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Uniformity detector retinal ganglion cells fire complex
spikes and receive only light-evoked inhibition
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Retinal ganglion cells convey information by increasing their firing in
response to an optimal visual stimulus or “trigger feature.” However,
one class of ganglion cell responds to changes in the visual scene by
decreasing its firing. These cells, termed uniformity detectors in the
rabbit retina, are encountered only rarely and the synaptic mecha-
nisms underlying their unusual responses have not been investigated.
In this study, patch-clamp recordings of uniformity detectors show
that the action potentials underlying the maintained firing arise
within “complex spikes.” Both ON and OFF visual stimuli elicit only
inhibitory synapticinput, the immediate effect of which is to suppress
the maintained firing. However, this inhibition also alters the proper-
ties of the “renascent” spiking by increasing the amplitude of the
spikes within each burst, suggesting that the effect may increase
the efficacy of spike propagation and transmission.
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niformity detector (UD) retinal ganglion cells (RGCs) were

first described in the rabbit by Levick (1) and appear to be
homologous to the suppressed-by-contrast RGCs described in
the cat (2) and the primate (3).

There are approximately a dozen other classes of RGCs in the
rabbit, all of which increase their firing in response to appropriate
visual stimuli (4-7). By contrast, the UDs fire continuously under
steady illumination but are suppressed by lighter (ON) or darker
(OFF) stimuli projected on the receptive field. These cells
reportedly comprise two types: One type shows transient sup-
pression to visual contrast, whereas the other type shows sustained
suppression (1, 8-11).

Amthor et al. (8) recorded from a sustained UD in the rabbit
retina and filled it with dye. The RGC had a distinctive bistratified
morphology, branching at both the inner and outer margins of the
inner plexiform layer, in the ON- and OFF-sublaminae, respec-
tively. Golgi-stained RGCs with a matching morphology were
characterized by Famiglietti (12), who called them type 2 bis-
tratified (BS2) cells to distinguish them from the commonly
encountered ON-OFF direction-selective RGCs (BS1 cells). The
BS2 cells have comparatively large dendritic fields and Famiglietti
estimated that <1% of RGCs would be required for efficient tiling
of the presumptive UDs across the retina.

Such scarcity, together with the peculiar receptive-field prop-
erties, would explain why UDs were encountered infrequently in
early physiological surveys of rabbit RGCs; indeed, more recent
population studies on the rabbit retina have not reported finding
any UDs (13) or BS2 RGCs (14). Consequently, our under-
standing of UDs has progressed little in the 40 years since they
were discovered by Levick (1), and the mechanisms underlying
their curious responses have not been investigated.

In this study, we have been able to microscopically target UDs
with a high success rate in a whole-mount preparation of the rabbit
retina, thereby allowing patch-clamp recordings to be made from a
large sample of these cells. We made a detailed examination of the
synaptic inputs that underlie the receptive-field properties of the
UDs, and also characterized the intrinsic mechanisms that gen-
erate their maintained firing.
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Interestingly, the UDs produce complex spikes, unlike other
classes of RGCs. First described by Eccles and colleagues (15),
complex spikes are bursts of Na™ spikelets that ride on top of a
slower Ca”*-mediated depolarization (16). They are known to serve
diverse functions in a variety of neuronal populations elsewhere in
the CNS (17-20). Here, we show how light-evoked inhibition has
various effects on the properties of complex spikes in UDs.

Results

Physiological and Morphological Identification. Electrophysiological
recordings of RGCs were made in a dark-adapted whole-mount
preparation of the rabbit retina, which was placed photoreceptor-
side down in a brain-slice chamber on a fixed-stage microscope (21,
22). The RGC somata were visualized under infrared illumination,
and an extracellular electrode was applied to the targeted soma
under microscopic control. Spike recordings were made in the
loose-patch configuration, and the RGCs were rapidly screened by
mapping their responses to a light or dark spot flashed over the
receptive field. Although most RGC:s fired at light ON or light OFF,
a small proportion had receptive-field properties that resembled
those of UDs described in previous studies on the rabbit retina. It
became clear that these cells had a medium-sized round soma whose
nucleus was not distinct and, when this gestalt was used to target the
cells, the UDs could be encountered with high reliability.

