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Transcorneal electrical stimulation promotes survival of retinal
ganglion cells after optic nerve transection in rats accompanied by
reduced microglial activation and TNF-α expression
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Microglial activation plays a crucial role in the pathological processes of various retinal and optic nerve
diseases. TNF-α is a pro-inflammatory cytokine that is rapidly upregulated and promotes retinal ganglion
cells (RGCs) death after optic nerve injury. However, the cellular source of TNF-α after optic nerve injury
remains unclear. Thus, we aimed to determine the changes of retinal microglial activation in a rat model
of optic nerve transection (ONT) after transcorneal electrical stimulation (TES). Furthermore, we assessed
TNF-α expression after ONT and evaluated the effects of TES on TNF-α production. Rats were divided into
2 control groups receiving a sham surgery procedure, 2 ONTþSham TES groups, and 2 ONTþTES groups.
The rats were sacrificed on day 7 or 14 after ONT. RGCs were retrogradely labelled by Fluorogold (FG)
7 days before ONT, one TES group and corresponding controls were stimulated on day 0, 4, and the
second were stimulated on day 0, 4, 7, 10. Whole-mount immunohistofluorescence, quantification of
RGCs and microglia, and western blot analysis were performed on day 7 and 14 after ONT. TES sig-
nificantly increased RGCs survival on day 7 and 14 after ONT, which was accompanied by reduced mi-
croglia on day 7, but not 14. TNF-α was co-localized with ameboid microglia and significantly increased
on day 7 and 14 after ONT. TES significantly reduced TNF-α production on day 7 and 14 after ONT. Our
study demonstrated that TES promotes RGCs survival after ONT accompanied by reduced microglial
activation and microglia-derived TNF-α production.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Microglia are highly specialized tissue macrophages of the central
nervous system (CNS) and retina (Karlstetter et al., 2015). In the
normal retina, microglia display a ramified morphology with many
processes and play a critical role in immune surveillance and neu-
ronal homeostasis (Karlstetter et al., 2010; Karlstetter et al., 2015).
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to this work.
However, microglial activation represents a common pathomechan-
ism underlying a variety of retinal and optic nerve diseases, including
glaucoma, traumatic and hereditary optic neuropathies, and diabetic
retinopathy (Gupta et al., 2003; Kyung et al., 2015; Liu et al., 2012;
Zeng et al., 2008). Excessive or sustained microglial activation may
result in irreversible neuronal loss due to chronic neuroinflammation
(Karlstetter et al., 2010). Optic neuropathies induced by various types
of stress and injury can lead to the progressive degeneration of ret-
inal ganglion cells (RGCs) (Miki et al., 2013). Experimentally, optic
nerve transection (ONT) is a commonly used in vivo model of RGCs
degenerations in the adult CNS (Isenmann et al., 2003).

Tumor necrosis factor-alpha (TNF-α), a pro-inflammatory cy-
tokine that is rapidly upregulated after optic nerve injury, ulti-
mately leads to the death of RGCs (Ahmad et al., 2014; Cueva
Vargas et al., 2015; Kyung et al., 2015; Tonari et al., 2012; Zheng
et al., 2012). Similarly, intravitreal injections of TNF-α into normal
eyes can also lead to RGCs death and optic nerve degeneration
(Kitaoka et al., 2009). In the CNS, TNF-α can be released by
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invading immune cells, activated astrocytes, or microglia and plays
a central role in the pathogenesis of various degenerative diseases
(de Kozak et al., 1997; Lebrun-Julien et al., 2009; Lieberman et al.,
1989; Renz et al., 1988). However, the cellular source of TNF-α
after ONT remains to be determined.

