
ABSTRACT 

Objective: We conducted this study to explore the possible protective effect of 2-aminoethoxydiphenyl 
borate (2-APB) on experimentally induced optic nerve injury in an acute ischemia-reperfusion (AIR) model. 

Materials and Methods: A total of 30 Wistar albino rats were randomly divided into sham, AIR, and 
AIR+treatment (AIR10) groups. In the sham group, AIR model was not created. In the AIR group, AIR 
model was created without the administration of drug. In the AIR10 group, 2-APB was administered 10 min 
before reperfusion. 

Results: Tissue samples were subjected to histological, immunohistochemical, and electron microscopic pro-
cedures. Histopathological examination revealed intense hypertrophic cells, more glial cells, capillary dilata-
tion, and intense demyelination areas in the AIR group compared to those in the sham and AIR10 groups. 
Immunohistochemical staining demonstrated an increase in Orai1 and STIM1 immunoreactivity in the AIR 
group but less intense staining in the AIR10 group. Electron microscopy revealed injury in optic nerve axons 
in the AIR group, whereas this type of injury occurred to a lesser extent in the AIR10 group. 

Conclusion: In rats, store-operated Ca2+ entry in the cell had an essential role in optic nerve ischemia-
reperfusion injury, and 2-ABP may have a protective effect on optic nerve injury caused due to AIR.
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Introduction
Ischemic injury to the retina and the optic nerve is frequently observed in ocular diseases. Se-
vere ischemic damage leads to almost complete and irreversible vision loss [1]. After a isch-
emia-reperfusion injury, the damage caused to the optic nerve results in painless vision loss 
and subsequent deterioration in the normal nerve structure, retinal ganglion cell death, and 
permanent vision loss [2, 3]. One of the most commonly used models for investigating the mo-
lecular mechanism involved in optic nerve damage and the possible therapeutic strategies is the 
ischemia-reperfusion rat model, which is created by increased acute intraocular pressure. Recent 
studies have reported that excitatory amino acids with neurotoxic properties and molecular me-
diators, such as free oxidative radicals, play a role in retinal and optic nerve ischemia-reperfusion 
injury caused due to elevated acute intraocular pressure in rats [1, 4]. However, the mechanisms 
responsible for neuronal death after an ischemic-axonal injury in optic neuropathies induced 
in animal models have still not been fully elucidated. Therefore, the treatment of optic nerve 
damage continues to represent an important problem, and although complex and invasive novel 
treatment methods have been attempted in addition to classical treatment methods, the desired 
success has not been achieved.

Store-operated calcium (Ca2+) channels are commonly found in the central nervous system and 
other tissues, such as the liver and heart, and have been reported to play a role in store-operated 
Ca2+ entry (SOCE) [5-8]. In a recent study, in which global ischemia was induced in rats, the role 
of store-operated channel proteins (STIM1 and Orai1) associated with Ca2+ loading in inducing 
delayed neuronal death was investigated in the neurons of the hippocampus. It was observed 
that suppression of SOCE with STIM1 siRNA in the early post-ischemic period resulted in a sig-
nificant inhibition of the expression of STIM1 and Orai1, a decrease in intracellular Ca2+ concen-
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tration in neurons, and an improvement in the 
neurological functions of rats. In other words, 
these findings imply that an overexpression of 
STIM1 and Orai1 is responsible for excessive 
Ca2+ entry into the cell as a result of ischemic 
injury and an inhibition of this entry increases 
neuronal survival. These data suggest that SOCE 
represents another mechanism besides excito-
toxicity that is responsible for neuronal cell 
death in ischemic injury [5]. An another study 
also demonstrated that SOCE inhibition could 
reduce apoptosis in an ethanol-induced liver in-
jury model [6].

