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Before vision, a transient network of recurrently connected cholinergic interneurons, called starburst amacrine cells (SACs), generates
spontaneous retinal waves. Despite an absence of robust inhibition, cholinergic retinal waves initiate infrequently and propagate within
finite boundaries. Here, we combine a variety of electrophysiological and imaging techniques and computational modeling to elucidate
the mechanisms underlying these spatial and temporal properties of waves in developing mouse retina. Waves initiate via rare sponta-
neous depolarizations of SACs. Waves propagate through recurrent cholinergic connections between SACs and volume release of ACh as
demonstrated using paired recordings and a cell-based ACh optical sensor. Perforated-patch recordings and two-photon calcium imag-
ing reveal that individual SACs have slow afterhyperpolarizations that induce SACs to have variable depolarizations during sequential
waves. Using a computational model in which the properties of SACs are based on these physiological measurements, we reproduce the
slow frequency, speed, and finite size of recorded waves. This study represents a detailed description of the circuit that mediates
cholinergic retinal waves and indicates that variability of the interneurons that generate this network activity may be critical for the
robustness of waves across different species and stages of development.

Introduction
As neural circuits emerge during development, they exhibit tran-
sient features that give rise to periodic correlated activity. In the
developing retina, before the development of light responses, a
transient circuit gives rise to propagating waves of activity,
termed retinal waves (Galli and Maffei, 1988; Meister et al., 1991)
(for review, see Blankenship and Feller, 2010; Ford and Feller,
2011). Retinal waves initiate at random points in the retina, prop-
agate �100 �m/s, and their spatial extent is defined by finite but
shifting boundaries that are dependent upon a local refractory
period (Feller et al., 1997). The precise initiation, propagation,
and termination properties are proposed to be critical for driving
refinement of retinal projections to the brain (Huberman et al.,
2008; Xu et al., 2011).

Retinal waves persist for an extended period of development
and as retinal circuits change with age, so does the wave genera-
tion mechanism. The most well understood wave-generating cir-
cuit is based upon cholinergic signaling. Cholinergic retinal
waves are mediated by a network of cholinergic amacrine cells
called starburst amacrine cells (SACs) (Feller et al., 1996; Zhou,
1998). SACs release both acetylcholine (ACh) and GABA onto
neighboring SACs and retinal ganglion cells (RGCs), allowing

depolarization to propagate across the retina (Zheng et al., 2004).
How does this network comprised of recurrent excitatory con-
nections generate waves with finite boundaries and periodicity of
once per minute?

Although several studies have implicated a variety of mecha-
nisms that are involved in the generation of cholinergic waves, a
coherent model of wave initiation and propagation does not yet
exist. Recent computational models (Godfrey and Swindale,
2007; Hennig et al., 2009; for review, see Godfrey and Eglen,
2009) have made specific predictions on how the properties of
SACs underlie the generation of cholinergic waves: (1) waves are
initiated by simultaneous spontaneous depolarization of neigh-
boring SACs, (2) waves are propagated via cholinergic connec-
tions between SACs, (3) wave boundaries are determined by a
slow afterhyperpolarization (sAHP) in SACs (Zheng et al., 2006),
and (4) changing wave boundaries are determined by frequent
spontaneous depolarizations in SACs. However, these assump-
tions have not been rigorously tested.

Our goal is to characterize the physiological properties of the
SAC network in mouse retina and test the predictions of this
model. We use targeted recordings and calcium imaging to char-
acterize intrinsic properties of SACs, including their ability to
initiate waves, spontaneous rate of depolarization, and sAHP. We
use paired recordings and a cell-based optical assay for release of
ACh to gain insights into the connectivity underlying wave prop-
agation. We incorporate these properties into a computational
model and compare the results of simulated waves to waves de-
tected with calcium imaging. This combination of methods al-
lows us to test specific and novel hypotheses regarding the relative
importance of intrinsic properties, network connectivity, and
noise in the generation of spatiotemporal features of retinal
waves.
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Materials and Methods
Animals. All experiments were performed on acutely isolated mouse ret-
inas. Male and female C57BL/6 mice obtained from Harlan were used for
all WT recordings. Metabotropic glutamate receptor 2 (mGluR2)-GFP
mice contain a transgene insertion of interleukin-2 receptor fused GFP
under control of the mGluR2 promoter (Watanabe et al., 1998). Choline
acetyltransferase (ChAT)-Cre/TdTom mice were generated by crossing a
mouse in which an IRES-Cre recombinase is knocked in downstream of
the endogenous choline acetyl transferase gene (Ivanova et al., 2010) with
a separate tdTomato driver line [B6.129S6-ChAT tm1(cre)lowl/J �
B6.129S6-Gt(ROSA)26Sor tm9(CAG-tdTomato)Hze/J; The Jackson Labora-
tory]. All animal procedures were approved by the University of Califor-
nia, Berkeley, and conformed to the National Institutes of Health Guide
for the Care and Use of Laboratory Animals, the Public Health Service
Policy, and the Society for Neuroscience Policy on the Use of Animals in
Neuroscience Research.

Whole-mount retinal preparation. P2–P6 mice were anesthetized with
isoflurane and decapitated. Retinas were isolated in cold artificial CSF
(ACSF) (in mM: 119 NaCl, 26.2 NaHCO3, 11 glucose, 2.5 KCl, 1 K2HPO4,
2.5 CaCl2, 1.3 MgCl2) and mounted RGC side-up on filter paper. Retinas
were incubated at room temperature in oxygenated ACSF until transfer
to the recording chamber, where they were continually superfused (1–2
ml/min) with oxygenated ACSF at 30 –34°C.

Electrophysiology. Perforated-patch and whole-cell recordings were
made from whole-mount retinas from mice aged P4 –P6. Perforated-
patch recording were necessary because whole-cell recordings resulted in
rundown of the sAHP (Zheng et al., 2006) (data not shown) and ability to
initiate waves. The inner limiting membrane was removed using a glass
recording pipette and SACs were identified using fluorescence and tar-
geted using a Sutter micromanipulator. Voltage-clamp recordings were
sampled at 2.5 kHz and filtered at 1 kHz. Current-clamp recordings were
sampled at 5 kHz and filtered at 2 kHz. Analysis was performed using
custom MATLAB (MathWorks) scripts. All reported voltages are cor-
rected for liquid junction potential.

To stimulate SACs (see Fig. 2), perforated-patch current-clamp re-
cordings were used. Recording pipettes were front-filled with a potas-
sium chloride internal solution (in mM: 122 KCl, 20 HEPES, 0.5 EGTA, 2
NaCl, pH 7.2; liquid junction potential, 0 mV) and then backfilled with
internal solution containing 750 �g/ml Amphotericin B made fresh
hourly. Seals were formed, and then access resistance was monitored
continuously. Recordings were performed when access resistance was
stable and �5% of the input resistance of the cell (typically, Ra, 30 – 80
M�; Rin, 1–2 G�). One hundred picoamperes of current was injected for
1.5 s every 60 s for 10 min. Cells were excluded if no calcium transient was
observed within the recorded cell or if spontaneous break-in occurred.

Whole-cell recordings from RGCs (see Fig. 4) and paired recordings of
SACs were performed (see Fig. 3) using whole-cell voltage-clamp record-
ings. A cesium-based internal solution (in mM: 110 CsMeSO4, 2.8 NaCl,
4 EGTA, 5 TEA-Cl, 4 adenosine 5�-triphosphate disodium salt, 0.3
guanosine 5�-triphosphate trisodium salt, 20 HEPES and 10 phosphocre-
atine disodium salt, 0.025 Alexa 568, pH 7.2; liquid junction potential, 10
mV) was used to isolate synaptic conductances. Synaptic blockers used to
isolate cholinergic currents are described in Results.

