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PURPOSE. In RP, photoreceptors degenerate. Retinal prostheses are considered a suitable
strategy to restore vision. In animal models of RP, a pathologic rhythmic activity seems to
compromise the efficiency of retinal ganglion cell stimulation by an electrical prosthesis.
We, therefore, strove to eliminate this pathologic activity.

METHODS. Electrophysiologic recordings of local field potentials and spike activity of
retinal ganglion cells were obtained in vitro from retinae of wild-type and rd10 mice
using multielectrode arrays. Retinae were stimulated electrically.

RESULTS. The efficiency of electrical stimulation was lower in rd10 retina than in wild-
type retina and this was highly correlated with the presence of oscillations in retinal
activity. Glycine and GABA, as well as the benzodiazepines diazepam, lorazepam, and
flunitrazepam, abolished retinal oscillations and, most important, increased the efficiency
of electrical stimulation to values similar to those in wild-type retina.

CONCLUSIONS. Treatment of patients with these benzodiazepines may offer a way to
improve the performance of retinal implants in cases with poor implant proficiency. This
study may open the way to a therapy that supports electrical stimulation by prostheses
with pharmacologic treatment.

Keywords: rd10 retina, multi electrode array, retinal degeneration, electrical stimulation,
benzodiazepines

RP leads to photoreceptor death and, ultimately, blind-
ness while the inner retina persists. One commonly used

model for RP is the rd10mouse.1–3 In rd10mouse, rods start
to degenerate after postnatal day 16 (P16). Rod death peaks
between P21 and P25. By P60, only cones have survived,
yet most disappear at 2 months of age with few cones left
at 9 months. Loss of inner retinal cells is moderate, mostly
concerning rod bipolar (approximately 20%) and horizon-
tal cells (approximately 29%) and nearly completed or far
advanced at 3 to 4 months. Compared to the rd1 mice, rd10
mice mimic the disease process in human RP more accu-
rately as they display delayed onset and slower degeneration
pace.1–3

One approach in the treatment of RP is driving activity in
the inner retina via electrical stimulation by neural prosthe-
ses. Devices, such as Argus II or Alpha AMS, were marketed
to provide visual percepts in RP subjects. They have been
used in approximately 400 patients worldwide with a consid-
erable number of patients experiencing improvements in
visual tasks in their daily living. However, in many cases
visual performance was poor and remained within the range
of legal blindness.4–7

When restoring vision with prostheses, success crucially
depends on the functional integrity of the remaining retinal

ganglion cells (RGC). Two pathologic features reported in
models of RP might have deleterious effects on prosthesis-
driven RP therapy. First, oscillations were recorded in RGC
spiking and in local field potentials (LFP) using multielec-
trode arrays (MEAs). In rd10 retina, the frequency of this
oscillation is in the range of 3 to 6 Hz.8–10 Second, the effi-
ciency of electrical stimulation was reported to be lower in
RP models than in wild-type (wt) retina (rd111–15; rd1010;
human16).

Several models are discussed to explain the origin of the
oscillations. One involves the electrically coupled cone ON-
bipolar cells and AII amacrine cells.17–20 Choi et al.21 showed
that oscillations only occurred when the membrane potential
of the AII amacrine cells was found to be within a range suit-
able to open voltage-activated sodium channels expressed in
these cells. In this model, oscillations are relayed via bipolar
cells. In contrast, Yee et al.22 proposed an intrinsic oscillator
in amacrine cells as source for rhythmic activity.

The blockade of oscillations is expected to have bene-
ficial effects on the visual perception of patients with RP,
because oscillations may compromise the performance of
retinal implants in several ways. First, oscillatory activity may
decrease the clarity of information transmission from the eye
to the brain. Abolishing retinal oscillations with blockers of
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gap junctions23 increased the signal-to-noise ratio of optoge-
netically triggered RGC responses. Second, it seems conceiv-
able that, by an as-yet unknown mechanism, oscillations
may interfere with exogenous stimulation, decreasing stim-
ulation efficiency. Given the strong correlation we observed
between oscillations and decreased stimulation efficiency,10

we hypothesized that abolishing oscillations might lead to an
increase in stimulation efficiency, that is, in the number of
elicited spikes per stimulus. Hence, blockade of retinal oscil-
lations should improve visual performance by increasing
simultaneously signal-to-noise ratio and efficiency of elec-
trical stimulation.

First, we set out to corroborate the correlation between
oscillations and low stimulation efficiency in rd10 retina.
Second, we extended the palette of pharmacologic agents
that block oscillations. Inner retinal neurons express
receptors for the inhibitory transmitters glycine and
γ -aminobutyric acid (GABA, for review24), among them the
AII amacrine cells.25 In the AII model, hyperpolarizing AII
amacrine cells below the critical membrane potential should
abolish oscillations.21 In the amacrine oscillator model,22

hyperpolarizing amacrine cells should decrease oscillatory
input into the retinal network. We show that treatment of
rd10 retina with glycine and GABA indeed abolished oscil-
lations and, most important, increased stimulation efficiency
to levels observed in wt retina. To capitalize on this effect
in patients with RP with retinal implants requires a suit-
able pharmacologic approach. In patients, benzodiazepines
are used to modulate activity of GABAA receptors.26 We
show that the three most commonly used benzodiazepines—
diazepam, flunitrazepam, and lorazepam—also abolished
retinal oscillations and improved stimulation efficiency. It
is tempting to speculate that treatment with these benzodi-
azepines could improve the performance of retinal implants
in patients with RP with poor implant proficiency.

