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Abstract

The 15-20 physiological types of retinal ganglion cells (RGCs) can be grouped according to
whether they fire to increased illumination in the receptive-field center (ON cells), decreased
illumination (OFF cells), or both (ON-OFF cells). The diversity of RGCs has been best described
in the rabbit retina, which has three types of ON-OFF RGCs with complex receptive-field
properties: the ON-OFF direction-selective ganglion cells (DSGCs), the local edge detectors, and
the uniformity detectors. Here we describe a novel type of bistratified ON-OFF RGC that has not
been described in either physiological or morphological studies of rabbit RGCs. These cells
stratify in the ON and OFF sublaminae of the inner plexiform layer, branching at about 30% and
60% depth, between the ON and OFF arbors of the bistratified DSGCs. Similar to the ON-OFF
DSGCs, these cells respond with transient firing to both bright and dark spots flashed in the
receptive field but, unlike the DSGCs, they show no directional preference for moving stimuli. We
have termed these cells “transient ON-OFF” RGCs. Area-response measurements show that both
the ON and the OFF spike responses have an antagonistic receptive-field organization, but with
different spatial extents. VVoltage-clamp recordings reveal transient excitatory inputs at light ON
and light OFF; this excitation is strongly suppressed by surround stimulation, which also elicits
direct inhibitory inputs to the cells at light ON and light OFF. Thus the receptive-field
organization is mediated both within the presynaptic circuitry and by direct feed-forward
inhibition.
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The first recordings from retinal ganglion cells (RGCs), made by Hartline (1938) with the
frog retina, revealed that some RGCs respond to increases in illumination (ON RGCs), some
to decreases in illumination (OFF RGCs), and some to both increases and decreases (ON-
OFF RGCs). Early recordings in the cat retina made by Kuffler (1953) showed that the ON
RGCs and OFF RGCs have a concentric receptive-field organization, with ON-center cells
having an OFF-surround, and vice versa, but did not reveal any type of RGC that gives both
ON and OFF responses to center stimulation. However, later recordings in the rabbit retina
made by Barlow and Hill (1963) identified a type of ON-OFF RGC that gives direction-
selective responses to moving stimuli. Levick (1967) subsequently characterized a
nondirectional type of ON-OFF RGC in the rabbit retina, termed the “local edge detector,”

© 2011 Wiley-Liss, Inc

"CORRESPONDENCE TO: Benjamin Sivyer, PhD, Queensland Brain Institute, The University of Queensland, Brisbane, Queensland
4072, Australia. b.sivyer@ug.edu.au.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sivyer et al.

Page 2

which gives sustained responses to small objects of either contrast in its receptive field; it
now appears that the local edge detector is the most common type of RGC in lagomorph and
rodent retinas (van Wyk et al., 2006). Levick (1967) also described an unusual type of ON-
OFF RGC, the uniformity detector, whose maintained firing is suppressed by both ON and
OFF stimuli.

Parallel processing in the retina begins at the first synapse in the outer plexiform layer,
where information about increases in illumination (light ON) and decreases in illumination
(light OFF) is divided into separate bipolar cell pathways (Werblin and Dowling, 1969;
Kaneko, 1970). The ON and OFF signals are relayed to the inner plexiform layer (IPL),
where the axon terminals of the ON and OFF bipolar cells stratify in different sublaminae
(Famiglietti and Kolb, 1976; Famiglietti et al., 1977; Euler et al., 1996): the OFF bipolar
cells terminate closer to the inner nuclear layer (INL) in sublamina a (strata 1 and 2, 1-40%
depth of the IPL), whereas the ON bipolar cells terminate closer to the ganglion cell layer
(GCL) in sublamina b (strata 3-5, 40-100% depth of the IPL). Since the stratification level
of the ganglion cell dendrites determines the bipolar cell input, it also predicts the polarity of
responses to light stimuli (Nelson et al., 1978). Thus ON-OFF RGCs tend to be bistratified,
with dendrites in both sublamina a and sublamina b of the IPL. For example, the ON-OFF
direction-selective ganglion cells (DSGCs) branch at about 20% and 70% depth of the IPL
(Amthor et al., 1984; Famiglietti, 1992). The ON-OFF uniformity detectors are also
bistratified neurons (Amthor et al., 1989), but they branch closer to the edges of the IPL, at
about 10% and 80% depth (Sivyer et al., 2010). By contrast, dye injection revealed that the
ON-OFF local edge detectors are monostratified neurons, branching at about 40% depth
(Amthor et al., 1989; van Wyk et al., 2006). However, the local edge detectors stratify at the
border of the sublaminae and thus are appropriately positioned for a monostratified RGC to
receive input from both ON and OFF bipolar cells.

