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Disinhibition Combines with Excitation to Extend the
Operating Range of the OFF Visual Pathway in Daylight

Michael B. Manookin,' Deborah Langrill Beaudoin,> Zachary Raymond Ernst,? Leigh J. Flagel,> and Jonathan B. Demb'2?

'Neuroscience Program and Departments of 20phthalmology and Visual Sciences and *Molecular, Cellular, and Developmental Biology, University of
Michigan, Ann Arbor, Michigan 48105

Cone signals divide into parallel ON and OFF bipolar cell pathways, which respond to objects brighter or darker than the background and
release glutamate onto the corresponding type of ganglion cell. It is assumed that ganglion cell excitatory responses are driven by these
bipolar cell synapses. Here, we report an additional mechanism: OFF ganglion cells were driven in part by the removal of synaptic
inhibition (disinhibition). The disinhibition played a relatively large role in driving responses at low contrasts. The disinhibition per-
sisted in the presence of CNQX and p-AP-5. Furthermore, the CNQX/p-AP-5-resistant response was blocked by L-AP-4, meclofenamic
acid, quinine, or strychnine but not by bicuculline. Thus, the disinhibition circuit was driven by the ON pathway and required gap
junctions and glycine receptors but notionotropic glutamate or GABA , receptors. These properties implicate the Al amacrine cell, better
known for its role in rod vision, as a critical circuit element through the following pathway: cone — ON cone bipolar cell — AIl cell — OFF
ganglion cell. Rods could also drive this circuit through their gap junctions with cones. Thus, to light decrement, AII cells, driven by
electrical synapses with ON cone bipolar cells, would hyperpolarize and reduce glycine release to excite OFF ganglion cells. To light
increment, the AlI circuit would directly inhibit OFF ganglion cells. These results show a new role for disinhibition in the retina and

suggest a new role for the AIl amacrine cell in daylight vision.
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Introduction
The retina encodes increments and decrements in light intensity
using parallel ON and OFF pathways (Werblin and Dowling,
1969; Schiller, 1992). ON and OFF ganglion cells dedicate their
output range for encoding only half the input range, and thus the
split into two pathways apparently doubles the operating range of
the visual system (Sterling, 2004). Under cone-driven conditions,
the excitatory circuitry for these pathways is well understood.
Cones release glutamate onto ON and OFF bipolar cells, which
express distinct glutamate receptors at their dendrites [metabo-
tropic glutamate receptor subtype 6 (mGluR6) vs AMPA/kai-
nate] and consequently show opposite responses to both cone
glutamate release and light (Slaughter and Miller, 1981; Naka-
jima et al., 1993; Nomura et al., 1994; DeVries, 2000) (see Fig.
1 B). ON and OFF cone bipolar cells release glutamate onto iono-
tropic receptors to excite the corresponding ON or OFF ganglion
cell type (Diamond and Copenhagen, 1993; Cohen et al., 1994;
Chen and Diamond, 2002) (see Fig. 1 B).

In addition to these “vertical glutamate pathways,” ganglion
cell responses are modulated by synaptic inhibition. For example,
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under cone-driven conditions, OFF ganglion cells receive inhib-
itory synaptic input at light onset; the inhibition is driven by an
amacrine cell, which is in turn driven by ON bipolar cells
(Zaghloul et al., 2003; Roska et al., 2006). Thus, OFF-pathway
excitation and ON-pathway inhibition drive the OFF ganglion
cell membrane potential in opposite directions to dark and light,
respectively. Here, we reveal an additional, unexpected function
of this ON-pathway inhibition and probe the underlying ama-
crine cell circuit.

In experiments below, we show that OFF ganglion cell re-
sponses to negative contrast (i.e., light decrement) were driven in
part by excitatory synapses, as expected. However, these re-
sponses were also driven in part by the removal of inhibition (i.e.,
disinhibition); the disinhibition played a relatively large role at
low contrast. Thus, tonic inhibition at steady mean luminance
could be increased or decreased depending on contrast sign. A
strong candidate for the source of inhibition is the well studied
AII amacrine cell: a bistratified interneuron that interacts with
both ON and OFF pathways (Famiglietti and Kolb, 1975). The
AII cell is widely studied for its prominent role in rod vision
(Bloomfield and Dacheux, 2001; Singer, 2007) (see Fig. 1 A). It
has been proposed that these cells might be functionally removed
from the circuit in bright light (Smith et al., 1986; Mills and
Massey, 1995), but AII cells, in fact, respond in bright light
(Dacey, 1999; Xin and Bloomfield, 1999; Pang et al., 2007). Fur-
thermore, OFF ganglion cells respond, in bright light, after block-
ing ionotropic glutamate receptors (iGluRs) (Cohen, 1998; Co-
hen and Miller, 1999); the only known circuit to explain these
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responses is the following: cone — ON cone bipolar cell — AII
cell — OFF ganglion cell (Trexler et al., 2005; Murphy and Rieke,
2006; Pang et al., 2007) (see Fig. 1 B). Below, we provide evidence
that this AII circuit explains OFF ganglion cell disinhibition.
These results show a new role for disinhibition in the retina and
suggest a function for the AIl amacrine cell in daylight vision.

Materials and Methods

Tissue preparation and electrophysiology. Hartley guinea pigs were
housed in a 12 h light/dark cycle. On the day of an experiment, an
animal was brought to a room illuminated with red light and anes-
thetized with ketamine (100 mg/kg) and xylazine (10 mg/kg). The
animal was then decapitated, and both eyes were removed. All proce-
dures conformed to National Institutes of Health and University of
Michigan guidelines for use and care of animals in research. The
retina was hemisected under dim white light, and the vitreous, lens,
and cornea were removed and discarded. The back of the eye, includ-
ing the retina, pigment epithelium, choroid, and sclera, was either
maintained as a single piece or cut along the vertical midline into two
pieces (nasal and temporal halves). Slits were made in each piece of
tissue so that the retina would lie flat (Demb et al., 1999), and the
tissue was mounted on filter paper with two to three small holes (0.5
mm diameter) punched out. The retina was mounted so that the hole
positions were aligned with the dorsal retina. Those areas of retina
over the holes could be later visualized using transmitted infrared
light. The pieces of retina were stored at room temperature in oxy-
genated (95% O, and 5% CO,) Ames medium (Sigma, St. Louis, MO)
in a light-tight container until the time of recording (storage time, 30
min to 5 h). At the time of recording, the filter paper, with retina
attached, was placed in a chamber on a microscope stage and super-
fused (~6 ml/min) with oxygenated (95% O, and 5% CO,) Ames
medium heated to 33—-35°C with an in-line heater (TC-344B; Warner
Instruments, Hamden, CT).

The retina and electrode were visualized using a cooled CCD cam-
era (Retiga 1300C, Qcapture software; Qimaging, Burnaby, British
Columbia, Columbia) mounted on an Olympus (Center Valley, PA)
BX51WI microscope. We targeted Y-type/a ganglion cells by record-
ing from the largest cell bodies in the ganglion cell layer (diameter,
20-25 um). Cell type was confirmed by measuring light responses
and in some cases by analyzing the dendritic tree, as described below
(see Results). A glass electrode (tip resistance, 2—6 M()) was filled
with recording solution [120 mM cesium-methanesulfonate, 5 mm
tetraethylammonium (TEA)-Cl, 10 mm HEPES, 3 mm NaCl, 10 mm
BAPTA, 2 mm QX-314-Cl, 2 mm ATP-Mg*", 0.3 mm GTP-Na ", and
0.10% Lucifer yellow, titrated to pH 7.3]. All chemicals were pur-
chased from Sigma (St. Louis, MO) except for BAPTA (Invitrogen,
Carlsbad, CA), strychnine (Fisher Scientific, Pittsburgh, PA), and the
glutamate-receptor drugs (CNQX, p-AP-5, and L-AP-4; Tocris Bio-
science, Bristol, UK).

Membrane current was amplified, continuously sampled at 10 kHz,
and stored on a computer using a MultiClamp 700A amplifier, Digidata
1322A analog-to-digital board, and pClamp 9 software (Molecular De-
vices, Sunnyvale, CA). Junction potential (—9 mV) was corrected in all
cases. We wrote programs in Matlab (version 7; MathWorks, Natick,
MA) to analyze light responses. We corrected for an error in the holding
potential introduced by the series resistance. The corrected holding po-
tential (V},) was determined by the formula V,, = V}, corr = Tiearc X Rg
X (1 = Rs_correct))» Where Vi is the apparent (uncorrected) hold-
ing potential before the stimulus (in millivolts), ., is the leak current
(in nanoamperes), Ry is the series resistance (mean * SD, 18 = 6 M();
n = 109 cells), and Rg_,rec¢ is the series resistance compensation (typi-
cally 0.4). Rq was stable over the recording period (15-57 min). Across
cells, Rq increased from 16 * 4 to 21 + 8 M) (mean =+ SD) between the
first and last recording used in the analysis (n = 109). We generally
excluded cells from the analysis with Rq > 35 M().

