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SUMMARY

Visually guided behavior can depend critically on de-
tecting the direction of object movement. This
computation is first performed in the retina where di-
rection is encoded by direction-selective ganglion
cells (DSGCs) that respond strongly to an object
moving in the preferred direction and weakly to an
object moving in the opposite, or null, direction (re-
viewed in [1]). These DSGCs come in multiple types
that are classified based on their morphologies,
response properties, and targets in the brain. This
study focuses on two types—ON and ON-OFF
DSGCs. Though animals can sense motion in all di-
rections, the preferred directions of DSGCs in adult
retina cluster along distinct directions that we refer
to as the cardinal axes. ON DSGCs have three cardi-
nal axes—temporal, ventral, and dorsonasal—while
ON-OFF DSGCs have four—nasal, temporal, dorsal,
and ventral. How these preferred directions emerge
during development is still not understood. Several
studies have demonstrated that ON [2] and ON-OFF
DSGCs are well tuned at eye-opening, and even a
few days prior to eye-opening, in rabbits [3], rats
[4], and mice [5-8], suggesting that visual experience
is not required to produce direction-selective tuning.
However, here we show that at eye-opening the
preferred directions of both ON and ON-OFF DSGCs
are diffusely distributed and that visual deprivation
prevents the preferred directions from clustering
along the cardinal axes. Our findings indicate a crit-
ical role for visual experience in shaping responses
in the retina.

RESULTS

Clustering of Direction-Selective Ganglion Cell
Preferred Directions along Cardinal Axes after
Eye-Opening Requires Visual Experience

We used two-photon calcium imaging to study the development
of direction-selective ganglion cells (DSGC) populations in

mouse retina. This imaging technique has proved to be quite
powerful in characterizing the receptive field properties of retinal
ganglion cells [9-12]. We loaded retinas of wild-type (WT) mice
near eye-opening (P13-P14) and in adulthood (>P30) with the
calcium dye Oregon green 488 BAPTA-1 hexapotassium salt
(OGB-1) via electroporation, thus uniformly labeling the ganglion
cell layer (Figure 1A; see the Supplemental Information). Ventral
portions of the retina were stimulated with light centered at
385 nm to maximally activate UV cones [13, 14] while minimizing
crosstalk with the imaging detectors (Figure S1). This approach
allowed us to record from all DSGC subtypes within a single field
of view (~40,000 um?).

To identify DSGCs, we first used full-field UV-light flashes to
classify cells as ON, OFF, or ON-OFF retinal ganglion cells
(RGCs) (Figure S1; Table S1). We found that around 80% of
the cells in the ganglion cell layer of young and adult retinas re-
sponded to light flashes with changes in fluorescence (Table
S1), similar to the RGC percentages reported in previous studies
[9, 11, 12]. In addition, over development we observed a
decrease in the percentage of ON-OFF RGCs (28.03% at P13-
P14 to 20.84% in adult) (Table S1) [15].

Second, we used light bars on a dark background drifting in
eight directions to identify and classify ON and ON-OFF DSGCs.
In adult (>P30) and young (P13-P14) retinas, both ON and ON-
OFF DSGCs were readily distinguishable (Figure 1B; Table S1;
Supplemental Information) and DSGCs in the same field of
view displayed different preferred directions (Figure 1C; Fig-
ure S1). For both ages, ON and ON-OFF DSGCs displayed stable
preferred directions in response to two consecutive imaging
sessions (Figure 1D). Finally, DSGCs had significantly reduced
tuning in the presence of the GABAA receptor blocker, gabazine
(5-10 uM; n = 56 cells from four retinas) (Figures 1E-1G). These
effects were observed both in young and adult retinas, confirm-
ing that the asymmetric inhibition that generates the directional
tuning is established and functional at early developmental
stages in both DSGC types [7, 16, 17]. Together, these experi-
ments indicate that we can reliably record from stable popula-
tions of ON and ON-OFF DSGCs.