Under steady illumination, the UDs showed a maintained firing
rate of ~20 spikes/s, which was transiently eliminated at the onset
and termination of either a light or dark spot flashed over the
receptive field (Fig. 14). All tested visual stimuli transiently sup-
pressed the maintained firing, including bars or gratings moved in
any direction through the receptive field, although whole-field
stimuli produced less suppression than localized stimuli. We can
exclude the possibility that these properties reflected systemic
problems with the preparation because other classes of RGCs
recorded before or after the UDs fired robustly when stimulated
with flashing spots and moving stimuli. Recordings from 13 UDs
under photopic illumination showed that the response suppression
to a flashing black spot was fairly consistent across the population
(Fig. 1 B and C). The maintained firing was totally suppressed for
0.5-1 s at light OFF and then largely recovered over the next 3-5's;
the suppression at light ON showed a similar time course. UDs
displayed qualitatively similar response properties regardless of
whether they were stimulated under scotopic, mesopic, or photopic
conditions with green light (518 nm peak), or with blue light (445 nm
peak) that would selectively activate the short-wavelength cones.

After extracellular recordings, many UDs were filled with Neu-
robiotin by using a loose-patch electroporation technique (23) and
they all showed a distinctive bistratified morphology. The UDs
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stratify at ~22% and 69% depth of the inner plexiform layer,
respectively. The proximal dendrites of the UDs were located just
below the ON starburst cells, whereas the distal dendrites were
mostly located above the OFF starburst cells (Fig. 1E). Interest-
ingly, all of the Neurobiotin-injected UDs had dendrites that dived
retroflexively from the OFF sublamina to the ON sublamina, so that
the ON dendrites arose not only from the adjacent soma but also
indirectly from the OFF dendrites.

Visual Stimuli Elicit Only Inhibition. Like other neurons, the output of
RGCs is determined in large measure by the balance between exci-
tatory and inhibitory inputs and their temporal interactions (7, 21,
22). Although visual stimuli clearly suppress the maintained firing of
UDs, no recordings of the cells” intracellular responses have been
published, and it is not known whether the spike suppression arises
from decreased excitatory input from bipolar cells, increased inhib-
itory input from amacrine cells, or a combination of the two.

We addressed this issue by making patch recordings from UDs in
voltage-clamp mode. When the cells were clamped at the CI”
reversal potential, the light-evoked currents were almost totally
suppressed and, moreover, the currents reversed either side of the
reversal potential, indicating that the light-evoked input to the UDs
is largely inhibitory (Fig. 24). We then extended this analysis
quantitatively by voltage-clamping UDs at a range of holding
potentials from —100 mV to +10 mV while presenting the same
visual stimulus. The light-evoked synaptic conductance was calcu-
lated, as described by Borg-Graham (24) and Taylor and Vaney
(21), and the excitatory (G,) and inhibitory (G;) components were
plotted, based on the calculated reversal potentials of 0 mV for
cation channels and =73 mV for CI” channels.

In response to a flashed dark spot (Fig. 2B), UDs showed a large
inhibitory conductance at both the stimulus onset (OFF response:
integrated G; = 4.8 + 4.0 nS.s; n = 23) and termination (ON
response: integrated G; = 6.7 + 4.6 nS.s). Surprisingly, excitatory
conductance was essentially absent at both the stimulus onset

Fig. 1. Uniformity detectors (UDs) show maintained firing that is suppressed at
light ON and light OFF and they have bistratified dendritic trees. (A) Extracellular
recording of the spike responses of a UD to a light spot (Upper) and a dark spot
(Lower) flashed in the receptive field; the light and dark bars show the 6-s duration
of the flash. (B) Spike raster plots from 13 UDs in response to 3-5 trials of a flashing
dark spot. (C) Average spike rate (+ SD, gray shading) for the 13 raster plots. (D)
Tracing of the dendritic morphology of a Neurobiotin-filled UD reconstructed
from a confocal z series. (Scale bar: 50 um.) Characteristically, some of the dendrites
in the proximal ON sublamina of the inner plexiform layer (green) arise retro-
flexively from dendrites in the distal OFF sublamina (magenta). (E) Vertical pro-
jection of the same cell (white) showing the dendritic stratification in relation to
strata 1-5 of the inner plexiform layer and the populations of starburst amacrine
cells, labeled with an antibody against choline actyltransferase (ChAT, blue).