METHODS

Animals

Wt animals of the strain C57BL/6 were obtained from
Charles Rivers Laboratories (Wilmington, MA). Rd10 mice
were bred locally from breeding pairs obtained from Jackson
(B6.CXB1-Pde6brd10/J). In this line, the rd10 mutation was
backcrossed onto the C57BL/6J background for five gener-
ations before intercrossing to homozygosity. Animals were
kept on a 12-hour light/dark cycle with food and water ad
libitum. Experiments were performed in accordance with
“ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research,” the German Law for the Protection of
Animals and after approval was obtained by the regulatory
authorities.

MEA Recording and Electrical Stimulation

MEAs containing 60 titanium nitride electrodes (diameter
30 μm, spacing 200 μm, impedance 50 kΩ at 1 kHz) on a
glass substrate (Multi Channel Systems MCS GmbH, Reut-
lingen, Germany) were used. The data acquisition system
(MC_Card, Multi Channel Systems) consisted of a USB
MEA60-Up System, an integrated preamplifier and filter,
stimulus generator STG 4002-1.6 mA, and a PC. Signals
were sampled at 25 kHz/channel. For electrical stimulation
(single biphasic current pulses with cathodic phase first;
phase duration, 400 μs; amplitude, 100 μA), several elec-

trodes were chosen as stimulation electrodes and the other
surrounding electrodes were used for recording.

Tissue Preparation

Briefly, mice (3–4 months of age) were anesthetized
deeply with isoflurane and humanely killed by decapitation.
Eyeballs were enucleated and retinae isolated. Retinae were
cut into two halves and one-half was mounted with RGCs
towards the electrode side of the MEA.MEAs were pretreated
in a plasma cleaner (Diener Electronic GmbH + Co. KG,
Ebhausen, Germany) and coated with 0.5 mg/mL of poly-D-
lysine hydrobromide (Sigma, St Louis, MO) overnight. The
retinal preparation was maintained in carbonate-buffered
AMES solution (pH of approximately 7.4), bubbled with 95%
O2 + 5% CO2. Drugs were dissolved in the same solution and
delivered to the retina by continuous perfusion at a flow rate
of 3 mL/min at room temperature.

Pharmacology

MEA recordings were compared under physiologic and
pharmacologic conditions in wt and rd10 retinae. Reti-
nae were stimulated electrically during all three phases of
the experiment: (1) AMES for 20 to 30 minutes, (2) drug
for 5 to 30 minutes, and (3) wash-out with AMES. Drugs
given are as follows: GABA, 100 to 500 μM; glycine, 40 to
100 μM; diazepam, 5 to 100 μM; flunitrazepam, 100 μM; and
lorazepam, 50 μM.

Data Analysis

Data were either used unfiltered, low-pass filtered (50 Hz)
for LFPs or high-pass filtered (200 Hz) to analyze action
potentials (AP). Unfiltered data were converted to ASCII
files by the software MC-Data Tool to analyze them in
MATLAB (MathWorks, Natick, MA). Using a custom-made
script, Fast Fourier Transformation was used to analyze
the LFPs. Stimulation efficiency was measured as the spike
rate ratio, which is calculated by dividing the poststimu-
lus AP rate (determined over 0.4 seconds after the stim-
ulus pulse) by the prestimulus AP rate (determined over
8 seconds before stimulus pulse). Differences in stimula-
tion efficiency were compared using a two-tailed Student
t-test, or, if the values were not normally distributed, using
the Mann–Whitney rank sum test. Asterisks indicate the
level of significance (***P ≤ 0.001; **P ≤ 0.01; *P ≤ 0.05).
All values are given as mean ± standard error of the
mean.

RESULTS

Rhythmic Activity in Retinae of rd10 Mice Can
Wax and Wane

Experiments were performed on 3- to 4-month-old wt and
rd10 animals. In agreement with other studies,1–3 we found
that in our rd10 animals at the age of 3 to 4 months, only
a minute fraction of photoreceptors was left, similar to the
situation of human patients with RP who would receive an
implant. At 3 to 4 months of age, oscillations were robust
and reproducible to allow for the time-consuming appli-
cation and wash-out of the drugs. Figure 1 shows three
typical firing patterns of RGCs recorded in rd10 retina
with raw data (Figs. 1Ai–Ci), high-pass filtered to show
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FIGURE 1. Spontaneous activity of different RGCs in rd10 retina. (A–Ci) Raw data of MEA recordings at different electrodes.
(A–Cii) High-pass filtered to show the APs. (A–Ciii) Low-pass filtered to isolate the LFP. (A–Civ) Frequency analysis of the oscilla-
tions using Fast Fourier Transformation. In most of the recordings, oscillations could be observed at a frequency of approximately
3 Hz (Aiv + Biv), but in some cases no oscillations (Ciii) or dominant frequency were observed (Civ). The age of the rd10 mouse was
3.5 months.

