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Glutamate Spillover between Mammalian Cone
Photoreceptors

Brett A. Szmajda and Steven H. DeVries
Department of Ophthalmology, Northwestern University Feinberg School of Medicine, Chicago, Illinois 60611

Cone photoreceptors transmit signals at high temporal frequencies and mediate fine spatial vision. High-frequency transmission
requires a high rate of glutamate release, which could promote spillover to neighboring cells, whereas spatial vision requires that
cones within a tightly packed array signal light to postsynaptic bipolar cells with minimal crosstalk. Glutamate spread from the
cone terminal is thought to be limited by presynaptic transporters and nearby glial processes. In addition, there is no ultrastruc-
tural evidence for chemical synapses between mammalian cones, although such synapses have been described in lower vertebrate
retinas. We tested for cone- cone glutamate diffusion by recording from adjacent cone pairs in the ground squirrel retina, and
instead found that the glutamate released by one cone during electrical stimulation activates glutamate transporter Cl ~ conduc-
tances on neighboring cones. Unlike in other systems, where crosstalk is diminished by increasing the temperature and by moving
to a more intact preparation, glutamate spread persisted at physiological temperatures (37°C) and in retinal flat mounts. The
glutamate-gated anion conductance in cones has a reversal potential of ~—30 mV compared with a cone resting potential of
~—50 mV; thus, crosstalk should have a depolarizing effect on the cone network. Cone- cone glutamate spread is regulated by the
physiological stimulus, light, and under physiological conditions can produce a response of ~2 mV, equivalent to 13-20% of a
cone’s light response. We conclude that in the absence of discrete chemical synapses, glutamate flows between cones during a light

response and may mediate a spatially distributed positive feedback.

Introduction

Form vision relies on two types of photoreceptors: rods, which
operate in dim light, and cones, which operate in bright light.
Individual cones can transduce high temporal frequencies (up
to 100 Hz), while arrays of cones can encode high spatial
frequencies (up to 2 cycles per minute of arc). To transmit
high temporal frequencies to postsynaptic bipolar cells, a cone
must maintain a high rate of transmitter release. Individual
cones release the neurotransmitter glutamate at steady rates of
100-1000 vesicles-s ~', attaining instantaneous rates during
light-to-dark transitions of 2-3 X 10* vesicles-s ' (i.e., 400—
600 docked vesicles released over ~5 ms) (DeVries et al., 2006;
Jackman et al., 2009). This ability to signal high temporal
frequencies comes at a potential cost: large amounts of re-
leased transmitter could flood the synapse, leading to a spill-
over of glutamate to adjacent cells. This glutamate could
activate transporter Cl~ conductances on neighboring cones
(Sarantis et al., 1988; Tachibana and Kaneko, 1988; Picaud et
al., 1995a), and ionotropic (Slaughter and Miller, 1983) or
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metabotropic (Nakajima et al., 1993) glutamate receptors on
their postsynaptic bipolar cells, thus reducing the indepen-
dence of adjacent visual channels.

Crosstalk between cone terminals is thought to be mini-
mized by two mechanisms. First, processes from approxi-
mately three Muller glial cells ensheath a cone terminal,
forming a physical barrier (Burris et al., 2002) that also con-
tains glutamate transporters (Sarthy et al., 2005). However,
cone transmitter may spread beneath terminals in the outer
plexiform layer (OPL), where the sheath-like endings have not
yet expanded from narrow, ascending Muller cell trunks (Bur-
ris et al., 2002, their Fig. 8). Second, released glutamate is
captured by transporters that are located on rod and cone
terminals (Picaud et al., 1995b; Hasegawa et al., 2006; Rowan
etal., 2010). Mouse rods, which release glutamate from one to
four synaptic ribbons, recapture all of their released glutamate
(Hasegawa et al., 2006). The extent of recapture by cone ter-
minals has not been studied; however, cone terminals contain
more ribbons (20—40) and docked vesicles than rod terminals
(Dowling and Boycott, 1966; West and Dowling, 1975; Calkins
et al., 1996; Chun et al., 1996; Sterling and Matthews, 2005),
and thus glutamate release might exceed the sequestering ca-
pacity of cone transporters.

We show that, in the mammalian retina, the glutamate re-
leased by one cone can flow to neighboring cones and activate a
transporter Cl~ conductance. Spillover occurs because the
amount of glutamate released by a cone saturates uptake mecha-
nisms at the cone terminal, and is evidently able to circumvent
the glial barrier between cones. The spillover Cl ~ current is mod-
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ulated by light, and has an excitatory effect due to a relatively
depolarized reversal potential.

Materials and Methods

Preparation and electrophysiology. All procedures were approved by the
Northwestern University Animal Care and Use Committee. The proce-
dure for making ground squirrel (of either sex, Ictidomys tridecemlinea-
tus, formerly Spermophilus tridecemlineatus; Helgen et al., 2009) retinal
slices has been described (DeVries and Schwartz, 1999). We used a sim-
ilar approach to make flat-mount recordings: Retinas were removed
from the eyes of killed ground squirrels, cut into 3 X 3 mm squares, and
placed vitreal side down on a piece of filter paper that contained a central
1.5 mm diameter hole (catalog no. SSWP02500; Millipore). For experi-
ments involving light responses, both retinal slices and flat mounts were
dissected under dim red illumination. Tissue was then transferred to a
recording chamber and warmed to either 32 or 37°C before recording.

The external solution contained the following (in mm): NaCl 115, KCl
3.1, MgSO, 2.48, glucose 6, Na-succinate 1, Na-malate 1, Na-lactate 1,
Na-pyruvate 1, CaCl, 2, NaHCO, 25. For measuring Ca®" currents,
external Ca>™ was replaced with Cd**. For measuring the effects of ion
substitution on the glutamate transporter, external Na ™ was replaced
with Cs * and external Cl ~ was replaced with NO; . External solutions
were continuously bubbled with 95% O,/5% CO, and the recording
chamber was superfused at a rate of ~0.2 ml/min. Cone-cone signaling
was isolated by adding picrotoxin (50 um), strychnine (10 um), and
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 25 wum; Tocris Biosci-
ence) to the external solution. Where indicated, p-(-)-2-amino-4-
phosphonobutyric acid (APB, 50 uMm), a metabotropic receptor agonist,
was also added to the external medium. The basic internal solution was
(in mm): KC1 130, Cs-EGTA 10, MgSO, 2, HEPES buffer 10, ATP 5, and
GTP 0.5. To increase the inward current gated by glutamate, 130 mm
KSCN was substituted for KCI. To adjust the Cl ™ reversal potential to
—30 mV and reduce cone potassium currents, potassium methyl-
sulfonate (90 mm) and CsCl (40 mm) was substituted for KCI. Both
internal and external solutions were corrected to a pH of 7.40 * 0.05 and
an osmolarity of 285 = 5 mOsm. For perforated patch recordings, a stock
solution of 10 mg/ml gramicidin D in methanol was prepared fresh every
2 h (Akaike, 1996). This stock solution was diluted into the KCl-based
pipette solution to give a final concentration of 0.1 mg/ml, and sonicated
for 30 s to ensure thorough mixing. pL-threo-B-benzyloxyaspartic acid
(TBOA) and L-(-)-threo-3-hydroxyaspartic acid (THA) were obtained
from Tocris Bioscience. The fluorescent tracers sulforhodamine 101 and
BODIPY 492/515 were obtained from Invitrogen. All chemicals were
obtained from Sigma-Aldrich unless otherwise indicated. Membrane
voltages were corrected for liquid junction potentials.