2-Aminoethoxydiphenyl borate (2-APB), which 
inhibits Ca2+ release by blocking IP3 receptors in 
the endoplasmic reticulum (ER), has been ex-
tensively used to reduce Ca2+ release [9]. 2-APB 
exerts an effect of altering the IP3-induced Ca2+ 
release and can pass through the ER membrane. 
The difference between 2-APB and other an-
tagonists that release Ca2+ through IP3 is that 
2-APB inhibits Ca2+ channels present on the 
plasma membrane or intracellular vesicles. In this 
respect, 2-APB is the first IP3 modulator that 
does not affect Ca2+ entry from outside the cell 
[10, 11]. In our literature review, we observed 
that relatively few studies have explored the ef-
fect of the relationship between Ca2+ release 
from the ER and SOCE on optic nerve injury. 
We found no study in the literature that investi-
gated the role of SOCE in optic nerve injury and 
the effect of 2-APB on this injury. Therefore, 
we conducted this study to analyze STIM1 and 
Orai1 via immunohistochemical examination 
to determine the role of SOCE in optic nerve 
injury after ocular ischemia-reperfusion and to 
evaluate the optic nerve structure by electron 
microscopy and histopathology. We also inves-
tigated the possible protective and therapeutic 
effects of the SOCE inhibitor 2-APB on optic 
nerve injury.

Materials and Methods

Animals
A total of 30 Wistar albino rats (aged 10-12 
weeks) weighing approximately 250-300 g were 
used in this study. Animal care and experimental 
procedures were performed after obtaining the 
approval of the Local Ethics Council of Animal 
Experiments. 

Experimental procedure
Rats were randomly divided into the following 
three groups: sham, acute ischemia-reperfusion 
(AIR), and AIR10, with 10 animals in each group. 
All rats were administered general anesthesia 
with ketamine (100 mg/kg; Ketalar; Pfizer) and 
chlorpromazine (25 mg/kg; Largactil; Eczacıbaşı), 

and topical anesthesia was achieved using 0.5% 
proparacaine (Alcaine; Alcon) drops in the right 
eyes. The eyes were then dilated using 1% cyclo-
pentolate (Sikloplejin; Abdi İbrahim), and saline 
solution was injected into the anterior chamber 
using a 30-gage cannula. Intraocular pressure 
was not elevated in the sham group, in which the 
animals were injected with the needle, and the 
needle was removed. In the AIR group, a serum 
bottle was placed at a height of 200 cm from 
the rat for 60 min to increase the intraocular 
pressure to at least 120 mmHg and reperfusion 
was obtained. In the AIR10 group, 2-APB (Sig-
ma-Aldrich) was intraperitoneally administered 
at a dose of 4 mg/kg 10 min before reperfusion 
[12]. After 3 days, the rats were sacrificed under 
anesthesia. Enucleation was performed on the 
right eyes of the rats, and the optic nerves were 
subjected to routine histological and electron 
microscopic procedures.

Histological procedure
The optic nerve tissues were fixed in 10% for-
malin solution for 48 h, after which the formalin 
was removed by washing in tap water. Tissues 
were then dehydrated by passing through an 
ethanol series with increasing concentrations 
and made transparent with xylene. Sections 
measuring 4-5 μm in thickness were prepared 
from the optic nerves embedded in paraffin us-
ing a microtome (Leica RM2235, Leica Instru-
ments, Nussloch, Germany). Then, the sections 
were stained with hematoxylin–eosin (H–E) and 
toluidine blue (Sigma-Aldrich) and examined 
under a light microscope (Nikon, Eclipse-600, 
Tokyo, Japan).

The number of glial cells in the H–E-stained 
sections were counted and calculated by a Ste-
reo-Investigator system (Microbrightfield, vs. 
9.0, Colchester, VT, CA, USA) using the optical 
fractionator method [13]. This system consists 
of a light microscope with an attached camera, 
a motorized system that moves the microscope 
tray, and a computer software that controls the 
remaining apparatus. In this system, after plac-
ing the slide on the microscope tray, the image 
is reflected on the monitor, and the limits of 
the area to be measured are determined using 
the software. When the area to be measured 
is determined, cell counts are performed, while 
the step intervals on the x and y axes are pro-
gressed or advanced at a random angle with 
independent count frames separated from 
each other. The numerical density of glial cells 
in each µm3 was calculated using the formula 
Nd=TM/CFA × NSS [Nd, numerical density; 
TM, counted total markers; CFA, counting 
frame area (XY) (μm²); and NSS, the number 
of sampling sites][14].