Results are from 109 cells: 18 ON cells and 91 OFF cells. The zero-
current potential, at which no current was required to clamp voltage, was
—43.1 = 0.9 mV for ON cells (mean = SEM;n = 11) or —65.3 = 0.4 mV
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for OFF cells (n = 38). The zero-current potential for a cell was deter-
mined from the x-intercept of the current—voltage ( I-V) plot for the leak
current. Below we refer to the zero-current potential as the resting po-
tential (V,.), although this potential is determined partly by the com-
position of the pipette solution. For example, with sharp microelectrodes
the resting potential of ON cells was approximately —59 mV (Zaghloul et
al., 2003), whereas with the present pipette solution the zero-current
potential for ON cells was more depolarized by ~16 mV; this was prob-
ably caused in part by the potassium channel blockers in the pipette
solution.

Visual stimuli. The stimulus was displayed on a miniature mono-
chrome computer monitor (Lucivid MR1-103; MicroBrightField,
Colchester, VT) projected through the top port of the microscope
through a 4X objective and focused on the photoreceptors (resolution,
640 X 480 pixels; 60 Hz vertical refresh). The relationship between gun
voltage and monitor intensity was linearized in software with a lookup
table. Stimuli were programmed in Matlab as described previously (Brai-
nard, 1997; Pelli, 1997; Demb et al., 1999). All stimuli were centered on
the cell body.

Cells were recorded in the superior retina, in which the cone distribu-
tion is ~95% M-cones and ~5% S-cones (Rohlich et al., 1994; Yin et al.,
2006). During recording, the cell was exposed to stimuli that fluctuated
around a constant mean luminance. Light level is described as the
isomerization rate per photopigment molecule (Rhodopsin, M-cone op-
sin, and S-cone opsin) s L PR, Py*, and P¢*. Photoisomerization rates
were calculated based on the spectral output of the monitor, the intensity
of the monitor (W/mm ~?) at the plane of the retina, and the photore-
ceptor properties described by Yin et al. (2006). The typical mean lumi-
nance evoked ~10*Pp*, ~5 X 10? Py*, and ~5 X 102 P¢*. Under these
conditions, M-cones and rods contribute approximately equally to the
light response, whereas S-cones contribute minimally (Yin et al., 2006).
At this light level, rod contributions presumably arise through their gap
junctions with cones (Bloomfield and Dacheux, 2001). In some cases, we
decreased the light level by 10-, 100-, or 1000-fold. At the two dimmest
light levels (~5 X 10! or ~5 X 10° Py*; ~10% or ~10' P*), responses
are driven by rods (Yin et al., 2006).

The main protocol consisted of a spot (0.6 mm diameter) presented
for 200 ms alternating with 800 ms at mean luminance (i.e., 1 Hz presen-
tation rate). Spot contrast was an increment (for ON cells) or decrement
(for OFF cells) of 2.5, 5, 10, or 80% of the mean luminance. In most
conditions, responses were averaged over 12 repeats at 2.5 and 5% con-
trast and over six repeats at 10 and 80% contrast. In the presence of
CNQX, p-AP-5, and either strychnine or bicuculline, there were typically
oscillations in the response, uncorrelated with the light stimulus, that
were not blocked by further adding the nicotinic acetylcholine receptor
antagonist D-tubocurarine (100 um; n = 2 cells); thus, the oscillations
apparently arose from residual glutamate responses or from inhibition.
Under these conditions, 10% contrast spot responses were averaged over
300 repeats. These were compared with responses averaged over 100
repeats in the other conditions.

Analysis. We measured the inward current to a flash by averaging over
80 ms centered on the maximal response. Data are reported as mean =
SEM. Statistical significance was determined using a paired ¢ test unless
otherwise indicated.

Current responses to contrast flashes (see Fig. 4 B) were fit with the
following equation (least-squares fit):

n

[

R(C) = Rmaxcgo + Cn’

where R(c) is the response at a given contrast level, ¢ is stimulus contrast,
R,..x Is an asymptotic scale factor, n is the steepest slope of the contrast—
response function, and cs, is the contrast gain (contrast that evokes the
half-maximal current response) (Albrecht and Hamilton, 1982).

For the conductance analysis, we analyzed the I-V plot for responses
evoked at multiple holding potentials. The current responses at each
contrast were fit with a line, and these data were then used to determine
the excitatory and inhibitory conductances ( g.\citation @04 Ginhibition> L€~
spectively) according to the following equations (Borg-Graham, 2001;
Taylor and Vaney, 2002):
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iotal( Etorat ™ Einhibition) A
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Eexcitation - Einhibitiun
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where E,,, is the reversal potential of the light-
evoked response (x-intercept of the linear fit),
Ziotal 18 the total conductance (slope of the linear

fit), and E_ iion a0d Eipibition are the excita-
tory and inhibitory reversal potentials, INL
respectively.

The reversal potential for inhibitory synapses
(Einhibitions 1-€.» Cl 7 reversal) was calculated as

—67 mV. To test this calculation, we blocked |pL
synaptic transmission with CoCl, (3 or 6 um)

rod bipolar pathways B
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cone bipolar pathways

o iGIuR
o  mGluR6
o glycine-R

Cx36

and measured the reversal potential of the con-

ductance evoked by adding the GABA, agonist ~GCL
muscimol (10 or 100 um; Tocris Bioscience) to
the bath. Before and after adding muscimol, we Figure 1

measured currents after stepping to several
holding potentials around V, ; the muscimol-
evoked conductance was measured by subtract-
ing the two sets of current measurements. In
some cases, TEA-Cl (10 mm) was added to the
bath solution to block K™ channels. Adding
CoCl, and TEA-CIl to the Ames medium in-
creased osmolarity by up to ~10% and shifted
E, slightly negative to that calculated for Ames
medium alone. However, the reversal potential
of the muscimol-evoked conductance was —2 *
2mV from the calculated E; (n = 5 OFF cells, 1 ON cell), suggesting that
the calculated E, is appropriate for the conductance analysis used in this
study.

The conductance analysis also assumed that the I-V plots could be well
fit by a straight line. At high contrast, however, many OFF cells showed a
J-shaped -V curve, suggesting the contribution of an NMDA conduc-
tance. For these responses, we analyzed conductance in the subset of cells
in which there were at least three current measurements with V, 4 pos-
itive to —40 mV, in which the nonlinearity associated with NMDA con-
ductances would have minimal effect.

Interpretation of I-V plots for light-evoked responses. To measure syn-
aptic conductance, ganglion cell responses were measured at a series of
holding potentials (V},4 values). Leak-subtracted response amplitude
was plotted versus V} .4 in an I-V plot, in which the slope indicates the
total conductance evoked by the spot and the x-intercept indicates the
associated reversal potential. In this case, the conductance and reversal
potential for the spot response are likely to reflect not a single neurotrans-
mitter conductance but rather the sum of two or more conductances in
parallel. For example, if the response were mediated by a glutamate syn-
apse in parallel with a “feedforward” inhibitory synapse (GABA or gly-
cine), there would be an increase in two conductances (and a positive
slope on the I-V plot) with a reversal potential between the reversals for
the excitatory cation channels (0 mV) and the inhibitory receptor chan-
nels (—67 mV; see above). Thus, a reversal between 0 and —67 mV is
consistent with an increase in two conductances. If the response is instead
mediated by a glutamate synapse in parallel with the withdrawal of an
inhibitory synapse, there would be an increase in an excitatory conduc-
tance plus a decrease in an inhibitory conductance (disinhibition). The
sum of these two influences would generate one of three possible pat-
terns. First, if the magnitude of the excitation is greater than the magni-
tude of the disinhibition, the summed conductance would be positive
and the reversal potential would be >0 mV. Second, if the magnitudes of
the excitation and disinhibition are equal, the summed conductance
would have a slope of zero with no reversal. Third, if the magnitude of the
excitation is less than the magnitude of the disinhibition, the summed
conductance would be negative with a reversal less than —67 mV.

Cell labeling and tissue fixation. In a subset of cells from this study (n =
9), we analyzed dendritic morphology and stratification. These cells were

the OFF ganglion cell.

Rod and cone pathways of mammalian retina. A, The rod (r) synapses with an ON-type rod bipolar cell (rb), which
in turn excites the All amacrine cell (All). The All excites the ON cone bipolar (cb) terminal and inhibits the OFF cone bipolar
terminal and OFF ganglion cell (gc) dendrite. PRL, photoreceptor layer; OPL, outer plexiform layer. OFF cells (i.e., those that
depolarize to light decrement) are shaded dark gray, whereas ON cells (i.e., those that depolarize to light increment) are shaded
light gray. B, The cone synapses with OFF and ON cone bipolar cells using different glutamate receptors; rods influence the cone
response via gap junctions. Each cone bipolar synapses onto the same type of ganglion cell. The ON cone bipolar cell also excites
the All through the gap junction; the All releases glycine onto the OFF cone bipolar terminal and OFF ganglion cell dendrite. Alight
decrement would hyperpolarize the ON cone bipolar cell, which would hyperpolarize the All and reduce its glycine release onto
the OFF cone bipolar and ganglion cells, causing disinhibition. This All pathway does not require an iGIuR to relay cone signals to

combined with others recorded in related studies from our laboratory
(n = 33). During whole-cell recording, Lucifer yellow in the pipette
solution filled the dendritic tree of the cell. After recording, the tissue was
fixed for 1 h in 4% paraformaldehyde (Electron Microscopy Sciences,
Hatfield, PA) in 0.1 M PBS (Sigma) at room temperature and then stored
in 0.1 m PBS at 2—-8°C.