To characterize the sAHP in SACs (see Fig. 5), perforated-patch
voltage- and current-clamp recordings were used. Current-clamp re-
cordings of waves were performed as described above for stimulating
SACs. To isolate the sAHP and IsAHP (current underlying sAHP), exper-
iments were performed in the presence of DH�E (4 �M) and gabazine (5
�M), which block nicotinic acetylcholine receptor (nAChR) and GABAA

receptor (GABAAR)-mediated synaptic conductances, and tolbutamide
(100 �M), to block an ATP-sensitive potassium conductance that devel-
ops during prolonged recordings (data not shown). A gluconate-based
perforated-patch internal solution was used for voltage-clamp experi-
ments by replacing 116 mM KCl with equimolar K-gluconate (liquid
junction potential, 14 mV). To ensure stable recording of IsAHP, access
resistance was monitored and recordings were performed when access
resistance was stable. Maximum amplitude and kinetics of the slow AHP
were not correlated with access resistance.

Calcium imaging. Retinas from mice aged P2–P6 were bulk loaded
with the calcium indicator Oregon Green BAPTA-1 AM (OGB-1 AM)
using the multicell bolus loading technique (Stosiek et al., 2003; Blanken-
ship et al., 2009). Epifluorescence imaging and analysis were as described
previously (Blankenship et al., 2009). Two-photon (see Fig. 6) calcium
imaging of mGluR2-GFP retinas was performed using a custom-
modified two-photon microscope (Fluoview 300; Olympus America).
Focal planes consisting of cell bodies in the ganglion cell layer were used.
Time series images were acquired at 1 Hz using a 60� objective (Olym-
pus LUMPlanFl/IR 60�/0.90 W) with the excitation laser tuned to 790
nm. Following acquisition of the calcium signal, the laser was retuned to
920 nm to preferentially excite GFP or TdTomato to allow for identifi-
cation of SACs in the ganglion cell layer. Images were corrected for mo-
tion artifacts and filtered to remove line-scan artifacts. Regions of interest
were manually drawn around all cells in the field of view. Fluorescence
signals were plotted and peaks were manually identified for all cells. To
quantify within-cell variability of peak amplitudes, peak amplitudes
from each cell were normalized to the mean peak amplitude for all waves
in that cell.

For simultaneous perforated-patch recording and calcium imaging
from P4 –P6 mGluR2-GFP retinas (see Fig. 2), waves in the region sur-
rounding the recorded cell were detected by thresholding the derivative
of the fluorescence signal of a 200 � 200 �m box region around the cell.
Fluorescence changes evoked by current injection were assayed by ob-
serving the change in fluorescence in the 2 s following current injection.
Waves triggered by the current injection were identified by an increasing
spread of calcium signal originating from the site of recording and con-
firmed by inspecting the original imaging data. One of 12 current injec-
tions that evoked a wave occurred on the first current injection (30 s after
the start of imaging) and preceded any spontaneous waves in the imaged
region; hence, the interval of the preceding wave was unknown but was
�30 s. We found that prolonged recordings, despite perforated-patch
configuration, resulted in an inability to evoke waves from cells that
previously could robustly initiate waves. Therefore, we limited our anal-
ysis to the time period before the last evoked wave during the stimulation
protocol. Current injections that occurred simultaneously with sponta-
neous waves were excluded. A total of 24 of 70 current injections met
these criteria. Eight of 17 SACs were found to initiate at least one wave.
The actual fraction of SACs that can initiate a wave is likely to be higher as
our experimental paradigm is subject to rundown.

Analysis of wave front properties (see Figs. 7, 8) was performed using
custom scripts in MATLAB, as described previously (Blankenship et al.,
2009).

Cell-based neurotransmitter fluorescent engineered reporter imaging. M1

and mCherry cell-based neurotransmitter fluorescent engineered report-
ers (CNiFERs) were acquired (Nguyen et al., 2010). CNiFERs were main-
tained in a humidified incubator at 37°C in growth media containing
Dulbecco’s Minimum Essential Medium (Invitrogen) supplemented
with 10% FBS (Invitrogen). Before experiments, CNiFERs were removed
from dishes without trypsin and concentrated in growth media.
CNiFERs were loaded into a glass capillary with a tip size �20 �m. M1

and mCherry CNiFERs were pressure ejected onto the inner limiting
membrane (ILM) of retinas and allowed to settle onto the surface.
Clusters of several dozen cells were imaged at a focal plane �5–10 �m
above the ILM. In imaging with simultaneous voltage-clamp record-
ings, a hole in the ILM was torn usually 50 –200 �m from the imaged
CNiFERs.

Fluorescence resonance energy transfer (FRET) images were acquired
at 1 Hz using a 60� objective. The excitation wavelength was 435 nm.
Individual FRET channel detection was accomplished by using a Dual-
View image splitter (Optical Insights) with appropriate yellow and cyan
channel filters. Images were digitized as during calcium imaging experi-
ments above. Background fluorescence was subtracted from both chan-
nels. FRET ratios were computed as background-corrected YFP/CFP
fluorescence averaged over a box region of interest around M1 or mCherry
CNiFERs. Peaks were detected manually for analysis. For wave-triggered
FRET changes, peak wave associated inward currents were detected manu-
ally from voltage-clamp recordings and FRET measurements were aligned to
the times of each peak current.
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Modeling. C/C�� code for the wave model was acquired as described
by Hennig et al. (2009). In this model, the membrane potential of each
cell is influenced by a set of conductances. A voltage-gated calcium chan-
nel conductance was modeled using a Morris–Lecar model. Calcium
influx was proportional to the low-pass-filtered calcium current. The
current that gives rise to the sAHP was modeled as a calcium-dependent
potassium conductance as follows:

GsAHP � gmaxr�t	4.

The state of this conductance depends on the calcium concentration and
a second slower process s(t), with a slow time constant (�sAHP) and
fourth-order dependence on calcium as follows:

�r�dr/dt	 � ��
Ca�t	� � s�t		 * �1 � r�t		 � r�t	

�sAHP�ds/dt	 � ��
Ca�t	�4/�
Ca�t	�4 � Kd4	 � s�t	

The influence of the slow process on the current was weighted with the
parameter �. A noise current (In) was implemented as filtered shot noise
with a voltage-dependent rate, P(V, �(t)), that was dependent upon K0

and the voltage-gated calcium channel activation function as follows:

�n�dln/dt	 � gnP�V,��t		�V�t		 � ECa) � ln

��t	 � k0p�V	�1 � p�V		, p�V	 � Cav activation

Synaptic conductances were summed from all neighboring cells within a
three-cell radius (see Fig. 7). Published parameters were used for the
model except as presented in Results. The Hennig model code was mod-
ified to output the position and time of active cells (defined by threshold
for calcium spike computed from parameter values). Simulations were
run for 20 min following a 90 s warm-up period on a 56 � 56 hexagonal
lattice of SACs, using the central 50 � 50 for analysis. Spacing between
cells was set at 25 �m.