Retinal slices were visualized with a Zeiss Axioskop-2 microscope un-
der infrared illumination. Recordings were made with Axopatch 200B
amplifiers (Molecular Devices), and signals were filtered at 5 kHz and
digitized at a rate of 10 kHz with a ITC-18 A/D board (HEKA Elektronik)
operated with custom software (ACLAMP; Igor Pro 6.1; Wavemetrics).
Retinas were stimulated with light from an HBO-100 arc lamp (Zeiss)
that was passed through a 570 = 10 nm filter or by light-emitting diodes
(468 and 574 nm) attached to a microscope video port. The arc lamp
intensity was attenuated with neutral density filters, while LED intensity
was controlled by pulse-width modulation, and could be varied over a
100-fold range. Light sources were calibrated with a photodiode detector
(International Light) that was positioned beneath the microscope objec-
tive. The maximal light intensity was 8.1 X 10° photons-um ~2-s ~' (500
nm equivalent) for the 574 nm diode and 1.9 X 10° photons-um ~2-s ~!
for the arc lamp. For comparison, a flash that delivers 1.1 X 10* photons-
wm 2 produces a half-maximal response in ground squirrel cones
(Kraft, 1988).

Modeling of acceptor cone responses. Following a brief pulse depolariza-
tion, transmitter release from a cone was assumed to occur at a single
point followed by diffusion in a hemisphere. The concentration of glu-
tamate as a function of time and distance from the release site is given by
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Figure 1. Ca’*-dependent transmission between neighboring cone photoreceptors. Top
left, Diagram of the recording configuration. Topright, Fluorescence micrograph of the recorded
cone pair. A, Top, Membrane current under control conditions (black trace) and when the Ca 2™
current was blocked by adding 1 mu CdCl, to the external solution (red trace). Bottom, Differ-
ence current. Arrows indicate a transient suppression of the Ca* current caused by exocytosed
protons. B, Top, Response in the acceptor (nonstimulated) cone during the donor cone step
under control conditions (black trace) and in the Cd 2 * -containing solution (red trace). Bottom,
Difference current. Scale bar: 5 wm. Pipette solutions contained 10 pm of either sulforhod-
amine 101 (red fluorescence) or BODIPY 492/515 (green fluorescence).

where ¢, is the time of transmitter release in the donor cone, N scales the
amplitude, r is the radial distance between the release site and a small
patch of transporters, and C(¢) represents the time-dependent transmit-
ter concentration at the location of the transporters. D, a diffusion con-
stant, equals 0.33 wm?-s ~! (Nielsen et al., 2004).

The cone transporter response to a brief pulse was measured during
rapid perfusion experiments in which glutamate-containing (1 mm) and
control solutions flowed through adjacent barrels of a double-barreled
pipette that was mounted on a piezoelectric translator (Burleigh Instru-
ments) (for additional details, see DeVries et al., 2006). Transporter cur-
rent increased with a time constant, 7, of 1.6 ms at the start of the pulse
and decayed with a 7 of ~400 ms after the pulse (see Results, below, and
Fig. 3D). Thus, in response to a brief pulse (<10 ms) of glutamate release
from a donor cone, the transporter current is assumed to integrate the
local glutamate concentration time course. Consequently, the local glu-
tamate concentration time course can be obtained and modeled by dif-
ferentiating the initial phase of the transporter response.

Immunohistochemistry. The methods and techniques for antibody
staining have been previously described (Li et al., 2004). Slice or flat-
mounted tissue was fixed in 4% paraformaldehyde for 0.25-2 h, and then
labeled with either S-opsin (1:500; Millipore) or ribeye (CtBP2, 1:200;
BD Biosciences). Cones were labeled for histology by including 10 um
Neurobiotin (Vector Laboratories) in the pipette solution. Images were
obtained with a Zeiss LSM 510 confocal microscope using a 63X (1.4
NA) or 100X (1.45 NA) oil-immersion lens. Image brightness and con-
trast were adjusted using Adobe Photoshop CS3 (Adobe).

Results

Mechanism of cone-cone chemical transmission

We studied cone—cone chemical transmission by recording from
pairs of adjacent cones in slices from the ground squirrel retina
(Fig. 1). In a typical experiment, the membrane voltages of both
cones were initially maintained at —70 mV. The membrane volt-
age of one cone, hereafter referred to as the donor cone, was then
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stepped to —30 mV, eliciting an inward Ca** current that was
blocked by 1 mm Cd*™ (Fig. 1). The step also evoked exocytosis
from the donor cone, as shown by the accompanying proton
block of the Ca*™ current (Fig. 1 A, arrows) (DeVries, 2001). The
membrane current in the acceptor (i.e., unstimulated) cone in-
creased in two phases under control conditions (Fig. 1B, top,
black trace): an initial rapid phase and a later slower phase. The
initial rapid increase was Cd**-insensitive and represents gap-
junction communication between middle wavelength sensitive
(M)-cones (DeVries et al., 2002; Li and DeVries, 2004). The
slower component, isolated by subtracting the faster Cd*"-
insensitive component, was produced by a Ca*"-dependent pro-
cess, which is presumably transmitter release evoked by
depolarizing the donor cone. We obtained similar results in five
additional cone pairs.

We next showed that the slow current in the acceptor cone is
mediated by a glutamate transporter Cl ~ conductance. Like glu-
tamate transport, the transporter Cl~ current is blocked by re-
moving external Na™ and by competitive antagonists such as
THA and TBOA (for review, see Danbolt, 2001). We tested for a
dependence on external Na * by stepping a donor cone from —70
to —30 mV to produce transmitter release while holding the ac-
ceptor cone membrane at steady voltages between —70 and +30
mV, both in the presence and absence of external Na™ (Cs™
substitution; Fig. 2A, B). In these experiments, the Cl ~ reversal
potential was set to 0 mV. Removing external Na™ reversibly
abolished the current in the acceptor cone (n = 7 pairs; Fig.
2A,B) without affecting the proton block that accompanies
transmitter release (n = 4 pairs) (DeVries, 2001). Plots of peak
current versus acceptor cone membrane potential showed in-
ward rectification with a reversal potential close to 0 mV (Fig.
2B). THA (100 uM), a nonspecific blocker of excitatory amino
acid transporters (EAATS), eliminated the acceptor cone current
(n = 5 pairs; Fig. 2C,D). The effects of this relatively high con-
centration of THA (ICs, of THA, ~2.5 uM) (Nakamura et al.,
1993) were irreversible following the prolonged applications re-
quired to obtain current versus voltage plots, but reversible when
briefly applied during measurements at a single acceptor cone
holding potential (n = 5 pairs). THA did not affect the Ca**
current in donor cones (n = 2). Puffer application of TBOA (210
uM) caused a similar effect to application of THA [an 81.4 =
10.1% decrease in donor (see below) and acceptor response am-
plitudes compared with control; n = 16]. Finally, we tested
whether a metabotropic glutamate receptor might mediate part
of the acceptor cone response by applying the agonist APB (200
uM). APB modulates an L-type Ca®" current in salamander
cones (Hosoi et al., 2005). APB had no effect on cone—cone
chemical transmission (0.2 * 6.3% decrease, mean = SD; n = 3).
The requirement for external Na *, the block by THA and TBOA,
and the rectifying current—voltage relationship are all character-
istic of transporters in the EAAT family.

