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Brief Communications

Direction-Selective Ganglion Cells Show Symmetric
Participation in Retinal Waves During Development
Justin Elstrott and Marla B. Feller
Department of Molecular and Cell Biology and the Helen Wills Neurosciences Institute, University of California, Berkeley, Berkeley, California 94720

Direction-selective ganglion cells (DSGCs) fire robustly for stimuli moving along one direction of motion and are strongly inhibited by stimuli
moving in the opposite, or null, direction. In contrast to direction-selective neurons in primary visual cortex, a role for neural activity in the
development of direction-selective retinal circuits has not been established. Direction-selective responses are detected at eye opening, before
which spontaneous correlated activity known as retinal waves provide directional input to ganglion cells. Indeed, we observed a significant bias
in wave propagation along the nasal over temporal direction. Using simultaneous calcium imaging and cell-attached recordings from three
genetically labeled DSGC types in mice, we observed that all three DSGC types fire action potentials during retinal waves. However, we found that
the direction of wave propagation did not influence DSGC spiking. These results indicate that the mechanisms guiding the formation of the
asymmetric inhibition underlying direction selectivity in the retina are not dependent upon the directional properties of retinal waves.

Introduction
Although the mechanisms generating asymmetric responses in
direction-selective ganglion cells (DSGCs) have received much
attention, the processes underlying their development are not
known. In the retina, stimuli moving in the preferred direction
evoke robust action-potential firing from DSGCs, whereas responses to stimuli moving in the null direction are suppressed by
inhibition (Taylor and Vaney, 2003). Recent work has shown that
DSGCs develop normally in dark-reared animals, suggesting a
limited role for visual experience (Chan and Chiao, 2008; Elstrott
et al., 2008; Chen et al., 2009; Yonehara et al., 2009). In mice,
these directional responses are detected at the emergence of
photoreceptor-driven light responses on postnatal day (P) 11
(Chen et al., 2009), roughly 2 d before eye opening. Thus, the
inhibition underlying direction selectivity forms early in development, before the earliest light responses.
Though vision is not necessary for the development of direction selectivity, spontaneous activity may play a role. Before vision, retinal waves provide the structured activity critical for
refining the initially coarse retinal ganglion cell (RGC) projections to thalamus and superior colliculus (for review, see Torborg
and Feller, 2005; Huberman et al., 2008). Recently, a role for
retinal waves in the development of retinal circuits has been reported (Xu et al., 2010).
How might retinal waves help establish direction selectivity in
the retina? Propagating, nonsynchronous activity is required for
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the normal development of directional circuits in ferret visual
cortex (Li et al., 2008; for review, see Elstrott and Feller, 2009),
and is capable of inducing direction selectivity in Xenopus optic
tectum (Engert et al., 2002). Retinal waves activate starburst amacrine cells, an inhibitory interneuron critical for the computation of direction selectivity, during the first and second postnatal
weeks (Zheng et al., 2004; Wang et al., 2007). In addition, retinal
waves provide two sources of asymmetric activity. First, retinal
waves are inherently directional with well defined wave fronts up
to approximately P11. Second, retinal waves have a significant
bias in wave propagation direction during the first postnatal
week, which was recently described using a large-scale multielectrode array (Stafford et al., 2009). However, direction selectivity
develops normally in knock-out mice lacking the ␤2 subunit of
the neuronal nicotinic receptors (Elstrott et al., 2008), which have
altered spontaneous firing patterns that lack this directional bias
(Stafford et al., 2009). The propagation bias of retinal waves during the second postnatal week, during which the first light responses are established, and their role in the establishment of
directional circuits are unknown.
Here we combine calcium imaging and targeted cell-attached
recordings from three genetically labeled DSGCs to characterize
the directional bias in waves during the second postnatal week
and to determine whether the propagation bias in retinal waves
influences the firing patterns of direction-selective ganglion cells
before eye opening.

Materials and Methods
Mice. All animal procedures were approved by the University of California, Berkeley Animal Care and Use Committees 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. We used
male and female mice from three transgenic lines. All transgenic mouse
lines used for this study were bred into a C57BL/6 background. The
dopamine receptor 4 promoter (DRD4) mice, which label On-Off
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DSGCs (Huberman et al., 2009), the SPARCrelated protein containing Ig domain 1 promoter (Spig1) mice, which label On-DSGCs
(Yonehara et al., 2008, 2009), and the junctional adhesion molecule B promoter (JamB)
mice, in which Cre is expressed under the control of a tamoxifen-activated promoter and label Off-DSGCs (Kim et al., 2008), were as
previously described. Jam-B mice were paired
with Thy1-STOP-YFP reporter mice (Kim et
al., 2008). The offspring of this pairing were
given intraperitoneal injections of tamoxifen
either at P1 (100 g of tamoxifen dissolved in
corn oil at 10 mg/1 ml) to drive expression of
YFP for P4 experiments, or at P5 and P7 (1 mg
dissolved in corn oil at 20 mg/1 ml) to drive
expression of YFP for P10 experiments.
