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Differential Regulation of Cone Calcium Signals by Different
Horizontal Cell Feedback Mechanisms in the Mouse Retina
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Controlling neurotransmitter release by modulating the presynaptic calcium level is a key mechanism to ensure reliable signal transmis-
sion from one neuron to the next. In this study, we investigated how the glutamatergic output of cone photoreceptors (cones) in the mouse
retina is shaped by different feedback mechanisms from postsynaptic GABAergic horizontal cells (HCs) using a combination of two-
photon calcium imaging and pharmacology at the level of individual cone axon terminals. We provide evidence that hemichannel-
mediated (putative ephaptic) feedback sets the cone output gain by defining the basal calcium level, a mechanism that may be crucial for
adapting cones to the ambient light level. In contrast, pH-mediated feedback did not modulate the cone basal calcium level but affected
the size and shape of light-evoked cone calcium signals in a contrast-dependent way: low-contrast light responses were amplified,
whereas high-contrast light responses were reduced. Finally, we provide functional evidence that GABA shapes light-evoked calcium
signals in cones. Because we could not localize ionotropic GABA receptors on cone axon terminals using electron microscopy, we suggest
that GABA may act through GABA autoreceptors on HCs, thereby possibly modulating hemichannel- and/or pH-mediated feedback.
Together, our results suggest that at the cone synapse, hemichannel-mediated (ephaptic) and pH-mediated feedback fulfill distinct
functions to adjust the output of cones to changing ambient light levels and stimulus contrasts and that the efficacy of these feedback
mechanisms is likely modulated by GABA release in the outer retina.
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Introduction
In neurons, transmitter release from axon terminals is directly
linked to the Ca?™" level (Thoreson, 2007; Jackman et al., 2009).
Thus, one key mechanism to control transmitter release is to
modulate presynaptic Ca>" by synaptic feedback (for review, see
Kamermans and Fahrenfort, 2004). “Traditional” GABAergic
feedback, but also more unconventional mechanisms like ephap-
tic and pH-mediated feedback, are found in many parts of the
CNS (for review, see Voronin, 2000; Chesler, 2003). However,
little is known whether these mechanisms operate in parallel to
control transmitter release forming a complex feedback system
and, if so, to what extent they fulfill distinct functions.

An excellent system to study such feedback mechanisms is the
photoreceptor synapse in the retina. Here, cone photoreceptors
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(cones) form synapses with the dendrites of horizontal cells
(HCs) and bipolar cells (Haverkamp et al., 2000), distributing the
photoreceptor output onto more than 10 parallel bipolar cell-to-
ganglion cell pathways. Horizontal cells modulate cone output
via both inhibitory (Baylor et al., 1971) and excitatory (Jackman
et al., 2011) feedback. The inhibitory feedback operates on a
global scale and adjusts cone output gain as a function of back-
ground illumination, as sensed by the electrically coupled HC
network (Xin and Bloomfield, 1999). The excitatory feedback, on
the other hand, is suggested to act locally and to restore the cone’s
dynamic range lost by inhibitory feedback (Jackman et al., 2011).
Three different inhibitory feedback mechanisms between HCs
and cones have been proposed based on data from a range of
vertebrate species: GABA-mediated feedback (Wu, 1986; Tatsu-
kawa et al., 2005), hemichannel-mediated ephaptic feedback
(Kamermans et al., 2001; Klaassen et al., 2011), and pH-mediated
feedback (Barnes et al., 1993; Hirasawa and Kaneko, 2003; Liu et
al., 2013).

In the mouse retina, there is evidence that HCs may use more
than one of these mechanisms: this includes experimental data in
favor of GABAergic transmission (Cueva et al., 2002; Herrmann
et al, 2011; Hirano et al., 2011), ephaptic feedback via
Pannexinl-formed hemichannels (Kranz et al., 2013), and pH-
mediated feedback (Babai and Thoreson, 2009). Because mice
possess only a single HC type (Peichl and Gonzalez-Soriano,
1994), the presence of multiple mechanisms in the mouse hints at
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Figure 1. Bright stimulus in cone surround reduces Ca** level and relative response amplitude. 4, The Ca** indicator TN-XL (green) is selectively expressed in cone photoreceptors of the
HR2.1:TN-XL mouse line (Wei etal., 2012). Ca>* measurements were restricted to the cone terminals (box). 0S, Outer segment; IS, inner segment; ONL, outer nuclear layer; INL, inner nuclear layer;
IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar, 10 wm. B, lllustration of stimulus paradigm: a small bright bar was shifted stepwise along a retinal slice (the row of boxes represents
cones) toward the center of an exemplary cone (black box) by 10 tum every 0.5 s. The procedure was repeated with alarge bright bar. €, Ca2* responses of neighboring cone axon terminals (encircled
by regions of interests at the top; scale bar, 5 um) to the small bright bar (sequential onset of response indicated by the arrows). D, Ca" response (as change in ratio between the fluorescence
signals of the FRET donor/acceptor pair eCFP and citrine; average of n = 6 trials) of the example cone (from B) to the small (black trace) and large (red trace) bars; the numbers refer to the different
stimulus phases as illustrated in B. Initially, the bars were about 100 wm distant from the exemplary cone (position 1); the decrease in Ca* indicates when the edge (Figure legend continues.)
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Table 1. Light stimulation protocols

Background Background
Intensity\ laser (103 LED (103 Stimulus (10> Contrast
Protocol P*cone ~'s ") P*cone ~'s ") P*cone s ™) (%)
(b) Surround (bright stimulus) ~10 0.14 1.8 16
~10 0.14 2.8 26
~10 0.14 3.7 35
~10 0.14 75 72
(c) Surround (dark stimulus)  ~10 7.5 0.14 —71
(d) Receptive fields ~10 7.5 0.14 =7
(e) High bright contrast ~10 13 12.0 95
(f) Medium bright/dark ~10 4.6 12.0 51
contrast ~10 4.6 13 -23
(g) High dark contrast ~10 8.6 13 -39

Light levels for the different stimulation protocols, measured as described in Materials and Methods.

a complex processing of cone input and feedback signals in this
interneuron. It is unclear whether the hypothesized HC feedback
mechanisms modulate different temporal and spatial aspects of
the cone output and how they might interact in the mouse.

To address the question how HCs control synaptic Ca*>" in
cone axon terminals, we combined two-photon microscopy and
pharmacology to analyze the effects of HC feedback mechanisms
on light-evoked cone synaptic output, with Ca*" signals directly
recorded at the level of the cone axon terminal as a proxy. We
provide evidence for the presence of both hemichannel-mediated
(putative ephaptic) and pH-mediated feedback, each of them
tulfilling distinct functions to adjust cone output to ambient light
levels and changing stimulus contrasts, respectively. Moreover,
we suggest that GABA modulates cone output indirectly possibly
by acting on GABA receptors on HCs, thereby changing the effi-
cacy of the other two feedback mechanisms.

Materials and Methods
Unless stated otherwise, all chemicals were purchased from Sigma-
Aldrich and Merck.

Animals. For electron microscopy, light-adapted C57B6L/] mice (4—8
weeks, both genders) were used. For Ca?* imaging experiments, we used
dark-adapted (for at least 2 h) mice of the transgenic HR2.1:TN-XL
mouse line (4—8 weeks, both genders; Wei et al., 2012). Animals were
anesthetized with isoflurane (Baxter) or CO, and killed by cervical dis-
location. All procedures were performed in accordance with the law on
animal protection (Tierschutzgesetz) issued by the German Federal Gov-

<«

(Figure legend continued.) of the bar entered the receptive field center of the cone (position 4).
The Ca™ signal was not “floored” by the contrast used, as the Ca>™ level could be further
reduced by further increasing the light intensity (arrow). Only cells that showed a reduction in
Ca®™" level of >5% in response to this test stimulus compared with the immediate pretest
period (i.e., cells that were not saturated) were used for further analysis. £, The baseline signal
Ryase Was determined in a time window of 0.5 s before the response onset (see Materials and
Methods). E,, The response amplitude R, was determined for the duration of the small bar
response after subtraction of R, F, Surround stimulation-induced effects on Ry, and R,,,,
quantified as the difference between the large and the small bar stimulation conditions and
visualized as a scatter plot [ARy,, as a function of AR, - average (red marker) pooled from
low-contrast data only [n = 8 (16%) and n = 16 (26%)]. G, Surround stimulation-induced
reduction of Ry, as function of stimulus contrast [n = 14 (16%),n = 16 (26%),n = 11(35%),
and n = 23 (72%)]. H, Surround stimulation-induced effects on cone Ca® " level as a function
of distance from cone (72% stimulus contrast; box-filtered average traces with a box width of
160 ms; n = 10 cones; only cones =300 wm away from stimulus starting were used). A
distance of zero means that the leading edge of the stimulus bars is positioned at the cone’s
receptive field border (dashed line). /, Effect of CBX on surround stimulation-induced reduction
0f Ry50 (1 = 10; for this analysis, only cones that showed a feedback-induced reduction in Ry,
> 5% were used). Note that absolute ratio values are shown (same units as in E,). Error bars
indicate SEM. tr, Control.
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ernment and approved by the institutional committees on animal exper-
imentation of the University of Tiibingen and the University of
Oldenburg.