An increasing amount of evidence suggests that the inhibition
of microglial activation could reduce the secretion of toxic cyto-
kines and, thus, increase the survival of RGCs after optic nerve
injury (Baptiste et al., 2005; Kyung et al., 2015; Roh et al., 2012;
Yang et al., 2015). Electrical stimulation through different ap-
proaches has been shown to have neuroprotective effects on RGCs
and photoreceptors (Morimoto et al., 2010; Pardue et al., 2005;
Schatz et al., 2012; Zhou et al., 2012). Furthermore, Zhou et al.
(2012) demonstrated that electrical stimulation ameliorates light-
induced photoreceptor degeneration by suppressing the pro-in-
flammatory effects of microglia. However, to the best of our
knowledge, no studies have investigated the effects of transcorneal
Fig. 1. Effects of TES on RGCs survival and microglial activation on day 7 after ONT. Dou
whole-mounts at the GCL level in the central retina. (A-C) In the control group, FG-labelle
maintained a ramified morphology. (D-F) In the ONTþSham TES group, the number of F
and FG-labelled phagocytic microglia (arrows) were rod-shaped or ameboid cells. Additio
these cells underwent a morphological change from a ramified form to either a rod or an
microglia (arrows). (G-I) TES significantly increased the number of FG-labelled RGCs and
positive microglia. Scale bars: 50 mm.
electrical stimulation (TES) on retinal microglial response or its
effects on the levels of TNF-α, a pro-inflammatory cytokine, after
ONT. Thus, the present study investigated the changes of retinal
microglial activation in a rat model of ONT after TES. Furthermore,
this study also assessed the expression of TNF-α after ONT and
examined the effects of TES on its production.
2. Results

2.1. TES promoted the survival of RGCs after ONT

First, we examined the effects of TES on RGCs survival after
ONT. In the control group, the mean density of RGCs on day 7 after
sham surgery procedure (21727110 cells/mm2, n¼5; Fig. 1A) did
not significantly differ from that on day 14 after sham surgery
procedure (2138796 cells/mm2, n¼5; Fig. 2A). However, the
ble-labelled immunohistofluorescence for FG (RGCs) and Iba1 (microglia) in retinal
d RGCs exhibited typical circular or oval cell bodies, whereas Iba1-positive microglia
G-labelled RGCs was markedly lower than the number of RGCs in the control group,
nally, there was a significant increase in the number of Iba1-positive microglia, and
ameboid form. Double-labelling of FG and Iba1 was observed in the rod or ameboid
reduced the number of both FG-labelled phagocytic microglia (arrows) and Iba1-
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Fig. 2. Effects of TES on RGCs survival and microglial activation on day 14 after ONT. Double-labelled immunohistofluorescence for FG (RGCs) and Iba1 (microglia) in retinal
whole-mounts at the GCL level in the central retina. (A-C) In the control group, FG-labelled RGCs exhibited typical circular or oval cell bodies, whereas Iba1-positive microglia
maintained a ramified morphology. (D-F) In the ONTþSham TES group, only a few FG-labelled RGCs were present, and double-labelling of FG and Iba1 was observed in the
rod or ameboid microglia (arrows). (G-I) Although TES significantly increased the number of FG-labelled RGCs, the number of FG-labelled phagocytic microglia (arrows) or
Iba1-positive microglia did not significantly differ from those in the ONTþSham TES group. Scale bars: 50 mm.
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mean density of RGCs in both control groups was significantly
higher (po0.001, Fig. 7A) than that in the ONTþSham TES group
on day 7 (1140784 cells/mm2, 52.5% of the control group, n¼5;
Fig. 1D) and day 14 (288737 cells/mm2, 13.5% of the control
group, n¼5; Fig. 2D), and than the ONTþTES group on day 7
(17187101 cells/mm2, 79.1% of the control group, n¼5; Fig. 1G)
and day 14 (781741 cells/mm2, 36.5% of the control group, n¼5;
Fig. 2G) after ONT, respectively. However, retinas receiving TES had
more surviving RGCs than the sham TES retinas on day 7 after ONT
(po0.001, Fig. 7A). Similar to the results obtained on day 7 after
ONT, the mean density of RGCs was significantly higher in the
ONTþTES group than in the ONTþSham TES group on day 14 after
ONT (po0.001, Fig. 7A).