located ~0.5 mm inferior of the visual streak had a relatively large
dendritic tree with an equivalent diameter of ~250 pm. The sparsely
branched dendrites of the UDs, which often followed a meandering
course, branched largely within two strata near the margins of the
inner plexiform layer, one in the ON sublamina and the other in the
OFF sublamina (Fig. 1D). In tissue immunolabeled for choline
acetyltransferase, the actual levels of stratification could be gauged
relative to those of the OFF and ON starburst amacrine cells, which
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Fig. 2. Visual stimuli evoke transient inhibitory inputs that are mediated by gly-
cinergic amacrine cells. (A) Voltage-clamp recording from a UD that was held at a
range potentials from =100 mV to —25 mV while a dark spot was flashed in the
receptive field. When the cell was clamped at —70 mV (red trace), close to the cal-
culated inhibitory reversal potential of <73 mV, the large synaptic currents tran-
siently evoked at light OFF and light ON disappeared. (B) Calculated mean (+ SD)
synaptic inhibitory conductance (G;) and excitatory conductance (G,) evoked by a
flashing dark spot in 23 UDs. (C) The integrated inhibitory conductance (+ SEM) of
the OFF response (filled bars) and ON response (open bars) to a flashing dark spot
while the retina was superperfused with 10 uM SR-95531 (n=5), 1 pM strychnine (n=
7; P=0.019 OFF, P=0.005 ON), and 20 pM L-AP4 (n = 4; P= 0.5 OFF, P=0.001 ON).
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(OFF response: integrated G, = —0.2 + 0.6 nS.s) and termination
(ON response: integrated G, = 0.4 + 0.6 nS.s), indicating that the
transient suppression of firing of UDs is mediated by the activation
of transient inhibition and not by the removal of tonic excitation.
The inhibitory conductance was fast rising, peaked quickly and
decayed quite rapidly: For both the mean ON and OFF responses,
G; had dropped to ~15% of the peak values within 1 s of the
stimulus onset, corresponding to the period of spike suppression.
The calculated inhibitory conductance (G;) reflects the change in
inhibitory conductance induced by the visual stimulus, with the
average G; prior to stimulation set to 0. The voltage-clamp
recordings showed that the UDs received a low frequency of
irregular spontaneous currents that reversed close to the inhibitory
reversal potential (Fig. S14), indicating that they comprised only
inhibitory postsynaptic currents (IPSCs) and not excitatory post-
synaptic currents (EPSCs). The waveform of the averaged IPSCs at
each holding potential (Fig. S1B) was calculated for five UDs and a
regression line fitted to the current/voltage (IV) relations for the
grouped data (Fig. S1C). The average IPSC had a conductance of
830 + 50 pS and the reversal of the fitted line was =71.5 mV, close to
the calculated reversal potential for inhibitory currents (=73 mV).

Inhibitory Input Is Glycinergic. Approximately half the amacrine cells
in the retina use the inhibitory transmitter GABA and the other half
use the inhibitory transmitter glycine (25). We examined the effects
of bath application of the GABA4-receptor blocker, 10 pM SR-
95531, and the glycinergic antagonist, 1 uM strychnine, on the
synaptic inputs to UDs (Fig. 2C). SR-95531 caused a small decrease
in the integrated inhibitory conductance, but the effect was not
significant for either the ON response (P = 0.2, n = 5) or the OFF
response (P = 0.7). By contrast, strychnine reduced the stimulus-
evoked inhibitory conductance by 92% for the ON response (P =
0.005,n = 7) and 95% for the OFF response (P = 0.02). Moreover,
the isolated IPSCs apparent prior to stimulation were also abolished
by strychnine. These results indicate that the light-evoked inhibitory
inputs to UDs are mediated overwhelmingly by glycinergic ama-
crine cells. The small residual inhibition that remained in the
presence of strychnine appears to be mediated by GABAergic
receptors. Neither the glycinergic nor GABAergic antagonists,
alone or in combination, unmasked a direct light-evoked excitatory
input to the UDs.

