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Cellular/Molecular

Cone Photoreceptors in Bass Retina Use Two Connexins to
Mediate Electrical Coupling

John O’Brien,"? H. Bao Nguyen,' and Stephen L. Mills'
'Department of Ophthalmology and Visual Science and 2Graduate School of Biomedical Sciences, University of Texas Health Science Center, Houston,
Texas 77030

Electrical coupling via gap junctions is a common property of CNS neurons. In retinal photoreceptors, coupling plays important roles in
noise filtering, intensity coding, and spatial processing. In many vertebrates, coupling is regulated during the course of light adaptation.
To understand the mechanisms of this regulation, we studied photoreceptor gap junction proteins. We found that two connexins were
expressed in bass cone photoreceptors. Connexin 35 (Cx35) mRNA was present in many cell types, including photoreceptors and ama-
crine, bipolar, and a few ganglion cells. Antibodies to Cx35 labeled abundant gap junctions in both the inner and outer plexiform layers.
In the outer plexiform layer, numerous plaques colocalized with cone telodendria at crossing contacts and tip-to-tip contacts. Cx34.7
mRNA was found predominantly in the photoreceptor layer, primarily in cones. Cx34.7 immunolabeling was limited to small plaques
immediately beneath cone pedicles and did not colocalize with Cx35. Cx34.7 plaques were associated with a dense complex of cone
membrane beneath the pedicles, including apparent contacts between telodendria and cone pedicles. Tracer coupling studies of the
connexins expressed in HeLa cells showed that coupling through Cx35 gap junctions was reduced by protein kinase A (PKA) activation
and enhanced by PKA inhibition through a greater than fivefold activity range. Cx34.7 was too poorly expressed to study. PKA regulation
suggests that coupling through Cx35 gap junctions can be controlled dynamically through dopamine receptor pathways during light
adaptation. If Cx34.7 forms functional cell- cell channels between cones, it would provide a physically separate pathway for electrical

coupling.
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Introduction

Gap junctions play an integral role in neuronal circuitry through-
out the CNS. Ionic flow through the intercellular channels medi-
ates electrical coupling between the participating cells, providing
for variable sharing of electrical signals. Electrical coupling sup-
ports circuit-specific coordination of firing activity of neurons
(MacVicar and Dudek, 1981; Gibson et al., 1999; Veruki and
Hartveit, 2002) and contributes to gamma frequency and high-
frequency oscillations (Draguhn et al., 1998; Deans et al., 2001;
Hormuzdi et al., 2001; Maier et al., 2002).

In the retina, electrical coupling is an important determinant
of receptive field size in some neurons, such as horizontal cells (cf.
Teranishi et al., 1983; Piccolino et al., 1984) and some amacrine
cells (Bloomfield et al., 1997). Furthermore, modulation of the
extent of gap junctional coupling during visual adaptation has
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important consequences for the network properties of these
neurons.

Photoreceptors of many vertebrates are coupled by gap junc-
tions (Raviola and Gilula, 1973; Witkovsky et al., 1974; Fujisawa
etal., 1976; Gold and Dowling, 1979). Rod-rod, cone—cone, and
rod—cone gap junctions have all been observed. The function of
photoreceptor gap junctions appears to be complex. Gap junc-
tions between photoreceptors spread responses through adjacent
terminals, improving the signal/noise ratio under many condi-
tions (Schwartz, 1975a; Lamb and Simon, 1976) and expanding
the voltage range through which a synaptic response is possible
(Attwell et al., 1987). Rod—cone gap junctions also provide a
pathway through which high-sensitivity rod signals may enter the
cone pathways and chromatic or high-frequency cone signals
may enter the rod pathway (Schwartz, 1975b; Wu and Yang,
1988; Krizaj et al., 1998).

Rod-cone coupling has been reported to increase with light
adaptation (Yang and Wu, 1989) or dopamine D,-like receptor
activation (Krizaj et al., 1998) in amphibians and turtles, as does
cone—cone coupling in turtles (Copenhagen and Green, 1987). In
contrast, rod—cone coupling is thought to decrease with dopa-
mine D,-like receptor activation or light sensitization in goldfish
(Wang and Mangel, 1996; Ribelayga et al., 2002). Such differ-
ences highlight the precise nature with which photoreceptor cou-
pling is controlled in each species.

Light adaptation and dopamine D,/D, receptor activation in
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photoreceptors are associated with a decrease in cytoplasmic
cAMP (Cohen et al., 1992; Nir et al., 2002). Several adaptive
effects are associated with cAMP changes, including photome-
chanical movements and calcium current regulation (Dearry and
Burnside, 1985; Stella and Thoreson, 2000), although direct ef-
fects of cAAMP on photoreceptor electrical coupling have not been
reported.

In hybrid bass retina, gap junctions contain two closely related
connexins (Cxs), Cx35, the ortholog of mammalian Cx36, and
Cx34.7 (O’Brien et al., 1998). We hypothesized that the two bass
connexins may confer different sensitivity to second messengers
in the circuits within which they are expressed and provide a
mechanism through which different regulatory capabilities are
obtained. In this study, we have examined the regulation of these
two connexins by cAMP and their distribution in the bass retina.
The results reveal that both Cx35 and Cx34.7 may contribute to
gap junctional coupling within the same cone photoreceptors.
Furthermore, coupling through Cx35 gap junctions can be dy-
namically regulated by protein kinase A-dependent pathways.

Materials and Methods

Animals. Hybrid striped bass (Morone saxatilis X M. chrysops, 8—15 cm)
were obtained from Ekstrom Enterprises (Danevang, TX) and Danbury
Fish Farms (Danbury, TX). Fish were maintained in circulating tanks in
the laboratory on a 12 hr light/dark cycle. Animals for these studies were
killed in a dark-adapted state approximately 1 hr before lights on. All
animal procedures were performed within the guidelines of the Institu-
tional Animal Welfare and Use Committee.

Cell lines. The full coding sequences of perch Cx35 and perch Cx34.7
were subcloned into pcDNA 3.1 Zeo (Invitrogen, Carlsbad, CA) from
c¢DNA clones in pBluescript (O’Brien et al., 1998). For Cx35, an Alul—-
Xhol fragment was cloned into EcoRV and Xhol sites of pcDNA. For
Cx34.7, a HindlII-Dral fragment was cloned into HindIIl and EcoRV
sites of pcDNA. HeLa cells (clone CCL2; American Type Culture Collec-
tion, Manassas, VA) were transfected with 2 ug of plasmid using Tfx20
reagent (Promega, Madison, WI) and grown under Zeocin (Invitrogen)
selection (100 ug/ml) for 6 weeks. Resistant colonies were isolated and
amplified under selection.