We next investigated the distribution of preferred directions of
these DSGCs in adult and at eye-opening. In adult retinas, we
found that the preferred directions of ON DSGCs clustered along
three cardinal axes while the preferred directions of ON-OFF
DSGCs clustered along four axes [1, 18, 19]. However, at eye-
opening (P13-P14), the preferred directions of both ON and
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Figure 1. Two-Photon Calcium Imaging Reliably Identifies Both ON and ON-OFF DSGCs in Response to UV-Drifting Bars

(A) Two-photon fluorescent image of OGB-1 in ganglion cell layer of P13 retina. Red and blue circles indicate ON and ON-OFF DSGCs, respectively.

(B) Examples of OGB-1 calcium signals (AF/F,) in response to a UV bar moving in eight different directions (black arrows).

(C) Average calcium responses (AF/F,) and tuning curves of three ON DSGCs and four ON-OFF DSGCs from the same field of view in response to a UV-drifting
bar. The colored lines inside the polar plots indicate the vector sum. Numbers around polar plots are indicating the amplitude of calcium signals (AF/F,). V, ventral;
N, nasal; D, dorsal; T, temporal.

(D) Preferred directions remain stable between two consecutive imaging sessions for both ON (red) and ON-OFF DSGCs (blue) at eye-opening (top, n = 73 cells
from three retinas) and in adult (bottom, n = 30 cells from two retinas). Pref. dir., preferred direction. r? indicates the measure of goodness of fit of linear regression.
(E) Examples of OGB-1 calcium signals (AF/F,) from an ON-OFF DSGC (top) and an ON DSGC (bottom) in the same field of view from a P14 retina before (top),
after 15-min bath application of GABA4 receptor blocker (GABAzine, 10 pM; middle) and after 30 min of rinsing (bottom). Tuning curves for each condition are
shown on right.

(F) Direction-selective index of ON DSGCs (red) and ON-OFF DSGCs (blue) from P13-P14 and adult retinas before, during, and after GABAzine application. Black
circles and error bars show mean + SD (***p < 0.001, one-way ANOVA with Tukey post hoc test).

(G) Summary effects of GABAzine (5-10 uM; white bars) and its rinse (gray bars) on the direction-selective index (DSI) as compared to control at eye-opening (left,
n =36 DSGCs with 16 ON DSGCs and 20 ON-OFF DSGCs from two retinas) and in adult (right, n = 20 DSGCs with 12 ON DSGCs and 8 ON-OFF DSGCs from two
retinas). Means and SD are shown. (***p < 0.001, one-way ANOVA with Tukey post hoc test.)

See also Figure S1 and Table S1.

ON-OFF DSGCs were more broadly distributed than in adult (Figure S2) and therefore was not due to variations in retinal posi-
(Figure 2A), similar to rabbit [20]. We note that this lack of clus-  tioning in the recording chamber. Interestingly, ON-DSGCs
tering along the cardinal axes was observed in individual retinas  mostly avoided nasal preferred directions, indicating a strong
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Figure 3. Non-cardinal DSGCs Do Not Display Broader Direction-Selective Tuning or Distinct Speed-Tuning

(A) Examples of OGB-1 calcium signals (AF/F,) from four non-cardinal ON-OFF DSGCs in a P13 retina with tuning curves shown at right. Numbers around polar
plots are indicating the amplitude of calcium signals (AF/F,).

(B) Direction selectivity index and magnitude of the vector sum of ON DSGCs (top) and ON-OFF DSGCs (bottom) that are aligned (light gray circles, cardinal) or not
aligned (dark gray circles, non-cardinal) along the cardinal axes at eye-opening (P13-P14, n = 157 cardinal ON DSGCs and n = 88 non-cardinal ON DSGCs;
n =330 cardinal ON-OFF DSGCs and n = 103 non-cardinal ON-OFF DSGCs from seven retinas) and after dark-rearing (DR, n = 132 cardinal ON DSGCs and n = 39
non-cardinal ON DSGCs; n = 229 cardinal ON-OFF DSGCs and n = 108 non-cardinal ON-OFF DSGCs from six retinas). (p > 0.05, one-way ANOVA with Tukey
post hoc test.) Mean and SD are shown.