To differentiate the roles of the ON and OFF bipolar cells in the
UD circuitry, the photoreceptor input to the ON bipolar cells was
blocked with bath application of the mGluR6 agonist, L-AP4 (20
pM). The effects on the UDs were clear-cut (Fig. 2C): The ON
inhibitory input was completely abolished (P = 0.002, n = 4),
whereas the OFF inhibitory input was not significantly affected (P =
0.5). Taken together with the effects of the inhibitory antagonists,
these results suggest that the neuronal circuitry underlying the
response properties of UDs is duplicated in the ON and OFF sub-
laminae, reflecting the cell’s bistratification. However, we cannot
discount the possibility that a single type of ON-OFF glycinergic
amacrine cell provides the inhibitory inputs to both the ON and
OFF stratifications.

Whole-field stimuli produced less suppression of spiking than
localized stimuli and, correspondingly, conductance analysis showed
that whole-field stimuli elicited less inhibitory input. These findings
indicate that the glycinergic amacrine cell is itself inhibited by wide-
field amacrine cells, which are probably GABAergic (25). Such wide-
field inhibition could act either directly on the glycinergic amacrine
cell or indirectly on the bipolar cells that are presynaptic to the
amacrine cell.

UDs Generate Complex Spikes. The extracellular recordings revealed
that the UDs fired bursts of action potentials both under steady
illumination and during periods of changing visual stimulation.
These bursts are unusual as the spikes within each burst were quite
variable in amplitude, with the first spike usually being the largest.
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The bursts were highly regular (8.1 + 0.9 bursts/s, n = 11) and
typically contained 2-3 spikes per burst. This striking pattern was
such a characteristic feature of the UDs that the cells could be
reliably identified from their maintained firing alone, before the cell
was tested with any visual stimuli. Although previous studies have
not commented on the burst firing of UDs, it is apparent in some of
the published spike records (9, 26).

Perforated-patch recordings under current clamp revealed that the
bursts of action potentials ride on rhythmic depolarizing waves of 50—
100 ms duration and ~10 mV amplitude (Fig. 34). Within each burst,
the larger first spike was triggered by the relatively fast-rising wave-
front, whereas the smaller spikes (spikelets) rode on the wave top. The
spikes but not the slow depolarizations were reversibly abolished by
100 nM tetrodotoxin (TTX), whereas the slow depolarisations, but not
the spikes, were eliminated by 500 pM Cd**, a calcium channel
blocker, indicating they are mediated by a Ca®*-dependent mecha-
nism. Such brief bursts of voltage-gated Na™ action potentials driven
by a slow Ca**-mediated depolarization are termed “complex spikes”
(16, 27); they are found throughout the CNS but have not been pre-
viously reported in the retina.

Modulation of Burst Frequency. The slow depolarizations of com-
plex spikes are usually driven by either extrinsic synaptic inputs or
intrinsic Ca®>*-dependent mechanisms (16, 28, 29) although, in
some neurons, rhythmic bursting is generated by persistent Na*
currents (30). The burst firing of UDs persisted during bath
application of a cocktail of synaptic blockers (CNQX, L-AP4, D-
APS, picrotoxin, strychnine, hexamethonium), suggesting that the
bursting is generated intrinsically. However, the synaptic blockers
decreased the burst frequency from 7.8 + 0.5 SEM to 0.97 + 0.04
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Fig. 3. UDs produce complex spikes whose burst frequency is modulated by
hyperpolarization. (A) The complex spikes of UDs comprise fast spikes riding
on a slow depolarization (Control); the spikes are abolished by 100 nM
tetrodotoxin (TTX), whereas the slow depolarizations are abolished by a
calcium-channel blocker (500 pM Cd?*). (B) A cocktail of synaptic blockers
reduces the burst frequency of UDs. (C) Polarization of UDs by current
injection modulates the burst frequency and spike amplitude of complex
spikes. The mean burst frequency (filled circles) of 4 cells (open circles) is
plotted against the injected current in current-clamp mode; Insets show
sample voltage traces for 10, —-10, and -30 pA current injection. (D) The
application of inhibitory blockers produces a net inward current in voltage-
clamp mode; coapplication of excitatory blockers results in a transient out-
ward shift in the measured current that exceeds the baseline current, indi-
cating that UDs receive a tonic excitatory input (mean current + SEM, n = 5).
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SEM bursts/s (n = 6; Fig. 3B), indicating that the frequency of
bursting is modulated extrinsically.