We developed MATLAB/C code to analyze the spatial and temporal
aspects of the data generated from the models (see Figs. 7, 8). The set of
active cells during 750 ms time steps was recorded, and each cell was
either assigned a new wave number or inherited a wave number of neigh-
boring cells. Simulated waves that merged were excluded from analysis
for comparison with calcium imaging data. Wave speed was calculated in
a manner similar to the calcium imaging analysis, using the last active cell
of a wave as the end point of the wave path. All simulations and analysis
were performed on an Intel Core i7 desktop running Linux. Simulations
of the Hennig model took �45 real-time.

Results
Here, we use a variety of methods to characterize the physiolog-
ical processes of SACs in mouse retina and then incorporate these
properties into a computational model with the goal of develop-
ing a detailed description of the cellular basis of the spatiotempo-
ral properties of cholinergic retinal waves.

SACs have very low spontaneous depolarization rates
First, we asked how retinal waves are initiated. We performed
calcium imaging at single-cell resolution in retinas from mice
expressing GFP-tagged IL-2 receptor under control of the
mGluR2 promoter (Watanabe et al., 1998; Wang et al., 2007) or
ChAT-Cre/TdTom (Ivanova et al., 2010), which selectively label
SACs. Retinas from mGluR2-GFP or ChAT-Cre/TdTom mice
were bolus-loaded with the calcium indicator Oregon Green
BAPTA-1 AM (Stosiek et al., 2003; Blankenship et al., 2009) to
compare the frequency of spontaneous depolarization of SACs in
the presence and absence of synaptic coupling to other SACs (Fig.
1A). We observed waves as large changes in fluorescence that
propagated among nearby neurons. In control solution, corre-
lated spontaneous increases in intracellular calcium concentra-
tion ([Ca 2�]i) were observed in all SACs (Fig. 1B–D; n � 386
cells in 15 retinas), with very few uncorrelated increases in

[Ca 2�]i between waves (11 of 2995 calcium transients were not
associated with waves). Therefore, SACs rarely exhibit activity
during the intervals between waves.

To determine the intrinsic rate of depolarization of SACs, we
performed similar experiments while blocking waves. When cou-
pling between SACs was blocked using a combination of nAChR
and GABAAR antagonists (n � 7) or nAChR antagonists alone
(n � 8), SACs rarely exhibited spontaneous calcium transients
during a 15–20 min recording period (Fig. 1B–D), in sharp con-
trast to the observations in rabbit (Zheng et al., 2006). Spontane-
ous calcium transients were modulated with age: the rate
decreased while the amplitude increased (Fig. 1D). The low rate
of intrinsic spontaneous depolarization is consistent with the low
level of activity between waves. Hence, in mouse retina, SACs
spontaneously depolarize at a rate significantly lower than the
frequency of waves. These findings indicate that, in contrast to
rabbit and predictions from modeling studies, developing mouse
retina SACs do not function as strong pacemakers. This critical
difference has implications for how retinal waves are initiated, as
explored below.

Depolarization of a single SAC can initiate waves
We found that SACs have infrequent spontaneous depolariza-
tions in the absence of synaptic input and rarely depolarize inde-
pendent of waves. Can these sparse depolarizations initiate
waves? Previous models have predicted that SACs are weakly con-
nected, and therefore waves are initiated only when several neigh-
boring SACs are spontaneously active (Hennig et al., 2009). A low
rate of spontaneous depolarization implies that the probability
that neighboring SACs will spontaneously depolarize simultane-
ously is exceedingly low.

To determine whether depolarization of a single SAC is suffi-
cient to initiate a wave, we performed targeted recordings from
GFP� neurons in mGluR2-GFP retinas that were bolus-loaded
with OGB-1 AM (Fig. 2). In the design of this experiment, it was
critical to take into account the existence of a refractory period
following depolarization of a cluster of cells during which they
cannot participate in subsequent waves. In mice, this refractory
period lasts �30 –50 s (Bansal et al., 2000). Hence, depolarizing
current was injected for 1.5 s at 60 s intervals. The amplitude of
the current injections induced a fractional change in fluorescence
similar to spontaneous calcium transients (Fig. 1D), indicating
that they induced depolarizations that were within normal phys-
iological range. The frequency of current injections occurred at a
range of intervals following the preceding wave.

Calcium increases were simultaneously monitored in the re-
gion surrounding the target cell to detect the initiation of propa-
gating waves. Waves could be evoked by current injection in 8 of
17 of recorded SACs (Fig. 2B). In the SACs in which a single
depolarization resulted in the initiation of a wave, successful wave
initiations occurred only if the interval between the depolariza-
tion and the preceding wave was �40 s (Fig. 2C) (see Materials
and Methods). Although these findings do not prove that waves
are initiated by depolarization of single SACs, they do indicate
that depolarization of single SACs is sufficient to initiate waves
when the local region of the retina is in a nonrefractory state.

SACs form excitatory connections with other SACs
The substrate for retinal wave propagation is proposed to be a net-
work of recurrently connected SACs (Zheng et al., 2004). To deter-
mine whether SACs form excitatory connections in mouse retina
during the period of cholinergic retinal waves, we performed tar-
geted paired whole-cell voltage-clamp recordings (Fig. 3A). To iso-
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late cholinergic synapses between recorded
cells, paired recordings were performed in
the presence of GABAR blockers [50 �M

(1,2,5,6-tetrahydropyridin-4-yl)methyl-
phosphinic acid (TPMPA), 2 �M (2S)-
3-[[(1S)-1-(3,4-dichlorophenyl)ethyl]
amino-2-hydroxypropyl](phenylmethyl-
)phosphinic acid hydrochloride (CPG
55845), and 5 �M gabazine to block GABAC,
GABAB, and GABAA, respectively; n � 6
pairs] or GABAR blockers with ionotropic
glutamate receptor blockers (20 �M DNQX
and 50 �M AP5 to block AMPA and NMDA
receptors; n � 4 pairs). Depolarization of
one SAC consistently evoked a PSC in the
second SAC (n � 13 of 13). SACs were re-
ciprocally connected in the subset we tested
(n � 3 of 3 bidirectional pairs; Fig. 3D), in-
dicating there is a strong connection be-
tween SACs. (Note: Presynaptic calcium
currents washed out within 5 min following
break-in; therefore, we were only able to test
for reciprocal connections in a limited num-
ber of pairs.) Postsynaptic responses were
recorded as a sustained inward current
peaking several hundred milliseconds after
termination of the presynaptic voltage step
(peak amplitude, 25.3  12.7 pA; mean 
SD), similar to responses recorded in rabbit
retina (Zheng et al., 2004). Evoked EPSCs
reversed near 0 mV (n � 5; Fig. 3C), consis-
tent with them being mediated by nAChRs
(Sargent, 1993; Feller et al., 1996). During
waves, nearby SACs received periodic si-
multaneous compound postsynaptic cur-
rents (cPSCs) (Vhold � �70 mV; n � 6
pairs; Fig. 3E). cPSCs had slow kinetics, con-
sistent with evoked PSCs measured between
SAC–SAC pairs. The amount of inward cur-
rent during cPSCs varied from wave to
wave; however, this variability was highly
correlated between neighboring SACs (Fig.
3F; r2 � 0.77; p � 6e�12; n � 6 pairs), im-
plying that neighboring SACs receive highly
correlated excitation during waves. These
data demonstrate that, in mouse retina,
SACs form reciprocal excitatory connec-
tions, which can provide a substrate for
wave propagation.