Calcium imaging and physiology. Retinas were
isolated and images of cell fills were acquired on a
two-photon confocal microscope as described
previously (Wei et al., 2010). The YFP expression
in the Off-DSGC dendrites was sufficiently bright
to allow for direct imaging with the laser tuned to
920 nm without filling the cells.
Retinas were bulk loaded with the calcium
indicator Oregon Green 488 BAPTA-1 AM
(OGB-1 AM; Invitrogen) using the multicell
bolus loading technique (Stosiek et al., 2003)
adapted for retinal preparations (Blankenship
et al., 2009). Epifluorescent calcium imaging
was performed on a BX61WI microscope using
a 20⫻ water-immersion objective (UMPlanFl;
Olympus), with illumination provided by a
Sutter Lambda LS and controlled by a shutter
(Uniblitz). Images were acquired at 2 Hz in
MetaMorph (Universal Imaging).
GFP⫹ cells (DRD4 and SPIG1 mice) in
OGB-1 AM-loaded retinas were targeted for cellattached recordings using a CFP filter set (49001;
Chroma), which preferentially excites GFP over
OGB-1 AM. In the JamB mice, YFP expression
was sufficiently strong to visualize the cells in
loaded retinas using the YFP filter set (49003;
Chroma). Once a fluorescent cell had been identified, the inner limiting membrane over the cell
was removed with a glass recording pipette and
the RGC was targeted under the control of a micromanipulator (MP-225; Sutter Instruments).
Recording pipettes (Garner Glass or Sutter Instruments) were pulled with a tip resistance of
Figure 1. The strong bias in wave-propagation direction emerges between P3 and P10. A, Top left, Fluorescence image of a P5
3–5 M⍀ (PP-830; Narishige).
Spig1 retina (which express GFP in On-DSGCs), loaded with the calcium indicator OGB-1 AM. Subsequent frames show the sequen⫺
To record Cl -mediated currents during
retinal waves, we conducted whole-cell voltage- tial binarized image frames for a single retinal wave used to measure wave direction and speed. Bottom right, Overlay of binarized
clamp recordings as described previously wavefronts with increasing time depicted by lighter regions. Arrow indicates the wave propagation direction obtained from the
(Blankenship et al., 2009). GABAergic currents normalized vector sum of all the steps of the wavefront (black line). B, Left, Histogram of wave directions for all P3–P5 recordings
were blocked using 2–5 M gabazine (Tocris revealed a small but significant bias for waves propagating in the nasal direction ( p ⬍ 0.05, Rayleigh test, N ⫽ 202 waves from
Bioscience). For cell-attached recordings, a 150 13 cells in 7 retinas). Right, The nasal bias was more pronounced in P9 –P10 retinas ( p ⬍ 0.001, Rayleigh test; N ⫽ 468 waves
mM NaCl internal was used. Cell-attached from 27 cells in 19 retinas; bin size, 45°). C, Left, A histogram of wave speeds for all P3–P5 recordings. Top bar shows the
data were sampled at 10 kHz and bandpass approximate speed tuning for adult mouse On-Off-DSGCs (figure adapted from Weng et al., 2005). Directional responses become
filtered between 80 and 2000 Hz. Spike times stronger as wave speed increases beyond a few degrees per second, as indicated by the lightening of the bar. Bottom axis shows the
were extracted using custom code (Matlab; same speeds in micrometers per second. Median wave speed, 104 m/s, 3.5 deg/s; N ⫽ 279 waves from 15 cells in 9 retinas; bin
size, 15 m. Right, All P9 –P10 wave speeds. Median wave speed, 100 m/s, 3.3 deg/s; N ⫽ 572 waves from 28 cells in 20 retinas;
Mathworks).
Calcium imaging analysis. All imaging anal- bin size, 15 m.
ysis was performed using custom code (Matlab). To detect waves, the fractional change in
where Favg is the raw fluorescence signal of the frame obtained by averfluorescence intensity ⌬F/F for each frame was calculated as follows:
aging over a 200 ⫻ 200 m region centered on the cell, and Ffiltavg is Favg
filtered with a fourth-order Butterworth band-stop filter with cutoffs
⌬F
F avg
between 0.005 and 0.3 Hz. Retinal waves were detected in the ⌬F/F trace
⫺ 1,
⫽
F
Ffiltavg
by applying a threshold at 2.3 SDs. Waves that did not pass over a 20 ⫻ 20
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Blankenship et al., 2009). Binarized images of retinal waves were used to determine the propagation direction and speed
for each wave (Fig. 1 A) (Blankenship et
al., 2009).