Electron microscopy procedure
For electron microscopic examination of the 
optic nerve, 1 mm3 tissue samples obtained 
from the rats were fixed with glutaraldehyde, 
followed by postfixation at 4°C in osmium te-
troxide for 2 h. The sections were dehydrated 
by passing through a graded alcohol series, treat-
ed with propylene oxide, and then embedded 
in epoxy resin. Semi-thin sections measuring 
1-2 µm in thickness prepared using an ultrami-
crotome (LKB NOVA, Bromma, Sweden) were 
stained with toluidine blue and then analyzed 
under a Nikon Eclipse-600 (Tokyo, Japan) light 
microscope equipped with a camera. Ultrathin 
sections measuring 70-80 nm in thickness placed 
on the grids (S162 grupPelco, CA, USA) were 
subjected to ultrastructural examination under 
a transmission electron microscope (100 SX 
Jeol, Tokyo, Japan), and digital images were ob-
tained for all groups.

Immunohistochemical procedure
The sections were deparaffinized, passed 
through a graded ethanol series with decreas-
ing concentrations, and then washed in distilled 
water. For retrieval, the antigen was boiled in 
ethylenediaminetetraacetic acid (EDTA) in a 
90°C oven for 20 min. It was then placed in 3% 
hydrogen peroxide (H2O2) for 15 min, and en-
dogenous peroxides were blocked. The sections 
were then incubated at room temperature with 
drops of Orai1 (Santa Cruz; dilution 1/100) and 
STIM1 (Santa Cruz; dilution 1/100) antibodies 
(no primary antibody was added to the nega-
tive control sections) for 60 min. Subsequently, 
secondary antibodies and 3,3′-diaminobenzidine 
were applied to the sections, and background 
staining was performed with hematoxylin, after 
which the sections were examined under a light 
microscope (Nikon, Eclipse-600, Tokyo, Japan). 
The intensity of immunoreactivity to STIM1 
and Orai1 proteins in the optic nerve tissue 
was evaluated using a semi-quantitative method 
[15], wherein scoring was performed accord-
ing to the ratio of positive cells as follows: 0=no 
positive cells, 1=<10% positive cells, 2=10%-
50% positive cells, 3=51%-80% positive cells, 
and 4=>80% positive cells. The staining intensity 
was scored as follows: 0=no staining, 1=weak 
staining, 2=moderate staining, and 3=severe 
staining. Thereafter, an immunoreactivity score 
of 0-12 was obtained by multiplying the staining 
intensity score (0-3) with the ratio of positive 
cells (0-4).

Statistical Analysis
The Statistical Package for the Social Sciences 
(SPSS) version 20.0. software (IBM Corp.; Ar-
monk, NY, USA) was used for the statistical 
analysis of the data. Multiple comparisons were 
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conducted using the Kruskal–Wallis test. The 
Mann–Whitney U test was used for binary com-
parisons. A p<0.001 was considered as statisti-
cally significant.