In current-clamp mode, hyperpolarization of the UD by negative
current injection reduced the burst frequency (n = 4; Fig. 3C). This
finding raises the possibility that the cocktail of synaptic blockers
may reduce the burst frequency by suppressing tonic depolarizing
excitatory input (31). To test whether UDs receive tonic synaptic
inputs, we clamped the cells at =70 mV and applied a cocktail of in-
hibitory blockers (strychnine, SR-95531, TPMPA, CGP-35348), fol-
lowed by a combination of the inhibitory blockers plus excitatory
blockers (CNQX, L-AP4, D-APS, hexamethonium). The wash-in of
the inhibitory blockers produced a negative (inward) shift in the
current (26 + 4 SEM pA), consistent with the removal of a tonic
(outward) inhibitory input (Fig. 3D). This result was not unexpected
because we had shown that spontaneous IPSCs are present in the
absence of visual stimulation.

The wash-in of the excitatory blockers on top of the inhibitory
blockers produced a positive (outward) shift in the current (45 + 6
SEM pA), consistent with the removal of a tonic (inward) excitatory
input. Moreover, the fact that the combined blockers produced a net
positive shift relative to control conditions (19 + 3 SEM pA) indicates
that UDs normally receive a tonic excitatory input. However, the
blocking experiments do not tell us about the relative weights of the
tonic excitatory and inhibitory inputs under normal conditions. Similar
results were obtained by including only one excitatory blocker, CNQX,
suggesting that the tonic excitatory input is AMPA-kainate mediated.

Light-Evoked Inhibitory Modulation of Spike Amplitudes. Perforated-
patch recordings under current clamp (n = 4) showed that the
strong inhibitory inputs at light OFF and light ON transiently
hyperpolarized the UDs by ~20 mV, from a baseline potential of
-50.2 + 1.6 mV to -71.6 + 1.0 mV, close to the predicted CI”
reversal potential (Fig. 44). The cells returned to near the resting
potential over a period of 5 s, with complex spikes reappearing

when the baseline potential approached —-60 mV, =1 s after the
stimulus onset or termination. The complex spikes that arise after
the transient spike suppression, while the cell is still hyper-
polarized, are here termed “renascent” spikes.

The complex spikes produced during maintained firing and
renascent firing were qualitatively similar in that the absolute peak
voltage of the first spike was always greater than that of the fol-
lowing spikes. It was apparent, however, that the renascent spikes
were larger, the interspike interval was shorter, and a third spike
was commonly generated (Fig. 4B). Quantitative analysis of the
current-clamp recordings (n = 4) showed how the absolute peak
voltage and the maximal rate of rise (dV/dt) of the first and second
spikes of a burst varied with the light-evoked hyperpolarization. In
the initial renascent bursts, the absolute peak voltage of the first
spike increased by ~#11 mV and the second spike almost doubled in
amplitude, reaching an absolute peak voltage of approximately
-8 mV, comparable with that of the first spike prior to stimulation
(Fig. 4C). These light-evoked changes in spike amplitude were also
apparent in extracellular recordings (Fig. S2) and were mimicked
by negative current injection.

The larger amplitude of the renascent spikes, resulting from
both the more positive peak voltage and the more negative spike
threshold, was also reflected in the rate of voltage rise (dV/dt;
Fig. 4D). In the initial renascent bursts, the maximal rate of rise
almost doubled for the first spike and was approximately five
times greater for the second spike (Fig. 4D).

