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Mammalian B-type horizontal cells make contact with both photoreceptor types: the dendrites contact cone photoreceptors, whereas the
axon terminal processes contact rods. Despite their distinct synaptic contacts, horizontal cell somata and axon terminals receive a
mixture of rod and cone inputs. Interaction of the two photoreceptor systems is essential for adaptation of photoreceptor sensitivity to
different levels of background illumination, and horizontal cells play a key role in this adaptation. In this study, we used transgenic mouse
lines to examine the contributions of rod and cone photoreceptor inputs to horizontal cell light responses in the mouse retina: rod signals
were isolated by recording intracellularly from horizontal cells in a mouse lacking the cone cyclic nucleotide-gated channel, which lacks
cone function, and cone signals were assessed using the rhodopsin knock-out mouse, which is a model for pure cone function. We found
that both horizontal cell compartments receive a mixture of inputs from both photoreceptor types. To determine whether these inputs
arrive via the long axon connecting the compartments or by way of rod– cone gap junctional coupling, we assessed the rod and cone
contributions to horizontal cell somatic and axon terminal light responses in the connexin36-deficient mouse retina, which lacks rod–
cone coupling. Our results confirm that rods and cones are coupled by connexin36, and suggest that signal transmission along the axon
is unidirectional: signals are passed from horizontal cell soma to axon terminal but not from axon terminal to soma.
Key words: retina; horizontal cell; axon terminal; CNG; rhodopsin; connexin36

