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a b s t r a c t

Electrical stimulation has been shown to have neuroprotective effects on ganglion cells and photorecep-
tors in axotomized and dystrophic retinas from Royal College of Surgeons (RCS) rats. This study determined
whether electrical stimulation also has a neuroprotective effect on cells in the inner nuclear layer (INL) of
retinas. We cultivated retinas from adult RCS rats on microelectrode arrays and stimulated them contin-
uously with 20 Hz for up to 5 days. Afterwards, we subjected them to quantitative immunohistochemical
analysis. Using TUNEL assay we found that transretinal electrical stimulation (TRES) with charge densi-
ties within the range of 100–500 �C/cm2 reduced apoptosis of neurons in the INL of degenerated retinas
from RCS −/− rats by 20% after 1 day of continuous stimulation. Antibody staining (OX-42, ED1) revealed
a reduced activation of migroglial cells in RCS −/− and congenic control (RCS +/+) rat retinas by up to
50% after 1 day of stimulation. The effect of electrical stimulation on apoptosis and reduced activation
of microglial cells was closely correlated with the strength and duration of the stimulation. The neuro-
Microelectrode array protective effect of TRES on neuronal cells in the INL of degenerated RCS rat retinas supports the idea
that electrical stimulation may be a therapeutic option to delay the progression of retinal degeneration
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. Introduction

Many diseases and injuries lead to dysfunction and death of neu-
onal cells in the central and peripheral neuronal system. Electrical
timulation is a widely used treatment option to compensate and
everse the concomitant loss of motor control and sensory function.
t has also been shown to have beneficial effects on the survival and
egeneration of neurons in diseased and injured retinas.

In rats, after optic nerve (ON) crush, transcorneal electrical stim-
lation (TES) protected the axons of retinal ganglion cells (RGCs)
rom degeneration [32], promoted their regeneration [43] and
nhanced the survial of axotomized ganglion cells [34,35,47].

There is also evidence of a neuroprotective effect of TES on neu-
onal cells in the outer retina. Morimoto et al. showed that TES
rolongs the survival of photoreceptors and thus delays the loss of
etinal function in the juvenile Royal College of Surgeons (RCS) rat,
hich suffers from an inherited retinal dystrophy [33]. DeMarco et
l. also showed in the juvenile RCS rat that electrical stimulation
y a subretinal implant induces functional changes in the degen-
rated retina, resulting in measurably more robust visual-evoked
esponses in the superior colliculus than without stimulation [8].

∗ Corresponding author. Tel.: +49 71 21 5 15 30 0; fax: +49 71 21 5 15 30 16.
E-mail address: stett@nmi.de (A. Stett).
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itis pigmentosa.
© 2009 Elsevier Inc. All rights reserved.

This study supplemented a study by Pardue et al., who attributed
the preservation of the ERG responses in the juvenile RCS rat to
the presence of and electrical stimulation by a subretinal implant
[36,37]. However, to our knowledge, no investigations have been
published on a possible neuroprotective effect of electrical stim-
ulation on cells in the inner nuclear layer (INL) in degenerating
retinas.

The purpose of this study was to determine whether the
survival of neurons in the INL of diseased retinas from adult
rats is promoted by electrical stimulation. To investigate the
effects of transretinal electrical stimulation under controlled
charge density conditions we developed an organotypic culture
of explanted retinas from adult RCS rats with and without reti-
nal degeneration. Using microelectrode arrays (MEAs) as a culture
substrate we were able to stimulate retinas electrically for up to
5 days.

In this culture model we expected cell death in the ganglion
cell layer due to the axotomy as well as photoreceptor death in the
healthy retinas. As photoreceptor degeneration and axotomy both
induce apoptosis in retinal cells [1,13,29] and since electrical stim-

ulation exerts a protective effect in retinas, we hypothesized that
electrical stimulation would have an inhibitive effect on apoptotic
cell death, depending on the strength and duration of the electri-
cal stimulation. Because microglial cells proliferate and clear debris
when retinal cells undergo apoptosis [14], we also expected a lower

http://www.sciencedirect.com/science/journal/03619230
http://www.elsevier.com/locate/brainresbull
mailto:stett@nmi.de
dx.doi.org/10.1016/j.brainresbull.2008.12.013
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F ). (B) Sufficient supply of oxygen and nutrients to the retina was ensured by continuously
r its substrate-integrated array of microelectrodes. (D) Retina after 6 days of cultivation on
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face over the entire culture period revealed stable electrical properties both of the
retinal samples and of the Ir electrodes for at least 10 million impulses (Fig. 3).
Under the stimulation conditions summarized in Table 1 no tissue damage related
to irreversible electrochemical reactions could be observed at the electrode/tissue
interface.
ig. 1. (A) Preparation of the retina and transfer onto the microelectrode array (MEA
ocking the MEAs in the incubator. (C) Retina sample after mounting on a MEA with
MEA.

umber of reactive microglial cells in stimulated retinas than in
nstimulated ones.