Immunocytochemistry. A purpose of filling ganglion cells was to deter-
mine their dendritic stratification in the inner plexiform layer (IPL) (Fig.
1). The tissue was thus reacted with an antibody against Lucifer yellow to
amplify the fluorescence in the dendritic tree. The retina was further
stained with a nuclear dye to label cell bodies in the ganglion cell layer
(GCL) and inner nuclear layer (INL); these cell layers define the bound-
aries of the IPL. Two IPL strata, corresponding to the dendrites of ON
and OFF cholinergic (starburst) amacrine cells, were also labeled with an
antibody against choline acetyltransferase (ChAT) to mark standard po-
sitions in the IPL (Yamada et al., 2005; Zhang et al., 2005).

The fixed tissue was incubated for 1 h in 6% normal donkey serum
(NDS) (Jackson ImmunoResearch, West Grove, PA) and 1% Triton
X-100 (Sigma) in 0.05 M Tris-buffered saline (TBS) (Sigma) to perme-
abilize the tissue and block nonspecific immunolabeling. The tissue was
rinsed for 5 min in 0.05 M TBS and then incubated overnight at 4°C in
blocking buffer (2% NDS, 0.2% Triton X-100 in 0.05 m TBS) plus goat
anti-ChAT antibody (1:200 dilution; Millipore Bioscience Research Re-
agents, Temecula, CA) and rabbit anti-Lucifer yellow antibody (1:2000
dilution; Invitrogen). Next, the tissue was rinsed for 30 min in 0.05 M TBS
and then incubated for 45 min in secondary antibody: donkey anti-goat
bound to cyanine 3 (Cy3) (1:200 dilution; Jackson ImmunoResearch)
and donkey anti-rabbit bound to FITC (1:400 dilution; Jackson Immu-
noResearch) in blocking buffer. The tissue was rinsed for 30 min in 0.05
M TBS and incubated for 30 min in 0.2% ToPro-3 iodide (Invitrogen) in
0.1 M PBS. The tissue was rinsed for 30 min (0.1 M PBS) and subsequently
mounted with Vectashield (Vector Laboratories, Burlingame, CA) and
coverslipped. Glass spacers, made from coverslips (0.13—0.17 mm thick;
Fisherbrand; Fisher Scientific, Hampton, NH), were inserted between
the coverslip and slide, on opposite sides of the tissue, to prevent tissue
compression.

Confocal microscopy. The retina was imaged with an Olympus Fluo-
View 300 confocal microscope, and images were captured with FluoView
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Photoshop to reduce noise; quantitative analy-
sis, however, is based on raw data.

When inspecting the z-stacks, it was evident
that the tissue was often warped. However, by
analyzing a smaller area in the x—y dimension
(100 X 100 pixels; 46 X 46 wm), the effect of this
distortion was minimized (Fig. 2A). The user
selected three to nine such small areas for analy-
sis, and measurements were averaged over the
analyses from these individual areas. Areas were
selected over distal regions of the ganglion cell
dendritic tree at which point the dendrites were

— 1 1

20 um 0 normalized 1 well stratified. Within each region, the slices of
intensity interest were identified as follows. To identify
slices centered on ChAT bands and ganglion cell
Cc D dendrites, the fluorescent signals were plotted as
3 100 3 a function of slice number (Fig. 2A), and the
-(_N“ et *ONo % = user selected the approximate peaks of the Cy3
£ 80 1 2 orle 0o - 8;':60‘(1 £ ,ﬂ 1 § OFF ChAT  flyorescence (ChAT bands) and the FITC fluo-
2 g TR ’ . OFFS( s) 8% B A AR rescence (ganglion cell dendrite). To identify
g’ = 60 1 ON ChAT g o] slices at the IPL borders, the user viewed a
=l 40 1 o, « OFF ChAT %5 0- ON ChAT  z-stack of the Cy5 fluorescences (ToPro-3-
E;é Z‘ St :E:’ S o labeled nuclei) and selected the slice near the
% < 201 o % lﬂ 1 ’ ’ middle of the GCL and the slice at the IPL/INL

29 o= 1l border.
54 04 . . . , 5° . . . , Additional analysis localized the IPL/INL

c O cZ .

ko¥o} 400 800 go 400 800 boundary more precisely. The user selected the
dendritic field diameter (um) dendritic field diameter (um)  x—y position of the central point of multiple cell
bodies within the slice containing the initial cells
Figure2.  Morphological properties of ganglion cells with large somas in quinea pig retina. 4, Vertical projection of astackof ~ on the vitreal (inner) side of the INL (Fig. 2 B).

confocal images, showing the level of ganglion cell (GC) dendrites, nuclear layer boundaries (INL and GCL), and starburst
amacrine cell dendrites (ON and OFF ChAT bands). The plot at right shows the normalized intensity for the GC dendrite (blue), the
nuclear dye (red), and the ChAT labeling (green). The ganglion cell layer and inner nuclear layer peaks were normalized sepa-
rately, resulting in two discontinuous red lines. The two ChAT band peaks were normalized separately, resulting in two discon-
tinuous green lines. The dashed black line plots ToPro-3 intensity within the boxed regions shown in B. Solid black lines are
polynomial fits used to define the fluorescent intensity peaks. Plotted at these peak positions are the horizontal dashed gray
lines, which indicate the position of the ganglion cell layer (slice 29), the ON (inner) ChAT band (slice 62), the OFF (outer) ChAT
band (slice 87), and an OFF cx cell dendrite (slice 83). B, Confocal image of slice 108 showing ToPro-3-labeled nuclei. The small
boxes overlie selected central regions of nuclei in the inner most layer of the INL. €, The dendritic stratification depths within the
IPL of ON «x cells, OFF cx cells, OFF & cells, ON & (direction-selective) cells, and the corresponding position of ChAT bands in the
same tissues (black or gray dots). Ganglion cell dendrite and ChAT band depths are plotted as a function of ganglion cell dendritic
field diameter. Solid lines show the mean of each ChAT band; gray boxes show = 1 SD of these bands. D, Normalized dendrite
position of cells in C. The stratification in C was normalized relative to the ChAT bands measured in the same tissue (ON ChAT

These central points included the nucleolus of a
cell, which was typically the brightest region in
the image. At each of these points, a 3 X 3 pixel
(1.4 X 1.4 pm) region of interest (“boxed re-
gions”) was used to compute fluorescent
ToPro-3 signal as a function of slice number.
These boxed regions encompassed an intense
area of fluorescence in the most proximal (vit-
real) layer of cells (by design) but only occasion-
ally contained such a signal (by chance) in more
distal cell bodies. Thus, by summing the fluores-
cence across boxed regions, a sharp peak in flu-
orescence was generated at the first layer of cell

band, 0; OFF ChAT band, 1).

software (Olympus). The dendritic field of a filled ganglion cell was cap-
tured with a through focal series (z-stack) at 2 wm intervals with a 40X oil
objective [numerical aperture (NA) 1.3] and projected onto a single
plane. The dendritic field was larger than the field of view, and so multi-
ple projection images were assembled in Photoshop (Adobe Systems, San
Jose, CA). In addition, one or two z-stacks were taken using a 60X oil
objective (NA 1.4) at 0.5 wm intervals starting at the inner (vitreal) side of
the GCL and ending within the middle of the INL. These z-stacks were
used to determine dendrite position within the IPL.

Morphological analysis. A ganglion cell dendritic field diameter was
measured by outlining the dendritic tree using Adobe Photoshop and
software written in Matlab. We report dendritic tree diameter as the
diameter of a circle with area equivalent to the polygon.

Confocal z-stacks were analyzed with programs written in Matlab.
FluoView software generated a z-stack for each fluorescent signal, the
dimensions of which were 512 X 512 pixels (236 X 236 wm) in the x—y
image plane and typically comprised 120-160 slices (60—80 wm) in the z
dimension. The z-stacks were loaded into Matlab, and a projection of
each fluorescent signal was displayed by averaging the stacks across the
z-dimension for FITC (ganglion cell morphology) and Cy3 signals
(ChAT labeling). We used custom Matlab programs to measure these
signals, but other commercial software could be used instead (Yamada et
al., 2005). For display purposes, the “levels” were adjusted in Adobe

bodies in the INL, i.e., those at the IPL/INL bor-
der (Fig. 2 A, dashed black line).
The peak of each fluorescent signal was used
to determine the percentage depths of dendrites
within the IPL. Third-order polynomials were fitted (using standard
fitting routines in Matlab) around the estimated fluorescent peaks asso-
ciated with the GCL, ChAT bands, ganglion cell dendrites, and INL (Fig.
2 A). Fits were made to six to eight points (3—4 um) around the peak. The
peak of the fitted line was used to define a given cellular or dendritic layer.
The IPL width was calculated as the distance between the GCL and the
INL peaks. Given the IPL width and GCL and INL positions, the posi-
tions of the ChAT bands and ganglion cell dendrites were expressed as a
percentage depth through the IPL from 0% at the GCL/IPL border to
100% at the IPL/INL border. The IPL thickness was 38 = 4 um (mean *
SD; n = 42). Measured positions of ChAT bands showed variability (SD)
across tissues of ~3% (see Results), which corresponds to ~1.2 wm.

