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The loss of photoreceptors during retinal degeneration (RD) is known to lead to an increase in basal activity in remnant neural networks.
To identify the source of activity, we combined two-photon imaging with patch-clamp techniques to examine the physiological properties
of morphologically identified retinal neurons in a mouse model of RD (rd1). Analysis of activity in rd1 ganglion cells revealed sustained
oscillatory (�10 Hz) synaptic activity in �30% of all classes of cells. Oscillatory activity persisted after putative inputs from residual
photoreceptor, rod bipolar cell, and inhibitory amacrine cell synapses were pharmacologically blocked, suggesting that presynaptic cone
bipolar cells were intrinsically active. Examination of presynaptic rd1 ON and OFF bipolar cells indicated that they rested at relatively
negative potentials (less than �50 mV). However, in approximately half the cone bipolar cells, low-amplitude membrane oscillation (�5
mV, �10 Hz) were apparent. Such oscillations were also observed in AII amacrine cells. Oscillations in ON cone bipolar and AII amacrine
cells exhibited a weak apparent voltage dependence and were resistant to blockade of synaptic receptors, suggesting that, as in wild-type
retina, they form an electrically coupled network. In addition, oscillations were insensitive to blockers of voltage-gated Ca 2� channels
(0.5 mM Cd 2� and 0.5 mM Ni 2�), ruling out known mechanisms that underlie oscillatory behavior in bipolar cells. Together, these results
indicate that an electrically coupled network of ON cone bipolar/AII amacrine cells constitutes an intrinsic oscillator in the rd1 retina that
is likely to drive synaptic activity in downstream circuits.

Introduction
Recent methods, including cell transplantation (Tropepe et al.,
2000; MacLaren et al., 2006), gene therapy (Acland et al., 2001),
and electronic (Weiland et al., 2005) or biological (Bi et al., 2006;
Lagali et al., 2008; Lin et al., 2008; Busskamp et al., 2010) im-
plants, have demonstrated a remarkable potential for sight resto-
ration during retinal degenerations (RD) associated with a loss of
photoreceptors. Because all these strategies aim to stimulate rem-
nant retinal circuits in the degenerate retina, it has become im-
perative to understand how neural circuits remodel in response
to photoreceptor death (Marc et al., 2007).

Studies in the rd1 mouse model for RD demonstrate that the
loss of photoreceptors is accompanied by a marked increase in
spontaneous spike activity in output in ganglion cells (Ye and
Goo, 2007; Margolis et al., 2008; Stasheff, 2008). Such retinal
activity may underlie stimulus-independent visual photopsias,
commonly experienced by patients with RD (for review, see Mar-
golis and Detwiler, 2010). Sustained activity would also be ex-
pected to degrade visual images generated by any retinal
prostheses that use the remnant circuitry. A large effort now fo-
cuses on determining the source and cellular mechanisms that

drive hyperactivity in ganglion cells in the degenerate retina
(Borowska et al., 2010; Margolis and Detwiler, 2010; Stasheff and
Andrews, 2010; Vaithianathan and Sagdullaev, 2010; Zeck and
Menzler, 2010).

A recent study by Margolis et al. (2008) demonstrated that
increased levels of excitatory and inhibitory synaptic inputs un-
derlie hyperactivity in rd1 ganglion cells. However, the source
and cellular mechanisms driving the presynaptic circuitry remain
unclear. One possibility is that changes occur at the level of bipo-
lar cells. It has been suggested that the dysregulation of the sign-
inverting metabotropic glutamate receptor 6 (mGluR6) signaling
pathway (Strettoi and Pignatelli, 2000) could lead to tonic depo-
larization of ON bipolar cells, because these receptors usually
serve to keep these cells hyperpolarized in healthy retinas. Iso-
lated bipolar cells have also been shown to exhibit a sustained
5–10 Hz membrane oscillation when depolarized, which is me-
diated by L-type voltage-gated Ca 2� channels and Ca 2�-
dependent K� channels (Burrone and Lagnado, 1997). Because
these resonance frequencies are similar to those of ganglion cell
activity (Margolis et al., 2008; Stasheff, 2008), it suggests that such
mechanisms could drive activity during RD. Alternately, excita-
tion could be driven indirectly through intrinsically active inhib-
itory amacrine cells. Indeed a variety of amacrine cell types
demonstrate intrinsic oscillatory potentials (Solessio et al., 2002;
Vigh et al., 2003; Petit-Jacques et al., 2005). In this scheme, oscil-
lations in particular inhibitory amacrine cells would modulate trans-
mitter release at bipolar cell axon terminals via the activation of
presynaptic GABA/glycine ionotropic receptors and trigger sus-
tained spike activity in downstream ganglion cells (Margolis and
Detwiler, 2010; Vaithianathan and Sagdullaev, 2010).
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To identify the sources of network activity in the rd1 mouse
retina, we combined whole-cell patch-clamp and two-photon
imaging techniques to examine the properties of a variety of iden-
tified remnant neurons. We provide evidence for a novel form of
intrinsic oscillatory activity that occurs within the presynaptic
network of electrically coupled cells, including ON cone bipolar
and AII amacrine cells, making these a likely source for excitatory
drive in the rd1 retina.

Parts of this work have been published previously (Borowska
et al., 2010).

Materials and Methods
We used the rd1 mouse model for RD carrying a mutation of the rod
cGMP phosphodiesterase � subunit (C3H/HeNCr1) and wild-type (wt)
(C57BL/6J) mice in the majority of the experiments, which were ob-
tained from Charles River Laboratories. A few control experiments were
performed in a mouse line in which the rd1 mutation was on a wt back-
ground (B6.C3-Pde6brd1 Hps4le/J; The Jackson Laboratory). Both male
and female mice were used in this study. All mice were maintained on a
12 h light/dark cycle.

Retinal preparation. All procedures were performed in accordance
with the Canadian Council on Animal Care and approved by Dalhousie
University’s Animal Care Committee. Briefly, mice were anesthetized
and decapitated. The eyes were removed and placed in Ringer’s solution.
The cornea, lens, and iris were carefully cut away, and the retina was
removed from the eyecup. The isolated retina was then placed down on a
0.22 �m membrane filter (Millipore) with a precut window that enabled
transmitted light to reach the retina and for the preparation to be viewed
under infrared illumination with the aid of a Spot RT3 CCD camera
(Diagnostic Instruments) attached to an upright Olympus BX51 WI fluores-
cent microscope, equipped with a 60� water-immersion lens (Olympus
Canada). The preparation was continually bathed with control Ringer’s so-
lution containing the following (in mM): 110 NaCl, 2.5 KCl, 1 CaCl2, 1.6
MgCl2, 10 dextrose, and 22 NaHCO3, pH 7.4, bubbled with carbogen (95%
O2/5% CO2). All experiments were performed near physiological tempera-
tures (36–37°C). (1,2,5,6-Tetrahydropyridin-4-yl)met hylphosphinic acid
(TPMPA) and L-2-amino-4-phosphonobutyric acid (L-AP-4) were obtained
from Tocris Bioscience. 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydr obenzo[f]qui-
noxaline-7-sulfonamide (NBQX disodium salt) and D-(�)-2-amino-5-
phosphonopentanoic acid (AP-5) were from Ascent Scientific. All other
chemicals were obtained from Sigma-Aldrich unless specified otherwise.