Some of these results have been presented in abstract form
23,40].

. Methods

Retinas from adult RCS rats were isolated and mounted ganglion cell side up on
EAs. A protocol was established to keep samples both from healthy (RCS +/+) and

iseased (RCS −/−) retinas in an organotypic culture for up to 6 days on MEAs for
ontinuous electrical stimulation and monitoring during cultivation. After stimula-
ion the retinas were detached from the MEAs and embedded aligned with others for
ryosectioning and quantitative immunohistochemical analysis of horizontal slices.
TUNEL assay was used to detect apoptosis and antibody staining to detect microglia

nd Mueller cell reaction.

.1. Organotypic retina culture

Adult RCS rats (age 90 days) without retinal degeneration (RCS +/+) and with
etinal degeneration (RCS −/−) rats were obtained from the breeding colony of the
niversity Eye Hospital (Tuebingen, Germany). All experiments were in compliance
ith the NIH Guide for the Use and Care of Laboratory Animals.

The eyes of sacrificed animals were enucleated and placed in ice-cold, sterile
MES Medium (Sigma–Aldrich, Munich, Germany). They were then cut open along

he ora serrata, and the lens and vitreous were removed. The retinas were dissected
ithout the RPE, quartered and transferred photoreceptor side down into a MEA

hamber filled with 1.5 ml ice-cold AMES medium (Fig. 1A). To improve adhesion the
EAs were cleaned beforehand with oxygen plasma and coated with dissolved cel-

ulose nitrate (1 cm2 Sartorius cellulose nitrate filter in 4 ml methanol). The medium
as then carefully removed, allowing the retina to adhere with the photoreceptor

ide onto the MEA surface. The retina was then covered with 11 �l chicken plasma
Cocalico Biologicals Inc., Reamstown, PA, USA) and 11 �l thrombin/GBSS/glucose
Merck, Darmstadt, Germany). After waiting 11 min to allow agglutination we filled
he chamber with 1.5 ml Leibowitz L-15 w. GlutaMAX I (Invitrogen-Gibco GmbH,
arlsruhe, Germany) + 10% FCS (Invitrogen-Gibco GmbH, Karlsruhe, Germany). The
ulture chamber was then closed and the MEA was put into an incubator with a
pecially developed rocking rack at 37 ◦C and ambient atmosphere [45]. Rocking the
EA every 2 min (Fig. 1B) ensured a sufficient supply of oxygen. The medium was

hanged every other day.
.2. Electrical stimulation and current monitoring

For long-term culturing and stimulation, we employed MEAs (Multi Channel
ystems, Reutlingen, Germany) containing 59 substrate-integrated electrodes (sput-
ered nanocolumnar iridium activated by anodic oxidation, size 50 �m × 50 �m,
pacing 200 �m) in an 8 × 8 array and one large return electrode. Eight MEAs were
Fig. 2. Electrical stimulation of a retina attached to a microelectrode array. Voltage
impulses were applied to one half of the electrodes and the resulting current was
measured by a current-to-voltage converter (CVC) and digitized by an analog-to-
digital converter (ADC).

positioned on the rocking rack in the incubator and connected to an 8-channel stim-
ulation generator (STG, Multi Channel Systems, Reutlingen, Germany). Monophasic,
anodic voltage impulses with variable amplitude (1, 2, 3 V and sham stimulation
with 0 V; impulse duration 500 �s) were delivered to 29 electrodes on one half side
of each electrode array (Fig. 2) at a frequency of 20 Hz. The electrodes on the other
half of the array remained unstimulated as individual internal controls.

The transretinal current resulting from the voltage impulses was measured with
an 8-channel current-to-voltage converter and integrated over time to obtain the
charge injected per impulse [41]. The current was monitored over the entire stimu-
lation period.

Continuous monitoring of the charge injected through the electrode/tissue inter-
Fig. 3. Monitoring of charge transferred to cultured retinas during equilibration
(left) and stimulation periods (right), n = 5. The y axis shows the charge per elec-
trode and impulse. In the equilibration period the charge per impulse (left axis) is
measured in the horizontal position of the MEA during a rocking period, in the stim-
ulation period the charge per impulse (right axis) is averaged over an entire rocking
period. Arrow: start of stimulation and w: withdrawal of a MEA.
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Table 1
Charge transferred per electrode and anodic impulse.

Voltage (V) Charge (nC)a Charge density (�C/cm2) nb

1 2.5 ± 0.8 101 31
2 6.5 ± 2.2 260 34
3 10.7 ± 2.5 428 30

2

S
t
s

c
t
p

f
h
A
c
R
t
m
a

2

t
i
t
s
p
C
t
d
w

O
o
fi
c
D
n

(
p
(
b

Table 3
Two-tailed paired t-test on the mean of differences of TUNEL-positive cells in the INL
of RCS −/− rat retina in stimulated and unstimulated areas of individual samples.