Results

Targeting and identification of Y-type/a ganglion cells

We recorded from ganglion cells in an in vitro preparation of the
guinea pig retina (Demb et al., 1999, 2001b) (see Materials and
Methods). We targeted ON and OFF Y-type/a ganglion cells by
recording from the largest cell bodies (20-25 uwm diameter) in
the GCL. In several cases, we filled the cells to reveal the morphol-
ogy and confirm the cell type. We report on the morphological
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features of cells both from the present study (n = 9 cells) and
those from a wider series of studies from our laboratory (n = 42
cells in total). The cells that had the characteristic physiological
features of Y-type/a cells as defined by previous studies (i.e.,
brisk-transient responses; center-surround receptive fields; non-
linear spatial summation) (Enroth-Cugell and Robson, 1966;
Hochstein and Shapley, 1976; Demb et al., 2001b) had wide den-
dritic trees and a characteristic position of their dendrites in the
IPL. The OFF Y-type/a cells (n = 24) had dendritic tree diame-
ters of 535 £ 72 um (mean * SEM) and stratified at 70 £ 3%
depth in the IPL; this position is on the vitreal side of the nearby
OFF ChAT band (76 = 3%; n = 42) (see Materials and Methods)
(Fig. 2C). The ON Y-type/a cells (n = 11) had dendritic tree
diameters of 652 = 109 wm and stratified at 28 = 3%; this posi-
tion is on the vitreal side of the nearby ON ChAT band (42 * 3%j;
n = 42) (Fig. 2C). Thus, ON or OFF Y-type/« cells in the guinea
pig stratified on the vitreal side of the nearby ON or OFF ChAT
band, similar to the dendrite positions of « cells in the rabbit
retina (Zhang et al., 2005).

When targeting large cell bodies, two other cell types were
occasionally recorded but could be distinguished from the Y-
type/a cells. One type was an OFF cell (n = 5), with a wide
dendritic tree diameter (552 = 69 wm) that stratified between the
OFF ChAT band and the INL at 89 * 2% (Fig. 2C). A second type
was the ON direction-selective (DS) cell (n = 2) (Amthor et al.,
1989), which had a diameter of ~530 wm and costratified with
the ON ChAT band (Fig. 2C). For all cells, we also plotted the
anatomical data in a second normalized coordinate system, in
which dendrite positions are shown relative to the two ChAT
band positions measured in the same tissues (Fig. 2D). Here, it is
evident that there are four clusters distinguished by their den-
dritic stratification level relative to the ChAT bands. These four
cell types in guinea pig resemble those four cell types with large
cell bodies in the rat retina: ON and OFF Y-type/a and ON and
OFF & ganglion cells (in which the ON & cell is presumably the
ON DS cell) (Peichl, 1989). The OFF § cell was also reported in
the mouse retina and had similar properties to the guinea pig OFF
6 cell: a large soma and dendritic tree diameter, with dendrite
stratification near the INL (Tagawa et al., 1999; Margolis and
Detwiler, 2007).

Other features of the Y-type/a cells were consistent with pre-
vious measurements with sharp electrodes (Zaghloul et al., 2003)
and allowed us to distinguish OFF « and & cells based on the
physiology alone. We measured I-V plots to full-contrast step
responses of a spot (0.6 mm diameter). At a holding potential
near —50 mV, the ON Y-type/a cell showed a transient inward
current at light onset and an outward current at light offset (Fig.
3). The responses to light onset and offset both reversed between
E piion (0 mV) and Eq; (—67 mV) (see Materials and Methods).
Thus, the ON cell response arose from the modulation of a pair of
excitatory and inhibitory conductances that were increased or
decreased in parallel (Zaghloul et al., 2003). The OFF Y-type/«a
cell showed a different pattern: a transient inward current (V4
of approximately —50 mV) at light offset that reversed near 0 mV
with a transient outward current at light onset that reversed near
—80 mV (Fig. 3). Thus, the OFF cell response arose primarily
from excitation at light offset and inhibition at light onset
(Zaghloul et al., 2003). These conductances are analyzed in more
detail at multiple contrast levels in the remainder of the paper.

In the I-V plot for the light offset response, some OFF Y-type/a
cells showed a relatively linear relationship (Fig. 3, OFF «, ), whereas
others showed a more nonlinear relationship (Fig. 3, OFF a,): a
J-shaped pattern that indicated a contribution from NMDA recep-
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tors (Cohen, 1998; Chen and Diamond, 2002; Sagdullaev et al.,
2006). However, cells with or without the J-shaped I-V plot showed
a similar time course of their step response (Fig. 3), and their den-
drites stratified in similar positions in the IPL (Fig. 2C,D). Thus, we
consider these two patterns in the I-V plot to represent diversity
within the OFF Y-type/a cell population. At present, it is unclear
why the apparent NMDA contribution varied across cells.

The OFF § cell showed a distinct pattern from the OFF Y-
type/a cells: a more sustained response to light offset with a neg-
ative slope conductance in the I-V plot (Fig. 3), and thus the OFF
& cell could be distinguished from the OFF Y-type/a cell based on
its physiology alone. The focus in the remainder of the study is on
the ON and OFF Y-type/« cells, which we refer to simply as ON
and OFF cells.

Ganglion cell membrane current responses at low and

high contrast

The above step response measurements were acquired using a
contrast-reversing spot stimulus that changed its contrast polar-
ity above and below the mean luminance. In most of the follow-
ing experiments, we instead measured responses to a 200 ms spot
stimulus, in which spot contrast was 2.5, 5, 10, or 80% and de-
fined as an increment or decrement in intensity relative to a
steady mean luminance. The contrast was matched to the sign of
the center: decrement stimuli for OFF cells and increment stimuli
for ON cells.

Contrast responses were measured while holding voltage near
the resting potential. In all cells, the spot evoked an excitatory
inward current followed by a “rebound” outward current (Fig.
4 A). Below we focus on the excitatory inward current. The size of
the inward current increased with contrast (Fig. 4). OFF cells
showed a wider response range than ON cells, as indicated by a
larger response amplitude at 80% contrast (OFF cells, 790 * 74
pA, n = 38 cells; ON cells, 219 * 50 pA, n = 11 cells; p < 0.01,
unpaired ¢ test) (Fig. 4B). Notably, there were measurable re-
sponses, in both OFF and ON cells, at low contrast levels (2.5—
10%). Below, we analyze responses at several contrast levels to
reveal the underlying synaptic conductances and to understand
how these conductances change with contrast level.

Disinhibition contributes to OFF cell responses

In ON cells (n = 11), both low- and high-contrast responses
showed an increased conductance (2.5%, 1.1 = 0.2 nS; 5%, 2.1 =
0.3 nS; 10%, 4.4 * 0.7 nS; 80%, 12.2 = 1.9 nS) with a reversal
potential that implied a mix of excitation and feedforward inhi-
bition (Fig. 5B) (see Materials and Methods). Furthermore, the
reversal potential was similar at low contrast (2.5%, —35 = 5mV;
5%, —38 = 3 mV; 10%, —36 * 2 mV) and high contrast (80%,
—39 * 2 mV), suggesting that the relative weight of excitation
and inhibition was fixed and independent of contrast level.

OFF cells showed a different pattern of results. At low con-
trast, OFF cell responses showed a negative slope on the I-V plot
(Fig. 5B), and thus these responses were driven primarily by a
decreased conductance (2.5%, —0.32 * 0.05 nS; 5%, —0.66 *+
0.14 nS; 10%, —0.4 = 0.4 nS; n = 38 cells). In raw traces, this
result was reflected by an increased inward current at positive
holding potentials, which is opposite to the pattern of the re-
sponse in ON cells (Fig. 5A, arrows). At high contrast (80%; n =
21), there was an increased conductance (15.3 = 2.7 nS) with a
reversal potential that was, on average, positive to 0 mV (+16 =
9 mV). The positive value of the reversal potential indicates a
response driven primarily by glutamate release from bipolar cells
in parallel with a net decrease in inhibition relative to a baseline
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Physiological properties of ganglion cells with large somas in guinea pig retina. 4, Filled cell body and dendritic tree for one ON « cell, two OFF cx cells, and one OFF & cell. Dendritic field

diameters (left to right) were 570, 512, 541, and 626 um. Dendrite stratifications for the same cells were 30,71, 71, and 90%. B, Spot responses at different holding potentials (V,,,4) for cellsin A.
C, |-V relationship for the cells in B. The ON-cx/Y-cell response to the dark spot reversed at —30 mV (left; reversal to light spot, —40 mV). Both OFF-cx/Y-cell responses to the dark spot reversed

near the excitatory reversal (Eqyiations

~0mV), but one cell (OFF ;) showed a relatively linear conductance, whereas the other (OFF ;) showed a pronounced J-shaped conductance. In the OFF

o cell, responses to both light and dark spots reversed near £, (—70 and —74 mV, respectively), suggesting that contrast processing arises primarily from modulation of an inhibitory synapse.

level (see Materials and Methods). However, there was variability
in the degree to which the reversal was positive to 0 mV; in some
cases, the reversal was close to 0 mV (Fig. 5B).