During the first 10 postnatal days, retinal waves exhibit well defined wavefronts
(Fig. 1 A). We found, consistent with previous recordings using multielectrode arrays during the first postnatal week in
mouse retina (Stafford et al., 2009), a bias
observed with calcium imaging toward
waves propagating in the nasal direction
at P3–P4 (Fig. 1 B, left). This bias was
more pronounced at P9 –P10 (Fig. 1 B,
right). The direction of the bias we observed differs slightly from that previously
reported (Stafford et al., 2009). This small
discrepancy may be due to the different
methods used to define the direction of
the wavefront using a multielectrode array versus calcium imaging. Hence, retinal waves provide a consistent directional
bias in both the first and second postnatal
weeks.
Interestingly, waves propagate at ⬃100
micrometers/s at P3–P5 and P9 –P10 (Fig.
1C). This corresponds to 3.3 degrees/s for
visual stimuli, which is the lower bound
Figure 2. Characterizing DSGC participation in retinal waves using calcium imaging and cell-attached recordings. A, Live
for eliciting directional responses in adult
two-photon images of a P10 On-Off-DSGC (left), a P9 On-DSGC (middle), and a P11 Off-DSGC (right), all before eye opening. The
On-Off- and On-DSGCs were filled with Alexa 594 before imaging. B, Top, Labeled somas in a P5 Spig1 retina (which express GFP in mice (Weng et al., 2005). Hence, retinal
On-DSGCs) bolus loaded with the calcium indicator OGB-1 AM, imaged with a GFP cube. Bottom, The same region imaged with a waves may potentially act as a proxy for
CFP cube, which preferentially activates GFP over OGB-1 AM. A GFP⫹ cell is shown in the cell-attached recording configuration. moving visual stimuli that activate direcThe membrane of the GFP⫹ cell is visible within the electrode. C, Top, The ⌬F/F trace reveals periodic retinal waves passing over tional circuits.
To measure the action-potential firing
a 200 ⫻ 200 m region centered on the GFP⫹ cell shown in A. Dashed line indicates the threshold used for isolating waves.
Middle, Spike bursts elicited from the GFP⫹ cell during waves. Inset shows the spikes for a single wave.
of DSGCs during retinal waves, we conducted simultaneous calcium imaging
m window centered on the DSGC were excluded from subsequent
and physiological recordings from transanalysis. Next, the image frames for each retinal wave were convolved
genic mice expressing XFP in particular subtypes of DSGCs (Fig.
with a 20 ⫻ 20 m spatial averaging filter. Finally, binarized image
2 A). Recordings were conducted from three types of transgenic
frames were obtained by applying a 2 SD intensity threshold.
mice. Expression of GFP under the DRD4 promoter uniquely
Wave speed and direction were measured by connecting the nearest
labels a subtype of On-Off-DSGCs that prefer motion in the nasal
points of the binarized wave front across subsequent frames (Blankenship et
direction (Fig. 2A, left) (Huberman et al., 2009). GFP expression
al., 2009), which generates a direction vector on each image frame. The sum
under the SPIG1 promoter labels the On-DSGCs that prefer moof these vectors indicates the wave direction. A wave’s speed was determined
tion in the ventral direction (Fig. 2 A, middle) (Yonehara et al.,
by the median length of its direction vectors. The spike count for each wave
2008, 2009). Expressing YFP under the JamB promoter (Kim et
was obtained by summing all of the spikes that occurred in an 8 s window
al., 2008) labels a recently discovered Off-direction-selective cell
centered on the time of threshold crossing in the ⌬F/F trace.
