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Abstract

In retinitis pigmentosa — a degenerative disease which often leads to incurable blindness- the loss of photoreceptors
deprives the retina from a continuous excitatory input, the so-called dark current. In rodent models of this disease this
deprivation leads to oscillatory electrical activity in the remaining circuitry, which is reflected in the rhythmic spiking of
retinal ganglion cells (RGCs). It remained unclear, however, if the rhythmic RGC activity is attributed to circuit alterations
occurring during photoreceptor degeneration or if rhythmic activity is an intrinsic property of healthy retinal circuitry which
is masked by the photoreceptor’s dark current. Here we tested these hypotheses by inducing and analysing oscillatory
activity in adult healthy (C57/Bl6) and blind mouse retinas (rd70 and rd7). Rhythmic RGC activity in healthy retinas was
detected upon partial photoreceptor bleaching using an extracellular high-density multi-transistor-array. The mean
fundamental spiking frequency in bleached retinas was 4.3 Hz; close to the RGC rhythm detected in blind rd70 mouse
retinas (6.5 Hz). Crosscorrelation analysis of neighbouring wild-type and rd10 RGCs (separation distance <200 um) reveals
synchrony among homologous RGC types and a constant phase shift (~70 msec) among heterologous cell types (ON
versus OFF). The rhythmic RGC spiking in these retinas is driven by a network of presynaptic neurons. The inhibition of
glutamatergic ganglion cell input or the inhibition of gap junctional coupling abolished the rhythmic pattern. In rd70 and
rd1 retinas the presynaptic network leads to local field potentials, whereas in bleached retinas additional pharmacological
disinhibition is required to achieve detectable field potentials. Our results demonstrate that photoreceptor bleaching
unmasks oscillatory activity in healthy retinas which shares many features with the functional phenotype detected in rd10
retinas. The quantitative physiological differences advance the understanding of the degeneration process and may guide
future rescue strategies.
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Introduction Rhythmic ganglion cell activity with lower fundamental frequency
(~5 Hz) compared to rdI has been reported for ganglion cells of
the 7d10 mouse [12] — an rd model [2] where photoreceptor
degeneration occurs later in development. Ganglion cells in other
retinal disease models develop a rhythmic (~5 Hz) activity as well,
i.e. in Leber congenital disease where photoreceptors fail to fully
develop [13] or in congenital stationary night blindness (nob-
mouse [14]. A second characteristic electrophysiological feature
found in rdl retinas are spatially extended changes of the
extracellular potential detected in the ganglion cell layer [7].
These local field potentials indicate large-scale depolarisations
originating from concerted presynaptic activity.

It remained unclear, if the rhythmic RGC spiking and
emergence of local field potentials in 7d 1 were caused by changes
in retinal circuitry or if they are intrinsic properties of retinal
circuitry, which are masked in the healthy retina. A recent study
[15] reports wave-like propagating activity in pharmacologically
disinhibited retinas; however at frequencies smaller 1 Hz.

A major excitatory current in the retina is continuously
generated by photoreceptors in the dark. This so-called dark-
current increases in the developing retina, maintains a constant
level throughout adulthood [1] and eventually disappears in the
degenerative disease of retinitis pigmentosa, where mutations of
the PDE6B [2] gene leads to rod degeneration and ultimately to
incurable blindness.

The rod degeneration may be accompanied by functional
alterations of the electrical activity of inner retinal neurons. It has
been reported recently that the projection neurons in dystrophic
mouse retinas exhibit hyperactivity [3,4] which is rhythmic in
many of the detected retinal neurons [3,6,7,8,9]. The origin of the
rhythmic ganglion cell spiking in rdI retinas — a mouse model of
retinitis pigmentosa [2] - was assigned to presynaptic input
[5,6,7,8]. It may originate in the electrically coupled ON cone
bipolar —amacrine cell network [10] or the AIl amacrine cell alone
[11] and effect the OFF pathway through chemical synapses [9]
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Here, we test to what extent partial photoreceptor bleaching in
ex vivo healthy retinas induces physiological activity that resem-
bles the 7d phenotype. This experiment is motivated by the so-
called ‘equivalent light hypothesis’ [16] which postulates that the
loss of photoreceptors is equivalent to the situation in which the
rods are continuously hyperpolarized, as they would be during
saturating continuous light.

Extracellular recording of RGC activity was performed in adult
wild-type (C57/Bl6) and in two adult mouse models of retinal
degeneration (rd10 and rdl). We used a high- density CMOS
based micro-electrode arrays (7.4 um spatial resolution) which
allow for precise mapping (‘electrical imaging’) of single cell
activity as well as the spatial mapping of local field potentials [17].