Figure 1. SACs rarely exhibit spontaneous depolarizations. A, Left, Fluorescence image of an mGluR2-GFP retina loaded with
OGB using a filter set that allowed for visualization of both OGB and GFP fluorescence. Right, Fluorescence image of GFP� cells
generated by acquiring an image of the same field using a filter set that allowed for visualization of OGB (data not shown) and
subtracting it from image shown in A. Regions of interest are shown around each SAC. Scale bar, 20 �m. B, Time course of �F/F
averaged over the somas of three cells (labeled in A) in the absence (CTR, top) and in the presence of nAChR antagonist DH�E (4
�M) and GABAA receptor antagonist gabazine (5 �M) (bottom). C, Raster plots of calcium transients generated from the

4

thresholded derivatives of the �F/F traces. The numbered
cells from B are highlighted in red. All 34 cells from A are
shown in CTR (left) and DH�E (4 �M) plus gabazine (5 �M)
(right). D, Mean number of calcium transients per minute in
SACs versus postnatal age for each retina (18 –34 SACs per
retina) during 10 or 20 min of imaging in control (left) and
during blockade of waves using either DH�E (2– 8 �M) plus
gabazine (5 �M) or DH�E (2– 8 �M) alone (middle). Right,
Mean peak �F/F versus postnatal age during blockade of
waves. Mean  SD of peak �F/F evoked by current injection
protocol used in Figure 2 are shown in red (n � 4 cells).
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ACh is released diffusely during waves
One of the unexplained features of cholinergic retinal waves is the
slow postsynaptic currents. Although it has been speculated that
ACh released in retina may spill over from the synaptic cleft as it
does in central synapses and activate nAChRs on SACs and RGCs
throughout the depth of the inner plexiform layer (IPL), this has
not been directly demonstrated (for review, see Sarter et al.,
2009). To test for diffuse action of ACh, we used CNiFERs
(Nguyen et al., 2010), which can detect extracellular ACh within
a range of 1–100 nM. CNiFERs are HEK-293 cells that express M1

ACh receptors and the FRET-based calcium indicator TN-XXL
(Fig. 4A). Increases in extracellular ACh are reported as increases
in FRET ratios resulting from activation of type 1 muscarnic M1

receptors and subsequent release of intracellular calcium stores.
To determine whether ACh is released diffusely during waves, we
imaged M1-CNiFERs placed on top of the ILM (Fig. 4A,B) to
prevent disruption of cholinergic synapses within the IPL. Large
spontaneous increases in FRET were observed in all CNiFERs
imaged from retinas aged P0 –P6 (n � 310 transients from 20
retinas; Fig. 4B). In contrast, no FRET increases were detected in
control CNiFERs expressing the fluorescent protein mCherry in-
stead of M1 receptors (n � 11), indicating that the FRET re-
sponses were due to ACh activation of M1 receptors and not
activation of endogenous receptors on HEK-293 cells. FRET tran-
sients were observed with the ILM intact (n � 10 of 10 retinas),
ruling out damage to the IPL as a cause for diffuse release of ACh.
Simultaneous voltage-clamp recording from nearby RGCs revealed
that FRET transients were preceded by large EPSCs associated with
waves (n � 10; Fig. 4B,C). Although the time course of FRET signals
are much slower than the release of ACh due to signaling cascades
that underlie the response, these data demonstrate that ACh released
by SACs during waves diffuses far from the site of release.

Our hypothesis is that spontaneous depolarizations in SACs
initiate waves due to the release of ACh onto neighboring SACs.
To test whether spontaneous depolarizations in the absence of
waves cause diffuse release of ACh, we imaged CNiFERs on
P0 –P6 retinas in the presence of nAChR antagonist, which blocks
waves but not CNiFERs since they detect ACh via a muscaric
receptor. Remarkably, we observed small FRET transients in
CNiFERs in several experiments when waves were blocked (n � 8
of 11 retinas; Fig. 4B,D). Spontaneous FRET transients in wave
blockers occurred with an irregular frequency (Fig. 4E) and were

not associated with any EPSCs recorded in nearby ganglion cells
(n � 5 simultaneous recordings; Fig. 4B). Hence, we conclude
that the spontaneous depolarization of SACs results in diffuse
release of ACh.

Slow afterhyperpolarization in SACs is highly variable
SACs form a dense mosaic over the entire retina, yet waves have
distinct boundaries. These boundaries are determined at least in
part by a refractory period, in that waves fail to propagate into
regions that have recently participated in a wave (Feller et al.,
1996; Butts et al., 1999). It has been proposed that the source of
this refractory period is a sAHP in SACs (Zheng et al., 2006). In
rabbit retina, after a SAC is depolarized by a wave, it undergoes a
hyperpolarization lasting over 15 s, which prevents that SAC
from participating in subsequent waves. Computational models
then predict that, when nearby SACs are depolarized simultane-
ously during a wave, there are local regions of the retina in which
a large percentage of SACs are hyperpolarized following a wave,
which in turn makes that region refractory to subsequent waves.
Both experiments (Feller et al., 1997; Stellwagen et al., 1999) and
computational models (Butts et al., 1999; Godfrey and Swindale,
2007; Hennig et al., 2009) have demonstrated that manipulating
the duration of the refractory period has profound effects on the
spatial and temporal properties of waves.

To identify and characterize the conductance underlying the
sAHP in mouse SACs, we performed targeted perforated-patch
recordings from SACs in retinas acutely isolated from mGluR2-
GFP mice (Fig. 5). During waves, SACs exhibit depolarizations
(interevent interval, 60  25 s; n � 99 events in 7 cells) similar to
the frequency of waves. Many waves (49 of 99) evoked calcium
spikes riding on top of a slow graded depolarization, followed by
a sAHP that persists for tens of seconds (Fig. 5B), similar to rabbit
retina (Zheng et al., 2006). A sAHP was also evoked in response to
a current injection in SACs that were synaptically isolated by the
presence of nAChR and GABAAR antagonists (4 �M DH�E and 5
�M gabazine, respectively; Fig. 5C; amplitude, 6.0  3.0 mV; rise
time, 11.2  2.1 s; time to half-max decay, 22.3  4.3 s; n � 3
cells), indicating it was generated cell-autonomously and not due
to network interactions.

To characterize the variability of the conductance underlying
the sAHP, we performed voltage-clamp recordings using perfo-
rated patch. A step depolarization evoked an outward current

Figure 2. Single SACs can initiate retinal waves. A, Fluorescence image of an mGlur2-GFP retina loaded with calcium indicator OGB-1 AM. Position of recording electrode indicated in red. Scale
bar, 50 �m. B, Two examples of current injection experiments in configuration shown in A. Sequence of images are pseudocolored to represent the fractional change in fluorescence (�F/F) at each
pixel following current injection. Interval between panels is 0.5 s. Int, The interval between current injection and the time of the previous wave. Top, Current injection did evoke a wave. Bottom,
Current injection did not evoke a wave. C, Histogram distribution of the intervals between current injection and the time of the previous wave. The black bars are the distribution of all intervals
between current injections and the preceding wave. The red bars indicate the subset of current injections that evoked a wave.
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(IsAHP) that peaked several seconds after the membrane potential
returned to baseline (amplitude, 4.9  1.9 pA; rise time, 13.5 
3.7 s; mean  SD). The IsAHP peak was followed by a slow decay
(time to half-max decay, 16.2  7.5 s; n � 32; Fig. 5D), a kinetic
profile that closely matched the time course of the sAHP (Fig.
5C). The large variability in peak amplitude and decay was not
correlated with differences in access resistance (r 2 � 0.02), im-
plying that there is considerable cell-to-cell variability in the cur-
rent underlying the slow afterhyperpolarization. In many cells,
the sAHP lasted �90 s; for example, see Fig. 5B, bottom); hence
the sAHP would not completely recover during the interval be-
tween waves.