0 V (sham) 1 V 2 V 3 V

DIV2 t(7)a = 0.729 t(6) = 0.989 t(4) = 3.908 t(5) = 3.182
p = 0.489 p = 0.361 p = 0.017 p = 0.025
ns♦ ns

DIV3 t(7) = 1.444 t(5) = 3.2091 t(4) = 4.092 t(6) = 5.079
p = 0.194 p = 0.024 p = 0.015 p = 0.002
ns

DIV6 t(5) = 0.182 t(5) = 0.920 t(6) = 3.646 t(4) = 2.850
p = 0.863 p = 0.400 p = 0.011 p = 0.046

Statistically significant differences between the results from experiments
obtained under the different conditions were determined with an unpaired, two-

T
S

T

E

O

a

a Mean ± S.D.
b Number of samples.

.3. Experimental protocol

The study comprised 13 groups of RCS −/− and 13 groups of RCS +/+ rats (Table 2).
timulated and unstimulated groups were kept in culture for up to 6 days. An addi-
ional group comprised freshly prepared samples without cultivation and without
timulation, referred to as controls.

The experiments began with a stimulus-free period of 1 day to allow the retina
ulture to equilibrate. Only weak test impulses (400 mV, 500 �s) were applied to
he electrodes to monitor the adhesion of the retinas to the MEAs. The equilibration
eriod was followed by continuous electrical stimulation for 1, 2 or 5 days.

After 2, 3 and 6 days of cultivation (DIV2, DIV3, DIV6), the MEAs were removed
rom the incubator. The samples were fixed on the MEAs with 4% paraformalde-
yde in 0.1 M PB for 1 h at room temperature and washed three times with PBS.
fter incubation with 30% saccharose in PBS overnight at 4 ◦C, the samples were
arefully removed from the MEA, lined up and embedded in Cryomatrix (Tissuetek,
eichard-Jung, Nussloch, Germany) and then frozen in liquid nitrogen. Radial sec-
ions (thickness 12 �m) were cut on a cryostat (Leica CM 3050S, Germany) and

ounted on silan-coated slides. The slides were dried at 37 ◦C for 2 h and stored
t −20 ◦C until further processing.

.4. Apoptotic cell detection

To detect apoptosis, a TUNEL reaction [16] was performed on air-dried cryosec-
ions. After proteinase K treatment at 37 ◦C, the slides were washed with PBS,
ncubated with 70% ethanol in 30% acetic acid at −20 ◦C and reincubated in pro-
einase K. After being washed again in PBS, the slides were incubated in blocking
olution (10% NGS, 1% BSA, 1% fish gelatine, 0.3% Triton-X-100 in PBS) at room tem-
erature. After blocking, the slides were incubated with TUNEL reaction mix (In Situ
ell Death Detection Kit, fluorescein; Roche, Mannheim, Germany) at 37 ◦C. Then
he slides were washed and incubated with 4′ ,6-diamidino-2-phenylindole dihy-
rochloride (DAPI, Merck, Darmstadt, Germany), washed again and coverslipped
ith Mowiol/DAPCO.

Labeled cells were counted on micrographs taken with a 20× objective using an
lympus AX-70 microscope. For each retinal section a field located in the central part
f both the stimulated and unstimulated retinal areas was analyzed. The rectangular
elds had a basal line of 125 �m length that was aligned parallel with the ganglion
ell layer. The number of TUNEL-positive cells (Fig. 5G and H; arrowheads) and of
API-counterstained cells (Fig. 5G and H; arrows) was counted separately for each
uclear layer of the retina.

We calculated the relative number of apoptotic cells in the unstimulated

unstim) and stimulated (stim) areas as the quotient of the number of TUNEL-
ositive cells (Tunstim, Tstim) divided by the number of all cells stained with DAPI
Dunstim, Dstim). The effect of stimulation on the number of apoptotic cells is expressed
y the ratio RT = (Tstim/Dstim)/(Tunstim/Dunstim).

able 2
tudy groups and number of samples used for the TUNEL assay and DAB staining with ED

Voltage (V) RCS +/+

DIV0a DIV2 DIV3

UNEL 0 (sham) 8 5 3
1 4 3
2 3 4
3 3 3

D1 0 (sham) 8 5 4
1 3 3
2 3 5
3 3 5

X-42 0 (sham) 8 5 3
1 4 3
2 3 4
3 3 5

0 days in vitro (control).
ns ns

a t-Test: t(degrees of freedom) = calculated t value.
♦ Not significant different at 0.05 level.