To quantify further the above results, we fit each I-V plot with
the sum of two underlying conductances reversing at 0 and —67
mV (see Materials and Methods). This conductance analysis cal-
culates the relative contribution from excitatory and inhibitory
synapses. The conductance analysis showed that ON cells re-
ceived increased excitation and inhibition, in parallel, at all con-
trasts (Fig. 5C). OFF cells received increased excitation in parallel
with decreased inhibition (i.e., disinhibition) at all contrasts.
However, disinhibition played a relatively prominent role at low
contrasts (Fig. 5C). For example, at 2.5% contrast, the decreased
inhibitory conductance was —0.55 = 0.06 nS, which was greater
in magnitude than the increased excitatory conductance of
0.23 = 0.03 nS (difference of 0.32 = 0.05 nS; n = 38; p < 0.001).
Similarly, at 5% contrast, the decreased inhibitory conductance
was —1.50 = 0.16 nS, which was greater in magnitude than the
increased excitatory conductance of 0.84 = 0.12 nS (difference of

0.66 = 0.14 nS; n = 38; p < 0.001). At 10% contrast, the de-
creased inhibitory conductance (—3.3 = 0.3 nS) and the in-
creased excitatory conductance (2.9 = 0.4 nS) were of similar
magnitude (difference of 0.4 * 0.4 nS; n = 38; p > 0.2). In Discus-
sion, we consider how these two conductances would contribute to
low-contrast voltage responses, given the expected resting potential
and reversal potentials for excitation and inhibition i situ.

OFF cell responses to high contrast (80%) were dominated by
an increased excitatory conductance. Some cells showed a linear
conductance (Figs. 5B, 6 D), whereas others showed a nonlinear,
J-shaped conductance, indicating an NMDA receptor contribu-
tion (Fig. 7A,C) (see also Fig. 3C). To estimate the full AMPA
plus NMDA conductance, we performed the conductance anal-
ysis on data collected for V.4 values positive to —40 mV, at
which the nonlinearity associated with NMDA receptors has
minimal effect (see Materials and Methods). At 80% contrast, the
magnitude of the decreased inhibitory conductance was relatively
small (—2.7 = 0.6 nS) compared with the excitatory conductance
(17.9 = 2.4 nS; n = 21).
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Figure 4.  Membrane current responses at low and high contrast. A, An OFF or ON cell was
stimulated with a 200 ms spot (0.6 mm diameter) over the receptive field centerat 2.5, 5, 10, or
80% contrast. Contrast is defined as an increment (ON cells) or decrement (OFF cells) in the
mean luminance. Voltage was held near the resting potential (V,.,,) (see Materials and Meth-
ods). Shaded area shows the sampling window for measuring current amplitude in B. Traces
show an average across 6 —12 cycles. B, Top row, Contrast—response functions for the cells in A.
Points show average inward current at each contrast (.4 near V). Error bars show SEM of
response across cycles. Line is a fit to the data (see Materials and Methods). ON cell parameters:
Reawe 170; €50, 9.3; 1, 1.0. OFF cell parameters: R, 750; ¢5, 11; 0, 1.9. Bottom row, Average
inward current as a function of contrast across cells. Error bars show SEM across cells. Population
ON cell parameters: R, .,,, 330; ¢s,, 29; n, 1.0. Population OFF cell parameters: R, .., 830; ¢5q, 18;
n,2.1.

The OFF cell disinhibition circuit is driven by the

ON pathway

The above results suggest that contrast responses in an OFF gan-
glion cell are driven partly by removing synaptic inhibition (i.e.,
disinhibition). It follows that the disinhibition would be driven
by the ON pathway: light decrement would hyperpolarize ON
bipolar cells and consequently hyperpolarize downstream inhib-
itory amacrine cells that synapse on the OFF ganglion cell. To test
this idea, we suppressed the ON pathway using the mGIluR6 ag-
onist L-AP-4, which continually activates the ON bipolar cell
mGluR6 cascade resulting in cation channel closure and hyper-
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different holding potentials (V,,4). In the ON cell, low- and high-contrast flashes both elicited
aninward current near rest and an outward current near the excitatory reversal (red; £qcication
~0mV;arrows). Inthe OFF cell, low- and high-contrast flashes both elicited an inward current
near the resting potential. Holding the cell near £,,.tion €licited an inward current at low
contrast but an outward current at high contrast (arrows). B, IV relationship for the cells in A.
The ON cell responses to low (5%) and high contrast (80%) had similar reversals (low contrast,
—44 mV; high contrast, —43 mV) and proportional increases in excitatory and inhibitory
conductance (green and blue lines, respectively). Dashed lines are linear fits to the data. The
low-contrast response in the OFF cell reversed at —90 mV and predominantly comprised re-
moval of an inhibitory conductance and a minor excitatory conductance. The opposite was true
at high contrast, at which the response reversed at +4 mV and was primarily caused by an
excitatory conductance. €, Comparison of excitatory and inhibitory conductances. For ON cells,
excitation and inhibition increased in parallel with increasing contrast (n = 11). For OFF cell
low-contrast responses (2.5-10%), disinhibition contributed substantially (n = 38), whereas
for high-contrast responses, excitation dominated (n = 21); inset shows conductances for the
2.5 and 5% contrast responses on an expanded scale.

polarization (Slaughter and Miller, 1981; Nakajima et al., 1993).
At 50 uM, L-AP-4 completely suppressed the response of an ON
ganglion cell to a high-contrast reversing spot (1 = 2 cells) (same
stimulus used in Fig. 3), suggesting that the presynaptic ON bi-
polar cells were completely inhibited at this concentration (Fig.
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6A). In OFF ganglion cells, L.-AP-4 did not suppress the inward
current to the dark phase of the reversing spot (100% contrast),
which is presumably driven primarily by OFF bipolar cells, but
did suppress the outward current to the light phase (control,
357 * 75 pA; L-AP-4, 0.6 = 22.2 pA; n = 10 cells; p < 0.001;
average = SD V, 4, —54 £ 5 mV) (Fig. 6B). This confirms
previous work showing that, for OFF ganglion cells, the ON path-
way drives an inhibitory conductance at light onset (Wassle et al.,
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1986; Cohen, 1998; Pang et al., 2003;
Zaghloul et al., 2003; Murphy and Rieke,
2006; Roska et al., 2006).

We next tested whether the ON path-
way drives OFF cell low-contrast responses
to light offset, using the 200 ms decrement
stimulus (Fig. 6C). At low contrast, there
was a decreased conductance, as indicated
by negative slopes on the I-V plots (Fig.
6D). In the presence of L-AP-4, these neg-
ative slopes became positive, suggesting
that the disinhibition pathway was
blocked. At high contrast (80%), there
were positive slopes in both control and
L-AP-4 conditions (Fig. 6D). We per-
formed a conductance analysis, as de-
scribed above. L-AP-4 significantly reduced
the magnitude of the decreased inhibitory
conductance (p < 0.05 at each contrast)
but did not block the increased excitatory
conductance (Fig. 6 E). These data suggest
that disinhibition of OFF cells is driven by
ON-pathway amacrine cell synapses.

In addition to blocking the decreased
inhibitory conductance, L-AP-4 revealed
an increased inhibitory conductance at
80% contrast (Fig. 6 E). Across cells, this
conductance was 3.4 = 1.8 nS (n = 8). This
inhibitory conductance may be present at
high contrast under control conditions but
masked by the decreased inhibitory con-
ductance. This suggests that a feedforward
inhibitory synapse, driven by the OFF
pathway, acts in parallel with OFF bipolar
cell excitation. However, this putative feed-
forward inhibition requires additional
characterization. For example, our conclu-
sion depends on a slight shift in the reversal
potential (Fig. 6 D). Furthermore, in the
presence of L-AP-4, inhibition of the OFF
bipolar terminal is presumably reduced,
and thus the output of OFF bipolar cells
would increase, potentially altering the de-
gree of feedforward inhibition present un-
der natural conditions.