Clones were tested for connexin expression by immunostaining and
reverse transcription (RT)-PCR (Fig. 1). Nontransfected HeLa cells al-
ways showed a low level of Neurobiotin (Vector Laboratories, Burlin-
game, CA) tracer coupling and a very low level of Lucifer yellow coupling,
reflecting the expression of small amounts of endogenous connexin pre-
sumed to be Cx45 (Eckert et al., 1993). Transfection with Cx35 elimi-
nated Lucifer yellow coupling and led to moderate increases in Neurobi-
otin tracer coupling similar to that seen with mouse Cx36 (Teubner etal.,
2000). Transfection with Cx34.7 also eliminated Lucifer yellow coupling
but did not lead to significant increases in Neurobiotin tracer coupling
(see Fig. 2).

RT-PCR analysis of cell lines. Samples of each cell line were cultured in
75 mm ? flasks, rinsed twice with ice-cold PBS, and then scraped into 4 ml
of ice-cold PBS with a Teflon cell scraper. The cells were centrifuged, and
total RNA was isolated from the cell pellets using Tri reagent (Sigma, St.
Louis, MO) following the manufacturer’s protocol. RNA was stored as a
70% ethanolic solution at —80°C. For reverse transcription, 2 ug of total
RNA was precipitated from the ethanol solution by addition of sodium
acetate. The dried pellets were dissolved in DEPC water and digested with
RQ1 RNase-free DNasel (Promega) for 1 hr at 37°C to destroy contam-
inating genomic DNA. The remaining RNA was reverse-transcribed us-
ing a Superscript II first-strand cDNA synthesis kit (Invitrogen) and
random hexamers to prime synthesis. One-half microliter aliquots of the
RT reactions were used as templates for subsequent PCR.

Primers used for PCR amplification of Cx35 were GCACCAGTCG-
GCCAAGCAGAAG (forward) and TGCCCTCTTGTCGCCTCATTTTG
(reverse), and those for Cx34.7 were GGCCTTCCCCATTTCCCACATC
(forward) and CACCACCTGAATGATGTAAAAGCGG (reverse). PCR re-
actions were performed in a standard PCR reaction buffer (Roche Molecular
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Biochemicals, Indianapolis, IN) with a 200 um concentration of each ANTP,
a0.5 uM concentration of each primer, and 1 U of Taq polymerase (Fermen-
tas, Hanover, MD) in 20 ul. Cycling conditions were 92°C for 20 sec, 60°C for
20 sec, and 72°C for 90 sec for 33 cycles.

Tracer-coupling experiments. Transfected or control HeLa cells grown
under Zeocin selection were plated onto glass coverslips. Experiments
were performed within 2 d of plating because coupling was found to
decline if cells were maintained longer in culture. Coverslips were per-
fused with oxygenated Ringer’s medium (in mm: 150 NaCl, 6.2 KCI, 1.2
NaH,PO,, 1.2 MgSO,, 2.5 CaCl,, 10 HEPES, and 10 glucose, pH 7.4) at
22°C. When used, drugs were added to the perfusate 10 min before the
first injection. Agents used were the cAMP analogs Sp-8-cpt-cAMPS
(15 um) and Rp-8-cpt-cAMPS (15 um; Alexis, San Diego, CA) and the
gap junction inhibitor carbenoxolone (10 uM; Sigma). None of the phar-
macological treatments used caused changes in cellular morphology that
could be detected.

Cells were impaled with thin-wall microelectrodes filled with 3.5%
Neurobiotin and 1% Lucifer yellow CH (Molecular Probes, Eugene, OR)
in 50 mum phosphate buffer, pH 7.4. Electrodes were back-filled with 3 m
LiCl. Cells were filled by iontophoresis for 2 min with +1 nA of current
and fixed with 4% paraformaldehyde for 1 hr after allowing time for
tracer diffusion. Typically, several injections were made on a single cov-
erslip, so the total diffusion time differed between injections. The time
elapsed between injection and fixation was recorded for calculation of the
diffusion coefficient.

Cells were visualized with streptavidin-Cy3 (Jackson ImmunoRe-
search, West Grove, PA) and imaged on a Zeiss (Thornwood, NY) LSM
410 confocal microscope using a fixed set of pinhole, contrast, and
brightness settings and two different laser attenuation settings. To deter-
mine Neurobiotin concentration in each cell, pixel intensities in a five-
by-five pixel box centered on each cell were compared with a standard
curve prepared from HeLa cells loaded with defined concentrations of
Neurobiotin through patch pipettes. The distance between the center of
each cell and the center of the injected cell was measured to determine
diffusion distance. This parameter was normalized to the mean center-
to-center spacing between individual cells, which was determined for
each injection, to express distance in terms of cell diameters.

A linear 25-compartment diffusion model of the type described by
Zimmerman and Rose (1985) was fit to the Neurobiotin concentration
and diffusion distance data. In this model, each compartment refers to an
individual cell, and the major parameter that governs diffusion is the
diffusion coefficient through the gap junctions between compartments.
The movement of tracer between adjacent compartments is described by
aseries of 25 differential equations that are solved for tracer flux given the
total amount of diffusion time and a diffusion coefficient, k (for examples
of equations used, see supplemental material, available at www.jneurosci.
org). Optimal fits were determined in the program MatLab by varying k and
another parameter, b, the bolus injection rate. The parameter b, represents
the injection of tracer into the initial compartment for the 2 min of ionto-
phoresis and is set to zero thereafter. This parameter is determined by the
total amount of tracer in all the compartments and is insensitive to the
diffusion rate between the cells (Mills and Massey, 1998). Data fits were
evaluated by plotting cell intensities on a log intensity axis and determining
the diffusion coefficient k that best fit the rate of decline with distance and the
delivery rate b, that fit the overall tracer concentration. The effect of varying
b, was strictly to translate the position of the curve vertically on the logarith-
mic axis of tracer concentration and, again, had no effect on the rate of
decline. The diffusion coefficient k represents the proportion of tracer that
diffuses from one compartment to another per second. All k values >0
represent measurable tracer coupling.

In both previous work (Mills and Massey, 1998) and in this study,
diffusion coefficients were stable across a wide range of sampled diffusion
times, thus allowing a large number of injections to be compared from a
given coverslip. In practice, diffusion times were limited to =25 min
prevent “edge” effects, whereby tracer that diffused to the edge of a group
of HeLa cells would create diffusion artifacts. In fact, no injections were
found that labeled cells near the edge of a cluster.

Calculation of diffusion coefficients in this manner has the advantage
that the coefficients are well determined, in that all adjacent pairs within
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the stained group provide an independent estimate of k. This produces a
stable average for each injection, even with the probable large amount of
variability in gap junctional area between any two adjacent cells. Double
whole-cell patch clamp, although more sensitive, would require many
pairs to produce a stable average.

Although injection is into a two-dimensional array of cells, we have
used a linear model for computational simplicity. Both in previous stud-
ies and here, we found that the same data can be fit equally well with
either the linear or a two-dimensional model, within the ability of the
scatter of the data to constrain the model. The absolute values of the
parameters naturally change, but a regular relationship exits. In this
study, we also fit some data with a diffusion model based on a hexagonal
array (see on-line supplemental material, available at www.jneurosci.
org). Data fit with the linear model produced a lower estimate of k than
did data fit with the hexagonal model. However, the relationship between
the estimates was constant across the full range of diffusion coefficients
measured in this study and had a correlation coefficient of r = 0.99.

