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Modulation of Extracellular Proton Fluxes from Retinal Horizontal Cells
of the Catfish by Depolarization and Glutamate

Matthew A. Kreitzer,! Leon P. Collis,? Anthony J.A. Molina,3* Peter J.S. Smith,?
and Robert Paul Malchow?>¢

'Department of Biology, Indiana Wesleyan University, Marion, IN 46953

2BioCurrents Research Center, Program in Molecular Physiology, Marine Biological Laboratory, Woods Hole, MA 02543

3Department of Pharmacology and Experimental Therapeutics, Tufts University School of Medicine, Boston, MA 02111

4Obesity Research Center, Evans Department of Medicine, Boston University School of Medicine, Boston, MA 02111

SDepartment of Biological Sciences and Department of Ophthalmology and Visual Sciences, University of lllinois at Chicago,
IL 60607

¢Division of Integrative Organismal Systems, National Science Foundation, Arlington, VA 22230

Self-referencing H*-selective microelectrodes were used to measure extracellular proton fluxes from cone-driven
horizontal cells isolated from the retina of the catfish (fctalurus punctatus). The neurotransmitter glutamate
induced an alkalinization of the area adjacent to the external face of the cell membrane. The effect of glutamate
occurred regardless of whether the external solution was buffered with 1 mM HEPES, 3 mM phosphate, or 24 mM
bicarbonate. The AMPA/kainate receptor agonist kainate and the NMDA receptor agonist N-methyl-p-aspartate
both mimicked the effect of glutamate. The effect of kainate on proton flux was inhibited by the AMPA/kainate
receptor blocker CNQX, and the effect of NMDA was abolished by the NMDA receptor antagonist DAP-5. Metabo-
tropic glutamate receptor agonists produced no alteration in proton fluxes from horizontal cells. Depolarization
of cells either by increasing extracellular potassium or directly by voltage clamp also produced an alkalinization
adjacent to the cell membrane. The effects of depolarization on proton flux were blocked by 10 uM nifedipine, an
inhibitor of L-type calcium channels. The plasmalemma Ca?*/H* ATPase (PMCA) blocker 5(6)-carboxyeosin also
significantly reduced proton flux modulation by glutamate. Our results are consistent with the hypothesis that
glutamate-induced extracellular alkalinizations arise from activation of the PMCA pump following increased intra-
cellular calcium entry into cells. This process might help to relieve suppression of photoreceptor neurotransmitter
release that results from exocytosed protons from photoreceptor synaptic terminals. Our findings argue strongly
against the hypothesis that protons released by horizontal cells act as the inhibitory feedback neurotransmitter that

creates the surround portion of the receptive fields of retinal neurons.

INTRODUCTION

Signals generated within vertebrate photoreceptors are
passed to second order neurons within the outer plexi-
form layer, where the synaptic terminals of the photo-
receptors make contacts with horizontal and bipolar cells
(Kolb et al., 2001). It is at this level of the retina that
visual signals are transformed into the classic center-
surround receptive fields characteristic of retinal neurons
(Werblin and Dowling, 1969).

Debate persists as to the molecular mechanisms used
within the outer plexiform layer to establish the sur-
round portion of these receptive fields. One hypothesis
currently under consideration suggests that protons may
be the key agents involved in the establishment of lateral
inhibition in the outer retina. A lynchpin underlying
this hypothesis is the remarkable sensitivity of synap-
tic transmission within the outer retina to small changes
in extracellular pH. Kleinschmidt (1991) demonstrated
that altering the extracellular solution from a pH of 7.8
to 7.5 resulted in a suppression of the light-induced
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signal in second order neurons by nearly two thirds,
and reducing the external pH to 7.2 virtually abolished
synaptic transmission. A high sensitivity of retinal sig-
nals to changes in extracellular pH was also reported by
Barnes et al. (1993) and Harsanyi and Mangel (1993).
Barnes and coworkers provided strong evidence that
this modulation was due to the high sensitivity of photo-
receptor calcium channels to extracellular hydrogen ions.
Increases in the extracellular concentration of hydro-
gen ions (H™) shift the voltage-activation curve of the
calcium conductance of photoreceptors to more de-
polarized levels and also reduce the absolute magnitude
of the calcium conductance, leading to a decrease in
calcium-dependent neurotransmitter release from these
cells. Thus, one plausible mechanism by which horizontal
cells could induce tonic inhibition of photoreceptors in the
dark would be by increasing the extracellular concen-
tration of protons, acidifying the extracellular milieu,

Abbreviations used in this paper: DAP-5, 2-amino-5-phosphonovaleric
acid; PMCA, plasmalemma Ca*"/H* ATPase.
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which would act to close calcium channels in the photo-
receptor synaptic terminals and inhibit neurotrans-
mitter release.

Recent work by Hirasawa and Kaneko (2003), Vessey
etal. (2005), and Cadetti and Thoreson (2006) has lent
additional support to the H* hypothesis of lateral inhi-
bition. Using the retina of the newt, Hirasawa and Kaneko
(2003) reported that enriching the pH-buffering capac-
ity of the extracellular solution reduced inhibition as
defined by shifts in the voltage dependence of calcium
currents of photoreceptors. Vessey et al. (2005) reported
that high levels of the pH buffer HEPES reduced both
rollback and the depolarization to red light of the elec-
trical responses of goldfish horizontal cells, features which
have been attributed to feedback from horizontal cells
to the photoreceptors. Cadetti and Thoreson (2006)
found that direct hyperpolarization of tiger salamander
horizontal cells induced a shift of the calcium current of
cones to more negative voltages and increased its ampli-
tude, and further noted that both effects were abolished
by enhancing the extracellular pH buffering capacity with
high concentrations of HEPES.

Should the H* hypothesis of lateral feedback inhibi-
tion prove to be correct, it could significantly alter our
view of how neuronal receptive fields are established in
the retina, and by extension to the processing of inhibi-
tory signals throughout the nervous system. Neuronal
activity in many areas of the nervous system has been
shown to be associated with changes in extracellular pH
(compare Deitmer and Rose, 1996; Chesler, 1990, 2003).
Viewed by many in past years as an epiphenomenon of
little consequence, the H* hypothesis of lateral feedback
inhibition suggests that such changes in extracellular
pH might be of fundamental importance to shaping the
responses of neurons to stimuli.

If the H* hypothesis of lateral feedback inhibition is
correct, then depolarization of horizontal cells should
lead to an increase in the extracellular concentration
of H* in the synaptic cleft—the space in the synaptic
cleft should become more acidic, with consequent inhi-
bition of calcium channels on photoreceptors. To test
the H* hypothesis of surround inhibition, Molina et al.
(2004) used self-referencing H*-selective electrodes to
record H* fluxes from isolated horizontal cells of the
skate retina maintained in primary culture. The H* hy-
pothesis of surround inhibition would suggest that glu-
tamate, the neurotransmitter believed to be released by
photoreceptors (Copenhagen and Jahr, 1989), should
depolarize the horizontal cells and produce an increase
in the release of protons, leading to an acidification
adjacent to the cell membrane. However, Molina et al.
found the opposite; glutamate consistently produced a
marked alkalinization of the extracellular fluid near the
membrane of the horizontal cell.