2.2. TES was accompanied by reduced microglial activation after ONT

FG-labelled phagocytic microglia were counted in the ganglion
cell layer (GCL) on day 7 and 14 in each group. FG-labelled
phagocytic microglia were not observed in the control groups on
day 7 or 14 after sham surgery procedure (Figs. 1A and 2A).
However, as expected, FG-labelled phagocytic microglia were ap-
parent in the ONTþSham TES group (Figs. 1D and 2D) and the
ONTþTES group (Figs. 1G and 2G) on day 7 and 14 after ONT. On
day 7 after ONT, the mean density of FG-labelled phagocytic mi-
croglia in the ONTþTES group (9176 cells/mm2, n¼5; Fig. 1G)
was significantly lower than that in the ONTþSham TES group
(137718 cells/mm2, n¼5; p¼0.001, Figs. 1D and 7B). However, on
day 14 after ONT, the mean density of FG-labelled phagocytic
microglia in the ONTþTES group (275721 cells/mm2, n¼5;
Fig. 2G) did not significantly differ from that in the ONTþSham
TES group (287729 cells/mm2, n¼5; p40.05, Figs. 2D and 7B).

Because FG-labelled microglia represent only the microglia that
have phagocytosed the fragments of dying RGCs labelled by FG, we
used ionized calcium-binding adaptor molecule 1 (Iba1), a specific
microglia marker, to further examine the changes of microglia in
the GCL after ONT. In the control group, most Iba1-positive
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microglia exhibited a ramified form with long processes extending
from the cell bodies, whereas only a few Iba1-positive microglia
with an ameboid morphology were identified (Figs. 1B and 2B). No
double-labelling of FG and Iba1 was detected, which suggests that
the microglia in the control group were in the “resting” state
(Figs. 1C and 2C). Additionally, the number of microglia remained
quite constant and did not significantly vary over time. The mean
density of Iba1-positive microglia on day 7 after sham surgery
procedure (128714 cells/mm2, n¼5) did not significantly differ
from that on day 14 after sham surgery procedure (131711 cells/
mm2, n¼5; p40.05). However, on day 7 and 14 after ONT, the
number of Iba1-positive microglia increased and the morphology
of the microglia changed from the ramified form to either the rod
or the ameboid form in both the ONTþSham TES group and the
ONTþTES group (Figs. 1E, H and 2E, H).

Double-labelling of FG and Iba1 was observed in the rod or
ameboid microglia (Figs. 1F, I and 2F, I). On day 7 after ONT, TES
resulted in a significant reduction in the mean density of Iba1-po-
sitive microglia (228714 cells/mm2, n¼5; Fig. 1H) compared with
the ONTþSham TES group (282717 cells/mm2, n¼5; po0.001,
Figs. 1E and 7C). However, on day 14 after ONT, there was no sig-
nificant difference between the mean density of Iba1-positive mi-
croglia in the ONTþTES group (367732 cells/mm2, n ¼5; Fig. 2H)
and that in the ONTþSham TES group (373719 cells/mm2, n¼5;
p40.05, Figs. 2E and 7C). However, the number of Iba1-positive
microglia was significantly increased in both the ONTþSham TES
group and the ONTþTES group compared to the control group on
day 7 and 14 after ONT (po0.001, respectively, Fig. 7C).

2.3. Identification of TNF-α-generating cells in the GCL after ONT

To identify TNF-α-generating cells in the GCL, TNF-α was lo-
calized in retinal whole-mounts with the cell markers Iba1 (mi-
croglia), glial fibrillary acidic protein (GFAP; astrocytes), and
Fig. 3. Identification of TNF-α-generating cells in the GCL and assessment of the e
munohistofluorescence for Iba1 (microglia) and TNF-α in retinal whole-mounts at the G
maintained a ramified morphology, and only a few TNF-α-positive cells were observe
microglia, and these cells underwent a morphological change from a ramified form to ei
TNF-α was observed in only ameboid microglia (arrows). (G1-I1) On day 7 after ONT,
generating cells (arrows). (A2-C2, D2-F2, G2-I2) Higher-magnification versions of the le
glutamine synthetase (GS; Müller cells). In the control group, as-
trocytes and Müller cells were in a resting state, ramified microglia
were distributed in a mosaic pattern, with very few ameboid mi-
croglia on day 7 after sham surgery procedure (Figs. 3A1, A2; 4A1,
A2 and 5A1, A2). Moreover, very few TNF-α positive cells were
detected (Figs. 3B1, B2; 4B1, B2 and 5B1, B2). However, in the
ONTþSham TES group, astrocytes and Müller cells were activated
as indicated by the increased intensities of GFAP immunoreactivity
and GS immunoreactivity on day 7 after ONT (Figs. 4D1, D2 and
5D1, D2). Furthermore, microglia were activated and changed their
morphology from ramified to either the rod or ameboid form
(Fig. 3D1, D2). Of note, TNF-α was co-localized with ameboid mi-
croglia, but not with rod microglia, astrocytes or Müller cells
(Figs. 3F1, F2; 4F1, F2 and 5F1, F2), which indicates that ameboid
microglia are the source of TNF-α after ONT. On day 14 after ONT,
TNF-α was still co-localized with ameboid microglia (Fig. 6F1, F2).