Results

Histopathological examination
The H–E-stained tissue sections in the sham 
group demonstrated normal myelinated nerve 
fibers, implying that the axon alignment was reg-
ular and the myelin sheath around the axon was 
normal. The nerve axons were tightly packed 
together and partially formed bundles, and be-
tween the bundles was the connective tissue 
with capillary vessels. Oligodendrocytes and as-
trocytes were found to be scattered within the 
nerve tissue (Figure 1a). Compared with the 
sham group, the number of glial cells in the AIR 
group increased significantly (p<0.001) (Table 
1). Furthermore, there were distortion in the 
axon alignment and significant axonal degenera-
tion. Swelling and vacuolar degeneration were 
prominent in the myelin sheaths of the axons. 
There was an increase in the connective tis-
sue between the axons, along with dilatation of 
the vessels (Figure 1b). Intensive demyelination 
areas, axonal degeneration, and vacuolization 
were more prominent in sections stained with 
toluidine blue (Figure 1b1). The glial cell count 
was lower in the group treated with 2-ABP 10 
min before reperfusion than that in the AIR 
group (p<0.001), but it was higher than that in 
the sham group (p<0.001). Injury findings such 
as demyelination areas, capillary dilatation, swell-
ing of myelin sheaths, and vacuolar degeneration 
were less frequent in the AIR10 group (Figure 
1c, 1c1).

Electron microscopy findings
In the sham group, optic nerve axons were 
aligned closely together and demonstrated a 
compact myelin structure (Figure 2a). In the 
injury groups, optic nerve axons were swollen 
and infrequently aligned, with abnormal prolif-
eration of the neural connective tissue between 
the axons. In addition to axonal swelling, normal 
axonal appearance was impaired due to rapid 
division of axonal myelin sheaths. Particularly in 
the AIR group, myelin was disintegrated into la-
mellae. Compared to a normal optic nerve, the 
number of large axons decreased in the injury 
group, whereas that of small axons exhibited a 
relative increase (Figure 2b). Although normal 
myelinated axons were more frequent in the 
AIR10 group treated with 2-APB than in the 
AIR group, vacuoles of different shapes and sizes 
were observed in the axons. Furthermore, the 
neural connective tissue showed abnormal pro-
liferation in both AIR and AIR10 groups, with 

higher proliferation being observed in the AIR 
group (Figure 2c).

Immunohistochemistry
Immunohistochemical examination was per-
formed using the optic nerve tissues of rats from 
all three groups to evaluate the immunoreactiv-
ity to STIM1 and Orai1 in glial cells, which have 

a significant role in Ca2+ entry into cells. The im-
munoreactivity scores of STIM1 and Orai1 were 
increased significantly in the ischemia-reper-
fusion groups compared to those in the sham 
group (p<0.001). After treatment with 2-APB 
following the ischemia-reperfusion injury, there 
was a significant decrease in both STIM1 and 
Orai1 immunoreactivity scores (p<0.001); how-
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Figure 1. a-c Light photomicrographs of  optic nerve tissues stained with Hematoxylin-eosin (a-c) 
and toluidine blue (a1-c1). Black arrow: glial cell, yellow arrow: vacuolar degeneration, arrow head: 
dilation of  the capillaries, ⋆: glial cell increase and ↝: demyelination areas. (a-a1) Sham groups; (b-b1) 
AIR groups; (c-c1) AIR10 group. Bars: 50 μm.

a

b

c c1

a1

b1

Table 1. Numerical densities and immunoreactivity scores of glial cells in the control and experimen-
tal groups

 Glial cells (n/μ3) Orai1 IRS STIM1 IRS 
Groups (Mean±SD) (Mean±SD)  (Mean±SD)

Sham 3.54×10−4±0.18×10−4 1.2±0.42 1.3±0.48

AIR 4.52×10−4±0.16×104 a,b 7.8±1.32a,b 8.5±2.22a,b

AIR10 3.97×10−4±0.15×10−4 a,c 3.0±1.41a,c 3.7±1.42a,c

SD: standard deviation; IRS: immunoreactivity score; AIR: acute ischemia-reperfusion; AIR10: acute ischemia-reperfusio+4 
mg/kg 2-APB 
aSignificantly increased when compared with the sham group (p<0.01)
bSignificantly decreased when compared with the AIR10 group (p<0.01)
cSignificantly increased when compared with the AIR group (p<0.01) 



ever, these scores were still higher than those in 
the sham group (p<0.001) (Table 1, Figure 3).

