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Systems/Circuits

Simulated Saccadic Stimuli Suppress ON-Type Direction-
Selective Retinal Ganglion Cells via Glycinergic Inhibition

X Benjamin Sivyer,1 X Alexander Tomlinson,1 and X W. Rowland Taylor2

1Casey Eye Institute, Department of Ophthalmology, Oregon Health and Science University, Portland, Oregon 97239, and 2School of Optometry and Helen
Wills Neuroscience Institute, University of California, Berkeley, California 94720

Two types of mammalian direction-selective ganglion cells (DSGCs), ON and ONOFF, operate over different speed ranges. The directional
axes of the ON-DSGCs are thought to align with the axes of the vestibular system and provide sensitivity at rotational velocities that are too
slow to activate the semicircular canals. ONOFF-DSGCs respond to faster image velocities. Using natural images that simulate the natural
visual inputs to freely moving animals, we show that simulated visual saccades suppress responses in ON-DSGCs but not ONOFF-DSGCs
recorded in retinas of domestic rabbits of either gender. Analysis of the synaptic inputs shows that this saccadic suppression results from
glycinergic inputs that are specific to ON-DSGCs and are absent in ONOFF-DSGCs. When this glycinergic input is blocked, both cell types
respond similarly to visual saccades and display essentially identical speed tuning. The results demonstrate that glycinergic circuits
within the retina can produce saccadic suppression of retinal ganglion cell activity. The cell-type-specific targeting of the glycinergic
circuits further supports the proposed physiological roles of ON-DSGCs in retinal-image stabilization and of ONOFF-DSGCs in detecting
local object motion and signaling optical flow.

Key words: electrophysiology; neural circuits; retina; visual processing

Introduction
Image motion on the retina can occur when an animal moves
(global-motion), or when something in the environment moves
(local or object-motion). The self-motion that produces global-
image motion on the retina typically elicits powerful feedback
systems that drive muscles in the neck and eyes that counter the

effects of the motion and stabilize the image on the retina (Col-
lewijn, 1977; Simpson, 1984). Motion of objects in the environ-
ment are also salient, but produce very different behavioral
responses, often directing attention to a location (Lettvin et al.,
1959), or eliciting avoidance (Münch et al., 2009; Wallace et al., 2013;
Yilmaz and Meister, 2013). Such sensitivity to motion could arise at
the earliest stages within the visual stream, within the so-called di-
rection selective ganglion cells (DSGCs) in the retina.

DSGCs respond maximally to movement in a narrow range of
“preferred” directions, and little if at all to motion in the oppo-
site, “null” directions (Barlow and Hill, 1963; Barlow et al., 1964;
Vaney et al., 2012). Mammalian retinas contain two types of DSGCs
(Barlow et al., 1964): ONOFF-DSGCs respond to both positive and
negative contrasts, whereas ON-DSGCs respond only to positive-
contrast. Direction selectivity in both types is mediated largely by
directional GABAergic inhibition (Caldwell et al., 1978; Kittila
and Massey, 1997; Taylor et al., 2000), arising from specialized
inhibitory interneurons called starburst amacrine cells (SBACs;
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Significance Statement

In the mammalian retina, ON direction-selective ganglion cells (DSGCs) respond preferentially to slow image motion, whereas
ONOFF-DSGCs respond better to rapid motion. The mechanisms producing this different speed tuning remain unclear. Here we
show that simulated visual saccades suppress ON-DSGCs, but not ONOFF-DSGCs. This selective saccadic suppression is because of
the selective targeting of glycinergic inhibitory synaptic inputs to ON-DSGCs. The different saccadic suppression in the two cell
types points to different physiological roles, consistent with their projections to distinct areas within the brain. ON-DSGCs may be
critical for providing the visual feedback signals that contribute to stabilizing the image on the retina, whereas ONOFF-DSGCs may
be important for detecting the onset of saccades or for signaling optical flow.
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Euler et al., 2002; Fried et al., 2002). The directional signals, aris-
ing from individual dendrites of the SBACs, are preserved by
selective, spatially asymmetric connections between the SBACs
and the DSGCs (Lee and Zhou, 2006; Briggman et al., 2011; Wei
et al., 2011).

Although the synaptic mechanisms generating directional re-
sponses are similar for both the ON-DSGC and ONOFF-DSGC
circuits (Yonehara et al., 2011), the two types have different speed
tuning and distinct central projections (Huberman et al., 2009;
Kay et al., 2011), consistent with different functional roles. ON-
DSGCs have larger receptive fields and are tuned to lower speeds
than the ONOFF-DSGCs (Oyster et al., 1972; Sivyer et al., 2010).
The strong projection of ON-DSGCs to the non-image-forming
accessory optic system (Soodak and Simpson, 1988), which un-
derlies the visual drive of the optokinetic reflex (Simpson, 1984),
suggests an important role for ON-DSGCs in image stabilization
as part of the vestibular ocular reflex. The high sensitivity of
ON-DSGCs to slow image velocities will complement the loss of
vestibular drive at low acceleration that results from the inertia
of the endolymph in the semicircular canals (Angelaki and Cul-
len, 2008). Indeed, selective lesion of DS circuits produces pro-
found deficits in eye-stabilization (Yoshida et al., 2001; Amthor et
al., 2002). ONOFF-DSGCs, on the other hand, respond to higher
velocities (Oyster and Barlow, 1967; Wyatt and Daw, 1975; Sivyer
et al., 2010), and their axons project primarily to the superior
colliculus and the lateral geniculate nucleus (LGN; Semm, 1978).
The LGN relays the directional information to the superficial
layers of V1 (Cruz-Martín et al., 2014), but the role of ONOFF-
DSGCs in image-forming pathways remains unclear. Some stud-
ies suggest these cells are selective for small moving objects within
the visual field (Chiao and Masland, 2003; Olveczky et al., 2003).
A recent analysis has proposed that both types of DSGCs may be
important for signaling global motion or optical flow, produced
by rotational head motion or translational body motion (Sabbah
et al., 2017).