2.4. TES was accompanied by reduced expression of TNF-α in mi-
croglia after ONT

As shown in Figs. 3–6, TNF-α labelling identified the location of
TNF-α production, which indicates that TNF-α is primarily expressed
in ameboid microglia after ONT. Furthermore, western blot analysis
revealed significantly increased expression of TNF-α in the ONTþ-
Sham TES group compared to the control group on day 7 and day 14
after ONT (n¼5; po0.001, Fig. 8). However, TES significantly de-
creased the expression of TNF-α in the ONTþTES group on day 7 and
day 14 after ONT (n¼5; po0.001 and po0.01, respectively, Fig. 8).
3. Discussion

Previous studies have demonstrated that microglial activation
and the release of pro-inflammatory cytokines are involved in
ffects of TES on microglial activation on day 7 after ONT. Double-labelled im-
CL level in the central retina. (A1-C1) In the control group, Iba1-positive microglia
d. (D1-F1) On day 7 after ONT, there was a significant increase in the number of
ther a rod (arrowheads) or an ameboid (arrows) form. Double-labelling of Iba1 and
TES was accompanied by reduced microglial activation and the number of TNF-α-
ft panels. Scale bars: 50 mm.



Fig. 4. Identification of TNF-α-generating cells in the GCL after ONT. Double-labelled immunohistofluorescence for GFAP (astrocytes) and TNF-α in retinal whole-mounts at
the GCL level in the central retina on day 7 after ONT. (A1-C1) In the control group, only a few TNF-α-positive cells were observed. (D1-F1) The labelling intensity of GFAP
increased after ONT, but TNF-α was not co-localized with GFAP. (A2-C2, D2-F2) Higher-magnification versions of the upper panels. Scale bars: 50 mm.
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RGCs death after optic nerve injury (Ahmad et al., 2014; Tezel
et al., 2004). Microglial activation has dual effects. In the early
stages of injury, microglial activation can exert protective func-
tions via the phagocytosis of cell debris and the release of pro-
tective molecules, such as insulin-like growth factor-1 (IGF-1).
However, excessive or prolonged microglial activation can have
harmful effects via the induction of chronic inflammation and the
release of pro-inflammatory cytokines, such as TNF-α and inter-
leukin-1 beta (IL-1β), which can result in irreversible neuronal
death (Cuenca et al., 2014).

In the present study, ONT-induced damage led to a continuous
and significant loss of RGCs and a significant increase of retinal
microglia. However, TES promoted RGCs survival accompanied by
reduced microglial activation. On day 7 and 14 after ONT, 52.5%
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Fig. 5. Identification of TNF-α-generating cells in the GCL after ONT. Double labelled immunohistofluorescence for GS (Müller cells) and TNF-α in retinal whole-mounts at the
GCL level in the central retina on day 7 after ONT. (A1-C1) In the control group, only a few TNF-α-positive cells were observed. (D1-F1) The labelling intensity of GS increased
after ONT, but TNF-α was not co-localized with GS. (A2-C2, D2-F2) Higher-magnification versions of the upper panels. Scale bars: 50 mm.
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and 13.5% of the original population of RGCs survived, respectively,
which is similar to the findings of previous report (Morimoto et al.,
2010). However, in the present study, TES increased the percen-
tages of surviving RGCs to 79.1% and 36.5% on day 7 and 14, re-
spectively, after ONT. These survival rates were lower than those
reported by Morimoto et al. (2010) on day 7 and 14 after ONT
(85.4% and 47.1%, respectively), but the TES parameters used in the
present study were not identical to the optimal parameters used in
that previous study. This may explain the observed differences in
the RGC survival percentages.

