diluted to
1:1,000. Immunoreactivity was visualized with alkaline phos-
phatase conjugated to secondary antibody and BCIP/NBT (AP
Conjugate Substrate Kit; Bio-Rad, Hercules, CA).

Statistical analysis

Statistical analysis was performed using JMP 9.0 software
(SAS Institute, Cary, NC). The ERG a- and b-wave ampli-
tudes, the sum of the OPs amplitudes, and the a- and b-wave
implicit times 7 days after OH were expressed as the relative
percentage of the baseline values before hypertension. Dif-
ferences between means from baseline and hypertension
groups were tested using the paired Wilcoxon’s rank sum-
test. The effect of SNJ-1945 was then analyzed with
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Student’s t-test. Other data were analyzed using Tukey’s
test. Pearson’s linear correlation analysis was used to de-
termine the correlation between INL thickness and relative
b-wave or OPs amplitudes. For all analyses, P < 0.05 was
considered statistically significant.

Results

OH depressed ERG waves

As in our previous studies,10 1 day after OH (110 mm Hg,
50 min), a-waves were almost entirely lost, and b-waves and
OPs were completely depressed in the present study. These
changes persisted for 7 days. Decreases in amplitudes were
similar when hypertension was applied for 40 min on day 1,
but a- and b-wave amplitudes and OPs partially recovered
by 7 days. Thirty minutes of hypertension caused less at-
tenuation on day 1 and more recovery by 7 days (data not
shown). Therefore, for all studies below, we elevated IOP to
110 mm Hg for 40 min to produce maximal retinal dys-
function in minimal time.

OH activated calpains and apoptotic cell death

Compared to retina from nontreated normal rats (Fig. 2A),
all retinal layers were histologically similar 1 day after OH
(Fig. 2B). Thicknesses of the IPL in nontreated normal rats
and ocular hypertensive rats were similar at 27.7 – 3.1mm and
25.0 – 3.5mm, respectively. The INL thicknesses in non-
treated normal rats and hypertensive rats were also similar at
19.2 – 2.4mm and 20.1 – 2.9mm, respectively.

The number of cells in the GCL from ocular hypertensive
rats was 66 – 3/mm, which was similar to that in nontreated
rats at 65 – 3/mm. Seven days after OH, obvious degenera-
tion and cell loss were observed in the GCL and the INL
(Figs. 2C, 3A, 3C, and 4C), but these changes were not
observed in the ONL and OS (Figs. 2C and 3A).

No TUNEL-positive cells were observed in normal retina
(Fig. 2D). Although there were no obvious histological
changes in retina at 1 day, OH produced numerous TUNEL-
positive cells in the INL (Fig. 2E, arrows), with only min-
imal TUNEL-positive cells in the ONL. Rod bipolar cells
(Fig. 2F, G, arrows) and cone-ON bipolar cells (Fig. 2G,
arrowhead) in the INL stained positive for TUNEL (Fig.
2H–J) 1 day after OH. AII amacrine cells (Fig. 2K, arrow)
also showed TUNEL-positive staining (Fig. 2L, M). No
TUNEL-positive staining was observed in the horizontal
cells in INL (Fig. 2N–P). These data suggested that ocular
apoptosis of specific cell types in the inner retinal layer were
related to the loss of ERG waves reported above.

Calpain inhibitor SNJ-1945 attenuated degeneration
and dysfunction of the inner retinal layers

Amplitudes of the a- and b-waves and OPs in the control
preoperative eyes were: - 420 – 17, 1,011 – 40, and 613 – 39
(mV, mean – SEM), respectively. As performed in previous
studies,20 our ERG results for experimental groups were
expressed as percent of these control values. Seven days
after OH, amplitudes of the a- and b-waves and OPs were
significantly decreased to 74, 29, and 27%, respectively
(Fig. 1, Pre vs. Vehicle). Oral 50 mg/kg SNJ-1945 signifi-
cantly improved amplitudes of the a- and b- waves and OPs
to 89%, 53%, and 51% of preoperated eye, respectively