An extensive morphological study of RGCs in the rabbit retina identified only two types of
bistratified RGCs, the G7 cell and the G3 cell (Rockhill et al., 2002). The G7 cell clearly has
the distinctive dendritic morphology of the ON-OFF DSGC. The G3 cell resembles a type of
bistratified RGC that responds only to increases in illumination (Roska and Werblin, 2001;
Roska et al., 2006), but the correspondence is equivocal. This “ON-bistratified” RGC
appears equivalent both physiologically and morphologically to the “diving bistratified”
RGC described recently by Hoshi et al. (2009). In the work described here, we identified a
novel type of complex RGC, here termed the “transient ON-OFF” RGC, whose receptive-
field properties and dendritic morphology are distinct from those of other types of RGCs
previously described in the rabbit retina.

MATERIALS AND METHODS

Experiments conducted in Brisbane, Queensland, were performed in accordance with the
Australian Code of Practice, and the experimental protocols were approved by the Animal
Ethics Committee of The University of Queensland. Experiments conducted in Portland,
Oregon, were in accordance with the National Institutes of Health guidelines, and the
experimental protocols were approved by the Institutional Animal Care and Use Committee
at Oregon Health and Science University. The procedures have been described in detail
previously (Taylor and Vaney, 2002; Sivyer and Vaney, 2010).

Experiments were performed on adult pigmented Dutch-belted rabbits of either sex, which
were anesthetized with 40 mg/kg ketamine and 40 mg/kg xylazine (i.m.) before being
administered an overdose of 150 mg/kg pentobarbitone sodium (i.v.). After this overdose,
the eyes were quickly enucleated and hemisected, and the eyecups placed in Ames medium
gassed with carbogen (95% O, 5%CO,) at room temperature (pH 7.4). Under infrared (IR)
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illumination, the inferior portion of the eyecup was cut in two, and forceps were used to
grasp the myelinated band and peel the retina from the underlying sclera. The retina was
then positioned photoreceptor side down in a tissue chamber, held in place with a grid, and
mounted under an Olympus BX-51 WI microscope. The dual-port microscope was used
with a x20 0.95-NA objective, allowing both visual stimulation of a large retinal field of
~1.2 mm diameter at x20 magnification and IR visualization of a smaller field of 110 x 85
um at x80 magnification using gradient-contrast optics (Dodt et al., 1999).

RGCs with a small, round soma were targeted for recording, and, after we had made a small
hole in the inner limiting membrane, an electrode containing Ames medium was advanced
onto the soma. The receptive-field properties of RGCs that fired in response to both ON and
OFF stimuli were then analyzed in more detail (see below).

After physiological characterization of the spike responses of four of the transient ON-OFF
RGCs, another electrode containing 2% Neurobiotin (Vector Laboratories, Burlingame, CA)
was applied to the soma, and the cell was labeled by semiloose-seal electroporation of
Neurobiotin (Kanjhan and Vaney, 2008). In one experiment, an ON-OFF DSGC
overlapping the Neurobiotin-filled cell was patch-clamped with an electrode containing
0.5% Lucifer yellow in an intracellular solution (125 mM methanesulfonic acid, 5 MM Na-
HEPES, 1 mM EGTA, 3 mM Mg-ATP, 0.3 mM Tris-GTP, 10 mM phosphocreatine,
balanced to pH 7.2 with KOH). The retina was fixed for 30 minutes in 4%
paraformaldehyde in 0.1 M phosphate buffer and washed overnight in 0.1 M phosphate-
buffered saline (PBS). It was then incubated for 5-7 days in 0.1 M PBS containing 2%
bovine serum albumin (Jackson Immunoreserarch, West Grove, PA; IgG-free BSA), 1%
normal donkey serum (Jackson Immunoreserarch), 0.1% Triton X-100, and either
anticalbindin D-28k or anti-Lucifer yellow. After this, the retina was again washed
overnight in 0.1 M PBS before being incubated overnight in streptavidin conjugated to Cy3
(Jackson Immunoreserarch; 1:500) and anti-rabbit 1gG conjugated to Cy2 or Cy5 (Jackson
Immunoreserarch; 1:500). Each step was performed at room temperature (~22°C).