Our results demonstrate that rhythmic ganglion cell activity
with similar statistics is recorded in healthy and blind retina.
However, we also note differences regarding the emergence of
local field potentials and synchronicity which can only be
mimicked in healthy retinas by lowering inhibition through
pharmacological blockers.

Materials and Methods

Animals

All procedures were approved by the animal use committee of
the Natural and Medical Science Institute at the University
Tubingen (Approval Number NMI 33) and performed in
compliance with the ARVO statement for the use of animals in
Ophthalmic and Visual Research. Protocols compliant with 8 4
paragraph 3 of the German law on animal protection were
reviewed and approved by the “Einrichtung fiir Tierschutz,
Tierarztlichen Dienst und Labortierkunde” (Anzeige/Mitteilung
nach 8 4 vom 29.10.2012). All efforts were made to minimize the
number of animals used and their suffering.

In this study adult male C57BL/6N mice, B6.CXBI-
Pde6brd10/] (rd10) and C3H/He] (rdI) mice, all between
postnatal day P90-P100 were used. All animals were housed in
temperature regulated facilities on a 12 h light/dark cycle and fed
ad libitum. Different background strains in rd (C3H and C57BL)
do not lead to different physiological results [3]. We therefore
compare the previously [6] used rdl (C3H) strains to rd10
(C57BL). All animals were light adapted 2 hours before the retina
preparation. In some cases the preparation was performed under
dim red light [7]. These retinas were used to investigate if the
pharmacological block alone can induce rhythmic activity. All
other retinas were prepared in ambient light.

Recording

The extracellular electrical activity of the retina was measured
using a high-density CMOS microelectrode array comprising
128 x128 equally spaced recording sensors which cover an area of
1 mm? In this study, we measured every second column (128 x64
sensors) with a sampling frequency of ~10 kHz for each sensor.
Details of the recording technique are described in [7,17]. During
the recording, the retina was continuously superperfused with
carbogenated Ames’ medium (A 1420, Sigma).

Identification of action potentials and assignment to the
corresponding ganglion cell. The identification of an action
potential on the high-density multi-transistor-array is performed
offline in two steps as described in detail in (Lambacher et al. 2011;
Menzler&Zeck, 2011). In the first step threshold crossings of a
signal V' are identified. The signal V' is calculated from
extracellular voltages recorded on neighbouring sensors (3x3 en-
vironment) and by considering 3 consecutive timesteps
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measured data point ¢, ¢ ;: root mean square (rms) noise of the
corresponding sensor. The sum runs over the 3x3 x3 neighbour-
hood surrounding the data point under consideration. If I exceeds
a threshold of 15 the data point is saved and considered part of the
extracellular action potential waveform. In the second step
threshold crossings were combined to one action potential
(Menzler and Zeck 2011). The data point (time stamp and sensor
location) with the highest amplitude is chosen as a representative
for the action potential.

Assignment of an action potential to the corresponding
ganglion cell. The ganglion cell layer of mammalian retinas
contains the somata of ganglion cells and of putative spiking
amacrine cells. To prove that activity is indeed recorded from
ganglion cells we electrically imaged the signal propagation along
the proximal axon [18]. For the action potentials of one given
neuron a so-called average electrical image is calculated. The spike
triggered average electrical image is obtained by averaging the
extracellular voltages recorded by each of the 8192 sensors in a
defined time window around the threshold crossings for at least
thirty action potentials. For each cell we obtain a characteristic
“footprint” of sensors on the array. To properly assign the spikes
to a given ganglion cell we selected sensors which are part of only
footprint.

Data analysis. Maintained RGC activity was calculated after
concatenation of about one hundred subsequent continuous
recording segments (~1 second each). We confirmed that overall
maintained activity did not vary if different recording intervals are
selected. Spike trains assigned to the corresponding cells were
binned with either 4 or 0.4 ms time resolution. Normalized cross-
correlation (CC) functions of these histograms were computed
using Matlab (The MathWorks).

Light-evoked RGC responses were recorded upon presentation
of a large spot (I mm diameter) for 500 msec. Ganglion cells
which respond to light onset were assigned to the ON subclass,
cells that respond to light offset only were assigned to OFF cells.
ON-OFF ganglion cells are not considered because of the
relatively small number of identified cells using the ‘full-field’
stimulus. Transient and sustained cell types are pooled within the
given cell class (ON and OFF). To test for statistical significance of
firing rate or fundamental frequency, the Wilcoxon-Mann-
Whitney U test was used. Average values are given as mean *
standard error of the mean.