Introduction
Interaction between the rod and cone pathways is extensive: rods
and cones are electrically coupled (Raviola and Gilula, 1973;
Smith et al., 1986; Schneeweis and Schnapf, 1995; Krizaj et al.,
1998; Tsukamoto et al., 2001), and rod signals are funneled into
the cone pathways at several stages in visual processing (for review, see Völgyi et al., 2004). This interaction of the two photoreceptor systems is essential for adaptation of photoreceptor sensitivity to different levels of background illumination. Horizontal
cells play a key role in this adaptation.
Mammalian B-type horizontal cells make synaptic contacts
with both photoreceptor types: the dendrites contact cone photoreceptors, whereas the axon terminal processes contact rods
(Kolb, 1970, 1974). The horizontal cell soma and axon terminal
are connected by a long axon, which is thought to electrically
isolate the two compartments. Nevertheless, rod inputs have
been recorded in horizontal cell somata in the cat retina (Steinberg, 1969a,b,c; Nelson et al., 1975). These rod inputs differed in
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their sensitivity from rod inputs recorded from axon terminals; it
was therefore argued that they could not be arriving at the soma
via the horizontal cell axon and axon terminal (Nelson et al.,
1975). In addition, Bloomfield and Miller (1982) maintained that
if signals spread from axon terminal to soma, then a slit of light
displaced across the retina should elicit two peaks of activity at the
soma; this was not the case (Bloomfield and Miller, 1982). Thus,
rod inputs are thought to reach the horizontal cell soma via rod–
cone gap junctions (Nelson et al., 1975). However, although both
studies ruled out signal transmission from axon terminal to
soma, the possibility of signal transmission from soma to axon
terminal has never been examined.
This possibility has been difficult to test because of inadequate
experimental procedures: previous studies distinguished rod
from cone signals using stimuli of different wavelengths; however, this method provides only partial signal separation. In this
study, we recorded pure rod and pure cone signals in horizontal
cell somata and axon terminals using transgenic mice lacking
either rod or cone light responses. Rod inputs were isolated by
recording from horizontal cells in the CNGA3 knock-out mouse,
which lacks cone function as a result of deletion of the conespecific ␣ subunit of the cyclic nucleotide-gated channel
(CNGA3) (Biel et al., 1999); and cone signals were assessed in the
rhodopsin knock-out mouse, which is a model for pure cone
function (Humphries et al., 1997; Jaissle et al., 2001). The contribution of rod– cone gap junctions to the transmission of rod and
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Intracellular recordings. The procedure for
intracellular recordings has been described
(Shelley et al., 2006). Briefly, the membrane potential of the recorded cells was monitored intracellularly with glass microelectrodes (World
Precision Instruments) pulled on a custommade horizontal puller and filled with 3% Neurobiotin (Vector Laboratories) in 3 M KCl. The
electrodes had resistances of 80 –120 M⍀. The
amplified signal was recorded with a PowerLab/
4SP (ADInstruments) and stored on a computer for off-line analysis. Horizontal cells were
identified by their large hyperpolarizing responses to light stimuli and by their depth in the
retina. To prevent light adaptation, presentation of light flashes during the search for a cell
was kept to a minimum; these test flashes had
dim intensities (⬍0.04 W/cm 2), evoking reFigure 1. Morphological control. After intracellular recordings, horizontal cells were injected with Neurobiotin. A, B, Horizon- sponses smaller than 30% of the maximal retal cell somata (A) were easily distinguishable from axon terminals (B). Scale bars, 50 m.
sponse amplitude. Intensity–response profiles
were derived from photoresponses elicited by
full-field white light of increasing intensity;
cone signals to the horizontal cells was examined using connormalized response amplitudes were plotted against relative stimulus
nexin36 (Cx36)-deficient mice, in which rod– cone coupling is
intensity. The profile of each cell was fitted with a sigmoidal function,
abolished (Deans et al., 2002).
from which the slope and the intensity eliciting half-maximal responses
We found that mouse horizontal cell somata and axon termiwere derived.
nals respond to a mixture of rod and cone inputs. Recordings
After data collection, cells were injected with Neurobiotin by applying
from connexin36-deficient mice indicated that signal transducrectangular current pulses of ⫹1 nA amplitude and 750 ms duration at 1 s
intervals. Retinas were then removed from the pigment epithelium, fixed
tion along the axon is unidirectional: cone signals are passed from
in 4% paraformaldehyde and incubated overnight in streptavidinhorizontal cell soma to axon terminal.
indocarbocyanine (Cy3; Jackson ImmunoResearch) to label the tracer.
Only cells successfully injected were accepted for evaluation. For labeling
Materials and Methods
of cone pedicles, retinas containing injected cells were incubated with
Wild-type (C57BL/6 and 129/Sv), CNGA3 ⫺/⫺ (129/Sv genetic backFITC-conjugated peanut agglutinin (diluted 1:16 in phosphate buffer
ground) (Biel et al., 1999), Cx36 ⫺/⫺ (75% C57BL/6 genetic background)
containing 0.1% bovine serum; Vector Laboratories) overnight at 4°C.
(Güldenagel et al., 2001), and CNGA3 ⫺/⫺/Cx36 ⫺/⫺ mice (129/Sv geImages were taken using a Leica TCS SL confocal microscope with a 40⫻
netic background) aged 5 weeks to 3 months, and rhodopsin ⫺/⫺ mice
or 63⫻ oil-immersion objective, and adjusted using Adobe Photoshop
(C57BL/6 genetic background) (Humphries et al., 1997) aged 4 –7 weeks,
7.0.
were used in these experiments. All experiments were performed in accordance with the institutional guidelines for animal welfare and the laws
on animal experimentation issued by the German government. Careful
Results
attention was paid to the age of the mice, because photoreceptor defiWe performed intracellular recordings from horizontal cells in
ciencies can cause degeneration of postsynaptic retinal neurons at later
the inverted eyecup preparation to examine the contributions of
stages in development. For example, rhodopsin-deficient mice were used
rod and cone inputs to horizontal cell somatic and axon terminal
at 4 –7 weeks of age because at this age, development is complete but cone
light responses in the mouse retina. Horizontal cells were identidegeneration has not begun, thus providing an all-cone retina (Jaissle et
fied by their large hyperpolarizing responses to light and their
al., 2001).
Preparation for electrophysiology and intracellular recordings. Mice were
depth in the retina. Although horizontal cells could be reliably
housed under a 12 h light/dark cycle. Experiments were begun 6 –7 h after
distinguished from other cell types by their light responses, sothe beginning of the light phase; mice were kept in a dark chamber for
mata and axon terminals could not be distinguished from one
18 –19 h before being killed. The eye was enucleated in ice-cold Ringer’s
another in this way. Therefore, all recorded cells were filled with
solution under dim red light. Three or four small incisions were made
tracer for visual control (Fig. 1).
into the rim of the eyecup to facilitate inversion; the eyecup was then
inverted onto a plasticine dome, stabilized with tissue paper, and transHorizontal cell somata receive mixed rod– cone inputs
ferred to the recording chamber. Ringer’s solution, warmed to 28°C
Rod and cone contributions to horizontal cell light responses
using a heated cannula (MultiChannel Systems), flowed continuously
have been studied in detail in the cat retina (Steinberg 1969a,b,c).
over the preparation from a small needle positioned at the apex of the
In general, the rod component of the horizontal cell response is
inverted eyecup. The stabilizing tissue paper also served to drain the
slow, returning to baseline long after stimulus offset. Moderate
Ringer’s solution and create a contact to the reference electrode. This
configuration facilitated stable recordings lasting up to 1 h. Ringer’s
intensities elicit a long-lasting decay after stimulus offset, referred
solution contained (in mM) 117 NaCl, 3 KCl, 2 CaCl2, 1 MgSO4, 32
to as the “rod after-effect” (Steinberg, 1969c; Niemeyer and
NaHCO3, 0.4 NaH2PO4, 15 glucose, 0.1 glutamate, and 0.5 ascorbic acid,
Gouras, 1973). The cone component is faster and shows a square
and was perfused with 95% O2/5% CO2 to maintain a pH of 7.4 –7.5.
waveform matching stimulus duration (Steinberg, 1969b).
Light stimulation. After preparation, retinas were left to recover and
To provide appropriate controls for all of the transgenic
dark adapt for 1 h. Light stimuli were generated by a 100 W tungstenmouse lines used in this study, we used two strains of wild-type
halogen lamp and the intensity was controlled by a set of neutral density
mice: C57BL/6 and 129/Sv. All of the response characteristics
filters (Zeiss) to give a range of 7 log units, with a maximum intensity of
described by Steinberg (1969a,b,c) and Niemeyer and Gouras
0.32 mW/cm 2. For the experiments, full-field white light flashes of 250
(1973) could be identified in the light responses of C57BL/6 wildms duration were presented to the retina with interstimulus intervals of
at least 10 s.
type mouse horizontal cell somata (Fig. 2 A), indicating that so-
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Figure 2. A–C, Somatic light responses from C57BL/6 wild-type (A, B) and rhodopsindeficient retinas (C). Light stimuli consisted of full-field white light flashes of 250 ms duration.
Increasing response amplitude reflects increasing stimulus intensity. A, B, C57BL/6 wild-type
horizontal cell somata showed a range of response properties. The cell in A showed prominent
rod components, including slow responses at low intensities and the rod after-effect at intermediate intensities. The cell in B showed primarily cone-dominated response properties. C,
Somata from rhodopsin-deficient mice showed exclusively cone-dominated response properties. A–C, Calibration: 5 mV, 250 ms. D, Normalized intensity–response profiles for C57BL/6
wild-type (n ⫽ 17) and rhodopsin-deficient horizontal cell somata (n ⫽ 12). Error bars indicate
mean ⫾ SE. There was no significant difference in the intensity that elicited half-maximal
responses in C57BL/6 wild-type and rhodopsin-deficient horizontal cell somata.