Variable participation of SACs during waves
Our data indicate that waves drive diffuse release of ACh so that
neighboring cells receive similar amounts of depolarizing input

during waves (Fig. 3). However, we have
measured remarkably variable sAHP cur-
rents in SACs (Fig. 5). In addition, in sev-
eral perforated-patch current-clamp
recordings (n � 5 of 7 cells), waves that
evoked a burst of calcium spikes exhibited
a large sAHP and subsequent waves that
occurred before complete recovery of the
sAHP displayed smaller depolarizations
(for example, see Fig. 5B, bottom). To
study whether this intrinsic variability in
SACs is reflected in the extent of the depo-
larization of the population of SACs dur-
ing waves, we turned to two-photon
calcium imaging. The strong z-sectioning
of two-photon imaging assures that the
fluorescence signal comes only from the
imaged cells and not from out-of-plane
fluorescent cells and processes, thereby
giving an accurate representation of depo-
larization in individual cells during waves
(Kerr et al., 2005; Bonifazi et al., 2009).

To record calcium transients in SACs,
we loaded retinas of mGlur2-GFP or
ChAT-Cre/TdTom mice with OGB-1
AM. An XYZ scan was first performed
with the laser tuned to 920 nm to prefer-
entially excite GFP/TdTom and identify
displaced SACs (Fig. 6A). Subsequently,
with the laser tuned to 790 nm to prefer-
entially excite OGB-1 AM, a single focal
plane in the ganglion cell layer was imaged
as a function of time with a frame rate of 1
Hz. Amplitudes of calcium transients
were correlated with membrane potential
in SACs (Fig. 6C; r 2 � 0.66; p �� 0.0001).
Therefore, calcium imaging provides a
measure of the membrane potential, al-
lowing us to determine the amount of de-
polarization each cell experiences during a
wave.

Recordings show that the fractional
change in fluorescence in non-SACs is
mostly uniform from wave to wave, con-
sistent with the low variability in spike
count during waves (see supplemental
material) (for example, see Stafford et al.,

2009) driven by diffuse ACh release. In contrast, the amplitude of
the �F/F in SACs was significantly variable within the same cell
indicating that a given SAC depolarizes by a different extent for
each wave (Fig. 6). We hypothesized that variability in calcium
transients is inversely correlated with the amplitude of previous
waves because large depolarizations will evoke a large sAHP
that results in a smaller depolarization during the next wave.
To test this hypothesis, we plotted the amplitude of each cal-
cium transient as a function of the amplitude of the preceding
calcium transient. We found an inverse relationship for cal-
cium transient amplitudes from SACs but not non-SACs (Fig.
6 E; r 2

SAC � 0.19, p �� 0.0001; r 2
non � 0.001, p � 0.001).

Hence, the extent of depolarization of SACs during a wave is
influenced by the strength of the previous wave on the time-
scale of the sAHP.

Figure 3. SACs make cholinergic connections with neighboring SACs. A, Live fluorescence image of a SAC–SAC pair filled with
Alexa 568. B, Paired recording from two neighboring SACs. Top, Voltage-clamp recording from presynaptic SAC. Bottom, Postsyn-
aptic currents recorded from postsynaptic SAC at five different holding potentials. Voltage command protocols for presynaptic and
postsynaptic cells are shown below current traces. C, Current–voltage relationship of the peak current measured in the postsyn-
aptic SAC following step depolarization of the presynaptic SAC. The line represents the average peak current  SEM for five cell
pairs. D, Paired recording showing reciprocal connections. Averaged presynaptic and postsynaptic currents from four repetitions
are shown for cells in response to a 50 ms depolarization from �70 to �10 mV. Holding potential is �70 mV. E, Simultaneous
voltage-clamp recordings of compound postsynaptic current from two neighboring SACs (Vh � �70 mV). Recording was per-
formed in the presence of GABA receptor antagonists (gabazine, 5 �M; TPMPA, 50 �M; CGP 55845, 2 �M). F, Integrated current
during waves recorded from pairs of SACs in control or GABA receptor antagonists. The integrated current during each wave was
normalized to the mean integrated current from all waves in a cell (n � 6 pairs). Unity line is shown for clarity.
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As an independent measure that this variability in SAC depo-
larization is history dependent, we computed the average auto-
correlation function of peak calcium transients measured at each
wave. We found that SACs display a significant dip in the average
autocorrelation function, while non-SACs do not, indicating
that, on average, calcium transients in SACs are reduced for a
period lasting approximately one wave interval following each
wave. One explanation for this variability is that there are alter-
nating strong and weak waves. However, we found only a very
weak correlation between calcium transient amplitude in each
SAC and the average of the three closest SACs (r 2 � 0.08), indi-
cating that variability is not correlated between neighboring
SACs. Interestingly, we found that SACs within the field of view
had different autocorrelation functions that resulted in variabil-

ity in participation during each wave (see supplemental mate-
rial). In conclusion, we find that the depolarizing drive of each
wave is decorrelated by variability in the SAC network.

Computational model of SACs recapitulates spatial and
temporal properties of waves
Thus far, we have characterized the spontaneous initiation rate,
synaptic connectivity, and sAHP of SACs. To determine whether
these properties are sufficient to describe the propagation
properties of retinal waves, we turn to computational modeling.
Simulated waves generated by computational models have distri-
butions of interwave intervals, propagation speed, and wave size
that are similar to those measured physiologically using calcium
imaging (Feller et al., 1997; Godfrey and Swindale, 2007) or mul-

Figure 4. ACh is released diffusely by SACs. A, Inset, Schematic of experimental design. Differential interference contrast (DIC) image of whole-mount retina with fluorescent overlay of M1 and
mCherry CNiFERs resting on top of the ILM of a P4 retina. The boxes indicate the region of interest around M1 (green) and mCherry (blue) CNiFERs for traces below. B, YFP and CFP channel fluorescence
(M1 only) and YFP/CFP ratio of CNiFERs in control (left) and 8 �M DH�E (right). Voltage-clamp recording (VC � �70 mV) from a nearby RGC (see DIC image) are shown below. C, Wave-triggered
average YFP/CFP ratio. FRET ratios for M1 (green) and mCherry (blue) CNiFERs are aligned to the peak inward current during waves as measured from simultaneous voltage-clamp recordings from
nearby RGCs. N � 108 waves from 10 retinas (M1) and 46 waves from 5 retinas (mCherry). The shaded region represents mean  SD. D, Average peak �R of CNiFERs FRET transients in control ACSF
and during application of 8 �M DH�E. Data from retinas aged P0 to P6 are shown. E, Distribution of interpeak intervals of FRET transients in control (white) and 8 �M Dh�E (red). Data from retinas
aged P0 to P6 are shown.
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tielectrode array recording (Hennig et al., 2009). Most models are
based on the premise that waves are initiated by spontaneous
depolarizations in SACs, propagate through an interconnected
network of SACs, which in turn become refractory to subsequent
waves. A key prediction of all of these models is that there is a
substantial level of spontaneous activity of SACs between waves
that is important in determining the periodicity and finite prop-
agation of retinal waves. Can we compose a model based on our
observation that individual SACs have infrequent spontaneous de-
polarizations that still robustly generate waves?