Bleaching. Spontaneous RGC activity was recorded for more
than three hours after the retina had been interfaced to the sensor
array. For the first thirty minutes the retinal activity was recorded
in darkness, and then light responses were measured for about
20 minutes. Afterwards the retina was bleached for 2 hours by full-
field white light. The light was presented on a miniature
monochrome organic light emitting diode display (oLED; eMagin
Corp., Bellevue, WA) illuminating the back focal plane of a 5x
objective (LMPlan Fl; Olympus Optical, Tokyo, Japan). The light
intensity (40-80 mW/m? ) in the focus plane (location of the
interfaced retina) was measured using an optical meter (1835-C,
Newport Spectra-Physics, Darmstadt, Germany). The emission
spectrum of the oLED monitor ranges between 430-700 nm. The
monitor thus bleaches rods and m-cones. The mouse s-cones,
however, are not affected by this oLED spectrum. The procedure
applied here is thus considered a “partial” bleaching.

Pharmacology. To block glutamate-sensitive AMPA/kainate
receptors,  6,7-Dinitroquinoxaline-2,3-dione  disodium  salt
(DNQX, 20 uM) was used. Glycinergic receptors were blocked
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by strychnine (2 uM), while for GABA, receptors SR-95531
hydrobromide (gabazine, 20 uM) was used. All antagonists were
purchased from Tocris. Gap junctions were blocked by Meclofe-
namic acid (100 pM, Sigma). The antagonists were dissolved in
Ames’ solution and perfused to the interfaced retinal tissue.

Results

Identification of RGCs in the mouse retina

To identify retinal ganglion cells in extracellular recordings we
calculated a mean electrical image as a spike triggered average
(STA) map of the sensor array (Methods). The STAs reveal the
extracellular signal underneath the RGC soma and additionally
the propagating action potential along the unmyelinated axon
(Fig. 1A) [18,19]. STAs comprising proximal axon pathways
unambiguously separate RGCs from putative spiking amacrine
cells in the RGC layer. The identified RGCs were classified upon
their light response into ON- and OFF-RGCs (Fig. 1B).
Sustained and transient cell types were not considered separately,
mainly because a restricted stimulus set was presented which did
not allow for rigorous cell classification.

RGC spiking in constantly illuminated C57/BI6 retinas is
similar to spiking in rd10 retinas

In the first experiment we investigate the population activity of
retinal ganglion cells (RGC) in a healthy retina during constant
illumination. This illumination leads to a decrease of the
photoreceptor dark current. The reduction or disappearance of
glutamate release may be in a certain way equivalent to the
degeneration of photoreceptors [16].
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We analyzed the activity of 126 identified RGCs in three
partially bleached retinas. First we evaluated the firing rate in
darkness (Fig. 2A) and found a mean value of 13 Hz*1.3 Hz,
mean + s.e.m). This value is in the same range of previously
reported firing rates [6,7]. Maintained firing rates were similar for
the ON- (n = 86 cells) and OFF-RGC (n = 40 cells) subpopulations.
Constant illumination of the retinas (see Material and Methods)
increased the average firing rate shortly after onset to 38 Hz*3.6.
After a long interval (>2 hr) of constant illumination, rhythmic
spiking was observed in 65 RGCs (52% of the total population).
The raster plots of twelve rhythmic RGCs recorded in the same
retinas is shown in Fig. 2B. The presented cells were of both types
(ON and OFF). The autocorrelations of the rhythmic spike trains
displayed multiple peaks, with the first peak occurring at
~250 ms. This value translates to a fundamental frequency of
the ganglion cell rhythm of 4 Hz. The average fundamental
frequency calculated for all rhythmic RGCs was 4.3%0.1 Hz. The
distribution of fundamental frequencies is shown in Fig. 2C. Both
major cell classes (ON and OFF RGCs) displayed rhythmic
activity (28 ON and 30 OFF RGCs, 7 unidentified RGCs). We like
to emphasize, that bleaching is only partial in our experiments.
When we stimulate the retina after the long constant illumination
using a 1 Hz flicker stimulus, the light responsiveness of RGCs
recovers after several minutes (Figure S1), in line with a recent
report (A. Tikidji-Hamburyan, IOVS 2014: ARVO e-Abstract
5961).

