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Neurobiology of Disease

Functional Stability of Retinal Ganglion Cells after
Degeneration-Induced Changes in Synaptic Input

David J. Margolis,' Gregory Newkirk,' Thomas Euler,? and Peter B. Detwiler!
'Department of Physiology and Biophysics and Program in Neurobiology and Behavior, University of Washington, Seattle, Washington 98195, and
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Glutamate released from photoreceptors controls the activity and output of parallel pathways in the retina. When photoreceptors die
because of degenerative diseases, surviving retinal networks are left without their major source of input, but little is known about how
photoreceptor loss affects ongoing synaptic activity and retinal output. Here, we use patch-clamp recording and two-photon microscopy
to investigate morphological and physiological properties of identified types of ON and OFF retinal ganglion cells (RGCs) in the adult
(36-210 d old) retinal degeneration rd-1/rd-1 mouse. We find that strong rhythmic synaptic input drives ongoing oscillatory spike
activity in both ON and OFF RGCs at a fundamental “beating” frequency of ~10 Hz. Despite this aberrant activity, ON and OFF cells
maintain their characteristic dendritic stratification, intrinsic firing properties, including rebound firing in OFF cells, balance of synaptic
excitation and inhibition, and dendritic calcium signaling. Thus, RGCs are inherently stable during degeneration-induced retinal activity.
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Introduction

The vertebrate retina is an image processor. Visual information is
detected by rod and cone photoreceptors, filtered through paral-
lel synaptic pathways, encoded in action potentials by 12—15 dif-
ferent types of retinal ganglion cells (RGCs), and sent to the brain
via the optic nerve (Masland, 2001; Wassle, 2004; Field and
Chichilnisky, 2007). Synaptic output signals from photorecep-
tors initiate this sequence of events by controlling the activity of
downstream retinal circuits. Permanent loss of photoreceptors,
as occurs in many types of degenerative diseases (Phelan and Bok,
2000; Daiger et al., 2007), would be expected to have dramatic
functional consequences, but alterations in the physiology of sur-
viving retinal circuitry have not been specified.

In the retinal degeneration rd-1/rd-1 (RD) mouse, rod and
cone photoreceptors progressively die in the first weeks after
birth, leading eventually to the severe changes in cellular archi-
tecture and remodeled neural circuitry that characterize retinal
degeneration (Blanks et al., 1974; Carter-Dawson et al., 1978;
Jimenez et al., 1996; Strettoi and Pignatelli, 2000; Marc et al.,
2003; Punzo and Cepko, 2007). Little is known about the func-
tional adaptations that accompany these morphological changes.
Recent studies in the RD mouse indicate that, surprisingly, pho-
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toreceptor loss results in increased rather than decreased retinal
activity (Marc et al., 2007; Stasheff, 2008). Excitation mapping of
organic cations showed increased glutamate drive [postnatal day
60 (P60)-P90] (Marc et al., 2007), and multielectrode array re-
cordings indicated that RGC spike rate has also increased (P7—
P115) (Stasheff, 2008). But how the functional properties of
RGCs change after photoreceptor loss, including presynaptic and
postsynaptic mechanisms, is not understood. This information is
critical for retina-based vision rescue strategies, which depend on
functional stability of RGCs and their underlying synaptic
circuits.

Previous work on three functional types of “large soma” RGCs
in wild-type (WT) mouse retina [ON, OFF transient (OFF-T),
and OFF sustained (OFF-S)] found distinguishing differences in
their dendritic morphology, synaptic input, and intrinsic physi-
ological properties (Pang et al., 2003; Murphy and Rieke, 2006;
Margolis and Detwiler, 2007). These cells are excited by either
light increments (ON cells) or decrements (OFF cells) and repre-
sent the output of two fundamental parallel pathways (Schiller,
1992). Their dendritic arbors stratify at different depths within
the inner plexiform layer (IPL), and they exhibit characteristic
intrinsic electrical properties, including the ability of OFF cells to
fire “rebound” bursts after hyperpolarization (Margolis and De-
twiler, 2007).

Here, we take advantage of these distinctive differences to
identify ON and OFF type RGCs in the blind RD retina and
investigate the effect of photoreceptor loss on their morphologi-
cal, electrophysiological and Ca*" signaling properties using a
combination of patch-clamp recordings and two-photon laser-
scanning fluorescence microscopy. We find that strong rhythmic
synaptic input drives oscillatory spike activity in both ON and
OFF RGCs at P36 —P50, when virtually all photoreceptors are lost.
Intrinsic properties of RGCs, however, are maintained, even into
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late-stage retinal degeneration (P210). These results reveal a high
degree of functional stability in RGCs, despite dramatic
degeneration-induced changes in synaptic activity.

Materials and Methods

Animals. Experimental procedures were similar to those in previous
work (Margolis and Detwiler, 2007). All experiments were done in ac-
cordance with local and national guidelines for animal care. Unless noted
otherwise adult C3He] mice (rd-1/rd-1) were used at P36—P50 (P44 * 4,
mean *= SD; n = 12), when their retinas were not responsive to light
because of the loss of photoreceptors. Experiments were also done on
RGCs from P124, P158, and P210 RD retina (one mouse at each age).
These ages represent later stages in the degenerative disease and show
evidence of more advanced changes in retina structures (Jones et al.,
2003, 2005; Marc and Jones, 2003; Marc et al., 2003, 2007). In this, as in
other studies (Pang et al., 2003; Murphy and Rieke, 2006; Sagdullaev et
al., 2006; Margolis and Detwiler, 2007), information about WT
(C57BL/6) RGCs was obtained from adult (P28 —P56) animals and used
for controls as indicated in the figures. Both WT and RD mice were
obtained from The Jackson Laboratory. Animals were housed in
temperature-regulated facilities on a 12 h light/dark cycle and had ad
libitum access to food and water. Neither WT nor RD mice were dark
adapted for these experiments.