The antibodies used in this study are listed in Table 1, and their labeling patterns matched
those described in previous studies on rabbit retina. The rabbit polyclonal antibody against
calbindin labels a single band of 28 kDa in brain homogenates from wild-type mice but not
from calbindin-knockout mice (Airaksinen et al., 1997). In rabbit retina, the anticalbindin
D-28K labels the horizontal cells and populations of bipolar cells and amacrine cells
(Mitchell et al., 1995; Massey and Mills, 1996); the same pattern of labeling was seen in this
study. The rabbit polyclonal antibody against Lucifer yellow (Invitrogen, Carlsbad, CA,
A-5750; previously marketed as Molecular Probes A-5750; http//antibodyregistry.org/
AB_1501344) has been used in previous studies to intensify neurons filled with Lucifer
yellow (Taghert et al., 1982; Naritsuka et al., 2009). The pattern of Lucifer
immunofluoresence was identical to the natural fluorescence of the injected dye, but brighter
and resistant to fading; only the RGC injected with Lucifer showed Lucifer
immunofluoresence (Sivyer and Vaney, 2010).

Fluorescent-labeled tissue was imaged with a Zeiss LSM 510 Meta confocal microscope,
and LSM files were imported into ImageJ for further processing. Side projections were
made using the 3D Project tool, and bi- and tricolor depth coding were achieved by
combining the z-sections through the ON sublamina in one projection (typically five 0.4-um
sections at x63 magnification) and the remaining section(s) in another projection, using the
Z-Project tool. The projections were then pasted into separate color channels in Adobe
Photoshop. Contrast and brightness were adjusted in Adobe Photoshop.
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The stratification levels of labeled neurons were mapped by measuring the variation in mean
fluorescence with retinal depth for small columns of retina, either 10 um square or 20 um
square, within a confocal stack extending from the GCL to the INL in 0.2-um increments;
15-20 such columns were averaged to produce the stratification graphs. The absolute depth
of branching was set relative to the known stratification levels of either the ON-OFF
DSGCs, which branch at ~20% and ~70% depth of the IPL (Famiglietti, 1992), or the CBb5
bipolar cells, which branch at about 83% depth (Massey and Mills, 1996; MacNeil et al.,
2004).

Recording electrodes were pulled from borosilicate glass to a resistance of 3-5 MQ.
Extracellular electrodes were filled with Ames medium, and patch electrodes for voltage-
clamp recordings were filled with the following: 125 mM Cs-methanesulfonate, 5 mM Na-
HEPES, 1 mM EGTA, 3 mM Mg-ATP, 0.3 mM Tris-GTP, 10 mM phosphocreatine, 5 mM
TEA-CI, and 3 mM lidocaine N-ethyl chloride (QX-314), balanced to pH 7.2 with CsOH.
Cs* was used to block voltage-gated K* channels and thereby improve the voltage clamp at
more positive potentials, whereas QX-314 blocked voltage-gated Na* channels and
abolished all spiking activity less than 1 minute after establishing the whole-cell
configuration. The measured liquid junction potential of 10 mV was subtracted from all
traces, and the series resistance was not routinely compensated for online.

The calculation of the excitatory and inhibitory components of the light-evoked synaptic
inputs has been described in detail previously (Borg-Graham, 2001; Taylor and Vaney,
2002). Briefly, the visual stimulus was repeated while voltage clamping the RGCs at a range
of potentials from =90 mV to =10 mV in 10-mV increments. The resting current—voltage
(V) relation was measured 100-200 msec prior to the onset of the light stimulus. To obtain
the net light-evoked conductance as a function of time, the leak 1V was subtracted from 1Vs
measured every 10 msec for the duration of the light stimulation. The total light-evoked
conductance change was estimated from the slope of the linear regression fit to each IV. The
total conductance was assumed to comprise the sum of linear excitatory and inhibitory
conductance components with reversal potentials of 0 mV and —65 mV, respectively.

Visual stimuli were generated using custom software (Igor Pro) and presented at 75 Hz on
an organic light-emitting diode screen (eMagin OLED-XL microdisplay, peak 518 nm). The
stimuli were projected through the microscope and focused onto the photoreceptor outer
segments with a x20 objective (0.95 NA). In most experiments, the background illumination
was maintained above the level of rod saturation at ~3.5 el quanta/cm?/second, and the
visual stimuli were set at + 80% of the background (1.75 el quanta/cm2/second for OFF
stimuli; 5.25 e! quanta/cm?/second for ON stimuli).

To test whether RGCs were direction selective, extracellular action potentials were recorded
in response to 12 stimulus directions at 30° intervals. A direction-selectivity index (DSI)
was used as a measure of the directional tuning and was calculated as follows: the response
in each direction was represented as a vector, pointing in the direction of the stimulus and
having length equal to the number of spikes recorded during that stimulus (Taylor and
Vaney, 2002). The DSI was equal to the normalized length of the vector sum of the
responses in all 12 directions. Thus defined, the DSI would range from 0, when the
responses were equal in all stimulus directions, to 1, when a response is obtained only for a
single stimulus direction.
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RESULTS