In vitro phosphorylation. Portions of the cDNA coding for intracellular
domains of perch Cx35 were cloned separately into bacterial expression
vectors. For each construct, appropriate restriction sites were introduced
into the connexin sequences by PCR using Pfu polymerase (Stratagene,
LaJolla, CA), and the PCR products were subcloned into the expression
vector. The C-terminal domain was cloned into pGexKG (Amersham
Biosciences, Piscataway, NJ), resulting in a construct coding for a 33 kDa
fusion protein containing glutathione-S-transferase (GST) and amino
acids 254-304 of Cx35. The fusion protein was expressed in Escherichia
coli strain BL21 and purified from bacterial extracts by binding to
glutathione-Sepharose 4B (Amersham Biosciences). The intracellular
loop domain was cloned into pET15b (Novagen, Madison, WI) and
coded for an 11 kDa fusion protein containing a 6 XHis tag and amino
acids 102-178 of Cx35. The fusion protein was expressed in E. coli strain
BL21(DE3) and purified from extracts by binding to Nucleobond nickel-
nitrilotriacetic acid resin (Invitrogen).

For phosphorylation assays, 200 ng of fusion protein bound to resin
was incubated with 0.15 U of protein kinase A (PKA) catalytic subunit
(New England Biolabs, Beverly, MA) and [y**P]ATP for 30 min at 37°C
in a solution containing 50 mm Tris-Cl, pH 7.5, 10 mm MgCl,, 0.2 mm
ATP, 46 mm NaCl, 1 mm KCI, 4 mm Na,HPO,, and 16% glycerol. Phos-
phorylated proteins were resolved on SDS-PAGE gels and transferred to
polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA),
followed by autoradiography of the membranes.

In situ hybridization. RNA probes were made from ~270 bp unique se-
quences in the intracellular loop (IL) regions of Cx34.7 and Cx35 mRNAs
cloned into the pGem-T vector (Promega). Both sequences labeled unique
transcripts in a Northern blot (O’Brien et al., 1998), but the Cx34.7IL probe
also labeled the 28 S rRNA nonspecifically. To eliminate this problem, a 21
bp glycine-encoding repeat region was deleted from the probe construct
through a loop-out mutagenesis protocol using a Quick-Change site-
directed mutagenesis system (Stratagene). Digoxygenin (DIG)-labeled RNA
probes were made by in vitro transcription with SP6 (antisense strand) or T7
(sense strand) RNA polymerases in the presence of DIG-UTP (DIG RNA
labeling kit; Roche Molecular Biochemicals).

Eye cups were fixed in 4% paraformaldehyde in DEPC-treated 0.1 M
sodium phosphate buffer (PB), pH 7.4, for 2 d at 4°C and the retinas were
subsequently removed. Retinas were dehydrated through an ethanol se-
ries and embedded in paraffin. Sections 7 um thick were cut on a mic-
rotome and dried overnight at 40°C. Dried sections were deparaffinized,
digested with 40 wg/ml proteinase K, fixed briefly with 4% paraformal-
dehyde and PBS, treated with 0.25% acetic anhydride, washed with 5X
SSC, and incubated in the hybridization buffer (40% deionized form-
amide, 10% dextran sulfate, 1 X Denhardt’s solution, 4X SSC, 10 mm
DTT, and 1 mg/ml denatured and sheared salmon sperm DNA) for 2-3
hr at 50°C. Probes were applied at a concentration of 500 ng/ml in hy-
bridization buffer overnight at 50°C. After stringency washes at 50°C,
slides were treated with 2% H,O, and PBS for 10 min to quench endog-
enous peroxidase activity, blocked with TNB blocking buffer (2% TNB
blocking agent in PBS; Tyramide Signal Amplification florescence sys-
tem; PerkinElmer Life Sciences, Boston, MA) for 30 min and labeled with
anti-DIG-HRP (1:200; Roche Molecular Biochemicals) in TNB blocking
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Figure 1.  Expression of transfected connexins in HeLa cells. A, RT-PCR screening for expres-
sion of (x35 and (x34.7 in total RNA isolated from HeLa cell lines. For each primer set, lane 1
represents RNA from nontransfected HeLa cells; lane 2, RNA from (x35-transfected cells; lane 3,
RNA from (x34.7-transfected cells; and lane 4, no template RT reaction control. Transfected
HeLa cells showed specific expression of the connexin transfected. B, (, Inmunostaining for
(x35in (x35-transfected cells ( B) revealed punctate staining at cell— cell contacts (arrows) that
was not present in nontransfected cells (C). Scale bar in Cis the same for B—E. D, £, Immuno-
staining for (x34.7 in (x34.7-transfected cells (D) revealed punctate staining at cell contacts
(arrows) and diffuse staining around the cell periphery. Nontransfected cells (£) lacked the
diffuse staining and staining at contacts and showed only occasional speckles more consistent
with nonspecific background.

buffer overnight at 4°C. After washing with PBS and 0.3% Triton X-100,
the sections were incubated with Cy3 tyramide for 2-10 min. Processed
tissue was mounted on microscope slides using Vectashield (Vector Lab-
oratories) and viewed with an Olympus Optical (Tokyo, Japan) Vanox
AHBT3 fluorescence microscope as well as a Zeiss LSM410 confocal
microscope.



0'Brien et al. « Cone Gap Junctions

D

0.007
Non-transfected Cx35 tranﬂected Cx34.7
__0.006 {
o
% 0.005
§ ]
E 0.004 -
E
§ 0.0031
c
(<}
? 0.002 4
E *k
0.001 4 *
cntrl cA+ cA- carb cntrl cA+ cA- carb cntrl carb
Figure 2.  (x35-mediated tracer coupling is regulated by protein kinase A. A, Neurobiotin

injected into untransfected HeLa cells (control) spreads to a small number of cells through gap
junctions composed of an endogenous connexin. B, Neurobiotin injection into cells stably trans-
fected with (x35 diffuses into a larger number of cells (for quantitative measure, see D). C, Bath
application of the membrane-permeant cAMP analog Sp-8-cpt-cAMPS (8 um) to (x35-
transfected Hela cells 15 min before injection results in restriction of tracer diffusion to a few
cells. D, Diffusion coefficients for Neurobiotin diffusion (for procedure and data analysis, see
Materials and Methods) of HeLa cells either without transfection or stably transfected with (x35
or (x34.7.In control (cntrl) HeLa cells, application of 15 wm of the PKA activator Sp-8-cpt-cAMPS
(cA+)or 15 um of the PKA inhibitor Rp-8-cpt-cAMPS (cA—) caused no significant changes in
diffusion coefficient (left plot, p > 0.05 vs no drug; no drug, n = 20; cA+,n = 10;cA—,n =
10). In (x35-transfected cells, Sp-8-cpt-cAMPS caused a significant reduction in diffusion coef-
ficient (center plot, p << 0.01vs no drug; no drug, n = 26; cA+, n = 19), whereas Rp-8-cpt-
cAMPS caused a significant increase in diffusion coefficient ( p << 0.01vs no drug; cA—,n =
10). Coupling in (x34.7-transfected cells was not significantly different than in control Hela
cells (right plot, p > 0.05; n = 20). Coupling in all cell lines was significantly reduced to
differing extent by 10 um carbenoxolone (carb; nontransfected, n = 5; (x35,n = 9; (x34.7,
n = 6).*Significant at the p << 0.05 level; **significant different at the p << 0.01 level.