Whole-cell patch-clamp recordings. Voltage-clamp whole-cell record-
ings were made using 5–10 M� electrodes containing the following (in
mM): 112.5 CsCH3SO3, 9.7 KCl, 1 MgCl2, 1.5 EGTA, 10 HEPES, 4 ATP
Mg2, 0.5 GTP Na3, and 7.75 Neurobiotin (Vector Laboratories). The pH
was adjusted to 7.4 with KOH. For current-clamp experiments, elec-
trodes contained the following (in mM): 115 K � gluconate, 5 KCl, 1
MgCl2, 10 EGTA, 10 HEPES, 4 ATP Mg2, 0.5 GTP Na3, and 7.75 Neuro-
biotin (and/or 1% Lucifer yellow). The reversal potential for chloride
(ECl) was calculated to be approximately �70 mV. The voltage- and
current-clamp recordings were made with a Multiclamp 700B amplifier
(Molecular Devices). Analog signals were filtered at 1 kHz and sampled at
2 kHz with the Digitadata 1400 analog-to-digital board (Molecular De-
vices). pClamp10 (Molecular Devices) was used to control the voltage
command outputs and acquire data. Junction potentials that were calcu-
lated to be 14 and 11 mV for K �- and Cs �-based solutions, respectively,
were corrected offline. For estimation of the resting potential of bipolar
cells, only recordings with seal resistances greater than 2 G� were se-
lected. The series resistance (Rs) was monitored throughout the experi-
ments. For ganglion cell recordings, the average Rs was 27.6 � 1.2 M�
(range, 13– 40 M�; n � 70). Errors associated with Rs were not compen-
sated. For bipolar cell recordings, the average Rs was significantly higher
(48.0 � 1.9 M�; n � 22). In current-clamp mode, the bridge was ad-
justed accordingly.

Light stimulation. Stimuli were generated with a digital light processing
projector (refresh rate, 75 Hz; Texas Instruments) controlled with custom
software written by Dr. David Balya (Friedrich Meischer Institute, Basel,
Switzerland). Neutral density filters were used to control the stimulus en-

ergy. The intensity of stimuli used was 0.5 � 1010 photons � s�1 � cm�2

(sampled at 500 nm) as measured with a calibrated spectrophotometer
(USB2000; Ocean Optics). Images were focused on the photoreceptor layer
using the condenser of the microscope. Either full-field or spot stimuli (400
�m diameter) were presented at positive contrast.

Image acquisition. Images were acquired using a custom-built two-
photon imaging system (Awatramani et al., 2007). Two-photon fluores-
cence excitation was performed with a Mai Tai DeepSee titanium:
sapphire laser (Spectra Physics), tuned to 850 nm to excite Alexa Fluor
594, introduced into single cells with the patch pipette. Images were
captured through an Olympus IR-LUMPlanFl water-immersion objec-
tive (60�, 0.9 numerical aperture) and detected by photomultiplier
tubes (Hamamatsu) using custom software routines in IgorPro (Wavem-
etrics), with a pixel size of �0.2 �m. Alternatively, cells were loaded with
Neurobiotin during the physiological recording, fixed in 4% paraformal-
dehyde, and then processed for confocal analysis.

Cell identification. Ganglion, amacrine, and bipolar cells were distin-
guished based on their characteristic morphologies (Wässle et al., 2009).
Cells were identified as ON, OFF, or ON–OFF based on the stratification
patterns of their dendritic or axonal processes in the inner plexiform
layer (IPL). Ganglion cell layer (GCL) and amacrine cell layer delineated
the proximal (0%) and distal (100%) boundaries of the IPL, respectively.
ON and OFF cells stratified in the proximal (0 – 60%) and distal (40 –
100%) parts of the IPL, respectively (Ghosh et al., 2004).

Analysis. Spontaneous activity was quantified using event detection
routines of Clampfit 10.0. Frequency characteristic of spontaneous activ-
ity were estimated from a representative 10 –30 s segment by constructing
power spectrum graphs (binned at 1.22– 0.48 Hz). Peaks in the power
spectrum were confirmed by visual inspection of oscillations in the raw
data. ANOVA and the nonparametric Kruskal–Wallis and Mann–Whit-
ney U tests were used to determine statistical significances of amplitude
and frequency of events between multiple cell groups. Paired t test was
used to assess the effects of drugs. Significance is indicated as *p � 0.05,
**p �0.01, ***p � 0.001. Data in graphs represent mean � SEM.

Results
Hyperactivity in ON and OFF pathways of the rd1 retina
In the rd1 mouse retina, photoreceptors begin to degenerate at
approximately postnatal day 8 (P8). Degeneration is character-
ized by the loss of rods, followed by the loss of cones. By P30 –P40,
the one or two rows of photoreceptor cell bodies that remain
(Carter-Dawson et al., 1978; Lin et al., 2009) do not appear to
maintain their sensitivity to light (Strettoi et al., 2002), although
they remain functionally connected with bipolar cells (Busskamp et
al., 2010). In response to this sensory deafferentation, a marked in-
crease in the spontaneous firing rates of ganglion cells has been ob-
served previously (Ye and Goo, 2007; Margolis et al., 2008; Stasheff,
2008). To determine whether such activity arises in specific retinal
circuits, we first recorded spike activity from single ganglion cells
(P30–P70) and subsequently characterized their morphologies.

In adult wt mouse retina, ganglion cells can be broadly classi-
fied based on their functional responses to steps of light as ON,
OFF, or ON–OFF. The dendrites of ON and OFF ganglion cells
stratify in the proximal (0 – 60%) and distal (60 –100%) layers of
the IPL, respectively, whereas those of ON–OFF cells stratify in
both layers. Post hoc morphological analysis revealed that the
dendritic stratification patterns of rd1 ganglion cells were main-
tained at a stage when photoreceptors are almost completely lost
(Margolis et al., 2008; Mazzoni et al., 2008), allowing for their
classification using similar criteria as that for wt ganglion cells.
Examples of Neurobiotin-filled ON, OFF, or ON–OFF ganglion
cells in the rd1 retina are illustrated in Figure 1A (top). Sponta-
neous action potentials were observed in all three types of gan-
glion cells in the rd1 retina (Fig. 1Aii). Although the average spike
rate varied from cell to cell, there was no difference in activity
levels between the different classes of ganglion cells. Histograms
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of the average spike rate measured in in-
dividual ganglion cells of each class (Fig.
1Aiii) illustrate this heterogeneity. The
average firing rate was 5.5 � 1.4 Hz for
ON cells (n � 20), 10.6 � 1.9 Hz for OFF
cells (n � 25), and 7.1 � 2.0 Hz for ON–
OFF cells (n � 13), with no statistical sig-
nificant difference between the three
groups ( p � 0.12, Kruskal–Wallis test).
Such variability in ganglion cell activity is
consistent with previous reports (Stasheff,
2008: median spike rate was 3– 8 Hz;
range, 0 – 40 Hz for all types of cells in the
ganglion cell layer; P28 –P51) and suggest
that circuits can exist in different states.