Tissue preparation. Retinas from WT and RD mice were treated iden-
tically. Mice were killed by cervical dislocation. Their eyes were removed,
bathed in room temperature-oxygenated (gassed with 95% O, and 5%
CO,) Ames medium (Sigma), hemisected, and the cornea and lens were
removed. The resulting eyecup was cut into two to four pieces, and the
retina was isolated by gently teasing it from the pigment epithelium.
Extra pieces/eyecups were stored in oxygenated Ames until needed. The
vitreous was removed from the retina with forceps before mounting it
flat, photoreceptor-side down, on Anodisc filter paper (Whatman) that
was mechanically fixed to the glass bottom of a recording chamber,
mounted on the stage of a two-photon fluorescence microscope (see
below), and superfused with warmed (30—34°C), oxygenated Ames at a
rate of 4—8 ml/min.

Cell identification. The flat-mount retina was viewed on a video mon-
itor using infrared illumination and a CCD camera. WT RGCs were
identified as ON, OFF transient, or OFF sustained based on physiological
and morphological criteria, as in previous work (Margolis and Detwiler,
2007). Light responses from WT cells could often be used for cell identi-
fication even under light adapted conditions. In the presence of synaptic
blockers for WT, and in all cases for RD retinas, cell types were identified
based on their morphology using differences in the retinal location of
their dendritic arbors. The depth of dendritic stratification in the IPL was
measured as described in a previous study (Margolis and Detwiler, 2007).
Briefly, at the end of patch recording, green fluorescence from an RGC
filled with a Ca" indicator (see below) was measured using Z-series
image stacks and compared with red fluorescence acquired simulta-
neously from bath-applied sulforhodamine-101 (SR-101). In an SR-101-
stained Z-series image stack, the inner and outer boarders of the IPL
borders were defined (starting at the ganglion cell layer) as the first and
lastimage to contain no somata, respectively. Dendritic stratification was
expressed as the location of the peak dendritic fluorescence within the
IPL borders.

Histology. For gross morphological comparison, WT and RD retinas
were fixed in PIPES-buffered 2.5% glutaraldehyde/1.6% paraformalde-
hyde, dehydrated, plastic-embedded, and stained with 10% Richardson’s
stain. Cross sections (5 wm) from midperipheral retina were photo-
graphed using a 40X 1.3 numerical aperture (NA) oil objective and stan-
dardlight microscopy. Shrinkage caused by fixation/dehydration was not
corrected for.

Electrical recordings. Cells in the ganglion cell layer with large diameter
(18-25 wm) somas were targeted for patch-clamp recordings in the flat-
mount retina. Electrode access to a selected cell was obtained by using an
empty patch pipette to microdissect the internal limiting membrane
above it (Taylor et al.,, 2000; Murphy and Rieke, 2006; Margolis and
Detwiler, 2007). Patch-clamp recordings were made using 3—7 M) elec-
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trodes, and signals were amplified using either Axopatch 200B or Axoc-
lamp 2B amplifiers. For whole-cell recordings, unless noted otherwise,
the standard internal solution contained (in mm) 120 K-gluconate, 5
NaCl, 5 KCl, 5 HEPES, 1 MgCl,, 1 adenosine 5'-triphosphate, and 0.1
guanosine 5'-triphosphate, adjusted to pH 7.4 with KOH, plus 125-140
um Oregon Green BAPTA-1 (OGB-1) or 250 um Fluo-5F for Ca** im-
aging (Invitrogen). In experiments involving ratiometric fluorescence
measurements, the internal solution also included 100 um Alexa-594, a
Ca*™ insensitive dye. In experiments to isolate inhibitory and excitatory
currents the voltage-clamp internal solution contained (in mm) 105 Cs-
MeSO,, 10 tetraethylammonium Cl, 20 HEPES, lidocaine N-ethyl bro-
mide, 5 ATP-Mg, and 0.5 GTP-Tris, plus 125-140 um OGB-1 or 250 um
Fluo-5F. Corrections for a 10 mV liquid junction potential were done
off-line. To isolate cells from synaptic inputs, we used a mixture of bath-
applied synaptic antagonists (in um): 20 CNQX, 50 APV, 1 strychnine, 50
picrotoxin, and 50 1-APB [a metabotropic glutamate receptor 6
(mGluR6) agonist]. Current and voltage stimuli were generated and data
acquired through an ITC-16 interface (Instratech) using software written
in Igor Pro (Wavemetrics) by Fred Rieke (University of Washington,
Seattle, WA). All chemicals were purchased from Sigma or Tocris.

Optical recordings. Fluorescence measurements were made using a
custom built two-photon laser-scanning microscope (Denk et al., 1990;
Euler et al., 2002; Margolis and Detwiler, 2007), designed around Sutter
micromanipulators (Sutter Instrument) and controlled by CINT soft-
ware (written by Ray Stepnoski, Bell Laboratories, Murray Hill, NJ; and
Michael Muller, Max-Planck-Institute for Medical Research, Heidelberg,
Germany). Fluorescence excitation was provided by a pumped infrared
laser (Mira; Coherent) at 905-930 nm, and collected by a 60X 1.0 NA
water-immersion objective (Nikon). Custom bandpass (BP) filters
(Chroma Technology) directed green (535 BP 50 nm) and red (622 BP 36
nm) fluorescence to two independent photomultiplier tubes
(Hamamatsu). The green channel was used for Ca*" indicator fluores-
cence, and the red channel was used for either bath-applied SR-101 or
intracellularly applied Alexa-594.