2.5. Immunocytochemistry

To detect glial cell reactions to electrical stimulation, we incubated cryosections
with the primary antibodies mouse anti-ED1 (Biomedicals AG, Germany, T-3003,
1:300) and mouse anti-OX-42 (Serotec; MCA275R, 1:100). Müller-glial cell reac-
tions were investigated with mouse anti-rabbit glial fibrillary acidic protein (GFAP)
(Sigma–Aldrich, Munich, Germany, G3893, 1:1000). Slides bearing radial sections
(thickness 12 �m) were dried at 37 ◦C for 1 h and rinsed three times in PBS; endoge-
nous peroxidase was blocked with 3% H2O2, 40% methanol in 0.3% PBSTriton-X-100
(PBST) for 20 min. Afterwards, the slides were incubated in 10% NGS, 1% BSA in
0.1% PBST for 1 h. The primary antibodies were diluted in 0.3% PBST and incubated
overnight at 4 ◦C. After washing in PB, sections were incubated with biotinylated
goat anti-mouse IgG (OX-42, ED1, GFAP), avidin/biotin peroxidase complex (Vectas-
tain ABC KIT, Vector Laboratories Inc., Burlingame, CA, USA) and DAB/nickel solution
(1 mg/ml DAB, 0.2% glucose, 0.004% NH4Cl, 0.09% (NH4)2Ni(SO4)2, 1 �l/ml glucose
oxidase in PB for 2 h at room temperature. After terminating the reaction with PB,
the slides were coverslipped with Aquatex.

2.6. Counting of microglial cells

Reactive microglial cells in cryosections of cultivated retinas were counted on
micrographs taken with a 20× objective using an Olympus AX-70 microscope. For
each retinal section a field located in the central part of both the stimulated and
unstimulated retina areas was analyzed. The rectangular fields had a basal line of
125 �m that was aligned parallel with the ganglion cell layer. The number Estim and
Eunstim of ED1-positive cells and the number of Ostim and Ounstim of OX-42-positive
cells were determined in the stimulated and unstimulated areas, respectively. The
effect of stimulation on the reactivity of the microglia is expressed by the ratios
RE = Estim/Eunstim and RO = Ostim/Ounstim.

2.7. Statistical analysis
tailed t-test using Graphpad Prism 4.03. The null hypothesis (no difference between
compared groups) was rejected at a 0.05 level. A paired t-test was applied to test
the significance of the differences of the number of apoptotic cells in stimulated and
unstimulated areas of individual samples (Table 3). The numbers of samples used

1 and OX-42.

RCS −/−
DIV6 DIV0 DIV2 DIV3 DIV6

3 11 8 8 6
4 8 6 6
3 5 5 7
3 6 7 5

3 11 8 8 6
3 8 7 7
5 7 5 8
3 6 7 6

3 11 8 9 6
4 8 6 7
5 7 5 6
3 6 7 6
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ig. 4. Number of DAPI-stained cells in the inner nuclear layer (A and B) and gangl
timulation amplitude and days in vitro. Number of samples: see Table 2. Bars mark
ars mark the 1st and 3rd quartiles.

o determine the cellular effects of different stimulation conditions are shown in
able 2. In Figs. 7 and 8 the median of the ratios for each group is represented by the
olid bar, and the 1st and 3rd quartile by the error bar. Median and quartiles were
alculated using Microsoft Excel.

. Results

.1. Survival of cells in the outer and inner nuclear layer

In the organotypic culture of adult retinas from both RCS −/−
ats and RCS +/+ rats, the number of cells in the outer nuclear layer
ONL) and in the inner nuclear layer remained stable over time,
s revealed by DAPI staining (Fig. 4A and B; ONL not shown). We
pplied a TUNEL assay (Fig. 5) to examine apoptosis at DIV0, DIV2,
IV3 and DIV6 and then correlated it with the strength and duration
f electrical stimulation.

.1.1. Apoptosis in ONL and INL of RCS +/+ rat retina
In the healthy RCS +/+ rat retinas examined directly after

reparation there was no apoptosis in the ONL and INL
Figs. 5A and 7A and B). In the cultivated retinas, however, apoptotic
ells were seen in all nuclear layers.

In the ONL the number of apoptotic cells increased slightly to
bout 5% at DIV2 and to about 10% at DIV3 and DIV6 (Fig. 7A). No
tatistically significant effect of stimulation on apoptosis in the ONL
ould be observed (Fig. 7F).

In the INL the number of apoptotic cells increased to about
0%, with a statistically non-significant tendency toward a weaker

ncrease up to DIV3 due to stimulation (Fig. 5B and C; Fig. 7B). At
IV2 a smaller number of apoptotic cells was found in the stimu-

ated area than in the unstimulated area (Fig. 7G).

.1.2. Apoptosis in INL of RCS −/− rat retina
In the degenerated retinas from RCS −/− rats the percentage
f apoptotic cells directly after preparation was 12% in the INL
Figs. 5D and 8A). During cultivation there was a steady increase
n the number of apoptotic cells in the INL up to about 50% at DIV6
Figs. 5E and F and 8A). In the areas stimulated with 2 and 3 V,
owever, there were significantly fewer apoptotic cells than in the
ll layer (C and D) of cultured retinas from RCS +/+ and RCS −/− rats as a function of
edian of the sum of cells in the stimulated and in the unstimulated areas, the error

unstimulated areas of the samples (Table 3). This effect became sig-
nificantly stronger with increasing stimulation strength (Fig. 8E). At
DIV2 there was a significantly lower number of apoptotic cells after
stimulation with 2 V than after sham stimulation. This was also the
case at DIV3 with 3 V and at DIV6 with 2 V.