(Fig. 1B–D, SNJ-1945). Seven days after OH, the b-wave
implicit time was significantly [preoperated; 73 – 1.83, 7
days after OH; 85 – 3.29 (ms, mean – SEM) P < 0.05, paired
Wilcoxon’s rank sum test] prolonged to 117% of preoperated
eyes. Oral 50 mg/kg SNJ-1945 significantly restored the
b-wave implicit time back to the level of preoperated eyes
[SNJ; 72 – 3.29 (ms, mean – SEM) P < 0.05, Student’s t-test].
In contrast, the a-wave implicit time was not obviously af-
fected by OH [preoperated; 16.5 – 0.28, 7 days after OH;
16.8 – 0.43(ms, mean – SEM)].

OH decreased the thickness of IPL and INL to 64% and
79% of normal after 7 days, respectively (Fig. 3A–C, Normal
vs. Vehicle). SNJ-1945 at 50 mg/kg significantly improved
IPL and INL thickness to 81% and 92%, respectively (Fig.
3A–C, SNJ-1945 vs. Vehicle). The amplitudes of b-waves
(Fig. 3D) and OPs (Fig. 3E) were significantly directly cor-
related to INL thickness. No changes were observed in the
thickness of ONL and OS (data not shown).

An intact a-spectrin band at 280 kDa was observed in retina
from normal rats (Fig. 4A, Nor). Proteolysis of a-spectrin is a
marker for neuronal cell death, and breakdown products from
a-spectrin appeared at 150 and 145 kDa 4 h after OH (Fig. 4A,
OH). The 145 kDa fragment is produced only by calpains,
while the 150 kDa fragment is produced by calpains and
caspase-3.21 The caspase-3-specific a-spectrin breakdown prod-
uct at 120 kDa was not observed, as previously observed.11

Oral administration of SNJ-1945 at 50 mg/kg significantly in-
hibited proteolysis of a-spectrin (Fig. 4A, B, SNJ).

Effect of SNJ-1945 on specific retinal neurons
after OH

The b-waves are derived from the ON bipolar and Müller
cells, and a-waves from the photoreceptor cells. OPs are
mainly derived from amacrine cells and represent feedback
neural pathways for the inner retina.22,23

Cells in GCL

The number of cells in the GCL from ocular hypertensive
rats decreased to 72% of nontreated normal rats (Fig. 4C,
Normal vs. Vehicle). Oral administration of SNJ-1945 sig-
nificantly inhibited this loss of GCL cells in a dose-dependent
manner (Fig. 4C, SNJ-1945 vs. Vehicle). The cell numbers in
animals treated with SNJ-1945 at 50 and 25 mg/kg were 92%
and 81% of normal, respectively. This suggested involvement
of calpains in the loss of cells in the GCL. Since the RGL
contains several cell types, the specific number of ganglion
cells was measured. The number of ganglion cells in the
ocular hypertensive rats significantly decreased compared to
the nontreated normal rats (Fig. 4D, Normal vs. Vehicle).
Oral administration of SNJ-1945 significantly inhibited this
loss of ganglion cells in a dose-dependent manner (Fig. 4D,
SNJ-1945 vs. Vehicle).

Bipolar cells

In normal retina, the cell bodies of rod bipolar cells were
observed in the outer border of INL (Fig. 5A–C, arrows).
Cone-ON bipolar cells were located in the inner side of the
INL (Fig. 5A, C, arrowheads). Seven days after OH, rod and
cone-ON bipolar cells were significantly decreased (Fig.
5D–F) to 85% and 68% of normal, respectively (Fig. 5J, K).
While 50 mg/kg SNJ-1945 did not inhibit loss of rod bipolar
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FIG. 3. Photomicrographs of sections from rat retina stained with H&E (A) and measurement of thickness in IPL (B) and
INL (C), showing significant a decrease in thickness of the IPL and INL 7 days after OH and the protective effect of a single
oral dose of 50 mg SNJ-1945/kg. Scale bar = 50mm. Data are mean – SEM (n = 16 each). #P < 0.05 relative to normal and
*P < 0.05 relative to Vehicle (Tukey’s test). Correlation between relative b-wave (D) or OPs (E) amplitudes and thickness of
the INL in individual eyes from vehicle-treated (closed circles) and 50 mg/kg SNJ-1945-treated (open circles) rats 7 days
after OH. When using all data, statistically significant, positive correlations were observed (D): % b-wave = 3.86 · (mm
INL) - 49.40, Pearson’s linear correlation coefficient r = 0.54, P < 0.05 (n = 16); and (E): % OPs = 2.44 · (mm IPL) - 17.41,
Pearson’s linear correlation coefficient r = 0.45, P < 0.05 (n = 16).