Data analysis. Electrophysiological data were analyzed in Igor Pro,
which was also used to analyze optical data along with Image] (http://
rsb.info.nih.gov/ij/). To measure the frequency characteristics of electri-
cal activity, power spectral density functions (PSDs) were computed
from long (>15 s) current or voltage sweeps using built-in routines in
Igor that measured power in 1.22 Hz bins. The fundamental “beating”
frequency was measured as the peak power in the range 3-20 Hz, deter-
mined by Gaussian fit to PSDs. Fits were used to obtain a more accurate
estimation than allowed by the 1.22 Hz binning. PSDs were computed
from either cell-attached spiking, whole-cell current-clamp recordings of
subthreshold and superthreshold voltage, or whole-cell voltage-clamp
recordings of synaptic currents. Clear peaks were evident from all of these
types of recordings and rhythmicity could be confirmed in raw traces by
visual inspection. Beating frequencies as measured from current- and
voltage-clamp recordings were combined for group averages (see Table
1) because they were not different when measured using either type of
recording. Correlation (see Figs. 4, 5) was measured with the Pearson
test.

To relate properties of calcium signaling and evoked spike firing (see
Fig. 7), we chose a simple index of AF/F per spike, expressed as the
percentage Ca®" change (after background subtraction) per action po-
tential. For responses to depolarizing stimuli, AF/F per spike was mea-
sured from responses in the middle (linear) range of a cell’s spike fre-
quency—current intensity relationship. For rebound firing, AF/F per
spike was calculated from strong responses usually comprised of two to
four spikes.

Results

Identification of ganglion cell types in RD retina

In the RD mouse, the vast majority of photoreceptors die within
2-3 weeks of age and outer retina morphology is severely altered
(Blanks et al., 1974; Carter-Dawson et al., 1978; Farber et al.,
1994; Jimenez et al., 1996; Punzo and Cepko, 2007). By P40,
photoreceptor outer segments as well as the outer nuclear layer
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Identification of three RGC types in adult RD retina (mean age = SD, P44 == 4). 4, Cross sections of fixed tissue show gross structural differences of WT and RD retinas. Note the lack of

outer plexiform layer (OPL), outer nuclear layer (ONL), and photoreceptor outer segments (0S) in RD retina. GCL, Ganglion cell layer; INL, inner nuclear layer. B, Two-photon z-projections (larger top
images) and side projections (below) of three identified types of WT (left) and RD (right) RGCs. Cells were filled with 125 m 0GB-1 during patch-clamp recordings. €, Dendritic stratification within
the IPL for populations of ON (n = 7 WT, 9 RD), OFF-T (n = 12 WT, 12 RD), and OFF-S (n = 5 WT, 6 RD) RGCs from WT (filled symbols) and RD (open symbols) retina. See Results for statistical
comparisons. The WT data in Cis from Margolis and Detwiler (2007). Scale bars, 50 m. Error bars indicate SEM.

and outer plexiform layer have been mostly eliminated (Fig. 1 A).
In contrast, inner retina structures appear intact, including the
inner nuclear layer, IPL, and ganglion cell layer at this age and
older (P196 and P226) (supplemental Fig. 3, available at www.
jneurosci.org as supplemental material). This is consistent with
descriptions in numerous previous studies (Strettoi and Pig-
natelli, 2000; Strettoi et al., 2002; Jones et al., 2003; Marc and
Jones, 2003; Marc et al., 2003) and shows that RGCs survive after
photoreceptor loss and subsequent degenerative changes in the
retina (Jones and Marc, 2005; Daiger et al., 2007).

In adult WT mouse retina, three types of ON and OFF gan-
glion cells (ON, OFF transient and OFF sustained) have been
identified and can be reproducibly targeted for recording based
on their large-diameter (18 —-25 wm) cell bodies (Pang et al., 2003;
Murphy and Rieke, 2006; Margolis and Detwiler, 2007). These
cells are typically classified based on their functional responses to
visual stimuli, e.g., ON (excited at light onset) or OFF (excited at
light offset), but this is not possible in adult RD retina because
photoreceptors have degenerated and light responses are abol-
ished by ~P25 (Stasheff, 2008). However, ON and OFF RGCs
also have known differences in dendritic structure, notably their
stratification depth within the IPL (Nelson et al., 1978). In WT
retina, ON, OFF-transient, and OFF-sustained cells can be iden-
tified based on this criteria (Margolis and Detwiler, 2007). We
hypothesized that dendritic stratification depth might still enable
identification of these cell types in the blind RD retina.

In a flat-mount preparation of RD retina, cells in the ganglion
cell layer with the largest soma diameters (1825 um) were tar-
geted for whole-cell recording, filled with fluorescent Ca** indi-

cator (OGB-1 or Fluo-5F), and imaged using two-photon fluo-
rescence microscopy (Fig. 1 B). The branching pattern and size of
dendritic arbors of these cells appeared similar to WT cells. Mea-
surement of dendritic stratification showed three clusters at dif-
ferent depths in the IPL (Fig. 1C). Data from 27 identified ON,
OFF-T, and OFF-S RGCs in RD retina are compared with WT in
Figure 1C. As in WT retina, RD cells stratified in three distinct
levels of the IPL (ON, 13.7 = 1.8%; OFF-T, 57.7 = 1.0%; OFF-S,
84.6 = 1.9%; p << 0.001 for ON-OFF-T and OFF-T-OFE-S).
Stratification depths were not statistically different from WT
[data are from the study by Margolis and Detwiler (2007)] in any
of the three groups (ON: p = 0.33; RD, n = 9; WT, n = 7; OFF-T:
p =0.06; RD, n = 12; WT, n = 12; OFF-S: p = 0.41; RD, n = 6;
WT, n=5).