the APs (Figs. 1Aii–Cii) or low-pass filtered to display the
LFP (Figs. 1Aiii–Ciii). Large negative deflections in the LFP
were observed in rd10 retina. Analysis of the raw data
by the Fast Fourier Transformation revealed a frequency
range for the oscillations of 3 to 6 Hz, confirming previous
results.8–10 Normally, a clear main peak could be observed
as well as peaks at higher frequencies, mostly appearing
as second and third harmonics. Cells could be divided into
three groups based on their firing behavior. In one type,
spike bursts were phase locked to the negative deflections
of the oscillations (high-amplitude spikes in Fig. 1A). On
the same electrode, a second cell type (small-amplitude
spikes) displayed spontaneous stochastic activity. In the
third type, bursts of APs (high-amplitude spikes in Fig. 1B)
were phase locked to the positive going phase or the flat
component of the LFP (note that small-amplitude spikes
from another RGC again phase locked to the negative
deflection).

In most of the retinal pieces, we observed oscillatory
activity in the majority of the electrodes (60%–80%). In clus-
ters of electrodes, we recorded spiking activity but no oscil-
lations (Fig. 1C), similar to wt retina. Oscillations could
also be present for some time in the recording, disappear
and come back over time. This switch from an oscillatory
state to a nonoscillatory state has also been described by
Biswas et al.8

Efficiency of Electrical Stimulation Is Strongly
Decreased in Regions With Oscillations

For all animal models for RP, efficiency of stimulating the
retina with electrical pulses was reported to be lower than
in wt. In Figure 2, the response of wt and rd10 retina to
biphasic current pulses is displayed. In wt retina, a burst
of APs was typically observed directly after the stimulation
pulse (Fig. 2A, pulse marked by an asterisk). In the case of
rd10 retina showing oscillations, clear bursts of APs were
barely observed (Fig. 2B). In Figure 2C, a recording of one
rd10 RGC in a region without oscillations shows a burst
of APs comparable with the bursts in wt cells. We deter-
mined the stimulation efficiency in form of the spike rate
ratio (Fig. 2D). Stimulation efficiency was 2.64 ± 0.08 in
wt retina and reached a slightly lower value in rd10 retina
without oscillations with 2.17 ± 0.05. In rd10 retina show-
ing oscillations, the stimulation efficiency was significantly
lower: 1.48 ± 0.02 (***P ≤ 0.001).

GABA and Glycine Abolish Oscillations and
Increase Stimulation Efficiency

We tested whether the blockade of oscillations would result
in an increase in stimulation efficiency. To hyperpolarize reti-
nal cells, we applied glycine (Fig. 3B) and GABA (Fig. 3E) to
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FIGURE 2. Responses of wt and rd10 retina to a biphasic current pulse. (A) Example of a typical reaction of wt retina (age, 3.5 months;
pulse amplitude of ±100 μA; phase duration of 400 μs). A burst of APs could be observed as response to the stimulus. Grey bar with asterisk
represents the point in time of electrical stimulation. LFP is shown in grey and APs are shown in black. (B) Example of a typical reaction
to electrical stimulation of rd10 retina showing oscillations (age: 3 months). No clear burst as response to the stimulus could be observed.
(C) Example of a typical reaction to the electrical pulse of rd10 retina without oscillations (age: 4 months). A burst of APs could be observed
as a response to the stimulus. (D) Comparison of the stimulation efficiency in wt and rd10 retina with or without oscillations. Analyzing the
stimulation efficiency, the poststimulus AP rate was divided by the prestimulus AP rate. The bar chart depicts the mean ± standard error of
the mean. The stimulation efficiency in wt was 2.64 ± 0.08 (ncells = 513), in rd10 showing oscillations 1.48 ± 0.02 (ncells = 698) and in rd10
without oscillations 2.17 ± 0.05 (ncells = 946). In total, the stimulation efficiency was evaluated in 27 retinae of 17 wt mice and in 52 retinae
of 31 rd10 mice. The Mann–Whitney rank sum test was used to test for significance. Differences were considered as highly significant at a
P value of ≤0.001***.