We verified that the donor cone transmitter activated an an-
ion conductance by replacing external Cl ~ with the more perma-
nent NO; anion (Fig. 2E,F). An external solution containing
NOj increased outward current at depolarized acceptor cone
potentials and shifted the current reversal potential by —28.8 =
6.3 mV (n = 3 pairs). Two additional pairs showed a similar
result, but the precise shift could not be accurately measured due
to large gap-junction currents. The results are consistent with the
greater permeability of NO; relative to Cl ~ at glutamate trans-
porter anion conductances (Eliasof et al., 1998). Thus, donor
cone depolarization leads to the Ca®"-dependent release of glu-
tamate, which activates a transporter anion conductance on
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Figure2. Glutamate activates a transporter anion conductance on adjacent cones. Top left,

Recording configuration. Donor cone membrane voltage was held at —70and stepped to —30
mV. Acceptor cone membrane voltage was held steady at voltages between —70and +50mV.
Only acceptor cone currents are shown. A, Acceptor cone currents before (top) and during
(bottom) the substitution of external Na ™ with (s *. B, Plot of peak acceptor cone current
versus acceptor cone membrane potential before, during, and after exposure to Na *-free
solution (same pair as in A). Data points were fitted with an exponential curve. €, Acceptor cone
currents before (top) and during (bottom) puffer application of THA (100 um). D, Peak acceptor
cone current versus acceptor cone membrane potential in control and THA-containing solutions
(same pair as in (). E, Acceptor cone responses in (| ~-containing extracellular solution (top)
and in a solution where NO;~ was substituted for CI — (bottom). For clarity, not all traces are
shown. F, Peak current—voltage responses obtained from E. In these experiments, the junc-
tional conductance was small and no additional blockers were required.

neighboring cones (Sarantis et al., 1988; Tachibana and Kaneko,
1988; Picaud et al., 1995b). Veruki et al. (2006) report a similar
crosstalk between rat rod bipolar cell terminals.

Next, we determined whether the time course of the acceptor
cone response was consistent with glutamate diffusion from the
donor cone. We first needed to exclude the possibility that the
slow response in the acceptor cone might result from charging of
the local M-cone electrical syncytium (Li and DeVries, 2004) as
current flows from the donor cone to neighboring unclamped
cones during the voltage step. In this scenario, a slow change in
syncytium membrane potential would be followed by fast chem-
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Figure 3.  The time course of the acceptor cone response is consistent with cone—cone transmitter diffusion. A, Top, A donor S-cone was stepped from —70 to 0 mV for 1 ms. Bottom,

Simultaneous membrane current responses in an adjacent M-cone. S- and M-cones are not electrically coupled (Li and DeVries, 2004). B, The response of an acceptor M-cone following a 1 ms
depolarization in a donor S-cone. Inset, Derivative of the acceptor cone response based on the assumption that the transporters integrate the local concentration profile of glutamate during
impulsive release. The derivative was fitted using an equation for radial diffusion in a hemisphere (red dashed line; see equation, Materials and Methods). The diffusion radius for this pair, as
determined by the fit, was 0.93 m. The integrated fit is also superimposed on the raw acceptor cone response. Inset, Horizontal scale bar, 20 ms; vertical scale bar, 10 pA-s ~". €, Histogram of
20—80% rise times of acceptor cone responses following a 1 ms stimulation of a neighboring donor cone. Plotted for comparison are the rise times of spontaneous events released by and detected
inasingle cone (Fig. 6 B, left). D, A brief (10 ms) pulse of glutamate (1 mm) was rapidly applied to a mechanically isolated cone. The response was fitted with a curve that had an exponential rise time
constant, 7, of 1.6 ms and decay 7 = 397 ms (red trace). E, Flat mount view of cone terminals labeled with an antibody against ribeye (ribbon marker CtBP2; green) showing the photoreceptor
mosaicin the ground squirrel. Each cluster of puncta represents one photoreceptor terminal (e.g., red circle). Rods are identified by the small number of ribbons in their terminals (arrows). Scale bar,
5 wm. F, Average acceptor cone response amplitudes (with internal SCN ~-containing solution) measured at the edge or center (cntr) of aslice, in flat-mounted (fm) tissue, and at various recording

temperatures (32 or 37°C). The stimulation protocol was identical to that used in A. Numbers at the base of each bar show n; error bars indicate SEM.

ical signaling between unclamped cones and an acceptor cone. To
rule out a role for the cone syncytium in producing the slow
acceptor cone response, we recorded from pairs of short wave-
length sensitive (S)- and M-cones (Fig. 3A), which are not elec-
trically coupled (Li and DeVries, 2004). S-cones were identified
in retinal flat mounts before recording by their morphological
characteristics (Li and DeVries, 2004). To measure the time
course of the acceptor cone response, we applied a brief (1 ms)
—70-0 mV depolarization to the donor cone. Similar stimuli
rapidly empty the cone-releasable pool of vesicles, insofar as a
second cone depolarization 70 ms after the first elicits a relatively
small (<20% of the initial peak) response in postsynaptic bipolar
cells that express AMPA receptors (receptor recovery: 7= 18 ms)
(DeVries, 2000). In addition, we used an SCN ~-containing in-
ternal solution to increase the size of the cone transporter current
[peak auto-feedback current (see below) with SCN ~ as the main
internal anion: —514.4 £ 235.3 pA, n = 36 cells; cf. with Cl ~ (E, =
0mV) as the internal anion: —76.2 * 16.8 pA, n = 9 cells]. Figure
3A (top) shows the auto-feedback response in a donor S-cone,
which is the response of the S-cone to its own glutamate release.
The corresponding acceptor response in the M-cone is shown in
Figure 3A, bottom. Acceptor responses were found in S-M
pairs when either the S- or M-cone functioned as a donor,
which shows unequivocally that electrical coupling is not re-
quired for cone—cone chemical transmission. S- and M-donor
cones produced acceptor M-cone responses that differed in
several respects. Acceptor responses in S-donor-M-acceptor
pairs were smaller than acceptor responses in M-donor—-M-

acceptor pairs (p = 0.043, Wilcoxon rank-sum; mean acceptor
response: —41.4 £ 47.3 pA, n = 12 S—M pairs; mean acceptor
response: —72.6 * 68.4 pA, n = 28 M—M pairs). In addition, the
20—80% rise time in S-donor—M-acceptor pairs was faster (p =
0.0001, Wilcoxon rank-sum; S~M pairs: 5.7 = 1.6 ms; M-M
pairs: 10.6 * 4.4 ms). Since S—M cone pairs are not electrically
coupled while M—M pairs are, one possibility is that the larger and
slower response in M—M pairs is due to glutamate release from
neighboring, unclamped M-cones. We cannot rule this possibil-
ity out. However, an alternative explanation for the smaller and
faster responses in S-donor—M-acceptor pairs (compared with
M-donor—M-acceptor pairs) is that the lower ribbon count,
smaller ribbons, and more compact pedicle in S-cones (Kolb et
al., 1997; Lee et al., 2005) results in S-cones releasing less gluta-
mate and behaving more like a point source of glutamate release,
which sharpens the temporal properties of the response.