What could account for the difference between the
observations of Molina et al. arguing against a role for

H* in feedback inhibition and those cited above in favor
of the H* hypothesis? Hirasawa and Kaneko (2003)
examined responses of cone-driven cells of salamander.
Vessey et al. (2005) focused on the cone-driven responses
of zebrafish and goldfish. The initial observations of inhib-
itory feedback from horizontal cells onto photoreceptors
were done on cone photoreceptors of the turtle (Baylor
et al., 1971). Cadetti and Thoreson (2006) also exam-
ined feedback from horizontal cells onto cone photo-
receptors. Inhibitory feedback onto cone photoreceptors
has also been well documented in goldfish, carp, perch,
catfish, and tiger salamander (for review see Wu, 1992).
In contrast, the work of Molina et al. (2004) used the all
rod-retina of the skate. In this species, there are no cone
photoreceptors, and only a single class of rods (Szamier
and Ripps, 1983). Thus, by definition, the horizontal
cells in the skate are rod-driven horizontal cells. There
is a marked paucity in the literature relating to inhibi-
tory feedback onto rod photoreceptors as compared
with the wealth of studies describing feedback inhibi-
tion onto cones, and indeed, it has been suggested that
feedback from horizontal cells to rods does not nor-
mally occur.

To address this issue, we have examined proton fluxes
from horizontal cells isolated from the retina of the cat-
fish. Two types of horizontal cells are present and easily
identified in this retina: a cone-driven horizontal cell
and a rod-driven horizontal cell. Using self-referencing
H*-selective electrodes, we have monitored glutamate-
induced alterations in extracellular proton fluxes from
both cone-and rod-driven horizontal cells of this species.
We find that glutamate consistently induces an alka-
linization of the solution adjacent to the cell membranes
of both cell types, and our findings are consistent with
the hypothesis that the glutamate-induced alkalinizations
result from calcium entry onto cells with subsequent ac-
tivation of the plasmalemma Ca?*/H* ATPase (PMCA).
Our results argue strongly against the H* hypothesis of
lateral inhibition in the outer retina.

MATERIALS AND METHODS

Cell Dissociation

Channel catfish (Ictalurus puctatus) 3-12 inches in length were
obtained from Osage Catfisheries and Kurtz’s Fish Hatchery. Fish
were maintained on a 12-h day/night light cycle at room tempera-
ture for up to 2 mo, and were dark adapted for at least 2 h before
use. Catfish were anaesthetized with 1 g/gal (~0.26 g/liter) MS
222 (tricaine, Sigma-Aldrich) for 5-10 min, and then cervically
transected and pithed. Eyes were enucleated, cut in half, and
the posterior portion containing the retina was immersed in a
solution of modified Leibowitz culture medium (DeVries and
Schwartz, 1989) containing 2 mg/ml papain and 1 mg/ml cyste-
ine for 5 min. Retinas were then peeled off the back of the eye
and placed in papain/cysteine-containing modified L-15 for
20-25 min and then washed eight times in modified culture medium
lacking papain/cysteine, and mechanically agitated through a
5-ml graduated glass pipette. The cellular suspension (1-2 drops)
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was placed in 35-mm culture dishes (Falcon 3001) preloaded with
3 ml modified culture medium. Recordings were made from cells
whose nearest neighbors were at least 1 mm distant. Dishes were
maintained at 14°C for up to 3 d. All experiments on isolated cells
were conducted at room temperature (~18-21°C).

Preparation of H*-selective Electrodes

H*-selective microelectrodes were prepared as described in
Molina et al. (2004) (see Smith et al., 1999, for a more complete
description). Silanized pipettes with tip diameters of 2—4 wm were
back-filled with a solution composed of 100 mM KCI and 10 mM
HEPES, adjusted to pH 7.50 with KOH. The pipette tip was placed
in contact with a highly selective H*-selective resin (hydrogen
ionophore l-cocktail B; Fluka Chemica) and ~30 pm of resin
drawn up. The resin used in these experiments has a high degree
of selectivity for H* as compared with other ions, and is reported
to be >10? times more sensitive to H* than to Na* or K" (Fluka,
1996). It is unlikely that extracellular voltage fields associated
with cellular currents contribute to the signals we report here,
as such fields are usually in the nanovolt range and below the sen-
sitivity of ion-selective self-referencing probes (Kuhtreiber and
Jaffe, 1990; Smith et al. 1999, 2007). Electrical potentials arising
from local boundary conditions associated with membrane sur-
face charges (McLaughlin et al., 1971, 1981) are also unlikely to
be the source of the signals we report. Such fields typically drop
away with the Debye length and do not extend into the medium
by more than tens of angstroms (compare Cevc, 1990; Hille,
1992). Our sensors were located at least 1 pum away from the cell
surface. Moreover, the measured gradients extended many tens
of micrometers away from the cell.

Self-referencing Recordings

H*-selective microelectrodes were used in a self-referencing mode
(Smith and Trimarchi, 2001; Smith et al., 2007). In this format, the
clectrode is first placed adjacent to the membrane of a cell, and a
reading taken; the electrode is then moved a set distance away and
a second reading taken. By subtracting the signals from the two
different points, a differential signal is obtained that reflects the
difference in proton concentration at the two locations. This pro-
cess results in the elimination of much of the slow electrical drift
inherent in the signal from such electrodes, since that drift is com-
mon to the two positions measured. An important assumption un-
derlying this method is that the movement of the electrode is fast
relative to the rate of electrical drift, but not fast enough to me-
chanically disturb the diffusional gradient of H* ions. When these
conditions are met, self-referencing effectively filters out electrical
interference caused by random electrical drift. This procedure,
combined with extensive averaging of the signal, has been esti-
mated to increase the useful sensitivity of these electrodes by as
much as 1,000 times (Somieski and Nagel, 2001). In the present
experiments, microelectrodes were moved alternately between a
point close (within 1-2 wm) to the cell membrane and a known
distance away (typically 30 pm). The frequency of movement was
0.3 Hz. Electronics, software, and mechanical control of electrode
movement were the same as described in Molina et al. (2004), and
were the products of the BioCurrents Research Center. Electrodes
were calibrated using commercially purchased pH standards: pH
6.00, 7.00, and 8.00 (SB104-1, SB108-1, and SB112-1, respectively;
Fisher Scientific). Only electrodes possessing Nernst slopes be-
tween 45 and 60 mV (pH unit) ~! were used.