Because the differences in the stratification depth of the den-
drites of RGCs in the RD retina corresponded to the differences in
the dendritic depths of ON, OFF-S and OFF-T RGCs in the light-
sensitive WT retina, they were used to identify these cell types in
the light-insensitive RD retina. Experiments described in later
sections further validate this classification scheme by demon-
strating that the different morphological classes of RD cells ex-
hibit the same distinguishing intrinsic electrical and dendritic
Ca*" signaling properties as the three functional cell types in the
WT retina. Based on these criteria, RGCs in the RD retina will be
referred to henceforth as either ON, OFF-S, or OFF-T.

RGCs in retinas from adult RD mice ranging in age from
P36-P210 were studied using a combination of electrical and
optical recording. The retinas from older animals (>P50) were
thin and fragile making it difficult to isolate an acceptably intact
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Rhythmic resting spike activity in identified RD RGCs. A, Whole-cell current-clamp recordings from ON, OFF-T, and OFF-S RGCs in RD retina. B, Activity on an expanded time scale. Note

the underlying oscillatory membrane depolarizations present in RD (left, black) but not WT (right, gray) cells. C, Interspike interval histograms from cells in B. Solid line, RD; dotted line, WT. Insets
show the power spectra for RD RGCs (same cells as in B). Note the clear presence of peak frequencies at 12—14 Hz in these cells.

Table 1. Properties of resting spiking and synaptic currents in identified ganglion cell types in RD retina

types ( p > 0.2) (Table 1). The beating fre-

Spike rate (Hz) Vof ISl Fund. freq. (Hz) Peak EPSC (pA) quency of any given cell was the same as
ON 220+ 46(11) 1201(1) 9.2+ 07 (13) —axs3(y oeasured in either current or voltage
OFF-T 251+ 66 (10) 11+ 02(10) 89+ 0.8(15) —189 = 42(10) clamp (see Fig. 4); therefore, data from
OFF-S 327 +70(4) 11=01(4) 85+ 10(7) —137+34(5)  bothtypes of recording was pooled for cal-

Data are shown as mean == SEM. The number of cells (n) is shown in parentheses. ISI, Interspike interval; Fund. freq., fundamental frequency. V}, ;s = —70

mV.

retina for whole mount recordings. Thus the majority of studies
were done on P36 —P50 animals, with experiments to evaluate the
physiological properties of RGCs on small numbers older RD
animals.

Rhythmic resting spike activity in RD RGCs

In normal (WT) RGCs, the resting spike activity in the absence of
light is irregular with little underlying temporal structure (Pang
et al., 2003; Murphy and Rieke, 2006; Sagdullaev et al., 2006;
Margolis and Detwiler, 2007). In contrast, in RD mice, ON,
OFF-T, and OFF-S RGCs displayed striking and consistent pat-
terns of rhythmic resting spike activity (Fig. 2). All three cell types
showed continuous rhythmic bursts of spikes with an interburst
beating frequency of ~10 Hz (Fig. 2A). Examination of sub-
threshold membrane potential revealed oscillatory depolariza-
tions at the same frequency, each crested by 05 spikes (Fig. 2B,
left). Such activity patterns were not observed in any recordings
from WT cells of the same type (Fig. 2 B, right). Histograms of
interspike interval showed groups corresponding to the funda-
mental beating frequencies (~12 Hz/0.08 s interval in these ex-
ample cells), as well as the higher-frequency spike bursts (Fig.
2C). Spectral analysis revealed clear peaks in power correspond-
ing to the beating frequencies (Fig. 2C, insets). The mean beating
frequency in all recorded cells (P36 -P50) was 9.0 = 0.4 Hz (n =
35 total; 13 ON, 15 OFF-T, 7 OFF-S; range, 3-14 Hz). There were
no differences in beating frequencies between ON and OFF cell

culation of group means. The overall rest-
ing mean spike rate (including spikes that
occur in bursts during rhythmic firing)
was 24.9 = 3.5 Hz (n = 25 total; 11 ON, 10
OFF-T, 4 OFF-S; range, 5-80 Hz). This is, on average, about
twice the mean spike rate of WT cells (Margolis and Detwiler,
2007; Stasheff, 2008). It is also ~2.5-fold higher than the beating
frequency, which reflects the fact that rhythmic synaptic input
typically generated more than a single spike (see Fig. 4). The high
(>1) coefficients of variation (CV = SD/mean) are another con-
sequence of the rhythmic nature of firing. These measures are
summarized in Table 1. Persistent rhythmic spike activity was
present in every recording from identified ON, OFF-T, and
OFF-S RGCs in the P36-P50 age group as well as in cells from
animals as old as P210, albeit at a slower rate. In older animals
both the fundamental beating frequency and mean spike rate
were reduced twofold to threefold (supplemental Fig. 3, available
at www.jneurosci.org as supplemental material). Maintained
rhythmic spike activity is a characteristic feature of RGCs in RD
retina that is not seen in WT RGCs. It was present in whole-cell
and cell-attached (loose patch) extracellular recordings regard-
less of the time of day or length of the experiment. These results
indicate that the retina continues to generate output signals in
both the early and later stages of degeneration-induced loss of
photoreceptors.