Antibodies. Monoclonal antibodies were developed at Chemicon (Te-
mecula, CA) against a maltose-binding protein fusion of the entire perch
Cx35 intracellular loop (O’Brien et al., 1998) and screened using the
His-tagged intracellular loop protein mentioned above. Clones 8F6 and
9D7 gave good results in immunohistochemistry. Clone 8F6 (available as
Chemicon MAB3045) was used throughout this study. The antibody has
not been epitope-mapped.

Polyclonal antibodies against Cx34.7 were raised in rabbits (Bethyl
Laboratories, Montgomery, TX). Antibodies were directed against an
intracellular loop peptide of sequence DYGGRDGARKLRNICG linked
to KLH and were affinity-purified with the same peptide.

Monoclonal antibodies against SV2 were obtained from the Develop-
mental Studies Hybridoma Bank (University of Iowa, Iowa City, IA). The
monoclonal antibody against zebrafish cone membranes, FRet43 (Lari-
son and Bremiller, 1990), was obtained from the University of Oregon
Zebrafish International Resource Center (Eugene, OR). This antibody is
distributed under the description ZPR1. The rabbit anti-protein kinase C
a (PKCa) was obtained from Santa Cruz Biotechnologies (Santa Cruz,
CA). All secondary antibodies were obtained from Jackson ImmunoRe-
search except for Alexa fluor 488 anti-mouse IgG, which was from Mo-
lecular Probes. Secondary antibodies were multiple-labeling grade prep-
arations when available.

Western blots. Crude homogenates of hybrid bass brain, retina, and
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Figure3.  (x35 cytoplasmic domains can be phosphorylated by PKA. Autoradiogram shows
in vitro phosphorylation of bacterially expressed fusion proteins containing (x35 intracellular
domains. The Cterminus of (x35 (CT) was fused to glutathione-S-transferase, and the IL domain
was fused to a 6 X His tag. Both domains of (x35 were phosphorylated by the PKA catalytic
subunit, whereas GST alone was not.

liver tissue were prepared in Laemmli sample buffer without reducing
agents and assayed for protein content with the BCA protein assay
(Pierce, Rockford, IL). Samples were adjusted to 4 mg of protein/ml, and
B-mercaptoethanol was added to 2.5% before heating samples to 70°C
and loading the gels. Eighty microgram aliquots of protein were sepa-
rated by SDS-PAGE and transferred onto PVDF membranes. Similar
procedures were followed for lysates of bacteria expressing GST fusion
proteins of the Cx35 or Cx34.7 intracellular loop. Bacterial extracts were
loaded at 5 ug/lane. After Western transfer, membranes were blocked
with 4% nonfat dry milk in TBST (500 mm NaCl, 3 mm KCl, 25 mm
Tris-Cl, pH 7.4, and 0.05% Tween 20) and probed with either mouse
anti-Cx35 (dilution, 1:500) or rabbit anti-Cx34.7IL (dilution, 1:4000)
plus 2% nonfat dry milk in TBST. The secondary antibody was coupled
to horseradish peroxidase (dilution, 1:5000). Bands were detected by
enhanced chemiluminescence (Pierce).

Immunocytochemistry. Hybrid bass eye cups were collected from dark-
adapted, subjective morning fish and fixed in 4% paraformaldehyde in
0.1 M PB for 30 min. Eye cups were washed in 0.1 M PB and embedded in
4% low-melt agarose (Sigma), and 40—-50 um sections were cut on a
Vibratome. Sections were preincubated with 3% normal goat serum in
PBST (137 mmM NaCl, 2.7 mm KCl, 10 mm Na,HPO,, 1.7 mm KH,PO,,
0.5% Triton X-100, and 0.1% sodium azide) for 2 hr to block nonspecific
labeling. Sections were then incubated in primary antibodies as described
below. For experiments involving two monoclonal antibodies (e.g., Cx35
and SV2), we used a sequential labeling technique. Sections were first
incubated overnight at 4°C with mouse anti-Cx35 (dilution, 1:500) in
PBST plus 1% goat serum, washed, and then probed with Alexa 488
anti-mouse IgG (dilution, 1:200) in PBST alone. Subsequently, sections
were incubated in rabbit anti-Cx34.7IL (dilution, 1:500) and mouse anti-
SV2 (dilution, 1:2000) in the same solution of 1% goat serum plus PBST
overnight at 4°C. After washing, we applied Cy3 conjugated to goat anti-
mouse (dilution, 1:200) and Cy5 conjugated to goat anti-rabbit (dilu-
tion, 1:200). Processed tissue was mounted on microscope slides using
Vectashield (Vector Laboratories) and viewed with a Zeiss LSM 410 con-
focal microscope.

Similar procedures were followed for HeLa cells grown on 14 mm
coverslips, except that some cells were fixed by immersion for 5 min in
acetone at —20°C. Primary antibodies were used at 1:500 for mouse anti-
Cx35 and 1:1000 for rabbit anti-Cx34.7IL. Cy3-labeled secondary anti-
bodies were used for all experiments.

Results

Cx35 gap junctions are regulated by

cAMP-dependent pathways

In many retinal circuits, cAMP-dependent pathways regulate gap
junctional coupling. To test the regulation by cAMP-mediated
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pathways of gap junctions formed by the
retinal connexins Cx35 and Cx34.7, we
generated stably transfected HeLa cell lines
that express these connexins. Expression
of the connexins was confirmed by RT-
PCR analysis of total RNA extracted from
the cell lines (Fig. 1A). Transcription of
the transfected connexin was limited to the
cell lines in which it was transfected. To
further evaluate expression of the trans-
fected connexins, we performed immuno-
staining of the cultures (Fig. 1B-E; for
characterization of the antibodies used, see
Fig. 5). Cx35 was expressed in numerous
very small gap junctions (Fig. 1 B, arrows),
that were not present in untransfected
HeLa cells (Fig. 1C). Readily apparent
plaques were observed at an abundance of
1.9 = 0.3 plaques per cell (n = 4 images, 65
cells). For Cx34.7 HelLa cells, there were
relatively fewer apparent plaques (Fig. 1D,
arrows), 0.8 = 0.2 plaques per cell (n = 5
images, 34 cells) and a substantial amount
of poorly organized immunostaining
around the periphery of the cells. For the
Cx34.7 antibody, substantial background
immunostaining was also present in un-
transfected HeLa cells (Fig. 1E). From
these data, it is apparent that both connex-
ins were translated into protein and local-
ized to cell-cell contacts, although Cx35
showed more typical organization into
junctional plaques.