FIGURE 3. Effect of the inhibitory neurotransmitters glycine and GABA on rhythmic electrical activity in rd10 retina. (A, D) Recording under
control condition (unfiltered raw data) displayed oscillations in the LFP. (B) Application of 100 μM glycine for 7 minutes nearly abolished
oscillations. Oscillations were also abolished by 40 μM glycine; however, a wash-in time of 20 to 30 minutes was required (data not shown).
(C) The effect was reversible during wash-out (10 minutes). (E) Application of 500 μM GABA for 5 minutes completely abolished oscillations.
With 100 μM GABA (data not shown), oscillations vanished on most electrodes and amplitudes of oscillations were decreased on remaining
electrodes after wash-in time of 20 to 30 minutes. (F) The effect was reversible during wash-out. The age of the rd10 mice was 3.5 months.
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FIGURE 4. Effect of GABA on electrical stimulation in wt and rd10 retina. (A) Comparison of the stimulation efficiency in wt and rd10
retina showing oscillations or showing no oscillations under control condition and during GABA application. Analyzing the stimulation
efficiency, the poststimulus AP rate was divided by the prestimulus AP rate. The bar chart depicts the mean ± standard error of the mean.
The stimulation efficiency was: wt, control 2.65 ± 0.13 (ncells = 162), GABA 2.38 ± 0.16 (Mann–Whitney rank sum test; *P = 0.031); rd10
showing oscillations, control 1.75 ± 0.07 (ncells = 124), GABA 2.61 ± 0.22 (Mann-Whitney rank sum rest; **P = 0.010); rd10 without
oscillations, control 2.23 ± 0.10 (ncells = 350), GABA 2.43 ± 0.16 (Mann-Whitney rank sum test, P = 0.319 [not significant]). In total, the
stimulation efficiency was evaluated in 12 retinae of 8 wt mice and in 15 retinae of 9 rd10 mice. (B) (Top row, left): Typical response of a wt
retina (age, 3 months) to a biphasic current pulse showing a clear burst of APs after the stimulation pulse (bar with asterisk). (Right) Example
of the reaction of rd10 retina showing oscillations (age, 3.5 months) to the same biphasic current pulse. No clear burst was observed (the
small burst after the stimulus is part of the intrinsic bursting activity of rd10). (Bottom row) Response behavior of the same cells during
GABA. A prominent burst of APs was triggered by the stimulus also in the rd10 cell (grey bar, 46 cells in 11 retinae of 7 mice).

rd10 retina. Both substances abolished retinal oscillations in
an effective and reversible way.

Most important, the blockade of oscillations by GABA
(Fig. 4) or glycine (data not shown) was concomitant with
the increase in stimulation efficiency. In rd10 retina with
oscillations, stimulation efficiency increased from 1.75 ±
0.07 to 2.61 ± 0.22 during GABA application, that is, to
levels found in wt retina (Fig. 4A). No effect could be
observed in rd10 retina without oscillations. In wt retina,
there was a slight decrease in the stimulation efficiency
during GABA application (Mann–Whitney rank sum test,
*P = 0.031). The stimulation efficiency is determined by
dividing the poststimulus AP rate by the prestimulus AP
rate, that is, the spontaneous activity. Because GABA caused
a slight decrease in the spontaneous activity of the RGCs
(Fig. 3), one might argue that the spike rate ratio was arti-
ficially increased by decreasing the denominator. Figure 4B
compares the different response behaviors of wt and rd10
retina with our standard stimulus pulse. In the absence of
GABA, a typical burst of APs was evoked by the stimulus
in wt retina but not in rd10 retina showing oscillations (top
row). However, a clear burst could be elicited in the same
RGC when the oscillations were blocked by GABA (bottom
row). These findings provide proof that the increase in stim-
ulation efficiency does not simply rest on a mathematical
artifact, but reflects an increase in the number of APs to
electrical stimulation.

Next, we tested the effect of the three GABAA

receptor modulators diazepam, flunitrazepam, and
lorazepam. Figure 5 shows that all three benzodiazepines
evoked similar effects as GABA: (1) oscillations were effec-
tively and reversibly abolished, (2) stimulation efficiency

was strongly increased, and (3) clear bursts of APs were
elicited by electrical stimulation in rd10 retina in the pres-
ence of benzodiazepines but barely in their absence (only
depicted for diazepam, not shown for the other benzodi-
azepines). Compared with GABA, the wash-in and wash-out
times for all three benzodiazepines was longer (wash-in
for 100 μM diazepam, 10–15 minutes; 20 μM diazepam,
25–30 minutes; and 10 μM diazepam, 40–50 minutes). In
most cases, oscillations came back after 30 minutes of
wash-out time.

DISCUSSION

Two major physiologic changes have been described in
models of RP: rhythmic activity and low efficiency of elec-
trical stimulation. Our study shows that these features are
closely correlated. First, stimulation efficiency was strongly
decreased in RGCs showing oscillations, but much less or
not at all in RGCs without oscillations. Second, blocking
oscillations increased the efficiency of electrical stimulation
to values observed in wt retina.