Here we show that the difference in speed tuning between the
ON-DSGCs and the ONOFF-DSGCs arises by virtue of differ-
ences in the inhibitory and excitatory inputs. In particular, a
glycinergic input, that is specific to ON-DSGCs, suppresses sig-
nals produced by sudden contrast changes and visual saccades.
The results are consistent with complementary physiological
roles for the two types of DSGCs.

Materials and Methods
Ethical approval and tissue preparation. Experiments involving animals
were done in accordance with the National Institutes of Health guide-
lines, and all procedures were approved by the Oregon Health and
Science University Institutional Animal Care and Use Committee. Pig-
mented rabbits, 5 weeks or older of either sex were dark adapted over-
night and anesthetized with ketamine (50 mg/kg) and xylazine (10 mg/
kg) before being killed with an overdose of sodium pentobarbital. Under
dim red illumination, the eyes were quickly enucleated, hemisected, and
placed in Ames medium equilibrated with 95% O2 and 5% CO2, pH 7.4,
at room temperature. Subsequent to enucleation, all procedures were
performed under infrared illumination. The retina and attached pigment
epithelium were dissected free from the sclera and placed in a recording
chamber under a microscope and perfused with Ames medium main-
tained at 36°C. Ganglion cell somas were visualized though a 60� water-
immersion objective and differential interference contrast optics. DSGCs
were selectively targeted by their characteristic somatodendritic mor-
phology (Sivyer et al., 2010; Sivyer and Williams, 2013).

Experimental design and statistical analysis. Following the establish-
ment of an extracellular recording, the 60� objective was replaced with a
10� water-immersion objective and DSGCs were identified by their re-
sponses to a moving bar projected on the receptive field. Whole-cell

current-clamp or voltage-clamp recordings were made with the follow-
ing internal solutions (in mM): 128 K-gluconate, 6 KCl, 10 Na-HEPES, 5
phosphocreatine-Na2, 1 EGTA, 2 Mg-ATP, 1 Na-GTP, and 3 QX-314.
For voltage-clamp experiments the K was replaced with Cs. The pH was
adjusted to 7.3 using the appropriate hydroxide. Synaptic conductances
were estimated from current–voltage relations sampled at potentials be-
tween �95 and 0 mV in 15 mV increments. The visual stimulus was
repeated for each potential. Excitatory and inhibitory contributions to
the total light-evoked synaptic input were estimated by fitting the cur-
rent–voltage relations as described previously (Borg-Graham, 2001; Tay-
lor and Vaney, 2002; van Wyk et al., 2006; Venkataramani and Taylor,
2010). Drugs were diluted in Ames medium to a final concentration of 1 �M

strychnine, 10 �M 6-Imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic
acid hydrobromide (SR 95531), 50 �M 1,2,5,6-tetrahydropyridin-4-
yl)methylphosphinic acid (TPMPA). Because of its high affinity the time
required to washout strychnine exceeded the attainable recording dura-
tion for whole-cell recordings. However, after allowing at least 60 min for
washout, recovery of glycinergic IPSPs can be observed in retinal prepa-
rations, indicating that the drug effect is reversible.

Visual stimuli were produced using custom software based on the
PsychoPy routines (Peirce, 2007; RRID:SCR_006571). The stimuli, gen-
erated on a Texas Instruments digital light projector (DLP; Lightcrafter
4500), were projected onto the photoreceptor layer through a 10� water-
immersion objective (0.3 NA, Olympus). Only monochromatic light
from the green LED was used, with a peak emission wavelength of 520
nm. The DLP intensity was linearized using a calibrated lookup table.
DLP intensity was attenuated using neutral density filters to produce
an adapting background photon density of �3.4 � 10 5 photons/�m 2,
which was maintained throughout the experiments. The image of the
DLP array was magnified to fill the field-of-view of the 10� objective,
producing a projected image of �2.6 mm diameter on the retina. Each
pixel on the DLP corresponded to 3.2 �m on the retina. To convert
distance on the retina to degrees of visual angle we used the conversion
factor of 166 �m/degree measured for the rabbit eye (Hughes and Vaney,
1981).

Two stimuli were used to probe responses to global motion; a check-
erboard stimulus, and a natural scene, “imk00955.iml”, obtained from the
Van Harteren image database (van Hateren and van der Schaaf, 1998). The
checkerboard comprised 100 �m squares with randomly assigned inten-
sities of �80% or �80% relative to the mean luminance level (Fig. 1A).
The natural scene was scaled to span the dynamic range of the stimulus
monitor. The mean luminance was 52% lower than the interstimulus
background level and the mean contrast (SD) was 28.7%. Saccadic stim-
uli were simulated by generating image trajectories based on the mea-
surements of eye and head movements that were made in freely moving
rabbits (Collewijn, 1977). For saccades the image moved at 90°/s, which
corresponds to a displacement of 250 �m/stimulus frame. Thus, the
image jumped between frames by less than one-quarter of the receptive
field diameter of the ganglion cell. Saccade distance ranged from 4.5° to
19.7° with an average of 13.0° � 6.8°. The average saccade duration was
160 � 68 ms.