Immunoelectron microscopy. Immunoelectron microscopy was per-
formed as described by Janssen-Bienhold et al. (2001). Retinas were fixed
for 40 min in 3% paraformaldehyde in 0.1 M phosphate buffer (PB), pH
7.4. After rinsing and cryoprotection (30% sucrose in PB overnight),
tangential sections (60 wm) were cut on a cryotome (Bright Instrument).
Unspecific binding was blocked with 10% normal goat serum in PB for
2 h, followed by incubation with the primary polyclonal antibodies di-
rected against the GABA, receptor subunit al (1:400 in PB; SYnaptic
SYstems) and the GABA receptor subunit p (1:250 in PB; provided by R.
Enzand S. Haverkamp, MPI for Brain Research, Frankfurt, Germany) for
4 d at 4°C. After several washes in PB, sections were incubated with
biotinylated goat anti-guinea pig IgG (1:250 in PB) and biotinylated goat
anti-rabbitIgG (1:250 in PB), respectively, overnight at 49°C. Binding sites
were detected by the Vectastain Elite ABC kit (Vector Laboratories).
Sections were postfixed (2.5% glutaraldehyde, 1% paraformaldehyde,
1 h) and subjected to silver intensification, followed by an additional
fixation with 1% OsO, in PB for 1 h. Sections were dehydrated by in-
creasing acetone concentrations (50—100%) before being embedded in
Agar 100 resin (Agar Scientific). Ultrathin sections were collected on
copper grids and were photographed and analyzed with a Zeiss 902 elec-
tron microscope. Intensity and contrast were adjusted using Adobe Pho-
toshop CS6 extended.

Retinal tissue preparation. Eyes were enucleated; placed in an extracel-
lular solution that contained (in mm) 125 NaCl, 2.5 KCl, 2 CaCl,, 1
MgCl,, 1.25 NaH,PO,, 26 NaHCOj, 0.5 L-glutamine, and 20 glucose;
and maintained at pH 7.4 using carboxygen (95% CO,/5% O,). To en-
sure that a potential GABAergic feedback mechanism from HCs to cones
remained functional in vitro, 150 um pyridoxal 5-phosphate, a cofactor
of the glutamic acid decarboxylase, was added (Deniz et al., 2011). After
removing cornea and lens, the retina was isolated from the eye-cup.
Retinal slice preparation has been described in detail previously (Eggers
and Lukasiewicz, 2006). In brief, retinas were dissected from the eye-cup,
cut in half, and put onto filter paper (0.22 wm pore size; Millipore) with
the photoreceptor layer facing up. Vertical retinal slices of 300 wm thick-
ness were cut using a standard technique with a manual retina slicer
(Werblin, 1978). Slices attached to the filter paper were stored in a car-
boxygenated extracellular solution in darkness at room temperature and
transferred individually to the recording chamber. The slice in the re-
cording chamber was constantly perfused with the carboxygenated ex-
tracellular solution at 36°C.

Imaging light-evoked Ca®™" activity using two-photon microscopy. For
Ca*" imaging, we used a biosensor mouse line in which cones selectively
express the fluorescence calcium sensor TN-XL, allowing measurements
oflight-evoked Ca?* signals in cone axon terminals (Wei et al., 2012; Fig.
1A,C). TN-XL consists of the Ca?" sensor Troponin C, flanked by the
donor fluorophore enhanced CFP (eCFP) and the acceptor fluorophore
citrine, and allows for ratiometric Ca®* measurements (Mank et al.,
2006). Measurements were made with a custom-built two-photon (2P)
microscope (Denk et al., 1990) as described previously (Euler et al., 2009;
Breuninger et al., 2011). In brief, the system was equipped with a mode-
locked Ti:sapphire laser (MaiTai-HP DeepSee; Newport Spectra-
Physics) tuned to 860 nm, two detection channels for fluorescence
imaging of eCFP (483 bandpass (BP) 32; AHF, Analysentechnik) and
citrine (535 BP 50; AHF), and a 20X water-immersion objective
(XLUMPIlanFL, 0.95 NA; Olympus). Image acquisition was performed
using custom software [CINT by M. Miiller, MPI for Medical Research,
Heidelberg, Germany; or ScanM by M. Miiller and T. Euler running
under IgorPro 6.3 (Wavemetrics)] restricted to the row of cone pedicles
in the outer plexiform layer (OPL). This way, bleaching of the light-
sensitive cone outer segments by the scanning laser could be essentially
avoided (for details, see Wei et al., 2012; Baden et al., 2013b).

Light stimulators. Dichromatic light stimuli were generated by two
stimulators. The first stimulator consisted of a reflective liquid-crystal
display (LCoS-type; i-glasses; EST), coupled in the microscope’s optical
path. This LCoS-display was alternately illuminated by two bandpass-
filtered (blue, 400 BP 10; green, 578 BP 10; AHF) LEDs to project spatio-
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Figure 2.  Dark stimulus in cone surround increases Ca>* level and relative response amplitude. A, Ca* responses of exemplary cone to a small (black trace) and a large (red trace) dark bar.
Exceptfor the inversed contrast, the stimulus paradigm is as shown in Figure 18. Note that Ca>* started to “ramp up” during the prolonged presentation of the large dark bar (arrow). This effect was
reversible and seen in the majority of cones; the underlying mechanism remains to be determined. B, R, and R, were determined analogs to Figure 1£. €, Surround stimulation-induced effects
0N Ryyge and R, quantified and visualized analogs to Figure 1F (n = 15). D, lllustration of stimulus paradigm to probe the cone receptive field: a small dark bar (40 p.m wide) was pseudo-randomly
presented at different positions (offset between two neighboring positions, 10 um). At positions 1- 4, the stimulus reaches into or covers the receptive field center of the exemplary cone (black box),
whereas at positions 0 and 5, the stimulus is outside its receptive field. E, Average Ca* level of an individual cone as a function of stimulus position. Note the steep increase in Ca ™ level (between
positions 0 and 1, see arrow; Gaussian fit in red). F, Data from n = 17 cones fitted with a Gaussian (red). G, Estimating the number of stimulus positions that excite a cone with a certain receptive
field diameter: fora 20 m RF, five subsequent stimulus positions are expected to trigger a cone response. Because cones responded to 4.33 == 0.08 subsequent positions (F), the RF diameter of
mouse cones is <<20 m under our experimental conditions. Error bars indicate SEM. FWHM, Full-width half-maximum.
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temporally structured stimuli through the
objective lens onto the retinal slice (Euler et al.,
2009). This stimulator was used for the sur-
round illumination experiments [see stimulus
protocols (b) and (c) below]. The second stim-
ulator was mounted below the recording
chamber and consisted of two bandpass-
filtered (UV, 360 BP 12; green, 578 BP 10;
AHF) LEDs, driven by an open-source micro-
processor board (http://arduino.cc) and syn-
chronized with the microscope’s galvo scanners.
The light from the LEDs was combined by a
beam-splitter (400 DCLP, AHF) and focused
by a condenser lens (0.8 NA, H DIC; Zeiss)
through the bottom of the recording chamber.
This stimulator was used to apply full-field
stimuli.

The light intensity generated by each of the
stimulating LEDs was calibrated as described
previously (Breuninger et al., 2011; Baden et
al., 2013b; Chang et al., 2013) such that equal
photoisomerization rates were elicited for
short (S) and medium (M) wavelength-
sensitive cone opsins. Cones were adapted to
different background light levels for atleast 20 s
before stimuli were presented (see protocols
below). The background intensity of the LEDs
ranged from 0.14 X 10° to 7.5 X 10°
P*cone ~'s ! for the first stimulator and from
1.3 X 107 to 8.6 X 10 P*cone ~'s ! for the
second one (Table 1). Because both the light of the stimulator LEDs and
the excitation laser contributed to the background light level at the slices,
the laser was already scanning during this adaptation period. The contri-
bution of the excitation laser to the background illumination was esti-
mated to be ~10% P*cone ~'s !, based on the transient Ca>* response
to laser and stimulator background at the beginning of a recording epoch
(Wei et al., 2012). For a detailed discussion of potential laser-related
stimulus contribution when recording retinal slices, see Baden et al.
(2013D). The resulting illumination levels at the slices corresponded to
high-mesopic/low-photopic conditions.

Light stimulation protocols. For light stimulation, eight different pro-
tocols were used:

Cone

0000
0000

Ca,

-—

I\Nedback

BC HC

—inhibition
~—excitation

Figure 3.

for details). R, ribbon.

(a) A “color protocol” consisting of alternating UV and green sine
wave stimuli. This protocol was presented at the beginning of each
recording session to determine the spectral preference of the cones
(Baden et al., 2013b).
A “stepping bar protocol” consisting of two alternating stimuli: a
small (40 um wide) and a large (500 wm wide) bar, both brighter
than the background light level. First, the small bar was consecu-
tively shifted along the slice (in 10 wm steps at 0.5 s intervals),
starting at a position that was at least 200 wm away from the
position of the recorded cones (Fig. 1B). Then the procedure was
repeated with the large bar (using the same starting position as for
the small bar). The contrasts used were 16, 26, 35, and 72% (all
contrasts given as Weber contrast).
Same protocol as in (b) but with bars darker than the background
light level (Fig. 2). For technical reasons, we used only the green
LED channel, and therefore this protocol was only tested
for dorsal (dominantly M opsin-expressing) cones. The contrast
used was —71%.
A “receptive field measurement protocol” as a modification of the
protocol in (c). A dark bar (40 um wide) was pseudo-randomly
presented at 61 different positions in a retinal slice (Fig. 2D). Since the
distance between two neighboring positions was 10 wm, the lateral
distance tested to each side of a recorded cone was about 300 pm.
For the pharmacology experiments, four different full-field flash pro-
tocols were used (Fig. 3). Full field means that the stimulus diameter was
~2 mm and, therefore, usually covered the whole slice.
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Quantification of light flash-evoked Ca* responses in cone axon terminals. A, Schematic of the local circuitry
between cones, HCs, and bipolar cells (BCs). Cones are stimulated with full-field flashes, and thus their flash-evoked responses
contain a center and a surround component, the latter mediated by HC feedback. Blocking HC feedback is expected to block the
surround componentin the cone’s response mediated by inhibitory feedback (red line). In addition, excitatory feedbackis indicated
as a green arrow. B, Ca2"* responses (average in black, single trials in gray) of different cones to different full-field stimulation
protocols: high bright contrast (left), medium bright/dark contrast (middle), and high dark contrast (right) stimulation. C, Quan-
tification of the resting Ca" level (R,,..) and the area under the trace (R,). D, Quantification of the PI (see Materials and Methods

(e) The “high bright-contrast protocol” included stimulation with
bright flashes (95% contrast).