(legend continued on next page)
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repulsive signal for that direction. Our findings indicate that the
preferred directions for ON and ON-OFF DSGCs cluster along
the cardinal axes within three weeks after eye-opening.

To test whether this clustering is dependent on visual experi-
ence, we measured the tuning properties in WT mice that were
dark-reared from P3 to adult (>P30). Surprisingly, we found
that dark-rearing prevented the clustering of the preferred direc-
tions of both ON and ON-OFF DSGC along the cardinal axes
(Figure 2A; Figure S2). Re-exposure to light for 30-50 days
following dark rearing leads to clustering of ON-OFF and ON
DSGCs along the cardinal axes (Figures 2 and S2; Table S2),
though many cells retained preferred directions along non-cardi-
nal axes. This partial rescue of the phenotype indicates that there
is not a strict critical period for the development of retinal direc-
tion selectivity.

To compare quantitatively the distributions of preferred direc-
tions for P13-P14, adult light-reared, adult dark-reared, and
dark-reared mice that were re-exposed to light, we used three
methods. First, we fit each DSGC population’s distribution of
preferred directions to a mixture model composed of three von
Mises (VM) distributions for ON cells and four VM distributions
for ON-OFF cells, using maximum likelihood estimation (Fig-
ure 2A; Table S2). Adult DSGC populations for both ON and
ON-OFF cells were well fit with narrower VM distributions, while
P13-P14 and dark-reared populations were fit by broader VM
distributions, indicating that adult DSGCs display stronger clus-
tering than their P14 and dark-reared counterparts. This effect
was more pronounced for the vertically tuned ON-OFF DSGCs
(Table S2). Again, the fits indicate that the clustering was partially
recovered upon re-exposure to light.

Second, we used circular statistics to compare distributions of
preferred directions and determined significant differences be-
tween adult, P13-P14 and dark-reared ON and ON-OFF DSGCs
(Figure S3; Table S3). We found that in dark-reared mice re-
exposed to light, ON-OFF DSGCs, but not ON-DSGCs, were
also significantly different than light-reared adults.

Third, we used a k-means clustering algorithm [21] to deter-
mine the number of clusters that best describes the distribution
pattern of the preferred directions of DSGCs (Figure 2B). To
compare the extent of clustering, we computed the silhouette
value, with higher silhouette values indicating an appropriate
number of clusters [20, 21] (see the Supplemental Information).
Adult retinas displayed significantly higher silhouette values for
three and four specific clusters for the ON and the ON-OFF
DSGCs, respectively, than a random distribution of preferred di-
rections (0.91 and 0.89). In contrast, neither young nor dark-
reared retinas showed a peak in their silhouette values for any
cluster number. Thus, at eye-opening and in dark-reared adult

retina, both ON and ON-OFF DSGCs display distributions of
preferred directions that are not significantly different from a
random distribution of preferred directions. Consistent with pre-
vious measures (Figure 2), re-exposure to light partially reverses
this effect. Significant higher silhouette values were observed for
three and four specific clusters for the ON and the ON-OFF
DSGCs, respectively, compared to a random distribution of
preferred directions (0.87 and 0.85) (Figure 2B).

To determine the effect of dark rearing on DS tuning, we
compared two measures of tuning—direction-selective index
(DSI) and the magnitude of the vector sum—for the different con-
ditions (Figure 2C). We found no significant difference for the
DSIs of either ON and ON-OFF DSGCs across conditions
[3, 6], and a small but significant increase in the vector sum for
ON-OFF DSGCs across development, as described previously
[5, 8], suggesting a visually driven maturation of tuning proper-
ties. Though DSGCs were strongly tuned at eye-opening and
after dark-rearing, both ON and ON-OFF DSGCs in young and
dark-reared mice retained the immature distribution of preferred
directions, failing to cluster along the cardinal axes (Figure 2;
Figure S2).