Experimental Protocol

Measurement of proton fluxes from isolated cells relies on the
establishment of a proton gradient generated at the outer mem-
brane that declines by diffusion away from the cell. The small extra-
cellular H* gradients expected to be generated by isolated cells
would probably be significantly disturbed or eliminated by rapid

superfusion of solutions around the cell. Consequently, we applied
solutions by adding 1 ml of solution by a handheld pipette and
allowing the solution to settle. A typical experiment began by
replacing the culture medium completely with solution containing
1 mM HEPES; the final volume of fluid in the dish was set to 2 ml.
The extracellular solution used in most experiments consisted of
(in mM) NaCl 126, KCl 4, CaCl, 3, MgCl, 1, HEPES 1, glucose 15;
pH was adjusted to 7.40 with NaOH (all chemicals were purchased
from Sigma-Aldrich unless otherwise indicated). After locating a
cell, the H*-selective electrode was placed ~1-2 um from the cell
membrane. Differential extracellular recordings were made for
several minutes to ensure a steady baseline reading. Normal extra-
cellular solution (1 ml) was then applied to ensure that application
of the fluid itself did not alter the measured proton flux. The ap-
plication of the solution required entrance into the Faraday cage,
which resulted in large artifactual transients during solution appli-
cation; these portions of the traces were subtracted and are indi-
cated as discontinuities in the traces presented. Some time (usually
several minutes) later, 1 ml of the same solution containing the test
compound was added. The pH of the solution containing the test
compound was adjusted to match the normal extracellular solu-
tion to within 0.01 pH units. The concentrations listed throughout
reflect the final concentration of the drug after complete mixing
unless otherwise noted. All drugs typically remained in the dish
during the remainder of the recording except where noted. Doses
chosen for kainate, NMDA, and other drugs were based on previ-
ously published work on the effects of these drugs on catfish cone
horizontal cells (compare O’Dell, 1989; Gafka and Linn, 2001; Davis
and Linn, 2003) or on our own previous experiences with these
compounds on isolated horizontal cells of the skate. In experiments
examining the effects of Nimethyl-p-aspartate, MgCl, was omitted
from the solutions. In experiments using 5-(and-6)-carboxyeosin
diacetate, succinimidyl ester (Invitrogen; and hereafter referred to
as carboxyeosin), a stock solution of 10 mM was prepared in DMSO.
Cells were incubated in 10 uM of the drug (stock solution diluted
in normal catfish modified L-15 solution) for 30 min and then
washed three times with catfish modified L-15 solution. Responses
from cells were examined in normal catfish Ringer’s solution 15 min
to 3 h after treatment. Caloxin 1bl was synthesized by Dalton
Chemical Laboratories Inc. The peptide is as follows: TAWSEVLH-
LLSRGGG-OH, and was stored at —20°C.

We conducted separate control experiments to ensure that
drugs did not alter the ability of H*-selective electrodes to sense
changes in pH. Two types of control experiments were performed.
First, proton gradients were measured from H* source pipettes
(Molina et al., 2004) in the presence and absence of a drug. The
second type of control experiment involved calibration of elec-
trodes at pH 6.0, 7.0, and 8.0 in the absence and then presence of
the drug. In these control experiments, it was noted that the L-type
calcium channel blocker nifedipine, prepared as a 1 mM stock
solution in DMSO and then diluted in catfish Ringer’s solution,
produced a progressive loss of sensitivity of the H*-selective elec-
trodes to protons at concentrations of 100 uM and greater. This
progressive decrease in sensitivity developed more rapidly with
higher concentrations of the drug. However, 10 uM nifedipine
produced at most only a modest decline in sensitivity of the H*-
selective sensors during the typical time course of the experi-
ments. The calibration values for electrodes in 10 wM nifedipine
were not statistically different from those in control Ringer’s solu-
tion, and represented at most a 5% decrease in sensitivity of the
sensors over the period of 1 h. All other compounds used were
found to be without effect on H* sensors at the concentrations
indicated. Additional control experiments demonstrated that
addition of saline containing DMSO at the concentrations used to
prepare 10 uM nifedipine did not by itself influence either the
characteristics of the H*-selective electrodes or proton flux mea-
sured directly from the horizontal cells.
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In experiments examining H* flux in PBS, the 1 mM HEPES
was replaced by 0.22 mM NaH,PO, and 2.78 mM Na,HPO,,
which resulted in the solution having a pH of 7.4. In experi-
ments examining proton flux in bicarbonate-buffered solutions,
the 1 mM HEPES was removed, NaCl was reduced to 102 mM,
and 24 mM NaHCOjg was added to the solution. The bicarbon-
ate solution was bubbled with 5% CO,/95% air for 20 min
before use, and this same gaseous mixture was blown continu-
ously over the 35-mm culture dishes containing the cells during
the experiment.

Voltage Clamp

In experiments examining proton fluxes under voltage clamp,
catfish cells were clamped using an AxoClamp 2B amplifier (Axon
Instruments) operating in the discontinuous single electrode
voltage clamp (dSEVC) mode. Conventional sharp high resistance
(35-50 MQ) electrodes were filled with 100 mM KCI. pClamp ver.
8.0 and a 1322A Digidata system (Axon Instruments) were used
to control the voltage of the cells when conducting voltage-step
protocols to examine the quality of the clamp. The ground wire
in the bath was connected to the head stages of both the self-
referencing system and the AxoClamp 2B amplifier. This configu-
ration increased the level of background electrical noise in the
self-referencing system. When self-referencing H* recordings were
being made, the pClamp software was turned off, and the voltage
changed manually using the AxoClamp 2B.

Data Treatment and Statistical Analysis

Student’s paired ¢ tests were used throughout to determine statis-
tical significance, with a criterion of P < 0.01 selected as indicating
significantly different distributions. Data are presented through-
out as the mean * SEM. For most experiments, values reported
reflect the average of the 30 points before application of a drug,
the 30 points after application, and the 30 points some period of
time later, usually 300 s after drug application.

RESULTS

Enzymatic dissociation of the retina of the channel cat-
fish results in plentiful numbers of two large cells previ-
ously identified as horizontal cells. Fig. 1 A shows a
photomicrograph of these two types of cells, with what
has previously been characterized as a cone-driven hori-
zontal cell shown on the left and the much larger rod
horizontal cell portrayed on the right (Dong et al.,
1994). Self-referencing H* recordings from these cells
were made with electrodes first placed within 1-2 pm of
the cell membrane (Fig. 1 B) and then when the elec-
trode was translated some 30 wm distant; subtracting
the signals from the two points produced a differential
signal reflecting the difference in proton concentration
at the two locations. Fig. 1 C shows the differential self-
referencing signal recorded from one cone horizontal
cell bathed first in catfish Ringer’s solution containing
1 mM of the pH buffering agent HEPES. A standing posi-
tive signal, in this case ~70 WV, was detected. The fact
that the signal was positive indicated that the concentra-
tion of protons was higher next to the cell than in the
solution some 30 wm away. Recordings from other cells
showed that, as expected, the absolute magnitude of
the standing proton flux varied as a function of the dis-
tance of the H*-selective electrode away from the cell,

C 100 uM
R glutamate
1OO-WL: ;
50+
Z o N o
3 200 400 Al | WA
-50
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Figure 1. (A) Photomicrograph of a cone (left) and rod (right)
horizontal cell isolated from the retina of the catfish. Bar, 25 pm.
(B) A cone horizontal cell shown with an H*-selective microelec-
trode positioned several microns away from the cell membrane.
Differential recordings were made by laterally translating the
electrode to a position 30 wm distant from the cell and comput-
ing the difference in signal between the near and far poles of the
recording. The double arrow indicates the movement from near
to far positions. Bar, 25 pm. (C) Self-referencing recording from
one catfish cone horizontal cell. The initial trace was obtained
with the cell bathed in 2 ml normal catfish Ringer’s solution. At
the first arrow (marked “R”), 1 ml additional catfish Ringer’s solu-
tion was added; the portion of the trace during which artifacts
from solution addition occurred has been subtracted from this
trace and all subsequent figures. At the second arrow, an addi-
tional 1 ml of catfish Ringer’s solution containing 400 uM gluta-
mate was added to the dish, bringing the total concentration of
glutamate in the chamber to 100 WM. At the beginning of the bar,
the electrode was moved 400 wm away from the cell and a differ-
ential trace recorded in this control location for ~120 s. At the
end of the bar, the electrode was repositioned so that the elec-
trode at the near pole was again 1-2 wm away from the cell.

becoming smaller as the electrode was moved further
from the cell (compare Molina et al., 2004).