Is the RGC hyperactivity caused by an increase of the excitatory
driving force or by a decrease of inhibition? To answer this
question we blocked the inhibitory receptors during the partial
bleaching of wild-type retinas (Material and Methods). We
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Figure 1. Identification of RGCs using the high-density multi transistor array. (A) Four consecutive electrical images acquired every
100 usec reveal the occurrence and propagation of action potentials along the proximal axon. The electrical images were obtained after calculating
the spike triggered average over more than thirty spikes. Visualization of the axon identifies a ganglion cell (Methods). Scale bar: 200 um. (B) Typical
light responses of four RGCs in wild-type retinas. The histograms were calculated for repeated stimulus presentations. (binsize: 5 ms).

doi:10.1371/journal.pone.0106047.g001
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Figure 2. RGC spike train properties in bleached, disinhibited and rd70 retinas. A) Rasterplot of spontaneous RGC activity recorded in
C57BL/6 retinas in darkness. Each tick represents one action potential. B) Activity recorded from the same cells shown in (a) after 2 hrs of illumination.
C) Histogram of the fundamental frequency of 65 rhythmic RGCs measured in three bleached retinas. D) Rasterplot of spontaneous RGC activity
recorded in C57BL/6 RGCs in darkness before disinhibition. E) Activity recorded from the same cells shown in (D) after exposure to light and the
application of inhibitory receptor blockers (strychnine and gabazine). F) Histogram of the fundamental frequency of 111 RGCs measured in four
disinhibited retinas. G) Average RGC maintained activity measured in wt retinas in darkness, in bleached condition and in disinhibited condition and

average maintained activity of rd70 RGCs. H) Rasterplot of spontaneous
frequency of 32 rhythmic RGCs evaluated from three rd10 retinas.
doi:10.1371/journal.pone.0106047.9002

analyzed 153 RGCs (4 retinas, 79 ON-cells; 74 OFF-cells). The
average maintained firing rate increased from from 12*2 Hz in
darkness to 39 Hz*2.5 Hz during constant illumination. Disinhi-
bition of the retina by the blocker mixture Strychnine and
gabazine 20 minutes after the onset of illumination led to
oscillatory spiking in 111 RGCs (72%). 43 of the rhythmic RCS
were of ON- and 71 OFF RGCs. Inhibitory blockers changed only
the spiking pattern but not the firing rate. The mean fundamental
frequency of rhythmic RGCs was 6.5%0.3 Hz; however there was
a large variability across cells (Fig. 2F). Application of either
Strychnine or gabazine alone did not lead to rhythmic firing. After
wash out of the blocker mixture the rhythmic spiking disappeared.
We conclude that inhibition of the dark current or blockade of
synaptic inhibition generates a phenotype with rhythmic bursting
RGCs.

To compare the induced rhythmic activity with a model of
retinal degeneration in detail, we recorded RGC activity from
adult 7d 10 retinas (n =3, P90-P100), when all photoreceptors are
lost (Gargini et al., 2007). The mean firing rate calculated from 62
RGCs was lower (202 Hz) than in constantly illuminated retinas
(Fig. 2G) and lower compared to rdl RGCs (26*+13 Hz, [7])
RGCs of the same age. On the other hand the proportion of
rhythmic firing cells was 50%), which is similar to bleached retinas.
This percentage is however; lower than the percentage of rhythmic
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RGC activity recorded from rd10 retinas. |) Histogram of the fundamental

RGCs in disinhibited retinas or in rdI retinas under otherwise
identical conditions. The mean fundamental frequency evaluated
from 32 rhythmic vd10 RGCs was 6.5*+0.2 Hz (Fig. 2I). This
value 1is significantly higher than the average fundamental
frequency of bleached retinas (p=0.001) but not significantly
different from the fundamental frequencies recorded in disinhib-
ited retinas (p =0.39).

In summary, in bleached as well as in rd retinas qualitatively
similar rhythmic spiking is detected. Quantitatively, the values for
maintained activity or rhythmicity (fundamental frequency) differ.
In the following we evaluate the pair-wise correlation between
RGCs, which helps identifying the driving force of rhythmic
activity.

Similarities of pair-wise spike correlation properties in
bleached and rd10 retinas

Rhythmic ganglion cells fire either in synchrony or phase
shifted. To estimate the temporal relation between pairs of RGCs
the cross-correlogram (CC) of their spike trains are calculated
(Fig. 3A). Ior retinal ganglion cells in non-rhythmic wt retinas
nearby cells have been reported to fire in synchrony — either
mediated by gap junctional coupling or driven by a common
presynaptic interneuron [20]. To distinguish between the two
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possibilities the CC is computed at high temporal resolution. Gap
junctional coupling results in a double-peaked CC whereas a
common presynaptic driving force leads to one central peak
without any time lag. For the spike trains analyzed here very few
RGC pairs displayed gap-junctional coupling, which was always
superimposed by presynaptic input.