Finally, we found that dark-rearing led to a higher percentage
of non-responsive cells to light in dark-reared mice (Table S1)
and a small but significant decrease (~5%) in calcium transient
amplitudes of ON responses, but not OFF responses, from
DSGCs in dark-reared mice, consistent with previous studies
in which it was demonstrated that visual deprivation weakens
excitatory inputs into RGCs [22] and alters the synaptic connec-
tivity between cones and ON bipolar cells [23] or potentially con-
nections between bipolar cells and their postsynaptic targets.

Together, these results indicate that the primary impact of
visual experience is on clustering of ON and ON-OFF DSGCs
preferred directions along their cardinal directions rather than
on the development of their light response or directional tuning.

Clustering along Cardinal Axes Occurs via Realignment
Rather Than Refinement of Directional Tuning

How does visual experience induce the clustering of preferred
directions? As a first step toward answering this question, we
investigated whether clustering occurs via refinement, i.e.,
a sharpening or stabilizing of DSGC directional tuning. We
compared the strength of directional tuning for DSGCs aligned
along the cardinal axes to that of DSGCs not aligned along these
axes, which we term non-cardinal DSGCs (see the Supplemental
Information). We found that non-cardinal DSGCs exhibited
similar calcium transient amplitudes and directional tuning prop-
erties (DSI and magnitude of the vector sum) to cardinal-axes
DSGCs (Figures 3A-3D). Moreover, in young and dark-reared

(C and D) Direction-selectivity index as a function of the preferred directions of ON DSGCs (left) and ON-OFF DSGCs (right) that are aligned (light-gray circles) or
not aligned (dark-gray circles) along the cardinal axes at P13—-P14 (n = 245 ON DSGCs and n = 433 ON-OFF DSGCs from seven retinas) and after dark-rearing
(n=171 ON DSGCs and n = 337 ON-OFF DSGCs from six retinas). Each circle represents one DSGC. Mean and SD are shown.

(E) Preferred directions are stable between two consecutive imaging sessions for non-cardinal ON (red) and ON-OFF DSGCs (blue) at eye-opening (top, n = 23
cells from three retinas) and after dark-rearing (bottom, n = 12 cells from two retinas). Pref. dir., preferred direction.

(F and G) Speed tuning of non-cardinal (top) and cardinal (bottom) ON-OFF (blue) and ON (red) DSGCs as assessed by three different bar speeds (left, 0.25 mm/s;
middle, 0.5 mm/s; right, 1 mm/s) from adult dark-reared (F) and P13-P14 (G) retinas.

(H) Comparison of the speed tuning from cardinal (light-gray circles) and non-cardinal (dark-gray circles) ON (left) and ON-OFF (right) DSGCs. DSlIs were
normalized to the value recorded at 0.5 mm/s in dark-reared (top, n = 37 cardinal ON DSGCs and n = 30 non-cardinal ON DSGCs; n = 69 cardinal ON-OFF DSGCs
and n = 31 non-cardinal ON-OFF DSGCs) and young mice (bottom, n = 19 cardinal ON DSGCs and n = 12 non-cardinal ON DSGCs; n = 65 cardinal ON-OFF
DSGCs and n = 17 non-cardinal ON-OFF DSGCs) (*p < 0.01, one-way ANOVA with Tukey post hoc test). Mean and SD are shown.
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Figure 4. Clustering of GFP* DSGCs along the Cardinal Axes Occurs by a Process of Realignment that Depends on Visual Experience

(A) Two-photon fluorescent images (left) show the GFP signal (top, green channel) and the calcium dye Rhod-2 signal (bottom, red channel) in the ganglion cell
layer of a P14 Drd4-GFP mouse. The three white-circled GFP* ON-OFF DSGCs produce the shown Rhod-2 calcium responses (AF/F,) (middle) and tuning curves
(right). All have the same nasally oriented preferred direction. Numbers around polar plots are indicating the amplitude of calcium signals (AF/F,).