Microglial activation occurs early after optic nerve injury (Cen
et al., 2015; Liu et al., 2012; Slusar et al., 2013; Yuan et al., 2015), in
this regard, the present results are in agreement with those of
previous studies. After ONT, there were increases in the numbers
of both FG-labelled microglia and Iba1-positive microglia, as well
as changes from the ramified form of these cells to either the rod
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Fig. 6. Assessment of the effects of TES on microglial activation on day 14 after ONT. Double-labelled immunohistofluorescence for Iba1 (microglia) and TNF-α in retinal
whole-mounts at the GCL level in the central retina. (A1-C1) In the control group, Iba1-positive microglia maintained a ramified morphology, and only a few TNF-α-positive
cells were observed. (D1-F1) On day 14 after ONT, there was a significant increase in the number of microglia, and these cells underwent a morphological change from a
ramified form to either a rod (arrowheads) or an ameboid (arrows) form. Double-labelling of Iba1 and TNF-α was observed in only ameboid microglia (arrows). (G1-I1) On
day 14 after ONT, microglial activation was similar to that in the ONTþSham TES group after TES. (A2-C2, D2-F2, G2-I2) Higher-magnification versions of the left panels. Scale
bars: 50 mm.

Fig. 7. Quantification of the numbers of RGCs and microglia in different groups on day 7 and 14 after ONT. (A) FG-labelled RGCs, (B) FG-labelled phagocytic microglia, and
(C) Iba1-positive microglia. The bars represent the mean7SD. ***Po0.001 vs. the control group, ###Po0.001 vs. the ONTþSham TES group, and ##Po0.01 vs. the
ONTþSham TES group.

Fig. 8. Western blot analysis of TNF-α protein levels in different groups on day 7 and 14 after ONT. (A) Representative bands immunoreactive for TNF-α and β-actin.
(B) Densitometry of the TNF-α-immunoreactive bands. Data were normalized to β-actin levels in the same sample and expressed as the fold change of the control value. The
bars represent the mean7SD. ***Po0.001 vs. the control group, **Po0.01 vs. the control group, ###Po0.001 vs. the ONTþSham TES group, and ##Po0.01 vs. the
ONTþSham TES group.
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or the ameboid form. On day 7 after ONT, rod microglia were
aligned with each other and scavenged the RGCs debris via pha-
gocytosis. However, ameboid microglia were the major TNF-α-
generating cells, which indicates that these cells might exert dif-
ferent effects. Yuan et al. (2015) has reported that rod microglia
appear at approximately 7 days after ONT and peak during 14 to 21
days. Similarly, the present study showed that microglial activa-
tion was much more evident on day 14 after ONT and that this
occurred in conjunction with the loss of most RGCs after ONT, as
almost 90% RGCs would be lost at day 14.

It is well documented that electrical stimulation can enhance
the survival of RGCs or photoreceptors as well as promote axonal
regeneration in various animal models, such as retinitis pigmen-
tosa (RP), optic nerve injury (crush or axotomy), light-induced
retinal damage and ischemic retinal damage (Henrich-Noack et al.,
2013; Miyake et al., 2007; Morimoto et al., 2007, 2010; Okazaki
et al., 2008; Schatz et al., 2012; Wang et al., 2011). Moreover,
several studies have demonstrated that TES benefits patients with
RP or RGCs damage stemming from non-arteritic ischemic optic
neuropathy, traumatic optic neuropathy and retinal artery occlu-
sion (Fujikado et al., 2006; Inomata et al., 2007; Schatz et al.,
2011). However, the relationship between the number of surviving
RGCs and vision restoration is not one-to-one relationship (Hen-
rich-Noack et al., 2013). TES-induced neuroprotection after severe
optic nerve crush (ONC) was not associated with improved vision
recovery (Henrich-Noack et al., 2013). It is likely that severe ONC
may lead to irreversible degeneration of axons, precluding any
functional recovery (Henrich-Noack et al., 2013). In contrast, after
mild ONC, TES would induce a rapid functional recovery of visually
evoked potentials and protect retinal axons from the ensuing de-
generation (Miyake et al., 2007).