Given that the acceptor cone responses result from direct
cone-to-cone signaling, we next determined whether the time
course of the acceptor cone response was consistent with cone—
cone transmitter diffusion. A brief (1 ms) donor S-cone depolar-
ization produced a smoothly rising and decaying response in an
acceptor M-cone (Fig. 3B). A frequency histogram of the 20—
80% rise times of the acceptor responses in this and 40 additional
M-M and S-M pairs is shown in Figure 3C. For comparison, we
measured the rise times of the spontaneous events produced
when the glutamate contained within a fusing vesicle feeds back
to activate transporter currents on the releasing cone (Picaud et
al., 1995a). The mean rise times of these feedback events averaged
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2.9 = 2.5ms (n = 167 events from three cells; Fig. 3C). The rise time
of the response in the acceptor cone was significantly longer than the
rise time of the spontaneous feedback events in the donor cone
(10.3 = 4.8 ms, n = 41, p < 0.0001, Student’s ¢ test), consistent with
a transmission mechanism that requires cone—cone diffusion.

We also fitted the acceptor cone response using an equation
for radial diffusion from a point source in three dimensions (Fig.
3B, inset; see Materials and Methods, above, for details), with the
assumption that the transporter effectively integrates the local
time-dependent glutamate concentration profile following
impulse-triggered release. This assumption was supported by the
results from rapid perfusion experiments on excised cones (Fig.
3D), which showed that a brief pulse of glutamate (<10 ms in
duration), similar in duration to that occurring after brief cone
depolarization, produced a rapidly rising (7 = 1.6 ms) and slowly
decaying (7 = ~400 ms) transporter current (n = 2). The effec-
tive diffusion radius, obtained from fits like those shown in Fig-
ure 3B, was 1.56 * 0.40 wm (n = 22). For comparison, cones in
the superior retina of the ground squirrel form a quasi-crystalline
array with a nearest-neighbor center-to-center spacing of 5.14 =
0.67 wm (1 = 298 cones from three retinas; Fig. 3E). There is no
evidence for telodendrial contacts between ground squirrel cone
terminals, hence the results are consistent with the idea that gluta-
mate diffuses from release sites located near the edge of a donor cone
to transporter detectors near the periphery of the acceptor cone. It
follows that cone—cone chemical signaling was only observed in ad-
jacent cone pairs; no acceptor cone currents were seen in 18 cone
pairs that were separated by at least a single intervening cone.

Crosstalk might be artificially enhanced if glutamate reuptake
is impaired in the slice preparation. Muller cell transport could be
interrupted by injury during slicing, and transport in both the
cone and Muller cells might be reduced at the subphysiological
temperatures normally used for recording (32°C). To address
these concerns, Figure 3F shows results obtained from cone—
cone pairs under a variety of conditions: either at the edge or in
the middle of a 100 wm thick slice, or in the flat-mounted retina;
and, either at 32 or 37°C. A 100 wm slice contains ~15 cones in
cross section, so the edge was taken to be within four cones from
the cut surface. The size of the transporter current in acceptor cones
does not significantly differ under any condition (one-way ANOVA,
p = 0.096). The results suggest that cone—cone crosstalk is not an
artifact of impaired glutamate uptake by Muller cells.

One possibility is that cone—cone spillover is indirect and
caused by Muller cells that respond to the transmitter released by
a donor cone and then rebroadcast the signal by releasing gluta-
mate onto nearby acceptor cones (Parpura etal., 1994; Pasti et al.,
1997; but see Agulhon et al., 2010). We tested this hypothesis by
measuring the reciprocal signaling between a cone and a Muller
cell during paired voltage-clamp recordings. We focused on rapid
channel- or transporter-mediated responses as opposed to slow
second messenger-mediated responses (Rillich et al., 2009) since,
as shown below, Muller cells would need to rebroadcast the cone
signal with minimal delay (e.g., <1-2 ms). A brief cone depolar-
ization produced a 5-15 pA response in a postsynaptic Muller cell
that was completely blocked by TBOA (280 um), and thus en-
tirely due to the activation of a glutamate transporter (the stan-
dard saline contains CNQX; 1 = 5 pairs; two cones were recorded
in the whole-cell configuration, whereas three were depolarized
in the loose seal configuration). The Muller cell current had a rise
time of 4.8 = 2.5 ms, which is approximately half that obtained
for chemical transmission between pairs of M-cones (Fig. 3B, C).
A similar temporal response would be expected in the event of
reverse signaling between a Muller cell and an acceptor cone,
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hence the delay imposed by the Muller cell should be short.
Muller cell depolarization to +30 mV failed to elicit a cone re-
sponse in the two pairs in which cones were recorded in the
whole-cell configuration. The results do not support a rapid, re-
broadcasting role for Muller cells: cone transmitter release evokes
a glutamate transporter current in Muller cells, but Muller cell
depolarization does not produce a reciprocal signal in cones.
Nonetheless, we cannot completely exclude the occurrence of a
voltage independent, Ca®"-mediated glutamate release from
Muller cells either following Ca** influx at the transporter or
through a transmitter-gated Ca>* conductance that is too small
to be consistently observed in voltage clamp.

Cone-cone crosstalk under physiological conditions

We next wanted to determine whether crosstalk occurs during
the physiological stimulus—Iight. The idea was to duplicate, as
closely as possible, the conditions of the paired voltage-clamp
experiments. Thus, we recorded from an S-cone in a flat-
mounted preparation and maintained its membrane voltage at
—70 mV to silence glutamate release. The S-cone acted as the
acceptor cone. We then stimulated a 250 wm diameter field, cen-
tered on the S-cone, with 574 nm light. M-cones are three orders
of magnitude more sensitive to 574 nm light than S-cones (Kraft,
1988). During the 574 nm light step, M-cones should hyperpo-
larize and cease transmitter release. At light-off, the M-cones will
depolarize, releasing transmitter in a bolus followed by a steady
rate. During the release at light-off, the M-cones act as donor
cones. Using an S-cone, rather than an M-cone, as the acceptor
cone eliminates the potential for current spread through gap-
junction channels (Li and DeVries, 2004). To monitor the size of
the light response, we simultaneously recorded from a nearby
M-cone in current clamp.