Statistical comparisons between cell types were made using unpaired
two-tailed Student’s t tests assuming normally distributed data. Compar-
ison of pharmacological effects used paired t tests. Results were consid-
ered significant for p � 0.05. Custom routines in Igor Pro (Wavemetrics;
RRID:SCR_000325) were used for data analysis. Unless otherwise speci-
fied, error bars or error-shading represent �SEM.

Results
Saccade-like motion suppresses ON-type DSGCs selectively
To compare ON-DSGC and ONOFF-DSGC responses during
rapid and slow eye movements we simulated saccades and slow
image drift at velocities similar to those encountered during nor-
mal behavior (Collewijn, 1977). During simulation of global
image motion on the retina that occurs during eye movement,
random checkerboard images covered the full stimulus area of
�2.6 mm diameter. To assess the effect of saccades on the ongo-
ing neural activity, a maintained level of activity in the DSGCs
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Figure 1. Simulated saccades suppress preferred-direction responses in ON but not ONOFF-DSGCs. A, Images used for simulated saccades. Left, An example checkerboard. Right, the natural scene
used. The image sizes were extended outside the projection area to allow for generation of saccades. The red rectangles show the size of the stimulus DLP array, and the blue circles show the area
projected onto the retina. The yellow circles show the approximate extent of a typical ON-DSGC dendritic arbor. See Materials and Methods for details on intensities and dimensions. B, Average PSTHs
from ONOFF- (red, n � 7) and ON- (black, n � 10) DSGCs during stimulation with the drifting checkerboard shown in A. Shading shows the SEM. The symbols show the timing and direction of
saccades (blue, preferred; green, null). C, Average PSTHs for ONOFF- (red; n � 10) and ON- (black; n � 8) DSGCs during stimulation with the drifting natural image shown in A. Raster plots for several
ON-DSGCs during the natural scene stimulation are shown. Each line of dots shows the timing of the spikes during a single trial. Different cells are shown alternately in gray and black. The trace at
the bottom of the figure shows the position of the stimuli along the preferred-null axis as a function of time, i.e., the slope represents the speed. Speed of saccades was 90°/s. In the intervals between
saccades the positive slope indicates the constant drift of the image in the preferred direction (0.6°/s). The same stimulus trajectory was used for natural scenes and checkerboards. The vertical
broken lines mark the saccade onsets, with blue and green lines marking the preferred- and null-direction events, respectively.
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was generated by continuously drifting the stimulus image at
0.6°/s in the cell’s preferred direction during intervals between
saccades. Linear saccades were generated in either the preferred
or null direction (Fig. 1, stimulus trace). When the stimulus first
appeared, it produced a burst of spikes that subsided to near zero
within �1 s (Fig. 1B). The steady drift in the preferred direction
(0.6°/s), produced sustained firing in the ON and ONOFF-
DSGCs. Sustained firing was higher in ON-DSGCs than ONOFF-
DSGCs (ON-DS, n � 10; ONOFF-DSGC, n � 7; unpaired t test,
p � 0.0040). The simulated saccades strongly suppressed preferred-
direction spiking in the ON-DSGCs. Spiking increased regardless
of saccade-direction in the ONOFF-DSGCs indicating a loss of
directional signaling at these high velocities (Fig. 1B). On return
to the slow drift in the preferred direction at the end of each
saccade, spiking in the ON-DSGCs recovered rapidly, indicating
that the saccadic suppression is relatively transient.

Random checkerboard images over-represent high spatial fre-
quencies relative to natural images, in which the power declines
inversely with spatial frequency (Simoncelli and Olshausen, 2001).
To ensure that the responses were pertinent to natural images, we
repeated the global motion stimuli with the same velocity trajec-
tories but using a natural scene instead of the checkerboard. We
chose an image that a rabbit might conceivably experience, and
that had fairly uniform contrast (Fig. 1A; see Materials and Meth-
ods). The ON-DSGCs responded to the appearance of the check-
erboard, but not to the appearance of the scene (Fig. 1B,C,
compare black traces), most likely because the scene produced a
step decrease in mean luminance which offset the drive produced
by the step increase in spatial contrast. Similar to the checker-
boards, the identical motion trajectories for the natural scenes
suppressed preferred-direction spiking in ON-DSGCs but not
ONOFF-DSGCs (Fig. 1C). For the ON-DSGCs the initial slow
drift during the conditioning phase elicited a lower average spike
rate for the natural scene than for the checkerboards (scene: 17 �
8.8 Hz, n � 8; checkerboard: 30.5 � 12.1 Hz, n � 10, p � 0.017).

The two stimuli produced similar sustained firing in the ONOFF-
DSGCs (scene: 10.7 � 8.2, n � 5; checkerboard: 12.7 � 9.3, n �
7, p � 0.69).

Similar to the checkerboards, for the natural scenes the
ONOFF-DSGCs showed an increase in spiking for both the pre-
ferred and null directions, indicating a reduction in the strength
of the directional tuning. The average number of spikes produced
by the preferred- and null-direction saccades was the same for
either the checkerboards or scenes (checkerboards: n � 7, p �
0.23; scenes: n � 5, p � 0.094). We wanted to be certain that the
lack of saccadic suppression in the ONOFF-DSGCs was not re-
lated to this loss in direction-selectivity. Therefore, we compared
responses of ON-DSGCs and ONOFF-DSGCs to rapid global
motion at lower velocities where the ONOFF-DSGCs remained
strongly directional (10°/s). These stimuli strongly suppressed
preferred-direction firing in the ON-DSGCs but not in the
ONOFF-DSGCs (Fig. 2). Overall, these results demonstrate that
rapid motion simulating saccadic eye movements selectively sup-
presses ON-DSGCs but not ONOFF-DSGCs. This selective sup-
pression is produced by both spatially uncorrelated checkerboard
stimuli and by highly correlated natural images.