Several mechanisms were suggested to induce oscil-
lations in the retinal network, among them remodeling
processes, including the formation of new synaptic connec-
tions that might induce pacemaker activity.3,27–32 Abnormal
spontaneous activity in the outer retina of rd1 mouse was
mediated by pathologic synaptic connections between cones
and rod bipolar cells as a consequence of retinal remodel-
ing.33 Using the rod bipolar cell as route, this activity might
also be relayed to the inner retina and affect RGC firing.
However, with 1 to 3 Hz, the frequency of these oscillations
was lower than the frequency of oscillations recorded from
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FIGURE 5. Effect of different benzodiazepines on electrical stimulation in wt and rd10 retina. (A) Diazepam. The stimulation efficiency
was: wt, control 2.6 ± 0.18 (ncells = 135), diazepam 2.4 ± 0.16 (Mann-Whitney rank sum test, P = 0.098 [not significant]); rd10 showing
oscillations, control 1.75 ± 0.08 (ncells = 52), diazepam 4.56 ± 0.57 (Mann-Whitney rank sum test, ***P ≤ 0.001); rd10 without oscillations,
control 2.06 ± 0.06 (ncells = 251), diazepam 2.85 ± 0.15 (Mann-Whitney rank sum test, ***P = 0.001). (B) (Upper two rows) Example of the
reaction of an RGC in wt retina (age, 3 months) under control conditions and in the presence of diazepam. Stimulus-elicited burst is similar
in both cases. (Lower two rows) Example of the reaction of an RGC in rd10 retina showing oscillations (age, 3.5 months). Clear bursts could
barely be observed under control condition (note that bursts reflect oscillatory activity), but after oscillations were blocked by diazepam.
(C) Flunitrazepam. The stimulation efficiency was: wt, control 2.65 ± 0.15 (ncells = 167), flunitrazepam 2.04 ± 0.11 (Mann-Whitney rank
sum test, ***P ≤ 0.001); rd10 showing oscillations, control 1.51 ± 0.04 (ncells = 254), flunitrazepam 2.4 ± 0.09 (Mann-Whitney rank sum
test, ***P ≤ 0.001); rd10 without oscillations, control 2.23 ± 0.11 (ncells = 244), flunitrazepam 2.41 ± 0.15 (Mann-Whitney rank sum test,
P = 0.984 [not significant]). (D) Lorazepam. The stimulation efficiency was: wt, control 2.66 ± 0.26 (ncells = 49), lorazepam 2.76 ± 0.35
(Mann-Whitney rank sum test, P = 0.649 [not significant]); rd10 showing oscillations, control 1.28 ±0 .02 (ncells = 268), lorazepam 2.41
± 0.13 (Mann-Whitney rank sum test, ***P ≤ 0.001); rd10 without oscillations, control 2.1 ± 0.14 (ncells = 101), lorazepam 2.17 ± 0.16
(Mann-Whitney rank sum test, P = 0.711 [not significant]). In total, the stimulation efficiency was evaluated in 5 retinae of 3 wt mice and in
12 retinae of 7 rd10 mice for diazepam application, in 7 retinae of 4 wt mice and in 14 retinae of 8 rd10 mice for flunitrazepam application,
and in 3 retinae of 2 wt mice and in 11 retinae of 7 rd10 mice for lorazepam application.

rd1 (9–16 Hz9,17,18,34). In contrast, it was suggested that oscil-
lations may simply arise from the loss of photoreceptor input
without the necessity of remodeling processes. This idea is
supported by studies in wt retina, in which the blockade of
signal transmission from photoreceptors to bipolar cells18 or
bleaching of photopigments35 led to oscillations similar to
those in RP models. However, oscillations were described in

2-week-old rd10 retina before photoreceptor degeneration
and major remodeling starts.36

Upon the loss of photoreceptors in rd10 retina, the
decrease in glutamatergic input in conjunction with changes
in the expression and distribution of the glutamate recep-
tor mGluR62,29,37,38 may lead to a change in the membrane
potential of cone ON-bipolar cells and the electrically
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coupled AII amacrine cells. Oscillations were reported to
only appear when the membrane potential of AII amacrine
cells was found within the range suitable to activate sodium
channels in these cells.21 Rhythmic activity in AII amacrine
cells could trigger rhythmic release of glutamate by the
bipolar cells and, thus, oscillatory activity in RGCs.18 This
model is supported by studies showing that oscillations
were abolished by gap junction blockers8,18,34,39 (however,
note that also oscillations in the outer retina were depen-
dent on electrical synapses33) and by glutamate recep-
tor blockers.8,14,17,34 In contrast, the model published by
Yee et al.22 proposes intrinsic oscillators in amacrine cells
as source of oscillations, whereas oscillations in bipolar
cells were considered to be irrelevant. Our data can be
reconciled with both models. We showed that the appli-
cation of glycine, GABA, and benzodiazepines had the
same effects on rd10 retina: (1) Spontaneous RGC spik-
ing was decreased, in agreement with the overall inhibitory
effect of these substances. (2) Oscillations were blocked
in agreement with a possible shift of AII amacrine cell
membrane potential in the AII model21 or hyperpolariza-
tion of the amacrine cell oscillators22 concomitant with
reduced oscillatory input into the retinal network. (3)
The signal-to-noise ratio of electrically evoked activity was
improved. (4) Most important, in agreement with the central
hypothesis of our study, stimulation efficiency was strongly
enhanced as the number of APs elicited per stimulus
increased.

In previous studies in degenerated retina, the gap junc-
tion blocker MFA blocked oscillatory activity8,18,34 and
improved the signal-to-noise ratio of RGC activity when stim-
ulated electrically or optogenetically.23,39,40 We observed an
increase in the signal-to-noise ratio in two steps. In rd10
retina, regular bursts of typically 4.26 ± 0.01 APs gener-
ated a high level in background activity. With oscillations
blocked, bursting and background noise disappeared. At
the same time, the number of APs elicited by each stimu-
lus increased to 13.5 ± 0.65 APs, similar to wt retina (12.8
± 0.64 APs). Our results suggest that the decrease in the
background noise and the increase in the number of APs
per stimulus would synergistically and strongly improve the
visual percept elicited by a retinal implant. Because basically
all cells express inhibitory receptors,24 targeting these recep-
tors is expected to generally dampen activity rather than
induce complex changes in RGC firing in agreement with
our results. Importantly, our data show that, in rd10 retina,
even strong stimulation of these receptors did not totally
abolish activity, but rather enabled an increase in stimula-
tion efficiency.