(B) Polar plots and histograms of preferred directions for GFP* ON-OFF DSGCs from DRD4-GFP mice (left) and TRHR-GFP mice (right) in adult (top), at eye-
opening (middle) and after dark-rearing (bottom). Solid black lines of polar plots indicate a vector sum length of 0.5 (see the Supplemental Information for
definition).

(C) Percentage of GFP* ON-OFF DSGCs (DRD4-GFP line, left; TRHR-GFP line, right) that are nasally (N, blue), dorsally (D, yellow), ventrally (V, red) tuned or
untuned (white) at eye-opening (P13-P14), in adult and after dark-rearing. Total number of imaged GFP™ cells is given within bars.

(D) Percentage of nasally tuned ON-OFF DSGCs (DRD4-GFP line, left; TRHR-GFP line, right) that are GFP* (gray) or GFP- (white) at eye-opening (P13-P14), in
adult and after dark-rearing. Total number of imaged nasally tuned DSGCs is indicated within bars.

(E) Direction selectivity index of cardinal (light gray circle) and non-cardinal (dark-gray circle) ON-OFF DSGCs from DRD4-GFP and TRHR-GFP mice at P13-P14

(left) and after dark-rearing (right) (p > 0.05, Mann-Whitney t test). Means and SD are shown.

See also Figure S4 and Table S4.

retinas the preferred directions of non-cardinal ON and ON-OFF
DSGCs remained stable in two consecutive imaging sessions
(Figure 3E). Thus, non-cardinal tuning is not the result of broader
tuning that would cause the preferred direction to be more vari-
able [24], indicating that vision-based clustering is not due to
refinement of DSGC directional tuning. Furthermore, non-cardi-
nal DSGCs exhibited the same velocity tuning as cardinal
DSGCs in both in young and dark-reared mice (Figures 3F and
3G). Together, these results suggest that visually driven clus-
tering is not due to the relative timing of the excitatory and inhib-
itory inputs onto DSGCs [25].

We next investigated whether vision causes non-cardinal
DSGCs to realign their tuning to a cardinal direction. We

6 Current Biology 26, 1-9, May 23, 2016

repeated our experiments in two transgenic mouse lines—
Drd4-GFP [26] and Trhr-GFP [27]—that express GFP in the
DSGC subtype that prefers motion only along the nasal direction.
To enable simultaneous imaging of GFP and calcium transients,
we used a red-calcium dye, Rhod-2 [9, 28] (Figure 4A). We first
confirmed in adult retina that the majority of GFP* cells were
ON-OFF DSGCs (~74% for Drd4 and ~81% for Trhr), a fraction
consistent with a previous report based on targeted recordings
[27]. We found that the vast majority of these DSGCs preferred
directions clustering along the nasal axis (Table S4). Of note, in
Trhr-GFP and Drd4-GFP mice, the GFP* cells constituted 34%
(21/62) and 68% (26/38), respectively, of all nasally tuned
DSGCs in adult, indicating that neither line fully represents this
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subtype of ON-OFF DSGCs. To ensure that we were not under-
counting due to dim GFP fluorescence, we compared the cell
densities based on retinas immuno-stained for GFP either before
or after the electroporation of Rhod-2. We did not observe any
significant differences between these three conditions for Drd4
and Trhr lines in P13-P14, adult or dark-reared retinas (Table S4).

