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Identification of ON-OFF direction-selective ganglion cells

in the mouse retina

Shijun Weng, Wenzhi Sun and Shigang He

Institute of Neuroscience, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, 320 Yue-Yang Road, Shanghai 200031, China

We identified the ON-OFF direction-selective ganglion cells (DSGCs) in the mouse retina and
characterized their physiological, morphological and pharmacological properties. These cells
showed transient responses to the onset and termination of a stationary flashing spot, and
strong directional selectivity to a moving rectangle. Application of various pharmacological
reagents demonstrated that the ON-OFF DSGCs in the mouse retina utilize a similar array
of transmitters and receptors to compute motion direction to their counterparts in the rabbit
retina. Voltage clamp recording showed that ON-OFF DSGCs in the mouse retina receive a
larger inhibitory input when the stimulus is moving in the null direction and a larger excitatory
input when the stimulus is moving in the preferred direction. Finally, intracellular infusion of
neurobiotin revealed a bistratified dendritic field with recursive dendrites forming loop-like
structures, previously classified as RGp, by morphology. Overall, the ON-OFF DSGCs in the
mouse retina exhibit almost identical properties to their counterparts in the rabbit retina,
indicating that the mechanisms for computing motion direction are conserved from mouse
to rabbit, and probably also to higher mammals. This first detailed characterization of ON-OFF
DSGCs in the mouse retina provides fundamental information for further study of maturation

and regulation of the neuronal circuitry underlying computation of direction.
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A classic example of neurocomputation in the mammalian
retina is represented by two types of retinal ganglion
cells responding selectively to visual stimuli moving in a
few cardinal directions. The phenomenon is particularly
well documented in the rabbit retina, where it was
first discovered (Barlow & Hill, 1963). Four decades
of intensive research have revealed the physiological,
morphological, and pharmacological properties of rabbit
ON-OFF direction-selective ganglion cells (DSGCs).
Recently, important advances have been made, revealing
mechanisms for computing motion direction (see recent
reviews: Vaney et al. 2001; Vaney & Taylor, 2002; He et al.
2003; Taylor & Vaney, 2003). Cholinergic amacrine cells
(a.k.a. starburst amacrine cells, SAs) have been shown to
play a critical role in retinal direction selectivity. Ablating
SAs abolishes retinal direction selectivity (Yoshida et al.
2001; Amthor et al. 2002). Double patch experiments
have shown that current injection into SAs on the null
side induces inhibition in the DSGCs, whereas current
injection into SAs on the preferred side has no effect (Fried
et al. 2002). Imaging calcium activity at the tips of SAs
has revealed a direction-selective calcium signal (Euler
et al. 2002). It appears that the mechanism for computing
direction involves SAs generating inhibition in the outer
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rim and feeding the inhibition selectively to appropriate
DSGCs in a spatially asymmetrical fashion. However, the
report of simple geometrical asymmetry between DSGC
dendrites and the SA plexus (Fried et al. 2002) has not
been confirmed, and further, no geometrical asymmetry
has been detected between processes of DSGCs and SAs,
indicating that direction selectivity results from selective
connections (Dong et al. 2004). How selective connections
between DSGCs and SAs are formed, and what regulates
the formation of selective connections, are intriguing but
unanswered questions. To address these questions, genetic
manipulation will be a key approach. The importance of
the mouse model for such studies means that a better
understanding of the mouse retina is a crucial step in
pursuing the answers to these questions.

One previous study, using extracellular recording,
reported DSGCs in the mouse retina (Yoshida et al. 2001),
but the morphology and pharmacology of the DSGCs
and their synaptic inputs, and hence the mechanism
for computing motion direction, remain unclear. Our
previous study examining morphological features of
mouse RGCs discovered a subtype of bistratified cells
morphologically similar to the ON-OFF DSGCs in the
rabbit retina, which we classified as RGp, (Sun et al. 2002).
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We suggested that RGp, cells may be the mouse counter-
parts of rabbit ON—-OFF DSGCs.

In this study, we demonstrate for the first time
that mouse RGp, cells are indeed ON-OFF DSGCs.
Furthermore, the light responses, pharmacological
characteristics, morphological features and synaptic
inputs are almost identical to those that have been
reported for the rabbit retina. These results indicate that
the mechanisms for computing motion direction in the
RGCs are conserved from mouse to rabbit, and probably
throughout mammalian species.