To devise a computational model that is consistent with our
physiological measurements, we start with a recent model that
incorporates spontaneous initiation, synaptic connectivity, and a
sAHP of SACs (Hennig et al., 2009), which we will refer to as the
Hennig model. The Hennig model consists of a homogeneous
network of SACs that are more strongly connected to nearby
SACs than distant ones. The synaptic input to a SAC is computed
by summing the magnitude of neighboring SAC depolarizations
above threshold (�60 mV) after weighting each input by a

Gaussian distance function (Fig. 7A). This
summed input is then scaled by the pa-
rameter Gsynaptic to generate an excitatory
conductance. In this model, once the SAC
has recovered from a sAHP, there is a sto-
chastic depolarization mediated by activa-
tion of voltage-gated calcium channels
that triggers release of neurotransmitter
(Fig. 7B, asterisk). The depolarization of
SACs as a function of time is determined
by three parameters: (1) the spontaneous
opening of voltage-gated calcium chan-
nels, which is determined by a Poisson
process defined by the noise rate constant
(K0); (2) the synaptic inputs from nearby
SACs, which are weighted by a set of fixed
synaptic strengths (Gsynaptic); and (3) the
magnitude of a sAHP (�) (Fig. 7B), which
is determined by the amount of time that
has passed since the last depolarization
relative to the decay constant of the con-
ductance (�sAHP). Motivated by our ex-
perimental observation that there is
considerable variability in the current un-
derlying the slow AHP (Fig. 5D) and in
depolarization of individual SACs in sub-
sequent waves (Fig. 6), we implemented
this variability in the model by varying the
decay time of the sAHP. Specifically, we
randomly assigned each model SAC a
slow decay time constant (�sAHP) from a
Gaussian distribution with a mean of 50 s
and SD of 25 s.

In its original formulation, the Hennig
model assumed that the spontaneous de-
polarization of an isolated starburst ama-
crine cell was roughly once every 2 min, as
determined by recordings from rabbit
SACs. To accommodate the significantly
lower spontaneous depolarization rate we
recorded in mice (Fig. 1), we reduced the
value of the noise rate constant K0 from
1400 to 1050 Hz. Using this fixed value of
K0, we then varied the value of two param-

eters, the strength of synaptic input, Gsynaptic, and the magnitude
of the sAHP, �, to determine how altering them affects the spatial
and temporal properties of simulated retinal waves. We devel-
oped analysis to visualize simulated waves and determine spatial
and temporal properties. We tested the success of the model by
comparing the interwave interval, the wavefront propagation
speed, and the wave size of simulated waves with those recorded
with calcium imaging (Fig. 7C,D). Note: Simulations modeled
only SAC activity, while calcium imaging reflects the activity of
ganglion cells, which spatially average the activity of the underly-
ing SAC network (Feller et al., 1997). Hence, waves measured by
calcium imaging appear “smoother” compared with simulations
(Fig. 7D). However, the basic properties of wave frequency,
speed, and size are not altered by ignoring this spatial summation
(Godfrey and Swindale, 2007).

Using this modified Hennig model, we found a large range of
Gsynaptic and � parameters that produced waves of the same size,
speed, and periodicity as measured experimentally (Figs. 7C,D,

Figure 5. SACs exhibit a sAHP. A, Left, Live fluorescence image of an mGluR2-GFP retina. Right, Same retina with SAC targeted
for whole-cell recording and filled with Alexa 568. Scale bar, 10 �m. B, Two example current-clamp perforated-patch recording
from SACs exhibiting wave-induced depolarizations followed by sAHPs. Top, Each wave evokes spiking activity. Bottom, Waves
occurring during sAHP fail to evoke spikes. Inset, Magnified view of calcium spikes during wave-induced depolarization. C, Left,
Current-clamp perforated-patch recording showing sAHP following current injection (100 pA for 500 ms). Inset, Calcium spikes
during current injection. Calibration: vertical, 10 mV; horizontal, 1 s. D, Voltage-clamp perforated-patch recording from SAC.
Average current (black line)  SD (gray region) measured following depolarization from �64 to �14 mV (n � 32 SACs).
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8A) as well as reproduced other experimental observations, such
as the ability to initiate waves with depolarization of a single SAC
(Fig. 8E) and large variability in the local participation of SACs in
sequential waves (Fig. 8C,D). Hence, a model constrained by the
experimentally measured slow rate of spontaneous depolariza-
tion and variability in the sAHP in SACs can recapitulate the
spatial and temporal features of waves.

Waves require variability in starburst amacrine
cell population
A previous modeling study (Hennig et al., 2009) has shown that
variability in the proportion of nonrefractory SACs is necessary to
produce waves of finite size. With a high rate of spontaneous depo-
larization, as in rabbit retina and previous models, this variability is
introduced by spontaneous depolarizations and subsequent hyper-
polarizations between waves. Here, we have introduced an intrinsic
source of variability in the sAHP.

We tested whether variability in the sAHP is necessary to gen-
erate waves with finite spatial boundaries and once-per-minute
periodicity. We assigned each model SAC a fixed �sAHP of 50 s and
varied Gsynaptic and � parameters. With a fixed �sAHP, we were
unable to find values for Gsynaptic and � that recapitulated physi-
ological waves for the experimentally determined K0 value (Fig.
8B,D). Increasing Gsynaptic or decreasing � increased wave fre-
quency to match experimental data, but the waves remained
large, with each one covering the entire simulated retina. De-

creasing Gsynaptic or increasing � elicited the opposite behavior:
simulated waves were confined in size to those observed experi-
mentally, but they occurred much less frequently. Hence, for
the value of K0 that produces a physiologically realistic rate of
spontaneous depolarizations in SACs, there are no values of
Gsynaptic and � that recapitulate physiological waves in a net-
work comprising SACs with identical sAHPs. These results
indicate that variability within the SAC network is necessary to
generate waves with the slow periodicity of once per minute
with finite boundaries.

Computational model predicts how manipulation of starburst
amacrine cell properties alters the properties of waves
As a final test of the accuracy of the new model, we altered the
cellular properties of SACs and tested whether the model accu-
rately predicted the effect of these changes on the spatial and
temporal properties of retinal waves. The manipulation we chose
was to elevate cAMP either by activating adenylate cyclases or
inhibiting phosphodiesterases since this manipulation has been
used previously to alter the sAHP in SACs (Zheng et al., 2006) and
other neurons (Nicoll, 1988; Vogalis et al., 2002; Lancaster et al.,
2006). In addition, elevating cAMP has been shown to alter the
spatial and temporal properties of waves (Stellwagen et al., 1999;
Stellwagen and Shatz, 2002).

Our experimental data showed that elevating cAMP decreased
the magnitude of the current underlying the sAHP (Fig. 9B) and

Figure 6. Two-photon imaging in SACs reveals variable participation in waves. A, Fluorescence images of mGluR2-GFP mice labeled with calcium indicator OGB-1AM. Single two-photon optical
section through ganglion cell layer using 790 nm to excite OGB (top) or 920 nm to excite GFP (bottom). Regions of interest are shown around non-SACs (white) and SACs (blue). B, �F/F traces from
non-SACs (top, black) or SACs (bottom, blue). The dotted lines precede waves for clarity. C, Peak �F/F as a function of peak membrane potential recorded in perforated-patch configuration. Each
point represents a spontaneous wave or current injection (n � 5 SACs). D, Average of all peak �F/F of non-SACs and SACs with somas in the ganglion cell layer (mean  SD). E, Cumulative
probability of within-cell variance of peak �F/F for non-SACs and SACs in the ganglion cell layer. F, Amplitude of peak �F/F as a function of the preceding peak �F/F in non-SACs (black) and SACs
(blue) in the ganglion cell layer. Peak amplitudes are normalized to the mean peak amplitude for each cell. N � 1312 calcium transients in 161 SACs and 8686 calcium transients in 961 non-SACs
from 11 retinas for C–E.

