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Electrical synapses (gap junctions) in neuronal circuits have be-
come a major focus in the study of network properties such as
synchronization and oscillation (Galarreta and Hestrin, 1999; Gib-
son et al., 1999). Despite the recent progress made in unraveling
the contribution of gap junctions to network behavior, little is
known about the molecular composition of the junctional con-
stituents. By cloning gap junction proteins [connexins (Cxs)] from
zebrafish retina and through functional expression, we demon-
strate that the retina possesses a high degree of connexin diver-
sity, which may account for differential functional properties of
electrical synapses. Three new Cxs, designated as zebrafish
Cx27.5 (zfCx27.5), zfCx44.1, and zfCx55.5, and the carp or-
tholog of mammalian Cx43 were cloned. By in situ hybridization
and in situ RT-PCR, we demonstrate that the four fish connexin
mRNAs show differential localization in the retina. Transient func-

tional expression in paired Xenopus oocytes and in the neuro-
blastoma N2A cell line indicate an extreme range of electrophys-
iological properties of these connexins in terms of voltage
dependence and unitary conductance. For instance, the new
zfCx44.1 exhibited high sensitivity to voltage-induced closure
with currents decaying rapidly for transjunctional potentials .10
mV, whereas zfCx55.5 channels showed an opposite voltage
dependence in response to voltage steps of either polarity. More-
over, although zfCx44.1 channels showed unitary conductance
as high as any previously reported for junctional channels (nearly
300 pS), zfCx55.5 and zfCx27.5 exhibited much lower unitary
conductances (,60 pS).
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Gap junctions provide intercellular conduits for electrical (ionic)
and metabolic coupling between almost all cells in multicellular
organisms. Gap junctions are composed of connexins (Cxs), a
multigene protein family that can be divided broadly into three
major branches: the a, b, and g groups (Kumar and Gilula, 1996;
O’Brien et al., 1998). As compared with the wealth of knowledge
concerning the molecular composition of non-neuronal gap junc-
tions (for review, see Bennett et al., 1991; Dermietzel and Spray,
1993; Bruzzone et al., 1996), little is known about the molecular
identity of the connexins involved in the establishment of electrical
synapses at neuronal gap junctions.

The first successful attempt to identify a neuronal connexin has
recently been made by O’Brien et al. (1996), who used a skate
retinal expression library to clone fish Cx35, a protein of 35 kDa of
molecular mass mainly expressed in the inner nuclear and inner
plexiform layers of fish retina (O’Brien et al., 1998). Transcripts of
fish Cx35, the related fish Cx34.7, and the murine ortholog Cx36
(Condorelli et al., 1998; Söhl et al., 1998) have been detected in
neurons of retina and brain.

The retina consists of a highly ordered laminar structure that
comprises three compact layers of neurons separated by two syn-
aptic layers and offers an approachable and attractive model for
studying neuronal gap junctions. Gap junction-mediated dye trans-

fer is found in all cell types that form the neuronal retinal network
(Vaney, 1994, 1996; Weiler, 1996; Becker et al., 1998). The system-
atic use of the cationic tracer Neurobiotin in the retina has led to
the discovery of an unexpected high incidence of coupled cells and
a diversity of coupling patterns so far unmatched by any other part
of the brain (Vaney, 1991). The selective nature of neuronal cou-
pling and its differential regulation by neuromodulators, as shown
recently for the amacrine AII cells (Hampson et al., 1994; Mills and
Massey, 1995; Weiler et al., 1999), strongly suggests the occurrence
of multiple types of connexins within the neuronal populations of
this tissue. The analysis of retinal gap junctions has concentrated
on horizontal cells, a population of retinal neurons that is endowed
with extensive gap junction coupling. Dual cell recording experi-
ments and dye-transfer studies in parallel with freeze-fracture
investigation have made horizontal cells by far the best studied
class of coupled neurons in the CNS (Dowling et al., 1966; Picco-
lino et al., 1982; Lasater, 1987; DeVries and Schwartz, 1989; Vaney
1993; Weiler, 1996; Wolburg and Kurz-Isler, 1996; Baldrige et al.,
1998).

We have isolated primary neurons from fish retina, a vertebrate
species that allows for .70% enrichment of horizontal cells, and
used RT-PCR with degenerate primers on solitary horizontal cell
mRNA to amplify connexin cDNA fragments. Using rapid ampli-
fication of cDNA ends (RACE) strategies and screening of both
cDNA and genomic DNA libraries from zebrafish, we succeeded in
cloning four different connexin cDNAs, three of which are novel
sequences. The three new members of the connexin family are
designed as zebrafish Cx27.5 (zfCx27.5), zfCx55.5, and zfCx44.1,
on the basis of the theoretical molecular mass of their deduced
amino acid (aa) sequences, whereas the fourth is the carp ortholog
of mammalian Cx43. In situ hybridization and in situ RT-PCR
indicate that these connexins are differentially expressed in the
retina. Together with functional expression studies in transiently
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transfected paired Xenopus oocytes and N2A cell lines illustrating
significant differences in the biophysical behavior of these connex-
ins, our data provide conclusive evidence that retinal neurons are
endowed with a repertoire of distinct connexins that may account
for a functional diversification of gap junction-mediated intercel-
lular communication in neuronal networks.