The temporal structure of spike activ-
ity in rd1 ganglion cells also varied in a
manner independent of cell type. Histo-
grams of interspike intervals were either
unimodal (34 of 53 cells) or bimodal in a
subset of cells (19 of 53). Bimodal distri-
butions were apparent in ganglion cells
that exhibited pronounced oscillatory
bursts of spike activity (Margolis et al.,
2008) (Fig. 1C). Spectral analysis of spike
activity in these cells revealed a clear peak
in the power corresponding to the funda-
mental frequency of the oscillatory re-
sponse (12.6 � 1.7 Hz; n � 19) (16 Hz/
0.060 ms in the example illustrated in Fig.
1Cii,Ciii), consistent with previous re-
ports (Ye and Goo, 2007; Margolis et al.,
2008; Stasheff, 2008). Such oscillatory
components were observed in approxi-
mately one-third of all three classes of
ganglion cells (OFF, 36%; ON, 30%; ON–
OFF, 31%). Thus, spontaneous spiking
activity in the rd1 retina often has a strong
oscillatory component (Margolis et al.,
2008; Stasheff, 2008) that does not appear
to be associated with specific types of gan-
glion cells.

To ascertain that ganglion cell hyper-
activity was a consequence of photorecep-
tor cell death, we compared the levels of
activity in ON–OFF ganglion cells in rd1
and wt retina. ON–OFF ganglion cells can
be easily distinguished by their bistratified
dendritic arborizations. Figure 1, A and B,
illustrates the characteristic morphology
of ON–OFF ganglion cells in the rd1 and
wt retina. In contrast to cells in the rd1
retina, wt ON–OFF ganglion cells exhib-
ited a low background spiking rate of
0.2 � 0.1 Hz (n � 13), consistent with previous reports (Oesch et
al., 2005; Chen et al., 2009). The background rate of firing in these
bistratified cells was significantly lower in wt compared with rd1
retina (p � 0.001). Low background rates of firing in the wt cells
were not likely a result of a compromised preparation, because
robust ON and OFF light-evoked responses (ON, 258 � 21 Hz;
OFF, 202 � 26 Hz; n � 13) could be measured in response to step
changes in contrast (Fig. 1Bii). The comparison of activity be-
tween particular cell types in the rd1 and wt, within the bistrati-

fied class of ganglion cells in this study and the ON and OFF �
ganglion cells in a previous study (Margolis et al., 2008), strongly
support the notion that increased spontaneous spike rate is asso-
ciated with RD.

Spontaneous synaptic inputs to rd1 ganglion cells
To understand what factors contribute to varied levels of activity in
ganglion cells, we evaluated the properties of their spontaneous (s)
EPSCs and IPSCs, respectively (Fig. 1D). When ganglion cells were

Figure 1. Spontaneous activity in morphologically identified ganglion cells. Ai, Confocal image stacks of ON (left), OFF (middle),
and ON/OFF (right) rd1 ganglion cells. Side views of these cells (bottom row) illustrate their dendritic stratification in the IPL. Scale
bars, 50 �m. Aii, Spike activity recorded in the ganglion cells shown in Ai. Aiii, Histograms of the average spike rate of individual
ON (n � 20), OFF (n � 25), and ON–OFF (n � 13) rd1 ganglion cells. B illustrates the morphology of a wt ON–OFF bistratified
ganglion cell (i) and its light-evoked spike activity (horizontal black bar indicates the duration of the light stimulus). Biii, A
histogram of the average rate of spontaneous spike activity from 13 wt ON–OFF ganglion cells is plotted. C, Histograms of the
interevent intervals from ganglion cells illustrating random (i) and rhythmic patterns (ii) of spike activity. The power spectra of
spike activity for the same two cells are overlaid (iii). D, Examples of inhibitory and excitatory currents measured (under voltage
clamp at 0 and�60 mV, respectively) in two different ganglion cells (i, ii; note the different timescales). E, Power spectra for sIPSCs
and sEPSCs for two cells shown in D.
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voltage-clamped, high rates of sEPSCs (measured near �60 mV,
�ECl�) and sIPSCs (measured near 0 mV, �Eexcitation) were appar-
ent, indicating that the presynaptic pathways were active. The aver-
age amplitude of the sEPSCs was 76 � 26 pA and that for the sIPSCs
was 91 � 14 pA (n � 41; 9 ON, 19 OFF, and 13 ON–OFF). The
average frequency of sEPSCs was 12.7 � 1.2 Hz and was 12.4 � 1.1
Hz for sIPSCs. Similar to spike activity, approximately one-third of
the ganglion cells (15 of 41; 10 OFF, 1 ON, and 4 ON–OFF cells)
exhibited sEPSCs and sIPSCs that were oscillatory. Oscillatory cur-
rents gave rise to a distinct peak in the power spectrum (Fig. 1Eii)
(Margolis et al., 2008) and had similar frequencies (sEPSCs, 12.0 �
1.7 Hz; sIPSCs, 13.5 � 2.2 Hz) as noted for spike activity. We also
observed similar rhythmic patterns of spontaneous activity in gan-
glion cells in a different strain of the rd1 mice (on a C57BL/6 back-
ground; 9.3 � 1.8 Hz; p � 0.128, Mann–Whitney U test; data not
shown), indicating that hyperactivity was not attributable to second-
ary mutations associated with the mouse C3H strain used in this
study (Hoelter et al., 2008). Thus, spontaneous activity in a variety of
ganglion cell types appears to be associated with changes in activity of
both inhibitory as well as excitatory presynaptic pathways.

Blocking inhibitory receptors augments sEPSCs in rd1
ganglion cells
The heterogeneous levels of synaptic activity observed in rd1 gan-
glion cells were present in single preparations, suggesting that

these were not attributable to variability
in experimental conditions. However,
when we blocked inhibitory receptors
with 50 �M picrotoxin and 5 �M strych-
nine, we observed a uniform pattern of
activity in all ganglion cells. Regardless of
the initial levels of activity in rd1 ganglion
cells in control conditions, when inhibi-
tory receptor blockers were applied, spon-
taneous events appeared as low-frequency
(�2– 4 Hz) synchronized oscillatory
bursts. Figure 2A illustrates two examples
of ganglion cells with different levels of
sEPSCs. In the more active cell, large-
amplitude sEPSCs (average peak ampli-
tude, 91 � 22 pA) were apparent, whereas
the second cell was relatively quiet, with a
few detectable events (average peak am-
plitude, 7 � 3 pA). In both cells, however,
application of the inhibitory antagonists
dramatically increased the amplitude of
events, to 221 � 57 and 160 � 38 pA,
respectively. On average, inhibitory
blockers decreased the frequency from
9.9 � 0.9 to 3.7 � 0.4 Hz (n � 26; p �
0.001) but increased the average peak am-
plitude of events from 28 � 3 to 158 � 16
pA ( p � 0.001). Thus, inhibition appears
to play a significant role in curtailing ac-
tivity in the rd1 retina.