Glutamate Alters Cone Horizontal Cell H* Fluxes

Fig. 1 C also shows the effect of glutamate on H+ fluxes
from these cells. At the first arrow, a control bolus of
1 ml catfish Ringer’s solution was applied by hand pipette
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to the dish. At the second arrow, 1 ml of a catfish Ringer’s
solution containing 400 pM glutamate was added to the
dish, resulting in a final concentration of 100 uM gluta-
mate in the chamber. The pH of the glutamate solution
had previously been adjusted to match the pH of the
normal catfish Ringer’s solution. Addition of glutamate
to the bath consistently led to a marked drop in the self-
referencing signal, and indeed the differential response
usually became negative, indicating that the solution
adjacent to the cell membrane was now more alkaline
than the solution some 30 pm away. Also typical was a
slow period of partial decline in the size of the negative
response. At ~500 s in this trace, the self-referencing
electrode was moved vertically to a position 400 pm
away from the cell and differential measurements taken
(indicated by the bar above the trace). Under these
conditions, the H* concentration at the two points (400
and 430 pm) away from the cell should be the same,
and the differential reading should thus be near zero.
This type of control reading was also done for every cell
during the course of an experiment. The electrode was
then returned to a position such that the near pole of
recording was again 1-2 wm away from the cell (end of
bar above trace, ~625 s). As can be seen, with glutamate
still present in the bath, the self-referencing signal re-
mained significantly below the value obtained initially
at the start of the experiment.

In 11 cone horizontal cells examined in this fashion,
the average standing signal from the self-referencing
electrodes was found to be 65 * 9 uwV; following the ad-
dition of plain catfish Ringer’s solution the signal was
74 = 11 pV, a value not statistically different from be-
fore addition of solution. The average value for the self-
referencing signal during the first 30 s after application
of 100 wM glutamate was found to be —69 * 13 pV;
after 300 s, with 100 uM glutamate still present in the
bath, the differential signal averaged —25 = 13 wV. The
values at both time points were statistically significantly
different from the value for the standing proton flux
before the application of glutamate.

Glutamate Receptor Subtypes and Modulation of H* Flux

Cone catfish horizontal cells are known to possess both
AMPA /kainate and NMDA-type ionotropic glutamate
receptors (O’Dell and Christensen, 1989). We looked
to see if selective activation of these types of receptors
were capable of eliciting changes in proton flux simi-
lar to that observed for glutamate. Fig. 2 A shows the
response of one catfish cone horizontal cell to the ap-
plication of kainate, an agent known to activate AMPA/
kainate-type receptors. The standing proton flux is
first seen, and the application at the first arrow of 1 ml
control Ringer’s solution again did not significantly
alter the standing differential signal. Addition of kain-
ate to a final concentration of 20 uM (second arrow)
produced a significant alteration in the signal, which

again became negative and remained so throughout
the experiment. At the time indicated by the bar above
the trace, the electrode was moved to a position some
400 pm from the cell; at this control location, the dif-
ferential recording that was obtained was close to 0 wV,
as expected. The electrode was then moved back to
its original position relative to the cell. In seven cells,
the standing signal before kainate application was 48 *
5 wV; following kainate application, the signal became
negative, with the self-referencing signal averaging —58 *
8 wV after the first 30 s of application and settling to
—32 = 7 uV after 300 s. Fig. 2 B shows that the effect
of kainate on proton flux could be abolished when the
dish contained 100 uM of the AMPA/kainate receptor
blocker, CNQX. In seven cells bathed in 100 uM CNQX,
the signal averaged 33 * 5 WV before application of
20 uM kainate and 37 *= 4 pV after the addition of
20 uM kainate, values that were not statistically signifi-
cantly different. 100 uM CNQX by itself did not cause
any significant alteration in the basal proton flux from
the catfish cone horizontal cells.

Fig. 2 C shows the response of one cell to the applica-
tion of 300 puM NMDA and illustrates that NMDA also
produced a significant alteration in proton flux. The
average self-referencing signal before addition of NMDA
was 98 £ 5 uV (n = 8); after the application of NMDA,
the self-referencing signal was initially altered to an av-
erage value of —85 * 16 pwV over the first 30 s and —32 *
6 WV after 300 s. This response to NMDA was blocked
by prior incubation of the cells with 100 uM 2-amino-
5-phosphonovaleric acid (DAP-5), an agent known to
competitively block the opening of NMDA receptors in
retinal neurons (Coleman and Miller, 1988) (Fig. 2 D).
In six cells bathed in 100 wuM DAP-5, the initial signal
averaged 99 * 6 wV before application of 300 uM NMDA
and 95 £ 5 pV after the addition of 300 uM NMDA, and
was not statistically significantly different. DAP-5 did not
by itself induce any significant alteration in the standing
proton flux. In this respect, the effects of NMDA on
proton flux from catfish cone horizontal cells differ from
those of skate, in that NMDA did not alter proton flux
from skate horizontal cells, an observation consistent
with the absence of NMDA receptors in the skate hori-
zontal cells (Kreitzer et al., 2003).

Catfish cone horizontal cells possess Group 1 and
Group 3 metabotropic receptors (Gafka etal., 1999). We
consequently applied DHPG, known to activate Group 1
metabotropic receptors, and LAP-4, an agonist of Group 3
receptors (Caramelo et al., 1999), to determine if acti-
vation of metabotropic receptors could similarly alter
proton fluxes in these cells. Fig. 2 (E and F) shows that
neither DHPG nor LAP-4 at 100 uM induced a signifi-
cant alteration in the signal from the H"-selective elec-
trode. The standing signal from seven cells before the
application of DHPG was 56 * 7 nV; after addition
of 100 uM DHPG to the bath, the signal was 58 = 5 uV.
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The proton signal from an additional seven cells mea-
sured before the application of 100 uM LAP-4 was 45 =
5 wV; the signal after application of the drug was 42 *
6 wV. Application of 100 uM glutamate led to a statisti-
cally significant alteration in proton flux measured from
the same cells. Thus, activation of metabotropic gluta-
mate receptors does not appear to directly alter the pro-
ton flux measured from the horizontal cells.