mata receive a mixture of rod and cone inputs. However, whereas
some C57BL/6 horizontal cell somatic light responses had a
prominent rod component, others had less pronounced rod contributions, or lacked visible rod signals entirely (Fig. 2 B). Thus,
despite careful attention to the adaptational state of the retina
(supplemental Fig. 1, available at www.jneurosci.org as supplemental material), C57BL/6 horizontal cell somata showed a wide
range of response properties. Horizontal cell somata from the
129/Sv strain showed much more consistent light responses;
these cells always responded to light with a strong hyperpolarizing peak at light on, followed by a depolarizing sag and a slow
return to baseline (Fig. 3A). The return to baseline was much
slower in horizontal cells from 129/Sv mice than in cells from
C57BL/6 mice.
Mouse rod and cone signals cannot be distinguished based on
wavelength because the sensitivity range of the rods (max ⫽ 500
nm) greatly overlaps with that of the middle-wavelengthsensitive cones (max ⫽ 510 nm) (Lyubarsky et al., 1999). Therefore, we used mouse models lacking either rod or cone function
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to elucidate the contributions of each photoreceptor type to wildtype horizontal cell light responses. In the rhodopsin-deficient
retina, the rods cannot respond to light; thus, all light responses
are purely cone generated. Conversely, in the CNGA3-deficient
retina, the cones cannot respond to light; thus, all light responses
are generated solely by the rods.
Figure 2C shows traces recorded from a horizontal cell soma
in a rhodopsin-deficient retina: as expected for a functionally
rodless retina, the slow, rod-driven components were missing
from the light responses. This was especially evident at low intensities, where the responses closely followed the stimulus time
course. However, the high variability among C57BL/6 wild-type
somata made distinction between somatic light responses of
wild-type and rhodopsin-deficient retinas difficult. This variability was not seen among horizontal cell somata of rhodopsindeficient retinas: all light responses had the fast waveform typical
of cone-dominated light responses (n ⫽ 12), and most (9 of 12
cells) showed the depolarizing rollback associated with feedback
to the cones.
Conversely, in the CNGA3-deficient retina (Fig. 3B), the light
responses were much slower, highlighting the slow characteristics
of purely rod-driven responses. These response waveforms were
rounded and lacked a depolarizing rollback. At moderate intensities, near the threshold for 129/Sv wild-type horizontal cell somata, somata from CNGA3-deficient retinas saturated, and their
membrane potentials required several minutes to return to baseline. Higher intensities completely bleached the responses, and
the membrane potential did not return to baseline for several tens
of minutes (data not shown).
Comparing the intensity–response curves from these two
transgenic mouse lines with those of the corresponding wild type
gives an indication of the relative contributions of rods and cones
to wild-type horizontal cell light responses (Figs. 2 D, 3C). The
intensities that elicit half-maximal responses in horizontal cell
somata from rhodopsin-deficient retinas did not differ significantly from those from wild-type retinas (rhodopsin deficient,
I1/2 ⫽ 2.3 ⫻ 10 ⫺3 ⫾ 1.2 ⫻ 10 ⫺3, mean ⫾ SE, n ⫽ 12; C57BL/6
wild type, I1/2 ⫽ 1.4 ⫻ 10 ⫺3 ⫾ 0.5 ⫻ 10 ⫺3, n ⫽ 17; p ⫽ 0.14,
Student’s t test). However, horizontal cell somata from CNGA3deficient retinas showed a much higher sensitivity than 129/Sv
wild-type horizontal cells, responding strongly to intensities that
were at threshold level for wild-type horizontal cells. The intensities that elicit half-maximal responses in horizontal cell somata
from CNGA-deficient retinas were significantly lower compared
with the 129/Sv wild type (CNGA3-deficient, I1/2 ⫽ 3.5 ⫻ 10 ⫺6 ⫾
1.4 ⫻ 10 ⫺6, n ⫽ 5; 129/Sv wild type, I1/2 ⫽ 0.5 ⫻ 10 ⫺3 ⫾ 0.2 ⫻
10 ⫺3, n ⫽ 8; p ⬍ 0.05). This suggests that rod inputs to horizontal
cell somata are strongly suppressed in the presence of cone inputs
in wild-type retinas, as has been shown previously in amphibian
horizontal cells in the mesopic state (Witkovsky et al., 1997).
Additional evidence supporting a mixture of rod and cone
signals in wild-type horizontal cells can be derived from the
slopes of the intensity–response curves. Where two photoreceptor types contribute to the horizontal cell responses, a shallow
slope is expected because the combination of rods and cones leads
to responses covering a wider range of intensities. Conversely,
where only one photoreceptor type contributes, a steeper slope is
expected. The mean intensity–response curve was significantly
steeper for rhodopsin- (1.08 ⫾ 0.10) and CNG-deficient horizontal cells (1.01 ⫾ 0.06) than for the corresponding wild types
(C57BL/6, 0.84 ⫾ 0.04, p ⬍ 0.01; 129/Sv, 0.68 ⫾ 0.08, p ⬍ 0.01).
Therefore, we can conclude that wild-type horizontal cell somata
receive a mixture of rod and cone inputs.
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Figure 3. Somatic light responses from 129/Sv and CNGA3-deficient retinas. Light stimuli are the same as in Figure 2. A, 129/Sv
wild-type horizontal cell somata showed much more consistent light response properties than somata from C57BL/6 mice. B,
Somatic recordings from CNGA3-deficient retinas were easily distinguishable from the wild type. The square time course of the
stimulus, visible in wild-type responses, is absent in responses from CNGA3-deficient retinas. A, B, Calibration: 5 mV, 250 ms. C,
Normalized intensity–response profiles for 129/Sv wild-type (n ⫽ 8) and CNGA3-deficient horizontal cell somata (n ⫽ 5). Error
bars indicate mean ⫾ SE. Horizontal cell somata from CNGA3-deficient retinas responded to much lower light intensities than did
129/Sv wild-type horizontal cells ( p ⬍ 0.05). This huge shift in the intensity–response profile reflects the pure rod input to
horizontal cells in the CNGA3-deficient retina.

