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Systems/Circuits

Contributions of Rod and Cone Pathways to Retinal
Direction Selectivity Through Development

Juliana M. Rosa,! “Ryan D. Morrie,' “Hans C. Baertsch,' and “Marla B. Feller'>
'Department of Molecular and Cell Biology and 2Helen Wills Neurosciences Institute, University of California, Berkeley, California 94720

Direction selectivity is a robust computation across a broad stimulus space that is mediated by activity of both rod and cone photorecep-
tors through the ON and OFF pathways. However, rods, S-cones, and M-cones activate the ON and OFF circuits via distinct pathways and
the relative contribution of each to direction selectivity is unknown. Using a variety of stimulation paradigms, pharmacological agents,
and knockout mice that lack rod transduction, we found that inputs from the ON pathway were critical for strong direction-selective (DS)
tuning in the OFF pathway. For UV light stimulation, the ON pathway inputs to the OFF pathway originated with rod signaling, whereas
for visible stimulation, the ON pathway inputs to the OFF pathway originated with both rod and M-cone signaling. Whole-cell voltage-
clamp recordings revealed that blocking the ON pathway reduced directional tuning in the OFF pathway via a reduction in null-side
inhibition, which is provided by OFF starburst amacrine cells (SACs). Consistent with this, our recordings from OFF SACs confirmed that
signals originating in the ON pathway contribute to their excitation. Finally, we observed that, for UV stimulation, ON contributions to
OFF DS tuning matured earlier than direct signaling via the OFF pathway. These data indicate that the retina uses multiple strategies for

computing DS responses across different colors and stages of development.

Key words: development; direction selectivity; direction selective ganglion cells; Gnatl; retina; rod/cone pathway

(s

ignificance Statement

The retina uses parallel pathways to encode different features of the visual scene. In some cases, these distinct pathways converge
on circuits that mediate a distinct computation. For example, rod and cone pathways enable direction-selective (DS) ganglion cells
to encode motion over a wide range of light intensities. Here, we show that although direction selectivity is robust across light
intensities, motion discrimination for OFF signals is dependent upon ON signaling. At eye opening, ON directional tuning is
mature, whereas OFF DS tuning is significantly reduced due to a delayed maturation of S-cone to OFF cone bipolar signaling. These
results provide evidence that the retina uses multiple strategies for computing DS responses across different stimulus conditions.

~

Introduction

One of the remarkable properties of the retina is its ability to encode
visual features for both ON and OFF polarity in light intensities that
vary across several orders of magnitude and spectral content. For
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example, direction-selective ganglion cells (DSGCs), which fire
strongly when an object moves in the preferred direction (PD) and
fire minimally when the object moves in the opposite (null) direc-
tion (ND) (Fig. 1B), show similar tuning across different light inten-
sities (Hoggarth et al., 2015). Responses across light conditions are
mediated by different classes of photoreceptors: rod photoreceptors
are active at low light levels, whereas S-cone and M-cone photore-
ceptors become active at bright light levels. In the mouse retina,
rod-mediated signaling also contributes to visual processing in in-
termediate and bright light conditions (Ke et al., 2014; Szikra et al.,
2014; Vlasits et al., 2014; Grimes et al., 2015; Tikidji-Hamburyan et
al., 2015; Joesch and Meister, 2016), indicating that a complex set of
interactions between rod and cone pathways influence the encoding
features of the retina.

Cones and rods feed into circuits that are initially distinct in the
outer retina, but then converge onto the same cell types in the inner
retina (Fig. 1A). Cones synapse onto two major subtypes of cone
bipolar cells (¢cBCs): ON ¢BCs that depolarize in response to in-
creases in light and OFF ¢BCs that depolarize in response to de-
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Figure 1.  Preferential activation of rod, M-cone, and S-cone pathways. A, Schematic of retinal circuitry shows signaling through rod and cone pathways onto an ON—OFF DSGC. In the cone

pathway, cone bipolar cells depolarize to increments (ON cBC, gray) or decrements (OFF ¢BC, white) of background illumination. These ¢BCs activate the ON—OFF DSGC and SACs. SACs then provide
inhibitory input onto DSGCs. In the rod pathway, increments in light cause ON rBCs to excite All amacrine cells that in turn “piggyback” onto the ON cone pathway through sign-preserving electrical
synapses and onto the OFF cone pathway via sign-inverting glycinergic synapses, which produce excitation to decrements in light through disinhibition. ON cBCs can also influence OFF ¢BCs through
their electrical synapse with the All amacrine. This ON contribution to the OFF pathway is referred to as crossover signaling. B, Top, Example of two-photon targeted cell-attached recordings from
the GFP+ cell shown on bottom in which GFP is expressed in a nasally tuned subtype of ON—OFF DSGC. Spike responses to moving bars, with ON responses preceding OFF responses. Polar plot
indicates the mean spike counts of responses to motion in eight directions across three repetitions. Tuning curves (black and dotted outline) were obtained using the mean spike counts in response
to each direction. The straight lines inside the tuning curves denote their respective vector sums. N, T, D, and V indicate the retinal cardinal directions, i.e., nasal, temporal, dorsal and ventral,
respectively. Bottom, Side view of a two-photon reconstruction of the targeted DSGC filled with Alexa Fluor 594 showing dendritic stratification in the ON and OFF sublaminae of the inner plexiform
layer. Black arrows indicate the PD and ND motion. C, Top, Staining for S-opsin in whole-mount mouse retina showing the dorsal (D) to ventral (V) gradient of expression. Distribution graph on right
indicates normalized fluorescence values for this staining (see also Fig. 7). Dashed line represents location of optic nerve head. Bottom, Spectral sensitivity of rhodopsin (rods, black line), M-opsin
(M-cones, green line), and S-opsin (S-cones, magenta line) with the spectra of light stimuli denoted by colored bars: magenta (UV LED for UV light) and gray (OLED for visible light). D, E, Cell-attached
recordings from ON—OFF DSGCs in ventral retina in response to flashing spots (200 1um diameter, 2 s) of increasing intensities of UV lightin WT mice (D); or visible light in WT and Gnat1 /™ mice
(E). Purple and gray bars indicate the timing of light stimulation. F, Averaged normalized spike response as a function of stimulation luminance across the recorded population of ON—OFF DSGCs
(black, WT, visible light = 18 cells; green, Gnat1 /™, visible light = 14 cells; magenta, WT, UV light = 8 cells). Normalized data represent the total number of spikes in response to a stimulus
divided by the total number of spikes in response to the maximum intensity for that light stimulation. Solid lines indicate fits of the Hill function with , ., = 1.16 X 10 photons/s/ tm ?in WT with
visible light; 1.38 X 10° photons/s/Lm 2 in Gnat1 ~/~ with visible light and 7.59 > 10* photons/s/m 2 in WT with UV light. Error bars indicate + SD.