The Role of Calcium in the Modulation of H* Flux

by Glutamate

Glutamate application produces a significant rise in in-
tracellular calcium in catfish cone horizontal cells through
multiple mechanisms (Linn and Christensen, 1992).
This elevated intracellular calcium is likely to be removed
from the cell in part by the action of the PMCA pump.
The PMCA pump operates by taking protons into the
cell from the extracellular space when calcium ions are
extruded from the interior of the cell (Schwiening et al.,
1993; Hao etal., 1994; Salvador et al., 1998). If the changes
in proton flux induced by glutamate result from activa-
tion of the PMCA pump, then removal of extracellular
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from the same cell. (F) Addition of
100 uM of the Group 3 metabotropic
agonist LAP-4 did not alter proton
flux. However, addition of 100 uM glu-
tamate (third arrow) did promote a sig-
nificant alteration in proton flux from
the same cell.

00 Ingdlb 1

calcium should reduce or eliminate this effect; applica-
tion of glutamate in a Ringer’s solution with 0 mM extra-
cellular calcium should prevent the calcium load and
eliminate activation of the PMCA pump, while still allow-
ing glutamate to depolarize the cells. As shown in Fig.
3 A, removal of extracellular calcium did indeed signifi-
cantly reduce the ability of glutamate to modulate pro-
ton flux from catfish cone horizontal cells. A standing
proton flux was still present, and glutamate no longer
induced a significant alteration in the proton flux. The
average self-referencing signal observed from five cells
bathed in 0 mM Ca?* Ringer’s solution was 41 = 4 pV
before and 28 = 5 wV after the addition of 100 uM glu-
tamate, values which were not statistically significantly
different. In separate experiments, we found that 100 uM
glutamate still produced a depolarization of cells when
bathed in 0 mM calcium Ringer’s solution. The average
resting potential of the cells in 0 mM calcium was —75 =
8 mV, and the voltage of the cells after the addition of
100 uM glutamate averaged —12 = 4 mV.

Both the AMPA/kainate and NMDA glutamate recep-
tors of catfish horizontal cells are permeable to calcium

H* Flux from Catfish Retinal Horizontal Cells: Modulation by Glutamate

8002 ‘6 A\ uo 610 dBI'mmm wol) papeojumoq


http://www.jgp.org

Published July 30, 2007

10 uM nifedipine

Figure 3. (A) Elimination of extracellular

A 0Ca2* B
100 uM 100 100 uM
R glutamate glutamate
50

W P Wwf

calcium significantly reduced the ability of
100 pM glutamate to alter proton fluxes
from catfish cone horizontal cells. In this ex-
periment, the cell was continuously bathed
in a Ringer’s solution lacking in added cal-
cium and which also had 1 mM EGTA pres-
ent in the bath. The first arrow indicates

AV
o

200 400 600

seconds

seconds

10 uM nifedipine

ey
400 600 application of 1 ml additional 0 mM cal-

cium Ringer’s solution, and the second ar-
row indicates addition of 1 ml 0 mM calcium
Ringer’s solution plus glutamate, bringing
the final concentration of glutamate in

ifedini 250 300 uM
10 uM nifedipine NMDA
1507 20 uM 200

Kainate

100 — 150

Ml

50 {\V\A
>
0

200 400

ApV

100
50
™ %50 0

the bath to 100 pM. (B) Effects of the L-type
calcium channel blocker nifedipine on
glutamate-induced proton fluxes. The trace
shows a recording from a single cell con-
tinuously bathed in catfish Ringer’s solu-
tion containing 10 wM nifedipine. 100 pM
glutamate in 10 wM nifedipine Ringer’s
solution was added at the arrow. Nifedipine
greatly reduced the ability of glutamate to
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60\5“ W 800 alter proton flux. (C) Response of a differ-
ent cone horizontal cell to kainate with the

cell bathed in 10 pM nifedipine. The arrow

shows the response induced upon the addition of 20 wM kainate. The response to kainate was consistently smaller in the presence of
10 uM nifedipine as compared with that in normal catfish Ringer’s solution. (D) Response of a different cone horizontal cell to application

of 300 M NMDA (arrow) in the presence of 10 wM nifedipine.

(Linn and Christensen 1992). Activation of these recep-
tors also leads to depolarization of the cell and activation
of L-type calcium channels, which will lead to a further
increase in the influx of calcium into the cell (Shingai and
Christensen, 1986). To determine the relative impor-
tance of calcium influx through voltage-gated calcium
channels as compared with the glutamate-gated chan-
nels in the glutamate-induced modulation of proton
flux, we examined the responses of cells to glutamate
when bathed in solutions containing 10 wM nifedipine.
Fig. 3 B shows that this concentration of nifedipine
induced a nearly complete block of the effects of glu-
tamate on proton flux. In seven cells, the average self-
referencing signal from cells bathed in 10 wM nifedip-
ine was 41 = 7 uV before glutamate application. The
average response for the 30 s following application
of 100 uM glutamate was 31 = 6 pV and 46 * 6 pV
after 300 s. Thus, it appears that calcium flux through
the L-type calcium channels is the major determinant
of the changes in proton flux that are induced by glu-
tamate. We also examined the effects of nifedipine on
the kainate-induced changes in proton flux (Fig. 3 C).
Kainate was able to induce an alteration in proton flux,
but the size of the alteration was typically smaller than
that obtained without nifedipine present. The average
size of the selfreferencing signal from seven cells bathed
in 10 uM nifedipine was 67 = 7 wV before addition of
kainate. The peak decrease in proton flux following the
addition of 100 M kainate was 53 * 4 WV, significantly
less than the decrease to —58 wV without nifedipine
present, and the proton flux signal typically did not go

below zero. Experiments examining the effect of NMDA
in the presence of nifedipine produced similar results
(Fig. 3 D). The response from seven cells before adding
NMDA but bathed in 10 wM nifedipine was 119 * 16
WV, and the proton flux decreased to 102 = 7 wV in the
30 s following the application of NMDA, a significantly
smaller alteration than the change to —85 wV found in
control Ringer’s solution.

The Effect of Depolarization on Extracellular H* Flux

The observation that removal of extracellular calcium
eliminates the change in proton flux suggests that sim-
ple depolarization of the horizontal cells, which should
activate L-type calcium channels, should also promote a
significant change in proton flux in the horizontal cells.
To test this hypothesis, we first examined changes in the
self-referencing differential signal upon the addition of
50 mM potassium, which should lead to a depolariza-
tion of cells due to the alteration of the Nernst potential
for potassium. Fig. 4 A shows recordings from a single
cone horizontal cell first in normal catfish Ringer’s solu-
tion and following the addition of solution to bring the
final concentration of potassium to 50 mM. Addition of
potassium led to a significant depolarization of catfish
cone horizontal cells; in four cells examined, the rest-
ing membrane potential before high potassium aver-
aged —81 = 2 mV, and the cells were depolarized to an
average value of —14 = 2 mV following the addition
of high potassium Ringer’s solution. Addition of potas-
sium also led to a significant alteration in proton flux,
with the area adjacent to the cell membrane once again
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Figure 4. Depolarization of cone catfish horizontal cells induces
an extracellular alkalinization. (A) Effects of increased extracel-
lular potassium on proton flux measured from catfish cone hori-
zontal cells. Recording from a single cell first in normal catfish
Ringer’s solution, followed by (arrow) exchange of the solution
for one containing 50 mM potassium. (B) The effect of potassium
was completely eliminated when 10 uM of the L-type calcium
channel blocker nifedipine was present in the bath. The arrow
again indicates the time at which the normal catfish Ringer’s solu-
tion was replaced with one containing 50 mM potassium. The bar
indicates a control recording with the electrode moved 400 um
away from the cell. (C) Direct depolarization of a voltage-clamped
catfish cone horizontal cell also induces an extracellular alkalini-
zation. The figure shows the self-referencing H* signal recorded
from a single catfish cone horizontal cell voltage clamped first at
—70 mV, then at 0 mV, and then upon return to —70 mV. At the
dashed line, 10 uM nifedipine was added to the dish, and the volt-
age clamp procedure repeated: the cell was first held at =70 mV,
then depolarized to 0 mV, and finally returned to —70 mV. The
bar indicates recording with the self-referencing electrode posi-
tioned at a control location 400 pm away from the cell.