Crosstalk during a light stimulus was first examined with
SCN ™ as the main intracellular anion (Fig. 4). Under control
conditions, a 500 ms step oflight produced a ~12 mV membrane
hyperpolarization in a donor M-cone (Fig. 4A, black and green
traces), which was followed by a 10—15 mV transient depolariza-
tion at light-off. The glutamate transporter blocker TBOA had
three effects on the time course of the light response. TBOA hy-
perpolarized the M-cone in the dark; it revealed a decay to a
plateau level during the light pulse and it blocked a transient
depolarization at light-off (Fig. 4A, top, red trace). All of the
effects of TBOA on the M-cone light response can be viewed as
resulting from glutamate auto-feedback. First, in the dark, there
is a tonic activation of the transporter anion current by gluta-
mate, and possibly a nonspecific transporter leak current (Otis
and Kavanaugh, 2000), both of which, when blocked by TBOA,
lead to a membrane hyperpolarization when the intracellular so-
lution contains SCN ™. Second, during the light pulse, glutamate
release stops and cleft concentrations decrease. The resulting de-
crease in inward current leads to a steady hyperpolarization un-
der control conditions; blocking the hyperpolarization with
TBOA reveals a depolarizing voltage plateau (Bader et al., 1982;
Barnes and Hille, 1989; Barrow and Wu, 2009). Finally, a tran-
sient depolarization at light-off is due to a bolus of transmitter
release (Jackman et al., 2009), which feeds back on the releasing
cone to activate the transporter current; TBOA completely blocks
this component.

The response of the central S-cone should reflect the local
changes in glutamate concentration due to diffusion from neigh-
boring M-cones during a light response. Cones do not release
transmitter at a holding potential of —70 mV, ruling out auto-
feedback as the mechanism for the responses in the S-cone. The
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Figure4.  Cone- cone chemical transmission occurs during light responses. Top, Diagram of

experiment. A 574 nm light flash was used to stimulate M-cones. M-cone voltage responses
were recorded in current clamp. The current responses of a nearby S-cone were simultaneously
measured at a steady holding potential of —70 mV in voltage clamp. S- and M-cone responses
were recorded with SCN — as the main intracellular anion. A, B, M-cone response (4) and
simultaneous S-cone response (B) to 574 nm light flash before (black trace), during (red), and
after (green) TBOA (280 wm) application. Top, Actual voltage or current traces; bottom,
baseline-subtracted traces.

recorded S-cone had a maintained inward current in the dark
(Fig. 4 B, top, black and green traces), a slow suppression of the
inward current during the light stimulus, and a transient increase
in inward current at light-off. TBOA (Fig. 4B, top, red trace)
blocked the steady inward current in the dark, the slowly increas-
ing outward current during the light step, and the transient in-
ward current at light-off. The remaining small outward current
response in the S-cone during TBOA application probably re-
sulted from a weak activation of S-cone opsin by the 574 nm light
(Kraft, 1988). Based on our description of the M-cone response,
these effects are expected if: there is a tonic flow of glutamate in
the dark from neighboring M-cones to transporter sites on the
S-cone, the glutamate flow is diminished when M-cones hyper-
polarize in the light and cease transmitter release, and the gluta-
mate flow is enhanced by a bolus of release from M-cones at
light-off. Similar results were obtained in five experiments with
an outward current in the S-cone during the light pulse of 30.8 =
17.2 pA and an inward transient at light-off that peaked at
109.7 = 26.6 pA (the small residual light response, seen during
drug application, was subtracted for these measurements). These
results, obtained in the flat-mounted retina at recording temper-
atures of 37°C, show that the flow of glutamate between cones is
regulated by light.

The magnitude and polarity of cone—cone crosstalk depends
on the reversal potential for the transporter current, which is
predominantly carried by Cl ™~ in the intact cone. To determine
the reversal potential, we applied voltage ramps in the absence or
presence of glutamate while recording from cones using the
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gramicidin perforated-patch technique (Fig. 5A, B), which pre-
serves the intracellular Cl ~ concentration. The difference current
from a single experiment (Fig. 5A, black trace) crossed the ab-
scissa at —42.7 mV. The membrane at the tip of the pipette was
then ruptured, allowing a pipette solution that contained the
same Cl ~ concentration as the bath to diffuse into the cell. After
rupture, the glutamate-gated current reversed at +11.4 mV (Fig.
5A, brown trace). This exemplar experiment was chosen as it was
the most stable and repeatable of the four experiments that in-
cluded a rupture current. In a total of 10 experiments (Fig. 5B),
the glutamate-gated current during perforated-patch recording
reversed at —31.1 & 3.5 mV (mean = SEM), whereas the whole-
cell recording with E;; = ~0 mV (n = 4) reversed at +18.2 *
14.6 mV (mean = SEM). The quality of the perforated-patch
recordings was verified in two ways: First, fluorescent tracer in
the pipette solution was excluded from the cone before mem-
brane rupture (verified in # = 7 cones); second, the measured
transporter reversal potential was stable from the start of perfo-
rated recording for up to 13 min thereafter (n = 10). Our results
suggest that transporter activation elicits an outward anion cur-
rent and thus causes cones to depolarize at the cone dark resting
potential of ~—50 mV. Several groups (Sarantis et al., 1988;
Tachibana and Kaneko, 1988; Thoreson and Bryson, 2004; but
see Picaud et al., 1995a) have observed a similarly depolarizing
transporter reversal potential in salamander and turtle cones.
To more closely mimic physiological conditions, we switched
to an intracellular solution that had a Cl ™~ reversal potential of
—30 mV and then measured the response to light as described
above. In cell pair experiments, exchanging Cl~ for SCN ™ re-
duced the size of the transporter current by sixfold, and shifting
the Cl ™ reversal potential from 0 to —30 mV further reduced the
size of the transporter current by 1.5-fold [#n = 40 cells recorded
with SCN ;1 = 9 cells with C1 ™ (E.., = 0 mV); n = 47 cells with
Cl™ (E.., = —30 mV)]. During the experiment, a current-
clamped M-cone (Fig. 5C) responded to a light step with a 13—15
mV hyperpolarization. The depolarization at light-off rose
abruptly, but ended in a slight undershoot, which characteristi-
cally occurs in cones following bright flashes (Nikonov et al.,
2008). Figure 5D shows the responses of a nearby S-cone re-
corded at a series of holding potentials between —83 and —8 mV.
At a holding potential of —68 mV (liquid junction potential cor-
rected), the light step suppressed a steady 4 pA current and pro-
duced a 1 pA inward current at offset. The amplitude of the
suppressed current increased at a holding potential of —83 mV
and reversed in the interval between —38 and 8 mV. Following
recording, the identity of the S-cone was verified by using an
antibody that recognized S-opsin (Fig. 5E). In a total of 11 cone
recordings performed with physiological intracellular Cl ™ (E,., =
—30 mV) solution (Fig. 5F), the amplitude of the outward cur-
rent during the light step was 3.31 = 1.91 pA (mean * SD) ata
holding potential of —68 mV. At the same holding potential, the
peak inward current at light-off was —1.59 = 0.68 pA. Two ad-
ditional S-cones had responses consistent with an absence of
cone—cone signaling. The measured conductance of the S-cones
was 2.35 = 0.36 nS (n = 4 cones), thus the 4.9 pA cone current
change during and after the light step should produce a response
that ranges over ~2 mV (compared with a 10-15 mV peak hy-
perpolarization during a typical monophasic cone light re-
sponse). For comparison, if S- and M-cones were electrically
coupled to the same extent as M-cones ( g,; = 200 pS) (Li and
DeVries, 2004), using the same type of calculation, the light re-
sponses of five to six neighboring cones would inject 12—-14 pA
into the central cone, producing a 5-6 mV response. The re-
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Figure 5.  Chemical transmission during light responses at physiological intracellular CI ~
concentrations. A, B, The reversal potential of the cone glutamate transporter. Experimental
paradigm shown above. The pipette solution contained the perforating agent gramicidin D.
Membrane voltage was ramped from —90 to +30 mV in the absence and presence of 1 mm
glutamate. Difference currents are shown. 4, The glutamate-gated current of an individual cone
before (black trace) and after (gold trace) the membrane occluding the pipette tip was ruptured.
B, Average results for 10 cones (perforated, black trace). Four of the cones were successfully
ruptured following the initial measurements (gold trace). Mean response (solid line) and SEM
(shaded region). (-G, Cone— cone chemical transmission during light responses measured
with an intracellular CI ~ concentration calculated to provide a reversal potential of —30 mV.
Experimental paradigm shown above C: except for internal solution changes, the protocol was
identical to that of Figure 4. €, D, M-cone light response in current clamp () and simultaneous
S-cone response in voltage clamp (D). The S-cone was maintained at four membrane voltages
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sponses in the S-cone during the light step reversed at ~—26 mV
(n = 11 cells; Fig. 5F). Since the S-cone response to the M-cone
stimulus reversed at a more positive value than predicted (i.e.,
—30 mV), we infer that the transporter response is contaminated
by a small, direct light response. The reversal potential of the
light-gated conductance alone was —3.7 £ 2.2 mV (n = 8 cones;
Fig. 5G), supporting this conclusion. Thus, glutamate readily dif-
fuses between cones during a light response, but under physio-
logical conditions, the maximal effect should be to change cone
membrane voltage by ~2 mV, or 13-20% of the light response
amplitude. The voltage change is limited by the relatively negative
reversal potential of the transporter Cl ~ current.