(f) The “medium bright-/dark-contrast protocol” included alternat-
ing stimulation with dark flashes (—23% contrast) and bright
flashes (51% contrast).

(g) The “high dark-contrast protocol included stimulation with dark
flashes (—39% contrast).

(h) A saw-tooth (“intensity ramp”) stimulus that covered the whole

intensity range as in (e—g).

Pharmacology and drug application. Drugs were bath applied for at
least 5 min and washed out for at least 10 min. The volume of the record-
ing chamber was ~1 ml, and the perfusion rate was ~2 ml/min. In some
experiments, drugs were puff applied onto the recorded photoreceptor
axon terminal region (distance from recorded region, 15-20 wm) for
20-60 s using a glass pipette (resistance, 5-8 M{2) and a pressure appli-
cation system (Sigmann Elektronik; pressure, 0.3—1.0 bar). By adding the
fluorescent dye sulforhodamine 101 (Sigma-Aldrich), we verified that
the puffing area on the tissue did not exceed a lateral width of ~100 um
and estimated (using the decrease in sulforhodamine fluorescence) that
the effective concentration of puff-applied drugs is at least four times
lower in the tissue than in the pipette. Puffing extracellular solution had
no effect on cone Ca** signals.

The following drug concentrations were used for bath application (in
uM): 100 (3B,208)-3-(3-carboxy-1-oxopropoxy)-11-oxoolean-12-en-
29-oic acid disodium (carbenoxolone; CBX), 100 CoCl, hexahydrate,
0.2 PD168077 maleate, 100 meclofenamic acid sodium salt (MFA), 500
probenecid (PBC), 20,000 HEPES, 10 gabazine [Gz; 2-(3-carboxypro-
pyl)-3-amino-6-(4 methoxyphenyl)pyridazinium bromide], 75
1,2,5,6-tetrahydropyridin-4-yl)methyl-phosphinic acid (TPMPA),
50 6,7-dinitroquinoxaline-2,3-dione (NBQX), 50 AMPA, and 25
kainic acid.

For puff application, the following concentrations were used (in um):
100 or 500 CBX, 20,000 HEPES, 20,000 Tris, 500 GABA, 50 AMPA, and
25 kainic acid.

All drugs were purchased from Tocris Bioscience except for CBX,
CoCl,, MFA, probenecid, HEPES, and Tris (Sigma-Aldrich). All drug
solutions were carboxygenated before application. Probenecid (solved in
1 M NaOH) was added to the carboxygenated extracellular solution and
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—— high bright contrast protocol (n=15)
— medium bright/dark contrast protocol (n=14)
— high dark contrast protocol (n=7)

CBX bath (high bright contrast protocol, n=15)
—— MFA bath (high bright contrast protocol, n=8)
—— PBC bath (high bright contrast protocol, n=10)

responses. A, Schematic of the local circuitry between cones and HCs, showing hemichannels
responses to bright contrast flashes before (black box), during (orange box), and after (blue box)
signals averaged from the three boxes. €, Exemplary cone Ca>*

responses to dark contrast flashes. DG, Effect

of bath-applied (BX on the cone Ca > signal for the high bright contrast protocol (D; average of n = 15 cones), the medium bright/dark contrast (E, F; average of n = 14 cones), and the high dark
contrast protocol (G; average of n = 7 cones). H-L, Quantification of (BX effects on R (H), R, (I, K), and PI (J, L) for the indicated stimulus protocols. M, N, Quantification of CBX, MFA, and PBC
effects on Ry, (M) and R, (N) for the high bright contrast protocol. Error bars indicate SEM. ctr, Control; R, ribbon.
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Table 2. Pharmacology to test the ephaptic feedback hypothesis

Kemmler et al. o Horizontal Cell Feedback in Mouse Retina

Number of mice/slices/cells Control Drug Wash
(BX, bath application
Bright responses (95% contrast)
Normalized R, . 2/2/15 1.0 1.289 £ 0.037%** 1.145 = 0.030%**
Normalized R,, 2/2/15 1.0 1329 = 0.119* 0.913 = 0.086
Pl 2/215 0.033 = 0.008 0.019 = 0.009 0.055 = 0.010
Bright responses (51% contrast)
Normalized Ry, 2/3/14 1.0 1.293 = 0.031*** 1.090 = 0.0284*
Normalized R,, 2/314 1.0 4.244 = 0.669*** 0.588 = 0.129**
Pl 2/3/14 0.094 = 0.021 0.048 = 0.010 0.124 = 0.024
Dark responses (—23% contrast)
Normalized R,, 2/314 1.0 1.04 £0.11 0.75 = 0.09%
Pl 2/3/14 0.234 = 0.035 0.103 = 0.032** 0.314 = 0.044
Dark responses (—39% contrast)
Normalized Ry .., 11217 10 1.155 =+ 0.042* 0.979 = 0.033
Normalized R,, 17217 1.0 1.044 £ 0.176 0.775 = 0.079
Pl 11217 0.180 = 0.041 0.126 = 0.021 0.150 = 0.031
(BX, puff application
Bright responses (95% contrast)
Normalized Ry, 3/3/32 1.0 1.154 = 0.013%** 1.071 = 0.013***
Normalized R,, 3/3/32 1.0 1.395 = 0.122% 1.287 = 0.090**
Pl 3/3/32 0.074 = 0.010 0.067 = 0.011 0.043 = 0.006*
Dark responses (—39% contrast)
Normalized Ry .., 1175 10 1.090 + 0.023 1.030 = 0.039
Normalized R,, 1175 1.0 0.952 = 0.037 0.956 = 0.049
Pl 11/5 0.167 = 0.042 0.090 = 0.040 0.154 = 0.033
MFA, bath application
Bright responses (95% contrast)
Normalized R, 1/1/8 1.0 1.213 = 0.028** 0.952 + 0.010%*
Normalized R,, 11/8 1.0 2.074 £ 0.139** 0.933 = 0.055
Pl 1178 0.058 = 0.017 0.042 = 0.008 0.082 = 0.010
PBC, bath application
Bright responses (95% contrast)
Normalized R, . 2/5/10 1.0 1.067 £ 0.016** 1.035 £ 0.011**
Normalized R,, 2/5/10 1.0 1.176 = 0.071* 1.067 = 0.051
Pl 2/5/10 0.015 = 0.007 0.022 = 0.003 0.022 = 0.004
Cobalt, bath application
Bright responses (51% contrast)
Normalized Ry .., 1/4/12 10 0.872 = 0.018*** 1.114 * 0.023*
Normalized R,, 1/4/12 1.0 0.168 == 0.043*** 1.487 £ 0.231*
Pl 174112 0.082 = 0.030 0.258 = 0.074 0.066 = 0.016
Dark responses (—23% contrast)
Normalized R,, 1/4/12 1.0 0.783 = 0.104* 0.761 = 0.066**
Pl 174112 0.046 = 0.018 0.127 + 0.033 0.141 + 0.053
(BX + NBQX, bath application
Bright responses (51% contrast)
Normalized Ry, 2/3/9 1.0 1.427 = 0.053** 1.096 =+ 0.022**
Normalized R,, 2/3/9 1.0 5.561 = 1.399** 1.226 = 0.267
Pl 2/3/9 0.063 = 0.037 0.028 = 0.011 0.136 = 0.032
Dark responses (—23% contrast)
Normalized R,, 2/3/9 1.0 0.813 = 0.102 0.763 = 0.073**
Pl 2/3/9 0.185 = 0.036 0.157 = 0.038 0.227 = 0.032
(BX, bath application, with PD168077
Pooled data from two protocols (95 and 51% contrast)
Normalized R, . 1/4/6 1.0 1.295 = 0.090% 1.142 * 0.034*

Roase and Ry are normalized to 11n the control condition. Results are presented as mean == SEM. Statistical significance is indicated as *p < 0.05, **p << 0.01, and ***p << 0.001 [control vs drug or washout (Wash) conditions .

adjusted to pH 7.4 using 1 M HCL. For the pH buffer solutions, HEPES or Tris
was added to the carboxygenated extracellular solution, which was then
again carboxygenated for 15 min, and finally adjusted to pH 7.4 using 1 m
NaOH or 1 M HC], respectively. To exclude osmotic effects in the case of the
HEPES application, we used an osmolarity-corrected extracellular solution
for some of the HEPES experiments. However, we did not see any differences
compared with the recordings with HEPES in the standard solution.