Targeting and identification of RGCs

The somata of RGCs in the visual streak of the rabbit retina were targeted for loose-seal
recording of their action potentials under IR control. Each cell was tested with a small spot
of 200 um diameter flashed in the middle of the receptive field to determine whether it
responded to illumination increases (ON cell) or decreases (OFF cell). A small proportion of
RGCs fired at both phases of illumination, indicating that they were ON-OFF cells. These
included RGCs with a large soma that fired transiently at light ON and light OFF;
stimulation with moving bars of light showed that they responded preferentially to
movement in one direction, characteristic of the ON-OFF DSGCs. Other RGCs with smaller
somata also fired at both light ON and light OFF. These included cells with receptive-field
properties matching the previously characterized local edge detectors; unlike other types of
ON-OFF RGCs, the local edge detectors showed sustained firing at both light ON and light
OFF in response to a small flashing spot (van Wyk et al., 2006).

Another type of ON-OFF RGC with a small soma gave transient responses to flashing
stimuli, and here we call them “transient ON-OFF” RGCs. The success rate for recording
from transient ON-OFF RGCs was increased by targeting small, round somata while
avoiding more elongated somata with an eccentric nucleus characteristic of local edge
detectors (Fig. 1; van Wyk et al., 2006).

Transient ON-OFF RGCs could be distinguished physiologically from local edge detectors
by the duration of their responses to light steps: the transient ON-OFF RGCs fired spikes for
about 100 msec, whereas the local edge detectors responded for seconds (Fig. 2; van Wyk et
al., 2006). The duration of spiking responses in local edge detectors and transient ON-OFF
RGCs was compared by measuring the time after a light step at which 80% of the spikes had
occurred. For a dark centered spot of 200 um diameter flashed for 2 seconds, 80% of the
spikes occurred within ~100 msec of the contrast transition for both the OFF and the ON
responses (OFF 90 + 40 msec, ON 60 + 30 msec, n = 7). By contrast, under identical
recording conditions, the step responses of the local edge detectors were significantly more
sustained: 80% of the spikes occurred after 1.2 + 0.1 seconds for the OFF response and 3.3 £
0.1 seconds for the ON response (n =5, < 0.001).

Responses to moving stimuli

ON-OFF DSGCs are commonly encountered in the rabbit retina and, like the ON-OFF
transient RGCs, respond transiently to both flashing and moving stimuli (Barlow et al.,
1964). However, the transient ON-OFF RGCs could be readily distinguished from the
DSGCs by the lack of directional preference. A dark bar (200 x 500 um), moving parallel to
the long axis at 1,000 um/second in 12 directions produced bursts of spikes as the leading
and trailing edges passed over the receptive field, with slightly more spikes being elicited by
the trailing edge (Fig. 3). None of the transient ON-OFF RGCs tested was strongly direction
selective: the mean DSI for the leading OFF response was 0.09 + 0.06, whereas that for the
trailing ON response was 0.05 + 0.02 (n = 7). The preferred directions calculated for the ON
and OFF components of the transient ON-OFF RGCs were uncorrelated. By contrast, ON-
OFF DSGCs tested using a comparable stimulus had an OFF DSI of 0.55 + 0.12 and an ON
DSl of 0.57 + 0.08 (Taylor and Vaney, 2002).

Dendritic morphology and stratification

After the physiological characterization of spike responses, four of the transient ON-OFF
RGCs were labeled with Neurobiotin. Confocal reconstructions revealed that the small soma
(diameter: 13.7 £ 0.7 um, n = 4) gave rise to three primary dendrites, which formed a
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densely branched tree containing many short terminal dendrites, 5-10 pm long (Fig. 4A).
The preterminal and terminal dendrites often crossed and bore numerous small dendritic
spines. Like most RGCs in the visual streak, the soma was positioned asymmetrically within
the dendritic field, near its dorsal margin. At first glance, the dendrites appeared to be
broadly stratified within the middle of the IPL, but careful examination under high
magnification revealed that the transient ON-OFF RGCs were actually bistratified (Fig. 4B).
The primary dendrites coursed through the IPL to branch at a level just proximal to the most
distal stratification; the dendrites then branched distally in the OFF sublamina and returned
to branch proximally in the ON sublamina. These recurrent dendrites traversed the space
between dendritic strata almost vertically and usually terminated without further branching
(Fig. 4C).