Released glutamate saturates transporters in donor cones

The glutamate released at the mouse rod terminal is completely
sequestered by transporters located at the terminal (Hasegawa et
al., 2006). Our results on cone—cone signaling suggest that gluta-
mate is not completely sequestered by transporters on the releas-
ing cone. One way that this could happen is if cone transporter
glutamate binding sites become saturated during transient re-
lease. We used two approaches to address whether the amount of
transmitter released by a cone during a short interval (e.g., 10 ms)
can exceed the transporter binding capacity. Both approaches
made use of auto-feedback: the observation that glutamate re-
leased by an individual cone activates transporters on the same
cone (Picaud et al., 1995a). In the first approach, we calculated the
quantal content of a transporter EPSC by comparing maximal and
miniature EPSC amplitudes. We reasoned that if transporters are
saturated during a maximal EPSC, than the effective quantal content
of the maximal EPSC should be less than the number of docked
vesicles as determined by electron microscopic reconstruction [~20
per ribbon or 400 per terminal in the salamander (Jackman et al.,
2009); 600—700 docking sites at 20—40 ribbons in the cat and pri-
mate (Sterling and Matthews, 2005)]. In the second approach, we
simultaneously recorded from a cone and a postsynaptic Off bipolar
cell and compared the size of auto-feedback on the cone, which is
mediated by glutamate transporters, to the size of the postsynaptic
EPSC in the bipolar cell, which is mediated by ionotropic glutamate
receptors. Glutamate transporters are inferred to saturate if the peak
amplitude of the cone transporter response plateaus before that of
the postsynaptic bipolar cell response.

We estimated the size of the transporter unitary event from a
mean variance analysis of evoked events at threshold. Figure 6 A
(left) shows the response of a single M-cone to a series of brief,
low-amplitude (—70-—40 mV) membrane depolarizations.
Event amplitudes varied between 0 (failures) and 150 pA. The
relatively large event amplitudes and long durations suggest that
the underlying variability is caused chiefly by stimulus-to-
stimulus variations in the number of vesicle fusions rather than
by single-channel fluctuations. The peak variance divided by the
peak mean current (Fig. 6 A, right) provides an estimate of the
unitary peak current, which was —14.7 pA for the cell in Figure
6A (average —12.8 = 5.2 pA; n = 5 cells). To confirm this num-
ber, we measured the amplitudes of spontaneously occurring

<«

during light stimulation (shown at right). E, S-cones were filled with Neurobiotin (NB) during
recording and subsequently identified by labeling with an S-opsin antibody. (-E are from the
same recording. Scale bar, 5 um. F, Plot of peak S-cone response in light versus membrane
voltage; n = 11 cells, mean = SEM. Data points were fitted with an exponential curve. The
response reversed at —26 mV. G, The S-cone light transduction current was measured by
applying a voltage ramp before and during a bright 468 nm light flash. The transduction current
reversed at — 3.7 mV. Average (== SEM) difference traces (n = 8 cones).
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Figure 6.  Evidence that transporters saturate during a maximal EPSC. The pipette solution

contained SCN ~ to increase the size of the transporter current. A, Left, Submaximal EPSCs
evoked by a train of 1 ms depolarizing pulses from —70 to —40 mV. Traces are color-coded
according to their order of acquisition to illustrate response stability. Right, Plots of response
mean and variance, calculated from the data on the left. B, Left, Spontaneous transporter
current events (SEPSCs) in an M-cone held at —70 mV. Right, Amplitude histogram of sponta-
neous transporter current events amplitudes obtained from a total of 20 consecutive 2 s traces
inasingle M-cone. (, Left, Maximal M-cone EPSCelicited by depolarizing the cone from —70to
0mV. Right, Histogram of peak transporter current for 36 M- and S-cones.

events. Figure 6 B (left) shows a series of traces from a cone whose
voltage was maintained at —70 mV. The amplitudes of the spon-
taneous transporter events were measured in the traces shown
plus 17 consecutive traces. A histogram of peak event amplitudes
(Fig. 6 B, right) had a median amplitude of —19.6 pA. Similar
results were obtained from a total of five cones (median event
amplitude averaged —23.1 = 3.9 pA). Finally, maximal EPSCs
(Fig. 6C, left) were obtained by briefly depolarizing a cone to a
voltage >0 mV, which should exhaust the entire releasable pool
of vesicles (DeVries, 2000). An amplitude histogram of maximal
EPSCs (Fig. 6C, right) indicated a peak transporter current of
—514 *+ 235 pA (n = 36 cells). Given the unitary event amplitude
of 15-20 pA, we calculate that 25-35 vesicles would sum to create
a maximal transporter EPSC. This number of vesicles is consid-

Szmajda and DeVries @ Crosstalk between Mammalian Cones

i

—TT T T
0 20 40
ms

__200-
<
e |
©]
£ 100
w
)
c %
O ols
0 40 80
Bipolar EPSC (pA) Bipolar r/r,,

0 0.0
< -40 <-05
-80 -1.0
| |
| S e . p— p— | | S e . E— p—
0 20 40 0 20 40
ms ms
Figure 7.  Cone transporters saturate before postsynaptic bipolar cell glutamate receptors.