Functional properties of the gap junc-
tions were tested by injection of Neurobiotin
and Lucifer yellow into monolayers of cells
and analysis of tracer transfer by fluores-
cence microscopy after fixation and labeling
with Cy3-streptavidin. In control HeLa cells,
a small amount of Neurobiotin tracer trans-
fer was generally observed (Fig. 2A) butlittle
Lucifer yellow transfer (results not shown).
The diffusion coefficient for Neurobiotin
measured in control cells was 1.27 X 10 > +
247 X 10 * cells*/sec (n = 29). HeLa cells
stably expressing Cx35 transferred signifi-
cantly more Neurobiotin (diffusion coeffi-
cient, 1.89 X 10 > £ 3.57 X 10 * cells */sec;
n=26;t= 196 p < 0.05) (Fig. 2B) but
never showed Lucifer yellow permeability.

In Cx35-transfected cells, application
of the membrane-permeant cAMP analog
Sp-8-cpt-cAMPS (15 uMm) reduced cou-
pling by 55% (8.49 X 10 * 2,14 X 10 *
cells?/sec; n = 19; ¢t = —3.30; p < 0.01 vs
control) (Fig. 2C). Sp-8-cpt-cAMPS is a
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Figure4. (x35and (x34.7 mRNAs have different but overlapping distributionsin the retina. A, In situ hybridization with a (x35
intracellular loop antisense probe labeled three regions of the bass retina. Hybridization signal is visualized by Cy3 fluorescence in
red overlaid on the Nomarski image of the section. Labeling is most prominent in the photoreceptor layer between the outer
segments (0S) and ONL, within the INL, and in the GCL. Hybridization signalin the INL is restricted to the lower half, and the large,
block-like horizontal cells (open arrow) are clearly not labeled. Scale bar in Capplies to A—F. B, Confocal micrograph of a similar
section showing faint labeling throughout the ONL. Cells within the GCL fall into two groups: scarce cells with large somata (filled
arrow) presumably representing some types of ganglion cells and more common cells with small somata (arrowheads) that are
more likely displaced amacrine cells. Image is a 4 um confocal stack. (, Sections probed with the (x35 sense strand show no
labeling. Image is a 4 um confocal stack. D, In situ hybridization with a (x34.7 intracellular loop antisense probe (for details, see
Materials and Methods) labels only one band in the photoreceptor layer strongly. Faint labeling was detected in the INL, but
horizontal cells were again without label (open arrow). £, Confocal micrograph of a (x34.7 antisense hybridization showing more
clearly the labeling in the photoreceptor layer and very faint labeling in the INL. Image is a 4 .um confocal stack. £, (x34.7 sense
strand probe shows no labeling. Image is a 4 m confocal stack. G, Confocal micrograph of the photoreceptor layer of (x35-
labeled section. Prominent areas of labeling are in the myoid regions of cone photoreceptors, which have large oval ellipsoids
immediately above the labeled region. Image is a 4 .um confocal stack. H, Confocal micrograph of the photoreceptor layer of a
(x34.7-labeled section. Prominent labeling is in the same region of cone photoreceptors, as is (x35 labeling. Image is a 4 um
confocal stack.

potent and selective activator of cAMP-dependent protein kinase
(PKA). The Rp isomer of this compound selectively inhibits PKA.
Figure 2 D shows that application of Rp-8-cpt-cAMPS to Cx35-
transfected cells increased the diffusion coefficient 150% over
control conditions (4.71 X 10> * 1.47 X 10 3 cells*/sec; n =
10; t = 3.41; p < 0.01 vs control). Coupling in Cx35-transfected
cells was also inhibited by the general gap junction inhibitor car-

benoxolone (7.8 X 107> = 3.1 X 10 > cells*/sec; n = 9; t =
—5.04; p < 0.01 vs control). Coupling in control HeLa cells was
insensitive to activators and inhibitors of PKA but was inhibited
by carbenoxolone (Fig. 2D). The diffusion coefficient in Cx35-
transfected cells thus varied over greater than a fivefold range
under the influence of PKA activity.

Cx34.7-transfected cells, like Cx35-transfected cells, showed
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Neurobiotin tracer coupling but not Lucifer yellow dye coupling
(results not shown). However, Neurobiotin tracer coupling in
Cx34.7-transfected cells was not different than in control HeLa
cells (1.16 X 10 > + 4.54 X 10 * cells*/sec; n = 20; t = —0.50;
p > 0.05) (Fig. 2 D), although inhibition by carbenoxolone was
somewhat less effective (3.83 X 10 ~* = 2.59 X 10 * cells*/sec;
n=6;t= —2.79; p <0.05vs control). Several independent stably
transfected cell lines were tested with similar results. Because of
the low level of functional coupling in Cx34.7-transfected cells, it
was not possible to study the effects of pharmacological agents on
coupling in these cell lines.

Cx35 cytoplasmic domains are phosphorylated by PKA

The experiments above indicated that pathways involving pro-
tein kinase A regulated coupling through Cx35 gap junctions.
However, it could not be determined whether regulation depends
on modification of channels in the gap junction or on recruit-
ment and removal of channels to and from the gap junction. To
characterize further the regulation of Cx35 gap junction channels
by PKA, we examined the ability of PKA to phosphorylate the
connexin cytoplasmic domains. Both major cytoplasmic do-
mains were expressed as fusion proteins in E. coli and purified.
The C-terminal tail was fused to GST, and the intracellular loop
domain was fused to a 6 XHis tag. Figure 3 shows in vitro phos-
phorylation assays in which the PKA catalytic subunit was used to
phosphorylate the purified fusion proteins. Both intracellular
loop and C-terminal domains of Cx35 were phosphorylated by
PKA, whereas GST alone was not phosphorylated. This shows
that PKA can phosphorylate the connexins directly at a minimum
of two sites, one in each of the intracellular loop and C-terminal
domains. Thus, the pathways through which PKA activity re-
duces Cx35 coupling may involve direct phosphorylation of the
connexin.

Expression of Cx35 and Cx34.7 in retinal neurons is

partially overlapping

In previous studies, we found that both Cx35 and Cx34.7 were
expressed in the retina (O’Brien et al., 1998). We wished to de-
termine whether the same or different cells in the retina expressed
these connexins. To study this, we performed in situ hybridiza-
tions with RNA probes derived from the intracellular loop do-
mains of the two connexins. The two connexins differ most in
this region, and we have previously shown that probes derived
from this domain label different transcripts in a Northern blot
(O’Brien et al., 1998). The labeling pattern of the Cx35 antisense
probe is shown in Figure 4, A and B. A strong band of hybridiza-
tion was seen at photoreceptor inner segments, with weak label-
ing throughout the outer nuclear layer (ONL). Many cells in the
inner half of the inner nuclear layer (INL) were labeled. These
correspond to the positions of amacrine cell somata and perhaps
some bipolar cell somata. Note that the somata of horizontal
cells, visible in the Nomarski overlay of Figure 4 A (open arrow),
were not labeled. A few cells in the ganglion cell layer (GCL) were
also labeled. These included cells with small somata that probably
correspond to displaced amacrine cells (Fig. 4 B, arrowheads) and
a much smaller number of cells with large somata that may cor-
respond to some types of ganglion cells (Fig. 4B, arrow). Most
ganglion cells were not labeled. The sense strand probe showed no
labeling (Fig. 4C). In contrast to Cx35, the Cx34.7 antisense probe
labeled only the photoreceptor inner segments strongly (Fig. 4 D,E).
Very weak labeling was present in the inner half of the INL, with a
distribution similar to that of Cx35 mRNA. Once again, no labeling
was detected with the sense strand probe (Fig. 4 F).
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Figure5. Antibodiesto(x35and (x34.7 label connexins selectively. A, Western blot analysis