We performed the cross-correlation analysis for all RGCs which
showed clear light responses. The RGCs in one recorded portion
were classified as rhythmic or non-rhythmic, based on the
equidistant peaks in the spike autocorrelograms. The locations of
the identified RGC somata in a bleached retina are shown in
Fig. 3A. Remarkably, rhythmic and non-rhythmic RGC are
found at random positions, i.e. there is no partition in bleached
retinas which contains only rhythmic RGCs. We performed the
cross-correlation analysis separately for rhythmic cells of the same
polarity (ON-ON and OFF-OFF) and for cells of different polarity
(ON-OFF) in bleached wt retinas. Two example CCs are shown in
Fig. 3B.

For cell separation distances below 200 pm and homologous
RGC pairs (ON-ON or OFF-OFF) the time shifts of the central
peak were always <10 msec. For soma separations larger than
200 pm the time shift takes arbitrary values. RGCs of different
polarity exhibited a shift of ~70 msec if their cell bodies were
separated by less than 200 um and arbitrary values for larger time

A 1000

Aberrant Ganglion Cell Activity

shifts (Fig. 3C). For neighboring pairs of ON and OFF RGCs the
ON cell activity always precluded the OFF cell spiking. This result
suggests that nearby cells of the same polarity are driven by the
same presynaptic cell(s) while the shifted rhythm for ON-and OFF
ganglion cells is mediated by a small interneuron (~200 um),
which introduces the observed shift through an additional synapse.

We repeated the analysis for the rhythmic RGCs recorded in
disinhibited retinal preparations (Fig. 3D). In these retinas most
rhythmic RGCs fire in synchrony even over distances longer than
200 pm (Fig. 3D). Synchronous spiking was detected for heter-
elogous cell pairs, in contrast to the findings for bleached retinas.
The identification of ON and OFF RGCs was performed before
the addition of inhibitory blockers. A few RGCs were still out of
phase suggesting that some inhibitory receptors remain functional.

How does the rhythmicity in dystrophic retinas compare to that
recorded in bleached retinas? For RGCs pairs in 7d10 retinas we
observed the same behavior as seen in bleached retinas (compare
Fig. 3C and Fig. 3E). For cell separation distances smaller than
200 um the spike trains exhibit either no phase shift or a phase
shift of ~70 msec. In these blind retinas we were not able to
establish the cell polarity (ON or OFF RGC). The forth
investigated retinal preparation stems from adult blind 7d! retinas.
The cross-correlation analysis in these retinas reveals very different
results compared to the rd10 RGCs (Fig. 3F). The peak time-lags
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Figure 3. Pair-wise spike correlation properties in bleached and dystrophic retinas. (A) Spatial locations of 53 identified RGCs in one
bleached C57/BI6 retina. Symbols denote OFF RGCs (filled triangle), ON RGCs (open triangles), and physiologically unidentified RGCs (open circles).
The rhythmic RGCs are marked with filled grey circles. (B) Cross-correlogramm of the spike trains recorded from two rhythmic OFF RGCs (gray) and a
pair of one rhythmic ON and a rhythmic OFF RGCs (black). The OFF-OFF pair fires in synchrony (zero time lag), while RGCs of different polarity display
a phase shift. The time lag of the central peak is marked with a dashed line. The rhythmic activity is reflected in the auxiliary peaks of the CC. (C)
Dependency of the CC time lag shift for RGC pairs and the cell separation. The legend for the three cell type combinations is given in subplot (F). The
hatched area illustrates that RGC pairs separated by less than 200 um do not display arbitrary lags. This area is drawn for comparison in the following
subplots as well. (D-F) Time shift of the central peak in the CCs computed for rhythmic RGC pairs in disinhibited retinas (D), rd10 retinas (E) and rd1
retinas (F). The open symbol denotes unknown RGC cell type.

doi:10.1371/journal.pone.0106047.9003
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do not spare the hatched area, indicating that there was no distinct
phase shift for any RGC separation distance. This results will be
discussed below.

We conclude that based on the analysis of pair-wise cross-
correlograms the RGCs in bleached wt retinas and in 7d 10 retinas
display similarities which are qualitatively different from disinhib-
ited light-exposed wt retinas or rd!l retinas respectively. In the
following we test if the rhythmic RGC activity in bleached or rd10
RGC:s has a presynaptic origin.

Rhythmic RGC activity in bleached C57/BI6 and rd10
retinas has a presynaptic origin

It has been reported that the network of electrically coupled ON
bipolar cells and amacrine cells display ~5 Hz rhythmic activities
in dystrophic rd1 retinas [8,10]. This network drives the rhythmic
spiking in vdl RGCs. Here we investigated if the presynaptic
circuitry is responsible for rhythmic RGC spiking in bleached and
rd10 retinas as well. We therefore blocked the major ionotrophic
glutamatergic receptors of RGOCs using the AMPA/kainite
receptor blocker DNQX (20 uM). In both retinas (bleached and
rd10) the rhythmic ganglion cell spiking disappeared (Fig. 4Al
and Fig. 4A2).