3.2. Survival of cells in the GCL

The number of DAPI-stained cells in the GCL at DIV2 was lower
than in the control group and remained stable up to DIV6 (Fig. 4C
and D) both in retinas from RCS −/− rats and in those from RCS +/+
rats. No significant difference could be observed between stimu-
lated and unstimulated retinas.

3.2.1. Apoptosis in GCL of RCS +/+ rat retina
In the healthy RCS +/+ rat retinas examined directly after prepa-

ration there was no apoptosis in the GCL (Figs. 5A and 7C). About
80% of the cells in the GCL were apoptotic at DIV2, decreasing to
60% at DIV6 (Fig. 7C). The number of apoptotic cells in the GCL was
independent of stimulation strength and duration, and no differ-
ence was seen between the stimulated and unstimulated areas of
the samples (Figs. 5B and C and 7H).

3.2.2. Apoptosis in GCL of RCS −/− rat retina
In the degenerated retinas from RCS −/− rats the percentage

of apoptotic cells directly after preparation was 4% in the GCL
(Figs. 5D and 8B). The number of apoptotic cells rose to about 50% at
DIV2 and remained at that level until DIV6, independently of stim-
ulation strength (Fig. 8B). At DIV2 and DIV3 we found a tendency
toward fewer apoptotic cells in the stimulated areas than in the
unstimulated areas, depending on stimulation strength (Fig. 8F).
Compared to sham stimulation, the number was significant lower
at DIV6 after stimulation with 1 V.
3.3. Response of microglial cells to electrical stimulation

Activation and proliferation of microglial cells is triggered
by apoptotic signaling in their vicinity. To detect microglia,
immunohistochemistry with two antibodies against activated
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Fig. 5. TUNEL staining (green) and DAPI staining (blue) of organotypically cultured retinas from RCS +/+ (A–C) and RCS −/− rats (D–F). (A and D) Unstimulated retina
embedded and stained directly after preparation. (B) Sham stimulated RCS +/+ retina after 3 days in vitro. (C) RCS +/+ retina after 3 days in vitro, stimulated with 3 V. There
are no significant differences in the number of TUNEL-positive cells in the ONL, INL and GCL of the stimulated retinal area compared to the unstimulated side. (E) Sham
s o, stim
s num
a nd RC
l , GCL:

m
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timulated RCS −/− retina after 3 days in vitro, (F) RCS −/− retina after 3 days in vitr
ide than on the unstimulated side of the retina. The GCL shows no difference in the
nd H): DAPI (arrows) and TUNEL (arrowheads) staining in the INL of RCS +/+ (G) a
ayer, OPL: outer plexiform layer, INL: inner nuclear layer, IPL: inner plexiform layer

icroglia (OX-42) and phagocytotic microglia (ED1) was per-
ormed on horizontal slices (Fig. 6A and B). Due to the ongoing
egeneration of the retinas in RCS −/− rats more microglial
ells and macrophages were present prior to the beginning of
he organotypic cell culture than in retinas from RCS +/+ rats
Figs. 7D and E and 8C and D).

The number of ED1- and OX-42-positive cells in the unstimu-
ated and stimulated retinas increased during culture both in RCS
/+ and RCS −/− rat retinas. However, at DIV 6 the number of ED1-
nd OX-42-positive cells in RCS −/− rat retinas (Fig. 8C and D) was
times and 5 times higher, respectively, than in RCS +/+ retinas
Fig. 7D and E). At DIV6, there was also a statistically non-significant
rend toward a lower number of macrophages with increasing stim-
lation strength (Figs. 7 and 8C).

At any given culture state, the number of microglial cells
n stimulated areas was clearly lower than in the unstimu-
ulated with 3 V. There are fewer TUNEL-positive cells in the INL on the stimulated
ber of apoptotic cells in the stimulated area compared to the unstimulated area. (G
S −/− (H) retina after 3 days in vitro. PRL: photoreceptor layer, ONL: outer nuclear
ganglion cell layer. Scale bar: (A–F) 50 �m and (G and H) 25 �m.

lated areas (Fig. 6), depending on the strength of stimulation
(Figs. 7I and J and 8G and H).

In retinas from RCS +/+ rats, the number of ED1-positive
cells (Fig. 7I) and of OX-42 positive cells (Fig. 7J) was sta-
tistically significantly lower after electrical stimulation with
2 and 3 V than after sham stimulation at DIV2, DIV3 and
DIV6.