Because ON-DSGCs and ONOFF-DSGCs both respond dur-
ing low-speed global image motion but not at high speeds, we
sought to quantify how steeply the responses of the two cell types
diverged as the stimulus speed increased. We examined the speed
tuning functions for both global and local image motion, because
ONOFF-DSGCs are known to respond more strongly to local
versus global image motion. Global motion refers to stimuli that
are elicited for example by self-motion, when the eye or head
moves and the image on the entire retina moves coherently. Local
motion refers to stimuli that differentially activate the receptive
field center, such as an object moving relative to the background.
The stimulus paradigm for global motion was similar to that used
in Figure 1. Figure 3A shows responses to full-field checkerboard
stimuli. The stimulus appeared and remained static for 1 s before
drifting at 0.6°/s in the preferred direction for 4 s and then
abruptly increasing to a test speed for a further 4 s. The initial
reference speed produced sustained firing in both types of DS-
GCs, whereas increasing the speed elicited progressively less
spikes in the ON-DSGCs, but more spikes in the ONOFF cells
(Fig. 3A,B). The speed-tuning of the two types of DSGCs for this
global motion is shown in Figure 3C (solid squares). The mean
firing rate over the 4 s stimulus interval declined for ON-DSGCs
as the speed was increased above the initial drift rate (0.6°/s), and
was 50% suppressed at �1.2°/s. We measured the maximum
firing rate ONOFF-DSGCs, which occurred near the beginning
of the 4 s stimulus interval. Peak firing rate increased steadily
without saturation over this velocity range (Fig. 3C, solid red).

ONOFF-DSGCs show surround inhibition, which suppresses
responses to global motion and hence tunes cells to respond more
robustly to small objects that selectively stimulate the receptive
field center (Chiao and Masland, 2003; Olveczky et al., 2003;
Hoggarth et al., 2015; Im and Fried, 2016). We asked whether the
strong suppression of ON-DSGCS during rapid image motion
might result from strong wide-field inhibition activated during
global motion. To address this question, we used elongated bars
to stimulate the center receptive fields of ON- and ONOFF-
DSGCs without engaging the inhibitory surround. The length of
the bar was adjusted so that the leading and trailing edges pro-
duced well separated ON and OFF responses in the ONOFF-
DSGCs (see Materials and Methods). For these local motion
stimuli, the peak ON-response increased monotonically as a
function of the bar velocity for ONOFF-DSGCs, reaching half-

Figure 2. The decrease in directional responses in ONOFF-DSGCs during rapid global motion
only occurs at very high stimulus speeds. Averaged spike responses (8 cells) to simulated rapid
eye movements in the preferred and null directions at image velocities producing clear direc-
tional responses of ONOFF-DSGCs (10°/s). The checkerboard stimulus and the times at which the
rapid motion events occurred was the same as in Figure 1. In one set of trials, stimuli moved only
in the preferred direction (blue) and in a second set, stimuli moved in the preferred and null
directions (black).
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maximal responses at �1.8°/s (Fig. 3B,C,
open red symbols), but declined progres-
sively for the ON-DSGCs (Fig. 3B,C,
open black symbols). This stimulus also
revealed small trailing-edge OFF re-
sponses in the ON-DSGCs (Fig. 3B, inset,
arrow), as has been reported previously
(Ariel and Daw, 1982; Nirenberg and
Meister, 1997; Roska and Werblin, 2001;
Rentería et al., 2006; Sun et al., 2006; Ack-
ert et al., 2009). In agreement with the
previous work, the spike rates for local
motion tended to be higher than for
global motion (Fig. 3C, compare corre-
sponding red and black symbols; Chiao
and Masland, 2003; Olveczky et al., 2003;
Hoggarth et al., 2015; Im and Fried, 2016).
Overall, these observations are in accord with
previousworkshowingdifferences inthetem-
poral/velocity tuning of ON- and ONOFF-
DSGCs (Oyster, 1968; Wyatt and Daw,
1975; Sivyer et al., 2010).

The ONOFF-DSGC firing rate varied
widely in response to the constant-velocity
global motion stimuli (Fig. 3A, red), how-
ever, similarities in the structure of the
peristimulus spike-time histograms (PSTHs)
become evident when the they are nor-
malized in time (Fig. 3D). After this trans-
formation, the peaks and troughs in the
PSTHs appeared to be remarkably repro-
ducible, consistent with the idea that the
cells respond similarly to the spatial struc-
ture of the checkerboard stimulus, regard-
less of velocity. Such invariance might
allow the integrated spike counts in
ONOFF-DSGCs to provide a measure of
optical flow over a range of image veloci-
ties (Sabbah et al., 2017). Overall, the data
indicated that the selective suppression of
ON-DSGCs versus ONOFF-DSGCs dur-
ing saccadic stimuli is consistent with a
marked difference in velocity tuning over
a range of stimulus speeds.

Saccadic motion activates glycinergic
inhibition in ON-type DSGCs
Previous data indicated that differences
in velocity tuning in ON-DSGCs versus
ONOFF-DSGCs resulted in part from
stronger activation of inhibition over ex-
citation in ON-DSGCs at higher temporal
frequencies (Sivyer et al., 2010). To fur-
ther investigate the synaptic basis for such
differences we recorded voltage-responses while stimulating cells
with a centered spot that was sinusoidally modulated over a range
of temporal frequencies. In agreement with our previous analysis
(Sivyer et al., 2010), spiking in ON-DSGCs declined dramatically
at stimulus frequencies 	1 Hz, whereas the ONOFF-DSGCs con-
tinued to respond up to 8.5 Hz, the highest frequency tested (Fig.
4A). The loss of spiking in the ON-DSGCs was accompanied by
the appearance of hyperpolarizing IPSPs that were time-locked to
the stimulus frequency (Fig. 4A,B). In an overlapping ONOFF-DSGC

recorded simultaneously we saw no evidence for hyperpolarizing
IPSPs (Fig. 4A, red). Two other pairs of overlapping ON- and
ONOFF-DSGCs recorded simultaneously showed similar results.