Horizontal cell axon terminals receive mixed
rod– cone inputs
Light responses of axon terminals were very similar to those of
somata; axon terminal recordings were confirmed by visual control using tracer injection (Fig. 1). Like horizontal cell somata,
C57BL/6 axon terminals also showed a mixture of rod and cone
inputs and high variability between cells (Fig. 4 A, B), whereas
responses from 129/Sv retinas were more uniform (Fig. 5A). Although axon terminal recordings could not be distinguished
from somatic recordings, axon terminals did show a higher sensitivity than somata (Fig. 6C), as has been reported previously
(Suzuki and Pinto, 1986).
Rod and cone contributions to axon terminal light responses
were also dissected by recording from axon terminals in CNGA3and rhodopsin-deficient retinas. The results were similar to those
seen in somatic recordings. Figure 4C shows traces recorded from
a horizontal cell axon terminal in a rhodopsin-deficient retina: as
was seen in the somatic recordings (Fig. 2C), the slow, rod-driven
components were missing from the light responses. Conversely,
in the CNGA3-deficient retina (Fig. 5B), the light responses did
not reflect the square time course of the stimulus, as seen in the
wild type, particularly at intermediate intensities. However, the
strong similarity seen between axon terminals from 129/Sv and
CNGA3-deficient retinas suggests a strong rod input to the axon
terminal in the wild type.
Again, the intensity–response curves from these two transgenic mouse lines were compared with those of the appropriate
wild type to examine the relative contributions of rods and cones
to wild-type axon terminal light responses. The intensity–response curves of axon terminals from rhodopsin-deficient retinas
were shifted to higher intensities compared with the wild type
(Fig. 4 D) (rhodopsin deficient, I1/2 ⫽ 1.3 ⫻ 10 ⫺3 ⫾ 0.8 ⫻ 10 ⫺3,
n ⫽ 3; C57BL/6 wild type, I1/2 ⫽ 0.3 ⫻ 10 ⫺3 ⫾ 0.08 ⫻ 10 ⫺3, n ⫽
7; p ⬍ 0.05). Rod inputs therefore shape the response profile in