Similar to our results for all DSGCs, these genetically identifi-
able subtypes of DSGC exhibited a broader distribution of
preferred directions at eye-opening and after dark-rearing than
in adult (Figures 4B and 4C). Compared to adult retinas, we
observed a larger percentage of non-cardinal (i.e., non-nasally
tuned) GFP* neurons at P14 (Drd4, 12% + 4%; Trhr, 13% =+
3%; Figure 4C; Table S4) and after dark-rearing (Drd4, 21% =+
5%; Trhr, 31% + 8%, Figure 2C; Table S4). Note, the strength
of directional tuning for non-cardinal GFP* DSGCs did not differ
significantly from cardinal GFP* DSGCs in either transgenic lines
(Drd4 and Trhr) (Figure 4E), indicating that the non-cardinal axes
tuning is not caused by weaker tuning properties. In addition, we
did not observe higher cell densities of the ON and the ON-OFF
DSGCs in young or dark-reared retinas compared to adult (Table
S1) ruling out the possibility that non-cardinal DSGCs lose their
direction selectivity rather than realigning along the cardinal axes.

Last, we tested whether dark-rearing altered the morphology
of DSGCs. In mice, dark-rearing changes the dendritic stratifica-
tion [15, 29] and dendritic branching patterns [30] of non-direc-
tion-selective RGCs. However, in rabbits, dark-reared DSGCs
display dendritic features that are similar to normally reared
DSGCs [3]. GFP* DSGCs is both Trhr and Drd4 mice were filled
with a fluorescent dye via a whole-cell pipette and subsequently
imaged. We found that dark-rearing did not alter the morphology
of DSGC dendritic arborizations (Figure S4).

Together, these experiments indicate that visual experience
clusters the preferred directions of DSGCs not by narrowing
the directional tuning but via visual experience-dependent
realignment.

DISCUSSION

We find that although ON and ON-OFF DSGCs are detectable at
eye-opening in mice, their preferred directions are not clustered
along the cardinal axes as in adult. Moreover, this clustering
does not emerge in dark-reared animals. Our findings indicate,
for the first time, that visual experience plays a critical role in
the development of one aspect of directional selectivity within
the mouse retina, namely, the clustering of preferred directions
along the cardinal axes. Thus, visual experience plays a crucial
role in shaping receptive field properties in the retina.

Distribution of DSGC Preferred Directions along the
Cardinal Axes Changes over Development

In contrast to our results reported here, previous reports from our
laboratory that were based on multi-electrode array (MEA) re-
cordings indicated that the cardinal distribution of preferred di-
rections was established at eye-opening [5]. One potentially
important difference is that the current study was the use of light
stimulation of cones dominated by S opsin in ventral retina [13,
14] to evoke DSGC responses while our previous study used
visible light to stimulate cones dominated by M opsin in dorsal
retina. Since mouse retina exhibits delayed expression of M

opsin immunoreactive cones compared to S cones [31], MEA
may have recorded fewer numbers of DSGCs at eye-opening.
In fact, quantification of clustering by applying the k-clustering
analysis to our previous MEA data does in fact indicate a lack
of clustering at P14 [20]. Hence, our findings here agree with
previous studies and with more recent single-cell extracellular
recordings from rabbit retina that also indicate a lack of clus-
tering at eye-opening [20].

A second difference with the previous MEA study is that align-
ment of the preferred directions along the temporal and ventral
quadrants were overrepresented [5, 32], a bias that persisted
in recordings from V1 at eye-opening [33] but was not seen
here (Figure 2; Figure S3). Interestingly, it was recently shown
that DSGC preferred directions vary retinotopically (S. Sabbah
et al.,, 2015, Association for Research in Vision and Ophthal-
mology, abstract); hence, recordings in dorsal retina may show
a different distribution of preferred directions than recordings
in ventral retina. Additional work is necessary to determine
whether this retinotopy of preferred directions is observed for
both ON and ON-OFF DSGC subtypes.