FIG. 4. (A) Representative immunoblot of lysate from whole retina showing intact a-spectrin at 280 kDa (closed ar-
rowhead) and SBDPs at 145 and 150 kDa (open arrowheads) 4 hrs after OH and inhibition of these changes by SNJ-1945.
(B) Densitometric image analysis showing increased calpain-specific SBDP at 145 kDa and inhibition by oral SNJ-1945 at
50 mg/kg. Data are expressed as mean – SEM (n = 8–10). #P < 0.05 relative to normal and *P < 0.05 relative to vehicle
(Tukey’s test). Dose-dependent inhibition of decreased cell numbers in the GCL (C) and decreased ganglion cells (D) by
administration of oral SNJ-1945 after OH. Data are expressed as mean – SEM (n = 27–29 (C), n = 11–12 (D)). #P < 0.05
relative to normal and *P < 0.05 relative to vehicle (Tukey’s test). SBDPs, a-spectrin breakdown products.
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cells after OH (Fig. 5K), SNJ-1945 significantly attenuates
loss of cone-ON bipolar cells back to 91% of normal (Fig.
5G–I, J). Cone-OFF bipolar cells were not measured, since
cone-OFF bipolar cells are not major participants in pro-
duction of the b-waves.1

AII amacrine cells

In normal retina, AII amacrine cells were present in the
GCL, in the innermost side of the INL, and as 3 distinct
layers in the IPL formed by the synaptic termini of AII
amacrine cells (Fig. 6A, Normal). Seven days after OH, AII
amacrine cells and their synaptic termini were significantly
decreased (Fig. 6A, Vehicle) to 55% of normal INL levels
(Fig. 6B). Oral 50 mg/kg SNJ-1945 allowed significant re-
tention of AII amacrine cells and their synaptic termini (Fig.
6A, SNJ-1945) at 81% of the normal INL levels (Fig. 6B).

Horizontal cells

OH caused no observable changes in horizontal cells (data
not shown), agreeing with previously reported results.24

Müller cells

In normal retina, positive staining for GFAP was local-
ized only in the GCL (Fig. 7, Normal). This staining orig-

inates from the astrocytes.20 Seven days after OH, GFAP-
positive staining mainly increased in the GCL, but stained
axons extended from the GCL to the outer retinal layer (Fig.
7, Vehicle). This new staining originated from the Müller
cells because the staining pattern overlapped the published
localization pattern for Müller cells, and GFAP is increased
when Müller cells were activated following ischemia.20 Oral
50 mg/kg SNJ-1945 inhibited the increase in GFAP-positive
staining (activation of Müller cells) (Fig. 7, SNJ-1945).

Discussion

The major findings of the present study were that (1) OH
induced activation of calpains and subsequent apoptosis of
ON bipolar and amacrine cells. This led to degeneration of
the INL and decreased ERG amplitudes. (2) Calpain in-
hibitor SNJ-1945 attenuated the loss of cone-ON bipolar and
amacrine cells, leading to rescue of INL morphology and
improvement of electrophysiologic function.