wild-type axon terminals. As was seen in
the somatic recordings, horizontal cell
axon terminals from CNGA3-deficient
retinas responded to lower intensities than
did wild-type axon terminals (Fig. 5C)
(CNGA3 deficient, I1/2 ⫽ 1.9 ⫻ 10 ⫺6 ⫾
0.7 ⫻ 10 ⫺6, n ⫽ 5; 129/Sv wild type, I1/2 ⫽
0.25 ⫻ 10 ⫺6 ⫾ 0.18 ⫻ 10 ⫺6, n ⫽ 5); this
difference was not significant.
As described above, additional evidence supporting a mixture of rod and
cone signals in wild-type horizontal cells
can be derived from the slopes of the intensity–response curves. There was no significant difference between the slopes of
the intensity–response curves from
rhodopsin-deficient (0.92 ⫾ 0.03) and
C57BL/6 wild-type horizontal cells
(0.92 ⫾ 0.14), but the intensity–response
curves were significantly steeper for axon
terminals in CNGA3-deficient retinas
(0.94 ⫾ 0.09) than for the 129/Sv wild type
(0.57 ⫾ 0.07; p ⬍ 0.01). Therefore, we can
conclude that wild-type horizontal cell
axon terminals receive a mixture of rod
and cone inputs, and the cone input
strongly influences the sensitivity of the
horizontal cell axon terminals.

How do rod inputs reach the soma?
We reasoned that there are two possibilities: either rod signals
spread to cones through rod– cone gap junctions, or they enter
the horizontal cell axon terminal and spread along the axon to the
soma. These pathways are not necessarily mutually exclusive. To
address this issue, we used a mouse model in which rod– cone
coupling is presumably abolished: the Cx36-deficient mouse
(Güldenagel et al., 2001; Deans et al., 2002). We hypothesized
that if rod signals reach the horizontal cell soma solely by way of
rod– cone gap junctions, then somatic responses from Cx36deficient retinas should resemble the pure-cone responses from
rhodopsin-deficient retinas.
Figure 6 A shows typical light responses of a horizontal cell
soma from a Cx36-deficient mouse. These responses closely resemble the pure-cone responses obtained from rhodopsindeficient retinas. Their intensity–response profiles did not differ
from those of the wild type (Fig. 6C) (I1/2 ⫽ 2.8 ⫻ 10 ⫺3 ⫾ 1.2 ⫻
10 ⫺3; n ⫽ 7). However, because the rod component of the somatic responses was so difficult to discern in the wild type, and
therefore the somatic responses from rhodopsin-deficient (and
Cx36-deficient) retinas closely resemble wild-type responses, a
further step was needed to test our hypothesis.
We therefore attempted to record light responses from
CNGA3/Cx36 double knock-out mouse retinas; these mice lack
both cone responses and rod– cone gap junctions. We reasoned
that if light responses could be obtained from horizontal cell
somata in these mice, then these light responses must (1) originate in rods and (2) pass to the horizontal cell soma by way of the
horizontal cell axon terminal and axon. We attempted these recordings on nine mice, and obtained a total of seven axon terminal recordings; no somatic recordings were obtained (Table 1). In
our hands, wild-type retinas yield on average 17 somatic recordings for every seven axon terminals. Therefore, we conclude that
the complete absence of somatic recordings in CNGA3/Cx36
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Figure 4. A–C, Axon terminal light responses from C57BL/6 wild-type (A, B) and rhodopsindeficient retinas (C). Light stimuli are the same as in Figure 2. A, B, C57BL/6 wild-type horizontal
cell axon terminals showed a range of response properties. The axon terminal in A showed
prominent rod components, including slow responses at low intensities and the rod after-effect
at intermediate intensities. The axon terminal in B showed primarily cone-dominated response
properties. C, Axon terminals from rhodopsin-deficient mice showed exclusively conedominated response properties. A–C, Calibration: 2 mV, 250 ms. D, Normalized intensity–
response profiles for C57BL/6 wild-type (n ⫽ 7) and rhodopsin-deficient horizontal cell axon
terminals (n ⫽ 3). Error bars indicate mean ⫾ SE. The intensity that elicited half-maximal
responses in axon terminals was higher for rhodopsin-deficient retinas than for the wild type
( p ⬍ 0.05).

