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Hemichannel-Mediated
Inhibition in the Outer Retina

Maarten Kamermans,'* Iris Fahrenfort,” Konrad Schultz,?
Ulrike Janssen-Bienhold,? Trijntje Sjoerdsma,’ Reto Weiler?

An essential feature of the first synapse in the retina is a negative feedback
pathway from horizontal cells to cones. Here we show that at this synapse,
connexin26 forms hemichannels on horizontal cell dendrites near the glutamate
release site of the cones. Blocking these hemichannels hyperpolarizes horizontal
cells, modulates the Ca?* channels of the cones, and abolishes all feedback-
mediated responses. We propose a feedback mechanism in which the activity
of the Ca?™ channels and the subsequent glutamate release of the cones are
modulated by a current through these hemichannels. Because the current
through the hemichannels depends on the polarization of the horizontal cells,
their activity modulates the output of the cones.

In all vertebrate retinas, photoreceptors
project to horizontal cells (HCs) and bipolar
cells (BCs). The synaptic complex of this
interaction reveals a peculiar and conserved
ultrastructure. The cone pedicles are charac-
terized by a presynaptic ribbon (where neu-
rotransmitter release takes place), centrally
positioned BC dendrites, and laterally posi-
tioned HC dendrites (Fig. 1A). These lateral
contacts are thought to be the origin of neg-
ative feedback from HCs to cones. In gold-
fish, this feedback modulates the Ca2* cur-
rent of the cones. Hyperpolarization of HCs
shifts the Ca®* current to more negative po-
tentials, which increases the Ca®* influx and
subsequently leads to an increase in gluta-
mate release. Various neurotransmitters have
been proposed for this pathway, but this ret-
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rograde neurotransmitter has not yet been
unequivocally identified (/).

In the carp retina, connexin26 (Cx26) im-
munolabel (2, 3) was restricted to the mem-
brane of the lateral processes of the HCs
close to the voltage-dependent Ca?* channels
on the opposing cone membrane (Fig. 1, B
and C) (4). Septilaminar structures indicative
of gap junctions between the cones and the
HC are not discernible at this site nor have
such structures been reported by physiologi-
cal studies, suggesting that the immunolabel
reflects the presence of hemichannels. That
functional hemichannels are present on HCs
and do not compromise cell viability has been
shown in dissociated HCs (5, 6).

The location of Cx26 immunolabel sug-
gested that such hemichannels might be in-
volved in the synaptic interactions between
HCs and cones. Thus, we studied the effect of
carbenoxolone, a blocker of gap-junctional
channels on this feedback pathway (7-9).
Figure 2A, left, shows the feedback-induced
responses of a cone clamped at various mem-
brane potentials (/0). The feedback-mediated
responses in cones can be measured most
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effectively when the cone response is saturat-
ed with a white 20-wm-diameter spot and the
retina is stimulated with a full-field white
light stimulus (7). Such a stimulus induces a
shift of the Ca®* current in the cones to more
negative potentials, which will be seen as an
inward current in a voltage-clamped cone. In
the presence of 100 wM carbenoxolone, these
feedback-induced responses disappeared
(Fig. 2A, right) (n = 13). The effect of
carbenoxolone could be washed out within 15
min (Fig. 2B). During the application of car-
benoxolone cones hyperpolarized by -4.6
mV * 1.7 mV (n = 5), whereas their light
response amplitude was unaffected (Fig. 2C).

Because blocking the hemichannels led to
the disappearance of the feedback-induced
responses in cones, the feedback-mediated
responses in HCs should also disappear. Car-
benoxolone hyperpolarized HCs strongly and
reduced their light responses (Fig. 2D). Be-
cause of this large hyperpolarization, the ef-
fect of carbenoxolone on the feedback-medi-
ated responses was studied before the HCs
had hyperpolarized more than about 25% of
their maximal hyperpolarization (Fig. 2D,
®). HC light responses show a characteristic
transient component (arrow Fig. 2E, left),
mainly attributable to negative feedback from
HCs to cones (/1, 12). In monophasic HCs
(MHCs), which hyperpolarize to light of all
wavelengths, this pronounced transient com-
ponent was blocked by carbenoxolone (Fig.
2E, right) (n = 8). Biphasic HCs (BHCs)
hyperpolarize to full-field green light stimu-
lation but depolarize upon red light stimula-
tion (Fig. 2F, left). The depolarizing respons-
es are thought to originate from negative
feedback from MHCs to middle-wavelength
sensitive cones (/, 12-15). Carbenoxolone
blocked these depolarizing responses, where-
as the hyperpolarizing responses were almost
unaffected (Fig. 2F, right) (n = 5).