creases in light. Both ON and OFF c¢BCs then make excitatory
synapses onto ON and OFF retinal ganglion cells (RGCs). Rods syn-
apse onto a single type of rod bipolar cell (rBC) that depolarizes in
response to increases in light. The rBC then makes excitatory syn-
apses onto AIl amacrine cells, which send rod signals to both ON
¢BCs via gap junctions and OFF ¢BCs via glycinergic inhibitory syn-
apses (Oesch et al., 2011; Demb and Singer, 2012). The AIl
amacrine-ON ¢BC gap junction is also a robust source of crossover
signaling from ON ¢BCs to OFF ¢cBCs (Manookin et al., 2008; Mol-

nar et al., 2009; Werblin, 2011). Therefore, the ON and OFF cBCs
integrate signals generated in both the rod and cone pathways.
Here, we studied how these interactions between ON and OFF
pathways underlie the consistency of direction-selective (DS)
tuning across light intensities. The synaptic mechanism of DS
circuits is established by a precise wiring of presynaptic starburst
amacrine cells (SACs) onto DSGCs (Briggman et al., 2011),
which creates asymmetric inhibition that shunts light-evoked ex-
citation when an object moves in the ND. We used two-photon
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Table 1. Visual stimuli
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) . Stimulus’

Stimulus Background Michaelson
Description (photons/s/um?®)  (photons/s/uwm?)  or Weber contrast Opsin R¥/rod/s R*/M-cones/s ~ R*/S-cone/s
Dim visible stimulation (OLED) 27 % 10* 18 %107 Weber = 269% Rod 81x10* 56x10°  —
Bright visible stimulation (OLED) 9.7 X 10° 6.3 X 104 Weber = 96% M-opsin and rod 31X 10° 2.0 X 104 —

63 % 10* 12X 10° Weber = —11%

63 10* 72X 10° Weber = —71%
Bright UV stimulation (375 nm LED) ~ 5.1 X 10° ~0 Michaelson contrast = 100%  S-opsin, M-opsin, androd ~ 7.0 X 10* 5.5 X 103 45x%10°
Green stimulation (535 nm) 6.4 X 10° ~0 Michaelson contrast = 100%  M-opsin and rod 35X 10°  26x10* —

Light stimuli were generated with either a broadband OLED or a 375 nm or 535 nm LED masked by a digital mirror device (Figure 1C). Photon flux was estimated as the average intensity measured with a power meter placed at the focal plane.
Intensity values were converted to photoisomerizations per rod and assumed a rod cross-section of 0.85 m  and a cone cross-section of 1 um 2.

“Assuming 5% M-opsin in ventral retina where recordings were done as per Wang et al. (2011).

®Below sensitivity of power meter. For OLED, we estimated by assuming 27% transmission through neutral density filter.

targeted cell-attached and whole-cell recordings from DSGCs
and SACs to determine the relative contribution of the rod,
M-cone and S-cone pathways to the excitation and inhibition
underlying both ON and OFF direction selectivity. In addition,
we investigate how these circuit mechanisms emerge during
development.

Materials and Methods

Animals. All mice used in this study were younger than postnatal day 55
(P55). To target DSGCs, we used TRHR-GFP mice, which express GFP in
nasal preferring DSGCs (Rivlin-Etzion et al., 2011). Mice of either sex were
obtained from Mutant Mouse Regional Resource Centers (http://www.
mmrrc.org/strains/30036/030036.html) (Gong et al., 2003) and crossed with
C57BL/6 mice in our laboratory. Gnatl ~/~ mice, which lack the a-subunit
of rhodopsin transducin and thus lack rod signaling (Calvert et al., 2000),
were crossed with TRHR-GFP mice in our laboratory. To target SACs, we
used metabotropic glutamate receptor 2 (mGluR2)-GFP mice, which con-
tain a transgene insertion of interleukin-2 receptor fused GFP under control
of the mGluR2 promoter (Watanabe et al., 1998) and express GFP in all
SACs (Yoshida et al., 2001). All animal procedures were approved by the
University of California—Berkeley Animal Care and Use Committees and
conformed to the National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals, Public Health Service Policy, and the Society for Neu-
roscience Policy on the Use of Animals in Neuroscience Research.

Immunohistochemistry to identify cones containing S-opsins or
M-opsins. Whole-mount retinas were placed photoreceptor side up on a
membrane, fixed in 4% paraformaldehyde for 30 min, rinsed in blocking
solution (2% bovine serum albumin, 2% donkey serum, 0.3% Triton
X-100 in PBS, 3 times, 20 min at room temperature), and left in blocking
solution overnight at 4°C. They were then incubated in the following
primary antibodies diluted in blocking solution at 4°C for 3 d: goat
anti-S-opsin (1:1000, Santa Cruz Biotechnology, catalog sc-14363, lot
G1014) or rabbit anti-M-opsin (1:1000, Millipore, catalog AB5405 lot
2470968), rinsed in blocking solution (3 times, 20 min), and incubated in
the following secondary antibodies at room temperature for 2 h: donkey
anti-goat (1:1000, Alexa Fluor 488, Invitrogen, catalog A-11055, lot
1605893 ) for S-opsin or donkey anti-rabbit (1:1000, Alexa Fluor 488, Invit-
rogen, catalog A21206, lot: 1110071) for M-opsin. After retinas were rinsed
again in blocking solution (3 times, 20 min), they were mounted on slides in
antifade medium containing 4’,6-diamidino-2-phenylindole.

Full retina fluorescence images were acquired on an Olympus MVX10
macroscope equipped with a 488 nm laser line and an Olympus MV
PLAPO 2XC objective. High-magnification imagines were acquired on a
Zeiss LSM 710 laser scanning confocal microscope equipped with a 488
nm laser line and a Plan-Apochromat 63X/1.4 oil diffusion interference
contrast objective.

To determine the number of S-opsin- and M-opsin-expressing cones
in whole-mount retinas, we first obtained confocal images of 3 different
fields of view (0.12 mm? each) from dorsal portions and 3 fields of view
from ventral portions of the retina, all located 1.3 mm away from the
optic nerve. For each field of view, the number of S-opsin-expressing
cones was determined using a custom-based algorithm (IgorPro;
Wavemetrics). The algorithm created a binary image, and then detected

objects within this binary image. To minimize false positives, objects
were filtered using a range of sizes. To validate this approach, the number
of objects identified using the algorithm was compared with the number
acquired by manually counting objects in randomly selected images. The
number of objects in the three fields of view were then averaged and
reported as number of S-opsin- or M-opsin-expressing cones per square
millimeter (see Fig. 7C).