Data analysis. For analyzing light-evoked Ca®" signals, custom-
written scripts for IgorPro (Wavemetrics) were used. Regions of interest
were positioned on the cone axon terminals, and the (background-

subtracted) ratio acceptor/donor between the fluorescence signal of the
FRET donor/acceptor pair eCFP and citrine, respectively, was calculated.
A ratio increase represents an elevation in intracellular Ca** concentra-
tion. Because we focused on relative changes in Ca®" levels, we refrained
from calibrating the setup and give the fluorescence ratio as a proxy of
Ca?* level. Only cells that showed reliable light responses during the
control condition, i.e., individual response trials behave similar to the
average response, were selected for further analysis (for response quality
criterion, see Baden et al., 2013a; for consistency of responses, compare
Fig. 4Cin Weietal., 2012). Several response parameters were determined
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“peakedness index” (PI), which was defined as
(Apeak - Aplateau)/(Apeak + Aplateau)’ with Apeak
being the amplitude of the response peak and
Aplateau being the amplitude of the response
plateau (Fig. 3D).

The drug effects on the different response
parameters were statistically evaluated using
the Wilcoxon rank-sum test and the Wilcoxon
signed-rank test. Alpha was 0.05, and p values
<0.05 were considered as significant (%),

100 pM cobalt
30 s wash out

T L3y L T <0.01 (**), and <0.001 (***). Using the stim-
) C ulation protocols described above, we did not
aselifipisubiracted 0.1AR Daseline s find any significant differences of drug effects
g subtracted sk .
130=" = 3 between functional S and M cones (Baden et
1s T 120 al., 2013b) and, therefore, decided to pool data
0.1AR g 110 from both cone types for analysis. If not indi-
1s ME 100~ - - = - cated otherwise, errors are given as SEM.
51% 2 90
=
55 g e Results
70— Imaging Ca’* levels in cone axon
clr cobaltwash 0, 4 terminals as a proxy for cone output
Recent studies measured HC feedback at
D  bright E oright F dark G dark the level of cones using electrical record-
Pl = ings from the cone soma (for review, see
00— 08 200 Thoreson and Mangel, 2012). Whole-cell
: 06 .

58 — patch-clamp recordings strongly suggest

< - X .
S _ ﬁfoo _ o4 that HCs provide feedback to cones by
o5 200 o 04 @ 200 s changing the activation level of voltage-

0.2 = ’ 2+ :
g 100 4~ — A — _ /I\ £ 100 N _ /I"‘I gated Ca”" channels (VGCCs) in the cone
< 0.0 = 0.0 terminal (Verweij et al., 1996; Kraaij et al.,
ctr cobalt wash 0 8 ctr cobalt wash ctr cobalt wash 0 5 ctr cobalt wash 2000’ Hirasawa and KarTeko, 2003’
Cells Cells Fahrenfort et al., 2009). With all three
. . ' . ) . roposed feedback mechanisms eventu-
Figure 5.  Blocking hemichannels with cobalt at concentrations lower than 100 wm recapitulates most of the effects observed prop

for (BX. 4, Cone Ca®™ responses (n = 12 cones averaged) to the medium bright contrast protocol before (ctr, black), during
application of cobalt (orange), and during washout (blue). B, Cone Ca* responses (n = 12 cones averaged) to the medium dark
contrast protocol before (ctr, black), during application of cobalt (orange), and during washout (blue). €-G, Quantification of
cobalt effects on Ry ... (C), R, (D, F), and PI (E, G) for the indicated stimulus protocols. Error bars indicate SEM.

using box car-filtered average traces (typically the average of 10 but min-
imally 3 stimulus trials; box width, 160 ms).

For the surround stimulation experiments, we used an approach [see
protocols (b) and (c) above] that activated cones in a recording field at
different time points within a trial. To determine the time point of the
response onset for each cone, its response to the small bar (i.e., the
receptive field “center” response) was fitted with a sigmoid. As response
onset, we defined the time point when the Ca** signal level exceeded a
threshold of 1 SD below or above the baseline for bright and dark stimuli,
respectively. This response onset was used as a “reference” to determine
the following parameters. First, we analyzed how surround stimulation
modulated the cone’s Ca** baseline (Ry,,.) during a time period of 0.5 s
before response onset (Figs. 1E,, 2B, ). At this time point, the bar stimulus
was still in the cone’s surround (10 wm away from the cone’s position)
and evoked a maximal effect on the cone resting Ca** level (Fig. 1H).
Second, we analyzed how surround stimulation modulated the response
amplitude (R,,,,) with the bar stimulus inside the cone’s receptive field
center relative to R . (for details, see Figs. 1E,, 2B,).

For the receptive field measurement experiments [see protocol (d)
above], we pseudo-randomly presented a stimulus bar at several different
positions relative to the recorded cones (Fig. 2D). For each stimulus
position, the cone Ca?™ level was extracted (mean of 20 trials), plotted
against stimulus position (Fig. 2E), and fitted with a Gaussian. After
baseline subtraction, normalization, and adjustment for position of the
cone (estimated by the position of the Gaussian peak), the data were
analyzed at the population level (Fig. 2F).

For the full-field flash stimulation experiments, we also determined
Ry, (Fig. 3C), but instead of R,,,,,, we used the response area under the
trace (R,) as a measure of response size. Finally, we determined the

ally acting through modulation of VGCC
activation (for review, see Kamermans
and Fahrenfort, 2004), in the present
study, we monitored HC feedback by op-
tically recording light-evoked Ca’* sig-
nals in cone axon terminals in retinal
slices using 2P microscopy. To this end, we used the transgenic
HR2.1:TN-XL mouse line (Wei et al., 2012), in which cones se-
lectively express the Ca*™ indicator TN-XL (Mank et al., 2006;
Fig. 1A). Because transmitter release from cones was shown to
directly depend on presynaptic Ca*>* (Thoreson, 2007; Jackman
etal., 2009), this approach allows for a direct measurement of the
consequences that HC feedback has on cone output with the cone
terminal Ca®" as proxy for cone synaptic output (Thoreson,
2007; Jackman et al., 2009).

Surround stimulation modulates light-evoked Ca**
responses in individual cone axon terminals

Before pharmacologically dissecting the different hypothesized
HC feedback mechanisms, we investigated how light stimulation
in a cone’s surround affects its Ca>" response. A classical exper-
iment to study HC feedback is to stimulate a cone with light spots
of different diameters, i.e., a small spot to evoke mainly the re-
ceptive field (RF) center response and a large spot to evoke the
RF’s combined center/surround response. The effect of HC feed-
back on the cone can then be isolated by subtracting the responses
to large and small spots (Baylor et al., 1971). Here, we modified
this stimulus paradigm to allow for recording from many cones
in a slice simultaneously: We first presented a small bright bar (40
um wide) at different consecutive positions (10 wm step width)
along the slice while recording the Ca*™ signals in 5-10 cone
terminals simultaneously (Fig. 1B,C). Then this sequence was



11834 - J. Neurosci., August 27, 2014 - 34(35):11826—11843

repeated, but using a large bright bar (500 A
um wide). Our sequential approach elim- R

: . . Cone
inated the need for recording time- 8|8 Ca,
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spot with a cone. The responses to the two
bars can then be extracted for each cone
(Fig. 1D) and, after appropriate alignment BC HC
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We analyzed how large, bright stimuli D —51%
in the surround modulate the resting 180 Xk T2z T
Ca’* level (Ry,..; Fig. 1E,) and the relative T 160 baseline subtracted
amplitude of the cone response (R,,,,; Fig. _‘% w10 basaiina
1E,). We found that large, bright stimuli i /\ subtrscted
in the surround reduced R, (by 3.4 = £
0.8%, n = 24, p < 0.001) and R, (by & ® "7 7777 7" __Joaar
6.2 * 3.3%, p = 0.03; Fig. 1F), suggesting L T —51%  1s S —
that cones in our slice preparation are VR 2ol
modulated by lateral interactions that are
consistent with HC feedback. Note that ~E bright F  orignt G dark H daxk
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of the biosensor), both of which would
appear like a reduction in R,,,,, we only
pooled data of responses to low-contrast
stimuli (16 and 26% Weber contrast) and
used a brighter test stimulus (either a
contrast-increasing step, as in Fig. 1D, or
separate trials with a higher-contrast
stimulus) to verify that Ca** levels can be
further decreased (for details, see Fig. 1D legend). Next, we ana-
lyzed how increasing the contrast alters the surround effect on
Ry .- Already at 16% Weber contrast, R, was significantly re-
duced by 1.8 = 0.7% (n = 14, p = 0.02); at 72% contrast, the
highest contrast tested, Ry, was reduced by 8.1 = 1.1% (n = 23,
p < 0.001), suggesting that stimulating the HC network with
higher contrasts leads to larger feedback effects on cone Ca**
signals (Fig. 1G). The surround stimulation-induced effects on
cone resting Ca*™ level were already observed when the bar stim-
ulus was >200 wm distant from the measured cones and in-
creased further when the bar approached the cones (Fig. 1H),
suggesting that HCs with their large receptive fields are involved
in the observed effects. These data are in agreement with the
published length constant of mouse HCs (~115 wm; Shelley et
al., 2006). We confirmed that HC feedback was involved by ap-
plying CBX, a commonly used blocker for hemichannel-
mediated HC feedback (Kamermans et al., 2001). CBX
significantly reduced the surround effects on Ry, by 45% (con-
trol, —0.073 £ 0.008; CBX, —0.04 = 0.012; absolute ratio values;
n = 10; p = 0.004; Fig. 1), supporting that lateral HC feedback is
responsible for the observed surround effect.