Methods

Whole-mount retina preparation

C57BL/6N mice were used in this study. Use and handling
of animals were strictly in accordance to the institutional
guidelines and the Society for Neuroscience’s policies on
the use of animals and human subjects in neuroscience
research. All the experimental procedures were carried
out under very dim red light. Mice were dark adapted
for at least 1h before experiments. The animals were
deeply anaesthetized with an 1.p. injection of a mixture
of ketamine (50mgkg™') and xylazine (10 mgkg™'),
decapitated and the eyes immediately enucleated. A small
cut was made in the sclera close to the cornea and
the eyeball was submerged in Ames medium (Sigma)
equilibrated with 95% O, and 5% CO,. The front part
(the cornea, lens and vitreous body) was removed and the
retina carefully dissected from the pigment epithelium.
Three to four cuts were made to flatten the retina. The
retina was then attached, ganglion cell side up, to a piece
of black Millipore filter paper (AABP02500) with a 2 mm
diameter hole in the centre to allow adequate infrared
illumination and visual stimulation during the electro-
physiological recording. The whole-mount retinal pre-
paration was then transferred into a recording chamber
(0.5 ml in volume) on the fixed stage of an upright micro-
scope (E600FN, Nikon) equipped with epifluorescence
and a 40 x water-immersion objective lens configured for
DIC. The preparation was continuously superfused with
oxygenated bicarbonate-buffered Ames medium at 35°C.

Patch clamp recording

Micropipettes were manufactured from thick-walled
borosilicate filament glass tubing (1.5 mm outer diameter,
0.86 mm inner diameter; Sutter Instruments, San Rafael,
CA, USA) using a Flaming-Brown P97 puller (Sutter).
Under visual control with infrared illumination through
a cooled CCD camera (Sensicam, Cooke, Auburn Hills,
MI, USA), a pipette was advanced to the retina using
a micromanipulator (MP 285, Sutter), and the inner
limiting membrane was dissected to expose somas of
several RGCs. RGCs with an elliptical soma were targeted
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as potential ON-OFF DSGCs with a pipette filled with
Ames medium (2—4 MS2). Gentle suction was applied to
establish loose-patch configuration and spike activities
were recorded. Using a flashing spot and a moving bar,
the ON-OFF DSGC could be identified, its receptive
field mapped and the preferred-null axis determined. In
some cases, spike activity was also studied in whole-cell
current clamp mode (intracellular solutions, mm: 120
potassium gluconate, 5 NaCl, 10 KCl, 1 MgCl,, 1 EGTA,
10 Hepes, 2 ATP, and 0.5 GTP, adjusted to pH 7.2 with
1 M KOH). For whole-cell voltage clamp recording, the
extracellular pipette was replaced with a patch pipette with
4-7 MQ tip resistance filled with intracellular solution
(mm: 120 caesium methanesulphonate, 0.5 CaCl,, 5EGTA,
10 Hepes, 4 ATP, 0.5 GTP, and 5 QX-314, adjusted to
pH7.2 with 1 M CsOH). Sometimes 0.5% neurobiotin
(Molecular Probes, Eugene, OR, USA) and/or 0.1% Lucifer
Yellow (Sigma) were added into the intracellular solution
in order to reveal the dendritic morphology of the recorded
cells. The whole-cell configuration was formed when the
seal resistance was > 1 GQ2. Cell capacitance was always
compensated. Serial resistance, which in most cases was
<20MQ, was not compensated. The liquid junction
potential of 10 mV was corrected. Data acquired from
the Axopatch 200B amplifier were low-pass filtered at
2 kHz, digitized simultaneously with an A/D converter
(Digidata 1320A, Axon Instruments), and stored on a
personal computer. Offline data analysis was performed
using Clampfit (Axon Instruments) and Mini Analysis
(Synaptosoft Inc, Leonia, NJ, USA), and plotted with
OriginPro 7.0 (OriginLab Corp., Northampton, MA,
USA).

Pharmacological studies

All drugs were freshly prepared from stock solutions stored
at —20°C using Ames medium and applied through the
perfusion system after control data were collected. These
include: picrotoxin (100 um), d-tubocurarine (50 um),
physostigmine (10 um), bicuculline (10 um), 1,2,3,4-
tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-
sulfonamide (NBQX) (5um), and b-(-)2-amino-7-
phosphonoheptanoic acid (AP-7) (200 um). Picrotoxin,
physostigmine, bicuculline and NBQX were pre-
dissolved in DMSO to form stock solutions. Picrotoxin,
d-tubocurarine, and bicuculline were obtained from ICN
Biomedicals Inc. (Aurora, OH, USA). All other reagents
in this study were obtained from Sigma (St Louis, MO,
USA). Only data from cells showing clear recovery were
included in the analysis. In order to compare effects
of various reagents on directionality, we evaluated the
change of response (measured in spike number) to a
rectangle drifting in the preferred and null directions, and
used a DS index (DSI) defined as the difference of the
preferred and null responses divided by the sum of the
preferred and null responses.
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Light stimulation