Discussion
Progressive and irreversible vision loss caused 
due to optic nerve damage is an important health 
concern. Diseases such as vascular occlusion, hy-
pertension, diabetic retinopathy, glaucoma, and 
acute ocular hypertension lead to ischemic injury 

of the optic nerve. Severe ischemic events have 
been reported to cause almost complete and ir-
reversible loss of visual function [1]. Furthermore, 
experimental animal models have shown that reti-
nal ischemia was induced by increased intraocular 
pressure [16, 17]. An increased intraocular pres-
sure can result in optic nerve injury and axonal 
loss [18]. Several studies have also reported the 
presence of demyelination areas in the optic nerve 

in retinal ischemia and glaucoma models caused 
due to an increased intraocular pressure [19, 20]. 
In the present study also, it was observed that an 
increased intraocular pressure caused damage to 
the optic nerve, as indicated by the presence of 
swelling and vacuolar degeneration in the myelin 
sheaths of the axons, the increased connective tis-
sue between the axons, and the dilatation of the 
vessels. Our histopathological findings of the optic 
nerve injury caused due to increased intraocular 
pressure were in accordance with the literature. 
The deterioration of these findings in the 2-APB-
treated group suggested that the damage is related 
to SOCE-mediated calcium entry into the cell.

Recent studies have demonstrated that SOCE 
is essential for both the regeneration of intra-
cellular ER Ca2+ stores and the maintenance of 
ATP-mediated Ca2+ signal in optic nerve glial cells 
[21, 22]. It has been reported that the ATP-medi-
ated astroglial signal affects the homeostatic and 
metabolic support functions of glial cells [23]. In a 
study conducted by Joos et al. [24], glial cell acti-
vation, including astrocytes, was observed during 
optic nerve degeneration. In our study, we also 
observed an increased number of glial cells in the 
AIR injury group. This finding and the presence of 
intensive connective tissue in the areas between 
axons indicated glial cell activation during injury. 
However, in the group treated with 2-APB, the 
number of glial cells was less. This could be be-
cause 2-APB, an SOCE inhibitor, suppressed the 
proliferation of glial cells by inhibiting SOCE-me-
diated Ca2+ entry into the cell following ischemia. 

Pelit et al. [25] created an ischemic optic neuropa-
thy model by inducing retrobulbar hematoma in 
rabbits and performed an electron microscopic 
examination of the optic nerves, which revealed 
deterioration of the concentric lamellar structure 
of myelin sheaths and irregular deteriorations 
due to the separation of myelin lamellae. In an-
other study, May [26] investigated optic nerve 
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Figure 2. a-c. Electron photomicrographs of  optic nerve tissues. (a) Myelinated axons in the sham group. (b) Separation of  the myelin sheath 
(arrowhead), deterioration of  axonal shape and demyelination areas (asterisks) in the AIR group. (c) Abnormal proliferation of  connective tissue (curved 
arrow) between the normal myelinated axons (arrow) in the AIR10 group. Bars: 1 μm.

a b c

Figure 3. a, b Light photomicrographs of  Orai1 (a-a2) and STIM1 (b-b2) immunohistochemistry of  
optic nerve tissues. (a, b) Sham groups; (a1-b1) AIR groups; (a2-b2) AIR10 groups. (+), mild staining; 
(++), moderate staining; (+++), severe staining. Bars: 50 μm.