To test whether inhibitory blockade
resulted in changes of bipolar cell output
rather than activity mediated through
electrical coupling from neighboring
amacrine and ganglion cells that were in-
trinsically active, we next tested the volt-
age dependence of ganglion cell sEPSCs.
Figure 2B illustrates examples of sEPSCs

measured at different holding potentials (in the presence of in-
hibitory blockers). Plotting the average peak amplitude of events
measured in five cells (one ON, three OFF, and one ON–OFF)
against the holding potential revealed a nonlinear relationship
characteristic of events mediated by a combination of AMPA/KA
and NMDA receptors (Fig. 2C) (Diamond and Copenhagen,
1993; Sagdullaev et al., 2006; Manookin et al., 2010). Indeed,
these events were largely suppressed by NBQX and AP-5 (89 �
6% block; n � 3), which are selective antagonists for AMPA/
kainate (KA) and NMDA receptors, respectively. In addition, the
frequency of sEPSCs was essentially independent of voltage (Fig.
2C), consistent with the idea that these events arise presynapti-
cally. Together, these findings suggest that spontaneous activity
within excitatory circuits in the rd1 retina can be generated with-
out inhibitory input.

Spontaneous synaptic output from cone bipolar cells
measured in ganglion cells
Under conditions of inhibitory receptor blockade, excitatory
synaptic activity in rd1 ganglion cells could be initiated at (1)
residual photoreceptors (Busskamp et al., 2010), (2) rod ON bi-
polar cells, or (3) cone bipolar/AII amacrine cells (which are
known to be electrically coupled in wt retina). To distinguish
between these possible sources, we compared activity before and
after the application of AMPA/KA antagonist (20 �M NBQX) and

Figure 2. Spontaneous activity within excitatory circuits in the rd1 retina in the absence of inhibitory inputs. A, Examples of
sEPSCs (VHOLD of �60 mV) measured from two ganglion cells with differing levels of synaptic activity, before and after the bath
application of inhibitory receptor antagonists (50 �M picrotoxin and 5 �M strychnine). B, Example traces depicting sEPSCs at
different holding potentials (as indicated on the right of the traces). C, The average peak amplitude (i) and frequency (ii) of sEPSC
as function of holding potential (n � 5).
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the mGluR6 agonist (20 �M L-AP-4). NBQX is known to block
photoreceptor-to-OFF bipolar cell and rod ON bipolar-to-AII
amacrine cell synapses, whereas L-AP-4 blocks glutamatergic
transmission at the photoreceptor-to-ON bipolar cell synapses
(Slaughter and Miller, 1981). L-AP-4 might also act on axonal
terminals of bipolar cells (Awatramani and Slaughter, 2001) and
amacrine cells (Quraishi et al., 2007); therefore, these data need
to be interpreted with caution. To monitor activity in ganglion
cells in the presence of NBQX, in these experiments, we took
advantage of the selective expression of synaptic NMDA recep-
tors in these cells (Diamond and Copenhagen, 1993; Sagdullaev
et al., 2006; Manookin et al., 2010) and monitored output of
bipolar cells as NMDA-receptor-mediated sEPSCs at a holding
potential of �40 mV (in which these receptors would be relieved
of their Mg 2� block) (Jahr and Stevens, 1990). Using this
method, the intrinsic activity of the cone bipolar/AII amacrine
cell network was assessed in relative isolation.

Figure 3A illustrates an example of sEPSCs measured in an rd1
ganglion cell at �60 and �40 mV in the presence of a mixture of
inhibitory blockers (50 �M picrotoxin, 5 �M strychnine, and 100
�M TPMPA; note in the added presence of TPMPA in these ex-
periments, sEPSCs tended to have a lower frequency, but quali-
tatively this mixture of antagonists had the same effects as
picrotoxin and strychnine alone). Bath application of NBQX and
L-AP-4 significantly reduced the average amplitude of sEPSCs
measured at �60 mV by 85 � 4%, consistent with the large
contribution of AMPA receptors to the sEPSC at these potentials
(Fig. 3A). However, at �40 mV, sEPSCs were less sensitive to
these excitatory blockers and on average were reduced by 60 �
8% ( p � 0.001). Interestingly, the frequency of these remaining
NMDA-receptor-mediated sEPSCs was not significantly altered
compared with control conditions (1.6 � 0.2 Hz compared with
1.8 � 0.2 Hz; p � 0.11; data combined from two ON, seven OFF,
and four ON–OFF ganglion cells). These results suggest that,
under conditions of inhibitory receptor blockade, the cone bipo-
lar/AII amacrine cell networks are inherently active and form the
principal source of glutamate that drives downstream ganglion
cells.

Similar to rd1 retina, large sEPCSs were also apparent in wt
ganglion cells in the presence of inhibitory receptor antagonists
(Fig. 3B). In wt ganglion cells, however, L-AP-4 and NBQX de-
creased both the peak amplitude (by 91 � 3% at �60 mV and

80 � 6% at �40 mV; data combined from five ON, two OFF, and
one ON–OFF ganglion cells) and the frequency of sEPSCs mea-
sured at �40 mV (Fig. 3B) (1.4 � 0.2 to 0.9 � 0.2 Hz; p � 0.05).
The decrease in frequency suggests that a significant part of the
spontaneous activity arises from photoreceptors and/or rod ON
bipolar cells. Importantly, the frequency of NMDA-receptor-
mediated sEPSCs was significantly lower in wt versus rd1 gan-
glion cells (0.9 � 0.2 Hz in wt retina vs 1.6 � 0.2 Hz in rd1 retina;
p � 0.05). Thus, under pharmacological isolation, wt cone bipo-
lar/AII amacrine cell networks are spontaneously active, al-
though significantly less so compared with in the rd1 retina.

An important point to be considered in the abovementioned
pharmacological analysis is that, under the nonphysiological
conditions of inhibitory receptor block, a different set of synaptic
mechanisms may operate that may not be recruited under con-
trol conditions. Therefore, these experiments do not rule out the
contribution of inhibitory networks to spontaneous activity but
rather highlight a change in excitability of the presynaptic net-
work of excitatory neurons in their ability to sustain oscillatory
activity during RD.

Spontaneous inhibitory activity primarily relies on synaptic
activations of glutamate receptors
To test whether inhibitory circuitry was intrinsically active, we
examined the effects of blocking glutamate receptor signaling
(using NBQX plus L-AP-4) (Fig. 4A,B) on sIPSCs measured in
rd1 ganglion cells. Excitatory blockers potently reduced the aver-
age peak amplitude of sIPSCs by 70 � 6% (91.9 � 17.6 to 26.1 �
5.8 pA; n � 6; three OFF, one ON, and two ON–OFF cells; p �
0.05), suggesting that inhibition primarily relies on glutamate
receptor activation. Excitatory blockers also reduced the sIPSC
frequency from 14.8 � 1.9 to 8.5 � 3.4 Hz ( p � 0.05). The
residual inhibitory inputs suggest that a small but significant frac-
tion of the inhibitory drive arises from intrinsically active ama-
crine cells (see Discussion).