Stimuli were generated using a program written in
VC++ and Directx8 SDK, displayed on a monitor (Sony
E230) and focused onto the retina through microscope
condenser. The brightness of the stimuli was about
0.35 x 10" photons cm™*s™!. Two types of light stimuli
were generated: (1) a spot of 25-1000 um in diameter
flashing for 0.5-10 s, was used to determine the size of the
receptive field and response polarity, and (2) a rectangular
bar of 100 x 500 um moving parallel to its long axis
at 4-100 degs™' over 1500 um and in 12 directions at
30° intervals was used to determine the directionality
and velocity preference. The elongated bar allowed clear
separation of leading edge and trailing edge responses.

Dendritic morphology

Retinas were fixed with 4% paraformaldehyde for 1h,
washed 3 times in 0.1 m phosphate buffer (pH 7.4) and
incubated in streptavidin-FITC overnight to visualize
recorded cells. Preparations were coverslipped with
Vectorshield (Vector Laboratories, Inc., Burlingame, CA,
USA), and sealed with nail polish. Images were collected
using a Leica SP2 confocal microscope equipped with
a 63 x PlanApo objective (N.A. 1.32). Contrast and
brightness of images were adjusted using Photoshop 8.0
(Adobe).

Results
Light responses

Electrophysiological ~ recording in loose  patch
configuration demonstrated that ON-OFF DSGCs
exist in the mouse retina. We recorded from 48 ON-OFF
DSGCs in isolated, whole-mount mouse retina. Figure 1A
shows the response of an ON-OFF DSGC to a stationary
flashing spot: transient responses to both the onset and
termination of the stimulus were clearly observable. A
rectangular bar moving in 12 directions elicited clear
directional responses in both polar plot and spike traces,
as shown in Fig. 1B.

The velocity tuning properties of the ON-OFF DSGCs
were also studied. Figure 1C shows responses of a DSGC
to a rectangle drifting in the preferred and null directions
at six different velocities, ranging from 8 to 95 degs™".
Figure 1D shows the velocity-tuning curve, averaged over
four DSGCs. As was found for the ON-OFF DSGCs in the
rabbit retina (Wyatt & Daw, 1975), the ON-OFF DSGCs in
the mouse retina responded to a wide range of velocities,
and prefered medium velocity.

Overall, the ON-OFF DSGCs in the mouse
retina exhibited almost identical physiology to the
well-characterized ON-OFF DSGCs of the rabbit retina.
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Pharmacological properties

Previous studies on the rabbit retina have demonstrated
that the asymmetrical inhibition critical for direction
selectivity is mediated by GABA, via GABA, receptors
(Wyatt & Daw, 1976; Caldwell et al. 1978; He & Masland,
1997; Kittila & Massey, 1997; Taylor et al. 2000). We found
that picrotoxin, a GABA receptor antagonist, increased
the amplitude of responses and completely abolished
direction selectivity of the ON-OFF DSGCs of the
mouse, reducing the direction-selective index (DSI) from
0.68 +0.11 to 0.05 £ 0.02 (Fig. 2A). Picrotoxin drove five
cells to excitatory block (Supplementary material, on-line
supplementary Fig. 1), and data from these cells were
not included in the average shown on the right panel of
Fig.2A. The GABA, receptor specific antagonist,
bicuculine, exhibited identical effects to picrotoxin
(Supplementary material, on-line supplementary Fig. 2),
confirming that the asymmetrical directional inhibition in
mouse retina is mediated by GABA, receptors.

In the rabbit retina, physostigmine, an inhibitor of
acytelcholinesterase, increases the amplitude of responses
and abolishes direction selectivity, whereas the nicotinic
ACh receptor antagonist, d-tubocurarine, reduces the
amplitude of responses, but does not block direction
selectivity (Ariel & Daw, 1982; He & Masland, 1997;
Kittila & Massey, 1997). Here we found that similar
to rabbit, d-tubocurarine reduced the amplitude of
DSGC responses, but did not block direction selectivity
(Fig. 2B), and the DSI remained almost unchanged (from
0.514+0.11 to 0.56+0.14, P =0.79). Physostigmine
increased the amplitude of responses, and abolished
direction selectivity (the DSI dropped from 0.74 £ 0.09 to
0.07 £0.02) (Fig.2C). Occasionally, physostigmine also
drove the cell to excitatory block.