of crude lysates of bacteria expressing a GST-(x35 intracellular loop fusion protein (lanes 1, left
and right panels) or a GST-(x34.7 intracellular loop fusion protein (lanes 2, left and right pan-
els). Both (x35 monoclonal (left panel) and (x34.7 polyclonal (right panel) antibodies are spe-
cific. B, Western blot analysis of hybrid bass tissues using anti-Cx35 monoclonal (left) and
anti-(x34.7 polyclonal (right) antibodies. Each lane contains 80 g of crude protein from hybrid
bass brain (lanes 1), retina (lanes 2), or liver (lanes 3). The (x35 antibody recognizes a complex
ofbandsat 30 —33kDain brain and retina. A higher-mass band at ~65 kDa may represent (x35
dimers. The (x34.7 antibody recognizes a single band of ~36 kDa only in retina.

Because both Cx35 and Cx34.7 transcripts were present in the
photoreceptor layer, we wished to determine whether rods,
cones, or both expressed the connexins. Closer examination of
the photoreceptor layer (Fig. 4G,H) showed that the strongest
labeling for both Cx35 and Cx34.7 occurred in the cone inner
segments. In this species, the cones are easily identified by their
large oval ellipsoid, which can be seen to be continuous with the
hybridization signal by virtue of the background signal developed
in that region. Weak signal throughout the OPL could not be
ascribed specifically to rods or cones, so we could not determine
whether rods express either Cx35 or Cx34.7. Coexpression of
these connexins in the same neurons raised the question of
whether the connexins occurred in the same or different gap
junctions.

Cx35 and Cx34.7 occur in different gap junctions

To study the distribution of Cx35 and Cx34.7 in the retina, we
made use of antibodies against the two connexins. Western blot
analysis of crude tissue homogenates and lysates of bacteria ex-
pressing fusion proteins is shown in Figure 5. In lysates of bacteria
expressing connexin fusion proteins, monoclonal anti-Cx35 rec-
ognized only the Cx35 fusion protein in lane 1 (Fig. 54, left panel)
and not the Cx34.7 fusion protein in lane 2. The polyclonal anti-
Cx34.7 recognized only the Cx34.7 fusion protein (Fig. 5A, right
panel). In tissue lysates, anti-Cx35 recognized a complex of two
to three bands at apparent M, of 31-33 kDa in both brain (lane 1)
and retina (lane 2) homogenates, whereas anti-Cx34.7 recog-
nized a single band at an apparent M, of 36 kDa only in the retina
sample. Although Cx35 appears to run smaller than its predicted
molecular mass, it is not unusual for connexins to have anoma-
lous apparent M, in SDS-PAGE. For Cx35, this migration pattern
has been a consistent result for our gel system with several differ-
ent species and several different antibodies (cf. Pereda et al., 2003;
our unpublished results). It is likely that a secondary structure in
the denatured protein contributes to this anomalous migration
pattern.

To study the distribution of the two connexins, we first exam-
ined the distribution of Cx35 immunoreactivity relative to well-
established markers of retinal neurons. In Figure 6, an antibody
to the synaptic vesicle protein SV2 was used to label synaptic
vesicles in both inner and outer plexiform layers, and an antibody
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to PKCa was used to label the rod-
dominant Mb1 bipolar cells (cf. Suzuki
and Kaneko, 1990; Yazulla and Stud-
holme, 2001). Cx35 (green) was abundant
in both the inner and outer plexiform lay-
ers, with no labeling detected outside of
these layers. In the outer plexiform layer
(Fig. 6B), Cx35 plaques were numerous
below the photoreceptor terminals, with
some minute plaques occasionally seen
among the terminals. Very little was coin-
cident with the Mb1 bipolar cell processes,
suggesting that most Cx35 plaques must
be among processes of other bipolar cells,
photoreceptor telodendria, or both. Cx35
gap junctions among horizontal cell pro-
cesses were ruled out because of the lack of
Cx35 mRNA in any horizontal cells.

In the inner plexiform layer, Cx35
plaques were abundant in both the ON
and OFF sublaminas (Fig. 6C), consistent
with the in situ hybridization data indicat-
ing that many amacrine cell types express
this connexin. The gap junctions varied in
size from very large plaques up to 8 X
3 pwm to small plaques <0.5 wm in diam-
eter. The telodendria of Mb1 bipolar cell
axon terminals were found to contain very
small Cx35 gap junctions (arrows) wher-
ever these processes met. Thus, it is clear
that some bipolar cells do express Cx35.

In contrast to the widespread staining
for Cx35, Cx34.7 was detected only in the
outer plexiform layer (Fig. 7A). This result
is consistent with the in situ hybridization data showing that the
major Cx34.7 mRNA signal was present in photoreceptors. When
photoreceptor terminals were labeled with SV2, we found that
Cx34.7 immunostaining was detected almost exclusively beneath
cone pedicles (Fig. 7B). In many cases, Cx34.7 immunostaining was
found deep within the basal invagination of the cone pedicle, close to
areas of synaptic contacts. Cx35 immunostaining, on the other hand,
was generally found 1-2 um below the zone of synaptic contacts,
although some plaques were found within the basal invagination. In
no case were Cx35 and Cx34.7 found to colocalize (Fig. 7C-E), in-
dicating that these connexins form different gap junctions. Because
of the complexity of the synaptic layer beneath cone terminals and
the potential for Cx35 expression in some bipolar cells, it was impor-
tant to delineate further the origin of the connexin immunolabeling
in the outer plexiform layer.

Figure 6.