Statistics. All statistics were performed using commercially available
also preferring motion in the ventral direction (Fig. 2 A, right). All
algorithms (Matlab). Distributions were first tested for normality using
three labeled DSGCs have well defined null directions in adults,
the Shapiro–Wilk test. Multiple comparisons between normal distribuallowing us to examine the influence of wave direction on DSGC
tions were performed using one-way ANOVAs with Tukey–Kramer post
responses (Figs. 2 B, C).
hoc tests. For non-normal distributions, the Kruskal–Wallis test was used
In On-Off- and On-DSGCs, direction selectivity arises, at least
with Dunn post hoc tests for multiple comparisons, and the Wilcoxon
in part, from asymmetric GABAergic inputs onto the cells (Fried
rank sum test was used for pairwise comparisons. The 95% confidence
et al., 2002; Taylor and Vaney, 2002; Sun et al., 2006). We found
intervals for medians were generated by resampling the original distributhat GABAergic inputs were present in On-Off- and On-DSGCs
tions and applying the bias-corrected percentile method (Efron and Tibduring retinal waves as early as P4 (supplemental Fig. 1, available
shirani, 1986). Results with p ⬍ 0.05 were considered significant.
at www.jneurosci.org as supplemental material). We therefore
Results
examined whether these nascent GABAergic inputs translated to
To test the hypothesis that retinal waves provide an instructional
differences in spiking output for waves propagating in the presignal for the establishment of directional circuits, we first set out
ferred and null directions of each DSGC type. We first tested
to describe the propagation bias of retinal waves. Calcium imagwhether the direction of wave propagation influenced DSGC
ing was used to monitor retinal waves. Retinas were bolus loaded
spiking during the first postnatal week (P3–P5), when retinal
with the calcium-indicator dye OGB-1AM (Stosiek et al., 2003;
waves are mediated by a circuit composed of RGCs and starburst
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amacrine cells, the cell class critical for
computing directional responses in adult
On-Off- and On-DSGCs (Yoshida et al.,
2001; for review, see Fried and Masland,
2007). At this age, nasal-preferring OnOff-DSGCs showed low spike counts during waves, with some cells not spiking at
all (3 of 8 cells). Nasal-preferring On-OffDSGCs exhibited the same spiking levels
regardless of whether waves moved in the
preferred or null direction (On-Off, p ⫽
0.10, one-way ANOVA) (Fig. 3A). Similarly, ventral-preferring On-DSGCs showed
no difference in spiking as a function of
wave direction ( p ⫽ 0.69, one-way
ANOVA), even though their overall spiking
per wave was higher than that of the OnOff-DSGCs ( p ⬍ 0.001, rank sum). We did
not perform these early-age experiments in
Off-DSGCs. Thus, either retinal waves at
this age do not selectively activate null-side
inhibitory circuits or the asymmetric inhib- Figure 3. Retinal wave direction did not influence DSGC spiking during development. A, B, DSGC spike counts as a function of
itory inputs underlying direction selectivity wave direction at P3–P5 (A) and P9 –P10 (B). Waves were grouped into four bins centered along the cardinal axes according to
their propagation directions. Gray circles show the spike count evoked by a single wave (x-axis jittered for clarity). Black diamonds
are not yet mature.
We next tested whether the spiking of indicate the median plus or minus the bootstrapped 95% confidence intervals (see Materials and Methods). Insets show the
DSGCs in older animals (P9 –P10) was in- preferred directions of the labeled subtypes for each mouse line (black arrows), as well as the preferred directions of the nonlabeled
cells belonging to the same types (gray arrows). P3–P5 On-Off, Thirty nasal (N), 32 dorsal (D), 16 temporal (T), and 16 ventral (V)
fluenced by the direction of wave propawaves, recorded from eight cells in five retinas. P3–P5 On, Thirty-six nasal, 15 dorsal, 29 temporal, and 21 ventral waves, recorded
gation. At this age, activation of GABAA from six cells in three retinas. P9 –P10 On-Off, One hundred twenty-eight nasal, 24 dorsal, 7 temporal, and 24 ventral waves,
receptors hyperpolarizes RGCs (Zhang et recorded from 11 cells in six retinas. P9 –P10 On, Sixty-six nasal, 25 dorsal, 18 temporal, and 50 ventral waves; recorded from eight
al., 2006) and light-evoked direction- cells in six retinas. P9 –P10 Off, Fifty-two nasal, 37 dorsal, 20 temporal, and 17 ventral waves, recorded from eight cells in seven
selective responses have been detected 1–2 retinas.
d later in both On-Off- and On-DSGCs
(Chen et al., 2009; Yonehara et al., 2009).