double knock-out retinas is significant. It should be noted that
the lack of somatic light responses was not a result of photoreceptor degeneration, because light responses were detected in axon
terminals in CNGA3/Cx36 double knock-out retinas. These results support the theory of Nelson et al. (1975) that signals are not
transmitted along the horizontal cell axon from axon terminal to
soma. This also confirms the finding of Deans et al. (2002) that
Cx36 forms gap junctions coupling the rods and cones in the
mouse retina.
How do cone inputs reach the axon terminal?
The horizontal cell axon does not transmit signals from axon
terminal to soma, but so far the possibility of signal transmission
in the opposite direction has not been examined in the mammalian retina. To test whether cone signals reach the axon terminal
via rod– cone coupling or by way of the horizontal cell soma and
axon, we recorded light responses of horizontal cell axon terminals from Cx36-deficient retinas. We reasoned that if, in the wild

type, cone signals reach the axon terminal by way of rod– cone
gap junctions, then light responses of axon terminals from Cx36deficient retinas should resemble those obtained from CNGA3deficient retinas, in which the cone component of the light responses was missing.
Light responses of an axon terminal from a Cx36-deficient
mouse are shown in Figure 6 B. These light responses closely resemble those obtained from somata from this mouse line, and are
also very similar to axon terminal responses obtained from
rhodopsin-deficient retinas (Fig. 4C), but quite distinctive from
axon terminal responses obtained from CNGA3-deficient retinas
(compare Fig. 5B). In particular, the responses in Cx36-deficient
retinas show clearly the square time course of the stimulus at all
intensities. This indicates a strong cone component in these axon
terminal light responses, although the cones are no longer coupled to the rods. In addition, their intensity–response profiles did
not differ from those of wild-type axon terminals (Fig. 6C) (I1/2 ⫽
0.3 ⫻ 10 ⫺3 ⫾ 0.2 ⫻ 10 ⫺3, Cx36 deficient; n ⫽ 3). It should be
noted that a shift to lower intensities would be expected if the
cone component were absent (compare Fig. 5C). Thus, rod– cone
coupling is not necessary for spread of cone signals to horizontal
cell axon terminals.
How, then, do cone signals reach the horizontal cell axon
terminal? Axon terminals make synaptic contacts with rod photoreceptors in the wild-type retina. However, retinal neurons in
transgenic mice with photoreceptor deficiencies have been
shown to reorganize their synaptic contacts (Strettoi et al., 2002;
Dick et al., 2003). To rule out the possibility that axon terminals
in Cx36-deficient mice contact cone pedicles, we incubated retinas containing injected axon terminals with peanut agglutinin,
which labels the base of the cone pedicles (Hack and Peichl, 1999;
Haverkamp et al., 2001). Rotations of single scans revealed no
overlap between axon terminal and cone pedicle labeling (Fig. 7)
(n ⫽ 3). In addition, axon terminal morphology appeared normal; no evidence of sprouting or reorganization was seen. Thus,
our data suggest that axon terminals receive cone inputs from the
horizontal cell soma by way of the axon.

Discussion
Mouse horizontal cell somata receive synaptic inputs from cone
photoreceptors, whereas their axon terminals receive synaptic
inputs solely from rods. Despite this clear separation of synaptic
inputs, both the somata and axon terminals of horizontal cells
respond to a mixture of rod and cone inputs. Recordings from
Cx36-deficient retinas indicated that rod signals reach horizontal
cell somata via Cx36-containing gap junctions, thus confirming
the role of Cx36 in rod– cone coupling. However, Cx36 was not
required for conductance of cone signals to horizontal cell axon
terminals. Our data suggest that transduction along the horizontal cell axon is unidirectional, from soma to axon terminal.
Methodological considerations
Rod signals in horizontal cells can be determined by the light
response waveform of the horizontal cell, because the temporal
properties of the rod response are not significantly filtered by
signal transmission from photoreceptor to horizontal cell (Verweij et al., 1999). Because rod and cone signals cannot be easily
dissected in the mouse retina using stimuli of different wavelengths, we took an alternative approach, using transgenic mouse
lines: cone signals were assessed using the rhodopsin knock-out
mouse, which is a model for pure cone function (Humphries et al.,
1997; Jaissle et al., 2001); rod inputs were isolated in the CNGA3
knock-out mouse, which lacks cone function (Biel et al., 1999). This
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Figure 5. A, B, Axon terminal light responses from 129/Sv wild-type (A) and CNGA3-deficient retinas (B). Light stimuli are the
same as in Figure 2. Axon terminal recordings from CNGA3-deficient retinas were less distinguishable from the wild type, reflecting the
strong rod input to these structures in the wild-type retina. A, B, Calibration: 2 mV, 250 ms. C, Normalized intensity–response profiles for
129/Sv wild-type (n ⫽ 5) and CNGA3-deficient horizontal cell axon terminals (n ⫽ 5). Error bars indicate mean ⫾ SE. The intensity that
elicited half-maximal responses in axon terminals was lower for CNGA3-deficient retinas than for 129/Sv wild-type axon terminals; this
difference was not significant. The response profiles of axon terminals from CNGA3-deficient retinas were significantly steeper than those
from the wild type, confirming the mixture of inputs into wild-type axon terminals.