We also recorded the membrane potential of the displaced
amacrine cells in the ganglion cell layer of the rd1 retina. Like
ganglion cells, amacrine cells also exhibited spontaneous fluctu-
ations in membrane potential (Fig. 4C,D). In amacrine cells,
spontaneous activity was primarily reduced when glutamate re-
ceptor signaling was blocked. Excitatory blockers reduced the
average frequency by 79 � 8% (n � 5; two narrow-field, two

A B

Figure 3. Spontaneous output of the rd1 cone bipolar cells. A, Examples of sEPSCs measured at �40 and �60 mV in the presence of inhibitory receptor antagonists (50 �M picrotoxin, 5 �M

strychnine, and 100 �M TPMPA) before (left) and after photoreceptor/rod bipolar cells synapses were blocked by the addition of 20 �M L-AP-4 and 5 �M NBQX (right). B, Activity in ganglion cells in
wt retina under the same pharmacological conditions as in A.
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wide-field, and one bistratified amacrine cells; p � 0.01) and
amplitude by 70 � 8% of control ( p � 0.05). Hence, activity in
inhibitory pathways in the rd1 retina primarily relies on sponta-
neous excitatory inputs.

rd1 bipolar cells appear morphologically intact and have
negative resting potentials
The experiments described so far implicate cone bipolar/AII ama-
crine cells as being a principal source of network activity in the rd1
retina. Because glutamate usually keeps the ON bipolar cells hyper-
polarized (via an action on the sign-inverting mGlur6 receptor), it
might be expected that the loss of photoreceptor input during RD
would depolarize these cells. To explore this possibility, we directly
examined the resting properties of these cells, using whole-cell
patch-clamp recordings in a whole-mount retinal preparation. Al-
exa Fluor 594 was included in the intracellular solution to permit live
two-photon laser scanning imaging and assessment of the bipolar
cell type (Fig. 5).

As in wt retina, bipolar cells could be
classified as ON or OFF based on the level
of their axonal stratification in the IPL
(see Materials and Methods) (Wässle et
al., 2009). Rod ON bipolar cells could be
easily distinguished by their bulbous axon
terminals in the most proximal layers of
the IPL. Figure 5A illustrates examples of
OFF, ON, and rod ON bipolar cells in the
rd1 retina. As in wt retina, axonal termi-
nals of rd1 cone bipolar cells appear to
ramify in precise strata of the IPL. Figure
5B plots the axonal stratification depth in
the IPL for 54 bipolar cells and illustrates
the bias toward recording from ON bipo-
lar cells (41 of 54 cells). However, the re-
cordings did not appear to bias particular
types of ON bipolar cell types because
axon terminals were found to ramify
throughout the IPL. Bipolar cell axons ap-
peared to maintain their typical branched
patterns with a number of telodendria
sprouting off the main axon (Ghosh et al.,
2004). Examples of the bipolar axonal ar-
borizations for the different types of cells
are illustrated in Figure 5A (bottom).
Thus, at the light microscopic level, bipo-
lar terminals in the inner retina appear to
maintain their structure during retinal de-
generation (Lagali et al., 2008).

When bipolar cells membranes were
polarized by a series a 50 ms pulses (�120
to �40 mV) from a holding potential of
�60 mV (Fig. 5C), inward rectifying K�

and IH currents and delayed rectifying
outward K� currents were observed, sim-
ilar to those described previously in bipo-
lar cells in the wt rodent retina (Hu and
Pan, 2002; Ma et al., 2003). Because the
complements of these currents vary be-
tween subtypes of bipolar cells (Müller et
al., 2003; Ivanova and Müller, 2006), we
did not perform a detailed comparison
between wt and rd1 bipolar cells. Instead,
we focused on measuring the holding po-

tential at which the current was zero, i.e., the resting potential
(Fig. 5D). Interestingly, both ON and OFF bipolar cells had rela-
tively negative resting membrane potentials (ON, �52.5 � 1.3
mV, n � 12; OFF, �49.5 � 1.9 mV, n � 6). Although recordings
with high seal resistances were selected for these analysis (see
Materials and Methods), current leak through the seal is still
expected to lead to underestimations of the true resting poten-
tial. Hence, a tonic membrane depolarization of bipolar cells
does not appear to underlie downstream activity in the rd1
retina. Together, these results suggest that rd1 bipolar cells
maintain negative resting potentials and relatively normal ax-
onal arborizations, even at a stage when their dendrites un-
dergo an extensive remodeling in the outer retina in response
to photoreceptor degeneration (Strettoi and Pignatelli, 2000).

Spontaneous activity in rd1 bipolar cells
The most striking feature observed in rd1 bipolar cell recordings
was the occurrence of spontaneous membrane oscillations (Fig.

Figure 4. Amacrine cell activity primarily relies on activation of glutamate receptors. A, Example of a Neurobiotin-filled rd1 OFF
ganglion cell. B, IPSCs recorded (VHOLD of 0 mV) in the ganglion cell shown in A in control Ringer’s solution and in the presence of
excitatory blockers (5 �M NBQX and 20 �M L-AP-4). C, Example of a Neurobiotin-filled rd1 amacrine cell in the ganglion cell layer.
D, The spontaneous postsynaptic potentials in the cell shown in C, in control Ringer’s solution and in the presence of excitatory
blockers.
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6A). In 18 of 30 ON cone bipolar cells and
5 of 13 OFF cone bipolar cells studied,
spontaneous membrane oscillations
(1–11 mV) were observed. Similar to the
rhythmic activity observed in rd1 gan-
glion cells, bipolar cell membrane oscilla-
tions were extremely robust and persisted
for the entire duration of the recording
(up to 45 min). Neither the frequency nor
amplitude was correlated with the depth
of the cone bipolar axonal projections in
the IPL (Fig. 6D,E), indicating that activ-
ity occurred in most of the subtypes of
cells. The rod ON bipolar cells were ex-
ceptions. Although they exhibited mem-
brane fluctuations, oscillatory activity was
never observed in these cells (n � 11).
Spectral analysis of oscillatory activity in
cone bipolar cells revealed a distinct peak
corresponding to an oscillatory frequency
of 11.8 � 0.9 Hz (n � 23; 18 ON and 5
OFF bipolar cells) (Fig. 6C). The average
amplitude of these oscillations was 4 � 0.6
mV. If such oscillations arise in ON and
OFF bipolar cell terminals, the somatic
measurements likely underestimate both
the true amplitude and kinetics of the
rhythmic events. In contrast to rd1 retina,
oscillations were never observed in wt ret-
ina (six ON bipolar cells and four OFF
bipolar cells) (Fig. 6B). Thus, oscillatory
activity appears to be associated with RD.

In bipolar cells that did not exhibit os-
cillatory activity, sporadic postsynaptic
potentials (sPSPs) were often observed.
These varied in amplitude (1–10 mV; n �
12 ON and 8 OFF bipolar cells) (see Fig.
8A). Although the sPSPs measured in rd1
bipolar cells were relatively small in amplitude (2.2 � 0.5 mV)
and low in frequency (1.1 � 0.3 Hz), if they triggered transmitter
release, they could be effective in generating a large component of
the non-oscillatory activity measured in ganglion cells, because
these cell integrate inputs from a large number of bipolar cells.