Is the block of the hemichannels or the
hyperpolarization of the HCs responsible for

VOL 292 SCIENCE www.sciencemag.org



the block of feedback? Hyperpolarization of
HCs with an intact feedback system shifts the
Ca?™ current to more negative potentials (/).
The maximal light-induced shift of the Ca?*
current to negative potentials is about —10
mV (/4). Blocking hemichannels with car-
benoxolone also hyperpolarizes HCs, but in
this case the Ca?* current was shifted to
more positive potentials. The mean carben-
oxolone-induced shift of the half-activation
potential of the Ca®* current was 4.7 mV
(ranging from 0.5 mV to 11.5 mV; n = 8).
Although HCs hyperpolarize strongly under
carbenoxolone, the Ca?™ current is not shift-
ed to negative potentials as would be expect-
ed if feedback were still intact. The observed
positive shift of the Ca?™ current shows that
blocking the hemichannels, and not the HC
hyperpolarization, is essential for the carben-
oxolone-induced block of feedback responses
in cones.

Hemichannels have a reversal potential

C =
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around 0 mV (5, 6). Blocking these channels
should hyperpolarize HCs. The size of the
carbenoxolone-induced hyperpolarization of
the HCs was unexpectedly large (by —44.4
mV * 3.0 mV; n = 8). This observation
suggests that the hemichannel conductance is
by far the largest conductance in the HCs.
However, carbenoxolone not only blocks the
hemichannels but also shifts the Ca** current
of the cone, leading to a reduction of gluta-
mate release, which in turn closes the gluta-
mate-gated channels (/6). We estimated that
the glutamate conductance was eight times
larger than that of the hemichannel (/7).
How do hemichannels mediate negative

Fig. 2. Carbenoxolone A

blocks feedback-mediated Control
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feedback from HCs to cones? An electrical
feedback mechanism has been suggested in
which glutamate receptors on the HC den-
drites in the cone synaptic terminal form a
current sink by which the extrasynaptic po-
tential could be modulated (/8). Although
this original hypothesis was not validated
experimentally (/), a modified version can
account for the observed effects (/9). Key
elements of this mechanism are the relatively
high resistance of the extracellular space in
the synaptic terminal and the presence of
hemichannels at the tips of the HC dendrites.
The extracellular potential near these
hemichannels will become negative because
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of the current flowing through the high resis-
tance of the extracellular space via the
hemichannels into the HCs. Therefore, the
voltage-dependent Ca®* channels of the
cones will sense a more positive membrane
potential, causing an increase in the release of
glutamate. Modulation of the HC membrane
potential will change the current flowing
through the hemichannels, which will subse-
quently modulate the glutamate release of the
canes. In voltage clamp experiments, this
modulation of the Ca®>* current by the HCs
will be observed as a negative shift of the
Ca?™" current in the cones.

Such an electrical feedback mechanism
critically depends on a postsynaptic current
sink, near the presynaptic Ca?" channels.
This suggests that other channels present in
the cone synaptic terminal could also form
a current sink and should, therefore, also be
able to mediate feedback. Therefore, we
studied the contribution of the glutamate-
gated channels while hemichannels were
blocked with carbenoxolone (Fig. 3). Re-
cordings were made from a BHC during
alternating green and red light stimulation.
Application of carbenoxolone closed the
hemichannels and greatly reduced the glu-
tamate-gated conductance. To study the ef-
fect of current flowing through the gluta-
mate-gated channels, we applied kainate. In
a restricted time window, only some of the
glutamate receptors will be activated by
kainate and the others will be modulated by
the glutamate released by the cones. In this
time window, the light responses and the
feedback-mediated depolarizing response
to red light stimuli reappeared (Fig. 3, ®)
(n = 3). This experiment showed that glu-
tamate-gated conductances could, under
certain conditions, also act as a current sink
and contribute to electrical feedback. Be-
cause feedback does not depend on the type
of channel on the HC dendrites, these ex-
periments support the hypothesis that it is
the current that generates the feedback sig-
nal. However, under physiological condi-
tions with full-field white light stimulation,
the current through the glutamate-gated
channels will reduce with HC hyperpolar-
ization, instead of increase. This happens
because the cones reduce their glutamate
release. This cascade of events turns the
feedback signal via the glutamate-gated
channels into a positive one. Therefore, the
contribution of the glutamate-gated chan-
nels to feedback is negative in cones that
are not stimulated by light, whereas it is
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positive when the cones are directly stim-
ulated by light.

An electrical feedback mechanism strong-
ly depends on the resistance of the extracel-
lular space in the synapse, the conductance of
the hemichannels, and their localization. Us-
ing morphological data, one can calculate
that 13 to 400 hemichannels focally localized
at the tips of the HC dendrites yield a large
enough current sink (20) for the proposed
electrical feedback mechanism to function. In
contrast to hemichannels that are focally lo-
calized, glutamate receptors are expressed
more diffusely and also extrasynaptically on
the dendrites of HCs (21, 22), reducing the
efficiency with which they modulate the cal-
cium channels of the cone.

We propose an electrical or ephaptic feed-
back mechanism in which hemichannels are
key elements that form a current sink near the
Ca?™ channels of a presynaptic neuron, mak-
ing the potential sensed by these Ca?* chan-
nels dependent on the activity of the postsyn-
aptic neuron.
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