Figure 6. A, B, Somatic (A) and axon terminal (B) recordings from Cx36-deficient retinas. Light stimuli are the same as in Figure
2. Both somatic and axon terminal light responses closely resembled responses from wild-type and rhodopsin-deficient retinas,
reflecting a strong cone component in both the soma and axon terminal. A, B, Calibration: 5 mV, 250 ms. C, Normalized intensity–
response profiles for C57BL/6 wild-type horizontal cell somata (n ⫽ 17) and axon terminals (n ⫽ 7), and Cx36-deficient somata
(n ⫽ 7) and axon terminals (n ⫽ 3). Error bars indicate mean ⫾ SE. The intensity that elicited half-maximal responses did not
differ significantly between wild-type and Cx36-deficient horizontal cell somata or between wild-type and Cx36-deficient horizontal cell axon terminals.

strategy offers the advantage that rod and cone signals can be cleanly
isolated; thus, their contributions to wild-type light responses can be
accurately assessed.
However, loss of synaptic input commonly causes morphological rearrangement in transgenic mouse retinas (Strettoi et al.,
2002; Dick et al., 2003). In particular, deletion of rhodopsin or
CNGA3 has been shown to lead to degeneration and/or synaptic
rewiring of retinal interneurons (Jaissle et al., 2001; Haverkamp
et al., 2006). Nevertheless, detailed morphological studies have
determined the time window in which retinas from these mice are

fully matured but have not yet started to
reorganize; in the present study, care was
taken to use mice within this time frame.
As an extra precaution, we carefully examined the morphology of the horizontal cells
in age-matched mice, using targeted dye injection and immunohistochemistry. We
found no signs of degeneration or reorganization in any of the transgenic mouse retinas
used in this study (data not shown).
It is possible that, although we detected
no morphological changes in the transgenic retinas, functional changes could
have taken place. For example, because
rods have been shown to have a tonic suppressive effect on cone pathways (Frumkes
and Eysteinsson, 1987), one could speculate that loss of rod responses could result
in enhancement of cone responses. However, this point was discounted by Williams et al. (2005), who showed that loss of
one type of photoreceptor does not effect
visual discrimination of the other photoreceptor type.
To provide appropriate controls for
both rhodopsin- and CNGA3-deficient
mice, we used two different wild-type
strains in this study. Interestingly, light responses from C57BL/6 mice differed noticeably in waveform from those of 129/Sv
mice (compare Figs. 2 A, B, 3A); furthermore, axon terminals from 129/Sv mice
were more sensitive than those of C57BL/6
mice (Figs. 4 D, 5C). In electroretinograms, a-waves from C57BL/6 retinas
showed a higher sensitivity than those
from 129/Sv retinas (Pinto et al., 2007).
Thus, the differences seen here probably
arise from differences in connectivity between photoreceptors and horizontal cells,
rather than from differences in photoreceptor sensitivity. C57BL/6 horizontal
cells have larger dendritic fields than those
in 129/Sv retinas (Reese et al., 2005), suggesting that they may contact more cones;
this could result in a larger suppression of
rod inputs than in 129/Sv retinas.

Rod and cone inputs to horizontal cells
The horizontal cell axon is believed to electrically isolate the soma from the axon terminal in the mammalian retina. This theory is based on an early study which
showed that rod inputs to B-type horizontal cell somata and axon
terminals differed in sensitivity; thus, rod signals could not be
reaching the soma via the axon terminal (Nelson et al., 1975).
Their conclusion was supported by theoretical evidence which
suggested that the physical dimensions of the axon were not
suited for passive electrical communication between the two cellular compartments (Nelson et al., 1975). It is important to note
that their study addressed rod signals, and did not look at how
cone inputs arrive at the axon terminals.
In cone horizontal cells in the carp retina, light responses have
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Figure 7. Morphological control. An injected axon terminal (green) from a Cx36-deficient retina labeled with peanut agglutinin (red). No evidence of sprouting of the axon terminal or synaptic
contacts with cones was seen. A, Image stack. B, Single scan. C, High magnification of the boxed area in B. Scale bars: A, B, 20 m; C, 10 m.

Table 1. Rod and cone inputs to somata and axon terminals of the mice used in this
study
Wild type
Rhodopsin⫺/⫺
CNGA3⫺/⫺
Cx36⫺/⫺
CNGA3⫺/⫺/Cx36⫺/⫺

Soma

Axon terminal

rod ⫹ cone
cone
rod
?
⫺

rod ⫹ cone
cone
rod
rod ⫹ cone
rod

The photoreceptor contributions to the somatic light responses in the Cx36-deficient retinas could not be determined because the wild-type light responses were strongly dominated by cone inputs. However, the complete lack
of light responses in the somata of CNGA3/Cx36 double knock-out mice indicates that rod signals cannot pass to the
horizontal cell somata in the absence of rod– cone coupling.