The IPSPs were activated during the upswing of the stimulus
intensity and were time-locked to the flicker (Fig. 4B), consistent
with drive through the ON-pathway. The width at half-height of
the IPSPs ranged from �30 ms at 8.5 Hz to �90 ms at 1 Hz. We
examined the activation-latency by measuring the timing of the
peak IPSP, expressed as the phase relative to the start of the stim-

Figure 3. Speed tuning of ON- (black) and ONOFF- (red) DSGCs. A, Average PSTHs recorded for a moving full-field checkerboard
stimulus. The stimulus appeared and after a 1 s delay began drifting in the preferred direction at 0.6°/s for 4 s before abruptly
increasing speed. This stimulus timing is shown beneath the traces. ON-DSGCs shown in black (n � 3) and ONOFF-DSGCs in red
(n � 4). B, Average PSTHs recorded for ON- (black; n � 11) and ONOFF- (red; n � 12) DSGCs in response to a bright bar on a gray
background drifted across the receptive field center in the preferred direction at the speeds indicated. The length of the bar was
adjusted to separate leading and trailing edge responses. Inset; replot of the PSTHs for the ON-DSGCs with the time axis rescaled so
that the responses to the leading and trailing edges of the stimulus were superimposed. The calibration bars beneath the traces all
denote 4 s, according to the speed and length of the stimulus bars. C, Speed-dependence of spike responses to global (filled
symbols) and local motion (open symbols) for ON-DSGCs (black) and ONOFF-DSGCs (red; on response only). Data drawn from cells
in A and B. D, Expanded segment of the PSTHs from A normalized in time to show the correspondence of the responses to the spatial
structure of the stimuli.
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ulus cycle. The IPSPs activated sharply at a fixed phase of 155°
(Fig. 4C, intercept of fitted line). The increase in the phase delay
with increasing stimulus frequency was consistent with a fixed
time-delay of �19.3 ms (Fig. 4C, slope of fitted line). A second,
slow component to the IPSPs was also seen and is particularly
evident at 4 and 8.5 Hz (Fig. 4B) as a slowly decaying hyperpolar-
ization activated at the start of the stimulus. We next made cur-
rent recordings under voltage-clamp to investigate the synaptic
basis of these light-evoked postsynaptic potentials.

We used the same flickering spot stimulus (Fig. 5A1) and
recorded light-evoked synaptic currents over a range of holding
potentials and calculated the underlying excitatory and inhibi-
tory conductance components (Taylor and Vaney, 2002; Venkat-

aramani and Taylor, 2016). Inhibition
comprised fast, transient stimulus-locked
inputs (Fig. 5A2), which appeared to be
superimposed on a slower, sustained
component. It seems likely that the slower
sustained component includes an inhibi-
tory input activated during the Off-phase
of the stimulus, which is clearly evident at
the lower stimulus frequencies (Fig. 5A2,
arrows), although one cannot rule out
contribution from a slower ON inhibitory
component with a longer duration. The
time course of the sustained envelope is
particularly evident at the highest stimu-
lus frequency (Fig. 5A2, 8.5 Hz trace). It is
largest at the start of the stimulus and de-
clines markedly within a few hundred mil-
liseconds. The excitatory conductance
was modulated at the stimulus frequency,
with a peak of �4 –5 nS that remained
constant with increasing stimulus fre-
quency (Fig. 5A3,B, solid symbols). Note
that the phasic inhibition turns on more
sharply than the excitation (Fig. 5A, com-
pare responses at 1 and 2 Hz). Overall,
these results indicate that the hyperpolar-
izing PSPs seen in current-clamp are
consistent with the presence of direct in-
hibitory inputs to the ON-DSGCs.

It is well established that DSGCs re-
ceive a strong asymmetric GABAergic
input that is critical for generating direc-
tional responses (Taylor et al., 2000;
Vaney et al., 2001; Fried et al., 2002). Pre-
vious work has shown that the inhibitory
inputs to ONOFF-DSGCs are mediated
by GABA receptors (Wyatt and Day, 1976;
Caldwell and Daw, 1978; Massey et al.,
1997; Fried et al., 2005; Lee et al., 2010).
We next tested the hypothesis that the in-
hibitory inputs seen in the ON-DSGCs
were also mediated entirely by GABAergic
mechanisms by examining the pharmaco-
logical sensitivity of the inhibition. We re-
corded responses to a centered flickering
spot in control and during application of
10 �M SR93551 and 50 �M TPMPA to
block GABAA and GABAC receptors
(GABA block). The flickering spot-
stimulus was identical to that shown in

Figure 5. GABA block appeared to slightly suppress the fast IPSCs,
whereas excitation was enhanced relative to control (Fig. 6A,
green). The subsequent addition of 1 �M strychnine to block
glycine receptors completely blocked inhibition but had little ad-
ditional effect on excitation (Fig. 6A, magenta). Similar experi-
ments were performed in a second group of cells but using a
stimulus bar moving at 10°/s in the cell’s preferred direction to
minimize the magnitude of the directional GABAergic input
from SBACs. GABA block had little effect on the preferred-
direction inhibition, but strongly enhanced the excitatory input,
which also became more sustained (Fig. 6B, green). Similar to the
flickering spot, blocking both GABA and glycine receptors com-
pletely suppressed the inhibitory input (Fig. 6, magenta). These