Cone telodendria participate in gap junctions made by Cx35

To identify telodendria of cone photoreceptors, we used an anti-
body (FRet43) that specifically labels the membranes of double
cones (Larison and Bremiller, 1990). This antibody labeled a ma-
jority of hybrid bass cones, leaving a small population of single
cones (<10% of cones) unlabeled (results not shown). Figure 8 A
shows that cone terminals extend several thin telodendria that
contact the bases of other cones or contact other telodendria at
terminal swellings within the OPL. Cx35 immunoreactivity colo-
calized extensively with the telodendrial matrix at linear plaques
(triple arrowheads). Furthermore, swellings indicative of tip-to-
tip contacts of telodendria invariably contained a Cx35 plaque
(arrows). Most Cx34.7 immunoreactivity was superimposed on

0'Brien et al. « Cone Gap Junctions

(x35 gap junctions are widespread in bass retina. A, Imnmunolabeling for SV2 (blue) shows the synaptic layers, and
PKCax (red) shows the rod-dominated Mb1 bipolar cell. (x35 immunoreactivity (green) is abundant in both synaptic layers. Image
isa 6 wm confocal stack. B, In the outer plexiform layer, (x35 is predominantly located below the photoreceptor terminals labeled
with SV2. (x35 plaques vary from small plaques <<0.5 e in diameter to linear arrays up to 3 um in length. There was little or no
colocalization with dendritic processes of the Mb1 bipolar cells. Imageisa 2 sum confocal stack. G, In the inner plexiform layer, (x35
is abundant in both sublaminas. Plaques vary greatly in size and include large, flat plaques up to 3 X 8 wm in size. Telodendrial
processes of the Mb1 bipolar cell axon terminals consistently colocalize with very small (x35 plaques at points of constriction
(arrows). These likely represent gap junctional coupling at tip-to-tip contacts of the telodendria. Image is an 8 ,m confocal stack.

cone terminals and was not readily traceable to specific teloden-
dria in whole-mount views. However, the few Cx34.7 plaques
found away from the labeled terminals did coincide with labeled
telodendria.

Vertical sections of bass retina labeled for FRet43 and both
connexins revealed the extensive complex of basal processes be-
neath each cone terminal and telodendria connecting cones (Fig.
8B). Cx35 plaques were frequently associated with these pro-
cesses, indicative of gap junctions between telodendria. Other
Cx35 plaques in this region may also represent bipolar cell gap
junctions. In a few cases, cone telodendria could be seen to
project into the invagination of a cone terminal (Fig. 8C, arrow),
and a Cx34.7 plaque was sometimes found at the projected tip of
the process. A direct connection between the telodendria and
Cx34.7 plaques could not be detected in these views.

The association of Cx34.7 with cone telodendria was exam-
ined more closely in double-labeled material that provided more
sensitive detection of the two fluorochromes. Confocal stacks of
oblique sections of retina showed more clearly that telodendria
frequently project from one cone into the central invagination of
an adjacent cone (Fig. 8D). In such specimens, a cluster of Cx34.7
plaques was generally observed in the vicinity of the contacts of
these telodendria with the cone pedicle. However, direct associ-
ation of Cx34.7 with the telodendria again was not apparent. To
examine this relationship, we examined single confocal sections
and stacks of =1 um in thickness. Well labeled vertical sections
revealed an extremely dense complex of cone basal processes be-
neath each terminal (Fig. 8E). Very small Cx34.7 plaques were
directly associated with these processes. Telodendria passing be-
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Figure7.

tween cones were often associated with larger Cx34.7 plaques
(arrows) where they approached the terminal. However, immu-
nostaining for FRet43 was notably absent where these larger
plaques resided, leaving prominent gaps in the FRet43-labeled
processes. This lack of association of Cx34.7 with Fret43 labeling
could reflect an uneven distribution of the Fret43 antigen in the
membrane surface, or it could suggest that processes of another
cell type, such as a bipolar cell, make gap junctions with Cx34.7 in
this area. The latter was considered unlikely because Cx34.7
mRNA was virtually absent from cells in the inner nuclear layer.

Discussion

cAMP regulation of gap junctions

cAMP has long been identified as a regulator of certain electrical
synapses (Piccolino etal., 1984; Hampson et al., 1992; Rorig et al.,
1995). This is the case in the AIl amacrine cell homologous gap
junctions, which have been found to contain connexin 36, the
mammalian homolog of Cx35 (Feigenspan et al., 2001; Mills et
al., 2001). In these cases, activation of D,-type dopamine recep-
tors reduces coupling. Dopamine D, receptor activation is linked
to enhanced adenylyl cyclase activity and elevation of cAMP. La-
sater (1987) and DeVries and Schwartz (1989) found in horizon-
tal cells that the action of cAMP on gap junctional conductance
occurs through the activity of PKA. Thus, activation of D, recep-
tors results in elevation of cAMP, enhancing PKA activity and
leading to reduction in coupling. The opposite effect of dopa-
mine has been observed in rod—cone gap junctions (Krizaj et al.,

(x34.7 protein is more limited in distribution. A, Double labeling for (x34.7 (red) and (x35 (green) shows distinctly
different distributions of the two connexins. (x34.7 immunoreactivity is restricted to the outer plexiform layer in regularly spaced
clusters. (x35 is also present at this location. Image is a 5 um confocal stack. B, Labeling of the outer plexiform layer with SV2
(blue) shows that the (x34.7 clusters (red) are located beneath cone photoreceptor pedicles, which appear as large trapezoids
among the doughnut-shaped and much smaller rod terminals. Cx35 immunolabeling (green) in the same vicinity is not restricted
to the cone pedicles. Imageisa 5 um confocal stack. (£, Three views of (x34.7 (red) and (x35 (green) immunoreactivity in the
OPL. Although the connexins are in very close proximity, the two do not occur in the same plaques. The limited overlap visible in
some images was attributable to stacking of confocal slices from different depths. Cis a 3 m confocal stack of a whole-mount
view; D, 4 um confocal stack of a vertical section; £, 6 um confocal stack of an oblique section. Scale bar in Capplies to D, £.
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1998), where activation of D,-like recep-
tors reduces cAMP and enhances gap
junctional coupling.

In this study, we found that the steady-
state diffusion coefficient of cells express-
ing Cx35 can be either increased or de-
creased by inhibition or activation,
respectively, of PKA. These effects take
place within a few minutes and provide a
mechanism by which cells can quickly
change their coupling state. The observa-
tion that Cx35 gap junctions are regulated
dynamically by cAMP is consistent with
the behavior of gap junctions containing
homologs of this connexin in mammalian
AlI amacrine cells (Hampson et al., 1992;
Mills and Massey, 1995). In both cases,
pharmacological treatments that activate
PKA reduced coupling.

Several mechanisms may account for the
regulation we observed, including direct ac-
tion of cAMP analogs on the connexin chan-
nels, modulation of gap junction channel ac-
tivity by PKA phosphorylation of the
connexins, modulation by a different down-
stream effector of CAMP signaling, or inser-
tion or removal of channels. Although we
could not distinguish between these mecha-
nisms in our study, the in vitro experiments
showed that Cx35 is phosphorylated at mul-
tiple sites by PKA. The direct phosphoryla-
tion pathway would be most consistent with
the previous findings regarding the regula-
tion of gap junction channel activity by
cAMP.

The low level of functional coupling in
cell lines expressing Cx34.7 makes it diffi-
cult to assess whether PKA regulates these gap junctions. Addi-
tional experiments will be required to determine whether these
two gap junctional pathways are regulated separately.

10 um

Which photoreceptors are involved?