Rhythmic activity in rd1 AII amacrine cells
ON cone bipolar cells are known to be directly coupled to AII
amacrine cells through gap junctions (Deans et al., 2002). Whole-
cell patch-clamp procedure applied in the whole-mount prepa-
ration resulted in a high background labeling when Neurobiotin
was added to the intracellular solution and prevented a direct
analysis of tracer coupling between these cell types. However,
direct recordings from AII amacrine cells in the rd1 retina also
revealed a strong oscillatory component (Fig. 7A). Figure 7C il-
lustrates the typical morphology of an AII amacrine cell, as ob-
served in the live rd1 preparation. Spectral analysis of the
membrane potential of rd1 AII amacrine cells revealed a distinct
peak corresponding to an oscillatory frequency of 12 � 0.6 Hz
(n � 4) (Fig. 7D). In contrast, oscillations were not observed in wt
AII amacrine cells (n � 4) (Fig. 7B,D) (Manookin et al., 2008;
Murphy and Rieke, 2008; Münch et al., 2009) (but see Veruki and
Hartveit, 2002). Figure 7B illustrates the relatively stable baseline
of a wt AII amacrine cell. Only when presented with light stimuli
are significant deviations observed. Figure 7B (inset) illustrates

the spiking responses of an AII amacrine cell to a step change in
contrast. Thus, the loss of photoreceptors appears to trigger
changes that lead to oscillations in the membrane potential of AII
amacrine cells. Moreover, oscillatory activity in rd1 AII amacrine
cells were of similar frequency to that observed in ON cone bipo-
lar cells ( p 	 0.05), suggesting that they are electrically coupled to
one another.

Apparent voltage dependence of spontaneous
oscillatory activity
To understand the mechanisms underlying spontaneous activity
in bipolar cells, we next evaluated their voltage dependence. Fig-
ure 8A illustrates example traces of spontaneous PSPs measured
at different potentials. These events were relatively small (2.2 �
0.5 mV; n � 20; 12 ON cone bipolar cells, 8 OFF cone bipolar
cells) and low in frequency (1.1 � 0.3 Hz). Spontaneous PSPs
reversed near �60 mV (�ECl; n � 4) (Fig. 8A,D), indicating that
they were mediated by Cl� channels, probably those gated by
GABA or glycine. This is consistent with the findings that these
receptors may be upregulated at bipolar cell terminals in the rd
retina (Varela et al., 2003).

In contrast, oscillatory activity in rd1 bipolar cells exhibited a
mild sensitivity to changes in somatic voltage. Neither the fre-
quency nor the amplitude was strongly attenuated when currents
were applied to modulate the potential at the soma (�80 to �20

Figure 5. ON and OFF rd1 bipolar cells appear morphologically intact and have negative resting potentials. A, Two-photon
image stacks through different layers of the rd1 retina after electrophysiological recording from bipolar cells reveals Alexa Fluor 594
labeling of (left, top to bottom) the GCL, the bipolar cell axon, the amacrine cell layer, and the bipolar cell soma. The thickness of the
IPL was defined by regions between the GCL (0%) and the amacrine cell layer (100%) as indicated by the horizontal white dotted
lines (right). The 60% level that separates the ON and OFF layers is also indicated. In the right three panels, image stacks of bipolar
cells filled with Alexa Fluor 594 were rotated 90° to reveal their axonal arborizations in different layers of the IPL. Top views of their
terminals are illustrated in the bottom. B, The depth of peak fluorescence of the axon terminal for rd1 bipolar cells in this study are
plotted (n � 54). C, Examples of the currents elicited by voltage steps (�100 to �40 mV) from a holding potential of �60 mV in
rd1 ON bipolar cell. D, The averaged currents measured at steady state (between 45 and 50 ms after the onset of the voltage step)
in rd1 OFF, ON, and rod bipolar cells. The boxed region is shown at a higher magnification to illustrate the average voltages where
currents reverse (inset). E, Plot of the average resting potentials in rd1 bipolar cells.
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mV). Figure 8, B and C, illustrates the robust oscillatory poten-
tials measured at three different membrane potentials, from an
ON cone bipolar and AII amacrine cell, respectively. Oscillations
persisted at the depolarized voltages (approximately �20 mV).
However, in contrast to bipolar cells, Na� channel activity
caused AII amacrine cells to spike near threshold and augment
the amplitude of oscillations (Fig. 8C). Figure 8D compares the
normalized average amplitude of oscillations in cone ON bipolar
and AII amacrine cell at different holding potentials. The ampli-
tude of ON cone bipolar cell and AII amacrine cell oscillations
was reduced by 10 – 40% near 0 mV. A weak apparent voltage
dependence is consistent with these cells being part of an electri-
cally coupled network.

Membrane oscillations in ON bipolar and AII cells do not rely
on chemical synaptic transmission or on voltage-gated Ca 2�

channels
To test the role of chemical synaptic transmission in mediating
spontaneous activity in bipolar and AII cells, we examined the
effects of a mixture of inhibitory and/or excitatory synaptic
blockers on such activity. Spontaneous PSPs (that reversed near
ECl�) measured in an ON bipolar cell were completely abolished
in the presence of NBQX and L-AP-4 (Fig. 9A), consistent with
our findings that most inhibitory amacrine cell activity relied on
activation of glutamate receptors. Thus, active amacrine cells ap-
pear to drive feedforward inhibition to ganglion cells as well as
feedback inhibition to bipolar cells. However, in all bipolar cells
that exhibited oscillatory activity, bath application of these block-

ers had relatively minor effects (Fig. 9D). Blocking chemical
transmission did not affect the amplitude (3.3 � 0.9 mV com-
pared with control, 5.6 � 2.2 mV; n � 4; p 	 0.05) nor the
frequency of oscillations (8.6 � 1.2 Hz compared with control,
11.0 � 0.9 Hz; p 	 0.05). Similarly, in three AII amacrine cells
tested, neither the frequency (13.6 � 1.9 Hz compared with con-
trol, 14.1 � 1.6 Hz; p 	 0.05) nor the amplitude (4.3 � 0.9 mV
compared with control, 3.3 � 0.5 mV; p 	 0.05) of oscillations
appeared to be affected by blockade of chemical transmission. It
is interesting to note that, under similar pharmacological condi-
tions, ganglion cell sEPSCs occur at a lower frequency (�1–3
Hz), suggesting that the membrane oscillation of the bipolar cells
is low-pass filtered when inhibition is compromised. Neverthe-
less, together, these data support the idea that that oscillatory
activity arises from intrinsic properties within the network of
bipolar/AII amacrine cells.

Previous studies demonstrated intrinsic Ca 2�-dependent os-
cillations in bipolar cells, which were most pronounced when
these cells were isolated and studied in acute cultured prepara-
tions (Burrone and Lagnado, 1997; Ma and Pan, 2003; Palmer,
2006). Could Ca 2� channel activity mediate such oscillations in
rd1 retina? To test the role of voltage-gated Ca 2� channels, we
compared the effects of blocking voltage-gated Ca 2� channels,
using a combination of Cd 2� and Ni 2�, on bipolar/AII and
ganglion cell activity. Figure 9 shows an example of oscilla-
tions recorded before and after the application of Cd 2�/Ni 2�.
Even when used at relatively high concentrations (200 –500
�M), these inorganic channel blockers did not significantly