In ERG measurements of patients with RP, oscillations
have not yet been described. However, because ERG record-
ings average over the entire retina, even slight differences
in the frequency at different retinal sites or phase shifts
between retinal areas (as shown by Biswas et al.8) would
average oscillations out. Several lines of evidence argue that
oscillations are not confined to rd1 and rd10 retina. First,
rhythmic activity has been also reported in models of phar-
macologically10 or optically41 induced photoreceptor degen-
eration, as well as in minipig models of RP.42 Oscillations,
therefore, seem to be a common feature in degenerated
retina. Second, patients with RP have reported the pres-
ence of phosphenes43 that could reflect spontaneous reti-
nal activity. It is, therefore, conceivable that oscillatory activ-
ity also exists in patients with RP. Electrical prostheses can
partially restore vision, for example, enabling the differenti-

ation of large geometric forms or letters. However, in many
instances the benefit of retinal prostheses was smaller than
anticipated. Two likely explanations should be considered:
(1) the signal elicited by the implant might be buried in a
high background noise of activity, making it difficult for the
brain to interpret the data or (2) the efficiency of electri-
cal stimulation might be suboptimal. This may be particu-
larly pronounced if the contact between implant and retina
is poor.44,45

Our results show that benzodiazepines might yield a
strong improvement in the performance of retinal implants
by increasing signal-to-noise ratio and stimulation effi-
ciency at the same time. Two scenarios can be envi-
sioned that allow replication of these results in vivo in
animal models and capitalizing on the beneficial effect
in human RP therapy. First, inhibitory amino acids or
benzodiazepines could be delivered specifically and contin-
uously to the retina in a targeted manner. Ophthalmic
systems are already applied for a controlled delivery of
medicines to the posterior segment of the eye, for exam-
ple, the nonbiodegradable fluocinolone acetonide intrav-
itreal implant Iluvien (Alimera Sciences, Alpharetta, GA)
or the biodegradable dexamethasone intravitreal implant
Ozurdex (Allergan, Dublin, Ireland) (for review46). A
recent study has described the development of a nanoflu-
idic microsystem that represents a potential platform
for long-term intraocular delivery of therapeutics.47 Such
devices could deliver benzodiazepines at high retinal
concentrations without eliciting unwanted systemic side
effects.

Second, benzodiazepines can be taken orally—a well-
established procedure in human pharmacology. The plasma
concentration of diazepam in patients in typical dosage
is around 100 to 1500 ng/mL or 0.5 to 5.0 μM.48–50 The
values in the brain were reported to be around three
times higher.51 However, this value was obtained from
brain samples and, therefore, averaged over both intra-
and extracellular spaces. Hence, it can be expected that
the concentration in the extracellular space is higher than
the average value. The lowest concentration of diazepam
that reliably blocked oscillations in our experiments was
10 μM; however, the wash-in time was significantly longer
than with 20 or 100 μM. Patients receiving diazepam at
regular intervals might have a sustained basal diazepam
concentration that could overlap with the concentration
range used in our experiments. It is, therefore, tempting
to speculate that benzodiazepines used in typical dosage
might show similar beneficial effects as in our in vitro
experiments.

In summary, we show that the three most commonly used
benzodiazepines in human therapy decrease background
noise, increase the signal-to-noise ratio, and considerably
improve the efficiency of electrical stimulation. Using benzo-
diazepines or related substances with fewer side effects may
improve the performance of retinal implants and may lead
the way to a combined electropharmacologic therapy in the
treatment of RP.

Acknowledgments

Supported by the DFG Grants MU-3036/3-3, WA-1472/6-3,
JO-1263/1-3 and Pro-Re/Projekt/Johnen-Diarra.1-2015.

Disclosure: J. Gehlen, None; S. Esser, None; K. Schaffrath,
None; S. Johnen, None; P. Walter, None; F. Müller, None



Effect of Benzodiazepines in rd10 Retina IOVS | November 2020 | Vol. 61 | No. 13 | Article 37 | 8

References

1. Chang B, Hawes NL, Pardue MT, et al. Two mouse retinal
degenerations caused by missense mutations in the beta-
subunit of rod cGMP phosphodiesterase gene. Vision Res.
2007;47(5):624–633.

2. Gargini C, Terzibasi E, Mazzoni F, Strettoi E. Retinal orga-
nization in the retinal degeneration 10 (rd10) mutant
mouse: a morphological and ERG study. J Comp Neurol.
2007;500(2):222–238.

3. Phillips MJ, Otteson DC, Sherry DM. Progression of
neuronal and synaptic remodeling in the rd10 mouse model
of retinitis pigmentosa. J Comp Neurol. 2010;518(11):2071–
2089.

4. da Cruz L, Dorn JD, Humayun MS, et al. Five-year safety
and performance results from the Argus II Retinal Prosthe-
sis System clinical trial. Ophthalmology. 2016;123(10):2248–
2254.