We have shown conclusively that cones express both Cx35 and
Cx34.7, and Cx35 is associated with cone telodendria. The pres-
ence of gap junctions among cone telodendria has long been
documented. Gap junctions have been observed between cone
telodendria and cone pedicles or between telodendria in fish
(Witkovsky et al., 1974, 1979; Scholes, 1975) and essentially all
other types of vertebrates that have been studied (cf. Raviola and
Gilula, 1973; Kolb and Jones, 1985). Thus, it is not surprising to
find a connexin associated with cone telodendria.

It is somewhat surprising that we did not find clear evidence
for the presence of Cx35 or Cx34.7 on rod photoreceptor termi-
nals. Rod—cone gap junctions have been observed in most spe-
cies, and indirect evidence exists for electrical coupling between
rods and cones in fish (Ribelayga et al., 2002). It is logical to
expect one of connexins 35 and 34.7 to mediate this coupling.
However, telodendria of cones were not observed to penetrate
distally among rod terminals, where gap junctions among rods
have been seen, and the short telodendria of rods in fish have
never been observed to project beneath cone terminals (Wit-
kovsky et al., 1974, 1979), where Cx34.7 immunoreactivity was
observed. Thus, neither Cx34.7 nor Cx35 is likely to be involved
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in rod gap junctions unless these gap junc-
tions are removed in a circadian or adap-
tive process that we have not studied.

Recent reports in mammals indicate
that Cx36 (the mammalian homolog of
Cx35) mediates rod—cone coupling in the
mouse (Deans et al., 2002). However, Lee
et al. (2003) found that Cx36 is present at
cone—cone gap junctions but only on the
cone side of rod—cone gap junctions in
guinea pig. Thus, although cone—cone gap
junctions seem consistently to contain
Cx35 and Cx36, it remains to be deter-
mined which connexins form gap junc-
tions in rods.

Gap junctions within the synaptic
terminal invagination

The majority of Cx34.7 immunostaining
was on the bases of cone pedicles, fre-
quently deep within the central invagina-
tion in which synaptic contacts are made.
Although some Cx35 staining was also
found within the invaginating cavity, very
little was closely apposed to the basal
membrane, as delineated by SV2 staining.
The close proximity of the Cx34.7 labeling
to the basal membrane suggests that gap
junctions may be formed between telo-
dendria entering the central cavity and
basal processes of the cone pedicle. Gap
junctions have been observed between
cone basal membranes and telodendria
projecting into the invagination of chick
cones (Cooper and McLaughlin, 1981).
Such junctions have not been reported in
fish; however, telodendria are well known
to terminate within the complex of
postsynaptic processes beneath fish cones
(Sakai and Naka, 1983; Kraft and
Burkhardt, 1986) as well as those of most
nonmammalian vertebrates (Kolb, 1977;
Kolb and Jones, 1984; Mariani and Lasan-
sky, 1984). The small size of the gap junc-
tions observed in chick telodendria sug-
gests that such junctions could have been
missed in some species. The physiological
consequences of having some gap junc-
tions much closer to synaptic sites than
others is not known at this time and will
require additional research to understand.

Two distinct connexin-mediated
pathways in the same circuit

Both Cx35 and Cx34.7 are present where
cone photoreceptors interact with other
cones, either through gap junctions or
through other types of junctions. Gap

junctions among photoreceptors have a variety of apparent func-
tions. Electrical coupling substantially reduces the variance of the
photoresponse (Lamb and Simon, 1976), improving the signal/
noise ratio at the output synapse (Tessier-Lavigne and Attwell,
1988), particularly for large-field stimuli. Signal spread through
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Figure 8.  Gap junctions are located in the network of cone telodendria. A, Immunolabeling of double cones with FRet43
antibody (blue) reveals the network of telodendria connecting the cones. (x35 immunostaining (green) is extensively colocalized
with telodendria at linear plaques (triple arrowheads) and punctate spots indicative of crossing and tip-to-tip contacts (arrows).
(x34.7 (red) is predominantly localized to the cone pedicles. Imageisa 2.5 wm confocal stack in whole-mount view. B, G, Vertical
sections of cone terminals show telodendria that contact neighboring cones make gap junctions with (x35 in linear arrays (triple
arrowheads). Telodendria may also enter the central invagination of a neighboring cone, where (x34.7 plaques are located
(arrow). Both images are 1.5 um confocal stacks. D, £, Double-labeled sections reveal (x34.7 (red) association with cone telo-
dendria matrix (green) more clearly. (x34.7 plaques are scattered among the dense matrix of telodendria directly beneath each
cone terminal. Small (x34.7 plaques are located at the edges of elements of the matrix, whereas larger (x34.7 plaques along
telodendria appear to be located in areas from which the FRet43 antigen is excluded (arrows). Dis a 4 um confocal stack of an
oblique section; £, 1.0 wm confocal stack of a vertical section. Scale bars, 10 wm.

gap junctions also allows strongly stimulated photoreceptors to
use the output synapses of coupled photoreceptors (Attwell et al.,
1987), expanding the response range of those photoreceptors
encountering local stimuli. The effects of signal spread and noise
reduction within an illuminated field have been shown to im-
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prove the detection of brightness boundaries (Lebedev et al.,
1998). Any degradation of spatial information attributable to re-
ceptor coupling is very small and has recently been shown to be
similar to the blur caused by the optics of the eye (DeVries et al.,
2002).

The electrical effects of receptor coupling are intensity-
dependent. For example, Smith et al. (1986) have calculated that,
in rod photoreceptors illuminated with a dim stimulus that ex-
cites a single rod, strong coupling shunts sufficient voltage away
from the receptor to significantly degrade the performance of the
output synapse. Reduction of coupling strength preserves the
synapse function. To achieve optimal receptor function, electri-
cal coupling must be modulated during the course of adaptation.

The presence of Cx35 and Cx34.7 gap junctions provides two
distinct options for regulating the connectivity of cone photore-
ceptors. First, cytoplasmic cAMP levels regulate the opening of
Cx35 gap junctions over at least a fivefold range, as measured by
tracer diffusion. Thus, coupling may be increased in the light or
in other conditions that reduce cAMP concentration. Under con-
ditions of elevated cAMP, such as in dark-adapted photorecep-
tors, these gap junctions will be relatively uncoupled. Cx34.7 is
present in fewer and smaller junctions and is located closer to the
synaptic sites. This connexin may provide a pathway with differ-
ent properties. Such a pathway would be useful to differentiate
coupling between cones of the same spectral type and cones of
different spectral types. Alternatively, Cx34.7 may provide a sec-
ond pathway for coupling under conditions in which Cx35 is
uncoupled. It will be important in the future to uncover the basis
for the presence of these two distinct pathways.

Connexin 35 and its mammalian homolog, Cx36, are very
widely distributed throughout the CNS and are very highly con-
served (Condorelli et al., 1998; O’Brien et al., 1998; Rash et al.,
2000). The present results suggest that gap junctions made of this
connexin may be subject to dynamic regulation. Additional neu-
ronal connexins, such as Cx34.7, provide a separate mechanism
to adjust the level of coupling. Where intact cell-cell channels are
formed, the co-occurrence of these two connexins will provide
flexibility in maintaining a suitable level of coupling to optimize
neuron function.
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