Two-photon targeted recordings from GFP+ DSGCs and SACs. Filter-
paper-mounted retinas were placed under the microscope in oxygenated
Ames’ medium at 32-34°C. Identification and recordings from GFP*
cells were performed as described previously (Wei et al., 2010). In brief,
GFP ™ cells were identified using a custom-modified two-photon micro-
scope (Fluoview 300; Olympus America) tuned to 920 nm to minimize
bleaching of photoreceptors. Average laser power at the sample was 13 =
5nW. The inner limiting membrane above the targeted cell was dissected
using a glass electrode. Loose-patch voltage-clamp recordings (holding
voltage set to “OFF”) were performed with a new glass electrode (3-5
MQ) filled with Ames’ medium or whole-cell internal solution. Whole-
cell voltage-clamp recordings were obtained using glass microelectrodes
of 4-5 M) (PC-10 pipette puller; Narishige) filled with an internal so-
lution containing the following (in mm): 110 CsMeSO,, 2.8 NaCl, 4
EGTA, 5 TEA-CI, 4 adenosine 5'-triphosphate (magnesium salt), 0.3
guanosine 5'-triphosphate (trisodium salt), 20 HEPES, 5 QX-314-Br,
and 10 phosphocreatine (disodium salt) at pH 7.2 and 290 mOsm. Hold-
ing voltages (V},) for measuring excitation and inhibition after correction
of the liquid junction potential (—13 mV) were —73 mV or —3 mV,
respectively. Signals were acquired using pPCLAMP 9 recording software
and a Multiclamp 700A amplifier (Molecular Devices), sampled at 20
kHz, and low-pass filtered at 2 kHz.

For SAC recordings, retinal slices were prepared as described previ-
ously (Oltedal and Hartveit, 2010). OFF SACs were targeted in mGluR2-
GFP mice (Watanabe et al., 1998).

Visual stimulation. Multiple visual stimuli were used in this study.
They are summarized in Table 1 and described below.

Broad-band visible light ranging from 470 to 620 nm (Fig. 1C) was
generated using an OLED display (SVGA+ Rev2 OLED-XL; eMagin)
displaying custom stimuli created using MATLAB software with the Psy-
chophysics Toolbox as described previously (Huberman et al., 2009).
These images were projected to the photoreceptor layer through a 60X
objective (Olympus LUMPlanFl/IR 360/0.90W) with an illumination ra-
dius of 218 um. Visible light stimuli were presented with both positive
and negative contrast at different contrast values. The spectral content of
the output of this OLED was significantly reduced for wavelengths <470
nm and therefore activated M-cones and rods, but did not activate UV-
sensitive cones (Wang et al., 2011) (Table 1). Intensity was controlled by
placement of a neutral density filter allowing ~27% transmission in the
stimulation path.

Narrow-band light centered at 375 nm was generated by an LED
(M375L3; Thorlabs) (Fig. 1C) and coupled via a liquid light guide into a
digital micromirror device (DMD) projector (CEL5500-fiber; Digital
Light Innovations) with custom stimuli generated by MATLAB. Images
were projected to the photoreceptor layer via the same 60X objective. It
was assumed that UV light stimuli had a background intensity of 0 be-
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cause in the OFF position the DMD deflects the light from the LED out of
the optical path, leading to 100% contrast stimuli. UV stimulation acti-
vated cones containing primarily S-opsin, but also stimulated rods and
M-cones via absorption in their beta-bands (Govardovskii et al., 2000;
Wang et al., 2011) (Table 1). In a subset of experiments (see Fig. 6), the
UV LED was replaced with a green LED centered at 535 nm (M530L3;
Thorlabs), also with 100% contrast.

To determine the intensities necessary to separate rod, M-cone, and
S-cone contributions to ON and OFF responses of DSGCs, a series of
flashed spots (200 wm diameter for 2 s) with different intensities and
spectral profiles were used (Fig. 1C—F). Recordings were conducted in
the ventral retina, where there is a higher concentration of S-cones versus
M-cones due to the gradient distribution of opsins in the mouse retina
(Wang et al., 2011; Baden et al., 2013; Hoon et al., 2014) (Fig. 1C).

UV stimulation at intensities >1 X 10> photons/s/um? induced ro-
bust ON and OFF responses in DSGCs (Fig. 1D; I, = 1.5 X 10°
photons/s/wm? for ON responses and 1 X 10° photons/s/um? for OFF
responses). Dim visible light stimulation at intensities from 5 X 10° to
3 X 10* photons/s/pm* induced ON and OFF responses, whereas inten-
sities <3 X 10° photons/s/pm? induced only ON responses (I, =
1.7 X 10° photons/s/um?), indicating a higher threshold for activating
the OFF rod pathway (I, ;s = 1.4 X 10* photons/s/um?; Fig. 1E). Visible
light at intensities >3 X 10* photons/s/um ? also induced robust ON and
OFF responses mediated by activation of both rods and M-cones. To
confirm that M-cones mediated a portion of this response, these mea-
surements were repeated in Gnatl ~/~ mice that lack the a-subunit of
rhodopsin transducin and thuslack rod signaling (Calvert et al., 2000). In
Gnatl ~'~ mice, visible light evoked responses only at the highest light
intensities, indicating activation of M-cones that are present at a lower
density in ventral than dorsal retina (Wang et al., 2011; Baden et al.,
2013). This was verified as being an M-cone-mediated response by ob-
taining a similar response threshold after sustained exposure of WT ret-
inas to green light generated by placing a green filter over the microscope
condenser (~1.6 X 10° R*/rod/s for at least 2 min as used in Wangetal.,
2011; data not shown). Note that this protocol was not used to study
cone-mediated DS responses due to long-lasting adaptation in DS cir-
cuits resulting from photoreceptor bleaching as reported previously by
us (Rivlin-Etzion et al., 2012; Vlasits et al., 2014).

To test directional responses of DSGCs, two to three repetitions of a
bar (640 wm long X 240 wm wide) moving in eight different directions
across the receptive field of the cells at 0.5 mm/s (Fig. 1B) were presented.
The directions were chosen pseudorandomly, spaced at 45° intervals, and
presented every 10 s.

Intracellular fillings and image reconstruction. The dendritic morphol-
ogies of the GFP * cells shown in Figures 1B and 6B were determined by
including 0.05 um Alexa Fluor 594 (Invitrogen) in the intracellular solu-
tion after cell-attached or whole-cell voltage-clamp recordings. The den-
dritic morphologies of dye-injected GFP * RGCs or SACs were imaged
with the two-photon laser tuned to 800 nm. Images were acquired at z
intervals of 0.5 um using the 60X objective. GFP * RGC processes were
later reconstructed from image stacks with Image].

Data analysis. Data analysis was performed in IgorPro (WaveMetrics)
and Image]. For cell-attached recordings, spike information was ex-
tracted from the data using the spike feature of Neuromatic and the
average spike count in each direction was calculated. In addition, the
normalized spike count was calculated by dividing the average spike
count in each stimulus direction by the total number of spikes for all
directions. The vector summation of these normalized responses yielded
a vector (the “vector sum”), the direction of which pointed in the PD of
the cell and the magnitude of which gave the strength of tuning (ranging
between 0 and 1). For these recordings, the ON and OFF components
were taken as the spike responses to the leading (ON) and trailing (OFF)
edges of the moving bar. For Figure 1F, the total number of spikes in
response to each stimulus were normalized by the total number of spikes
during the maximum intensity of light stimulation.