Activation of calpains, degeneration, and ERG
dysfunction in retina

Our previous studies in ocular hypertensive rats using
severe conditions (60 min increased IOP) showed increased
retinal calcium, activation of calpains, proteolysis of calpain

FIG. 5. Immunohistoche-
mistry for rod bipolar cells
(arrows), staining Goa-positive
(purple) (A, D, G) and
PKCa-positive (green) (B, E,
H); and cone-ON bipolar
cells (arrowheads), staining
Goa-positive (purple) and
PKCa-negative. Quantitative
measurement of cell numbers
(J, K), showed loss of bipolar
cells 7 days after OH (D–F)
and protection of cone ON-
bipolar cells by 50 mg/kg
SNJ-1945 (G–I). Area with
an asterisk in normal retina
was magnified and inserted in
panel (C). Scale bar = 20mm.
Data are expressed as mean –
SEM (n = 3 each). *P < 0.05
(Tukey’s test). PKCa, protein
kinase Ca.
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substrates, degeneration of retinal layers, and loss of ERG;
suggesting involvement of calpains in retinal degeneration
and dysfunction.10 The present experiments with milder OH
(40 min) further showed that OH caused hydrolysis of in-
tracellular a-spectrin to a calpain-specific breakdown
product, TUNEL-positive retinal cells, and loss of specific
inner retinal cells associated with degradation of ERG
signals. In retina, acute OH -induced retinal ischemia/
reperfusion is known to deplete intracellular ATP followed by
the failure of the Na/K-ATPase pump, membrane depolar-
ization, and accumulation of cytoplasmic sodium and calcium
ions.1 Increased intracellular Ca2 + influx is required for the
activation of calpains.10 The localization of calpains to spe-
cific retinal cell types is largely unknown. However, a com-
plete calpain system, consisting of mRNA for calpains,
calpain proteins, and the endogenous inhibitor calpastatin is
known to be present and active in whole rat retina.25

Cells in the inner retinal layer damaged by calpain
during OH

The cone-ON bipolar, rod bipolar, and amacrine cells, but
not the horizontal cells in the inner retinal layer were apo-
ptotic 1 day after OH (Fig. 2). These apoptotic cells were
then lost on day 7 (Figs. 5 and 6). Bipolar cells, are second-
order retinal neurons, and relay signals from photoreceptor

cells to RGCs. The relay amacrine neurons vertically con-
nect these bipolar cells to the ganglion cells. ON bipolar
cells, including cone-ON and rod bipolar cells are the major
sources of the electrical impulses producing b-waves, while
the AII amacrine cells produce the OPs signals.26,27 The
layers containing these connecting neurons showed apo-
ptotic cells that were associated with significant decreases in
the b-wave and OPs signals 1 day after OH. In our experi-
ments, cone-ON bipolar and AII amacrine seem to be more
vulnerable to OH than rod bipolar cells (Figs. 5 and 6), and
this agrees with a previous report.19 Thus, hypertension-
induced apoptosis and loss of electrophysiological function
occurs before histologic degeneration of the inner retinal
layers.

Although TUNEL-positive cells have been reported in the
GCL 1 day after OH,28 we did not observe such cells, and a
possible reason is that our model is less severe. Alter-
natively, apoptotic cells may have disappeared in our model
1 day after OH since the number of apoptotic cells peak at
6 h and then decrease.29

OH provoked a significant alternation in Müller cells, as
shown by an increase in GFAP immunoreactivity 7 days
after OH. This suggests that activation of Müller cells
contributed to the observed decrease in the b-wave ampli-
tudes.1 Oral SNJ-1945 decreased GFAP immunoreactivity
in Müller cells. Possibly activated calpain causes the

FIG. 6. Immunohistochemistry of AII
amacrine cells, staining (green) for calretinin-
positive (arrows) (A), and quantitative mea-
surement of cell numbers (B). AII amacrine
cells were lost after 7 days of OH and pro-
tected by 50 mg/kg SNJ-1945. Scale bar =
20mm. Data are expressed as mean – SEM
(n = 3 each). *P < 0.05 (Tukey’s test).