We also asked how darker-than-background bar stimuli affect
cone Ca’" signals (Fig. 2). Small and large dark bars elicited
responses of opposite polarity compared with those during stim-
ulation with bright bars (compare Figs. 1D, 2A). In contrast to
bright bars, dark stimuli presented to the surround led to an
increase in Ry, (by 5.3 = 0.8%, n = 15, p < 0.001) and in R

Figure 6.

amp

Blocking both hemichannels and ionotropic glutamate receptors on horizontal cells modulates cone Ca® " levels and
light-evoked Ca2* responses. A, Schematic of the local circuitry between cones and HCs showing both hemichannels (blue) and
ionotropic glutamate receptors (iGluRs, light blue) at HC dendritic tips mediating ephaptic feedback. B, €, Coapplication of (BX and
the AMPA/kainate-type iGluR antagonist NBQX had similar effects on light-evoked cone Ca* signals (n = 9 cones averaged) as
(BX (compare Fig. 4). D-H, Quantification of (BX-+NBQX effects on Ry, (D), R, (E, G), and PI (F, H) for the indicated stimulus
protocols. Error bars indicate SEM. ctr, Control; R, ribbon.

(by 23.0 = 7.3%, p = 0.003; Fig. 2C). To test whether this excit-
atory surround effect resulted from summation of responses
from neighboring, gap-junctionally coupled cones rather than
from HC feedback, we measured the receptive field size of cones.
To this end, we presented a small dark bar stimulus (40 wm wide)
pseudo-randomly at different positions (offset between neigh-
boring positions, 10 wm) relative to a set of cones (Fig. 2D). The
average cone Ca”™ level was then plotted as a function of stimulus
position (Fig. 2E, F), from which we estimated an upper limit of
20 wm for the cone receptive field size (Fig. 2G; for details, see Fig.
2 legend). With an average distance of ~10 um between two
mouse cones (estimated from the cone density of 12,400 mm —2
Jeon et al., 1998), this suggests that photoreceptor coupling is
weak under our experimental conditions. Thus, the observed
long-ranging excitatory effects of the dark surround stimulation
experiments on cone Ca>" levels cannot be explained by direct
photoreceptor interactions and are likely mediated by HC:s.

In summary, presenting bright and dark stimuli in the sur-
round of a cone modulated both its baseline Ca>" level and rel-
ative response amplitude. Cone Ca®" responses were smaller
when a bright stimulus was presented to the surround, as ex-
pected for “classical” lateral inhibition and contrast enhance-
ment (for review, see Thoreson and Mangel, 2012). However,
when a dark stimulus was present in the surround, cone Ca**
responses became larger, a finding that is consistent with the
positive HC feedback recently described in different species
(mouse not tested; Jackman et al., 2011).
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Based on our bar stimulus experi-
ments, we expected that pharmacologi-
cally blocking feedback should (1)
increase Ry, because eliciting feedback
by bright stimuli (= hyperpolarizing
HCs) in the cone’s surround resulted in a
decrease of the Ca*™ level (Fig. 1); (2) in-
crease R, to bright flashes, as we observed
“lateral inhibition” for bright stimuli (Fig.
1);and (3) reduce R, to dark flashes, as we
observed “lateral excitation” for dark
stimuli (Fig. 2).

E
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dark contrast
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Ephaptic feedback modulating the VGCC
activity in cones requires conductances at
HC dendrites to effectively change the lo-
cal cone membrane potential (for review,
see Kamermans and Fahrenfort, 2004). In
fish retina, both hemichannels (~60%)
and ionotropic glutamate receptors
(iGluRs; ~40%) were proposed to con-
tribute to ephaptic feedback (Fahrenfort
etal., 2009). Fish retinal hemichannels are
formed by connexin 55.5 (Shields et al.,
2007; Klaassen et al., 2011) and Pannexinl
(Prochnow et al., 2009). In the mouse ret-
ina, the connexins that form functional

010 hemichannels in HC dendrites have not

90 ~——7 0

ctr HEPES wash ctr HEPES wash ctr HEPES wash

—— high bright contrast protocol (n=28)
—— medium bright/dark contrast protocol (n=16)
—— high dark contrast protocol (n=17)

Figure 7.

protocols. Error bars indicate SEM. ctr, Control; R, ribbon.

Pharmacological dissection of hypothesized

feedback mechanisms

For pharmacological dissection of the different hypothesized
feedback mechanisms from HCs to cones (Fig. 3A), we used full-
field flash protocols. Whereas the three stimulation protocols
(Fig. 3B) had slightly different background levels, the differences
were within a single log unit, and thus we assumed similar retinal
adaptation states (for details, see Materials and Methods and Ta-
ble 1). The responses to the full-field flashes (~2 mm in diame-
ter) are expected to contain a combination of the cone RF center
and surround component, the latter mediated by HC feedback.
To dissect the feedback that modulates cone Ca**, we blocked,
selectively or in combination, the three proposed feedback mech-
anisms (hemichannel mediated, pH mediated, and GABAergic),
or modulated HC activity in general. We analyzed the pharma-
cological effects on R, . on the response area under the trace R,
(Fig. 3C) and, in addition, on the PI (see Materials and Methods)
to capture the ratio between transient and sustained response
components (Fig. 3D).

[ T
ctr HEPES wash

Clamping pH in the synaptic cleft has contrast-dependent effects on cone Ca2* signals. A, Schematic of the local
circuitry between cones and HCs illustrating that the activity of voltage-gated calcium channels (orange) in the cone terminal
depends on the pH in the synaptic cleft. B—E, Effect of the pH buffer HEPES on the cone Ca 2™ signal for the high bright contrast (B;
average of n = 28 cones), the medium bright/dark contrast (C, D; average of n = 16 cones), and the high dark contrast protocol
(E; average of n = 17 cones). F-J, Quantification of HEPES effects on Ry ,.. (F), R, (G, /), and PI (H, J) for the indicated stimulus

yet been identified (Deans and Paul, 2001;
Janssen-Bienhold et al., 2009). Recently, it
was reported that Pannexinl1 is also pres-
ent at mouse HC dendritic tips and thus
represents a promising hemichannel can-
didate (Kranz et al., 2013). Like fish HCs,
mouse HCs express iGluRs (Schubert et
al., 2006; Stroh et al., 2013) that could
contribute to ephaptic feedback.

To investigate whether hemichannel-
mediated (ephaptic) feedback (Fig. 4A)
plays a role in the mouse retina, we used
CBX (Kamermans et al., 2001), which blocks both connexin- and
pannexin-formed hemichannels (Bruzzone et al., 2005). Appli-
cation of CBX affected the light-evoked cone Ca®" signals in
several ways: (1) Ry, increased significantly (Fig. 4B—H; for sta-
tistics, see Table 2); (2) R, increased for bright flashes (Fig. 4 D, I)
but remained unchanged for dark flashes (Fig. 4G,K); and (3) the
PI for dark flash-evoked responses decreased (Fig. 4 F, L) but re-
mained unchanged for bright flashes (Fig. 4]). Because CBX (a
glycyrrhetinic acid derivative) does not only block hemichannels
but may have unspecific side effects, we also tested two addi-
tional, structurally different blockers: MFA (a flufenamic acid
derivative) to block connexin-formed hemichannels (Pan et al.,
2007) and PBC to selectively block Pannexinl-formed hemi-
channels (Silverman et al., 2008; Vroman et al., 2014). The rea-
soning was that if the observed CBX effect was dominated by
unspecific action not related to blocking hemichannels, then the
other two drugs, MFA and PBC, which have different side effects
[i.e.,on GABA, receptors (Smith etal.,2004) and TRPV channels
(Bang et al., 2007), respectively], should affect the Ca*" signals

ctr HEPES wash
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Table 3. Pharmacology to test the pH-mediated feedback hypothesis

Kemmler et al. o Horizontal Cell Feedback in Mouse Retina

Number of mice/slices/cells Control Drug Wash
HEPES, bath application
Bright responses (95% contrast)
Normalized R, . 4/9/28 1.0 1.076 = 0.020** 1.035 £ 0.023
Normalized R, 4/9/28 1.0 1.158 = 0.059* 0.875 £ 0.058**
Pl 4/9/28 0.043 = 0.008 0.067 = 0.009 0.071 = 0.010*
Bright responses (51% contrast)
Normalized Ry, 2/8/16 1.0 0.992 £ 0.018 1.007 = 0.030
Normalized R,, 2/8/16 1.0 0.729 = 0.097** 0.774 = 0.159**
Pl 2/8/16 0.080 = 0.013 0.107 = 0.031 0.144 = 0.023*
Dark responses (—23% contrast)
Normalized R,, 2/8/16 1.0 0.935 = 0.064 0.865 = 0.075
Pl 2/8/16 0.322 = 0.051 0.165 = 0.026* 0.222 = 0.038
Dark responses (—39% contrast)
Normalized Ry, ., 3317 10 0.988 = 0.007 1.017 + 0.014
Normalized R,, 3317 1.0 0.991 = 0.098 0.974 = 0.056
Pl 313117 0.207 = 0.035 0.161 + 0.028 0.305 = 0.044*
HEPES, puff application
Dark responses (—39% contrast)
Normalized Ry, 3/3/24 1.0 1.021 £ 0.011 1.028 * 0.015*
Normalized R,, 3/3/24 1.0 0.996 = 0.047 0.977 = 0.047
Pl 3/3/24 0.241 = 0.027 0.182 = 0.024** 0.169 = 0.020**
Tris, puff application
Dark responses (—39% contrast)
Normalized R, . 1/2/13 1.0 1.008 == 0.008 1.008 = 0.010
Normalized R, 172113 1.0 1.037 = 0.070 1.060 = 0.048
Pl 1/2/13 0.196 = 0.054 0.158 = 0.054 (p = 0.08) 0.202 = 0.057

Ryase and R, are normalized to 1in the control condition. Results are presented as mean = SEM. Statistical significance is indicated as *p << 0.05, **p << 0.01, and ***p < 0.001 [control vs drug or washout (Wash) conditions].

differently. We found similar results with all three drugs (Fig.
4 M, N; Table 2), suggesting that the observed effect was indeed
very likely caused by blocking hemichannels.