Figure 4. ON-DSGCs but not ONOFF-DSGCs receive a transient inhibitory input that is activated at high flicker frequencies.
Responses to a flickering spot centered on the receptive field to illustrate the temporal tuning. A, Simultaneous voltage recordings
from adjacent ON- and ONOFF-DSGCs with overlapping receptive fields at a range of temporal frequencies. Stimulus timing is
shown by the overlying the traces. B, Average voltage responses from 10 ON-DSGCs during 1, 2, 4, and 8.5 Hz sinusoidal flicker
stimulation. Shading shows the SD; stimulus timing is superimposed in gray. C, Phase of the peak IPSP versus stimulus frequency
measured from the second stimulus cycle. The solid line shows the linear regression. The slope of the line corresponds to a fixed
time delay of 19.3 ms.
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results indicate that ON-DSGCs receive a strong direct glycinergic
inhibitory input. The effects of the inhibitory blockers on excitation
were complex; blocking GABA-receptors alone prolonged the time
course of the excitation, whereas the addition of the glycinergic
blocker produced excitation very similar to control.

These results suggest that glycinergic inhibition specific to
ON-DSGCs largely determines the different temporal tuning of
the two types of DSGCs, and most importantly, the different

sensitivity to saccadic motion. This hypothesis predicts that
blocking glycine receptors should allow ON-DSGCs to become
more responsive at high temporal frequencies. Confirming this
prediction, ON-DSGCs responded strongly to flickering stimuli
at 2 and 8.5 Hz after glycinergic inhibition as blocked (Fig. 7A).
These changes in excitability were paralleled by changes in the
synaptic conductances. Inhibition was strongly suppressed dur-
ing glycinergic block (Fig. 7B, averages of 4 cells). The sustained
envelope disappeared, consistent with this component also rely-
ing on glycinergic receptors. The residual IPSCs in Figure 7B
presumably reflect GABAergic input, largely from starburst ama-
crine cells. As predicted, the suppression of spiking observed dur-
ing saccadic global motion of natural scenes was lost in the
presence of the glycinergic blocker (Fig. 7C). The number of
spikes recorded during preferred and null direction saccades in-
creased significantly (paired t test, preferred: p � 2.4 � 10�3,
null: p � 9.9 � 10�5). Note that with glycine receptors blocked,
the ON-DSGCs responded in the preferred and null directions
indicating that directional tuning was weaker at these high veloc-
ities (Fig. 7C, blue and green arrows), as was observed for the
ONOFF-DSGCs (Fig. 1B). Finally, we tested the effects of strych-
nine on the speed tuning for local motion. After blocking glycin-
ergic inputs, there was little effect on the ON-responses of the
ONOFF-DSGCs (Fig. 7D, top), but a large potentiation of the
ON-DSGC response (Fig. 7D, bottom), at least at high velocities.
DSGCs receive excitatory input partially through cholinergic in-
puts (Ariel and Daw, 1982; Kittila and Massey, 1997), which can
be suppressed by micromolar concentrations of strychnine
(Renna et al., 2007). The major effect of strychnine in our exper-
iments was consistent with suppression of glycine receptors, be-
cause excitatory drive was generally increased. Perhaps the
slightly lower firing rate in response to slow drift of the visual
scene could be attributable to cholinergic blockade (Fig. 7C), but
further work would be required to test that hypothesis. Overall,
after scaling for absolute spike rate, the responses for the two cell
types became comparable in the presence of strychnine, and
therefore the speed tuning became essentially indistinguishable
(Fig. 7E).

Discussion
The results demonstrate that glycinergic inhibitory inputs spe-
cific to ON- but not ONOFF-DSGCs, are responsible for differ-
ences in the temporal response properties between the two classes
of DSGCs. The inhibition is activated by both local and global
visual stimuli and serves to suppress spike output from the ON-
DSGCs during fast image motion (Figs. 1, 3). Unlike the direc-
tional GABAergic input to these cells, the glycinergic inhibition is
activated regardless of the direction of image motion. Thus, at
least two inhibitory mechanisms function independently within
the dendrites of ON-DSGCs, a GABAergic component that pro-
duces directional responses, and glycinergic components that
mediate saccadic suppression and tune the cells to respond best to
relatively low speeds. During simulated saccades, ONOFF-
DSGCs respond regardless of the direction of image motion, in-
dicating that the directional GABAergic inputs were ineffective at
high velocities (Fig. 1, red). The ON-DSGCs showed similar be-
havior when glycinergic inputs were blocked (Fig. 7C). Such high
velocities may be functionally similar to static flashes, which
cause DSGCs to spike because the GABAergic inhibition from
starburst amacrine cells arrives slightly delayed relative to the
excitation (Sivyer et al., 2010). The ability of the glycinergic
circuit to suppress spiking for rapid contrast changes appears
similar to the role of glycinergic receptors in temporal tuning of