FIG. 7. Immunohistochemistry of astro-
cytes and Müller cells, staining (green) for
glial fibrillary acid protein.
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activation of Müller cells, leading to the decrease b-wave
amplitudes. This would be an additional advantage of SNJ-
1945 to improve electrophysiologic function by regulation
of ocular glial cells.

Also of potential clinical significance, SNJ-1945 sup-
pressed degeneration of inner retina and the decreases in
b-waves and OPs. SNJ-1945 inhibited loss of cone-ON bi-
polar cells (Fig. 5), but not rod bipolar cells, suggesting that
cone-ON bipolar cell death might be mediated by calpain
activation. Although we do not know yet why SNJ-1945 did
not inhibit rod bipolar cell death, localization of calpains
and calpastatin to specific cells types may be a reason. For
example, in the central nervous system, calpain 2 mRNA is
higher in some localized neuronal populations, and this may
explain the pathogenesis of certain regional neurological
degenerative diseases.30 Activation of executioner caspases
may be another explanation since caspases are not inhibited
by SNJ-1945. In an acute model of OH, caspases were in-
volved in apoptosis in retinal neuronal cells,31 although
obvious caspase-specific a-spectrin breakdown product was
not observed in present study. In addition to apoptosis and
necrosis, another type of cell death, autophagy was recently
observed in retina during acute OH.32,33 Autophagy involves
lysosomal degradation of long-lived cytoplasmic proteins,
and it has been observed during differentiation, starvation,
and stress conditions such as oxidation.34 Activation of
calpains and caspases are involved in autophagic cell
death.32,33 Beclin-1, an essential protein for autophagic
regulation, is proteolyzed by calpains.32 Future experiments
are needed to determine which of the 3 specific mechanisms
(apoptosis, necrosis, or autophagy) cause death of the rod
bipolar cells.

SNJ-1945 also inhibited loss of AII amacrine cells (Fig.
6). Amacrine cells express ionotropic glutamate receptors
(NMDA, AMPA, and kainate types), and over-agonized
NMDA receptors cause entry of Ca2 + and activation of
calpains leading to cell death. A large increase in extracel-
lular glutamate is also observed in an acute model of OH.13

Activation of NMDA receptors causes influx of intracellular
Ca2 + , activation of calpains, and death of amacrine cells.35

After a single oral administration of 10 mg SNJ-1945/kg,
concentrations of SNJ-1945 in retina reach a maximum at
15 min and then gradually decrease over 8 h.36 Four hours
after administration, the concentration of SNJ-1945 in retina
still exceeded the IC50’s against calpains 1 and 2. Rapid
penetration and long retention may contribute to the effect
of SNJ-1945, since calpain was highly activated 1 h after
reperfusion.32 SNJ-1945 also inhibits other cysteine prote-
ases such as cathepsin B and L.37 The activation of ca-
thepsin B is involved in retinal ganglion cell death after
optic nerve injury.38 Therefore, inhibition of activated ca-
thepsin B by SNJ-1945 may be another mechanism for
ameliorating retinal cell death, in addition to inhibition by
calpains.

Relevance to clinical findings

In the present rat experiments, cells in the GCL were
decreased by OH, and SNJ-1945 inhibited loss of these
cells, suggesting activation of calpain as in previous ex-
periments.11 Further, a lower dose of SNJ-1945 (25 mg/kg)
was effective for rescuing ganglion cells in the present ex-
periments using our milder model. Synapses of the cone-ON

bipolar cells directly connect to ganglion cell dendrites. In
contrast, rod bipolar cells connect to AII amacrine dendrites,
whose synapses are connected to cone-ON bipolar cells,
modulating cone-mediated visual function. The human
macula is largely dependent upon cone-mediated photopic
vision, and cone-mediated visual dysfunction is reported in
patients with retinal vessel occlusion and diabetic retinop-
athy.39,40 Calpain inhibitor rescued both cone-bipolar and
AII amacrine cells important for cone-mediated visual
function, suggesting that SNJ-1945 might be useful as a
therapeutic medication for sustaining the visual field in
patients retina ischemia.
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