Oscillatory synaptic input underlies altered resting activity

The aberrant activity that gives rise to rhythmic spiking in RD
RGCs could be generated either intrinsically, by voltage-
dependent conductances that give rise to pacemaker currents, or
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Correlation between spiking and synaptic currents in individual RD RGCs. A, Whole-cell voltage-clamp (top; Vs = —70 mV) and current-clamp (bottom) recordings from individual

ON (above) and OFF-T (below) cells. B, Power spectra of current (dotted line) and voltage (solid line) from the cells in A. The inset shows Gaussian fits to spectrain the range of 3—20 Hz. C, Correlation
of peak frequencies of spiking and synaptic currents in individual cells (n = 18), as measured from power spectra.

extrinsically, by reverberant synaptic input. To test the possibility
that synaptic mechanisms are the source of rhythmic activity,
RGC membrane potential was held at —70 mV in whole-cell
voltage clamp and resting input currents were measured. Under
these conditions, the recorded current showed ongoing clear-cut
amplitude fluctuations in ON, OFF-T, and OFF-S cells (Fig. 3) at
about the same frequency as rhythmic spiking activity (Fig. 2).
Baseline currents of this nature were only seen in RGCs from RD
retina: membrane current recorded under the same conditions
from WT cells was dominated by low-amplitude baseline synap-
tic noise with few resolvable discreet events (Fig. 3B). Power spec-

tra of RD current recordings revealed peaks at ~10 Hz that were
not present in WT recordings (Fig. 3C) and generally matched
the frequency of spike activity in current-clamp recordings from
RD RGCs (Fig. 2). The correspondence between rhythmic varia-
tion in current and voltage (spiking) was examined explicitly by
comparing sequential voltage- and current-clamp recordings
from the same cells. The traces in Figure 4 A illustrate the tempo-
ral coincidence between peak inward currents and peak depolar-
izations that evoked spike bursts in an ON and OFF RD RGC.
Spectral analysis of these records reinforces this point by showing
that power peaks at the same frequency in voltage and current
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internal solution (see Materials and Methods). Error bars indicate SEM.

recordings in both cell types (Fig. 4B). The strong correlation
(r =0.95; p < 0.001) between the peak frequency of spiking and
the peak frequency of currents from all individual cells where
both were recorded (n = 18 total; 7 ON, 8 OFF-T, 3 OFF-S) is
apparent in the plot of Figure 4C.

The fluctuating current recorded from voltage-clamped
RGCs in RD retina were reduced by >90% by exposure to a
mixture of synaptic antagonists (in um) 50 L-APB, 20 CNQX, 50
APV, 1 strychnine, and 50 picrotoxin (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material). This is ad-
ditional evidence that the rhythmic currents are generated extrin-
sically by spontaneous variation in synaptic inputs. The baseline
fluctuations in current were still present, however, in the pres-
ence of L-APB alone, an mGluR6 agonist, indicating that the
source of the persistent synaptic activity that gives rise to the
oscillatory activity is downstream of the photoreceptor-to-ON
bipolar synapse (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).

Balance of excitation and inhibition in RD RGCs

Thus far, the experiments have shown that rhythmic synaptic
input drives firing in both ON and OFF RGCs in the RD retina.
Differences in the amplitude and dynamics of synaptic inputs
to ON and OFF cells are also apparent: at rest (Vi,,q = —70
mV), there are monophasic inward currents in ON cells and
biphasic currents in OFF-T and OFF-S cells. This could reflect
a different balance of excitatory (inward) and inhibitory (out-

ward) synaptic currents in these cell types, consistent with the
different allotment of excitatory and inhibitory synaptic input
to ON and OFF cells in WT RGCs (Pang et al., 2003; Murphy
and Rieke, 2006) (supplemental Fig. 2, available at www.jneu-
rosci.org as supplemental material). To examine more closely
the effect of photoreceptor degeneration on the balance of
synaptic inputs to RD RGCs, membrane currents were re-
corded in voltage clamp from RGCs held at membrane poten-
tials that were close to the reversal potential for excitatory (0
mV) and inhibitory (—70 mV) synaptic currents (Taylor et al.,
2000; Pang et al., 2003; Murphy and Rieke, 2006). Recordings
of resting currents in ON and OFF RD RGCs at —70 and 0 mV
are shown in Figure 5A. In ON cells, large-amplitude rhythmic
excitatory currents (V. = —70 mV) were reduced by chang-
ing the holding potential to 0 mV. In OFF cells, the small-
amplitude rhythmic inward currents recorded at —70 mV
were replaced by large-amplitude outward currents at V} 4 =
0 mV (Fig. 5A). The difference in the recorded currents at
these two holding potentials in these three cell types was quan-
titated using spectral analysis. It is apparent in the power spec-
tra plotted in Figure 5B that the peak power at the cells beat
frequency was largest in currents recorded at —70 mV in the
ON cell and at 0 mV in the OFF cells. Data pooled from a
collection of 12 RGCs in RD retina (4 ON, 5 OFF-T, 3 OFF-S)
showed that there is a strong correlation (r = 0.96; p < 0.001)
between the frequency of peak power of the currents recorded
at —70 and 0 mV (Fig. 5C, top). These results indicate that
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excitatory and inhibitory inputs are ac-
tive at the same fundamental frequency
in ON and OFF type RD RGCs. The ratio
of inhibitory-to-excitatory power in the
ON and OFF cell types is very different,
however, with OFF cells receiving >10-
fold stronger inhibition than ON cells
(Fig. 5C, bottom). This is consistent with
previous measurements of the relative
weights of inhibitory and excitatory con-
ductances in ON and OFF RGCs in the
WT retina (Pang et al., 2003; Murphy and
Rieke, 2006) and supports the conclusion
that the balance of excitatory and inhib-
itory inputs to ON and OFF RGCs is
mostly conserved in RD retina.

Similarity of intrinsic firing properties

in WT and RD RGCs

Because the continuous generation of
rhythmic synaptic input and spike activ-
ity might be expected to provoke com-
pensatory changes in cellular physiology
(Gorter et al., 2002; Frick and Johnston,
2005), spike generation and firing prop-
erties of WT (Margolis and Detwiler,
2007) and RD RGCs were compared. In
the presence of synaptic blockers the in-
trinsic  characteristics of electrically
evoked spike activity in ON, OFF-T, and
OFF-S RGCs were indistinguishable in
RD and WT retinas (Fig. 6). Both ON and
OFF cells in RD retina showed similar
changes in firing frequency with increas-
ing amplitude current injection, as well
as similar spike-frequency adaptation
and capacity for sustained firing (Fig.
6A). The maximum stimulated firing fre-
quencies were ~300-400 Hz and not dif-
ferent in RD compared with WT in any
cell type (Fig. 6C) (ON: WT, 317 = 45
Hz,n = 6; RD, 341 £ 46 Hz,n = 3;p =
0.7; OFF-T: WT, 315 £ 52 Hz, n = 5; RD,
362 = 39 Hz, n = 4; p = 0.7). Action
potential durations were submillisecond
in all recordings (WT, n = 12; RD, n =
14).