The neuroprotection of electrical stimulation is believed to in-
volve the release of endogenous growth factors, such as IGF-1,
brain-derived neurotrophic factor (BDNF), fibroblast growth factor
beta (FGF-2), and ciliary nerve trophic factor (CNTF), as well as the
enhancement of the intrinsic sensitivity of neurons to these factors
(Ciavatta et al., 2009; Morimoto et al., 2005; Ni et al., 2009). Ad-
ditionally, recent study evaluating electrical stimulation has re-
ported its prominent inhibitory effects on the secretion of TNF-α
and IL-1β in microglia, which has been shown to ameliorate light-
induced photoreceptor degeneration in vitro (Zhou et al., 2012).
Similarly, the present data showed that TES was accompanied by
reduced microglial activation and TNF-α expression at 7 days after
ONT. Although the difference of microglial activation at 14 days
after ONT was not significant with or without TES treatment, there
was still a reduction in the expression of TNF-α.

Although microglia have been implicated as the major source of
TNF-α in neurodegenerative disorders, numerous studies have
demonstrated that astrocytes, Müller cells, and neurons may also
be a source of TNF-α (de Kozak et al., 1997; Lebrun-Julien et al.,
2009; Lieberman et al., 1989; Renz et al., 1988). However, the
present study was the first to demonstrate that Iba1-positive mi-
croglia are the major source of TNF-α after ONT and that TNF-α is
primarily expressed in ameboid microglia rather than in rod mi-
croglia; nonetheless, astroglial activation and Müller cell activation
were also observed. Taken together, these findings indicate that
activated ameboid microglia should be considered an important
factor in the pathophysiology of RGCs death. Therefore, it is rea-
sonable to hypothesize that the accompanying reduction of mi-
croglial activation and TNF-α expression after TES may play im-
portant roles in neuroprotection following ONT. Of interest, Cueva
Vargas et al. (2015) reported an upregulation of TNF-α in Müller
cells and microglia/macrophages with ameboid shape in a rat
model of ocular hypertension. In the present study, ameboid mi-
croglia were the primary TNF-α-generating cells and it can be
speculated that the use of various models of injury resulted in the
disparities among studies.
It is currently unknown how TES alter microglia behavior, but it

might involve mechanisms dependent on transmembrane voltage-
gated ion channel activity (Zhou et al., 2012). Previous studies
have shown that changes in voltage-gated calcium (Ca2þ) chan-
nels and Ca2þ influx induced by electrical stimulation led to in-
creased neurotrophic factors release from neurons and glia cells
(Sato et al., 2008; Sharma et al., 2010; Wenjin et al., 2011).
Moreover, microglial ion channels, such as rectifier potassium
(Kþ) channels and Ca2þ-activated Kþ channels, are capable of
modulating cytokine secretion from microglia (Eder, 2005, 2010).
In addition, Ca2þ influx in microglia plays a pivotal role in mi-
croglial activation and their associated functions (Sharma and
Ping, 2014). It is plausible, however, that the decrease of microglial
activation after ONT observed in the present study may be related
to the enhanced survival of RGCs by TES. In line with previous
studies, TES in the present study may only delay RGCs degenera-
tion, which contributed to the delayed rise in microglial activation
and TNF-α expression (Henrich-Noack et al., 2013; Miyake et al.,
2007; Okazaki et al., 2008). Therefore, additional studies using
whole-cell patch clamp techniques and various channel blockers
are necessary to determine the potential mechanisms.

In conclusion, the present study demonstrated that TES pro-
motes RGCs survival after ONT accompanied by reduced microglial
activation and the expression of microglia-derived TNF-α. As mi-
croglial activation and TNF-α release play prominent roles in optic
neuropathies, TES might be a valuable therapeutic approach to the
treatment of these disorders.
4. Experimental procedure

4.1. Animals

Adult male Sprague-Dawley rats (220–250 g) were obtained
from Slac Laboratory Animal Co., Ltd. (Shanghai, China). The ani-
mals were maintained on a 12 h light-dark cycle under controlled
temperature and humidity conditions with food and water ad li-
bitum. All procedures were approved by the Animal Ethics Com-
mittee of the Second Affiliated Hospital of Zhejiang University
School of Medicine and were in accordance with the National In-
stitutes of Health Guide for the Care and Use of Animals and the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. The rats were anesthetized with an intraperitoneal in-
jection of sodium pentobarbital (50 mg/kg) for all surgical
procedures.