Figure 5. A rapid transient inhibitory synaptic conductance is observed ON-DSGCs. A1, The
stimulus was a sinusoidally-modulated 300 �m diameter spot, 80% contrast centered on the
receptive field. A2, A3, Net light-evoked inhibitory and excitatory synaptic conductances acti-
vated by a range of flicker frequencies (for details of analysis, see Materials and Methods).
Within each trial the spot was flickered at three frequencies, as indicated by the stimulus timing
beneath each trace. Shading shows the SEM (top, n � 9 cells; bottom, n � 6 cells). The arrows
highlight the inhibition activated during the OFF-phase of the stimulus. The symbols above the
2 Hz responses illustrate the measurement points for B. The triangles represent the peak am-
plitude during the first half stimulus cycle, and the circles show the amplitude during the second
cycle. B, Peak amplitude of the inhibitory and excitatory conductances at the stimulus-cycle
time-points indicated in A2 and A3.
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local-edge-detector ganglion cells (Venkataramani et al., 2014).
The primary role for glycinergic circuits in shaping temporal tun-
ing at high velocities is further evident in the similar speed tuning
for ON- and ONOFF-DSGCs, seen when glycinergic transmis-
sion was blocked. At low velocities and stimulus frequencies,
where spiking is more sustained, the properties of the excitatory
inputs also appear to contribute to temporal tuning (Figs. 3A,

4A), because the sustained spiking likely reflects the more sus-
tained excitatory inputs to ON-DSGCs relative to ONOFF-
DSGCs (Sivyer et al., 2010). It is not known whether this
excitatory difference results from different presynaptic bipolar cells
or synaptic heterogeneity within a common type. Overall, the mark-
edly different responses of ON-DSGCs and ONOFF-DSGCs during
rapid visual motion appear attributable largely to a glycinergic input
that targets ON-DSGCs but not ONOFF-DSGCs.

The different functional properties for the two types of DSGCs
seem to be attuned to their distinct central projections. ONOFF-
DSGCs project to the LGN and are thus likely involved in image-
forming and perceptual vision. ON-DSGCs are conspicuous
among ganglion cells by their primary projection to the accessory
optic system (AOS; Collewijn, 1975; Oyster et al., 1980; Ellis et al.,
2016; Martersteck et al., 2017), where their afferent signals drive
the optokinetic reflex (OKR) that helps stabilize the image on the
retina (Erickson and Barmack, 1980). Some ONOFF-DSGCs in
mouse also project to the AOS in addition to their primary pro-
jections to the superior colliculus and LGN (Kay et al., 2011;
Dhande et al., 2013). However, the optokinetic nystagmus
(OKN) is abolished by selectively blocking the ON-pathway
(Knapp et al., 1988; Iwakabe et al., 1997), which challenges a
major role for ONOFF-DSGCs in generating OKN, because these
cells still produce strong directional responses through the OFF-
pathway when the ON-pathway is suppressed (Kittila and Massey,
1995). OFF ganglion cells are incapable of driving the optokinetic
reflex in zebrafish (Emran et al., 2007).

Our current findings seem consistent with the idea that ON-
DSGCs alone are critical for generating the OKN. The ON-DSGCs
could correct for small, slow drift of the image on the retina,
which might occur during steady gaze, by activating high-gain
feedback pathways producing compensatory eye movements that
stabilize the retinal image. Conversely, sudden or continuous
motion producing strong optical flow across the retina will
activate the glycinergic inputs and silence output from the ON-
DSGCs, thus preventing inappropriate activation of the high-
gain compensatory eye movements. ONOFF-DSGCs on the
other hand, appear to well suited to signal saccade onset, or global
optical flow (Sabbah et al., 2017). They modulate their firing
continuously as a function of the speed (Fig. 7E), allowing them
to signal changes in image motion on the retina. Moreover, a
given image pattern passing across an ONOFF-DSGC receptive
field appears to produce a fairly constant number of spikes over a
range of velocities (Fig. 3D), suggesting that these cells may be
good substrates for signaling the amount of optical flow. On the
other hand, ONOFF-DSGCs are suppressed by wide-field stimuli
in mouse and rabbit (Chiao and Masland, 2003; Olveczky et al.,
2003; Hoggarth et al., 2015; Im and Fried, 2016), which would
tend to reduce ability to signal optical flow. Nonetheless, the
central projection patterns of ON- and ONOFF-DSGCs in mouse
(Dhande et al., 2013; Gauvain and Murphy, 2015), seem to be
broadly similar to rabbit consistent with conservation of the fun-
damental directional circuitry in these two species.

A previous analysis performed in head-fixed animals (Col-
lewijn, 1969), concluded that the open loop gain of OKN in rab-
bits declines at frequencies 	�1°/s, and that the closed loop gain
is lower than might be expected for the open-loop results (Col-
lewijn, 1969). The suggestion was that “saccadic interruptions in
visual input” might explain these findings. Indeed, during OKN
experiments, rapid “stepwise” movement of the visual scene to a
different location failed to drive compensatory eye movements
(Collewijn, 1981). Moreover, higher closed-loop gain was found
for sine-wave modulated motion, where saccades were relatively

Figure 6. Inhibitory synaptic inputs to ON-DSGCs comprise direct glycinergic inputs. A, Av-
erage inhibitory and excitatory conductances recorded in control (black) and during application
of 10 �M SR95531 � 10 �M TPMPA (GABA block, green; n � 5). Top row shows inhibition;
bottom row shows excitation. Sinusoidal flicker frequency indicated beneath. Three recordings
remained stable enough for the subsequent addition of 1 �M strychnine (GABA � Glycine
block, magenta; n � 3). Centered light spot, 300 �m diameter, 80% contrast. B, Average
inhibitory and excitatory conductances generated by a bar (300 �m wide, 5000 �m long, 1600
�m/s, 80% contrast) moving through the center of the receptive field in the preferred motion.
Traces show control (black), GABAergic block (green; n � 5), and subsequent GABAergic and
glycinergic block (magenta; n � 4, TPMPA 10 �M, SR95531 10 �M, strychnine 1 �M). The grey
lines show the control traces scaled to match the maximum amplitude during drug application
to compare the time course of the excitation during inhibitory block.
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rare (Collewijn, 1969). Our results show-
ing strong suppression of spiking during
rapid saccades directly demonstrate sac-
cadic interruption of retinal output, at
least that arising from the ON-DSGCs.
The higher spike output from ONOFF-
DSGCs during saccades suggest that if
these cells make a convergent contribu-
tion to the central OKN circuits in the rab-
bit, they likely play different roles. For
example, in the wallaby, recordings from
the nucleus of the optic tract and dorsal
terminal nucleus revealed two types of
direction-selective units, slow and fast
(Ibbotson et al., 1994). The slow units
were inhibited by saccades in either direc-
tion, similar to the ON-DSGCs illustrated
here.