Like in WT retina, RD ON RGCs lacked
the ability for rebound firing (Fig. 6B),
even when driven to very negative voltages
(<—100 mV). Consistent with this, after-
depolarization (ADP) amplitude was ap-

proximately twofold to fourfold smaller in ON (<5 mV) than
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Figure6. Similarity of intrinsic electrical propertiesin WT and RD RGCs. A, Voltage (V) responses to injected current (linj) for

ON (top) and OFF-T (bottom) cells recorded in whole-cell current-clamp mode in the presence of synaptic blockers (in pm: 50
1-APB, 20 CNQX, 50 APV, 1 strychnine, and 50 picrotoxin). Arrows indicate presence of rebound firing in both WT and RD OFF-T
cells. B, Four superimposed responses to negative current injection. The strength of the responses is proportional to the level of
hyperpolarization. C, Average maximum firing frequency and ADP strength for ON (left; » = 6 and 3) and OFF-T cells (right; n =
5and 4, respectively).

RD OFE-T cells were large and not different from WT (WT,

OFF cells (>10 mV). In three RD ON cells, ADP amplitude was
smaller than in WT ON cells (WT, 3.7 = 0.3mV,n=6;RD, 1.9
0.4mV,n = 3;p < 0.05).

OFF cells in RD retina showed characteristic WT-like re-
sponses to negative current injection. Importantly, they contin-
ued to exhibit rebound excitation after a hyperpolarizing poten-
tial change (Fig. 6 A, arrows, B). This is a distinguishing difference
between ON and OFF RGCs in WT retina (Margolis and
Detwiler, 2007) (D.]J. Margolis, A. J. Gartland, T. Euler, W. Denk,
and P. B. Detwiler, unpublished observation). ADP amplitudes in

133 £1.9mV,n =5RD, 123 £ 1.0 mV, n = 4; p = 0.7) (Fig.
6C). Rebound duration and the relationship to the strength of
negative current injection were also essentially the same in RD
and WT RGCs (Fig. 6B). Three of three RD OFF-S cells also
showed WT-like intrinsic properties, including rebound firing
(data not shown).

Together, these results indicate that the distinct differences in
intrinsic electrophysiological properties of ON and OFF RGCs
are still present in RD retina. RGC intrinsic firing properties are
stable despite altered ongoing synaptic input.
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Similarity of spike- and rebound-evoked Ca* signalsin WT and RDRGCs. 4, Ca2™ signals (Ca") recorded from proximal dendrites during voltage responses (V) to injected current

(linj) in ON'WT (top) and RD (bottom) RGCs. B, Same as A for OFF-T RGCs. Recordings were made in whole-cell current clamp in the presence of synaptic blockers (in um: 50 .-APB, 20 CNQX, 50 APV,
1 strychnine, and 50 picrotoxin). Arrows indicate the presence of rebound firing. C, Mean Ca 2+ signal amplitude per spike (AF/F per spike) for ON (top; WT, n = 4; RD, n = 3) and OFF-T (bottom;
WT, n = 4[5]; RD, n = 3) RGCs. Note that WT and RD cells display similar Ca* signaling profiles for both spiking and rebound firing. Error bars indicate SEM.

Similarity of dendritic Ca** signals in WT and RD RGCs

To test further for changes in the intrinsic properties of RGCs we
compared the functional expression of voltage-gated Ca** chan-
nels in the dendrites of RGCs from WT and RD retina. Changes in
Ca’*-dependent fluorescence were measured from line scans
across RGC proximal dendrites using two-photon fluorescence
microscopy. In both ON and OFF cells, depolarizing current in-
jection generated spikes and increased intracellular Ca*" (Fig.
7 A, B), resulting from activation of high-voltage-activated Ca*"
channels. Figure 7 also shows that OFF, but not ON, cells have the
additional capacity for rebound spike excitation at the termina-
tion of a hyperpolarizing voltage step. As shown previously (Mar-
golis and Detwiler, 2007), rebound excitation in OFF cells results
from deinactivation of low-voltage-activated (LVA) Ca®" chan-
nels, making them available for activation when the voltage is
stepped in the depolarized direction back to the resting potential.
The experiments illustrated in Figure 7, A and B, were repeated
on a number of ON and OFF cells and the results quantified by
measuring the relative fluorescence change per spike (AF/F per
spike) (see Materials and Methods). The bar graphs in Figure 7C
show that there were no significant differences in the fluorescence
change per spike in WT versus RD ON and OFF RGCs. In ON
cells from WT and RD retina, AF/Fs per spike were 3.5 = 0.8 and
3.2 = 0.7%, respectively (n = 4 and 3, respectively; p = 0.8) and
in OFF cells it was 2.9 = 0.8 and 2.5 % 0.8%, respectively (n = 4
and 3, respectively; p = 0.7). For spikes evoked by rebound firing,
AF/Fper spikewas 25.3 = 7.6and 27.5 = 13.8% (n = 5and 3;p =
0.9) in OFF cells from WT and RD retina, respectively (Fig. 7C).
The results of these experiments support the conclusion that
photoreceptor degeneration and the associated subsequent
changes in retinal physiology do not affect the expression and
basic properties of voltage-evoked dendritic Ca*" signals in ei-
ther ON or OFF RGCs.