One retina containing a Neurobiotin-filled transient ON-OFF RGC was also stained with a
calbindin antibody to label the CBb5 bipolar cells, the axon terminals of which stratify near
the border of strata 4 and 5 (Fig. 5A). The transient ON-OFF RGCs branched distal to the
CBDb5 terminals, with the ON arbor at the border of strata 3 and 4, and the OFF arbor in the
middle of stratum 2. Stratification of the dendritic arbors could be delineated more clearly in
another preparation in which a Neurobiotin-labeled transient ON-OFF RGC overlapped a
Lucifer-labeled ON-OFF DSGC (Fig. 5B). The ON-OFF DSGCs are narrowly bistratified,
branching in the middle of stratum 4 and at the border of strata 1 and 2, at the same levels as
the ON and OFF cholinergic amacrine cells, respectively (Famiglietti, 1992). As expected,
both the proximal and distal arbors of the transient ON-OFF RGC were located between the
arbors of the DSGC: the ON arbors of the two cell types abutted each other, as did the OFF
arbors, with a space in between that was relatively free of dendrites.

The relative stratification levels were confirmed by quantitative measurement of the
fluorescence intensity, as described in Material and Methods, with the peak fluorescence of
the OFF and ON arbors of the DSGC being set at 20% and 70% depth of the IPL,
respectively (Fig. 5C). By comparison, the OFF and ON arbors of the transient ON-OFF
RGC peaked at about 30% and 60% depth, respectively. Consequently, the separation of the
two arbors of the transient ON-OFF RGC (~30% depth) was much less than that of the two
arbors of the ON-OFF DSGC (~50% depth).

Dendritic-field size

The dendritic-field size of RGCs in the rabbit retina increases rapidly with decreasing RGC
density from the peak visual streak. Consequently, in the absence of a large sample of filled
cells at different eccentricities from the visual streak, it is difficult to establish how the
dendritic-field size of the ON-OFF transient RGCs compares with that of other medium-
field RGCs in the rabbit retina. However, dual labeling of a pair of overlapping cells allowed
the novel transient ON-OFF RGC to be compared directly with the well characterized ON-
OFF DSGC (Fig. 5D). The equivalent dendritic-field diameter of the transient ON-OFF
RGC was 223 pm for the ON arbor and 228 um for the OFF arbor, whereas the ON-OFF
DSGC had a dendritic-field diameter of 207 um for both the ON and the OFF arbors. Thus
the dendritic-field area of each arbor of the ON-OFF transient RGC was ~1.2 times greater
than the corresponding arbor of the DSGC. Measurements of all three transient ON-OFF
RGCs that were filled with Neurobiotin confirmed that the ON arbor (219 + 9 um diameter)
was equivalent in size to the OFF arbor (220 £+ 16 um diameter).

Surround responses

The area—response function of seven transient ON-OFF RGCs was measured by stimulating
the cells with a series of dark spots, 50-1,000 um diameter, which were centered on the
soma (Fig. 6A). Raster plots from a single cell show the spike responses to multiple

J Comp Neurol. Author manuscript; available in PMC 2012 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sivyer et al.

Page 7

presentations of the stimuli (Fig. 6B); characteristically, the ON response was larger than the
OFF response for all but the smallest spots, as seen with moving stimuli. The cell did not
respond to a 50-um spot, but gave a strong OFF response to a 100-pm spot, which covered
only 20% of the dendritic-field area. Spots from 150 to 400 um in diameter elicited both ON
and OFF responses, whereas larger spots elicited only weak ON responses. These
differences in the spatial tuning of the ON and OFF responses were consistent across the
seven cells, as shown by the averaged data (Fig. 6C). Both the ON and the OFF area
responses are well fitted with difference-of-Gaussians (DOG) functions, but they differed in
two ways. First, the size of the excitatory center of the receptive field, as estimated from the
peak of the DOG fit to the data (Fig. 6C), was smaller for the OFF response than the ON
response (OFF center = 110 + 29 um, ON center = 201 = 41 ym, n =7, £<0.01). Second,
the tuning width of the inhibitory surround was narrower for the OFF response than the ON
response (OFF DOG width = 222 + 56 um, ON DOG width = 372 £ 102 ym, n =7, P<
0.05).

Whole-cell recordings were made from transient ON-OFF RGCs to investigate the
excitatory and inhibitory synaptic inputs that underlie the spatial tuning of the ON and OFF
spike responses (Fig. 6D-I1). A dark spot flashed over the soma for 2 seconds generated
transient excitatory input at both light OFF and light ON, indicating input from both OFF
and ON bipolar cells. In agreement with the spike responses, the light-evoked excitatory
conductance was largest for the 200-pm spot, which about corresponds to the dendritic-field
diameter of the transient ON-OFF RGCs in the visual streak. Both the ON and the OFF
excitatory inputs were suppressed by the 800-um spot (ON by 59 + 24%, OFF by 70 + 17%,
n = 10), which also elicited the largest direct inhibitory input. These results indicate that the
surround is generated by both a reduction in the excitatory drive from bipolar cells and an
increase in direct inhibitory input, in both the ON and the OFF sublaminae of the IPL.
Although the conductance analysis is consistent with the overall decrease in spike responses
with increasing surround stimulation, the data do not account for the differences in optimal
spot size for the ON and OFF spike responses (Fig. 6C).