becoming more alkaline than the point 30 pm distant
from the cell membrane. This observation was made
in seven cells, which had a standing differential signal
averaging 46 = 7 pV before application of potassium;

following the application of 50 mM potassium, the aver-
age signal for the first 30 s was —1 = 5 pV, and —9 *
4wV after 300 s. Fig. 4 B shows that the effect of potas-
sium on proton flux was eliminated when 10 uM of the
L-type calcium channel blocker nifedipine was present
in the bath. Under these conditions, with 10 uM nifedip-
ine present in the dish, the standing proton flux before
potassium was 72 £ 6 pV, and was 62 £ 8 pVin the 30 s
following the exchange of the solution.

We also examined the effect of depolarization on pro-
ton flux under conditions in which horizontal cells were
voltage clamped. Fig. 4 C shows a self-referencing re-
cording obtained when one catfish cone horizontal cell
was first voltage clamped to —70 mV; a standing proton
flux signal of ~45 WV was observed. Depolarizing the
cell to 0 mV produced a rapid alteration in the proton
flux signal, resulting in the solution near the cell be-
coming more alkaline than the solution 30 pm away.
Switching the voltage back to —70 mV resulted in a rapid
restoration of the proton flux to its original level. 10 uM
nifedipine was then added to the bath and the experi-
ment repeated. The standing flux was slightly larger when
nifedipine was added to the bath and the cell still volt-
age clamped to —70 mV. Depolarization of the cells to
0 mV now produced only a very small alteration in proton
flux. In nine catfish cone horizontal cells, the standing
flux when voltage clamped at —70 mV was 55 * 6 pV.
When depolarized to 0 mV, the signal detected by the
self-referencing electrode changed to —43 %+ 6 wV; follow-
ing the return of the cells to —70 mV, the signal returned
to 51 = 6 wV. In 10 uM nifedipine, cells voltage clamped
at —70 mV produced a self referencing signal of 79 =
9 wV. Jumping the voltage to 0 mV now resulted in a
signal of 58 = 11 V.

The PMCA Blocker Carboxyeosin Reduces Glutamate
Modulation of H* Flux

The data above are all consistent with the hypothesis that
glutamate and simple direct depolarization promote an
influx of intracellular calcium into the cells, which is
then removed in part by the action of the PMCA pump,
with consequent influx of protons into the cell from the
extracellular solution. To further test this hypothesis, we
examined the ability of carboxyeosin, a compound re-
ported to block the activity of PMCA pumps in several
preparations (Fierro et al., 1998; Choi and Eisner, 1999;
Wanaverbecq et al., 2003), to inhibit the alterations in
H* flux induced by glutamate. In these experiments,
cells were first incubated for 30 min in the ester form of
this compound to permit intracellular access; cells were
then washed with catfish modified L-15, and then H*
fluxes examined in normal catfish Ringer’s solution.
Fig. 5 shows that in seven control cells recorded during
the same period but not treated with carboxyeosin, the
basal H* flux averaged 46 wV, and the addition of gluta-
mate altered H" flux to a value of —103 wV 30 s after
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Figure 5. Effects of caloxin 1bl and carboxyeosin on the ability
of glutamate to induce alterations in H* flux. Gray bars show con-
trol responses from seven cells before the addition of glutamate
(left), 30 s after addition of 100 uM glutamate (middle), and 300 s
after addition of glutamate (right). White bars show the results
obtained from four cells in the presence of 400 uwM caloxin 1bl;
there was no significant difference between the control responses
and those obtained with caloxin 1bl present. The black bars show
the results obtained from five cells after having been bathed in
10 wM carboxyeosin. The standing flux was less, and the ability of
glutamate to alter H* flux was significantly reduced as compared
with control cells.

application and —54 pV 300 s after the application of
glutamate. In contrast, the standing flux in five cells
treated with carboxyeosin averaged 21 wV; addition of
100 wM glutamate now altered H* flux only to 11 wV 30 s
after glutamate application and to 12 wV 300 s after glu-
tamate application. Thus, there was a small but signifi-
cant effect of carboxyeosin on basal H* flux, and a large
reduction in the ability of glutamate to induce altera-
tions in H* flux from the cells.

We also examined the effects of the peptide caloxin
1bl, which has been reported to block the activity of
PMCA types 1 and 4 in mammalian aortic smooth mus-
cle and endothelial cells (Pande et al., 2006). We found
that this compound at a concentration of 400 uM did
not significantly alter either the basal H* flux or the al-
teration in H* flux induced by glutamate. In four cells
tested, we found that the basal flux before addition of
caloxin was 60 =17 pV; 30 s after addition of 100 pM
glutamate, H* flux was altered to —92 * 21 pV after
30 s and —45 = 20 V after 300 s, values that were statisti-
cally insignificantly different from the control cells cited
above. We do not, however, take this observation as
strong evidence against the PMCA hypothesis outlined
above for several reasons. Caloxin 1bl is a peptide, and
as such might not act on the specific PMCA subtype in
the catfish cone horizontal cells due to species and/or
PMCA subtype differences. We presently do not know
what PMCA subtype(s) are expressed by cone horizon-
tal cells of the catfish or, indeed, any other species.

Glutamate Modulation of H* Fluxes in Phosphate

and Bicarbonate pH Buffers

All of the data reported thus far were obtained with
1 mM of the pH buffer HEPES in the bath. Previous
work examining proton fluxes from the rod-driven hor-
izontal cells of the skate were also done with HEPES
present in the medium (Molina et al., 2004). HEPES is
not a natural buffering agent, and it has been reported
that HEPES used alone to buffer extracellular pH in
the intact retina can markedly alter the light-induced
responses of horizontal cells of certain species (Hare
and Owen, 1998; Hanitzsch and Kuppers, 2001). Conse-
quently, we decided to examine proton fluxes from
catfish cone horizontal cells in two other pH buffering
situations. In the first condition, the extracellular pH
was buffered using phosphate, using the amounts origi-
nally employed by Oakley and Wen (1989) in their study
examining pH regulatory mechanisms in the retina of
the toad. We replaced the 1 mM HEPES with 0.22 mM
NaH,PO, and 2.78 mM Na,HPO,, which produced a
solution having a pH of 7.4. Fig. 6 A shows the response
of one catfish cone horizontal cell to 100 uM glutamate
when buffered with phosphate. In the phosphate-buffered
Ringer’s solution, a standing outward current was again
observed, and application of an additional 1 ml solution
containing glutamate (final concentration 100 wM) again
produced a significant alteration in the self-referencing
signal. The average differential signal from the H*-
selective probe was 71 £ 18 wV before the application
of glutamate, and —25 = 5 puV 30 s after the addition
of 100 uM glutamate (five cells). Fig. 6 B shows that
glutamate also produced a significant shift in proton
flux when the medium was buffered using bicarbonate
(24 mM) and 5% CO,/95% air was continuously blown
over the surface of the dish. Once again, a standing pro-
ton flux signal was detected, and application of gluta-
mate resulted in a significant decrease in the level of
acidity near the cell membrane. When buffered in bi-
carbonate, application of glutamate decreased the pro-
ton flux signal from 160 = 25 wV to 32 = 13 pV 30 s
afterwards (n = 6).