Ca’" homeostasis during rhythmic activity in RD RGCs

The resting level of baseline Ca®™ is a trigger of apoptosis and thus
plays a well-established role in cell survival. To evaluate the potential
influence of baseline Ca** on the survival of ganglion cells in retinal
degeneration, Ca** was measured during resting activity in selected

dendrites of RGCs from RD retina. Figure 8 A shows two-photon
fluorescence images of an ON and OFF RGCs from RD retina. The
red boxes mark the proximal dendritic location of line scans (500 Hz
sampling rate) used to measure the Ca”*-dependent fluorescence
signals that are traced in red along with the simultaneously recorded
spike activity from each cell. Slow fluctuations in Ca*" were evident
during resting activity in both ON and OFF cells. Calcium appeared
to rise and fall with changes in spike rate on a time scale of ~1 s.
Power spectral analysis showed that resting Ca** changes were
dominated by low-frequency components (1# = 6 cells) (data not
shown) with insignificant power in the frequency range of the rhyth-
mic spontaneous spike activity (5-15 Hz). Although obvious Ca**
changes were not seen with individual bursts of spikes, a correspon-
dence between spiking and Ca®" was apparent when spike activity
was collected over broader bin widths (150 ms) to monitor slower
changes in spike rate (Fig. 8 B). Changing the spike rate by hyperpo-
larizing current injection caused a marked reduction in the baseline
Ca*" level in ON but not in OFF cells. This illustrated in the Figure
8B (middle and bottom). In the ON cell, there was a decrease in
resting Ca*" at the onset of the negative current pulse, with the
presence of slow, low amplitude Ca*™ fluctuations during the period
of increased membrane potential that approximately matched the
changes in spike rate. At the termination of the hyperpolarizing step,
Ca*" rapidly retuned to the resting Ca** level. Resting Ca>* signals
in OFF cells also tracked changes in spike rate (Fig. 8 B, right, top),
but hyperpolarizing current injection caused a less obvious reduc-
tion on the baseline Ca" level. Hyperpolarizing the OFF cell did,
however, give rise to discrete large amplitude fluctuations in Ca*"
(Fig. 8 B, right, middle, bottom). These increases in Ca?" were often,
but not always, associated with increases in spike activity. When
displayed on a faster time base (Fig. 8C, right), it was apparent that
individual Ca>" signals were coincident with single spikes as well as
with regenerative-like voltage events that were subthreshold for gen-
erating full-blown action potentials (Fig. 8C, right, arrows).

OFF RGCs are also capable of rebound excitation during rest-
ing spike activity, as shown before in the presence of synaptic
blockers (Fig. 7). The termination of hyperpolarizing current
pulse in OFF, but not ON cells from the RD retina triggered a
burst of spikes and a large increase in Ca** under resting condi-
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tions (Fig. 8C, bottom right). This result
and the finding that negative current injec-
tion reveals large amplitude discrete Ca*™
fluctuations is consistent with the deinacti-
vation of LVA Ca*" channels by hyperpo-
larization, making them accessible for acti-
vation by depolarizing voltage changes, as
in WT OFF RGCs. The differences in Ca*™"
signaling in ON and OFF cells suggest that
these cell types use distinct mechanisms to
regulate Ca”" at rest. The overall observa-
tion that dendritic Ca** signals in RD
RGCs are similar to WT, in both ON and
OFF cell types, supports the conclusion
that expression of voltage-gated Ca*™
channels is stable after photoreceptor
degeneration.

Discussion

Our experiments show that there is ongo-
ing rhythmic spike activity in three identi-
fied types of RGCs in the adult RD retina,
the classic mouse model of retinal degener-
ation. Spiking was driven by oscillatory
synaptic input from presynaptic circuitry,
rather than changes in the intrinsic electri-
cal or Ca*" signaling properties of RGCs.
These findings represent the first detailed
electrophysiological measurements from
identified types of RGCs in the RD retina,
and highlight the functional stability of
RGCs during retinal disease. The results
have important implications for vision res-
cue strategies.

Altered firing resulting from aberrant
synaptic input

To evaluate the effect of the absence of
photoreceptors on the physiology of se-
lected ganglion cells, the properties ON,
OFF-T, and OFF-S RGCs in the WT and
RD mouse retinas were compared. The dis-
tinctive rhythmic voltage fluctuations and
spike activity present in the RD retina is not
present in these cell types in WT retina
(Pangetal., 2003; Murphy and Rieke, 2006;
Sagdullaev et al., 2006; Margolis and
Detwiler, 2007). Nor has this activity been
reported under physiological conditions in
any other type of adult mammalian RGC.
Thus, the periodic spike activity at a char-
acteristic frequency of ~10 Hz represents a
specific form of aberrant activity present
during the early stages of retinal degenera-
tion. Two recent reports showing increased
glutamate signaling (Marc et al., 2007) and
overall spiking activity (Stasheff, 2008) in
RD retina are consistent with this view. We
found rhythmic activity in older mice (up
to P210), but at a reduced rate. Thus,
rhythmic retinal output may be a general
feature of retinal degeneration throughout
progression of the disease.
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The results showed that the rhythmic spike activity was caused
by oscillatory synaptic input in both ON, OFF-T, and OFF-S
RGCs. This indicates that the loss of photoreceptor input to the
retina and/or the synaptic alterations that occur during retinal
degeneration result in recurrent episodic release of neurotrans-
mitter across parallel ON and OFF retinal pathways. Available
evidence argues against the possibility that the activity occurs in
phase across the full mosaic of RGCs. Electroretinogram record-
ings from RD mice (Strettoi et al., 2002) and humans (Francis et
al., 2005) with retinal dystrophy show no signs of oscillatory po-
tentials, which would be expected to be seen if the entire retina
were “beating” synchronously. There is also no sign of synchro-
nous activity in multielectrode recordings from RD mouse retina
(Stasheff, 2008), consistent with the rhythmic retinal activity be-
ing asynchronous at least on a spatial scale of >200 wm, the
spacing of the multielectrode array.