DISCUSSION
Transient ON-OFF RGCs

We have characterized a novel type of RGC, the transient ON-OFF RGC, which has not
been identified previously. These cells were consistently encountered, alongside known ON-
OFF RGCs, including the ON-OFF DSGCs, local edge detectors, and uniformity detectors
(Fig. 7). The cells fire transiently to both ON and OFF stimuli, and their dendritic trees are
closely bistratified at about 30% and 60% depth of the IPL, in the OFF and ON sublaminae,
respectively. Patch-clamp recordings showed that the transient spike responses of these cells
are largely shaped by transient excitatory inputs at both light ON and light OFF, presumably
from populations of ON and OFF bipolar cells. Because ON-OFF DSGCs, which stratify
closer to the margins of the IPL, also receive transient excitatory inputs, these results
indicate that transient release from bipolar cells occurs throughout much of the IPL, contrary
to the notion that there is an ordered transient-sustained lamination (Roska and Werblin,
2001).

We cannot discount the possibility that the transient ON-OFF RGCs might have been
encountered in previous physiological studies and classified as local edge detectors on the
basis of their nondirectional ON-OFF responses, although local edge detectors have smaller
receptive fields and show relatively sustained firing to standing contrast. Moreover, the
transient ON-OFF RGCs may correspond to the single “edge-detector” RGC encountered by
Vaney et al. (1981). They could also be mistaken for ON-OFF DSGCs if not tested with
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appropriate moving stimuli, but their dendritic morphology is clearly different from that of
both the ON-OFF DSGCs and the local edge detectors.

For the overlapping pair of cells injected with Neurobiotin and Lucifer yellow, the dendritic-
field area of each arbor of the transient ON-OFF RGC was about 1.2 times larger than that
of each arbor of the ON-OFF DSGC. Each of the four subtypes of ON-OFF DSGCs
accounts for ~3% of all RGCs in the rabbit retina (Vaney, 1994), suggesting that the
transient ON-OFF RGCs might account for ~2.5% of all RGCs, if the two cell types have a
similar 1.4-fold dendritic-field overlap. If the transient ON-OFF RGCs have a 3-fold
dendritic-field overlap, similar to some other types of RGCs (Waéssle et al., 1981; Sivyer and
Vaney, 2010), then they might account for ~5% of all RGCs.

The transient ON-OFF RGCs were not recognized in an extensive morphological survey of
RGCs in the rabbit retina by Rockhill and colleagues (2002), who could have expected to
see 18-37 of these cells in their random sample of 734 RGCs, if the transient ON-OFF
RGCs comprise 2.5-5% of all RGCs. However, the small soma might have lead to
undersampling of the population, or perhaps the cells were encountered but included with
other highly branched morphological types, such as the G4 (beta) ganglion cells, particularly
insoifar as the close bistratification is not very apparent in whole-mount view.

Synaptic inputs from the surround

The firing of transient ON-OFF RGCs was progressively suppressed as the stimulus
extended beyond the dendritic field, and the area—response profile was well described by a
DOG function. Although the ON dendritic field was similar in size to the OFF dendritic
field, the spatial tuning of the ON and OFF receptive fields differed markedly: the OFF
response had a smaller center and surround and thus was tuned to higher spatial frequencies
than the ON response. Similar to these brisk-transient ON-OFF ganglion cells, the sluggish-
sustained ON-OFF local edge detectors also show an asymmetry in the spatial tuning of the
ON and OFF responses. The arrangement is reversed for the local edge detectors, however,
the surround for the ON response being narrower than that for the OFF response (van Wyk
et al., 2006). The functional rationale for having different spatiotemporal filtering properties
for these RGCs remains obscure.

Conductance analysis suggested that the synaptic mechanisms producing the spatial tuning
were similar for the ON and the OFF responses. Surround stimulation produced both a
presynaptic reduction in excitatory drive and postsynaptic feed-forward inhibition. It is
interesting to note that feed-forward surround inhibition is seen in both the transient ON-
OFF RGCs and the ON-OFF DSGCs (Taylor and Vaney, 2002), both of which can be
classified as brisk-transient ON-OFF cells. In contrast, the surround of the local edge
detectors, which are sluggishly sustained ON-OFF cells, is mediated entirely by presynaptic
inhibition (van Wyk et al., 2006). What is not clear for each type of RGC is how much of
the inhibitory surround is generated in the outer retina and how much in the inner retina.
Further analysis will be needed to determine how the spatial arrangement of the excitatory
and inhibitory synaptic inputs generates the different spatial dimensions of the OFF and ON
responses in the diverse types of ON-OFF RGCs.