Such larger, faster spikes are consistent with a higher effective Na
channel density, which could occur if the light-evoked hyperpolar-
ization removed inactivation of voltage-gated Na™ channels. To test
this hypothesis, we plotted the amplitudes of the first and second
spikes measured under current clamp against the spike threshold
(Fig. 4FE) and compared the threshold range to the voltage depend-
ency of Na*-channel inactivation measured under voltage clamp
(Fig. S3) in five other UDs (Fig. 4F). These data indicate that spikes
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Fig. 4. Light-evoked hyperpolarization of the UDs increases the amplitude of the renascent spikes, reflecting removal of voltage-gated Na*-channel inactivation. (A)
Perforated-patch current-clamp recording from a UD in response to a flashed dark spot. (B) Complex spikes aligned to the peak voltage of the first spike; renascent
spikes (blue) are larger, faster, and more likely to produce a third spike than maintained spikes (black). (C-E) The effects of light-evoked hyperpolarization on the
properties of complex spikes (n =4, + SEM.). (C) The absolute peak voltage of the first spike (black circles) and second spike (red circles) within each burst, and the spike
threshold of the first spike (open circles); the spike threshold was measured 1 ms prior to the rate of rise reaching 40 V/s and reflected the initial membrane potential.
(D) The maximum rate of rise (dV/dt) of the first spike (black circles) and second spike (red circles). (E) Individual spike amplitudes for the first spike (black symbols) and
second spike (red symbols) plotted against the spike threshold; example traces are taken from the cell in 4, illustrating the variability in amplitudes of the first (black)
and second (red) spikes. (F) Mean steady-state inactivation (n = 5, + SEM) of Na* currents measured by prepulses at different potentials (/nset) and fitted with a
Boltzmann function (solid line; Vi,,s=-48 mV, k=6.3 mV); the onset of inactivation mirrors the decline in spike amplitude and increase in spike thresholds mappedin E.
Pulse protocol: holding potential at =70 mV, 50 ms prepulse at potentials from —100 mV to -20 mV in 10-mV steps, and 100-ms test pulse at 0 mV.
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with the largest amplitudes activate at voltages where almost all Na™
channels are available whereas, at the threshold voltages for the
smallest spikes, only ~30% of the Na™ channels are available.

Discussion

Here we have shown that the rabbit retina contains a homogeneous
population of UD RGCs whose morphological and physiological
properties were consistent across a large sample of cells. The UDs,
which had a distinctive bistratified morphology, fired bursts of
complex spikes that were transiently suppressed at light ON and light
OFF. This suppression was driven by transient light-evoked glyci-
nergic inhibition, with the UDs appearing to receive negligible light-
evoked excitatory input. In this regard, they are unlike other classes
of RGC, including the intrinsically photosensitive RGCs, all of which
are depolarized by light-evoked glutamatergic input from bipolar
cells (13, 32, 33). Although the UDs do appear to receive a small
tonic excitatory input, which may set the frequency of the maintained
bursts, the puzzle remains as to why this input does not appear to be
modulated by visual stimuli known to activate bipolar cells.

The homogeneity of the UDs was somewhat unexpected, given
earlier reports that UDs comprise both transient- and sustained-
response types. We targeted somata with a particular gestalt and
did not conduct a systematic survey of all the RGCs. However,
extracellular recordings were made from many other types of
RGCs during the course of this study, but none appeared to be
sustained UDs. By contrast, Levick (1) only illustrated sustained
cells in his original description of UDs—also recorded on the rabbit
visual streak—and simply noted that “others were only transiently
(~0.5 sec) stopped by the stimuli”. Interestingly, the sustained UD
recovered by Amthor et al. (8) showed a similar branching pattern
and bistratification to our transient UDs, which possibly corre-
spond morphologically to the BS2 RGCs of Famiglietti (12). It
seems possible that there may not be distinct transient and sus-
tained types of UDs but, rather, their physiological responses may
depend on factors such as adaptational state or level of anesthesia.

The current-clamp recordings showed that UDs produced rhyth-
mic bursts of complex spikes that were driven by slow depolarizations,
probably arising from an intrinsic Ca>*-dependent mechanism. The
name “uniformity detector” or “suppressed-by-contrast cell” implies
that the initial suppression of spiking is the salient signal conveyed to
the higher visual centers and, indeed, this was the most obvious
feature of the extracellular spike records. However, it is possible that
the renascent spiking also conveys important information, notwith-
standing the long delay between the onset of the visual stimulus and
the renascent spiking (0.5-1 s for flashing spots). The visual-evoked
hyperpolarization produced significant increases in the amplitude
and maximal rate of rise (dV/dt) of both the first and second spikes
recorded at the soma. This effect was particularly pronounced for the
initial renascent second spikes, whose properties approached those
of the maintained first spikes.