This was also true for retinas from RCS −/− (Fig. 8G and H), where
a significant difference with 1 V stimulation was also observed at
DIV2.
3.4. Müller cell response

It has been reported that retinal diseases and injuries lead to
a rapid and massive accumulation of GFAP in Müller radial glia
[2,26,27,46].
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ig. 6. DAB staining of a radial section of an organotypically cultured RCS −/− reti
espectively. DIV6, stimulated with 2 V. The stimulated retinal area is thicker than t

In RCS +/+ rat retina GFAP was located only in the endfeet of the
üller cells (Fig. 9A) forming the inner limiting membrane (ILM).

his localization pattern remained stable up to DIV6. We found no
ffect of electrical stimulation on the distribution of GFAP in the
ultivated retinas (Fig. 9B).

DAB staining against GFAP in the retinas of degenerated RCS −/−
ats prior to culture showed a strong upregulation in the endfeet
nd in the radial processes (Fig. 9C). In culture the immunoreac-
ivity of GFAP decreased. The immunoreactivity persisted only in
he endfeet and somata of the Müller cells but not in the radiary
lament structures (Fig. 9D). No effect of electrical stimulation on
üller cells could be observed.

. Discussion

To our knowledge this is the first time that healthy and dys-
rophic retinas from adult rats have been kept in an organotypic
ulture on a microelectrode array providing ongoing electrical stim-
lation. We used it to investigate the effect of transretinal electrical
timulation (TRES) on cellular death in the INL and ganglion cell
ayer (GCL) of RCS rat retinas. Using TUNEL staining and immunos-
aining of microglia and macrophage antigens (OX-42, ED1) we
ere able to show that electrical stimulation delayed apoptotic

ell death in the INL of degenerating retinas and reduced activa-
ion of microglia. No effect of electrical stimulation on apoptosis in
hotoreceptors and ganglion cells could be observed.

.1. Apoptosis in organotypic retina culture

Explant cultures of adult retinas offer artificial conditions [24]
hich we used to modulate apoptotic cell death and trigger
icroglial activation. To obtain a tight contact of the electrodes
ith the retinal tissue for optimal stimulation conditions, it was
ecessary to remove the RPE. Removal of the RPE from the retina

eads to the degeneration of the photoreceptors [11,19]. Our samples
btained from healthy retinas lost their function completely after 2
ays in culture (data not shown). Photoreceptor degeneration trig-
ers the remodeling of neurons of all cell types in the retina and is
ccompanied by neuronal cell death [20,21] and the activation and
igration of microglial cells into the inner and outer retinal layers
39,48].
Transection of the optic nerve, which is indispensable when

nucleating eyes and explanting retinas for organotypic cultiva-
ion, leads to retrograde degeneration of the ganglion cells due to
poptosis [13]. This also activates microglial cells [14,27], which
inst phagocytotic microglia with ED1 (A) and activated microglia with OX-42 (B),
timulated area and has fewer activated and phagocytotic microglia.

proliferate for one week after axotomy [44,48] and subsequently
increase in density, removing the debris of the dead cells by phago-
cytosis [15,44].

This corresponds well with our observations. In the cultivated
retina, apoptotic cells occurred in all nuclear layers. Immuno-
histochemical analysis with ED1 showed increased numbers of
macrophages at DIV6 in both in healthy (Fig. 7D) and degenerated
(Fig. 8C) retinas.

It has been noted that the TUNEL reaction may also stain more
than just the apoptotic cells [6,17]. However, the possible TUNEL
staining of necrotic cells is minimal compared with the frequent
staining of apoptotic cells in the tissue [3,16] and therefore we did
not consider other cell death mechanisms in retina such as those
reported by Guimaraes et al. [18].

Within the experimental time window, the organotypic retina
culture did not lead to an upregulation of the intermediate fila-
ment constituent GFAP, as might be expected from the reports on
GFAP upregulation after retinal detachment or mechanical damage
[2,26,27].

4.2. Influence of electrical stimulation on apoptosis in the INL

We found a statistically significant and dose-dependent
decrease in the number of apoptotic cells in the INL of degenerated
rat retinas after electrical stimulation with a local charge density
of up to 500 �C/cm2. Although there appeared to be a trend, the
experiments did not reveal a significant effect of electrical stimu-
lation on apoptosis in the INL of healthy retinas. We suppose that
the protective effect of electrical stimulation on cells in the INL is so
minimal that it appears predominantly in diseased retinas, where
the RCS rat mutation could lead to a hyperneurotrophic response
after injury [37].