5. Gekeler K, Bartz-Schmidt KU, Sachs H, et al. Implantation,
removal and replacement of subretinal electronic implants
for restoration of vision in patients with retinitis pigmen-
tosa. Curr Opin Ophthalmol. 2018;29(3):239–247.

6. Schaffrath K, Schellhase H, Walter P, et al. One-year safety
and performance assessment of the Argus II retinal prosthe-
sis. JAMA Ophthalmol. 2019;137(8):896–902.

7. Stingl K, Schippert R, Bartz-Schmidt KU, et al. Interim results
of a multicenter trial with the new electronic subretinal
implant Alpha AMS in 15 patients blind from inherited reti-
nal degenerations. Front Neurosci. 2017;11:445.

8. Biswas S, Haselier C, Mataruga A, Thumann G, Walter P,
Müller F. Pharmacological analysis of intrinsic neuronal
oscillations in rd10 retina. PLoS One. 2014;9(6):e99075.

9. Goo YS, Ahn KN, Song YJ, et al. Spontaneous oscilla-
tory rhythm in retinal activities of two retinal degener-
ation (rd1 and rd10) mice. Korean J Physiol Pharmacol.
2011;15(6):415–422.

10. Haselier C, Biswas S, Rösch S, Thumann G, Müller F, Walter
P. Correlations between specific patterns of spontaneous
activity and stimulation efficiency in degenerated retina.
PLoS One. 2017;12(12):e0190048.

11. Goo YS, Ye JH, Lee S, Nam Y, Ryu SB, Kim KH. Reti-
nal ganglion cell responses to voltage and current stimu-
lation in wild-type and rd1 mouse retinas. J Neural Eng.
2011;8(3):035003.

12. Margalit E, Babai N, Luo J, Thoreson WB. Inner and outer
retinal mechanisms engaged by epiretinal stimulation in
normal and rd mice. Vis Neurosci. 2011;28(2):145–154.

13. O’Hearn TM, Sadda SR, Weiland JD, Maia M, Margalit E,
Humayun MS. Electrical stimulation in normal and reti-
nal degeneration (rd1) isolated mouse retina. Vision Res.
2006;46(19):3198–3204.

14. Ye JH, Goo YS. The slow wave component of retinal activity
in rd/rd mice recorded with a multi-electrode array. Physiol
Meas. 2007;28(9):1079–1088.

15. Ye JH, Kim KH, Goo YS. Comparison of electrically-evoked
ganglion cell responses in normal and degenerate retina.
In 2008 30th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society. 2008:2465–
2468.

16. Humayun MS, de Juan E, Weiland JD, et al. Pattern
electrical stimulation of the human retina. Vision Res.
1999;39(15):2569–2576.

17. Borowska J, Trenholm S, Awatramani GB. An intrin-
sic neural oscillator in the degenerating mouse retina.
J Neurosci. 2011;31(13):5000–5012.

18. Trenholm S, Borowska J, Zhang J, et al. Intrinsic oscillatory
activity arising within the electrically coupled AII amacrine-
ON cone bipolar cell network is driven by voltage-gated
Na+ channels. J Physiol (Lond). 2012;590(10):2501–2517.

19. Bloomfield SA, Völgyi B. The diverse functional roles and
regulation of neuronal gap junctions in the retina. Nat Rev
Neurosci. 2009;10(7):495–506.

20. Kolb H, Famiglietti EV. Rod and cone pathways in the inner
plexiform layer of cat retina. Science. 1974;186(4158):47–49.

21. Choi H, Zhang L, Cembrowski MS, et al. Intrinsic bursting
of AII amacrine cells underlies oscillations in the rd1 mouse
retina. J Neurophysiol. 2014;112(6):1491–1504.

22. Yee CW, Toychiev AH, Sagdullaev BT. Network deficiency
exacerbates impairment in a mouse model of retinal degen-
eration. Front Syst Neurosci. 2012;6:8.

23. Barrett JM, Degenaar P, Sernagor E. Blockade of patho-
logical retinal ganglion cell hyperactivity improves opto-
genetically evoked light responses in rd1 mice. Front Cell
Neurosci. 2015;9:330.

24. Yang X-L. Characterization of receptors for glutamate and
GABA in retinal neurons. Prog Neurobiol. 2004;73(2):127–
150.

25. Boos R, Schneider H, Wässle H. Voltage- and transmitter-
gated currents of all-amacrine cells in a slice preparation of
the rat retina. J Neurosci. 1993;13(7):2874–2888.

26. Sivilotti L, Nistri A. GABA receptor mechanisms in the
central nervous system. Prog Neurobiol. 1991;36(1):35–
92.

27. Marc RE, Jones BW, Watt CB, Strettoi E. Neural remodeling
in retinal degeneration. Prog Retin Eye Res. 2003;22(5):607–
655.

28. Marc RE, Jones BW, Anderson JR, et al. Neural reprogram-
ming in retinal degenerations. Invest Ophthalmol Vis Sci.
2007;48(7):3364–3371.

29. Puthussery T, Gayet-Primo J, Pandey S, Duvoisin RM, Taylor
WR. Differential loss and preservation of glutamate receptor
function in bipolar cells in the rd10 mouse model of retinitis
pigmentosa. Eur J Neurosci. 2009;29(8):1533–1542.