These results suggest that hemichannel-mediated feedback
acts on different aspects of cone terminal Ca*": it adjusts the
basal Ca** level and modulates the bright and dark flash-evoked
responses differentially. That the response size is only affected for
bright flashes suggests that the effect of hemichannel-mediated
feedback on the Ca** signal strongly depends on contrast polar-
ity. Finally, our results indicate that hemichannel-mediated feed-
back renders the dark flash-evoked Ca’* responses more
transient.

To further corroborate the presence of hemichannel-
mediated feedback in the mouse retina, in particular because
CBX was reported to have unspecific effects on HC light re-
sponses (Vessey et al., 2004), we applied cobalt, which was also
shown to block hemichannels (Fahrenfort et al., 2004), but with-
out significantly affecting HC light responses (Thoreson and
Burkhardt, 1990; Vigh and Witkovsky, 1999). At a concentration
of 100 uM, cobalt reduced R, (Fig. 5SA-C) and R, for both
bright and dark flashes (Fig. 5D, F), which was probably attrib-
utable to cobalt directly inhibiting VGCCs (Corey et al., 1984; Liu
etal.,, 2013). When the cobalt concentration decreased during the
first 30 s of washout, both R, (Fig. 5C) and R, increased for
bright flashes (Fig. 5D) compared with the precobalt control,
reminiscent of the CBX condition (Fig. 4, compare H, I). A pos-
sible interpretation of these results is that at lower cobalt concen-
trations, the blocking effect on hemichannels outweighs the
direct inhibition of VGCCs, in line with a recent study showing
that cobalt concentrations lower than 100 um increase Ca*" sig-
nals in rat photoreceptors (Liu et al., 2013). It is unlikely that the
CBX-like effect caused by the low cobalt is caused by inhibition of
GABA, receptors in the outer retina (Kaneko and Tachibana,
1986), because GABA receptor blockers did not affect cone

Ca’" responses under our conditions (see below). Why the PI did
not change significantly with low cobalt remained unclear (Fig.
5E,G).

Blocking hemichannels increased the basal Ca*" level in
mouse cones, a finding that is in contrast to studies in fish cones.
In the fish retina, under resting conditions, the current through
hemichannels leads to a voltage drop in the synaptic cleft, thus
leading to alocal depolarization of the cone axon terminal and an
increase in Ca?" level (Kamermans and Fahrenfort, 2004).
Blocking hemichannels should reduce this voltage drop, thereby
hyperpolarizing the cone axon terminal. Consequently, the result
would be a decrease in basal Ca®" level and not an increase as
observed in our experiments. To test whether a current through
iGluRs is related to the unexpected effect of CBX on R, ,,. ob-
served in mouse cones, we blocked iGluRs with NBQX and co-
applied CBX (Fig. 6A). However, as for CBX alone, blocking both
hemichannels and iGluRs resulted in an increase in R, (Fig.
6B-D) and in R, to bright flashes (Fig. 6E), whereas R, to dark
flashes did not change (Fig. 6G); moreover, there was no effect on
PI (Fig. 6 F,H). The effects of NBQX and CBX on R, were
apparently additive: R, for CBX alone (1.29 = 0.03, n = 14)
was significantly smaller (p = 0.049) than for CBX and NBQX
together (1.43 * 0.05, n = 9), arguing against substantial side
effects of CBX on iGluRs in HCs (Tovar et al., 2009). Moreover,
the finding that NBQX adds to the CBX effect on R, argues
against the possibility that CBX abolished HC light responses
by strongly hyperpolarizing HCs (Kamermans et al., 2001;
Vessey et al., 2004) because of the lack of cation influx through
hemichannels. Notably, our findings that PBC caused similar
effects as CBX (Fig. 4 M, N) supports this conclusion because
PBC selectively blocks Pannexinl-formed hemichannels (Sil-
verman et al., 2008) and leaves current flow through
connexin-formed hemichannels intact, leading to a weaker
HC hyperpolarization.
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experiments. It is unlikely that uncou-
pling of the HC network by CBX affects
feedback substantially because the
pannexin-selective blocker PBC (Silver-
man et al., 2008), which is expected to

leave the connexin-coupled horizontal
cell network (Shelley et al., 2006) intact,
had similar effects as CBX (Fig. 4M,N).
Thus, the increase in Ry, after blocking
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hemichannels in the mouse retina cannot
be explained by uncoupling of the rod-
cone or HC networks or a change in cur-
rent through iGluRs. In fact, that CBX
increased Ry, with full-field flashes is
consistent with our surround stimulation
experiments (Fig. 1), where the reduction
in Ry, by light in the surround is coun-
teracted by CBX.

In summary, blocking hemichannels
in the mouse retina resulted in an increase
in cone Ca*" level and larger bright flash-
evoked responses, whereas in the case of
dark flash-evoked responses, mainly the ki-
netics (and less the size) was affected. Note
that the demonstration of a hemichannel-
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The CBX-induced increase in the basal cone Ca*™ level might
also be caused by uncoupling of the gap-junctionally coupled
photoreceptor and/or horizontal cell network. To test the possi-
bility that the CBX-induced increase in Ry,,,. was caused by dis-
rupting the gap-junctionally coupled rod-cone network
(Tsukamoto et al., 2001), we reduced photoreceptor coupling by
applying the dopamine receptor 4 (DR4) agonist PD168077 for
=1h(Lietal,2013) and then applied CBX. In the presence of the
DR4 agonist, the CBX-induced increase in Ry, was comparable
to the CBX-only condition ( p = 0.89; control, n = 29; PD168077,
n = 6; Table 2), suggesting that the coupling state of the rod-cone
network has no detectable effect on cone Ca** signals in our

AL AL

signals. 4, Schematic of the local circuitry between cones and HCs showing HCs releasing
* responses to repetitive high bright contrast stimulation before, during, and after
signals for different time windows (as indicated by the boxes). (-,
Quantification of GABA effects on R ... (), R, (D), and PI (E) for bright contrast-evoked responses. F—1, Same experiment asin B—E

since hemichannels may also modulate
cone voltage via chemical (proton-
mediated) pathways (Vroman et al,
2014). Nevertheless, an ephaptic feedback
mechanism through connexin- and/or
pannexin-formed hemichannels may be
the most likely explanation for our results.

pH-mediated feedback modulates light-
evoked Ca’* signals in cone axon
terminals in a contrast-dependent way
To test the pH-mediated feedback hy-
pothesis (Fig. 7A), we buffered pH
changes in the synaptic cleft with HEPES
(Hirasawa and Kaneko, 2003; Vessey et
al., 2005; Fahrenfort et al., 2009). Except
for the stimulus protocol with the lowest
background intensity (high bright con-
trast; Fig. 7B,F), HEPES did not affect
Ry (Fig. 7C—F; for statistics, see Table 3).
For bright flashes, HEPES had differential
effects on R, depending on the stimulus
contrast: responses to high-contrast bright flashes increased (Fig.
7B, G), whereas responses to medium-contrast bright flashes de-
creased (Fig. 7C,G). HEPES did not affect PI of bright flash-
evoked responses (Fig. 7H). These findings point at different
roles for pH-mediated feedback in shaping cone responses to
bright flashes: attenuation for high-contrast stimuli and amplifi-
cation for low-contrast stimuli. For dark responses, HEPES did
not significantly change R, (Fig. 7I) but affected the response
kinetics by decreasing the PI (Fig. 7]). Because HEPES has an
aminosulfonate moiety that inhibits hemichannels at high con-
centrations (Bevans and Harris, 1999; Fahrenfort et al., 2009) as
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Table 4. Pharmacology to test the GABAergic feedback hypothesis

Kemmler et al. o Horizontal Cell Feedback in Mouse Retina

Number of mice/slices/cells Control Drug Wash
GABA, puff application
Bright responses (95% contrast)
Normalized R, . 1/2/19 1.0 1.039 = 0.008*** 1.051 = 0.017*
Normalized R,, 1/2/19 1.0 1.057 % 0.022* 0.978 =+ 0.030
Pl 1/2/19 0.045 = 0.006 0.046 = 0.009 0.048 = 0.006
Dark responses (—39% contrast)
Normalized Ry, 1/2/19 1.0 1.043 = 0.012%** 1.017 = 0.015
Normalized R,, 1/2/19 1.0 1.187 = 0.046*** 0.967 = 0.046
Pl 1/2/19 0.110 + 0.022 0.082 = 0.020 0.123 £ 0.025
Gz + TPMPA, bath application
Bright responses (95% contrast)
Normalized R, . 2/4/19 1.0 0.992 + 0.021 0.974 + 0.029
Normalized R, 2/4/19 1.0 1.005 = 0.070 0.908 = 0.057
Pl 2/4/19 0.040 = 0.008 0.047 = 0.005 0.053 = 0.007
Dark responses (—39% contrast)
Normalized Ry, 4/5110 1.0 1.013 £ 0.016 0.991 + 0.019
Normalized R,, 4/5/10 1.0 0.933 = 0.086 0.852 = 0.084
Pl 4/5/10 0.131 £ 0.040 0.090 = 0.044 0.141 £ 0.042

Roase and Ry are normalized to 11n the control condition. Results are presented as mean == SEM. Statistical significance is indicated as *p < 0.05, **p < 0.01, and ***p << 0.001 [control vs drug or washout (Wash) conditions .

were used for bath application (20 mm), we also puff applied
HEPES. Here, the effective HEPES concentration at the cells is at
least four times lower (see Materials and Methods). In addition to
HEPES, we also tested the pH buffer Tris that lacks the aforemen-
tioned aminosulfonate moiety. For both puff-applied HEPES
and Tris, we confirmed the results yielded with bath-applied
HEPES (Table 3), arguing against substantial inhibition of hemi-
channels by HEPES.