For whole-cell voltage-clamp recordings, the peak amplitudes of the ON
and OFF components of the postsynaptic currents (PSCs) were calculated as
the average around the peak (100 ms) and averaged over the three repeti-
tions. In the cases where the IPSC amplitudes in response to a PD stimulation

Rosa et al. @ Direction Selectivity Across Light Intensities

were too small to define a peak, the size of these ON and OFF IPSCs was
calculated as the average current during the 100 ms time window surround-
ing the peak of the ON and OFF IPSCs defined during ND stimulation.

Two measures were used to characterize directional tuning. First, the
direction selectivity index (DSI) was calculated, in which values range
from 0 to 1, with 1 indicating greater firing in response to PD stimula-
tion—that is, strong directional tuning. Second, the vector sum of the
normalized responses was calculated, in which the length of the vector
sum indicated the tuning strength. The DSI for cell-attached responses
was calculated as follows:

pref — null

DST = pref + null’

The DSIs for the whole-cell inhibitory and excitatory responses were
calculated as per (Poleg-Polsky and Diamond, 2016) as follows:

DSI — pref null,
pref

where pref is the average response in the stimulus direction closest to the PD
and null is the average response in the stimulus direction 180° opposite.

Statistical analysis. Group measurements, unless otherwise indicated, are
expressed as mean = SD. ¢ tests were used to compare two groups, paired ¢
test with a Bonferroni’s correction for comparisons of tuning properties for
ND versus PD stimulation, and one-way ANOVA or repeated-measures
ANOVA to compare more than two groups. Details about the statistical tests
for different measurements are included in the figure captions.

Results

Stimulation of S-cone pathway mediates direction selectivity
for ON but not OFF responses

We determined the roles of S-cone, M-cone, and rod signaling in
the computation of motion direction by presenting bars of vari-
ous intensity and wavelength moving in different directions while
recording spike responses and synaptic currents from nasal pre-
ferring DSGCs transgenically labeled with GFP (Trhr-DSGCs;
Fig. 1B; Rivlin-Etzion et al., 2012, 2011). First, we used a UV light
stimulus that favored activation of the S-cone pathway, but also
activated the rod pathway (Figs. 1C, 2A). We observed strong
directional tuning of spike responses in the ON pathway, but
weaker directional tuning in the OFF pathway (Fig. 2B).

The weaker directional tuning in the OFF pathway in response to
UV stimulation resulted from an increase in action potential firing in
response to ND stimuli, rather than from reduced ability of PD
motion to evoke responses (Fig. 2B). This increase in firing may be
due to an increase in excitation or a decrease in inhibition onto
DSGCs. To determine which is the case, we conducted whole-cell
voltage-clamp recordings from ON-OFF DSGCs while holding the
membrane potential at —73 mV to measure excitation from cBCs or
at —3 mV to measure inhibition from SACs (Fig. 2C,D). UV light
stimulation produced nondirectionally tuned EPSCs for ON and
OFF responses, consistent with previous studies indicating that glu-
tamate release was uniform for moving stimuli (Yonehara et al.,
2013; Park et al., 2014). In contrast, UV stimulation evoked IPSCs
that were tuned for ON and OFF responses. However, OFF IPSC
tuning was weaker due to a significant reduction in ND-evoked IPSC
amplitudes compared with ON responses (Fig. 2D).

Strong UV stimulation also activates rods via photon absorption
in the rhodopsin’s beta-band (Govardovskii et al., 2000; Wang et al.,
2011) (Table 1). To isolate the S-cone contribution, we repeated
these measurements in Gnatl '~ mice, which lack phototransduc-
tion in rods (Calvert et al., 2000), but see (Allen et al., 2010). We
observed strong tuning of spike responses in the ON pathway, but no
directional tuning in the OFF pathway due to increased ND firing
(Fig. 2F). Similar to WT, Gnat1 ~/~ DSGCs had untuned EPSCs for
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Figure2. Rod signalingis critical for OFF direction selective tuning with UV stimulation. 4, Schematic showing activation of the
S-cone and rod pathways with UV stimulation in WT mice. Details of stimuli are provided in Table 1. B, Left, Cell-attached
recordings from an ON—OFF DSGCin response to UV bars moving in eight different directions. Polar plot showing tuning curves and
vector sums of the ON (dashed lines) and OFF (solid lines) responses. Number of spikes (sp) is shown outside the polar plot. Right,
Summary of spike counts in response to moving bars in the PD and ND for each DS cell recorded. ON and OFF responses are shown
as open and filled circles, respectively. Lines connect spike numbers from the same cell. Error bars indicate == SD. For both ON and
OFF responses, the spike numbers for PD were significantly different from those for ND. Paired  test for comparing PD versus ND
responses within the ON or OFF pathway and for comparing ND responses for ON versus OFF stimulation (Bonferroni's correction,
a=4)*p<<0.013,**p < 0.003, ***p < 0.0003. , D, Left, Example UV-mediated whole-cell voltage-clamp excitatory (G; V,, =
—73 mV) and inhibitory (D; V}, = —3 mV) currents from a temporally tuned ON—-OFF DSGC in response to bars moving in eight
different directions. Tuning curve and vector sum asin B. Right, Summary of PSCamplitudes in response to moving bars in the PD
and ND for each DS cell recorded. E, Schematic showing activation of the S-cone pathways with UV stimulation in Gnat1 ~/~ mice.
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both ON and OFF responses and well tuned IPSCs for ON responses

(Fig. 2G). However, OFF IPSC responses were not directionally

tuned due to a significantly reduced inhibition for ND stimulation
(Fig. 2H). These observations indicate that S-cone stimulation does
not strongly activate the OFF SAC but rod stimulation does.
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Stimulation of M-cone pathways
mediates direction selectivity in both
the ON and OFF pathways

We next assayed the response of ON-OFF
DSGCs to stimulation with visible bars to
favor activation of the M-cone pathway.
These experiments were performed in
Gnatl ~'~ mice to activate M-cones in the
ventral retina exclusively (Fig. 3A). Present-
ing visible light bars on a black background
led to strong directional tuning for both the
ON and OFF pathways in Gnatl '~ retinas
(Fig. 3B), indicating that, in contrast to the
S-cone pathway, M-cone pathway stimula-
tion is capable of producing robust direc-
tion selectivity in both the ON and OFF
pathways. We repeated the voltage-clamp
recordings with Gnatl '~ DSGCs and
found symmetric or PD tuned EPSCs
(Fig. 3C) and ND-tuned IPSCs (Fig. 3D).
Therefore, whereas S-cone and M-cone ac-
tivation generates excitatory inputs equally
to DSGCs, it appears that OFF SACs are
more strongly activated for visible stimula-
tion over UV stimulation (Fig. 3E).