Comparison with other species

Although there are no previous descriptions of the transient ON-OFF RGC:s in the rabbit
retina, a number of other mammalian retinae contain RGCs that appear to be
morphologically homologous. The “theta” cell of the cat retina appears to be both
morphologically and physiologically similar to the transient ON-OFF RGC (Isayama et al.,
2000). Both cell types have a small soma and a highly branched dendritic tree that is closely
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bistratified in the middle of the IPL. Isayama et al. (2000) noted that the dendritic tree of
theta cells “on cursory inspection could be mistaken for a broadly unistratified arbor centred
on the a/b sublamina border” and, likewise, our initial inspections of the transient ON-OFF
RGCs led us to believe that they were broadly monostratified. Both the transient ON-OFF
RGC and the theta cell are bistratified at about the same levels in the IPL, and the ON and
OFF dendritic arbors are joined by vertical branches in both cells. Finally, preliminary
recordings in the cat retina suggest physiological similarities, in that the theta cell responds
transiently to ON and OFF stimuli (O’Brien et al., 1999).

It is possible that the transient ON-OFF RGCs are homologous to the “broad thorny” cells in
the primate retina, which branch in the middle of the IPL (Dacey et al., 2003). Although
these cells have not been described as bistratified, their transient ON-OFF responses (Dacey,
2004) suggest that inspection at greater z-axis resolution may reveal a closely spaced
bistratification. Indeed, Yamada et al. (2005) proposed that the broad thorny cell is
homologous to the theta cell described by Isayama et al. (2000).

Although transient ON-OFF RGCs that are nondirectional have not been reported in
physiological studies of the mouse retina, six morphological types of bistratified RGCs have
been described (Volgyi et al., 2009), one of which appears to be very similar to the transient
ON-OFF RGC in the rabbit retina. This “type-3 bistratified” RGC was first described by
Schubert et al. (2005) and corresponds to the “G16” cell of Volgyi et al. (2009). The cell
stratifies at about 30% and 56% depth of the IPL, between both the cholinergic bands and
the arbors of the “type-2 bistratified” RGC, which is the mouse ON-OFF DSGC. The
relative dendritic-field sizes of the type-2 and type-3 bistratified cells in the mouse retina are
similar to those of the ON-OFF DSGCs and transient ON-OFF RGC:s in the rabbit retina,
suggesting that these RGC types may be present in similar proportions in the two species. In
summary, the transient ON-OFF RGCs, like the ON-OFF DSGCs, appear to be conserved
across a number of diverse mammalian species and thus likely represent a fundamental
channel for visual information transmission.

RGC diversity in rabbit retina

The identification of the transient ON-OFF RGC adds to the catalog of rabbit RGCs and
increases the number of bistratified RGC types discovered since the extensive
morphological study by Rockhill and colleagues (2002). Including the transient ON-OFF
RGC, there are now as many as seven morphological types of bistratified RGCs identified in
the rabbit, the ON-OFF DSGC (Amthor et al., 1984), the uniformity detector cell (Amthor et
al., 1989), a single orientation-selective cell (Amthor et al., 1989), the G3 cell (Rockhill et
al., 2002; Hoshi and Mills, 2009), the ON bistratified cell (Roska and Werblin, 2001; Roska
et al., 2006; Hoshi et al., 2009), the type 2 bistratified (BS2) cell, and a single type 3
bistratified (BS3) cell (Famiglietti, 2009). This is in good agreement with the four to six
types of bistratified RGCs identified in morphological studies of mouse RGCs (Badea and
Nathans, 2004; Kong et al., 2005; Coombs et al., 2006; Vélgyi et al., 2009). It remains to be
determined whether all of the bistratified RGCs in the rabbit retina are ON-OFF cells.

The reasons for the wide diversity of bistratified/ ONOFF RGCs in the rabbit and other
mammals is unclear; nor is it obvious, for that matter, why 15-20 types of all RGCs are
required. Given the similarity in receptive-field size, coverage, and response characteristics,
one might expect that there is considerable redundancy in the information conveyed to the
brain by the transient ON-OFF RGCs and the four subtypes of DSGCs taken together
(Puchalla et al., 2005). Moreover, it is not clear what information is conveyed by the
transient ON-OFF RGCs that could not be obtained by combining information from
overlapping ON brisk-transient cells and OFF brisk-transient cells. Understanding how the

J Comp Neurol. Author manuscript; available in PMC 2012 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 10

visual scene is represented by the total activity of numerous diverse populations of RGCs is
one of the major outstanding problems in retinal neuroscience (Masland and Martin, 2007).
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Figure 1.