Characteristics of the Basal H* Flux: Evidence for Na+/H+
Exchange Activity

Previous data obtained from skate horizontal cells sug-
gested that the basal proton flux resulted from the ac-
tivity of a sodium/hydrogen ion exchange mechanism
(Molina et al., 2004). To see if this was also the case for
the catfish cone horizontal cells, we examined fluxes
when cells were bathed in a solution in which the 126 mM
sodium normally present in the Ringer’s solution had
been replaced by 126 mM N-methyl-pD-glucamine. We
found that the basal proton flux recorded from five
cone horizontal cells was significantly reduced in the 0
sodium solution, with the standing outward flux reduced
to 1 £ 3 nV; the same cells had an averaged outward
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(B) Response from a single catfish cone horizontal cell when bathed in a solution buffered using bicarbonate (24 mM) and with 5%
COy/95% air flowing across the surface of the dish. Once again, a standing proton flux signal is seen, and the application of 100 pM glu-
tamate results in a significant decrease in the level of acidity near the membrane of the cell.

proton flux of 34 = 2 WV in Ringer’s solution contain-
ing normal sodium. Fig. 7 A shows an example of a re-
cording obtained from one cell first in normal Ringer’s
solution and then in a solution in which the sodium
had been replaced with Nrmethyl-p-glucamine. We also
used pharmacological tools to examine the source of
the standing H* signal. Fig. 7 B shows responses from
one catfish cone horizontal cell to the application of
100 uM EIPA, a derivative of amiloride that has been
reported to block the activity of Na*/H™" exchangers
(Nguyen et al., 2000). In seven cells, EIPA significantly
reduced the standing proton signal from 86 * 12to 2 =
2 wV. These observations are similar to the effects ob-
served previously on the standing proton flux of skate
rod-driven horizontal cells (Molina et al. 2004) and sug-
gests that Na*/H™* exchangers play an important role in
the generation of the standing proton flux in catfish
cone horizontal cells as well.

H* Fluxes from Rod Horizontal Cells of the Catfish

Finally, we also conducted experiments to examine some
of the characteristics of proton fluxes from the rod hori-
zontal cells of the catfish. We found that these cells also
typically displayed a standing H* flux signal but that
this signal was significantly smaller than that obtained
from cone horizontal cells. The rod horizontal cells also
responded to glutamate in the same general fashion as
the cone horizontal cells, but the change in proton flux
was again typically much smaller. Fig. 8 shows one such
result. The initial portion of the trace shows the steady
proton flux recorded first from a cone horizontal cell.
The electrode was then repositioned to be adjacent to a
nearby rod horizontal cell; a small standing signal is
present. At the first arrow, 1 ml control catfish Ringer’s
solution was applied, which did not induce any significant
change in the standing flux. When 100 pM glutamate
was applied (second arrow), the flux became negative,
indicating that the solution adjacent to the cell mem-
brane was now more alkaline than the point 30 um

distant from the cell membrane. With the glutamate still
present in the bath, the electrode was then moved back
to the cone horizontal cell; the self-referencing signal
for this cell had also become negative, but the change
in response was significantly larger than that for the rod
horizontal cell. In five rod horizontal cells examined,
the standing flux was 10 = 5 wV, compared with 63 *
5 wV from five cone horizontal cells monitored in the
same dishes. Upon the addition of 100 uM glutamate,
the flux from rod horizontal cells was altered to a value
of =8 = 6 wV, compared with a drop to —31 = 6 uV
from the cone horizontal cells.

DISCUSSION

Our results demonstrate that the neurotransmitter glu-
tamate induces an alkalinization of the solution directly
adjacent to the plasma membrane of both cone and rod
horizontal cells of the catfish. This glutamate-induced
decrease in proton concentration is precisely opposite
to the prediction made by the H* hypothesis of lateral
inhibition; according to this hypothesis, addition of glu-
tamate should result in an increase in the level of H*
around the cell membrane. The observation that gluta-
mate produces an alkalinization of the extracellular
face in both cone and rod horizontal cells of the catfish,
as well as the rod-driven horizontal cells of the skate
(Molina et al., 2004), suggests that it is not the type of
horizontal cell that is important in determining the na-
ture of the response. Rather, this phenomenon is likely
to be a general property of horizontal cells across species.
Indeed, preliminary data obtained from isolated hori-
zontal cells of the goldfish also indicate that glutamate
produces an alkalinization of cone horizontal cells of
that species as well (Malchow, R.P., S. Sartipi, Z. Tun,
F. Igbal, and P]J.S. Smith. 2004. Society for Neuro-
science. Abstr. 291.11). These results argue strongly
against the H* hypothesis of lateral inhibition in its gen-
eral form and suggests that another molecular mechanism
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Figure 7. (A) Effects of 0 mM sodium on the standing proton
flux signal from catfish cone horizontal cells. The initial portion
of the trace shows the proton flux signal from one cell first in
normal catfish Ringer’s solution, and then when bathed in a solu-
tion in which all the sodium had been replaced by N-methyl-p-
glucamine. (B) Effects of EIPA on the standing proton flux signal
from catfish cone horizontal cells. At the arrow, 100 uM EIPA was
applied to the bath; a slow decline of the H* signal was evident.

must be responsible for the generation of lateral inhi-
bition within the outer retina.

Our data are consistent with the hypothesis that the
increase in intracellular calcium induced by glutamate
activates plasmalemma calcium Ca?*/H* ATPase pumps
that restore the resting intracellular calcium concentra-
tion by shuttling Ca?* ions out of the cell in exchange
for extracellular H* ions (Hao et al. 1994; Salvador
et al. 1998). This would lead to an alkalinization of the
extracellular surface, as reported here, and an intra-
cellular acidification, as has been reported for catfish cone
horizontal cells previously by Dixon et al. (1993). Sup-
port for this model comes from the observation that
glutamate-induced modulation of H* flux is dependent
on the presence of extracellular calcium and that the
glutamate-induced extracellular alkalinization is sig-
nificantly reduced by the PMCA inhibitor carboxyeosin.
Additionally, the observation that glutamate and its an-
alogues kainate and NMDA alkalinize the extracellular
solution adjacent to the cell membrane—that is, drive
the flux not just to zero, but reverse its sign—suggests
the activation of a mechanism that transports H* ions
from the extracellular milieu into the cell, rather than
the simple turn-off of a H* extrusion mechanism. The
alkalinization induced by glutamate and its analogues
cannot be accounted for by simply reducing or turning
off of the activity of Na*/H* exchange; even complete

shut down of this exchanger would reduce H* flux at
most to zero, not to the negative values indicative of
alkalinization demonstrated here.