858 • J. Neurosci., January 18, 2012 • 32(3):850 – 863 Ford et al. • Retinal Wave Mechanisms



increased the rate of spontaneous depolarizations of SACs (con-
trol, 0.05 min�1; forskolin, 0.215 min�1; n � 110 cells in 4 reti-
nas; Fig. 9A). To mimic these effects on the electrophysiological
properties of SACs, we reduced the amplitude of the sAHP in the
modified Hennig model by decreasing � and increased the rate of
spontaneous depolarization in SACs by increasing K0. Using
these parameters, simulated waves were more frequent, while
there was only a small decrease in wave propagation speeds (Fig.
9C). These effects on spatial and temporal properties of waves
were entirely consistent with what was observed with calcium
imaging—namely, elevating cAMP dramatically increased the
frequency of cholinergic retinal waves (Fig. 9D) and only margin-
ally decreased wave speed. Notably, altering � or K0 alone did not
recapitulate these changes in wave properties, indicating that

cAMP acting on both of these cellular parameters is responsible
for the observed effects. Hence, the model accurately predicts
how features of waves are altered by the cellular properties of
SACs.

Discussion
We have presented both novel physiological and modeling data
to identify the features of the developing retinal circuit that are
critical for generating the observed spatial and temporal proper-
ties of retinal waves. Cholinergic retinal waves in mice are initi-
ated by spontaneous depolarizations in SACs that occur at a rate
one-tenth the frequency of waves. Spontaneous depolarization of
a single SACs causes volume release of ACh, which is sufficient to
initiate a wave. The local excitability of SACs, which affects the

Figure 7. A computational model based on infrequent SAC spontaneous depolarizations recapitulates spatial and temporal properties of retinal waves. A, Schematic of excitatory connections
between SACs in the model. The colored circles represent the scale factor that defines the strength of the synaptic connections between neighboring cell and the center cell. Depolarization due to
synaptic input is the product of synaptic scale factor, Gsynaptic, and the amount of presynaptic depolarization. B, Membrane potential of modeled SACs in response to current injection (arrowhead).
The responses for two values for the slow AHP parameter (�) are shown. For this example, the noise rate constant (K0) was set to 1050 Hz. The asterisk indicates a spontaneous depolarization
generated by membrane noise. C, Top, Spatial extent of three experimentally recorded waves. Bottom, Three simulated waves using simulation parameter values as follows: K0, 1050 Hz; �, 200;
Gsynaptic, 650 nS; �sAHP, 50  25 s. The gray scale encodes 750 ms intervals between images with lighter shades indicating earlier activity. The black regions were not active. D, Distributions of
interwave interval, wave speed, and wave size from calcium imaging (white) and simulated using the Hennig model with parameter values as in C (blue).
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likelihood of wave initiation or propagation in that region, is
governed by the activation of a sAHP. We modified an existing
computational model of retinal waves by introducing variability
into the duration of sAHPs across the population of SACs, and
this crucial modification allowed us to accurately reproduce both
the spontaneous activity of isolated SACs and the spatial and
temporal features of waves. These results point to the critical role
that variability plays in the robust generation of network activity
in developing neural circuits.

Below, we discuss the validity of our model assumptions and
the implications of its predictions.

Wave initiation dictated by interplay between spontaneous
depolarizations and network interactions
How does the intrinsic excitability of individual SACs give rise to
the spatial and temporal features of waves? In many oscillatory
networks, the intrinsic periodicity of pacemaker neurons embed-
ded in a network strongly sets the frequency of network activation
(Bucher et al., 2006; Tohidi and Nadim, 2009). However, this
resonance frequency is also influenced by network interactions
(Marder and Calabrese, 1996). In addition, there are examples of
oscillatory networks in which no pacemakers have been identi-
fied, and the oscillations are an emergent property of spontane-

Figure 8. Variability in the slow afterhyperpolarization is necessary to produce physiological waves. Distribution of mean interwave interval (left), wave speed (middle), and wave size (right) as
a function of Gsynaptic and � parameters in the Hennig model. For each set of Gsynaptic and � parameters tested, the average interwave interval, wave speed, and wave size was computed. The color
axis is centered such that green corresponds to the mean value measured from calcium imaging (Fig. 7D) and the range of color intensities covers 1SD on either side of the mean for interwave interval,
wave speed, and size. Saturated blue and red colors indicate values outside of the mean  1SD. A, K0 was set to 1050 Hz and each cell in the simulation had a decay constant for the slow AHP drawn
from a random Gaussian distribution with a mean of 50 s and SD of 25 s. Values for � and Gsynaptic used in Figure 7, C and D, are shown by red circle (� � 200; Gsynaptic � 650 nS). Eight values each
of � and Gsynaptic were tested. B, K0 was set to 1050 Hz and all cells in the simulation had a decay constant for the slow AHP of 50 s. Eight values of � and six values for Gsynaptic were tested. C,
Membrane potentials from three neighboring cells showing variable participation during simulated waves using parameter values indicated by the red circle in A. The corresponding �sAHP values are
indicated above each trace. D, Summary of variability in local participation during simulated waves for simulation with (top, parameters as indicated by red circle in A) or without (bottom,
parameters as indicated by black triangle in B) variability in �sAHP. Number of cells in a neighborhood of seven cells that were coactive within a 750 ms window (left) and peak membrane potential
of three neighboring cells during a 750 ms window when at least two cells within the seven cell neighborhood are active (right). Data from six 20 min simulations are shown. E, Histogram distribution
of the intervals between simulated current injection (300 pA, 1 s) and the time of the previous wave using parameters indicated by the red circle in B. The black bars are the distribution of all intervals
between current injections and the preceding wave. The red bars indicate the subset of current injections that evoked a wave.
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ous depolarizations, recurrent excitatory connections, and some
form of synaptic depression (Tabak et al., 2000; Leznik and
Llinás, 2005; Rubin et al., 2009).

Our model assumes that cholinergic waves are initiated by
spontaneous activity in single SACs, a claim supported by our
observation that depolarization of an individual SAC can initiate
a wave (Fig. 2). This assumption is in contrast to previously pro-
posed models for retinal waves in which multiple nearby SACs
must be simultaneously active until a “network threshold” is
reached (Butts et al., 1999; Godfrey and Swindale, 2007; Hennig
et al., 2009). Indeed, a similar model based on a buildup of activ-
ity in a cluster of nearby cells has been proposed to describe the
initiation of rhythmic activity in the pre-Bötzinger complex,
which controls respiratory rhythms (Rubin et al., 2009), as well as
in the developing spinal cord (Tabak et al., 2000). Our finding
that population activity can be initiated by a single neuron is
consistent with recent findings in the hippocampus and cortex
(Bonifazi et al., 2009; Li et al., 2009).