Glycinergic inhibition and
temporal tuning
The results demonstrate a key role for inhib-
itory inputs in generating saccadic suppres-
sion of the ON-DSGCs. The flicker stimuli
reveal two characteristic temporal compo-
nents to the inhibition (Figs. 4, 5); a rapid
phasic component that modulates at the
stimulus frequency, and a slower compo-
nent that generates a sustained envelope
that peaks within a few tens of millisec-
onds and decays over a few hundred mil-
liseconds (Figs. 4B, 5, 6A). The increasing
phase-delay observed with increasing fre-
quency (Fig. 4C), suggests a fixed time de-
lay for synaptic transmission. The inferred
delay, close to 20 ms, is consistent with
many previous estimates of synaptic de-
lays for surround-inhibition in the retina
(Gouras and Zrenner, 1979; Enroth-
Cugell et al., 1983; Benardete and Kaplan,
1997; Molnar and Werblin, 2007; Cui et
al., 2016; Murphy-Baum and Taylor,
2018). However, previous studies esti-
mated inhibitory delays relative to excita-
tion, while the current results require that
inhibition and excitation be coincident,
and therefore exhibit similar synaptic de-
lays. A previous analysis of temporal tun-
ing in local-edge-detector ganglion cells
point to a similar role for glycinergic
transmission, and also predicts that inhi-
bition and excitation should be coinci-
dent (Venkataramani et al., 2014). The
circuit mechanisms that ensure that inhi-
bition and excitation are either tempo-
rally coincident or delayed are not well
understood.

The slow component of the glycinergic
inhibition, which may result from tempo-
ral summation of relatively sustained
inhibition arising from the both the ON-
and OFF-pathways, is likely glycinergic
because it is suppressed by strychnine

Figure 7. Speed-tuning in ON- and ONOFF-DSGCs is similar after glycinergic block. A, Representative voltage responses during
center flicker (diameter, 300 �m; contrast, 80%) at two frequencies as indicated in control (black; replotted from Fig. 4A) and in
the presence of 1 �M strychnine (blue). B, Average synaptic conductances (n � 4) activated by a centered stimulus spot (diameter,
300 �m; contrast, 80%) modulated at 8.5 Hz, in control (black) and in the presence of 1 �M strychnine (blue). C, PSTHs in response
to global drift of a random checkerboard stimulus similar to that shown in Figure 1. Average of six ON-DSGCs in control and during
glycinergic block. The arrows highlight preferred and null direction saccades. Spiking increases in both cases. D, PSTHs averaged
from four ONOFF-DSGCs and seven ON-DSGCs before (black) and during application of strychnine (blue). Shading shows SEM. Light
stimulus was a 300 �m wide bar (same stimulus as Fig. 3B) drifting in the preferred direction at various velocities. Speed of the
stimulus indicated next to the traces. E, Peak spike rates shown for the full range of stimulus velocities. Circles show the ON-
response of the ONOFF-DSGCs. The scaling of the y-axes is set to normalize the amplitude.
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(Fig. 7B). The slow component represents a considerable fraction
of the total inhibition, and could produce sustained hyperpolar-
ization of the ON-DSGCs during saccadic eye movements in the
rabbit, which can be up to �250 ms (Collewijn, 1977). The faster
transient component may be important for countermanding rap-
idly fluctuating excitatory inputs activated by a rapidly moving
image. A further factor driving temporal tuning in the ON-
DSGCs is the excitatory–inhibitory synaptic conductance ratio,
which decreased with stimulus frequency because of increased inhi-
bition (Fig. 5B). It is also noteworthy, that the inhibition shuts-
off rapidly (Fig. 5A2, 4 and 8 Hz), which would allow the ON-
DSGCs to recover rapidly from the saccadic-suppression (Fig.
1B). Thus, at the end of a saccade, the ON-DSGC will quickly
resume encoding slow image-slip on retina and thus re-establish
the signals required for image stabilization.

These results do not preclude the possibility that differences
in GABAergic transmission also make some contribution to the
temporal tuning of the two DSGC types. Understanding the func-
tional roles of glycinergic and GABAergic inhibitory systems in
the retina remains an ongoing challenge (Masland, 2012). Feed-
forward inhibition is known to convey specific computational
features to several ganglion cells types including direction-selective
(Vaney et al., 2012), orientation-selective (Nath and Schwartz, 2016;
Venkataramani and Taylor, 2016), suppressed-by-contrast
(Sivyer et al., 2011; Jacoby et al., 2015; Tien et al., 2016), and
looming-sensitive cells (Münch et al., 2009). Our results further
illustrate how targeted feedforward inhibition can bestow a com-
putational property onto a specific ganglion cell type. A question
for future research is whether the glycinergic amacrine cells in-
volved are unique to this ON-DS circuit, or whether they produce
similar saccadic suppression in other ganglion cell types.
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