2008). ␤2-nAChR-KO mice, which do not exhibit normal retinal
On-Off-DSGCs showed significantly higher spike counts per wave at
waves, have disrupted retinofugal projections and altered visual
P9 –P10 compared with P3–P5 (P9 –P10: median, 23 spikes, 95% CI,
responses (for review, see Torborg and Feller, 2005; Wang et al.,
21–24; vs P3–P5: median, 2 spikes; 95% CI, 1–3; p ⬍ 0.001, rank
2009). However, the spontaneous in vivo firing patterns of ␤2sum) (Fig. 3B), whereas the On-DSGCs had lower overall spike
nAChR-KO retinas are not known— under some recording concounts compared with younger ages (P9 –P10: median, 9 spikes;
ditions, ␤2-nAChR-KO retinas exhibit uncorrelated action
95% CI, 6 –11; vs P3–P5: median, 13 spikes; 95% CI, 11–15; p ⬍ 0.05,
potential firing (McLaughlin et al., 2003), whereas in others they
rank sum). However, there was no asymmetry in the firing as a
exhibit propagating activity (Sun et al., 2008; Stafford et al.,
function of wave direction at P9 –P10 in either On-Off-DSGCs ( p ⫽
2009). We did not record from DSGCs in ␤2-nAChR-KO mice,
0.36, one-way ANOVA) or On-DSGCs ( p ⫽ 0.46, Kruskal–Wallis).
but the compensatory waves observed in these mice do not have
The Off-DSGCs, in contrast to other Off cells (Kerschensteiner and
the same bias in wave propagation as waves in wild-type mice
Wong, 2008), showed the lowest overall median spike rate at P9 –
(Stafford et al., 2009) and therefore they are not likely to be inP10 (median, 2.5 spikes; 95% CI, 2–3; p ⬍ 0.05, Kruskal–Wallis); yet,
structive for the development of DSGCs.
similar to the On-Off- and On-DSGCs, no asymmetry was detected
The observation that DSGCs do not respond differentially to
in spike counts across wave directions ( p ⫽ 0.14, one-way ANOVA).
the direction of wave propagation has three possible interpretations. First, directional circuits are not yet mature. Although diDiscussion
rectional responses have been recorded as early as P11 in mice
We found that that DSGCs fire robustly during retinal waves,
(Chen et al., 2009), the extent of these early directional responses
independent of the direction of wave propagation. These results,
and the mechanisms underlying them are not yet known. Second,
combined with previous findings that direction selectivity is dethe strength of the input during waves overwhelms the directiontected at eye opening independent of visual experience (Chan and
selective-specific inhibitory circuits. Third, waves do not activate
Chiao, 2008; Elstrott et al., 2008; Chen et al., 2009; Yonehara et
the inhibitory circuits that mediate direction selectivity because
al., 2009), suggest that directional activity, either spontaneous or
they propagate at speeds that are not optimal for activating the
visually evoked, is not likely to provide an instructive cue for the
directional circuitry. Adult DSGCs show characteristic speed
formation of null-side inhibition in directional circuits.
tuning, with stimuli that are too fast or slow resulting in diminThe findings reported here are also consistent with a previous
ished direction selectivity (Oyster et al., 1972). In mice, both
report combining multielectrode array recording and calcium
On-Off-DSGC and Off-DSGC directional responses have been
imaging (M. L. Morgan and R. O. Wong, personal communicareported for stimuli moving at a few degrees per second with
tions) and our finding that mice lacking the ␤2 subunit of the
increasing direction selectivity as the stimulus speed increases (Fig.
neuronal nicotinic acetylcholine receptor (␤2-nAChR-KO) have
1C) (Weng et al., 2005; Kim et al., 2008). On-DSGCs have been
normal directional selectivity at eye opening (Elstrott et al.,
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successfully stimulated at ⬃10 deg/s (Sun et al., 2006; Yonehara et al.,
2009), though the entire tuning range has not been described. Retinal waves at P9 –P10 ranged in speed from 0.6 to 14.8 deg/s, with a
median speed of 3.3 deg/s (Fig. 1C), which is on the low end of speed
tuning for On-Off-DSGCs in mice (Weng et al., 2005) and therefore
may not activate inhibitory circuits with the appropriate timing to
generate null-side inhibition.
In conclusion, we demonstrated that three types of DSGCs are
depolarized by retinal waves but that neither the bias in wavedirection propagation nor the direction of waves were found to
correlate with DSGC spiking. These findings are consistent with
the hypothesis that the directional biases induced by retinal waves
are not instructive for the establishment of directional circuits.
However, they do not rule out activity in all aspects of the establishment of direction selectivity. The processes of starburst amacrine cells and DSGCs cofasciculate early in the first postnatal
week (Stacy and Wong, 2003; Yonehara et al., 2008), at an age
during which starburst cells and DSGCs are both strongly activated by retinal waves. During the second postnatal week, preventing synaptic release from On-bipolar cells reduced the rate of
synapse formation, leading to weaker connections between bipolar and ganglion cells (Kerschensteiner et al., 2009). Hence, retinal waves may provide a source of depolarization that is necessary
for preserving the appropriate synapses and/or pruning the inappropriate synapses for properly wiring up directional circuits.
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