30. Strettoi E, Pignatelli V. Modifications of retinal neurons in
a mouse model of retinitis pigmentosa. Proc Natl Acad Sci
USA. 2000;97(20):11020–11025.

31. Strettoi E, Porciatti V, Falsini B, Pignatelli V, Rossi C.
Morphological and functional abnormalities in the inner
retina of the rd/rd mouse. J Neurosci. 2002;22(13):5492–
5504.

32. Strettoi E, Pignatelli V, Rossi C, Porciatti V, Falsini B. Remod-
eling of second-order neurons in the retina of rd/rd mutant
mice. Vision Res. 2003;43(8):867–877.

33. Haq W, Arango-Gonzalez B, Zrenner E, Euler T, Schubert T.
Synaptic remodeling generates synchronous oscillations in
the degenerated outer mouse retina. Front Neural Circuits.
2014;8:108.

34. Menzler J, Zeck G. Network oscillations in rod-degenerated
mouse retinas. J Neurosci. 2011;31(6):2280–2291.

35. Menzler J, Channappa L, Zeck G. Rhythmic ganglion cell
activity in bleached and blind adult mouse retinas. PLoS
One. 2014;9(8):e106047.

36. Jae SA, Ahn KN, Kim JY, Seo JH, Kim HK, Goo YS. Electro-
physiological and histologic evaluation of the time course
of retinal degeneration in the rd10 mouse model of retinitis
pigmentosa. Korean J Physiol Pharmacol. 2013;17(3):229–
235.

37. Barhoum R, Martínez-Navarrete G, Corrochano S, et al.
Functional and structural modifications during reti-
nal degeneration in the rd10 mouse. Neuroscience.
2008;155(3):698–713.

38. Chua J, Fletcher EL, Kalloniatis M. Functional remodel-
ing of glutamate receptors by inner retinal neurons occurs
from an early stage of retinal degeneration. J Comp Neurol.
2009;514(5):473–491.

39. Toychiev AH, Ivanova E, Yee CW, Sagdullaev BT. Block
of gap junctions eliminates aberrant activity and restores



Effect of Benzodiazepines in rd10 Retina IOVS | November 2020 | Vol. 61 | No. 13 | Article 37 | 9

light responses during retinal degeneration. J Neurosci.
2013;33(35):13972–13977.

40. Ivanova E, Yee CW, Baldoni R, Sagdullaev BT. Aber-
rant activity in retinal degeneration impairs central visual
processing and relies on Cx36-containing gap junctions. Exp
Eye Res. 2016;150:81–89.

41. van der A-M, Berger T, Müller F, Foldenauer AC, Johnen
S, Walter P. Establishment and characterization of a unilat-
eral UV-induced photoreceptor degeneration model in the
C57Bl/6J mouse. Transl Vis Sci Technol. 2020;9(9).

42. Goo YS, Kim S-W. Physiological findings of experimental pig
models with outer retinal degeneration induced by intrav-
itreal loading of Nmethyl-N-nitrosourea after vitrectomy.
Artificial Vision 2019. Aachen, 13.-14.12.2019. Düsseldorf:
German Medical Science GMS Publishing House; 2019.

43. Bittner AK, Diener-West M, Dagnelie G. A survey of
photopsias in self-reported retinitis pigmentosa: location of
photopsias is related to disease severity. Retina (Philadel-
phia, Pa). 2009;29(10):1513–1521.

44. Ahuja AK, Yeoh J, Dorn JD, et al. Factors affecting perceptual
threshold in Argus II retinal prosthesis subjects. Transl Vis
Sci Technol. 2013;2(4):1.

45. Kasi H, Bertsch A, Guyomard J-L, et al. Simulations
to study spatial extent of stimulation and effect of

electrode–tissue gap in subretinal implants. Med Eng
Physics. 2011;33(6):755–763.

46. Fung AT, Tran T, Lim LL, et al. Local delivery of corticos-
teroids in clinical ophthalmology: a review. Clin Experiment
Ophthalmol. 2020;48(3):366–401.

47. Di Trani N, Jain P, Chua CYX, et al. Nanofluidic microsys-
tem for sustained intraocular delivery of therapeutics.
Nanomedicine. 2019;16:1–9.

48. Baird ES, Hailey DM. Delayed recovery from a seda-
tive: correlation of the plasma levels of diazepam with
clinical effects after oral and intravenous administration.
Br J Anaesth. 1972;44(8):803–808.

49. De Silva JA, Koechlin BA, Bader G. Blood level distribu-
tion patterns of diazepam and its major metabolite in man.
J Pharm Sci. 1966;55(7):692–702.

50. Kurlawala Z, Roberts JA, McMillan JD, Friedland RP.
Diazepam toxicity presenting as a dementia disorder.
J Alzheimers Dis. 2018;66(3):935–938.

51. Klockowski PM, Levy G. Kinetics of drug action in disease
states. XXIV. Pharmacodynamics of diazepam and its active
metabolites in rats. J Pharmacol Exp Ther. 1988;244(3):912–
918.