The low level of localized GFAP in the RCS +/+ rat retina suggests
that the apoptosis in the INL was a secondary effect of the apoptosis
in the GCL due to axotomy of the axons, much like the degeneration
of the INL after degeneration of ganglion cells in the developing
retina [7]. In addition, the degenerating photoreceptors in the RCS
+/+ rat might also lead to a degeneration of neuronal cells in the
INL (horizontal and bipolar cells) because of the loss of synaptic
connections in the OPL [11].
4.3. Effect of electrical stimulation on ganglion cell survival

In vivo, two weeks after axotomy almost all ganglion cells are
lost [1]. In our organotypic culture the number of cells in the GCL
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Fig. 7. Quantification and statistical analysis of microglial and apoptotic cells in cultured retinas of RCS +/+ rats in correlation with days in vitro and strength of stimulation.
(A–C) Relative number of apoptotic cells in the (A) ONL, (B) INL and (C) GCL, sum of cells in stim and unstim area. The total number of apoptotic cells was higher in all nuclear
layers at DIV2 than in the control group directly after preparation, where no apoptotic cells appeared. (D and E) Sum of all ED1-positive cells (D) and OX-42-positive cells (E)
in unstimulated and stimulated areas. Both ED1 and OX-42 showed an increase in the number of microglial cells and macrophages, regardless of the strength of stimulation.
(F and G) Statistical analysis of the effects of electrical stimulation on apoptosis in the ONL (F), INL (G) and GCL (H) at different stimulation strengths. The normalized median
(unstimulated side = 1) shows no significant difference between stimulated and unstimulated areas regardless of stimulation strength and duration. (I and J) Statistical analysis
of the effect of electrical stimulation on ED1-positive cells (I) and OX-42-positive cells (J). The normalized data (unstimulated side = 1) showed a significant inhibition of the
activation of microglial cells and macrophages. This inhibition depended on stimulation strength and duration of culture time. (For statistical analysis: *p < 0.05; **p < 0.01;
***p < 0.001; error bar: 1st and 3rd quartile.)
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Fig. 8. Quantification and statistical analysis of microglial and apoptotic cells in cultured retinas of RCS −/− rats as a factor of days in vitro and strength of stimulation.
Relative number of apoptotic cells in the (A) INL and (B) GCL, sum of cells in stimulated and unstimulated areas. Immediately after preparation about 10% of the cells in the
GCL were TUNEL-positive. The number of apoptotic cells in the INL increased to about 50% at DIV6. The number of apoptotic cells in the GCL was stable at about 50% from
DIV2 to DIV6. (C and D) Sum of all ED1-positive cells (C) and OX-42-positive cells (D) in unstimulated and stimulated areas. Both ED1 and OX-42 showed an increase in the
total number of microglial cells and macrophages, which was lower with stronger stimulation at DIV6. (E and F) Statistical analysis of the effects of electrical stimulation on
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poptosis in the INL (E) and GCL (F). The normalized data (unstimulated side = 1) sh
he unstimulated areas in the INL but not in the GCL. (G and H) Statistical analysis of
he normalized data (unstimulated side = 1) showed a significant inhibition of the
tatistical analysis: *p < 0.05; **p < 0.01; ***p < 0.001; error bar: 1st and 3rd quartile.

ecreased within 3 days to about two thirds of the original number
Fig. 4C). This rapid loss of cells in the GCL is due to the transection
f the axons within the optic nerve, which in turn may lead to a
apid retrograde degeneration of the ganglion cells [13]. It has been

eported that the closer the axotomy site was to the retina, the more
apid the degeneration of the ganglion cells [1]. As approximately
alf of the cells present in the GCL are displaced amacrine cells [38],
he overall majority of the remaining cells probably belong to this
ype.
a significantly lower number of TUNEL-positive cells in the stimulated area than in
ffect of electrical stimulation on ED1-positive cells (G) and OX-42-positive cells (H).
ion of microglial cells and macrophages with increasing stimulation strength. (For

Previous studies showed that electrical stimulation of the cut
optic nerve [34] and transcorneal electrical stimulation [35] lead
to a rescue of axotomized ganglion cells in vivo. In our organotypic
retina culture we did not find a significant effect of electrical stim-

ulation on the survival of ganglion cells, even though there was a
tendency toward a delay of apoptosis in the GCL of diseased reti-
nas at DIV2 and DIV3 (Fig. 8F). It might be that the transection of
the axons within the fiber layers leads to a serious reduction of cell
vitality which could not be counterbalanced by electrical stimula-
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Fig. 9. DAB staining of Müller cells with GFAP. (A) RCS +/+ rat retina directly after preparation; only the end feet of the Müller cells (arrowheads) are stained with GFAP. (B)
RCS +/+ rat retina, stimulated and unstimulated area after stimulation with 3 V at DIV3. No upregulation of GFAP was detected. There is no difference in the staining pattern
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etween the unstimulated and the stimulated side. (C) RCS −/− rat retina: in the con
tructures (arrows) of Müller cells is visible. (D) After DIV3 the immunoreactivity of
ells, whereas somata and endfeet remained stained. There is no difference in the
ayer, ONL: outer nuclear layer, OPL: outer plexiform layer, INL: inner nuclear layer,

ion, particularly in view of the delayed start of the stimulation 1
ay after axotomy.