Figure 6. Spontaneous activity in rd1 and wt bipolar cells. A, Representative traces depicting oscillatory membrane potential of rd1 ON (top) and OFF (bottom) cone bipolar cells (CBC), recorded
in the whole-mount retina. B, Oscillatory activity is absent in wt ON and OFF cone bipolar cells. The responses to spots of light are illustrated in the insets. Calibration: vertical bar, 2 mV for all traces
in A and B and 10 mV for insets in B; horizontal bar, 0.5 s for all traces in A and B and 3 s for insets in B. C, Power spectra of the oscillating (black line), non-oscillating rd1 ON cone bipolar cells (gray
line) and a wt bipolar cell (gray dotted line). The average frequency (D) and peak amplitude (E) of events are plotted against the depth in the IPL at which bipolar axons terminate. Oscillating rd1 cone
bipolar cells are represented as gray circles. Non-oscillating rd1 cone bipolar cells are represented as black diamonds, and rd1 rod bipolar cells (RBC) are represented as light gray squares.
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affect the frequency (11.8 � 1.7 Hz
compared with 12.2 � 1.4 Hz observed
in control; n � 5; data combined from three
ON bipolar and two AII amacrine cells; p 	
0.05) or the amplitude (2.6 � 1.4 mV com-
paredwithcontrol,3.0�2.0mV;p	0.05).In
contrast, Cd2�/Ni2� almost completely
abolished synaptic responses measured in
ganglion cells. (data not shown; n � 4).
Thus, voltage-gated Ca2� channels activity
does not appear to be important for driving
membrane oscillations but is essential for
translating them into transmitter release
from bipolar cell terminals.

Discussion
Our results suggest that, when photore-
ceptors degenerate in rd1 mouse retina,
intrinsic activity within networks of cone
bipolar and AII amacrine cells leads to a
tonic rhythmic stimulation of ganglion
cells. Low-amplitude membrane oscilla-
tions in these networks occur through a
novel mechanism, which relies on nei-
ther chemical synaptic transmission nor
voltage-gated Ca 2� channels. The im-
plications for vision restoration strate-
gies are discussed.

Increased ganglion cell activity in the
rd1 retina is driven by intrinsic activity
in the cone bipolar/AII amacrine cell
network
It has been recently postulated that oscil-
latory activity in the rd1 retina arises in a
subset of inhibitory amacrine cells (Vai-
thianathan and Sagdullaev, 2010; Marg-
olis and Detwiler). Indeed, in wt retina, a
subset of inhibitory amacrine cells have
the biophysical characteristics that enable
them to sustain periodic responses (Soles-
sio et al., 2002; Vigh et al., 2003; Petit-
Jacques et al., 2005). In this scheme,
inhibitory amacrine cells modulate trans-
mitter release at bipolar cell axon termi-
nals via the activation of presynaptic
GABA/glycine ionotropic receptors and
trigger oscillatory spike activity in down-
stream ganglion cells (Vaithianathan and
Sagdullaev, 2010; Margolis and Detwiler,
2010). However, our current results sug-
gest the incorporation of a neural oscilla-
tor formed by ON cone bipolar and AII
amacrine cells (Fig. 10). In this revised
scheme, intrinsic oscillations in the AII/
cone ON bipolar cells provide the major
drive to both amacrine and ganglion cells.
In addition, extending the known AII
amacrine cell circuit in wt retina (Ma-
nookin et al., 2008; Murphy and Rieke,
2008; Münch et al., 2009), we speculate that
oscillations in the AII amacrine cells could
carry over to the OFF system through gly-

Figure 7. Spontaneous oscillations in rd1 AII amacrine cells. A, Spontaneous membrane oscillations in rd1 but not wt (B) AII
amacrine cells. The inset in B depicts the light response of the wt AII amacrine cell. Calibration: vertical, 2 mV for A and B and 10 mV
for inset in B; horizontal, 0.5 s for A and B and 4 s for inset in B. C, Two-photon image stack (rotated 90°) of an Alexa Fluor 594-filled
AII amacrine cell in the whole-mount rd1 retina. D, Power spectra of the membrane potential recorded from an rd1 and wt AII
amacrine cell are overlaid.

Figure 8. Voltage dependence of spontaneous oscillations in rd1 cone bipolar and AII amacrine cells. A, Spontaneous
PSPs in rd1 bipolar cells reverse near ECl, suggesting that these events are mediated by GABA or glycine receptors. B,
Spontaneous oscillations in rd1 ON bipolar (B) and AII amacrine (C) cells measured at different potentials, as indicated on
the left side. D, The normalized peak amplitude of PSPs (dotted line; n � 4) and oscillatory events measured in rd1 bipolar
cells (gray line; n � 14) and AII amacrine cells (black line; n � 3) plotted as a function of membrane potential. CBC, Cone
bipolar cell; AC, amacrine cell.
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cinergic inhibition of the OFF bipolar cells and ganglion cells (Fig.
10). However, future pharmacological dissection of the OFF system
is needed to confirm such interactions. Below we provide the evi-
dence that leads up to the model presented in Figure 10.

First, pharmacological analysis of spontaneous synaptic in-
puts to ganglion cells in the rd1 retina indicated that excitatory
pathways could function independently of inhibitory pathways
Moreover, although photoreceptor synapses may be active
(Busskamp et al., 2010), oscillatory activity in the excitatory path-
ways did not appear to arise from the outer retina. Blocking pu-
tative inputs from remnant photoreceptors and rod ON bipolar
cells (using NBQX and L-AP-4) (Kalbaugh et al., 2009) did not
change the output frequency of the excitatory responses, as indi-
cated by NMDA-receptor-mediated sEPSCs measured in gan-
glion cells. Thus, activity in rd1 ganglion cells appears to arise at
the level of the cone bipolar/AII amacrine network in the inner
retina rather than in the outer retina.

Although pharmacological analysis provides some insights
into the biophysical remodeling that occurs in the rd1 retina, the
results are difficult to interpret by themselves. Such interventions
often alter the relationship between transmitter release and fre-
quency in many parts of the CNS (Brenowitz et al., 1998; von
Gersdorff and Borst, 2002; Ying et al., 2007), including the retina
(Singer and Diamond, 2006; Dunn and Rieke, 2008). Indeed,
when inhibitory receptors were blocked the amplitude of the
sEPSCs increased and their frequency reduced. This leads to the
following question: do AII/cone bipolar cells release transmitter
autonomously under unperturbed conditions?

Direct recordings from bipolar and amacrine cells in a whole-
mount retinal preparation provide strong evidence that these
cells are autonomously active. Robust membrane oscillatory po-
tentials were observed in a variety of subtypes of ON cone bipolar
cells and AII amacrine cells in control conditions, in the rd1 but
not wt retina. Such activity was of similar frequency in both the
ON cone bipolar and AII amacrine cells, persisted in the presence
of synaptic blockers, and was never observed in rod ON bipolar

Figure 9. Spontaneous oscillations in cone bipolar cells do not rely on chemical transmission
or on voltage-gate Ca 2� channels. A, B, PSPs in non-oscillating rd1 bipolar cell in control
Ringer’s solution (A) or the presence of the excitatory blockers (10 �M NBQX and 20 �M L-AP-4)
(B). C–E, Spontaneous oscillations recorded in an ON cone bipolar cell in control Ringer’s solu-
tion (C), in the presence of a mixture of synaptic blockers (NBQX, L-AP-4, AP-5, strychnine, and
picrotoxin) (D), and in the presence of nonselective voltage-gated Ca 2� channel blockers (200
�M Cd 2� and 500 �M Ni 2�) (E).