Microscopic targeting of transient ON-OFF RGCs. Gradient-contrast optics micrograph of
the RGC layer in the visual streak of the isolated rabbit retina. The arrow marks a small,
round soma that is typical of transient ON-OFF RGCs. Displaced starburst amacrine cells
are also numerous in the RGC layer but have slightly smaller somas that are almost filled by
the nucleus (asterisks). The arrowhead marks a more elongated soma that is typical of a
local edge detector RGC. Scale bar = 20 um.
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Figure 2.

Extracellular spike responses to flashed stimuli. A: The visual stimulus was a 200-um-
diameter dark spot (shown) or light spot (not shown) of 50% contrast, flashed for 2 seconds
in the center of the receptive field; the background illumination was in the photopic range.
B: Spike raster plots from a transient ON-OFF RGC in response to 15 presentations of a
bright spot (top) and a dark spot (bottom): the cell fires transiently at both light ON and light
OFF. C: Spike recording from a local edge detector in response to a dark spot flashed for 6
seconds: the cell gives sustained responses at both light ON and light OFF.
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Figure 3.

Transient ON-OFF RGCs are not direction-selective. Polar plot of the spike responses to a
dark bar moved through the receptive field in 12 directions spaced at 30° intervals; the first
group of spikes to the leading edge is the OFF response (solid circles), and the second group
of spikes to the trailing edge is the ON response (open circles).
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Figure 4.

Dendritic morphology of transient ON-OFF RGCs. A: Two adjacent transient ON-OFF
RGCs in the visual streak labeled with Neurobiotin following physiological identification.
Both cells have densely branched bistratified dendritic trees, with dendrites in the ON
sublamina (green) arising from a more dense stratification in the OFF sublamina (magenta).
B: High-power image of the boxed area in A, illustrating that the ON arbor (green) is formed
from short dendrites (arrowheads) arising from the OFF arbor (magenta). C: The confocal z-
projection shown in B is split into three levels: OFF dendrites in blue, ON dendrites in red,
and intermediate dendrites in green. This representation emphasizes the steep vertical
branching between the OFF and the ON arbors, as evident in the punctate green profiles
(arrowheads), which mark transitions between the two arbors. Scale bar = 100 um in A; 20
um in B (applies to B,C).
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Figure5.

Stratification of transient ON-OFF RGCs. A: Side projection of a transient ON-OFF RGC
labeled with Neurobiotin (green) following physiological identification. The retina is double
labeled with an antibody against calbindin, which labels a population of bipolar cells (cyan).
The RGC dendrites are bistratified and located above the axon terminals of the calbindin
bipolar cells, which branch around the S4/S5 border. The ON and OFF arbors in S3 and S2
interconnect through vertical branches (arrowheads) and some OFF dendrites branch in S1,
above the main OFF arbor (arrows). B: Side projection of a transient ON-OFF RGC labeled
with Neurobiotin (green) and an overlapping ON-OFF DSGC labeled with Lucifer yellow
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(magenta); the arbors of the transient ON-OFF RGC stratify between the arbors of the ON-
OFF DSGC. C: Mean fluorescence taken from z-sections through the ON-OFF DSGC
(magenta) and transient ON-OFF RGC (green) in B and though the calbindin bipolar cells in
A. D: Confocal reconstruction of overlapping dye-filled RGCs shows that the dendritic tree
of the transient ON-OFF RGC (green) is slightly larger than that of the ON-OFF DSGC
(magenta). Scale bars =50 pym.
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Figure®6.

Physiology of the receptive-field surround. A: Flashing-spot stimulation of a transient ON-
OFF RGC showing the position of three of the 10 spots relative to the ON (red) and OFF
(black) dendritic arbors. B: Spike raster plots from the cell shown in A to 10 spots of 50—
1,000-um diameter. C: Area-response plots from seven cells to the same stimuli as B, error
bars = s.e.m. D—F: Excitatory conductance, Ge + s.e.m., averaged from 10 cells in response
to a 100-um spot (D), a 200-pum spot (E), and an 800-pm spot (F). G-I : Inhibitory
conductance, Gf + s.e.m., averaged from 10 cells in response to a 100-um spot (G), a 200-
pm spot (H), and an 800-um spot (1).
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Figure?.

Dendritic morphology of ON-OFF RGCs in the visual streak of the rabbit retina. The
dendritic trees were reconstructed by tracing confocal projections of Neurobiotin-filled
RGCs; the ON arbor is shown in red, and the OFF arbor is shown in black. The local edge
detector, shown in black, stratifies at the border of the ON and OFF sublaminae. D, dorsal;
V, ventral. Scale bar = 100 pum.
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