It is unclear what effect ongoing RGC spike activity may have
on postsynaptic visual targets in the brain, but it is known that the
RD retina retains functional synaptic connections with higher
visual centers (Bi et al., 2006; Chen et al., 2006). Thus, it is possi-
ble that the persistent retinal activity we have observed in the
blind retina is the source of photopsia in patients with retinitis
pigmentosa who describe the sensation of seeing random flashes
or shimmering lights in the absence of visual stimulation
(Lepore, 1990; Amos, 1999; Murtha and Stasheff, 2003).

Maintenance of dendritic structure, firing properties and
Ca’** signaling

Despite the cellular changes that occur during retinal degenera-
tion (Marc et al., 2003; Jones and Marc, 2005), the dendrites of
three identified RGC types retain their characteristic branching
and stratification patterns. That morphological changes are
known to occur in horizontal and bipolar cells of RD retina
(Strettoi and Pignatelli, 2000) and generally in response to altered
synaptic input in other cell types (Deitch and Rubel, 1984; Kossut
and Juliano, 1999), suggests that RGCs have a remarkable degree
of morphological stability. These cells, the output cells of the
retina, are also functionally stable. This is supported by the fact
that the characteristic differences in the intrinsic electrical prop-
erties and dendritic Ca”* signals between ON and OFF RGCs are
the same in WT and RD retinas. Although there is little evidence
of plasticity in the adult retina (Xia et al., 2007), it is nevertheless
surprising that the irreversible and long term disruption of nor-
mal retinal architecture and function has no effect on the funda-
mental properties of ON and OFF output cells. The inherent
stability of RGCs may be designed to ensure the maintenance of
normal retina circuitry during prolonged changes in illumination
that occur diurnally. Light, for example, by suppressing transmit-
ter release from photoreceptors deprives the retina of photore-
ceptor output, which is also a consequence of photoreceptor loss
in retinal degeneration.

The function of rhythmic activity: a link between cell survival
and Ca>* homeostasis?

What is the function of RGC activity after photoreceptor loss?
One possibility is that RGCs must be active to survive. Neuronal
survival depends on maintaining appropriate intracellular Ca**
concentration. Because reducing spike activity by direct hyper-
polarization changes Ca*" dynamics in both ON and OFF cells
(Fig. 8), it is likely that persistent spike activity plays a role keep-
ing Ca®" atalevel that is compatible with cell survival. It has been
proposed that a self-excitatory process plays a role in cell survival
during retinal degeneration (Jones and Marc, 2005). The pres-
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ence of persistent synaptic input at a fixed “resonant” frequency
across both ON and OFF retinal pathways, and the majority of
randomly sampled RGCs (Stasheff, 2008), is consistent with this
proposal. Oscillatory activity may therefore represent an intrinsic
retinal mechanism necessary for cell survival, and may be a gen-
eral strategy for keeping neurons alive in the absence of normal
synaptic transmission. This hypothesis could be tested by com-
paring the survival of RGCs in RD retina in the presence and
absence of long-term synaptic blockade using intraocular injec-
tion of slow release antagonists.

Strategies for selective stimulation of visual pathways

Our results have important implications for developing new
strategies for restoring vision in blindness caused by retinal de-
generation. Several promising approaches involving cell trans-
plantation (MacLaren et al., 2006) as well as direct electrical
(Zrenner, 2002; Hetling and Baig-Silva, 2004; Weiland et al.,
2005; Fried et al., 2006; Sekirnjak et al., 2006) and optical (Bietal.,
2006; Farah et al., 2007) stimulation of surviving RGCs are cur-
rently being pursued. A major impasse is the inability to stimulate
different retinal pathways selectively, which is a necessary step for
the recovery of normal vision.

OFF, but not ON, cells are capable of rebound excitation, a
burst of action potentials at the termination of a hyperpolarizing
voltage step (Margolis and Detwiler, 2007). This distinguishing
feature between OFF and ON cells is retained in the RD mouse
(Figs. 6-8) and may offer a potential target for selective control
of ON and OFF retinal outputs. Rebound excitation stimulates
OFF but not ON RGCs directly, without engaging the synaptic
circuitry. However, rebound requires ~50-500 ms of hyperpo-
larization (Lee et al., 2003; Margolis and Detwiler, 2007), which is
difficult to achieve via extracellular electrical stimulation (such as
that used in epi-retinal prosthetic devices). A combination of new
molecular-genetic and optical methods could potentially be used
to accomplish this. The bidirectional control of neural activity
with different wavelengths of light has been reported recently
using the expression of light sensitive ion channels and pumps
(Zhang et al., 2007). In these studies, blue light was used to acti-
vate channelrhodopsin-2 (ChR2), leading to net cation influx
and depolarization, whereas yellow light was used to activate
halorhodopsin (NpHR), causing chloride influx and hyperpolar-
ization. Bietal. (2006) expressed ChR2 in retinas of RD mice, and
showed that in the presence of synaptic blockers RGC firing pat-
terns could be controlled with light in precise spatiotemporal
patterns. However, ChR2 expression was not confined to partic-
ular types of RGCs, effectively changing all RGCs to ON cells;
furthermore, expression of NpHR was not attempted. One pos-
sibility is that NpHR expression could be used to drive rebound
firing in OFF RGCs. This approach could provide a way to selec-
tively control different retinal pathways, and would represent a
significant step toward development of a prosthetic device that
mimics natural vision.
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