The experiment configuration is shown above. The cone received a train of depolarizing pulses
(1 ms duration, 1sinterval). Differences in stimulation amplitude and run-down of cone gluta-
mate release produced variable responses in the cone and bipolar cell. A, Cone transporter
currents. Each trace is an average of five consecutive responses obtained at intervals of 10 pulses
(overlapping traces have been omitted for clarity). Transporter currents were amplified by
including SCN ™ in the pipette solution. B, Simultaneous EPSCs in a b3 bipolar cell. Matching
colors in Aand B indicate corresponding presynaptic and postsynaptic currents. Traces in A and
B are leak-subtracted. C, Plot of peak cone transporter current amplitude versus peak bipolar
cellEPSCamplitude for all the responses in the pair shown in Aand B. The data points were fitted
using a Hill equation. D, Grouped responses. Data from individual plots was fitted with a Hill
equation and cone responses were normalized by the extrapolated maximum value. Bipolar cell
responses (r) were normalized to their half-maximal amplitude. E, Bipolar cell response to a
—70to —10mV step obtained near the start of the experiment (black trace, corresponds to the
maximal responses in B). Response of the bipolar cell to the same amplitude cone step recorded
1405 after the start of the experiment, following run down (red trace, obtained 45 s after the last
trace plotted in B). F, Bipolar cell EPSC responses from E normalized and superimposed. The
time courses are similar.

erably less than the 600-700 vesicles that are predicted to be
docked on ribbons at the cone terminal membrane in mammals
(Sterling and Matthews, 2005). In addition, by comparing the
unitary event amplitude during feedback (15-20 pA) to the am-
plitude of the acceptor cone response during a maximal donor
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cone stimulus (62.9 = 63.7 pA, n = 42, also obtained with SCN ~
as the intracellular anion), we can crudely estimate that an accep-
tor cone receives the equivalent glutamate content of three to
four vesicles.

A second way to demonstrate transporter saturation is to
compare the amplitude of the transporter EPSC with that of an
EPSC measured simultaneously in a postsynaptic Off bipolar cell
during a series of cone depolarizations. In a typical experiment, a
cone was briefly (1 ms) stepped to a depolarized voltage while the
responses in both the presynaptic cone (Fig. 7A) and postsynaptic
bipolar cell (Fig. 7B) were measured. The amplitude of the bipo-
lar cell (in this case, a b3-type bipolar cell) EPSC varied both due
to changes in cone pulse amplitude and run-down of cone release
over time. A plot of cone versus bipolar cell EPSC amplitude (Fig.
7C) shows a saturating profile: the bipolar cell response increased
over a range in which the cone EPSC amplitude remained rela-
tively constant. The data points were fitted with a Hill equation
that had a half-maximal value of 12.38 pA and a coefficient of
1.11. A similar saturating relationship was obtained in nine pairs
whose normalized responses are plotted in Figure 7D.

Strong cone depolarization might, via electrical coupling,
elicit transmitter release from neighboring cones onto the re-
corded postsynaptic bipolar cell (Li et al., 2010). In this case,
bipolar cell EPSC responses might continue to increase after the
cone transporter currents plateaued, falsely providing a saturat-
ing relationship. This scenario was unlikely for two reasons. First,
cone release runs down after several minutes of recording in the
whole-cell configuration. After run down, a depolarizing cone
pulse that was either the same amplitude or larger than earlier
pulses that evoked a maximal bipolar cell EPSC failed to produce
a bipolar cell response (n = 9; Fig. 7E). Responses would not
completely run down if a component were mediated by intact
neighboring cones. Second, unclamped neighboring cones depo-
larize with a time constant of 4.0 ms following current injection
through gap junctions, which produces a delayed, secondary re-
sponse in postsynaptic bipolar cells (Li et al., 2010). However, in
all but one case (n = 8 0f 9), the shape of the bipolar cell EPSC did
not vary with amplitude (Fig. 7B,F). In one pair, there was a
small lengthening of the bipolar cell EPSC decay time during the
cone depolarization that produced the four largest EPSCs.

Transporters and bipolar cell glutamate receptors (b3/b7) are
both located at the base of the cone terminal; therefore, satura-
tion in the transporter is most likely due to the higher ECs, of the
glutamate receptors (~350 um) (DeVries et al., 2006) relative to
that of glutamate transporters (10—20 um) (Barbour et al., 1991;
Vandenberg et al., 1998). Thus, the results are consistent with the
idea that the saturation of cone transporters during a strong de-
polarization allows excess transmitter to spill out of the cleft.

DYV;UEl LIGHT |

3

Properties of cone— cone spillover. 4, Volume transmission will have a minimal effect on a population of cones in the
dark due to the proximity of glutamate release sites and transporters at the base of each cone. B, In uniform light, glutamate
release is suppressed and thus spillover is precluded. €, At light— dark borders, the glutamate released by the conesin the dark will
spillover and activate transporters on cones in the light (i.e., whose release is suppressed). Spillover will provide a depolarizing
input that partially counteracts the hyperpolarizing effect of light and which primes the cone to depolarize at light-off.
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Discussion

The ability to resolve spatial detail depends
on the ability of cones within a tightly
packed array to independently encode inci-
dent light intensity, and to separately signal
to postsynaptic bipolar cells. Cone and
Muller cell reuptake mechanisms are
thought to restrict glutamate spread be-
tween terminals. Instead, we found that
the glutamate released by depolarizing
one cone can be detected in neighboring
cones. We consider two extremes: first,
that crosstalk plays a purely constructive
role in visual signal processing; second,
that crosstalk is a deleterious but mini-
mized consequence of cone signaling.

Cone-—cone crosstalk may play a constructive role in signaling.
Cones rest at ~—45 mV in the dark and continuously release
glutamate. In the salamander, glutamate feeds back onto the re-
leasing cone to activate a transporter anion conductance. It
would make sense for this feedback to be negative (i.e., to have a
reversal potential lower than —45 mV), insofar as a membrane
hyperpolarization would tend to balance the depolarization pro-
duced by synaptic Ca*>" channels and maintain those channels
near the bottom of their activation curve. Indeed, a negative
transporter reversal potential was inferred by observing the ef-
fects of glutamate on cone intracellular Ca?" levels (Picaud et al.,
1995a). A negative reversal potential and feedback is also found in
On bipolar cell terminals, which depolarize to light (Palmer et al.,
2003; Veruki et al., 2006). However, the present and three previ-
ous studies report a relatively positive cone transporter current
reversal potential of —45-—30 mV (Sarantis et al., 1988; Tachi-
bana and Kaneko, 1988; Thoreson and Bryson, 2004). Rather
than a role in stabilizing the dark resting potential, positive feed-
back at the cone terminal could quicken the repolarization at
light-off (Rowan et al., 2010), which would speed-up signaling in
the Off pathway.