ON-mediated signaling contributes to
ND inhibition in the OFF pathway

To explore the interaction between ON
and OFF pathways for visible light stimu-
lation, we used several different stimula-
tion paradigms. First we explored the
relative role of rod versus M-cone stimu-
lation. We found that both visible light
stimulation at a mesoscopic intensity that
favors activation of rods (Fig. 1F, 2.7 X
10* photons/s/um?) and light stimula-
tion at a photopic intensity that saturates
rods and favor activation of M-cones
(9.7 X 10° photons/s/um?) induced ro-
bust directional tuning in both ON and
OFF pathways (Fig. 4A,B). We also as-
sayed the effects of background illumina-
tion on the DS tuning responses. Higher
background illumination in bright light
conditions could limit the rod contribu-
tion due to saturation (Eggers et al., 2013;
Mazade and Eggers, 2013; Ke et al., 2014).
To this end, we reversed the polarity of the
stimulus and presented the same dark
gray bar on lighter backgrounds at two
different contrasts that were above the
threshold required for strong DS in
guinea pig and rabbit retinas (Lipin et al.,
2015). At both low and high contrast, ON
and OFF DS tuning remained strong (Fig.
4C), although there was some reduction
of DS tuning of the OFF responses with

higher background illumination. This indicates that reduction of
the rod contribution via saturation decreased OFF directional
tuning. Therefore, signaling through the rod pathway also con-
tributes to OFF DS tuning for visible light stimulation, but not as
dramatically as for UV stimulation (Figs. 2, 4C).
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To determine whether the OFF M-cone
BC pathway alone was sufficient to drive
strong OFF DS responses, we isolated
the OFF pathway pharmacologically by
blocking rod and ON cone BC signaling
with the mGIuR6 agonist L-AP4 (20 um).
During bright visible light stimulation
in L-AP4, DSGCs did not spike at the on-
set of the moving bar. Interestingly, the
tuning of OFF responses was reduced sig-
nificantly, again with increased action po-
tential firing in the ND (Fig. 4D). These
data led to the hypothesis that the M-cone
contribution to OFF DS tuning may re-
quire activation of the ON pathway, influ-
encing OFF DS tuning via a crossover
mechanism (Werblin, 2011).

To begin to understand the origin of the
ON pathway contributions to direction se-
lectivity in the OFF pathway, we used phar-
macological agents to block either the ON
or OFF pathways (Fig. 5A) and measured
the synaptic currents onto DSGCs in re-
sponse to visible light stimulation. To isolate
ON signaling to OFF c¢BCs, we used the kai-
nate receptor antagonist UBP310 (50 um), 20
which strongly inhibits signaling from cones
to OFF ¢BCs (Borghuis et al., 2014; Lind-
strom et al., 2014; Puthussery et al., 2014).
To isolate cone signaling to OFF ¢BCs, we
used the glycine receptor antagonist strych-
nine (2 uM), which prevents crossover from
rod or ON ¢BC to AIl amacrine cell to OFF
¢BC signaling (Demb and Singer, 2012),
(Manookin et al., 2008; Molnar et al., 2009).

We first confirmed the ability to block all 3
OFF pathway signaling using a combination
of these pharmacological agents by con-
ducting whole-cell voltage-clamp record-
ings of excitatory currents from DSGCs in
response to a flashing spot of bright visible
light. OFF signaling was partially blocked by
UBP310 (Fig. 5B), indicating that excitatory
OFF signals onto DSGCs are partly medi-
ated by cone to OFF ¢BC synapses. The
remaining response was completely elimi-
nated by adding strychnine (Fig. 5B), indi-
cating that the residual excitation observed
in UBP310 resulted from disinhibition of
the glycinergic amacrine to OFF ¢BC synapse. These results support
a previous finding in mice in which both excitatory currents onto
delta-OFF RGCs and glutamate release from OFF bipolar cells were
strongly inhibited by a combination of kainate and glycine receptor
blockers (Borghuis et al., 2014), although some OFF ¢BCs also ex-
press AMPA-R (Puller et al., 2013; Ichinose and Hellmer, 2016).
Notably, UBP310 produced a delayed onset of the OFF response
(43.6 = 10.5 ms, n = 6). The source of this delay in the AIl amacrine
to OFF ¢BC pathway is not known, but has been reported previously
(Manu and Baccus, 2011).

To determine the relative contributions of the ON pathways
to OFF DS during bright visible light stimulation, we recorded
inhibitory currents in DSGCs in response to moving bars. Re-
moving the OFF ¢BC contribution with UBP310 decreased the
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Strong ON and OFF direction selective tuning in the absence of rod signaling with visible light stimulation. A,
Schematic showing activation of the M-cone pathways with visible light stimulation in Gnat1 ~/~ mice. B, Left, Cell-attached
recordings from an ON—OFF DSGC in response to visible bars moving in eight different directions. Polar plot shows tuning curves
and vector strengths of the ON (dashed lines) and OFF (solid lines) responses. Number of spikes (sp) is shown outside of the polar
plot. Right, Summary of spike counts in response to moving bars in the PD and ND for each DS cell recorded. ON and OFF responses
are shown as open and filled circles, respectively. Lines connect spike numbers from the same cell. Error bars indicate == SD. For
both ON and OFF responses, the spike numbers for PD were significantly different from those for ND. Paired ¢ test was used, as
described in Figure 2B caption. €, D, Left, Visible-light-mediated whole-cell voltage-clamp excitatory (C; ¥, = —73 mV) and
inhibitory (D; V;, = —3 mV) currents from a nasally tuned ON—OFF DSGCin response to bars moving in eight different directions.
Right, Summary of PSCamplitudes in response to moving bars in the PD and ND for each DS cell recorded. £, Summary data for PSC
DSI for UV stimulation (Fig. 2) and visible light stimulation. Each circle is an individual cell. Error bars indicate = SD. One-way
ANOVA, Tukey's post hoc test, *p << 0.05.

amplitude of the OFF inhibitory currents for both PD and ND
stimulation (Fig. 5C), but actually increased the inhibitory OFF
DSI. In contrast, removing ON pathway contributions with
strychnine decreased the amplitude of the OFF inhibitory current
only for ND stimulation (Fig. 5D), thus decreasing the inhibitory
OFF DSI. In addition, blocking both rod and cone ON pathways
with L-AP4 also decreased the amplitude of the OFF inhibitory
current solely for ND stimulation (Fig. 5E), thus decreasing the
inhibitory OFF DSI. In contrast, strychnine had no effects on
the ON inhibitory tuning (IPSC: DSI_ ., = 0.53 * 0.18;
DSl iychnine = 0.70 = 0.07; n = 6; p = 0.12, data not shown),
indicating that, under our stimulus conditions, glycinergic inhi-
bition did not affect the direction selectivity of GABA release
from ON SACs. Therefore, ON contributions to the OFF path-
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ON signaling is critical for OFF direction selective tuning with visible light stimulation. 4, B, Left, Schematic showing activation of the rods and M-cones with bright visible light () or

rods with dimmer visible light (B) stimulation in WT mice. Details of all stimuli are provided in Table 1. Right, Cell-attached recordings from an ON—OFF DSGC in response to bars moving in eight
different directions (as described in Fig. 3B). Paired t test was used as described in Figure 2B caption. €, DS responses to stimulation using bars with the opposite polarity of those shown in Aand B;
thatis, adark gray bar on alighter gray background. D, Left, Schematic showing activation of brighter visible stimulation in WT mice in the absence of ON cBCand rod BC signaling. Right, DS responses
to stimulation with bright visible light in WT retina in the presence of L-AP4 (20 wum). There were no detectable ON responses. E, F, Summary of average DSIs () and vector sums (F) for ON (/eft) and
OFF (right) responses in all light conditions shown in A—D and Figures 1and 2. Error bars indicate = SD. One-way ANOVA, Tukey's post hoc test, *p << 0.05, **p << 0.01, and ***p << 0.01 compared
with the bright visible responses. Student’s ¢ test used to compare the UV and UV-Gnat1 ~/~ population.