The activation of ionotropic glutamate receptors will
permit the flux of external Ca?* into the cell, and conse-
quent calcium-induced calcium release from internal
stores may also play a role in the alterations in extracellu-
lar H* flux, as was suggested in data from previous work
examining H* fluxes in skate horizontal cells (Molina
et al., 2004). Glutamate will also permit the flux of Na*
into the cell. It is possible to hypothesize that Na* entry
into the cell could be large enough to reduce the Na*
gradient, and thus potentially alter activity of a Na*/H*
exchanger. However, the fact that the effect of glutamate
on proton flux was significantly reduced when 10 uM of
the L-type calcium channel blocker nifedipine was pre-
sent argues strongly against a significant involvement of
Na*/H™" exchange in the glutamate-induced alteration
of proton flux. Inhibition of the glutamate-induced re-
sponse by the removal of extracellular calcium in the me-
dia also argues against a role for Na*/H™ exchangers. In
both of these experimental conditions, glutamate should
still open AMPA and NMDA channels and allow sodium
into the cell. Recordings from cells under these condi-
tions showed a persistent steady outward proton flux
similar to that of control cells.

An important question concerns the magnitude of
changes in H* concentration likely to occur under nor-
mal physiological conditions within the synaptic cavity
where photoreceptors, horizontal cells, and bipolar cells
contact one another. The changes in extracellular pH
we have observed are small; a 100-wV signal reflects a
change of ~0.002 pH units (Molina et al., 2004). How-
ever, in the experiments conducted here, hydrogen ions
can readily and rapidly diffuse away into the vast sink of
extracellular fluid surrounding the cells. The situation
in the intact physiological system is likely to be signifi-
cantly different. The invaginating synapse created by
the synaptic terminals of photoreceptors tends to en-
capsulate the processes of horizontal cells and bipolar
cells and has a very limited extracellular space (com-
pare Mariani, 1984; Hidaka et al. 1986). This restricted
and small volume is an environment in which quite
small changes in the amount of H* ions could have a
dramatic effect on the overall value of extracellular pH,
acting to magnify the effects exerted by the H* regula-
tory mechanisms of horizontal cells. The numbers of
protons needed to alter extracellular pH have been es-
timated to be quite small indeed. Based on an estimate
of extracellular volume within the invaginating synaptic
cleft of a photoreceptor synaptic terminal on the order
of 3 X 10718 liters (Raviola and Gilula, 1975), Vessey
etal. (2005) calculated that approximately two protons
would give rise to an extracellular pH of 6. These au-
thors further estimated that the flux of protons to main-
tain a steady-state pH could be in the range of ~40
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protons per second per cleft. This flux represents an
extremely small amount that could easily be accommo-
dated by the action of pumps and transporters.

The selfreferencing H*-selective electrodes used here
have enabled us to readily monitor changes in pro-
ton flux from single isolated cells. It is important to
appreciate that the technique is unfortunately not well
suited for recording changes in extracellular pH in the
intact retina at the precise area where photoreceptors
contact horizontal cells. The invaginating structure of
the photoreceptor synapse makes it virtually impossible
to place a microelectrode tip, no matter how small, in
the tight, small, and highly confined area where hori-
zontal cell, bipolar cell, and photoreceptor processes
make contact. As previously noted, in work that other-
wise provides support for the H* hypothesis of lateral
inhibition, Hirasawa and Kaneko (2003) reported be-
ing unable to measure changes in extracellular pH
in the outer plexiform layer as a function of surround
illumination, attributing their inability to do so to this
technical limitation. The inability to make such direct
measurements leaves open the possibility that the mech-
anisms used by horizontal cells to regulate extracellular
pH might be different within the synaptic specialization
where photoreceptors contact the horizontal cells as
compared with other parts of the horizontal cell. Novel
imaging methods will need to be devised to monitor H*
alterations in the intact synaptic cleft to address the
possibility that such extracellular H* microdomains
may exist (compare Schwiening and Willoughby, 2002;
Pantazis et al., 2005). In this regard it is worth noting
that our measurements were made from many different
areas around hundreds of horizontal cells. In every case,
we observed that glutamate induced an alkalization of
the extracellular face of the cell, and never saw a single
instance in which the addition of glutamate promoted
an acidification around the area of the cell membrane
being examined. It is also worth noting that imaging
techniques such as we envision to measure the extra-

row, a 1-ml bolus of catfish Ringer’s solution was
applied; no significant change was seen in the sig-
nal. At the second arrow, an additional 1-ml bolus
of catfish Ringer’s solution containing glutamate
(final concentration 100 puM in the dish) was
added; the signal from the rod horizontal cell
was seen to now become negative. The electrode
was then moved back to the cone horizontal cell
(portion of the upper bar labeled “cone HC”),
and a larger negative signal was detected.

cellular pH within the synaptic cavity still would not easily
address regulation of pH by horizontal cells specifically,
since the extracellular pH within the synapse would likely
be a complex result of the activity of photoreceptor,
bipolar, horizontal, and surrounding glial cells.
Despite the limitations mentioned above, the data
we have obtained with our self-referencing H*-selective
electrodes lead us to suggest that glutamate-induced al-
terations in H* flux from horizontal cells act normally
in a manner precisely opposite from that of the origi-
nal H* hypothesis. Rather than inducing surround in-
hibition, we hypothesize that horizontal cell-mediated
reduction in extracellular H* may lead to a resensitiza-
tion of the cone synapse. DeVries (2001) reported that
the fusion of photoreceptor vesicles with the plasma
membrane is sufficient to induce a temporary inhibition
of neurotransmitter release of mammalian photore-
ceptors, due to blockade of photoreceptor calcium
channels by the H* ions released in the process of syn-
aptic transmission. Hosoi et al. (2005) similarly found
that protons exocytosed from cone photoreceptors of
the newt retina could inhibit calcium currents of cone
(but not rod) photoreceptors in the newt retina. We be-
lieve that glutamate released by the photoreceptors de-
polarizes the horizontal cells, inducing calcium influx
and consequent activation of the horizontal cell PMCA
pumps, leading to a reduction of the proton concen-
tration in the extracellular space. This would promote
additional release of glutamate by relieving the proton
block on photoreceptor calcium channels, permitting
the opening of photoreceptor calcium channels. It is
also possible that the alkalinization induced by gluta-
mate could potentially relieve H* block of postsynatpic
glutamate receptors (Wu and Christensen, 1996). In both
cases, the effects of glutamate on postsynaptic elements
would be augmented. Thus, the glutamate-induced al-
teration in H* flux from horizontal cells has the poten-
tial to act as a mechanism to enhance the effects of
glutamate within the outer plexiform layer of the retina.
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Indeed, we suggest that this may be a common feature
of excitatory synapses in the retina in particular and the
nervous system in general—that presynaptic release of
neurotransmitter is accompanied by acidification of the
synapse, and that post-synaptic elements may play a role
in reducing that acidification, thus relieving H* block of
calcium channels and resensitizing the synapses for fur-
ther release of neurotransmitter.
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