.4. Effect of electrical stimulation on microglial cells

Electrical stimulation led to a dose-dependent reduction in the
umber of activated microglial cells in healthy (Fig. 7) and in degen-
rated (Fig. 8) rat retinas. It is striking that although we saw no
ignificant effect of electrical stimulation on the neurons of healthy
etinas, the same stimulation conditions significantly suppressed
he activation of microglia both in healthy and in degenerated reti-
as.

There are three hypotheses to explain this finding. One is the
xtreme sensitivity of microglial cells to their microenvironment.
t has been reported that microglial cells are extremely sensitive
o changes in ion homeostasis in the brain which are not sufficient
o trigger neuronal injury [15]. Microglial cells are also very sen-
itive to damage to the surrounding neuronal cells, which causes
icroglia activation and proliferation and an increase in cell density

14,27]. If the electrical stimulation leads to a better survival rate of
he neuronal cells, especially in the INL of the degenerated retina,
his also means that fewer microglia are activated. This would also

xplain the dose dependency of the stimulation. The stronger the
timulation, the more effective the neuroprotective effect of the
timulation is for neuronal cells of a diseased retina.

The second hypothesis suggests that electrical stimulation has a
irect, dose-dependent effect on microglial activation. It has been
rior to culture a strong upregulation of GFAP in the endfeet (arrowheads) and radial
is decreased. The loss mainly occurs in the radiary filament structures of the Müller
g pattern between the unstimulated and the stimulated side. PRL: photoreceptor
ner plexiform layer, GCL: ganglion cell layer. Scale bar 50 �m.

shown that electrical stimulation in the substantia nigra pars com-
pacta after a transection in the middle forebrain bundle in rats
inhibits the activation of microglia cells and macrophages [28].
Moreover this inhibition also led to a weaker secretion of cytokines,
which are known to promote neurodegeneration and proinflamma-
tory processes [4,5,9,25,30,31,42]. In this case the neuroprotective
effect of electrical stimulation would be mediated by the reduced
cytokine secretion resulting from an inhibition of microglial activa-
tion.

The third hypothesis is that electrical stimulation causes glia
migrating away from the stimulation site. Further studies address-
ing the influence of electrical stimulation on the proliferative and
migrative behavior of the glia cells are required.

4.5. Response of Müller glia

It is known that a variety of diseases and injuries like reti-
nal detachment, inflammation or mechanical damage lead to
reactive Müller cell gliosis accompanied by a rapid and massive
accumulation of GFAP [2,10,26,27,46]. We observed a stable and
non-upregulated GFAP pattern in the cultivated retinas.

In the degenerated retinas we observed an upregulated

immunoreactivity for GFAP prior to culture. At DIV 6, the
immunoreactivity of GFAP was only present in the soma and end-
feet of Müller cells, but not in the radial processes as it was prior
to cultivation. We hypothesize that the ongoing degenerative pro-
cesses in cultures of already degenerated retina might lead to an
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ccumulation of GFAP in the somata and endfeet of the Müller
ells.

Several studies indicate that Müller cells in the adult mam-
alian retina play a role in tissue repair and regeneration via the

ecretion of soluble factors [12] and uptake of neurotoxic glutamate
22]. It is possible that electrical stimulation also leads to an effect
n the Müller glia like a reduced staining for GFAP that would indi-
ate less stress and damage. In our study, however, we were unable
o detect a dependency of the GFAP pattern in the Müller cells on
lectrical stimulation.

.6. Summary

Our investigations were aimed at determining whether reti-
al degeneration in the INL of diseased retinas from adult rats
an be influenced by electrical stimulation. To answer this ques-
ion we established organotypic cultures of retinas from adult RCS
ats on microelectrode arrays and subjected them to immuno-
istochemical analysis. This allowed us to quantify the effect of
ontinuous transretinal electrical stimulation on both intact and
iseased retinas under defined charge density conditions and to
orrelate stimulation strength and duration with apoptotic cell
eath of neuronal cells and with reactions of microglial cells.

Our results showed that electrical stimulation with retinal
harge densities in the range of 100–500 �C/cm2 has a neuropro-
ective effect on neuronal cells in the INL of degenerated RCS rat
etinas. It complements the finding that electrical stimulation has
neuroprotective effect on axotomized ganglion cells [32,35] and
n photoreceptors from retinas displaying an inherited retinal dys-
rophy [33]. The results support the idea that electrical stimulation

ight be a therapeutic option to rescue neurons and their func-
ions in retinas suffering from degenerative diseases like retinitis
igmentosa [35]. This strategy implies that electric fields can pre-
ent or delay progressive photoreceptor degeneration or can at least
revent or delay serious functional and morphological changes of
he inner retinal layers. Neurons in the inner retina like bipolar cells
re accessible to electrical stimulation by a retinal implant for the
estoration of vision to blind individuals with diseases of the outer
etina [49].
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