In summary, clamping pH had contrast-dependent effects on
bright flash-evoked responses and affected the kinetics of dark
flash-evoked responses. Clamping pH did not have consistent
effects on Ry, In contrast to the drugs that affected
hemichannel-mediated feedback, which consistently increased
Rbase'

GABAergic transmission indirectly modulates cone output

In the OPL, GABA may be released by HCs, which are considered
GABAergic in mice (Schubert et al., 2010; Deniz et al., 2011;
Herrmann et al., 2011), and by interplexiform cells (Dedek et al.,
2009). To study the effect of GABA on cone Ca’* signals (Fig.
8A), we puffed GABA onto the OPL while presenting light flashes
(Fig. 8 B,F). Application of GABA led to a small but significant
increase in Ry . (Fig. 8C,G; for statistics, see Table 4) and R, (Fig.
8D, H) for both bright and dark flash responses; PI, however, was
not changed (Fig. 8 E,I). The increase in Ry, and R, is in con-
trast to what is expected from the classical hypothesis of inhibi-
tory GABAergic feedback mediated by GABA receptors expressed
on photoreceptors (Wu, 1986). Nevertheless, in light of a recent
study by Liu et al. (2013), our data suggest a more complex role
for GABA in the outer mouse retina: GABA is unlikely acting
directly at the cone terminal, but instead may modulate cone
output by controlling other feedback mechanisms.

To determine which cell types in the outer mouse retina ex-
press ionotropic GABA receptors and, therefore, may receive
GABAergic input, we used electron microscopy (Fig. 94, B). In
previous studies, the a1 subunit (but not a2 or &3 subunits) of
the GABA, receptor (Haverkamp and Wissle, 2000) and p sub-
units of GABA(. receptors (Enz et al., 1996) were found to be
present in the rodent OPL. Our electron microscopy data show
that none of the examined mouse cone terminals (n = 73) ex-
pressed either of these GABA receptor subunits (Fig. 94, B), but

we detected GABA receptors on the dendrites of cells postsynap-
tic to cones (HCs and ON-cone bipolar cells), as expected from
functional studies (Feigenspan and Weiler, 2004; Duebel et al.,
2006). The lack of GABA receptors on cone terminals but their
presence on HCs in the mouse is consistent with our functional
data: it argues against a direct inhibitory GABAergic feedback
pathway acting at the cone terminal and supports the hypothesis
of GABA autoreception-mediated effects on HCs (Liu et al.,
2013). It is noteworthy that the GABA, and GABA. receptor
antagonists Gz and TPMPA, respectively, did not affect R, and
Ry, (Fig. 9C-H), which may point at a lack of endogenous
GABA in the sliced retina.

Together, GABAergic transmission appears to contribute to
modulating cone output in the mouse retina, however, rather
through indirect action (possibly autoreception in HCs) and not
directly via ionotropic GABA receptors on cone terminals.

Local and global pharmacological manipulation of HC
activity affect cone Ca’* levels differently

All three feedback mechanisms from HCs to cones can be simul-
taneously affected by clamping the input of HCs via AMPA/
kainate-type glutamate receptors (Schubert et al., 2006; Stroh et
al., 2013) either with antagonists (NBQX) or agonists (AMPA/
kainate). Hyperpolarization of HCs by bath application of NBQX
strongly increased Ry, (Fig. 10A—C), whereas depolarizing HCs
with AMPA/kainate tended to reduce R,,,. (Fig. 10D, E). Both
effects were consistent over the whole light stimulation range
used. We then measured the effects of NBQX and AMPA/kainate
on the bright flash-evoked cone Ca*" responses and found the
same effects on Ry .. (Fig. 10F, G, L J; for statistics, see Table 5) as
with the intensity ramp protocol (Fig. 10A—E). In addition, al-
though NBQX had no effect on R, (Fig. 10F,H ), AMPA/kainate
decreased R, (Fig. 10L,K).

The effects of blocking glutamatergic input to HCs (by bath
application) appear to be in conflict with our surround stimula-
tion data, where hyperpolarizing HCs (by presenting bright stim-
uli in the surround; Fig. 1) and depolarizing HCs (by presenting
dark stimuli in the surround; Fig. 2) decreased and increased
Ryaser respectively. However, when we puffed AMPA/kainate
onto the recorded cones, locally “bathing” a tissue area of ~100
pm in width, we found R, to increase, which is the opposite
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effect compared with (global) bath application (Fig. 10L, M vs
I,]) but consistent with the effect of presenting a dark stimulus in
the surround (Fig. 2). The differential effects of local and global
application are reminiscent of the findings by Jackman et al.
(2011) in that HC feedback on cones appears to depend on the
spatial scale of stimulation: local activation of HCs predomi-
nantly triggered (spatially restricted) positive feedback, whereas
global HC activation strengthened the contribution of (laterally
operating) negative feedback (see Discussion).

Discussion

Here, we present the first study that directly compares different
HC feedback mechanisms in the mouse retina. We provide evi-
dence that cone output is dominantly regulated by hemichannel-
mediated (putative ephaptic) and pH-mediated feedback and
that these two mechanisms modulate different aspects of the cone

Cone axon terminals do not express ionotropic GABA receptors. 4, B, Electron microscopy images showing immuno-
labeling for the aTsubunit of GABA, receptors (A) and p subunits of GABA, receptors (B) at cone ribbon synapses. Left, Inmuno-
labeling without antibodies as control (ctr). Middle left, GABA receptor labeling. Middle right, magnified ribbon synapse region.
Right, GABA receptors on ON-bipolar cell/HC dendrites (green, cone pedicle; purple, postsynaptic ON-bipolar cells/HCs; asterisks,
HC dendrites; arrows point at GABA receptor labeling on dendrites of postsynaptic cells; R, ribbon). Scale bars: left, 500 nm; right,
200 nm. €, F, Coapplication of the GABA receptor antagonists Gz and TPMPA did not affect cone Ca® ™ responses to bright (C;n =
19 cones averaged) or dark (F; n = 10 cones averaged) stimuli. D, E, G, H, Quantification of Gz+ TPMPA effects on R, ..., (D, G) and

J. Neurosci., August 27, 2014 - 34(35):11826 11843 + 11839

Ca’* response. Hemichannel-mediated
feedback modulates the cone resting Ca**
level, the response size to bright flashes, as
well as the response kinetics to dark
flashes. In contrast, pH-mediated feed-
back does not affect the cone resting Ca**
level but modulates, as the putative ep-
haptic pathway, the response size to bright
flashes and the response kinetics to dark
flashes. GABA also modulates cone out-
put, but the observed effect is inconsistent
with direct GABAergic inhibition at cone
terminals as proposed previously (Wu,
1986). Instead, GABA appears to affect the
other two feedback pathways, possibly via
GABA autoreceptors on HCs (Liu et al,,
2013).

Is feedback from HCs to cones
inhibitory or excitatory?

200 Conceptually, HC feedback is thought of

as inhibitory (Baylor et al., 1971). How-
ever, recently, evidence for excitatory HC
feedback was presented (VanLeeuwen et
al., 2009; Jackman et al., 2011). Like the
classical inhibitory feedback, this excit-
atory feedback relies on glutamatergic
transmission from cones to HCs, but it
acts on a more local scale (Jackman et al.,
2011). Jackman et al. (2011) proposed

]
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200 that such excitatory feedback could pre-

serve signal strength by counteracting the
degradational effects of the negative feed-
back. Here, we asked whether in the
mouse retina both inhibitory and excit-
atory effects of HC feedback on cone
Ca’" signals could be observed. To this
end, we first analyzed the effects of pre-
senting bright or dark stimuli in a cone’s
RF surround on its Ca** responses: the
cone Ca*" responses were reduced by
morelight but increased by less light in the
surround. From this we hypothesized that
the effects of HC feedback are inhibitory
for bright stimuli and excitatory for dark
stimuli, in line with the earlier observations
that (1) the effects of (inhibitory) HC feed-
back decrease substantially at more depolar-
ized cone membrane potentials (Verweij et al, 1996) and (2)
depolarizing HCs have excitatory effects on cone Ca*" levels (Jack-
man et al.,, 2011).