Next, we assessed if electrical coupling is necessary for the
rhythmic activity in these retinas. The rhythmic activity
disappeared in bleached C57Bl6 and rdI10 retinas after the
addition of 100 uM MFA (Fig. 4B1 and Fig. 4B2). This result
suggests that the previously described network of electrically
coupled bipolar and amacrine cells [10] is likely responsible for the
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rhythmic activity in these retinas as well. We note, that the
application of a smaller concentration of MFA (10 uM) did not
lead to the disruption of rhythmic RGC activity. Possible side
effects of MFA are critically reviewed in the discussion section.

The rhythmic spiking in bleached and rd10 retinas differs in the
low-frequency range. In the following we investigate if the low
frequency oscillations detected in 7d 10 represent spatially extend-
ed network depolarizations and how these compare to bleached w¢
or to disinhibited retinas.

Local field potentials differ in C57/Bl16 and dystrophic
Local field potentials (LFPs) reflect changes in the low-
frequency range (<100 Hz) of the extracellular voltage measured
between the sensor array and the ground electrode. The
spontaneous emergence [7,21] and propagation of LFPs [7]
constitutes a characteristic feature of blind 7d! retinas. In
untreated or in bleached wt retinas we could not detect any low-
frequency changes of the extracellular voltage. As the continuous

retinas.

recording of the entire sensor array was restricted to a few seconds
in this study, the minimal frequency set by the Nyquist sampling-
theorem we can detect is ~1 Hz.

LFPs were detected in disinhibited w? retinas after perfusion
with the blocker mix of strychnine and gabazine. Rhythmic RGC
spiking (Fig. 5A) was accompanied by spatially extended LIPs as
illustrated in Fig. 5B. The LIFPs covered areas that were often
larger than the recording array (1 mm? Fig. 5B). We were not
able to identify any propagation of the LFPs as detected previously
in rdl retinas [7]. Addition of ionotrophic glutamate receptor
blocker (DNQX) to the inhibitory blocker mix abolished the LFPs
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Figure 4. Rhythmic RGC spiking is abolished by ionotrophic glutamate receptor blocker or by gap junction blockers in bleached
and in rd70retinas. (A1 & A2) DNQX (20 uM) prevents rhythmic RGC activity in bleached retinas (A1) and in rd10 retinas (A2). (B) The gap junction
blocker MFA (100 uM) inhibits rhythmic spiking in bleached (B1) and in rd10 retinas (B2). White lines mark the 100 Hz low-pass signal for each trace.

doi:10.1371/journal.pone.0106047.g004
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and also the rhythmic RGC spiking. The amplitude of the LIPs
was assessed by power spectral analysis. The maximal LFP
amplitude varied between 2x10”*-107° mV?/Hz on the differ-
ent sensors (two of them are shown in Fig. 5C). The represen-
tation of the LFP amplitude on all recording sensors evaluated at
the fundamental frequency is shown in Fig. 5D. This represen-
tation allows estimating the spatial LFP extent throughout the
recording.

In the ganglion cell layer of blind 7d10 retinas we recorded
rhythmic RGC activity which is driven by LFPs as well (Fig. 6A).
The LFPs detected did not propagate in the RGC layer of 7d10
retinas either. Two electrical images of the rd10 RGC layer
demonstrate that they occur at similar positions (Fig. 6B). The
LFPs were restricted to areas of <200 um in diameter. In the
frequency band of 6 Hz the maximal power was ~10~* mV?/Hz
(Fig. 6C), which is by a factor of 10 smaller than the maximal
power in disinhibited, bleached retinas. It was also smaller than
the power recorded in rd! retinas [7]. Importantly, only a small
part of the measured retinal portion in rd10 displayed rhythmic
LFPs (Fig. 6D) and only in these areas rhythmic RGC activity
was detected.

In summary, the low-frequency spatio-temporal dynamics
differed in the four conditions. There were no detectable local
field potentials in bleached retinas, weak LFPs in part of the rd10
retinas, three - fold stronger LFPs in 7d ] retinas and even stronger
static LFPs in disinhibited bleached wi retinas.
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Discussion

The experiments presented here indicate that (i) certain
electrophysiological features of the 7d phenotype can be obtained
by partial bleaching a healthy retina but (ii) several physiological
differences persist even after additional block of inhibitory
receptors. Along the analysis of RGC spiking, of pair-wise spike
train correlations and of LFP dynamics we compare in the
following the physiology of healthy mouse retinas to the two rd
phenotypes (rdl and rd10) and discuss implications for vision
restoration strategies.