way via crossover glycinergic signaling preferentially increases
ND inhibition. Because OFF directional tuning was normal in
Gnatl '~ mice in response to visible light stimulation (Fig. 3B,
4E), we assume that this ON contribution was via the ON cone
pathway. The basis of this asymmetric action of strychnine on PD
versus ND stimulation is not understood, but may be due to
differences in integration of ¢cBC inputs by SACs (Vlasits et al.,
2016). Together, these data indicate that ON signaling in visible
light is crucial for robust directional tuning in the OFF pathway.
Note this is in contrast to recordings in rabbit retina, in which the
presence of L-AP4 did not reduce directional tuning in the OFF
pathway (Kittila and Massey, 1995), indicating that there might
be a species difference (Ding et al., 2016).

ON signaling contributes significantly to excitation of

OFF SACs

Because SACs provide inhibition to DSGCs and OFF inhibition
onto DSGCs is less tuned when the ON pathway is blocked (Figs.
4D-F, 5D, E), we hypothesized that the ON pathway contributes
strongly to excitation of OFF SACs. To test this hypothesis, we

conducted voltage-clamp experiments on GFP ™ OFF SACs in
retinal slices taken from ventral retina and held these SACs at
—73 mV to isolate excitatory currents in response to flashes of
light. We first used a green LED for visual stimulation (6.4 X 10°
photons/s/um?) that activates both M-cones and rods (Fig. 64,
Table 1). To calculate the ON pathway contribution to excitation
of OFF SACs, we subtracted from the control current the excit-
atory current in the presence of strychnine, which blocks ON
pathway input to the OFF pathway (Fig. 6 A, C). Strychnine sig-
nificantly reduced the amplitude of the excitatory current in re-
sponse to green light stimulation. Indeed, ON pathway signaling
provides ~60% of the total input (58 = 8.3%, n = 5, Fig. 6C,D)
to OFF SAC excitation in response to stimulation that activates
both rods and M-cones. We also found that the ON pathway
contribution onto OFF SACs is delayed from the beginning of the
OFF stimulus by 37 = 26 ms (n = 8), similar to that observed in
DSGCs
(Fig. 5B).

Next, we repeated the experiment using UV stimulation. Sim-
ilar to visible stimulation, we observed a reduction in the ampli-
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tude of the EPSC recording in OFF SACs
in the presence of strychnine (Fig. 6C,D).
The ON pathway contribution via UV
stimulation was notably weaker than for
visible stimulation (27 * 9%, n = 5), in-
dicating that the crossover inputs pro-
vided by S-cones and rods during UV
stimulation were weaker than those pro-
vided by M-cones and rods during green
stimulation. Therefore, our data indicate
that the ON pathway contributes to OFF
DSGC tuning by providing strong excit-
atory drive to OFF SACs.

ON contribution to DS is established at
eye opening, whereas OFF contribution
matures later in development for UV
stimulation

Direction selectivity is present at eye
opening, displaying DS tuning compara-
ble to that in adults (Elstrott et al., 2008;
Wei et al., 2011; Yonehara et al., 2011;
Chenetal., 2014). Although evidence sug-
gests that ON circuits mature before OFF
circuits (Hoon et al., 2014), the exact time
when these pathways become fully devel-
oped is unknown. Therefore, we used the
strong ON pathway contribution to OFF
directional tuning to determine how the
different crossover pathways that contrib-
ute to direction selectivity emerge during
development.

We first used immunofluorescence to
characterize the development of the dis-
tribution of cone photoreceptors that ex-
press S-opsin or M-opsin (Fig. 7A,B)
because of the chromatic differences in
ON to OFF crossover signaling that we
observed in the adult retinas (Figs. 4, 6).
We first characterized S-opsin-expressing
cones across development. Adult retinas
displayed a dorsal-ventral (D-V) gradient
for S-opsin-expressing cones (Rohlich et
al., 1994; Applebury et al., 2000), in which
the ventral retina has a high density of
S-opsin-expressing cones, whereas the
dorsal retina has only a few of them. P13
mouse retinas also exhibited a D-V gradi-
ent of S-opsin expression, but it was less
steep than that in adult retinas. Interest-
ingly, P11 retinas showed little or no such
gradient, indicating that the S-opsin-
expressing cone distribution dramatically
changes around eye opening (P13). In-
deed, the density of S-opsin-expressing
cones in ventral retina increased 1.7-fold
from P11 to P13, and this density in dorsal
retina decreased threefold from P13 to
adult (Fig. 7C; Roberts et al., 2006).

We then characterized M-opsin ex-
pression across development (Fig. 7B).
Similar to previous studies (Breuninger et
al., 2011; Baden et al., 2013), M-opsin-
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Figure5. ONsignalingimproves OFF direction selectivity of inhibitory currents. 4, Schematic of circuits that mediate OFF
responses originating in rods or cones in bright visible light. OFF cBCs receive excitatory inputs directly from cones or
indirectly from rod-BCs and ON cBCs through disinhibition via glycinergic amacrine cells. Crossover inputs from ON signal-
ing were isolated by using the kainate receptor antagonist UBP310 (50 wum; red, dashed); direct OFF signaling was isolated
either by using the glycinergic antagonist strychnine (2 wm) or the mGluR6 agonist L-AP4 (20 wum). B, Left, DSGC excitatory
OFF responses to a spot of bright visible light (offset, bar at top) measured using whole-cell recording (V,, = —73 mV) in
control (black), UBP310 (red, dotted), and UBP310 + strychnine (red, solid). Right, Summary results of the OFF current
amplitudes for the three conditions (n = 6 DSGCs from 3 retinas). Repeated-measures ANOVA, **p << 0.01, ***p << 0.001.
Error bars indicate = SD. C, Left, IPSCs recorded in DSGCs in response to PD or ND stimulation before (top) and after
pharmacologically blocking the OFF cone pathway with UBP310 (bottom). OFF responses are indicated by dotted boxes.
Middle, Summary of OFF inhibitory currents in response to PD and ND stimulation in control and after blockade. Lines
connect values from the same cell. Right, DSI for IPSCs before and after UBP310. Paired t test, *p << 0.05, **p << 0.01. Circle
and error bars indicate mean == SD. D, E, Same as € for glycinergic antagonist strychnine (2 m; D) or the mGluR6 agonist
L-AP4 (20 pm; E).