Rats were randomly divided into 6 groups: 2 control groups
receiving a sham surgery procedure, 2 sham TES groups receiving
sham TES treatment after ONT (ONTþSham TES group), and 2 TES
groups receiving TES treatment after ONT (ONTþTES group). The
rats were sacrificed on day 7 or 14 after ONT.

4.2. Retrograde labelling of RGCs

RGCs were retrogradely labelled by FG (Fluorochrome LLC;
Denver, CO, USA) 7 d prior to ONT, as previously described (Sid-
diqui et al., 2014). Briefly, the rats were anesthetized and placed in
a stereotactic device. Labelling was performed by injecting 2 μL of
2% FG into the superior colliculus using a 10 μL Hamilton syringe.

4.3. ONT procedure

All surgeries were performed on the right eye only and the left
eye was not manipulated. The reason was that unilateral injury to
the optic nerve has been shown to induce a microglial response in
the contralateral eye (Cen et al., 2015; Galindo-Romero et al., 2013;
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Wang et al., 2015). ONT was performed as previously described
(Slusar et al., 2013). Briefly, the rats were anesthetized as described
above, and the superior surface of the right eye was exposed by an
incision along the superior orbital margin. Then, the optic nerve
was approached by partially resecting the lacrimal gland and the
superior rectus muscle, and the optic nerve sheath was exposed
longitudinally 1–2 mm posterior to the globe. The optic nerve was
carefully transected approximately 1 mm behind the globe with
Vannas scissors. Fundus examination was performed immediately
after ONT and before sacrifice to check the integrity of the retinal
blood supply. In the control group, a sham surgery procedure
(exposing the optic nerve sheath but without transecting the optic
nerve) was performed on the right eye. Rats showing signs of
permanent ischemia were excluded from the study.

4.4. TES procedure

A ring-shaped gold electrode (Roland Consult; Brandenburg,
Germany) was used as the TES stimulating electrode, and the re-
ference electrode was placed in the subcutaneous tissue of the
ipsilateral forehead using a needle. For stimulation, the rats were
anaesthetized by 0.4% oxybuprocaine eye drops in addition to
systemic anesthesia described above. The gold electrode was
placed on the cornea with Vidisic optical gel (M. Pharma; Berlin,
Germany) to protect the cornea and maintain good electrical
contact. The electrical stimulation was performed with an Isolated
Pulse Generator (A-M Systems; Sequim, WA, USA). We used a
stimulation protocol modified from Morimoto et al. (2010). Using
this protocol, 20 Hz biphasic rectangular current pulses of 2 ms/
phase were delivered from the electrical stimulation system to the
gold electrode. The current intensities were 0 (ONTþSham TES
group) and 200 μA (ONTþTES group) with a stimulation duration
of 60 min. The treatment was applied either on day 0 and 4, or on
day 0, 4, 7 and 10 after ONT. To be specific, there were two
ONTþTES groups, one was stimulated on day 0 and 4 and sacri-
ficed on day 7, and another was stimulated on day 0, 4, 7 and 10
and sacrificed on day 14, as well as two corresponding ONTþSham
TES groups. Meanwhile, there were two corresponding control
groups, one was sacrificed on day 7, and another was sacrificed on
day 14.

4.5. Tissue preparation

On day 7 and 14 after ONT, rats were euthanized by an over-
dose of sodium pentobarbital (240 mg/kg) via intraperitoneal in-
jection and then transcardially perfused with phosphate buffered
saline (PBS), followed by 4% paraformaldehyde (PFA). Their eyes
were then immediately enucleated. For whole-mount im-
munohistofluorescence analysis, the retinas were dissected from
the choroids, cut into four quadrants, and fixed with 4% PFA for 2 h
at 4 °C.