Functional properties of ganglion cells in bleached and
dystrophic retinas

The augmented maintained and rhythmic activity in dystrophic
mouse models has been established in many independent studies
[3,4,5,7] and confirmed here. In addition we have shown that an
increase in maintained activity and induction of RGC rhythmicity
can be generated in healthy retinas within hours using a relatively
simple partial bleaching protocol. The RGC firing rates were
elevated in all three conditions (partially bleached retina, rd10 and
rd1) as compared to control measurements. The values found here
are higher than those reported in [4] but the qualitative trend is
the same. The differences could be caused by different experi-
mental conditions (i.e. ringer solution or light adaptation levels).

The elevated RGC firing rate is a strong indicator for an
imbalance between excitatory and inhibitory driving force. As the
firing rate is not changed in bleached retinas by additional
blockade of inhibition, our data suggest an overall increase of

Bop:

(i

[x10™* mV¥Hz]

Figure 5. Rhythmic RGC spiking and strong stationary LFPs emerge during application of glycinergic and GABAergic receptor
blockers in bleached mouse retinas. A) Extracellular voltage traces recorded on two different sensors on the multi-transistor-array. The upper
trace shows activity recorded from an ON RGC, the lower trace shows activity recorded from an OFF RGC. (B) Local field potentials recorded on the
whole sensor array at the two time points marked in (A). The symbols mark the position of the sensors shown in (A). C) Power spectral density
evaluated for the two sensors reveals a maximum at the frequency of ~6 Hz. (D) The amplitude of the PSD (as shown in C) measured at all sensors at

the maximal frequency. Scale bars in (B) and (D): 200 um.
doi:10.1371/journal.pone.0106047.9005
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Figure 6. Rhythmic spiking and weak stationary LFPs in the ganglion cell layer of adult rd70 mouse retinas. A) Calibrated voltage traces
recorded on two selected sensors. The sensor positions are marked in panel (B). The rhythmic spiking of the two RGCs is not in phase. B) Local field
potentials measured at the time points marked in (A). (C) Power spectral density evaluated at the two sensors reveals the fundamental rhythm at
~7 Hz. (D) The amplitude of the PSD (as shown in C) measured at all sensors at the maximal frequency. Scale bars in (B) and (D): 200 um.

doi:10.1371/journal.pone.0106047.g006

excitation in bleached retinas. The short timescale in the bleaching
experiments excludes any synaptic changes. An alternative
explanation would be the increased excitability achieved by
changes of the resting membrane potential of bipolar cells [10] or
amacrine cells [11].

The smallest rhythmic fundamental frequency was detected in
bleached retinas (4.3 Hz), the highest fundamental frequency was
found in 7d1 (~10 Hz). Several scenarios have been proposed to
explain the different rhythmic frequencies in wild-type and
dystrophic retinas. Yee et al. [8] hypothesize a slow rhythm
generator in healthy retinas and multiple faster rhythm generators
in dystrophic retinas. Our result may be in agreement with this
hypothesis, however, in [8] the slow rhythm was revealed only
upon blockade of inhibition. Under such conditions in our
experiments (Fig. 2) the dystrophic rd10 and the disinhibited
retinas display the same fundamental frequency. We therefore
favor a second scenario as proposed in [10], where oscillatory
activity in rdl is explained by a change in the ion channel
conductances of the electrically coupled ON cone bipolar — A2
amacrine network presynaptic to RGCs. Using blockers of the
glutamergic excitatory RGC input the origin of this rhythmic
activity is assigned here to presynaptic circuitry. We could not
detect any remnant rhythmic RGC activity in bleached, in
disinhibited or in rd 10 retinas after blocking the bipolar cell input.
This result also excludes the hypothesis that gap-junctional
coupling among RGCs or RGC pattern generators (i.e. melanop-
sin-containing RGCS) are responsible for the rhythmic RGC
activity. The involvement of the AIl amacrine cell in rhythm
generation in partially bleached and rd10 retinas is supported by

PLOS ONE | www.plosone.org

our finding of the fixed phase shift (~70 msec) between
neighbouring ON and OFF RGOCs (separation distance <
200 pm (Fig. 3) This result is in line with two recent studies in
rdl retinas which report phase shifted-activity RGC activity [9]
and oscillations of the trans-membrane voltage of rdl All
amacrine cells [11] Other presynaptic neurons have been reported
to display oscillatory activity: starburst neurons [22], dopaminergic
neurons [23,24] as well as outer retinal neurons (W.Haq IOVS
2011: ARVO e-Abstract 1850).