In the second part, we aimed at dissecting the different hy-
pothesized HC feedback mechanisms using full-field stimuli. We
showed that drugs blocking hemichannel- and pH-mediated
feedback increased the size of cone Ca*" responses to bright
flashes, pointing at inhibitory effects of HC feedback for light
presented to the surround, as expected from the surround-only
stimulation experiments. For dark flashes, however, most of
these drugs mainly affected the kinetics (PI) and had no effect on
the size of cone Ca’" responses. Thus, the excitatory effect of HC
feedback on cone Ca®" levels observed when presenting dark
stimuli in a cone’s surround may be mediated by a feedback
mechanism that is little affected by the drugs used in this study.
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Notably, also Jackman et al. (2011) failed
to unanimously identify the underlying
mechanism of the positive feedback in
their study. Nevertheless, our data con-
firm their finding that the excitatory HC
feedback works on a more local scale:
pharmacologically, we observed excit-
atory effects only when depolarizing HCs
with local puff application of AMPA/kai-
nate, but not with global bath application.

Hemichannel-mediated (ephaptic) and
pH-mediated feedback regulate
different aspects of cone

synaptic output

Our pharmacological data suggest that
both hemichannel-mediated (ephaptic)
and pH-mediated feedback are functional
in the mouse retina. Blocking hemichan-
nels/iGluRs and clamping pH in the syn-
aptic cleft resulted in some common but
also some substantially different effects on
light-evoked cone Ca*™ signals. Together
with previous studies (for review, see
Thoreson and Mangel, 2012), our data in-
dicate that both mechanisms may repre-
sent two sides of a complex feedback
system that ensures reliable information
transfer from cones to bipolar cells.

We propose that hemichannel-mediated
(putative ephaptic) feedback is involved in
controlling the cone terminal’s resting
Ca’™" as presenting light in a cone’s RF
surround reduced the Ca?™ level, an effect
that was attenuated by hemichannel
blockers. Also with full-field stimulation,
blocking hemichannels increased the cone
resting Ca’" level. In contrast, blocking
pH-mediated feedback did not have con-
sistent effects on the cone resting Ca*"
level. We think that the observed CBX ef-
fects on the cone Ca*™ level reflect mod-
ulation of putative ephaptic feedback,
because (1) we could exclude other po-
tential routes of CBX action, such as the
disruption of the gap-junctionally cou-
pled rod-cone network (Tsukamoto et
al., 2001) or the direct or indirect mod-
ulation of iGluR-mediated currents; (2)
different drugs targeting hemichannels
or subtypes thereof (low cobalt, MFA,
PBC) had very similar effects as CBX;
and (3) CBX increased Ca*™ levels, ar-
guing against an unspecific inhibitory
effect on VGCCs (Vessey et al., 2004).
Moreover, CBX also increased the

bright flash-evoked responses in cones, consistent with block-
ing inhibitory feedback (Kamermans et al., 2001). Function-
ally, hemichannel-mediated (ephaptic) feedback may be
important for setting the gain of cone excitability, and thus
keeping the cones responsive at different background light

adaptation states.
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Figure 10.  Clamping synaptic input to HCs modulates cone Ca** signals depending on the spatial scale of drug application.
A—(, Effect of the AMPA/kainate-type GluR antagonist NBQX on cone (a 2% Jevel (n = 12 cones averaged) before (ctr, black) and
during (orange) NBQX application while presenting an intensity ramp stimulus. The first part of the averaged response (black)
fitted with a sigmoid (red; B) and corresponding fits of control (ctr, black) and NBQX (orange) traces, with 95% confident intervals
(). D, Effect of agonists AMPA/kainate on cone Ca®* level (n = 21 cones averaged) before (ctr, black) and during (blue)
AMPA/kainate application while presenting an intensity ramp stimulus. £, Analyses analog to Band C. F, Cone (a2 responses to
the high bright contrast stimulus (n = 18 cones averaged) before (ctr, black) and during (orange) bath application of NBQX stimuli.
G, H, Quantification of NBQX effect (bath application) on R, . () and R, (H). I, Cone Ca 2+ responses to the high bright contrast
stimulus (n = 21 cones averaged) before (ctr, black) and during (blue) bath application of AMPA/kainate. J, K, Quantification of
AMPA/kainate effect (bath application) on Ry .. (/) and R, (K). L, Puffing AMPA/kainate locally onto photoreceptor terminals
increased cone Ca* " level (n = 14 cones; boxes indicate time windows for calculating Ca* levels for control, AMPA/kainate, and
washout conditions; no light flashes were applied, but the background light level was the same as for /). M, Quantification of
AMPA/kainate effect (local puff) on cone Ca* level. Error bars indicate SEM.

In comparison, the effects of pH-mediated feedback were
much more diverse and strongly depended on the stimulus pro-
tocol: for instance, when high-contrast bright flashes were pre-
sented, the cone Ca** response increased in the presence of
HEPES, pointing at “conventional” inhibitory pH-mediated
feedback, whereas with lower-contrast bright flashes, the cone
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Table 5. Pharmacology to manipulate the activity state of HCs
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Number of mice/slices/cells Control Drug Wash
NBQX, bath application
Bright responses (95% contrast)
Normalized R, . 2/5/18 1.0 1.143 = 0.031%** 1.039 = 0.047
Normalized R, 2/5118 1.0 1.080 = 0.069 0.892 =+ 0.050
Pl 2/5/18 0.031 = 0.006 0.043 = 0.008 0.054 = 0.011
AMPA + kainate, bath application
Bright responses (95% contrast)
Normalized Ry .., 27121 1.0 0.955 * 0.014% 0.971 = 0.015
Normalized R,, 211 1.0 0.758 = 0.052%** 0.784 = 0.048***
Pl 217N 0.027 = 0.005 0.027 = 0.005 0.028 =+ 0.004

Ryase and Ry are normalized to 1in the control condition. Results are presented as mean == SEM. Statistical significance is indicated as *p << 0.05, **p << 0.01, and ***p < 0.001 [control vs drug or washout (Wash) conditions].

Ca** response decreased in the presence of HEPES, indicative of
excitatory feedback. This suggests that pH-mediated feedback
results in a “compression” of the cones’ response range to bright
flashes: high contrasts attenuate, whereas low contrasts accentu-
ate the responses. The pH of the synaptic cleft is controlled by a
large number of pH-regulating mechanisms, including H *- or
HCOj5 -permeable channels and exchangers, the activity of which
strongly depends on the HC membrane potential (for review, see
Chesler, 2003). Therefore, depending on the stimulus contrast,
one or the other pH-regulating mechanisms may dominate, po-
tentially resulting in net pH changes of different polarity for
lower and higher contrast and leading to the respective (opposite)
effects on the cone Ca** responses.

Together, we suggest that in the mouse retina, both
hemichannel-mediated (ephaptic) and pH-mediated feedback
may act together and form a complex feedback system: (1) the
putative ephaptic feedback sets the cone’s output gain by adjust-
ing the cone resting Ca>™ level, thereby adapting the cone output
to the overall background light intensity; (2) the pH-mediated
feedback compresses the cone output depending on the light
stimulus contrast, possibly to maintain the cone response within
its dynamic range; and (3) interestingly, both mechanisms appear
to also affect the kinetics of the cones’ dark response.

What role does GABA play in the outer mouse retina?

The first hypothesis forwarded about HC feedback involved a
direct GABAergic pathway in the salamander retina (Wu, 1986):
GABA released by HCs inhibits cones via GABA receptors on
their pedicles. Over the years and, in particular, recently (Ende-
man et al., 2012; Liu et al., 2013), our view of the role of GABA in
HC feedback became more differentiated. The data presented
here confirm that GABAergic transmission plays a role in mod-
ulating cone output signals, but not via the classical pathway: no
ionotropic GABA receptors were detected on cone terminals, and
GABA receptor blockers did not affect the cone light response,
arguing against a direct action of GABA at cone terminals. Yet,
application of GABA resulted in larger cone light responses. How
can this GABA effect be explained? One possibility is that GABA
acts on HCs, which have been functionally shown to express
GABA, receptors (Feigenspan and Weiler, 2004), thereby in-
creasing the HC membrane conductance and shunting of the
cation current flow through hemichannels (Endeman et al.,
2012). This way, GABA would reduce ephaptic feedback, result-
ing in an elevated cone Ca*™ level and larger light-evoked Ca**
signals, similar to what we observed in our CBX experiments.
Alternatively, GABA-activating autoreceptors on HCs could also
affect the pH-mediated feedback mechanism, as recently pro-
posed by Liu et al. (2013): GABA receptors are permeable for
both Cl~ and bicarbonate (Bormann et al., 1987; Kaila et al.,

1993; Liu et al., 2013), and release of GABA by HCs and opening
of GABA autoreceptors induces an outflow of bicarbonate from
HCs into the synaptic cleft, when the membrane potential is more
negative than the equilibrium potential for bicarbonate (at phys-
iological pH usually ~0 mV; Dallwig et al., 1999). Synaptic cleft
alkalinization by bicarbonate increases the activity of cone
VGCCs and disinhibits cones (Liu et al., 2013). Because the HC
membrane potential is expected to be negative, it is therefore
conceivable that GABA receptor activation increases VGCC ac-
tivity via the aforementioned pathway. However, since direction
and strength of the bicarbonate current critically depend on both
the bicarbonate reversal potential and the HC’s polarization
state, it is difficult to ultimately ascribe our GABA findings to the
pathway proposed by Liu et al. (2013) or, alternatively, to a
shunting effect (Endeman et al., 2012).

Together, in the mouse retina, GABAergic transmission likely
modulates hemichannel-mediated (ephaptic) and/or pH-mediated
feedback rather than providing direct feedback to cones.
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