Figure 10. Retinal circuit involved in generating spontaneous activity in rd1 retina. ON cone
bipolar cells (ON CBCs) and electrically coupled AII amacrine cells (AII ACs) are intrinsically
oscillatory (insensitive to synaptic blockers). ON cone bipolar cells excite both ON ganglion cells
(ON GC; which use AMPA/KA and NMDA receptors) and inhibitory amacrine cells (AC; which use
AMPA/KA receptors). ACs in turn provides reciprocal feedback inhibition to ON CBCs as well as
feedforward inhibition to ON GCs (mediated by GABA/glycine receptors). Based on comparison
with wt retinal circuitry, this model has been extended to the OFF system. It is hypothesized that
AIIs amacrine cells drive the OFF bipolar and ganglion cells through disinhibitory mechanisms.
Thus, oscillatory drive to amacrine and ganglion cells arises from intrinsic activity in the AII
amacrine/ON cone bipolar cell network and is strongly influenced by inhibitory amacrine cells.
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cells, together suggesting that oscillations arise from the electri-
cally coupled network formed by ON cone bipolar and AII ama-
crine cells (as they are in wt retina) (Deans et al., 2002). In
addition, cone bipolar/AII cell oscillatory potentials occurred at
similar frequencies as spontaneous synaptic responses in gan-
glion cells, suggesting that they are a principle source of excitation
in the rd1 retina.

In contrast to autonomous activity in the excitatory pathway,
sIPSCs measured in rd1 ganglion cells were strongly reduced in
the presence of glutamate receptor blockers. It is possible that the
residual sIPSCs observed in the presence of glutamate receptor
blockers arise from intrinsically active AII amacrine cell, because
these have recently been shown to provide direct glycinergic in-
hibition to specific types of ganglion cells (e.g., OFF ganglion
cells) (Manookin et al., 2008; Murphy and Rieke, 2008; Münch et
al., 2009). However, given the large heterogeneity of amacrine
cells (MacNeil and Masland, 1998), it is also possible that intrin-
sic activity from other unidentified types of amacrine cells con-
tribute to the glutamate-receptor-independent activity as
postulated previously (Margolis and Detwiler, 2010; Vaithiana-
than and Sagdullaev, 2010).

Mechanisms driving autonomous activity
Direct recordings from ON bipolar cells in rd1 retina indicated
that they rest at relatively hyperpolarized potentials (�50 mV),
comparable with previous estimates made from recordings in the
wt retina (Berntson et al., 2003; Cangiano et al., 2007). This find-
ing was difficult to predict because photoreceptors that usually
keep these cells in a hyperpolarized state (through a sign-
inverting action mediated by mGluR6 receptors) are lost during
RD. A negative resting potential in ON bipolar cells indicates that
the mGluR6 receptor cascade is either downregulated (Strettoi
and Pignatelli, 2000; Puthussery and Taylor, 2010) (but see Bar-
houm et al., 2008) or desensitized (Awatramani and Slaughter,
2000; Berntson et al., 2004). These data are also consistent with
chemical labeling studies that suggest permanent closure of the
mGluR6-gated cationic channel (Marc et al., 2003). Regardless of
the precise state of the mGluR6 cascade, our findings directly
demonstrate that tonic depolarization of the ON bipolar cells is
not the root cause of sustained activity in downstream pathways.

In wt retina, the functional coupling between voltage-gated
Ca 2� channels and Ca 2�-dependent K� channels are known to
control the dynamic membrane properties of bipolar cells (Bur-
rone and Lagnado, 1997; Ma and Pan, 2003; Palmer, 2006). Thus,
it was surprising to find that oscillatory activity in the cone bipo-
lar cells in the rd1 retina were resistant to blockade of voltage-
gated Ca 2� channels by nonselective channel blockers Cd 2�and
Ni 2�. However, because our results suggest a strong coupling
between cone bipolar and AII amacrine cells, regenerative Na�

currents in the AII amacrine cells could play an important role in
endowing bipolar cells with an oscillatory potential. Future stud-
ies will determine the precise biophysical mechanisms underlying
hyperactivity in the rd1 retina and whether oscillations are driven
by degeneration-induced modifications of the AII amacrine cells,
cone bipolar cells, or both.

In other parts of the CNS, inherent properties of electrically
coupled networks generate oscillations (Loewenstein et al.,
2001). In wt retina, electrical coupling is an integral part of the
rod pathway (Deans et al., 2002). In addition, both bipolar
(Zhang and Wu, 2009; Arai et al., 2010) and AII amacrine (Veruki
and Hartveit, 2002) cells may also couple to each other. Three
lines of evidence suggest that bipolar cells and/or AII amacrine
cells in the rd1 retina form electrically coupled networks. First,

oscillatory activity in both AII amacrine cells and ON bipolar cells
was weakly dependent on the somatic potential. Second, in these
cells types, oscillations were resistant to blockers of chemical
transmission. Finally, to directly test whether electrical coupling
is required for the generation of oscillatory activity, we examined
the effects of meclofenamic acid (MFA), which relatively specif-
ically blocks gap junctions including those in AII amacrine cells
(Manookin et al., 2008), on spontaneous activity in ganglion
cells. In contrast to the slow blocking actions of MFA on gap
junctions, which occurs over a time period of 20 – 40 min (Veruki
and Hartveit, 2009), we found that 200 �M MFA rapidly sup-
pressed spontaneous activity in ganglion cells (within 15–20 min
of application) (data not shown). These preliminary results in-
deed suggest a critical role for gap junctions in mediating oscilla-
tions. However, it is not clear if the effects of MFA on ganglion
cell activity arises from blockade of gap junctions or from second-
ary anticonvulsant actions (Lee and Wang, 1999, Peretz et al.,
2005). The evaluation of activity in transgenic rd1 mouse lines, in
which specific connexins are selectively knocked out, will reveal
the importance of gap junctions in mediating oscillatory activity.

Why electrically coupled networks in the rd1 but not in the wt
retina are more active is not completely clear. In wt retina, block-
ade of photoreceptor and inhibitory inputs lead to significant
levels of oscillatory activity in ganglion cells. These results suggest
that oscillatory mechanisms exist in the healthy retina but are not
as robust as in the rd1 retina. The biophysical changes that ac-
count for a more pronounced oscillatory potential in rd1 retina
remain to be elucidated.

Implications of network hyperactivity on visual function
Efficient retinal coding requires visually evoked signals to have a
high signal-to-noise ratio. In response to reduced sensory inputs
during degeneration, homeostatic mechanisms appear to in-
crease synaptic gain at the expense of increasing noise levels. It
could be argued that, under suboptimal conditions, increased
noise could permit weak signals to reach spiking threshold and
paradoxically increase the signal-to-noise ratio (Patel and Kosko,
2005). Moreover, membrane oscillations could favor the transfer
of a specific bandwidth of information to higher visual centers.
Nonetheless, when artificial methods are applied with prosthetic
devices and signals are suprathreshold, increased background
noise would likely degrade quality of the restored image (Powers
et al., 1995; Hallum et al., 2006). Our current study provides
direct evidence that a principal component of the spontaneous
activity in the rd1 retina arises from intrinsic activity in networks
of ON cone bipolar and AII amacrine cells.
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