The major retinal pathways, ON and OFF, are both affected in
oscillating retinas. For the 1d10 retina we can provide only indirect
evidence (Fig. 3), as around post-natal day 90 when the present
recordings were performed, the RGCs do not respond to light.
Remarkably, in bleached and probably in 7d10 retinas there were
rhythmic RGCs of both polarities (ON and OFF) next to
arrhythmic ones (Fig. 3B). This suggests that only certain retinal
circuitries may undergo the above mentioned changes. The
rhythmic activity recorded in many bleached OFF RGCs was
somewhat unexpected since the loss of photoreceptor dark current
should hyperpolarize and thus silence OFF bipolar cells. However,
rhythmic activity in two types of OFF RGCs has been reported for
adult 7d1 retinas [6]. More recently [8,9,11] suggested that in rd ]
oscillations in both RGC classes is driven by the same presynaptic
rhythm generator. We speculate that the same rhythm generator
may be acting in bleached retinas as well. This hypothesis is based
on the similarity between phase-shifted activity between dissimilar
RGC pairs [9]. The results presented in Fig. 3F (arbitrary phase
shifted activity among rdl RGCs) seem to contradict the results
presented by [9]; however in our recordings the RGC cell type is
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unknown. Taken together, our results suggest that in ‘disturbed’
retinas, there are strong interactions between the ON and OFF
pathways questioning a clear separation between them. A more
thorough analysis including RGC subtype clustering [25,26] may
reveal if all circuitries in dystrophic and bleached retinas are
equally affected.

Local field potentials in healthy and dystrophic retinas

Recent evidence indicates that active membrane currents and
not synaptic current dominate the generation of LFPs [27]. We
never identified local field potentials in bleached retinas indicating
that there the circuitry presynaptic to each ganglion cell prevents
strong correlated neuronal current in a large neuronal population.
This is remarkable since a high percentage of RGCs displayed
rhythmic activity (see also Fig. 3B). The emergence of LIPs in
dystrophic and disinhibited retinas suggests that in these two cases
a common mechanism could lead to correlated rhythmic activity
in a large neuronal population. The emergence and propagation
of local field potentials in disinhibited neural tissue is common to
many other neural preparations such as the limbic system [28] or
cortical areas [29].

Retinal local field potentials have been reported previously in
dystrophic rd! and rd10 retinas with fundamental frequencies in
the same range as reported here [12,21]. However, in previous
studies the relatively large spacing between electrodes (200 um)
did not allow for a precise spatial characterization of these strong
depolarisations. Here we identified clear differences between the
propagating LFPs in rdI [7] and the LFPs in disinhibited C57Bl6
retinas as well as in unperturbed and disinhibited rd 10 (Fig. 4 and
Fig. 5). The propagation in rdl may be a residual of the
developmental retinal waves which propagate across the ganglion
cell layer until eye opening [30]. These propagating LFPs, which
drive rhythmic RGC spiking, are responsible for the arbitrary
phase shifts between rhythmic RGCs in these retinas (Fig. 3F).
The rhythmic and localized LFPs in rd10 retinas lead to constant
phase shifts between rhythmic RGCs (Fig. 3E). Recently,
propagating calcium waves have been reported in disinhibited
adult mouse retinas [15]. Our results, obtained with a different
recording technique and under slightly different experimental
conditions, do not reveal propagating LIPs in disinhibited adult
retinas. Future studies, combining the two methods in the same
retina, are needed to resolve this open question.
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Implications for vision restoration strategies

Several approaches aimed to restore basic visual percept in
blind patients assume a functional inner retinal circuitry. These
approaches include electrical subretinal [31] or optogenetic
approaches [32,33], which utilizes the remaining retinal structures
for signal conduction.

The functional similarity between bleached but otherwise
healthy retinas and 7d10 retinas demonstrated here, suggests that
in 7d10 the retinal circuitry may be less affected by photoreceptor
loss. Further evidence is presented in [4], where the light response
properties of wt and rd10 RGCs at postnatal day 28 appear very
similar, which is a strong indicator that basic circuitry evolved
normally in rd10. Although in the 7d10 ganglion cell layer
aberrant local field potentials were identified (Fig. 6) these were
usually restricted to small areas. The rd ] retina, on the other hand,
seems to posses a more defective circuitry. Given the high degree
of aberrant activity the application of the rd! model appears
questionable [34]. However, we note that in the human
degenerative disease of retinitis pigmentosa the degeneration of
the PDE (as present in mouse rd) occurs very rare. Given that in
humans RP is manifested after full circuitry development, we
suggest considering 7d10 or a partially bleached and mildly
disinhibited retina as a more appropriate model.
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the same OFF RGC during constant illumination. (C) Activity
recorded from the same cell to the light stimulus shown in (A) after
the constant illumination. (D) Light response recorded from the
same cell after continuous presentation of the flicker stimulus for
several minutes.
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