The ON-OFF DSGCs in the rabbit retina mainly contain
nicotinic and NMDA receptors (Cohen & Miller, 1995;
Kittila & Massey, 1997), while AMPA/KA receptors affect
ON-OFF DSGCs through regulating ACh release of SAs
or activity of other amacrine cells (Linn et al. 1991; Linn &
Massey, 1991). The AMPA/KA specific antagonist, NBQX,
reduced the amplitude of the responses and blocked
direction selectivity (Fig.2D), the DSI decreased from
0.78 £ 0.09 to0 0.14 £ 0.05, whereas the NMDA antagonist,
AP-7, reduced the amplitude of responses but left direction
selectivity intact (Fig. 2E), and the DSI remained almost
unchanged (from 0.53 &= 0.06 to 0.63 &= 0.09, P = 0.39).

In summary, the pharmacological properties of mouse
ON-OFF DSGCs again appear almost identical to those of
the ON—OFF DSGC:s in the rabbit retina.

Synaptic mechanisms of direction selectivity

Voltage clamp experiments from eight ON-OFF DSGCs
showed asymmetrical inputs elicited by a rectangle moving
in the preferred and null directions. Spike responses of
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an ON-OFF DSGC to the preferred and null movement
are shown in Fig. 3A. Holding the membrane potential
at —65mV to isolate excitatory inputs revealed a larger
current when the stimulus was moving in the preferred
direction, whereas holding the membrane potential at
0 mV to isolate inhibitory inputs revealed a larger current
when the stimulus was moving in the null direction
(Fig. 3B). Summarizing data from these cells reveals that
inhibitory input was 3—5 times stronger when the stimulus
was moving in the null direction, and the excitatory input
was 20% weaker when the stimulus was moving in the null
direction (Fig. 3C). These findings are also similar to what
has been observed for the ON-OFF DSGCs in the rabbit
retina (Taylor et al. 2000; Fried et al. 2002; Taylor & Vaney,
2002).

J Physiol 562.3

Dendritic morphology

Visualization of tracer neurobiotin infused intracellularly
during recording, revealed a bistratified dendritic
morphology identical to that previously classified as RGp,
(Sun et al. 2002). As shown in Fig.4A and B, dendritic
ramifications were observed in the inner and outer part
of the inner plexiform layer (IPL). This recursive and
loop-forming pattern is strikingly similar to the dendritic
morphology of rabbit ON-OFF DSGCs (Amthor et al.
1984; Amthor et al. 1989).

A proportion of ON-OFF DSGCs in the rabbit retina
have been shown to be coupled to neighbouring cells with
gap junction (Vaney, 1991, 1994; Vaney & Pow, 2000). For
19 cells whose dendritic morphology was recovered, four
showed clear tracer coupling revealed by visualization of
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neurobiotin (Fig. 4C). A ring of coupled somas was clearly
visible surrounding the dendritic field of the recorded
ON-OFF DSGC.

The dendritic morphology and coupling pattern are
very similar to what has been documented for rabbit
ON-OFF DSGCs.

Discussion
In this study, we investigated the physiological,
morphological and pharmacological properties of

ON-OFF DSGCs in the mouse retina. In every aspect,
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mouse retinal ON-OFF DSGCs behave almost identically
to the ON-OFF DSGCs characterized in the rabbit retina.
This first detailed characterization of ON-OFF DSGCs
in the mouse retina provides fundamental information
for further study of maturation and regulation of the
neuronal circuitry underlying computation of direction.

Positive identification of ON-OFF DSGCs

Very little is known about the mouse retina: the literature
contains only one paper describing the properties of
ON-OFF DSGCs before and after toxin treatment to
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Figure 3. Spike and current responses of an ON-OFF DSGC to a rectangle moving in the preferred and

null direction

A, spike responses to movement in the preferred and null directions, showing clear direction selectivity. B, isolated
excitatory inputs and inhibitory inputs when the membrane potential was held at —65 mV and 0 mV, respectively,
showing larger excitatory inputs when the stimulus was moving in the preferred direction and larger inhibitory
inputs when the stimulus was moving in the null direction. C, bar graphs comparing averaged input sizes measured
as peak current induced by leading and trailing edges for movement in the preferred and null directions. Excitatory
currents were about 20% stronger when the stimulus was moving in the preferred direction and inhibitory currents
were 3-5 times stronger when the stimulus was moving in the null direction. Responses were normalized to the
averaged peak responses to stimulus moving in the preferred direction and plotted as means =+ s.E.m.
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ablate SAs (Yoshida et al. 2001). Because that study used
the extracellular recording technique, many properties
of the ON-OFF DSGCs in the mouse retina, such as
dendritic morphology and synaptic inputs, could not be
determined.