Unlike simple spikes, which are transmitted with high fidelity, the
Na™ spikes of complex spikes often fail to propagate down the axon
(34, 35) or to induce a postsynaptic response (19, 36). In both Pur-
kinje cells and cartwheel cells, spikelet propagation and transmission
success are closely correlated with the peak voltage of the spikelet
and the maximal rate of rise. In cartwheel cells, most transmission
failures correspond to spikelets that are small, slow to rise, and
preceded by depolarized membrane potentials (19). Correspond-
ingly in Purkinje cells, hyperpolarization increases the transmission
of spikelets that fail to propagate at more depolarized potentials (35).

It therefore seems possible that the second spikes of the UDs are
only propagated for the hyperpolarized renascent bursts, although
we have no recordings from the unmyelinated portion of the axon
within the retina, or the myelinated portion in the optic nerve or optic
tract, to test this hypothesis. The consequences of such thresholding
could be pronounced. The rate of firing of the renascent spikes in the
axon would actually be greater than the maintained firing rate,
contrasting with the accepted wisdom that visual stimulation does not
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increase the firing rate of UDs; moreover, the close apposition (~10
ms) of the spike pair in each burst might greatly facilitate neuro-
transmitter release (37). In fact, spike recordings of suppressed-by-
contrast cells in the cat retina show “postsuppression facilitation,”
where the renascent firing is greater than the maintained firing (10,
38). Moreover, the raster plots and spike-time histogram of the UD
spiking would also have exhibited postsuppression facilitation if an
intermediate spike-detection level had been selected.

The inhibitory inputs activated by visual stimuli have two con-
trasting effects on the UDs. Stronger inhibition that reduces the
membrane potential below approximately —60 mV suppresses the
spiking of the cells, whereas weaker inhibition that hyperpolarizes
the cell by a smaller amount boosts the complex spikes of the cells.
Although these two effects are temporally distinct for artificial
visual stimuli like the high-contrast flashing spots used in this
study, the challenge for the future will be to understand how UDs
respond to low-contrast natural scenes when filtered through the
prism of the animal’s head and eye movements.

Materials and Methods

Retina Preparation and Visual Stimulation. Experiments were conducted in
accord with the Australian Code of Practice, and the protocols were approved
by the Animal Ethics Committee at the University of Queensland. Dark-adapted
adult pigmented rabbits of either sex were anesthetized (12 mg/kg ketamine,
12 mg/kg i.m.) before being overdosed with pentobarbitone sodium (150 mg/kg
i.v.). The eyes were then quickly enucleated, hemisected, and placed in carbo-
genated Ames solution at room temperature (pH 7.4). The retina was dissected
from the sclera under infrared (IR) illumination, placed in a recording chamber
(Warner, 26-GLP), held by a slice anchor (Warner, SHD 26GH/2), and perfused at
5 mL/min with Ames medium at 34 °C. The recording chamber was placed on a
fixed-stage Olympus BX-51 microscope with a dual-magnification port, which
allowed simultaneous light stimulation of the retina at x20 (~1 mm diameter) and
visualization of the RGC somata at x80 by using IR gradient-contrast optics (39).
Visual stimuli were generated by using custom software (Igor Pro) and presented
on a 800 x 600 pixel green-phosphor OLED screen (Emagin OLED-XL microdisplay;
518-nm peak). In most experiments, the background illumination was maintained
above the level of rod saturation at ~3.5 e'" quanta/cm? per sec and the visual
stimuli were set at +£50% of the background (1.75 e'" quanta/cm? per sec for OFF
stimuli; 5.25 e'" quanta/cm? per sec for ON stimuli). A flashing light spot of 300 um
diameter was centered over the RGC soma and focused on the photoreceptor
outer segments. Moving bars (200 x 300 pm, 200 um/s), moving square-wave
gratings (full field, 200 pm spatial period) and a range of spot sizes (50-1,200 um)
were also used to test the receptive-field properties in different cells.