Although our model assumes that depolarizations in single
SACs initiate waves, we found that, in contrast to observations in
rabbit retina, a given SAC in mouse retina has a very low proba-
bility of spontaneously depolarizing (Fig. 1). The frequency of
wave initiation is limited, but not determined, by the intrinsic
pacemaker properties of SACs. In a simple model in which each
spontaneous depolarization of a SAC initiates a wave regardless

of previous activity, one can compute the minimum frequency of
waves given the experimentally measured data (Fig. 1). The ob-
served low rate of spontaneous depolarization would still pro-
duce waves that occur much more frequently than observed
(�4 –150 waves/min in �1 mm 2 retina containing �1500
SACs). Hence, a balance among three factors determines the fre-
quency of wave initiation: (1) the excitatory effects of spontane-
ous depolarizations; (2) the excitatory inputs from nearby SACs;
and (3) the inhibitory effects of the slow afterhyperpolarizations
exhibited by the SACs. The effect of the sAHP on wave initiation
is discussed below.

The conductance underlying the spontaneous depolarization
of SACs is not yet identified. Spontaneous calcium transients are
observed in the presence of fast neurotransmitter receptors
blockers (Zheng et al., 2006), suggesting that these depolariza-
tions are intrinsic to SACs. Consistent with this, spontaneous
depolarizations have been observed in several types of cultured
amacrine cells (Firth and Feller, 2006). Waves are not blocked by
voltage-gated sodium channel antagonist (Stellwagen et al., 1999)
but are blocked by L-type voltage-gated channel antagonists
(Singer et al., 2001). Indeed, L-type calcium channels have been
implicated in spontaneous initiation of early network activity in
both hippocampus and neocortex (Crépel et al., 2007; Allène et
al., 2008).

Figure 9. Model predicts how modulating cellular parameters of SACs alters spatial and temporal properties of waves. A, Left, Raster plot representation of spontaneous calcium transients in the
absence of coupling between SACs (left) and in the absence of coupling but with the addition of forskolin (1 �M) (right). The left is reproduced from Figure 1. Right, Distribution of the rate of
spontaneous calcium transients in the absence (black) and presence (gray) of forskolin. B, Summary data showing peak currents (IsAHP) measured in perforated patch following step depolarization
(500 ms, �64 to �14 mV) for each cell before, during, and after rinse of forskolin (1 �M). Inset, Average current measured (Vh � �64 mV) following depolarization step in control (black) and
forskolin (gray). C, Pseudocolor phase plot of how elevating K0 (in hertz) and reducing � parameters to reproduce effects of forskolin affects mean interwave interval (left) and wave speed (right)
as a function. Gsynaptic and the decay constant for the sAHP are as in Figure 7, C and D. Five values for K0 and six values for � were tested. The arrow indicates that elevating K0 and reducing � leads
to a decrease in interwave interval and little effect on wave speed. D, Summary bar graphs showing comparison of mean interwave interval (left) and mean wave speed (right) in forskolin (1 �M),
CPT-cAMP (200 �M), and IBMX (100 �M). Data for each experimental condition are normalized to the control. The number of retinas in each condition is shown at the bottom of each bar.
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Wave propagation via diffuse action of ACh
Our model assumes that waves propagate via excitatory connec-
tions between SACs. This substrate for propagation was proposed
by a computational model (Feller et al., 1997) and evidence for
direct synaptic connections between SACs was provided for rab-
bit retina (Zheng et al., 2004). Here, we confirmed the existence
of a recurrent network of SACs in mouse (Fig. 3). In addition, we
find that ACh released during waves can be detected several mi-
crometers above the surface of the retina using a cell-based ACh
sensor, indicating volume release of ACh during waves.

We postulate volume release of ACh is responsible for wave
propagation. First, using paired recordings of SACs, we found
that EPSCs last several seconds past the end of the depolarization,
indicating they are not mediated by a conventional monosynap-
tic connection. Second, waves drive correlated calcium transients
in ON and OFF ganglion cells (Wong and Oakley, 1996) as well as
cells in the inner nuclear layer (Wong et al., 1995). At this age, the
processes of SACs in the INL and GCL form two discrete bands
(Stacy and Wong, 2003) and therefore do not have direct synaptic
connections. Hence, the correlation between ON and OFF gan-
glion cells, which have processes in distinct layers within the IPL,
is evidence of diffuse action of ACh. Indeed, in rabbit retina, there
is evidence that ACh released in the inner retina is able to activate
muscarinic receptors on cells in the ventricular zone (Syed et al.,
2004). Given that later in development, when waves are mediated
by a glutamatergic circuit, there is direct evidence that waves are
accompanied by volume release of glutamate (Blankenship et al.,
2009), these data are consistent with the diffuse action of neu-
rotransmitter as a characteristic feature of developing circuits
that exhibit spreading depolarization (Allène et al., 2008).

Wave boundaries are determined by variability in sAHP
We recorded a slow afterhyperpolarization in SACs following
either spontaneous or evoked depolarizations (Fig. 5). We pro-
pose that the sAHP in SACs serves two functions. First, the sAHP
imparts a minimum interval between waves. We show that inhib-
iting the sAHP by elevating levels of cAMP decreases the interval
between waves (Fig. 9). While elevating cAMP both increases
the rate of spontaneous depolarization and decreases the am-
plitude of the sAHP, the latter effect has a stronger impact on
interwave interval (Fig. 9). Furthermore, increasing the depo-
larization rate of a single SAC by current injection only evoked
a wave when the interval between the previous wave and cur-
rent injection was �40 s (Fig. 2), similar to the minimum
interval between spontaneous waves, suggesting that an in-
crease in depolarization rate alone does not decrease the min-
imum interval between waves. These data support the role of
the sAHP in setting a minimum interval between waves.

The sAHP also functions to generate variability in wave sizes.
The global effect of variability in wave size is reflected in the local
variability in refractory state of individual SACs during waves. In
previous models (Godfrey and Swindale, 2007; Hennig et al.,
2009), randomness in the refractory period was introduced by a
high rate of spontaneous activity in SACs that was not correlated
with waves. Since this assumption is not consistent with our ob-
servation that SACs rarely depolarize independent of waves (Fig.
1), we introduced variability in the form of different duration
sAHPs for different SACs. Hence, in our model, individual SACs
within a local region will participate in a wave depending upon
the extent to which the sAHP has recovered from the previous
wave, as was confirmed by two-photon calcium imaging (Fig. 6).
The variability of the sAHP makes this refractoriness a dynamic
variable, such that every wave activates a different population of

SACs, altering the shapes of the refractory regions and thereby
altering the boundaries for waves.

Variability within neuronal circuits is thought to be important
for neuronal computations. For example, in the olfactory bulb,
sister mitral cells innervating the same glomerulus express differ-
ent levels of voltage-gated ion channels that impart different fir-
ing characteristics during stimulus presentation (Padmanabhan
and Urban, 2010). This variability reduces redundancy and can
provide extra information about stimulus features. Here, vari-
ability within the SAC network prevents waves from encompass-
ing the entire retina, thereby broadening the distribution of wave
sizes, which may be critical for driving downstream developmen-
tal events (Xu et al, 2011). Hence, variability on the properties of
SACs serves to robustly generate activity patterns with precise
spatial and temporal properties.

Notes
Supplemental material for this article is available at http://mcb.
berkeley.edu/labs/feller/Ford_etal.htm. The supplemental material in-
cludes supplemental figures (five) and movies (two). This material has
not been peer reviewed.
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