The disinhibition circuit does not
require ionotropic glutamate receptors
Virtually every circuit, from photorecep-
tors to amacrine or ganglion cells in the
inner retina, requires at least one synapse
mediated by an iGluR (Marc, 1999a,b; Kal-
loniatis et al., 2004; Dumitrescu et al.,
2006). The one known exception is the fol-
lowing circuit: cone — ON cone bipolar

cell — AIl amacrine cell — OFF ganglion cell (see Introduction);
rods could also drive this circuit through their gap junctions with
cones. The cone — ON cone bipolar synapse uses an mGluR6
receptor (Nakajima et al., 1993; Nomura et al., 1994); the ON
cone bipolar — AlIl amacrine cell synapse uses a connexin (cx) 36
gap junction or a cx36/cx45 gap junction (Feigenspan et al., 2001;
Mills et al., 2001; Deans et al., 2002; Han and Massey, 2005; Lin et
al., 2005); the AIT amacrine cell = OFF ganglion cell synapse uses
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Figure 7.  Disinhibition of OFF ganglion cells does not require ionotropic glutamate recep-

tors. A, I-Vplot for low- and high-contrast responsesin an OFF cell (same conventions as for Fig.
5B). Under control conditions, there was a negative conductance at 5% contrast and a positive
conductance at 80% contrast with an apparent NMDA component, resulting in a J-shaped
function. In the presence of CNQX and p-AP-5 (100 wm each), the 5% response persisted,
whereas the 80% response was primarily blocked. Inset, The persisting response at 80% con-
trast had a negative slope, similar to the 5% response. B, Conductance analysis under control
conditions and in the presence of CNQX plus b-AP-5 (same conventions as for Fig. 5(). The drugs
primarily blocked the excitatory component, leaving disinhibition intact. C, Same format asin A
for an OFF cell, in which b-AP-5 was applied alone.

a glycine receptor (Muller et al., 1988; Sassoe-Pognetto et al.,
1994; Murphy and Rieke, 2006). Thus, if this circuit explains ON
pathway disinhibition of OFF ganglion cells, then it should per-
sist in the presence of iGluR antagonists.

To test the above possibility, we measured responses while
blocking both AMPA/kainate and NMDA receptors with CNQX
(100 wm) and D-AP-5 (100 uMm) (Cohen et al., 1994; Cohen, 1998;
Cohen and Miller, 1999). In the presence of these antagonists,
low-contrast responses persisted, and these responses were
driven primarily by disinhibition (Fig. 7B). However, high-
contrast responses were suppressed; the inward current de-
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creased from —399 * 37 pA under control conditions to —59 =
16 pA in the presence of the antagonists (decrease of 86 * 3%,
p <0.001; n = 6 cells; V} 14 near the V,,). Furthermore, in the
presence of the antagonists, the conductance at high contrast
showed a negative slope, similar to the low-contrast conductance
(Fig. 7A). Blocking NMDA receptors alone with D-AP-5 (50 um)
made the J-shaped I-V plot more linear but did not completely
block excitatory currents at high contrast (Fig. 7C). Thus, we
conclude that disinhibition of OFF cells, at low and high contrast,
could originate in the above described AIl amacrine cell pathway.

The above response cannot, however, be driven by two of
the rod pathways. Rods release glutamate onto OFF cone bi-
polar cell dendrites, but these dendrites express iGluRs (Soucy
etal., 1998; Hack et al., 1999; Tsukamoto et al., 2001; Li et al.,
2004). Furthermore, the rod pathway illustrated in Figure 1 A
uses an iGluR at the rod bipolar — AlI cell synapse (Boos et al.,
1993; Singer and Diamond, 2003). Rods can signal cones di-
rectly, through gap junctions (DeVries and Baylor, 1995;
Bloomfield and Dacheux, 2001). These rod signals could reach
ganglion cells through cone synapses with ON cone bipolar
cells and then through the AII circuit (i.e., rod — cone — ON
cone bipolar — All cell — ganglion cell). However, rod signals
could not reach ganglion cells through cone synapses with
OFF cone bipolar cells, because the cones release onto iGluRs
on the bipolar cell (Fig. 1 B).

Evidence that the disinhibition circuit includes the AII
amacrine cell
To test the role of the above AIl circuit in OFF ganglion cell
disinhibition, we performed several experiments designed to dis-
rupt each synapse in the circuit. We first isolated the putative
circuit by blocking iGluRs with p-AP-5 (200 um) and CNQX
(200 wm) (Fig. 8 A) and then measured the 10% contrast response
before and after adding additional drugs (V},,,q of —35 to —25
mV) (Fig. 8A). In one experiment, we added L-AP-4, to confirm
that the response was driven by the ON pathway (cone — ON
cone bipolar synapse), as suggested by the results in Figure 6 (Fig.
8A;). The inward current in the presence of CNQX and D-AP-5
(—37.0 = 17.3 pA) was significantly reduced by adding L-AP-4
(+1.6 = 2.0 pA; p < 0.05; n = 6). During a washout of all drugs,
the response partially recovered to —23 * 9 pA (compared with
an initial response of —57 &= 27 pA; n = 4).

We next tested a role for a gap junction at the ON cone bipolar
—> AlIl amacrine cell synapse (Feigenspan et al., 2001; Mills et al.,
2001; Deans et al., 2002; Lee et al., 2003a; Han and Massey, 2005).
To test this, we applied meclofenamic acid (MFA) (200 um),
which blocks tracer coupling between AII cells and ON cone
bipolar cells (Pan etal., 2007). The inward current in the presence
of CNQX and p-AP-5 (—127 £ 9 pA) was significantly reduced
by adding MFA (—46 = 11 pA; p < 0.01; n = 6). We measured a
recovery, after washing out all drugs, in two cases; one is shown in
Figure 8 A,. In another set of experiments, we applied quinine
(200 ™M), which blocks cx36 gap junctions (Srinivas et al., 2001;
Schubert et al.,, 2005). The inward current in the presence of
CNQX and p-AP-5 (—52.2 * 13.9 pA) was significantly reduced
by adding quinine (—12.9 = 3.4 pA; p < 0.05; n = 6). The
response partially recovered after washing out all drugs to —39 =+
22 pA (compared with initial response of —50 = 16 pA; n = 4)
(Fig. 8A;). Quinine can also block potassium channels, and so
as a control we repeated the above experiment but applied
potassium channel blockers (1 mm TEA and 1 mm 4-AP) in
place of quinine (Imai et al., 1999). The inward current in the
presence of CNQX and p-AP-5 (—134 = 35 pA) was not
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(200 pam) and p-AP-5 (200 wum) sharply reduced the current responses to the flash, whereas adding bicuculline (4, 100 m) or
TEA and 4-AP (4, 1 mm each) had little effect. B, Results for the experiment in A across multiple cells (number of cells in
parentheses). The bars show the inward current elicited by the 10% contrast flash in each drug condition (CNQX and o-AP-5, plus
the drug on the x-axis) relative to the inward current in the presence of CNQX and o-AP-5 alone. Adding L-AP-4, meclofenamic
acid, quinine, or strychnine decreased the inward current to a small percentage of the original current. Adding bicuculline or TEA
and 4-AP had little effect (see Results). Error bars indicate SEM across cells. €, Meclofenamic acid (200 r.u) applied alone reduced
the 10% contrast response and also reduced the outward current at the offset of 80% contrast. Theinward current at high contrast
was unaffected, suggesting no general depression of OFF bipolar cells. Traces show the average response of five to six cells. D,
Quinine (200 ) applied alone produced results similar to €, reducing the 5% contrast response and also reducing the outward
current at the offset of 80% contrast. The inward current at high contrast was unaffected. Traces show the average of recordings
from four cells. E, ON cells were stimulated with repeating bright flashes (contrast, 100%; 20 repeats; V,,,,4, approximately —63
mV) at two levels of mean luminance. Quinine suppressed the inward current only under rod-bipolar-driven conditions (~5 X
10°P,,*). Traces show the average of recordings from three cells.
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application, although we were able to mea-
sure partial recovery in two cells; one is
shown in Figure 8 A;. In separate experi-
ments, we blocked GABA, receptors with
bicuculline (100 uM). The response in the
presence of CNQX and D-AP-5 (—93.0 £
19.2 pA) was only slightly suppressed by
adding bicuculline (—69.5 = 18.8 pA; n =
6) (Fig. 8A,).

The above results are summarized in
Figure 8 B. The inward current response at
10% contrast showed, relative to the re-
cording in the presence of D-AP-5 and
CNQX, a significant percent reduction af-
ter adding L-AP-4 (99 = 5%; p < 0.001),
MFA (64 = 8%; p < 0.01), quinine (75 *
8%; p < 0.001), or strychnine (98 * 6%;
p < 0.001) but not after adding TEA and
4-AP (5 = 24%; p > 0.10) or bicuculline
(26 = 16%; p > 0.05). The small effect of
bicuculline could be explained by nonspe-
cific effects of bicuculline on glycine recep-
tors (Wang and Slaughter, 2005). These re-
sults suggest that the disinhibition circuit
for OFF ganglion cells depends on mGluR6
receptors, gap junctions, and glycine recep-
tors. These results can be explained most
parsimoniously by the above-described
circuit: (rod —) cone — ON cone bipolar
cell — AII amacrine cell — OFF ganglion
cell (Fig. 1B).