Potential Activity-Dependent Mechanisms

How could visual experience alter the distribution of DSGC
preferred directions? The predominant model for direction selec-
tivity is that the null axis is determined by the precise wiring of
GABAergic starburst amacrine cells (SACs) onto the different
subtypes of ON and ON-OFF DSGCs [1]. Hence, refinement of
inhibitory connectivity from null-oriented SAC processes to
DSGCs may contribute to the clustering of preferred directions
along the cardinal axes. Prior to eye-opening, there is an in-
crease in the number of functional inhibitory synapses from the
null-oriented SAC processes to DSGCs [7, 16, 17]. In adult, serial
EM reconstructions indicate that a given SAC branch, which is
activated most strongly by centrifugal motion, preferentially,
but not exclusively, synapses onto one DSGC subtype [34].
Therefore, one possibility is that after dark-rearing, the wiring
of SACs to DSGCs is less precise in that a given SAC branch
is not as particular and forms many synapses with different
DSGCs, and thus a given DSGC receives inputs from SAC
branches of different orientations. Note in this scenario the tun-
ing width of DSGCs could remain narrow despite the integration
of different orientations if tuning were determined by postsyn-
aptic non-linearities, such as dendritic spiking [35].

A second possibility is that visual experience facilitates the
maturation of SAC-SAC connectivity. For example, deleting pro-
tocadherins in SACs leads to a loss of self-avoidance between
SACs [36] and produces a broader distribution of preferred
directions for ventrally tuned DSGCs. Indeed, the connections
between closely spaced SACs do undergo an age-dependent
decrease. Hence, vision-dependent refinement of SAC-SAC
connectivity may play a role in clustering DSGC preferred direc-
tions along the cardinal axes.

A third possibility is that visual experience acts to reduce gap
junction coupling among DSGCs of different preferred direc-
tions. Near eye-opening, there is robust gap junction coupling
among different DSGC subtypes [37], while in adult only the su-
perior-preferring DSGC subtype is coupled [38-40]. Hence, each
DSGC may be tuned to a cardinal axis, but input via a gap junc-
tion from a DSGC tuned to a different cardinal direction may
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cause the final tuning of the DSGC to lie off its cardinal axis. Pre-
vious studies indicate that dark-rearing delayed the decoupling
process but did not prevent it. Hence, this decoupling is not likely
to mediate this effect.

Regardless of the mechanisms that underlie the influence of
visual experience, there is a more fundamental question, does
visual experience play an instructive or permissive role in the
alignment of DSGC preferred directions along cardinal axes?
An instructive role is supported by the argument that there is
more power in natural scenes along cardinal axes [41, 42] in
the sense that the ability to perceive contours that are vertically
or horizontally oriented is greater than the ability to perceive
oblique angles. However, whether this is the case for mice still
remains to be determined [43].

We found that visual deprivation led to a broader distribution of
the DSGCs preferred directions than what is found early in devel-
opment (Figures 2 and S2; Table S2), indicating that dark-rearing
may be not only preventing visually guided maturation, but also
inducing pathological effects on the retina. However, previous
studies indicate that dark-rearing has either a transient impact
on RGC properties (reviewed in [44]) or a small effect on spatio-
temporal properties of RGCs, many other response properties
are maintained [45]. Indeed, we find that in dark-reared mice,
directional and speed tuning are maintained, indicating limited
impact of overall circuit function. Dark-rearing has been impli-
cated in a delay in the maturation of cone-cone bipolar cell syn-
apses [23], which may explain the slightly reduced number of
light-responsive cells we observed (Table S1). It has also been
implicated in changes in RGC stratification [44]. However, we
observed no difference in morphology of DSGCs, in that recon-
structed GFP* DSGCs in adult dark-reared mice (Figure S4)
maintain normal bi-stratification of dendritic arbors and a signif-
icant dendritic overlap between neighboring homotypic sub-
types as is seen in normal-reared mice [27]. Finally, we found
that re-exposure to light partially reverses the clustering of
DSGCs along the cardinal axes (Figure 2; Table S2) contrary to
the existence of a critical period described in V1 ferrets [46].
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