Rosa et al. @ Direction Selectivity Across Light Intensities

J. Neurosci., September 14, 2016 - 36(37):9683-9695 * 9691

tion in PD-evoked spiking was also ob-
served for ON responses around eye
opening compared with the adult (Fig.
8A, right).

Because the level of S-opsin expression
seen in ventral retina at P13 appears to be
mature (Fig. 7), we hypothesized that the
reduced firing in response to PD stimula-
tion of DSGCs at P13 was due to weaker
excitation from the OFF bipolar cell path-
way. Indeed, whole-cell voltage-clamp ex-
periments at P13 in response to UV
stimulation (Fig. 8C) revealed that, at P13,
OFF EPSCs and OFF IPSCs in response to
PD and ND stimulation at P13 were sig-
- nificantly smaller than those of adults
(Fig. 2), indicating that DSGCs receive
less excitatory and inhibitory input from
UV stimulation in early development
than they do in adulthood. Moreover,
OFF EPSCs recorded in DSGCs evoked in
response to bright UV stimulation in P13
mice were unaffected by the presence of
the kainate receptor antagonist UBP310,
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*p < 0.05, **p < 0.01, ***p < 0.001. Circle and error bars indicate mean = SD.

expressing cones were found in both the ventral and dorsal re-
gions of adult retinas. This pattern of M-opsin expression was
also present in younger animals. Unlike with S-opsin expression,
M-opsin-expressing cones did not exhibit significant changes
in density during development, maintaining the same level of
expression from P11 to P30. These data indicate that S-opsin-
mediated signaling may reach maturity later than M-opsin-
mediated signaling (Fig. 7C).

We next characterized the maturation of ON and OFF inputs
onto DSGCs by conducting cell-attached recordings from GFP *
DSGCs in ventral retinas isolated from P11 and P13 mice (Figs.
8A,B). Visible light (3 X 10* photons/s/um?) evoked DS re-
sponses at eye opening (P13) and even 2 d before eye opening
(P11) for both ON and OFF responses (Fig. 8B, left), with spike
rates comparable to those observed for this light intensity in the
adult. Although the average DS tuning was weaker in young an-
imals than in adults, the variance was quite large at all ages. This
early development of direction selectivity parallels the early de-
velopment of mature M-opsin expression (Fig. 7). In contrast,
UV light produced DS responses for the ON pathway at P11 and
P13, but very weak DS responses for the OFF pathway around eye
opening (Fig. 8 A, B). Unlike in the adult, the weak OFF DS tuning
around eye opening was due to an decrease in spiking activity in
response to PD stimulation, rather than increased spiking to ND
stimulation (Fig. 84, right). Indeed, a small but significant reduc-

Str Ctr Str

The ON pathway contributes significantly to excitation of OFF SACs. A, Schematic of circuits that mediate OFF
responses originating in rods or cones. B, Top, Side view of a slice from ventral retina showing the dendritic stratification
of an OFF SAC filled with Alexa-Fluor 594. Bottom, Excitatory OFF response of OFF SACs to a 2 s flash of green light. For
recordings, OFF SACs were held at —65mV and light stimulation was focused on the photoreceptor layer of the retinal slice.
Dotted box indicates the area over which OFF responses were analyzed in Cand D. €, Whole-cell voltage-clamp recordings
of excitatory currents from an OFF SACin control conditions (black) and after strychnine application (red) in response to
flashes of green (left) or UV light (right). Filled areas represent the crossover contribution of the current, calculated by
subtracting the current in strychnine from that in control. D, Summary of the EPSCamplitudes in OFF SACs before and after
strychnine application in response to green (left) or UV stimulation (right; n = 5 OFF SACs from 3 retinas). Paired ¢ test,

but completely blocked by the presence of
strychnine (Fig. 8D). This is in sharp con-
trast to the adult, in which UBP310
strongly inhibits the excitatory current
(Fig. 5B), and is consistent with observa-
tions that kainate receptors on OFF cBCs
do not reach maximal expression levels in
the outer plexiform layer until P20 (Hack
etal., 2002). Therefore, around eye open-
ing, OFF responses to UV light in DSGCs
rely primarily on signals originating in the
ON pathway.

Based on our results in the adult (Fig.
5), we would predict that a circuit relying
exclusively on crossover inputs originating in the ON pathway
would have increased direction selectivity rather than decreased.
However, crossover input during UV stimulation in the adult
accounts for ~25% of total excitatory input (Fig. 6D). Therefore,
we hypothesize that, during development, a reliance on crossover
input results in weak excitation that does not drive spiking during
PD motion and thus leads to a loss of DS. In support of this
hypothesis, the subset of P13 DSGCs that had robust spiking in
the PD displayed more directional tuning (Fig. 8A, right). The
comparison between UV and visible stimulation, the latter of
which appears to be sufficient for exciting DSGCs at eye opening,
is discussed below.

uv

Discussion

Our findings indicate that signaling through the ON pathway,
initiated by both rods and cones, is crucial for generating DS
responses in the OFF pathway. Retinas lacking rod signaling
(Gnatl ~/7) show strong directional tuning in the ON pathway
for both visible and UV light stimulation, but reduced directional
tuning in the OFF pathway for only UV stimulation. For visible
light stimulation, blockade of the ON pathway with L-AP4 re-
duced OFF directional tuning, indicating that ON inputs origi-
nating in the rod or M-cone pathway, contribute to OFF
directional tuning. This lack of OFF directional tuning when the
OFF pathway is isolated correlates with decreased inhibition onto
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mice. Error bars indicate == SD. One-way ANOVA, Tukey post hoc test, *p << 0.05, **p << 0.01, ***p << 0.001.

DSGCs in response to ND stimulation under ON pathway block-
ade, indicating a weaker activation of OFF SACs. Consistent with
this, ON-mediated signaling contributes to the excitation of OFF
SACs. Studying the emergence of ON contributions to OFF DS
tuning through development showed that, for UV stimula-
tion, ON inputs to the OFF pathway mature earlier than direct
activation of OFF bipolar cells. Together, our data indicate
that the interactions between ON and OFF pathways are crit-
ical for the robust computation of DS across light intensities,
with crossover inputs providing the dominant contribution
during development.

ON and OFF pathways contribute to OFF direction selectivity
It is well established that directional tuning of DSGCs is shaped
by GABAergic inhibition mediated by SACs that increase their
numbers of null-side inhibitory synapses asymmetrically during
the second postnatal week (Wei et al., 2011; Morrie and Feller,
2015). Here, we propose that asymmetric inhibition onto ON—
OFF DSGCs requires ON signaling originating in the rod and
cone pathways to activate OFF SACs strongly during ND stimu-
lation. Three lines of evidence support this hypothesis. First, vi-
sual stimulation in pharmacological conditions that maintained
the OFF pathway but suppressed the ON pathway led to robust
spiking activity during the OFF response to ND stimulation and
therefore reduced directional tuning (Fig. 4). Second, visual stim-
ulation in conditions that maintained ON pathway signaling led
to stronger inhibitory currents onto DSGCs during the OFF re-
sponse to ND stimulation than inhibitory currents induced by
stimulation of the OFF pathway alone (Fig. 5). Third, conditions
that maintained ON pathway signaling led to stronger excitatory
inputs onto OFF SACs than stimulation that isolated the OFF
pathway (Fig. 6).