Control experiments further suggest that
MFA and quinine block the gap junction
between AlI cells and ON cone bipolar
cells

We performed additional experiments to
test whether MFA or quinine had unex-
pected, nonspecific effects on retinal pro-
cessing, similar to other gap junction
blockers (Xia and Nawy, 2003). In OFF
cells (n = 6; V10> —20to —35mV), apply-
ing MFA in isolation did not affect the in-
ward current at 80% contrast (control,
—591 + 88 pA; MFA, —601 = 126 pA; p >
0.4) but did reduce the outward rebound
current (control, +629 £ 131 pA; MFA,
+72 + 32 pA) by 557 = 128 pA (p < 0.01)
(Fig. 8C). Furthermore, MFA reduced the
inward current at 10% contrast (control,
—209 *= 23 pA; MFA, —47 = 18 pA) by
162 * 34 pA ( p < 0.01) (Fig. 8C). In addi-
tional experiments on OFF cells (n = 4;
Violwr —29 to —36 mV), applying quinine

blocked by adding TEA and 4-AP (—113 = 31 pA; p > 0.10;
n = 4), suggesting that quinine did not act by blocking potas-
sium channels (Fig. 8 A,). Additional control experiments for
MFA and quinine are described in a separate section below.
We next tested roles for glycine and GABA. Glycine receptors
were blocked with strychnine (2 uM). The inward current in the
presence of CNQX and D-AP-5 (—31.9 = 4.2 pA) was completely
blocked by adding strychnine (—0.1 = 1.4 pA; p < 0.05; n = 7).
In general, it was difficult to measure recovery after strychnine

in isolation did not affect the inward current at 80% contrast
(control, —804 = 97 pA; quinine, —775 = 156 pA; p > 0.4) but
did reduce the outward rebound current (control, +747 = 83
PA; quinine, +140 = 20 pA) by 606 = 97 pA (p < 0.01) (Fig.
8D). Furthermore, quinine reduced the inward current at 5%
contrast (control, —77 * 15 pA; quinine, —29 * 8 pA) by
48 = 9 pA (p < 0.05) (Fig. 8 D). The above results suggest that
MFA and quinine interrupt the cone — ON cone bipolar —
ATl amacrine cell — OFF ganglion cell circuit, presumably by
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blocking the ON bipolar — AII cell syn-
apse. The rebound current at high con-
trast would be driven, at light onset (i.e.,
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dark spot offset), by stimulating the AII 4000
circuit (Fig. 6 B). The inward current at 3000 - 1500
low contrast would be driven in large part < 1000
by d1§1nh1b1t10n from the AII circuit, as 2000 s32mV g
described above. -40 mv

We performed additional control ex- 10907 0
periments in ON cells (n = 3; V4, —63 to 0

. -500-

—64 mV). If quinine blocks the ON cone
bipolar cell — AII cell gap junction, then 500 ms
ON ganglion cell responses should decrease B °
under conditions that depend heavily on 10007 /
the rod bipolar pathway but persist under < 5001 a ,1'
conditions driven by the cone bipolar path- 2 o K
way (Fig. 1). Under rod-driven conditions, 7 . . oo ®% e,
the inward current to the flash decreased 500{® @ 0 Lo ®etle,. *loe.
from —126 * 49 pA (control) to —29 = 13 B v SR A S S s s SRS n aar R S
pA in the presence of quinine (a difference mv mv mv mv
of 97 = 37 pA; p < 0.10). At cone-driven C
levels, however, the inward current was -
similar across conditions (control, —103 = 1000
31 pA; quinine, —109 = 34 pA; p > 0.4) ]
(Fig. 8E). This result suggests that quinine < -
inhibits the ON cone bipolar — AII cell 0- 0
synapse. Therewereo'ghereffectsofqumlne S S L L A L
that we cannot explain, such as the more v mv mv
sustained inward current for ON cells at Figure 9.  The All circuit can be driven by either rod- or cone-bipolar pathways. 4, An OFF cell was stimulated with 100%

high mean luminance (Fig. 8 E). Gap junc-

tions exist at several sites in the retina, in-
cluding the rod — cone gap junction
(Deans et al., 2002; Lee et al., 2003b) and
ganglion cell — amacrine cell gap junctions
(Schubert et al., 2005; Volgyi et al., 2005);
thus, some effects of quinine could be ex-
plained by actions at these alternative sites.
However, these control experiments are

contrast, dark flashes at several levels of mean luminance (~5 X 10°-10% P,,*; 10'~10* P¥). At high mean luminances
(~5 % 102-10° P,,*), the transient inward current (blue strip) reversed to outward at positive V,,,,,, whereas at low mean
luminances (~5 > 10°-10" P,,*), this current became more negative at positive ;4. At high mean luminance, a sustained
response (orange strip) showed a pattern that resembled the low mean luminance response: increased inward current at positive
Vioia- At each mean luminance, a rebound outward current (green strip) followed flash offset. Traces show the average of 10-20
repeats. B, I-V relationships for the cell in A. The transient response (blue circles) at high mean luminances showed a J-shaped
conductance, indicating a response driven by excitatory (AMPA plus NMDA) synapses. The sustained response (orange) showed
a negative conductance, indicating substantial disinhibition. Responses at low mean luminances were driven by a negative
conductance, indicating disinhibition. Dashed lines are linear fits to the data (see Materials and Methods). (, Current-voltage

generally consistent with an effect of MFA
or quinine at the ON cone bipolar — AlII
cell synapse.

Disinhibition from the putative AIl amacrine cell circuit
drives OFF ganglion cell responses under conditions driven
by both cone and rod bipolar cells

Above, we assumed that AII cells synapse directly onto OFF gan-
glion cell dendrites. To test this, we measured responses at lower
levels of mean luminance (Fig. 9). At all light levels, the rods
should be active (i.e., not saturated) (Yin et al., 2006). At the
higher levels, rods would contribute primarily through their gap
junctions with cones, whereas at the lowest levels, the rod bipolar
cell should be active and the Al circuit should become a domi-
nant mechanism for light responses (Kolb and Famiglietti, 1974;
Bloomfield and Dacheux, 2001; Deans et al., 2002) (Fig. 1A).
Thus, at the lower levels of mean luminance, the conductance
analysis should reflect the switch to the Al circuit. We measured
I-V plots for 100% contrast responses at four levels of mean
luminance (n = 3 OFF cells). At high mean luminance (~5 X 10°
P*) (see Materials and Methods), the initial response to the flash
showed an increased conductance with a J-shaped I-V plot, indi-
cating a mixed AMPA/NMDA-mediated response (~5 X 102
P,*: excitation, 33 * 3 nS, inhibition, —1.9 + 0.7 nS; ~5 X 10°
Py,*: excitation, 37 £ 7 nS; inhibition, 1.7 = 0.8 nS). At lower

relationship for the outward rebound current in A. Conductances at all luminance levels were positive and reversed near £,

mean luminance, however, the response to the flash showed a
decreased conductance, consistent with a removal of inhibition
from the AII circuit (Fig. 9B) (5 X ~10° Py*: excitation, 1.7 *
0.4 nS; inhibition, —6.1 = 0.2 nS; ~5 X 10" Py,*: excitation,
3.2 = 0.4 nS; inhibition, —7.6 = 0.4 nS). Thus, this putative AII
circuit dominated the response at ~5 X 10°~10" P,*, which was
the apparent level of rod-dominated responses measured previ-
ously (Yin et al., 2006).

The sustained response to the 100% contrast flash at high
mean luminance was also apparently driven by a distinct
mechanism from the transient response (Fig. 9A) (see also Fig.
5A). The sustained response also included disinhibition
(~5 X 107 Py,*: excitation, 8.4 = 1.8 nS; inhibition, —4.9 +
0.2 nS; ~5 X 10° P,,*; excitation, 6.1 * 1.7 nS; inhibition,
—5.2 = 0.7 nS), similar to the low-contrast response at high
mean luminance (Figs. 5-7) and the high-contrast response at
low mean luminance (Fig. 9B). Thus, at high mean luminance,
the sustained high-contrast response, after the initial excita-
tory response attenuates, also apparently depends on the AlI
circuit.

At light onset (i.e., dark spot offset), there was an outward
rebound current at each level of mean luminance that reversed
near E, (Fig. 9C). This rebound current is presumably caused, at
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least in part, by activating the AII circuit (see Discussion), and the
circuit makes a similar contribution at all light levels. The inhib-
itory conductance at the two brighter levels (~5 X 10% Py*:
excitation, 0.2 * 0.7 nS; inhibition, 30 = 4 nS; ~5 X 10> P*;
excitation, 0.7 £ 0.7 nS; inhibition, 31 = 6 nS) was larger than
that at the two dimmer levels (~5 X 10° Py*: excitation, 0.1 *
0.1 nS; inhibition, 5 + 2 nS; ~5 X 10" Py*: excitation, 0 + 0.14
nS; inhibition, 14 = 1 nS). Still, it was remarkable that, across a
~1000-fold change in mean luminance, the inhibitory conduc-
tance varied by only ~6-fold.