been measured in axon terminals despite the lack of direct photoreceptor inputs to these structures. These light responses were
similar in amplitude to those recorded in somata (Weiler and
Zettler, 1978; Zettler and Weiler, 1981). It has been suggested that
the low conductance of the axon terminal may allow signal conduction from the soma by reducing leakage of signals arriving
from the axon (Yagi and Kaneko, 1988). It is not clear whether
cone signals pass along the axon to the axon terminal by passive
spread (Yagi and Kaneko, 1988), active propagation (Weiler and
Zettler, 1978), or gap junctional coupling between axon terminals and the axon near the cell body (Yagi, 1986).
Our findings support the conclusion of Nelson et al. (1975)
that rod signals are transmitted to the horizontal cell somata via
rod– cone coupling, but suggest that, as seen in fish, cone signals
are conducted along the axon from soma to axon terminal. The
ion channel composition of the horizontal cell soma differs from
that of the axon terminal (A. Feigenspan, unpublished observations). In addition, the channel composition of the axon is not
known. Thus, it is possible that specific expression of ion channels in the soma and/or axon allows unidirectional passage of
signals from soma to axon terminal.
However, it cannot be ruled out that cone signals reach the
axon terminal via gap junctions which do not contain Cx36. This
latter hypothesis suggests that Cx36-containing rod– cone gap
junctions are asymmetrical, allowing signal passage from rods to
cones but not vice versa. This is supported by expression of Cx36
in cones but not rods in the mouse retina (Feigenspan et al.,
2004); these gap junctions are heterotypic. A separate set of gap
junctions that allows passage of cone signals into rods could be

modulated by different mechanisms, thus allowing distinct regulation of rod-to-cone and cone-to-rod signal spread.
On the distinctive roles of horizontal cell somata and
axon terminals
Interaction between the rod and cone pathways is extensive: rods
and cones are electrically coupled (Raviola and Gilula, 1973;
Smith et al., 1986; Schneeweis and Schnapf, 1995; Krizaj et al.,
1998; Tsukamoto et al., 2001), and rod signals piggyback onto
cone pathways at several stages in visual processing (for review,
see Völgyi et al., 2004). This interaction of the two photoreceptor
systems is essential for adaptation of photoreceptor sensitivity to
different levels of ambient illumination. Horizontal cell somata
play a key role in this adaptation by averaging light inputs over a
large area of retina and feeding this averaged signal back to the
cone photoreceptors (Baylor et al., 1971). This feedback adjusts
the cone gain to different light levels. It is therefore logical that
horizontal cell somata receive inputs from both rod and cone
photoreceptors.
It has long been assumed that rod signals reach the horizontal
cell somata by way of rod– cone coupling. Raviola and Dacheux
(1990) showed that axonless horizontal cells in the rabbit retina
receive rod inputs via rod– cone gap junctions. Rod– cone coupling makes up the secondary rod pathway in the mouse retina,
and is thought to be mediated by Cx36: mice lacking Cx36 show
no intermediate-sensitivity ON and OFF ganglion cell responses
(Deans et al., 2002; Völgyi et al., 2004). For these reasons, we
hypothesized that horizontal cell somata in Cx36-deficient mice
should not receive rod inputs; this was confirmed in CNGA3Cx36 double knock-out mice. Thus, our data confirm that rods
and cones are coupled by Cx36 in the mouse retina.
Whereas the functional role of the horizontal cell soma is
straightforward, the role of the axon terminal is less well understood. Axon terminals have an extraordinarily elaborate morphology (Fig. 7), but no known synaptic output. This structure
receives synaptic inputs from the rod photoreceptors, but feedback to the rods has never been demonstrated. Whereas horizontal cell dendrites synapse onto midget bipolar cells in primate
cone pedicles (Raviola and Gilula, 1975), axon terminals have not
been shown to synapse onto bipolar cells in the mammalian retina. And here we show that axon terminals do not relay signals to
the horizontal cell somata.
Horizontal cells have been shown recently to be presynaptic to
dopaminergic interplexiform cells in the mouse retina, but it is
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not clear whether the synaptic contacts are made by the axon
terminals or the somata (Viney et al., 2007). Our data suggest that
horizontal cell axon terminals receive cone signals from the horizontal cell somata; axon terminals therefore receive a mixture of
rod and cone signals. These structures could potentially integrate
light signals over the entire visual intensity range and over large
areas of the retina; they are therefore ideally suited to play a
modulatory role in visual processing.
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Krizaj D, Gábriel R, Owen WG, Witkovsky P (1998) Dopamine D2
receptor-mediated modulation of rod-cone coupling in the Xenopus retina. J Comp Neurol 398:529 –538.
Lyubarsky AL, Falsini B, Pennesi ME, Valentini P, Pugh Jr EN (1999) UVand midwave-sensitive cone-driven retinal responses of the mouse: a pos-

J. Neurosci., July 2, 2008 • 28(27):6818 – 6825 • 6825
sible phenotype for coexpression of cone photopigments. J Neurosci
19:442– 455.
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