Electrophysiology and Data Analysis. Recordings were made on a HEKA EPC-10
patch-clamp amplifier with electrodes pulled from borosilicate glass to aresistance
of 3-5 MQ. Extracellular electrodes were filled with Ames solution and patch
electrodes for voltage-clamp recordings were filled with an intracellular solution
containing: 125 mM Cs-methanesulphonate, 5 mM Na-HEPES, 1 mM EGTA, 3 mM
Mg-ATP, 300 pM Tris-GTP, 10 mM phosphocreatine, 5mM TEA-Cl, 3 mM lidocaine
N-ethyl chloride (QX-314), balanced to pH 7.2 with cesium hydroxide. QX-314 was
included in the patch electrode to block action potentials and nonlinear voltage-
gated currents, for the Na*-inactivation experiments, QX-314 was excluded and
the CI” concentration was balanced with 3 mM NaCl. For the perforated-patch
current-clamp recordings, QX-314, phosphocreatine, ATP, and GTP were exclu-
ded, 240 pg/mL amphotericin-B and 3 mM KCl were included, and the Cs* was
replaced by K* (40). The measured liquid junction potential, 10 mV for the Cs
solutions and 9 mV for the K* solution, was subtracted from all traces, and the
series resistance was routinely compensated online. The series resistance aver-
aged 15 + 4 MQ (n = 14), and UDs had an average input resistance, capacitance,
and mean membrane potential of 192 + 21 MQ (n = 14), 12 + 2 pF (n = 14), and
=51 + 2 mV (n = 4), respectively. The mean membrane potential was calculated
offline after removing the fast component of the maintained action potentials
from the current-clamp recordings. The following concentrations of reagents
were used to test the pharmacology of synaptic inputs: CNQX 100 pM (Tocris),
D-AP5 100 pM (Tocris), L-AP4 20 uM (Tocris), hexamethonium 100 uM (Sigma),
picrotoxin 100 pM (Sigma), strychnine 1 pM (Sigma), SR-95531 10 pM (Sigma),
TPMPA 50 pM (Tocris), and CGP-35348 100 uM (Tocris). The calculation of the
excitatory and inhibitory components of the light-evoked synaptic inputs has
been described in detail (21, 24). Briefly, the visual stimulus was repeated while
voltage clamping the RGCs at a range of potentials (-100 to +10 mV in 10- to 15-
mV increments). IV relations of the net light-evoked current were generated
at 10-ms time intervals for the duration of the light stimulation. The linear
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regression fit to each IV was accounted for by a sum of linear excitatory and
inhibitory conductance components with reversal potentials of 0 and =73 mV,
respectively. Errors are standard deviations unless otherwise noted. For spike
analysis, the first spike in a burst was defined as having a peak dV/dT > 40 V//s and
not preceded by another spike by less than 50 ms. The second spike in the burst
was defined as an event with a maximal dv/dT > 5 V/s; subsequent spikes, if
present, were ignored. In each cell, the accuracy of the automated analysis
algorithm was verified by manually inspecting a fraction of the identified spikes.
These criterion values for identifying spikes were arrived at empirically, and the
outcome of the analysis was not critically dependent on these precise values.

Dendritic Morphology. RGCs were filled with Neurobiotin by using a semiloose
seal electroporation technique, as described by Kanjhan and Vaney (23). After
fixation for 30 min in 4% paraformaldehyde in 0.1 M PBS and overnight washing
in PBS, the retina was incubated in blocking solution (PBS containing 1% IgG-
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free BSA (Jackson ImmunoResearch), 1% normal donkey serum (Jackson
ImmunoResearch), 0.5% Triton X-100, 0.2% sodium azide) with goat anti-
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room temperature in blocking solution containing Cy-3 streptavidin (1:500;
Jackson ImmunoResearch) and Cy-5 donkey anti-goat (1:500; Jackson Immu-
noResearch). The dendritic morphology and stratification of the RGCs were
reconstructed by confocal microscopy (Zeiss; LSM-510 meta).
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