Discussion

Figure 1 B illustrates our circuit model for contrast processing
in the OFF ganglion cell under conditions driven by cone
bipolar pathways. Responses are driven by a combination of
excitation mediated by the OFF pathway and disinhibition
mediated by the ON pathway. The disinhibition arises because
a light decrement hyperpolarizes ON bipolar cells and electri-
cally coupled AII amacrine cells; this latter hyperpolarization
decreases glycine release onto the OFF ganglion cell. At low
contrast, disinhibition plays a relatively large role, leading to
an inward current at V., associated with a negative conduc-
tance (Figs. 5-7, 9). At high contrast, disinhibition plays a
smaller role, leading to an inward current at V., associated
with a positive conductance (Figs. 5-7, 9). At light onset (or
dark offset), an inhibitory conductance is observed under con-
ditions driven by either rod or cone bipolar pathways (Figs.
6B, 8,9). This inhibition would arise from stimulating the AII
circuit, which in turn inhibits the OFF ganglion cell. Thus, the
AlI circuit could explain crossover inhibition from ON to OFF
pathways described previously (Zaghloul et al., 2003).

Support for the circuit model for disinhibition of the

OFF pathway

The disinhibition circuit for OFF cells seems unconventional.
Thus, it is worth reviewing evidence for each step in the pathway.
First, ON bipolar cell responses should not be strongly rectifying,
so they could signal either light increments or decrements to AIl
cells. Evidence for nonrectifying responses in ON bipolar cells
comes from studies of ON ganglion cells. ON ganglion cells show
excitatory responses that increase or decrease from a baseline
level (Demb et al., 2001a; Zaghloul et al., 2003; Murphy and
Rieke, 2006) (Fig. 3). Thus, ON bipolar cells apparently rest near
the middle of their operating range and neither their voltage
responses nor their glutamate release strongly rectify. Direct bi-
polar cell recordings support this interpretation (Dacey et al.,
2000).

At the next step, current would flow from ON bipolar cells
to AII cells. Depolarizing an ON bipolar cell causes depolar-
ization of a coupled AII cell (Veruki and Hartveit, 2002; Trex-
ler et al., 2005). Furthermore, AII cells responded to light
under cone-driven conditions (Dacey, 1999; Xin and Bloom-
field, 1999; Bloomfield and Dacheux, 2001; Pang et al., 2007).
The apparent pathway mediating the cone-driven response is
the following: cone — ON cone bipolar — AII cell. In support
of this, AII light responses persist in the presence of an iGluR
antagonist, which blocks the synaptic output of rod bipolar
cells (Xin and Bloomfield, 1999; Trexler et al., 2005; Pang et
al., 2007).

At the final step, the AII cell would directly synapse onto the
OFF ganglion cell. Electron micrographs (EM) suggested that AII
glycinergic outputs contact both OFF ganglion cell dendrites and
their presynaptic OFF bipolar terminals (Famiglietti and Kolb,
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1975; Kolb, 1979; Dacheux and Raviola, 1986). The relative num-
ber of these synapses has been estimated by serial section EM. In
rat, at least 33% of chemical synaptic output from putative Al
cells is onto ganglion cell dendrites (Chun et al., 1993). However,
in rabbit, only 4% of output is onto ganglion cell dendrites (Stret-
toi et al., 1992). Recordings in mouse implied a strong output of
AII cells onto OFF ganglion cell dendrites. At light levels at which
rod bipolar cells are the primary conveyor of rod signals to the
inner retina (~2 Py*), an OFF a ganglion cell was driven primar-
ily by an inhibitory glycinergic synapse (Murphy and Rieke,
2006); this glycinergic input is explained by the AlI circuit (Mur-
phy and Rieke, 2008). Thus, the dominant output of the mouse
AII cell (driven by the rod bipolar cell) is onto the OFF ganglion
cell dendrite. Our recordings at ~10 P * support this interpreta-
tion; the OFF ganglion cell response was primarily modulated by
an inhibitory conductance (Fig. 9C). Furthermore, from the per-
spective of the OFF « ganglion cell (cat), the direct AIl synapses
are substantial: they are approximately equal in number to those
from the OFF cone bipolar cells (Kolb and Nelson, 1993). Thus,
there is strong evidence for a substantial input from AII cells to
OFF ganglion cell dendrites in several species. The main excep-
tion is the EM study in rabbit, and this could reflect a species
difference.

Our model suggests that disinhibition of an OFF ganglion
cell is driven exclusively by AII cells. However, we cannot rule
out a contribution from other narrow-field glycinergic ama-
crine cell types that could act in parallel with the AII cell
(Menger et al., 1998). These other amacrine cell types would
have to share certain features with the AII cell: excitation from
ON bipolar cells and inhibitory synapses with the OFF «a cell.
However, the CNQX/D-AP-5-resistant response in the OFF
ganglion cell is almost certainly explained exclusively by the
Al circuit, because this is the only known pathway that can be
driven by ON bipolar cells through gap junctions and thus
does not require an iGluR in the circuit (Kolb, 1979; Cohen
and Sterling, 1990). Because this CNQX/D-AP-5-resistant re-
sponse explains the bulk of disinhibition (Figs. 7, 8), the AII
circuit is likely the primary conveyor of disinhibition to the
OFF ganglion cell.

Rod and cone inputs to the AII circuit

At the highest light level tested, responses are driven in approxi-
mately equal combination by rods and cones (Yin et al., 2006). At
this level (~5 X 107 Py*, ~10* Pp*), rods likely act primarily
through their electrical synapses with cones, assuming that the
rod — rod bipolar pathway is saturated. We have not measured
the level at which the rod bipolar saturates in guinea pig, but
several lines of evidence suggest that cone bipolar pathways dom-
inate at ~10* P*. First, the excitatory response of OFF ganglion
cells persists in the presence of L-AP-4, which would block the
(ON-type) rod bipolar cell (Fig. 6 B) (Zaghloul et al., 2003). Fur-
thermore, inhibitory light responses in OFF ganglion cells persist
in the presence of iGluR antagonists (Figs. 7, 8), and these must
not depend on rod bipolar synapses (Fig. 1 A). Thus, at ~10* P*,
rods apparently drive the proposed AlI circuit that converges on
the OFF ganglion cell, but this contribution must arise through
their gap junctions with cones.

At the lowest light level tested here (~10 Py*; ~5 Py*), the
response is driven exclusively by rods (Yin et al., 2006). At this
level, the OFF ganglion cell response to light offset (at high con-
trast) modulated an inhibitory conductance almost exclusively
(Fig. 9). This response can be explained by the pathway: rod —
rod bipolar — AII cell — ganglion cell. The other route (rod —
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cone — cone bipolar — ganglion cell) must be relatively inactive
under this condition. Thus, rods drive the AII circuit at all light
levels, but as light level decreases, the pathway for their drive
switches between the cone bipolar circuit to the rod bipolar cir-
cuit (Xin and Bloomfield, 1999; Trexler et al., 2005; Pang et al.,
2007).

OFF bipolar input to the AII cell

We have not considered here an additional synaptic pathway
to the AII cell. OFF bipolar cells synapse onto AlI cells, sug-
gesting that OFF bipolar cells can excite the Al in addition to
receiving inhibition from the AII (Strettoi et al., 1992; Chun et
al., 1993; Xin and Bloomfield, 1999). Under most conditions,
the AII cell depolarizes at light onset, suggesting that ON bi-
polar excitation dominates the light response. However, under
certain conditions, the AII shows an excitatory response at
light offset (Xin and Bloomfield, 1999). How does this synapse
fitinto our model? Some feedforward inhibition onto the OFF
ganglion cell (Fig. 6E) could possibly be explained by this
synaptic pathway (cone — OFF cone bipolar — AII cell —
OFF ganglion cell). However, at present, we cannot distin-
guish this from other types of amacrine cell that could play the
same role (Kolb and Nelson, 1993).

Impact of the disinhibition pathway for OFF ganglion cells

in situ

For OFF cells at the lowest contrast level tested (2.5%), the
negative conductance associated with disinhibition was ap-
proximately twice the magnitude of the positive conductance
associated with excitation (Fig. 5). Here, we set E.; to be —67
mV, but in situ we expect it to be more negative, approxi-
mately —80 mV (Murphy and Rieke, 2006); we expect E_,ion
to be ~0 mV. Furthermore, OFF ganglion cells rest between
—60 and —65 mV (Zaghloul et al., 2003; Manookin and
Demb, 2006). Thus, the driving force on excitation is three to
four times larger than the driving force on inhibition. Taking
into account the conductances and driving forces, disinhibi-
tion should generate approximately two-thirds of the inward
current compared with excitation for threshold responses at
Vst (Fig. 10). As the cell depolarizes from rest, the impact of
disinhibition would increase. This analysis probably underes-
timates the complete drive from the AII circuit, which could
also contribute by disinhibiting the OFF bipolar terminal to
drive the excitatory conductance of the ganglion cell (Molnar
and Werblin, 2007). Thus, under daylight conditions, the AII
circuit contributes substantially to low-contrast responses
through disinhibition of the OFF pathway.
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