Extending the concept of positive feedback to glutamate spill-
over, our results suggest that cones are enmeshed in a spatially
distributed positive feedback network. The properties of this
feedback are potentially complex (Fig. 8): glutamate will flow
between cones when the population is uniformly depolarized in
the dark, but cone—cone transmission will have little effect inso-
far as cones are most responsive to their own released glutamate
(Fig. 8 A). Cone—cone transmission will also be inoperative when
a population of cones is hyperpolarized by light, since no gluta-
mate is released (Fig. 8 B). Instead, cone—cone transmission will
have an effect when one cone is depolarized while its neighbor is
hyperpolarized, which occurs at dark-light borders (Fig. 8C). In
this case, the illuminated cone is predicted to receive a depolar-
izing input from its neighbor, which might prime it to depolarize
in the likely event that the dark region moves. Thus, we anticipate
that a moving dark bar on a light background will produce a faster
cone voltage response on its leading edge (i.e., a light-to-dark
transition) than on its trailing edge (a dark-to-light transition).
Alternatively, crosstalk in the presence of a moving bar may com-
pensate for the relatively slow decay of the cone photoresponse at
light-off compared with its rise at light-on (Kraft, 1988). Predic-
tive coding is a common feature of retinal responses (Berry et al.,
1999; Hosoya et al., 2005).

While mammalian cones lack an ultrastructural substrate for
cone—cone chemical transmission, lower vertebrate cones make
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discrete contacts. Photoreceptor terminals in turtles, salaman-
ders, and fish extend telodendria that contact nearby photorecep-
tors either at their base or within invaginations (Lasansky, 1973;
Scholes, 1975; Mariani and Lasansky, 1984; Kolb and Jones,
1985). Salamander and turtle cone terminals contain a trans-
porter Cl~ conductance (Sarantis et al., 1988; Tachibana and
Kaneko, 1988; Picaud et al., 1995b) that, if located on telodedria,
could mediate depolarizing crosstalk (Sarantis et al., 1988; Tachi-
bana and Kaneko, 1988; Thoreson and Bryson, 2004). Anatomi-
cal studies show indiscriminate synaptic contacts among turtle
red and green cones (Kolb and Jones, 1985), and wavelengths that
excite green cones affect the responses of red cones (Normann et
al., 1984; Normann et al., 1985). Thus, there is a precedent in
lower vertebrates for the cone—cone transmission observed in the
ground squirrel. In turn, cone—cone chemical transmission in the
ground squirrel may serve as a precedent for transmission in
the primate foveal region, which is also cone-rich.

What if glutamate spillover is a deleterious but unavoidable
consequence of maximizing the release rate at cone synapses? In
this view, the deleterious effects of glutamate spillover are mini-
mized in four ways: First, transporters on the releasing cone bind
glutamate; second, Muller cell sheaths occlude the direct path
between cone pedicles; third, the position of the transporter re-
versal potential near the cone voltage operating range reduces
current driving force; and fourth, the neural blur caused by cone—
cone glutamate diffusion is less than the optical blur. We consider
these factors below.

In rod terminals, transporters completely bind the glutamate
released by a strong depolarization (Hasegawa et al., 2006). This
is not true for cone terminals, where we demonstrate cone—cone
chemical signaling and provide evidence for transporter satura-
tion. In rods, the transporter density is estimated to be 10,000
wm 2, which is close to a maximum (Hasegawa et al., 2006).
Using this density, the upper bound on the number of trans-
porter channels that could be fitted on the cone terminal is
200,000 (terminal area: ~20 wm?). Two hundred thousand
transporters would still not be enough to completely sequester
the transmitter released during the synchronous fusion of 100—
200 cone vesicles (0.25-1 million glutamate molecules, assuming
2500-5000 per vesicle) at the end of a light pulse (Jackman et al.,
2009), given that glutamate transporters are fast-binding but
slow-cycling (cycle time: ~70 ms) (Wadiche et al., 1995; Otis and
Jahr, 1998; Wadiche and Kavanaugh, 1998; Auger and Attwell,
2000). The shape of the cone terminal differs from that of the rod,
which may also lessen the likelihood of transmitter recapture by
cones. At rod terminals, postsynaptic processes containing recep-
tors are inserted into membrane invaginations where transmitter
is released (Sterling and Matthews, 2005). At cone terminals,
transmitter is released into invaginations, but must reach the
contacts of postsynaptic bipolar cells, most of which carpet the
base of the terminal (Missotten, 1965). Once at the base, trans-
mitter diffusion into the OPL neuropil is not restricted.

After eluding transporters on the releasing cone, glutamate
must bypass the Muller cell sheaths that insert between terminals.
In the primate fovea, the processes from three Muller cells, on
average, expand to ensheath each cone terminal (Burris et al.,
2002). Glutamate might diffuse through the sheaths at points of
overlap, but we agree with Burris et al. (2002) that the amount of
flux over this direct path is probably miniscule since the sheath
presents an estimated 500,000 transporters to each cone.
Sheathes end at the bottom of the cone terminal (Burris et al.,
2002; their Figs. 3A,8A). According to Burris et al. (2002), gluta-
mate that diffuses deep (>0.5 wm) into the neuropil encounters
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only Muller cell trunks, which should not impede lateral spill-
over. Cone transmitter is thought to reach AMPA receptors at
desmosome-like junctions on horizontal cells that are 1 wm be-
neath the cone terminal (Haverkamp et al., 2000). In this context,
the calculated diffusion radius of 1.56 = 0.40 pm for cone—cone
signaling is consistent with the flow of transmitter into the neu-
ropil below and between the edges of adjacent terminals.

When glutamate binds to an available acceptor cone trans-
porter, an anion channel is opened. The amplitude of the result-
ing inward current is minimized under physiological conditions
both by the negative transporter current reversal potential
(~—30 mV) relative to the cone voltage operating range (—70—
—45 mV) and by the shallow current—voltage relationship of the
transporter near the reversal potential (Figs. 2B, D, 5A, B). Neu-
ronal membrane Cl~ gradients are often actively maintained by
Cl ™ transporters, which may be regulated (Rivera et al., 1999). A
more positive Cl ~ reversal potential would increase the magni-
tude of cone—cone excitation, whereas a more negative reversal
potential might lead to cone—cone inhibition.

Finally, glutamate crosstalk can add neural blur to the first
stage of vision. Similar to the neural blur introduced by electrical
coupling (Hornstein et al., 2004; Li and DeVries, 2004), the ef-
fects of chemical transmission are restricted to neighboring
cones, and thus fall within the point spread function of the eye’s
optics (Campbell and Gubisch, 1966). Therefore, cone—cone
transmission should have a minimal effect on visual acuity.

In conclusion, glutamatergic crosstalk between mammalian
cones occurs in the intact retina and is regulated by light. Acting
via crosstalk, a strong light stimulus changes cone membrane
current by ~5 pA. For comparison, cone—cone gap junctions
mediate a 12-14 pA current under similar conditions (Li and
DeVries, 2004). Spatially, crosstalk is limited to neighboring
cones, and is thus within the point spread function of the eye’s
optics. Crosstalk could mediate a form of predictive coding that
would enhance the cone response to the front edge of a moving
dark bar on a light background. Glutamate could also potentially
reach receptors on bipolar cells that contact neighboring cones
and, in this case, spillover would create an alternative signaling
pathway in the OPL.
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