a

a1

a2

b

b1

b2



injury in patients with primary open-angle glau-
coma by ultrastructural methods and observed 
the presence of numerous small and abnormal 
sized axons and degenerated areas of myelin in 
the majority of areas. Nitza Goldenberg-Cohen 
et al. [3] also induced preischemic optic neuropa-
thy in mice in a similar manner and conducted 
an electron microscopic investigation, which 
demonstrated axonal degeneration and swelling. 
In our study, the electron microscopic examina-
tion demonstrated the presence of axonal dam-
age, particularly in the AIR group, which is similar 
to that mentioned in the literature. In the optic 
nerve sections of the injury groups, myelins were 
disintegrated into lamellae, and nonmyelinated 
and thin myelinated axons were present. The op-
tic nerve axons were swollen and intermittently 
aligned, and the neural connective tissue between 
the axons showed abnormal proliferation. The 
administration of 2-APB 10 min before reperfu-
sion significantly reduced this injury, and this ame-
lioration was detected at the ultrastructural level 
in the present study. Axonal degeneration was 
detected less frequently in the treatment group, 
and axons with an intact myelin sheath were ob-
served prominently.

Cells maintain their intracellular Ca2+ at certain 
levels through various mechanisms. In several 
cell types, SOCE regulates the increase in cy-
tosolic Ca2+ concentration, which is critical for 
the regulation of various cellular functions, 
such as secretion, apoptosis, and proliferation. 
Under physiological conditions, STIM1 recep-
tors on the ER are stimulated in response to G 
protein-linked receptors on the plasma mem-
brane, which are activated due to various rea-
sons. The stimulation of STIM1 receptors also 
stimulates Ca2+ release, resulting in SOCE or 
Ca2+ entry into cells and allowing Ca2+ concen-
tration to increase rapidly in the cytoplasm [27, 
28]. A recent study involving the induction of 
global ischemia in rats investigated the role of 
STIM1 and Orai1 proteins associated with Ca2+ 
loading in inducing delayed neural death by ex-
amining the neurons of the hippocampus after 
ischemia. It was observed that in the early post-
ischemic period, the suppression of SOCE by 
STIM1 siRNA resulted in a significant inhibition 
of the expression of STIM1 and Orai1 and a 
decreased intracellular Ca2+ concentration in 
neurons; there was also an improvement in 
the neurological functions of rats after the in-
jection of STIM1 siRNA. These findings imply 
that the overexpression of STIM1 and Orai1 
is responsible for excessive Ca2+ entry into the 
cell as a result of ischemic injury, and inhibiting 
this entry increases neuronal survival. These 
data further suggest that SOCE is based on 
another mechanism besides excitotoxicity that 

is responsible for causing neuronal cell death 
in ischemic injury [5]. In our study, we found 
a significant increase in the immunoreactivity 
scores of both STIM1 and Orai1 in glial cells 
during AIR injury compared to that in the con-
trol group. These data indicate that increased 
expression of STIM1 and Orai1 may be related 
to increased glial cell activation. In the glial cells, 
ischemia-reperfusion injury led to an increase 
in the expression of STIM1 and Orai1, and as 
a result of this elevation, there was an increase 
in the SOCE-mediated Ca2+ entry into the cell. 
Reducing this increase via 2-APB treatment, an 
SOCE inhibitor, confirmed that SOCE-mediat-
ed Ca2+ entry into the glial cells increased dur-
ing optic nerve injury.

This study has some potential limitations. The 
SOCE-mediated Ca2+ entry into the cell was 
determined by measuring the expression of 
SOCE-related receptors using immunohisto-
chemical techniques. Determining the intracel-
lular calcium level using the patch clamp method 
would provide quantitative results. However, 
as the patch clamp is an expensive system and 
not available in our laboratory, only the SOCE-
related receptors were evaluated immunohisto-
chemically. It was also possible to examine the 
myelin sheath and other neural elements around 
the nerve fibers using our immunohistochemical 
technique. However, in our study, we focused 
on the electron microscopic examination, which 
is an expensive method and examines the tissue 
in an ultrastructural manner. We hope that our 
study findings will guide those researchers inves-
tigating this area.

In conclusion, our results demonstrate that 
SOCE plays a role in optic nerve damage in AIR. 
Moreover, 2-APB inhibits the increased expres-
sion of STIM1 and Orai1 in the optic nerve dur-
ing AIR and may have a protective effect.
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