4.6. Whole-mount immunohistofluorescence analysis and confocal
imaging

The whole-mount immunohistofluorescence analysis was per-
formed as previously described (Galindo-Romero et al., 2013).
Briefly, the post-fixed retinas were washed 3 times in PBS, per-
meated in PBS with 0.5% Triton X100 by freezing them at �70 °C
for 15 min, rinsed in new PBS with 0.5% Triton X100, and then
incubated overnight with the primary antibodies at 4 °C. The pri-
mary antibodies used were rabbit anti-Iba1 (1:500, Wako Pure
Chem. Indus.; Osaka, Japan), mouse anti-TNF-α antibody (1:50,
Abcam; San Francisco, CA, USA), rabbit anti-GS antibody (1:1000,
Abcam), and rabbit anti-GFAP antibody (1:1000, Abcam).

Next, after several washes, the retinas were incubated for 2 h at
room temperature with the following secondary antibodies: either
Alexa Fluor 488 dye-conjugated donkey anti-rabbit IgG (Invitro-
gen/Life Technologies; Carlsbad, CA, USA) or Alexa Fluor 555 dye-
conjugated donkey anti-mouse IgG (Invitrogen/Life Technologies)
at a 1:500 dilution in PBS with 0.5% Triton X100. Finally, the re-
tinas were thoroughly washed in PBS, flat-mounted onto slides,
and coverslipped in Vectashield mounting medium. To avoid
fluorescence bleed-through caused by FG, the FG-labelled retinas
were not coverslipped in Vectashield mounting medium. All
images were captured with a confocal laser microscope (Carl Zeiss;
Jena, Germany).

4.7. Quantification of RGCs and microglia

To count FG-labelled cells in the GCL, each retinal quadrant was
divided into 3 areas by central, middle, and peripheral retina (one-
sixth, three-sixths, and five-sixths of the retinal radius, respec-
tively) as previously described (Lee et al., 2012). FG-labelled cells
in 3 areas (0.18 mm2 each) of each retinal quadrant were counted
using the confocal laser microscope. The mean density of FG-la-
belled cells was calculated from the number of FG-labelled cells
counted in the 12 areas of every retina. Iba1-, TNF-α-, GFAP- and
GS-positive cells were also detected in the GCL within the same
parameters as FG-labelled cells. Because the fragments of dying
RGCs are phagocytosed by microglia which then become labelled
with FG, FG-labelled microglia can also be identified and counted
based on their morphology in the GCL. FG-labelled microglia can
be easily differentiated from FG-labelled RGCs according to their
size and shape (Baptiste et al., 2005; Slusar et al., 2013). RGCs have
large circular or oval cell bodies (410 mm in diameter), whereas
microglia are small, irregular rod-shaped or ameboid cells. RGCs
and FG-labelled microglia in each image were manually counted
along with Iba1-positive microglia.

4.8. Western blot analysis

On day 7 and 14 after ONT, the eyes were enucleated from the
rats immediately after sacrifice, and retinal whole-mounts were
collected, homogenized, and centrifuged at 12,000g for 15 min at
4 °C. The supernatants were collected, and their concentrations
were determined by the BCA protein assay kit (Beyotime; Beijing,
China). An equal amount of protein (50 μg) from each sample was
resuspended in loading buffer, denatured at 95 °C for 5 min, se-
parated by 12% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), and then transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore; Billerica, MA, USA). Next,
the membranes were blocked and incubated with a primary an-
tibody against TNF-α (1:1000, Abcam) at 4 °C overnight, with
mouse anti-β-actin (1:5000, Millipore) used as an internal control.
The bands were detected with a chemiluminescence reagent (ECL
clarity, Bio-Rad; Hercules, CA, USA) and imaged by the ChemiDoc
MP System (Bio-Rad). The bands' intensities were quantitatively
analyzed using Image Lab Software (Bio-Rad).

4.9. Statistical analysis

Data were presented as the mean7standard deviation (SD).
Data and statistical analysis were performed using SPSS Statistical
Software, version 17.0 (SPSS, Inc.; Chicago, IL, USA). Unpaired
Student's t-test was used to determine significance between
2 groups, while 3 or more groups were analyzed by one-way
analysis of variance (ANOVA) followed by a Tukey post-hoc test or
a Dunnett's post-hoc test. Differences were considered significant
when po0.05.
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