These results lead us to speculate about which of the potential
circuit motifs involving activation of the ON pathway and con-
vergence onto OFF ¢BCs could be the source of excitation onto
OFF SACs (Fig. 1A). For an example, we will consider the rod
circuit for which the inputs to the OFF pathway are known to
occur via the glycinergic AIl amacrine cell. In this case, the most
likely circuit motif is rod — rod bipolar cell — AIl amacrine —
OFF cBCs. Light stimulation hyperpolarizes rods, which in turn

depolarizes rod BCs and AIl amacrine cells, providing a tonic
inhibition onto OFF cBCs. In this scenario, when the light inten-
sity decreases, the relief of this inhibition depolarizes the OFF
¢BC (Molnar et al., 2009; Werblin, 2010). This motif would also
apply to ON ¢BC pathways, in which, during light offset, cones
then hyperpolarize ON ¢BCs and AIl amacrine cells (via a gap
junction), which relieves the tonic inhibition onto OFF ¢BCs.
Both pathways are sensitive to L-AP4 (rod BC or ON ¢BC; Fig.
4D) and strychnine (AIl amacrine — OFF ¢BC; Fig. 5A,D). A
third circuit has been described previously for ON—OFF DSGCs
(DeVries and Baylor, 1995), in which rods coupled to cones via a
gap junction provide sign-preserving inputs to OFF cBCs. How-
ever, this motif does not appear to be plausible because of the
observed sensitivity of OFF DS responses to L-AP4, which blocks
signaling in ON ¢BC and rod bipolar cell pathways (Fig. 4D) and
the persistence of DS IPSCs in the presence of kainate receptor
antagonists (Fig. 5C).

Recently, it was proposed that two types of OFF ¢BCs with
different release kinetics form synapses onto distinct sections of
the SACs: sustained BC2 synapses onto the proximal part of the
SAC dendritic arbor and transient BC3 synapses onto more distal
segments, an arrangement critical to the direction-dependent re-
lease of GABA from OFF SAC processes (Kim et al., 2014). These
two types of OFF BCs are thought to get unequal inputs from AlI
amacrine cells, with BC2, but not BC3, receiving robust rod-
mediated inhibitory inputs that likely come from the rod—AlIl
amacrine pathway (Mazade and Eggers, 2013). This arrangement
suggests that rod input via AIl amacrine cells could provide the
BC2 modulation necessary for direction selectivity in SACs.
However, further experiments are necessary to establish whether
the rod or ON ¢BC pathway provides the dominant input to BC2
and if activation of both BC types is required for SAC DS (Kim et
al., 2014; Ding et al., 2016). Interestingly, both BC2 and BC3
receive S-cone and M-cone inputs (Euler et al., 2014), consistent
with these ¢BCs providing sites for crossover inputs from both
chromatic pathways.

Late development of OFF S-cone pathway
DSGC direction selectivity is present at eye opening, with tuning
comparable to adult DSGCs (Elstrott et al., 2008; Wei etal., 2011;
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Chen et al., 2014). Our results reveal early DS tuning in the ON
pathway in response to both visible light and bright UV light.
However, we found that, at eye opening, only visible light stimu-
lation led to robust DS tuning in the OFF pathway, whereas UV
light did not (Fig. 8). Because S-opsin is expressed robustly at
these early ages (Fig. 7A—C), we hypothesize that the slower de-
velopment of DS responses in the OFF pathway may be due to
weak synaptic connections between cones and OFF ¢BCs. Two
lines of evidence are consistent with this hypothesis. First, we
observed no effect of kainate receptor antagonists on cone-
mediated OFF excitatory currents in DSGCs of young retinas
(Fig. 8D), whereas these antagonists inhibited light-evoked re-
sponses from OFF ¢BCs in P30-P40 mice (Fig. 5B). Second, kai-
nate glutamate receptors associated with OFF c¢BCs are first
detected in the outer plexiform layer at P10 and do not reach full
maturation until P20 (Hack et al., 2002; also see review by Hoon
et al., 2014), whereas metabotropic glutamate receptors associ-
ated with ON BCs are detected as early as P5.

We postulate that a lack of excitation in the OFF pathway led
to reduced firing in the PD and therefore less DS tuning (Fig. 84,
right). However, there are two surprising aspects to this finding.
First, this is in contrast with the adult retina, in which crossover
inputs from the ON pathway are crucial for generating direc-
tional tuning in the OFF pathway (Fig. 5). Second, OFF tuning
appears to be intact for visible stimulation at eye opening, which
presumably also lacks direct activation of OFF bipolar cells.

We speculate that the resolution of these seemingly inconsis-
tent results is in the relative amount of excitation that comes from
direct versus crossover inputs for the different stimulation para-
digms. Crossover inputs from visible stimulation provide ~60%
of the excitation for OFF SACs while providing <25% of the
excitation for UV stimulation (Fig. 6D). Therefore, the weaker
crossover inputs for UV stimulation activates the OFF ¢BCs sig-
nificantly less than visible stimulation, providing less excitatory
input for DSGCs.

It is also important to note that, although crossover inputs are
intact, they may also provide weaker excitation than in the adult
because of an immature synapse between Al amacrine and OFF
cBCs. Not only does glycine release from AIl amacrine cells un-
dergo a dramatic increase in efficacy after eye opening (which, on
its own, could increase disinhibition to OFF SACs), but the exo-
cytosis of glycinergic vesicles is very dependent upon the extent of
excitatory input (Balakrishnan et al., 2015). Therefore, without a
fully mature ON pathway providing excitation onto the AIl ama-
crine cell, there may be insufficient glycine release in younger
retinas to produce a robust disinhibition of OFF cBCs, leading to
the reduced direction selectivity observed.

There still remains the question of why visible stimulation
evokes significant directional tuning in the OFF pathway,
whereas UV stimulation does not. The intensity of the visible
stimulation used for recordings near eye opening was in the
mesoscopic regime (3 X 10* photons/s/um?) for comparable
activation of the rods with both UV and visible light (see Table 1).
Therefore, the difference is in the extent of S-cone versus M-cone
activation and their downstream bipolar cells. Although chro-
matic differences in targeting of different bipolar cell types has
been explored in the adult mouse (Haverkamp et al., 2005;
Breuninger et al., 2011; Wang et al., 2011; Euler et al., 2014), the
specificity of wiring during development is unknown. Whether
activity plays a role in the establishment of these synapses in the
later maturing OFF pathway similar to what has been demon-
strated for the ON pathway (Morgan et al., 2011; Dunn et al.,
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2013; Johnson and Kerschensteiner, 2014) remains to be
determined.
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