When we surveyed mouse RGCs (Sun et al. 2002), we
encountered two subtypes of bistratified RGCs. One of
these, classified as RGp;,, exhibits a striking resemblance
to the denditic morphology of rabbit ON-OFF DSGCs
in dendritic morphology (Amthor et al. 1984, 1989). We
postulated that this subtype might have a directional
response to moving stimuli (Sun et al. 2002). The present
study confirms our proposal, and shows that the RGp; cells
indeed function as ON-OFF DSGCs in the mouse retina.

Conserved mechanisms for computing motion
direction

The mechanism for retinal direction selectivity has been
a subject of intensive research since its discovery in the
rabbit retina four decades ago (Barlow & Hill, 1963).
Barlow & Levick (1965) elegantly demonstrated that
the fundamental mechanism for direction selectivity is
a spatially asymmetrical inhibition propagating in the
null direction. This finding was further substantiated
by demonstration of a cardioid-shaped inhibitory zone
displaced to the null side (Wyatt & Daw, 1975). This
directional inhibition was shown to be mediated by GABA
through GABA, receptors (Wyatt & Daw, 1976; Caldwell
et al. 1978; Kittila & Massey, 1997). Here we showed that
GABA, receptor antagonists, picrotoxin and bicuculline,
completely abolish the directionality of ON-OFF
DSGCs in the mouse retina, indicating that directional
inhibition also mediated by GABA through GABA,
receptors.

In order to generate directional responses, the inhibition
modulates excitatory inputs to the DSGCs. It has been
shown that the excitatory inputs to DSGCs are mediated
by two neurotransmitters: ACh, via nicotinic receptors,
and glutamate, via NMDA receptors. Nicotinic receptors
have been shown to be located directly on the DSGCs and
to mediate about 30-50% of excitatory inputs (Masland &
Ames, 1976; Ariel & Daw, 1982; Kittila & Massey, 1997),
while the rest of excitatory inputs have been shown to
be mediated by NMDA receptors (Cohen & Miller, 1995;
Kittila & Massey, 1997). Asymmetry in excitatory input to
DSGCs was only recently demonstrated, by voltage clamp
experiments (Fried et al. 2002; Taylor & Vaney, 2002).

Figure 4. Dendritic morphology and coupling pattern

The dendritic ramifications in the ON and OFF sublaminae are
illustrated in A and B; arrowhead points to the axon. The somas
coupled via gap junctions revealed by neurobiotin is shown in C,
indicated with arrows. Scale bar: 50 um.
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Despite some structural differences compared with
other mammals, such as possessing only one type of
horizontal cell (Peichl & Gonzalez-Soriano, 1993; He et al.
2000), the mouse retina appears to utilize exactly the same
strategy to compute motion direction. This observation
indicates the dendritic architecture and connection within
the IPL is important for DS computation. The ON-OFF
DSGCs in the cat retina (Cleland & Levick, 1974) are
morphologically very similar to those in rabbit and
mouse (Berson et al. 1997). We therefore expect that the
mechanisms for computing motion direction are similar in
cat, and are probably conserved throughout mammalian
species.

Development of circuitry for motion computation

Morphologically distinguishable RGp, cells are among the
first cells to display adult morphological characteristics in
early postnatal development. Among 215 ganglion cells
we examined at postnatal day 3 (P3), four cells already
exhibited clear characteristics resembling adult RGp, cells
(Diao et al. 2004). Examining the relationship between
RGC dendrites and the cholinergic plexus reveals that
large bistratified cells (equivalent to our RGp; cells) begin
to contact the cholinergic plexus as early as P3, and the
number of contacts increases with development, whereas
the number of contacts between large monostrifitied cells
(equivalent to our RGy cells) and the cholinergic plexus
decreases with development (Stacy & Wong, 2003).

It is conceivable that spontaneous wave activity in the
retina mediated by ACh (Meister et al. 1991; Wong, 1999;
Zhou & Zhao, 2000; Zhou, 2001) may play a role in
regulation of circuitry formation because of the close
relationship between DSGC and SA processes during early
development. It has been shown that in mice lacking
nicotinic receptors, the pattern of spontaneous activity is
dramatically changed, with more diffuse dendritic fields
of the RGCs at P7/8, which then returned to normal
at P14 (Bansal et al. 2000). If ACh does play a role
in regulating maturation of retinal circuitry, DSGCs
are a good candidate to allow detection of cholinergic
regulation, and the influence is likely to be most obvious
early in development.
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