MATERIALS AND METHODS
Cloning of partial connexin cDNAs from carp retina. Dark-adapted carps,
;20 cm in length, were kept in an aerated tank before decapitation. Fish
retinas were isolated from enucleated eyes, dissected, and incubated for 15
min in oxygenized Leibowitz (L-15) medium, pH 7.4, containing 15 mg/ml
papain (Sigma, Deisenhofen, Germany). After enzymatic dissociation,
retinas were washed three times in L-15 medium supplemented with 5%
fetal calf serum to stop enzyme activity. Next, mechanical trituration was
performed with fire-polished Pasteur pipettes. Cell suspensions corre-
sponding to 10 retinas in L-15 medium were subjected to centrifugation on
a 0.8–4% Ficoll gradient as described previously (Janssen-Bienhold et al.,
1993). After sedimentation, cell fractions enriched with horizontal cells
were collected and inspected by phase microscopy. Only fractions contain-
ing ;70% horizontal cells recognized by their morphology under phase-
contrast light microscopy were used for total RNA extraction according to
standard procedure (Chomczynsky and Sacchi, 1987).

Aliquots of 1 mg total RNA derived either from enriched horizontal cells
or from total retina RNA preparations were reverse-transcribed using
random hexanucleotides and standard conditions for Moloney murine
leukemia virus reverse transcriptase (Promega, Madison, WI). Degenerate
primers complementary to highly conserved regions of selected rat con-
nexins were used in PCR reactions to amplify reverse-transcribed cDNAs
(Haefliger et al., 1992); the sense primer (GGC-TGT-RAA-SAA-YGT-
YGT-CTA-YGA-C), a nested sense primer (TTC-CCC-ATC-TCB-CAY-
RTB-CG), and the antisense primer (TGG-GVC-KGG-AVA-BGA-AGC-
AGT) were designed to amplify cDNA fragments spanning the second and
third transmembrane domains of connexin proteins, which include the
cytoplasmic loop region of variable length. PCR was performed using
cDNA equivalents of 1 mg of total RNA, standard reaction conditions for
Taq-DNA polymerase (Promega), and 30 cycles of the following amplifi-
cation profile: denaturation for 60 sec at 94°C, annealing for 60 sec at 55°C,
extension for 90 sec at 72°C. Amplification products (amplicons) were
separated on 1% agarose gels, extracted, and subcloned in the pGEM3Z
vector (Promega) used to transform Escherichia coli JM109. Forty ran-
domly selected transformants were isolated and differentiated by Southern
blot hybridization with digoxigenin-11 dUTP-labeled probes, coding for
diverse rodent connexins. Probe synthesis was performed as recommended
by the manufacturer (Boehringer Mannheim, Mannheim, Germany). Frag-
ments of the transformants that hybridized with probes coding for mouse
Cx43, Cx26, and Cx50 were subjected to nucleotide sequencing (ABI 372,
PerkinElmer Life Sciences, Foster City, CA). In the following sections,
these fragments are indicated as frag43, frag26, and frag50, respectively.

Genomic library screening and RACE extension. Approximately 5 3 10 5

plaque-forming units of a zebrafish genomic library in the l phage FixII
(Stratagene, Heidelberg, Germany) were plated and screened by standard
techniques (Sambrook et al., 1989). Radiolabeled probes were generated
from the fragments that hybridized with frag26 and frag50 by random
labeling with 32P-dATP (Multiprime Labeling Kit, Amersham Pharmacia,
Freiburg, Germany). Frag43 was not used for genomic library screening but
was used instead for RACE extension to clone carpCx43. Filter hybrid-
ization was performed using standard methods (Sambrook et al., 1989)
under high stringency conditions (65°C, 23 SSC; 13 SSC 5 150 mM NaCl,
15 mM citrate, pH 7). After two rounds of rescreening genomic DNAs,
recombinant phage clones were isolated using standard methods (Sam-
brook et al., 1989).

In addition to the screening of the genomic zebrafish library, we per-
formed RACE extension using carp mRNA as a template for the Mara-
thon cDNA Amplification Kit (Clontech Laboratories, Heidelberg, Ger-
many). Sets of gene-specific frag43 primers were designed according to the
sequencing data, obtained by degenerate RT-PCR. RACE extension was
performed as indicated by the manufacturer’s protocol. RACE extension
products were subcloned into pCRII vector (Invitrogen, Groningen, The
Netherlands).

The identity of the carpCx43 cDNA obtained by RACE extension was
further confirmed by screening a zebrafish cDNA library (gift of Dr. John
Dowling, Harvard University) using a RACE fragment of carpCx43.

Multiple tissue Northern blots and RT-PCR. Total RNA was extracted
with the TRIzol reagent (Life Technologies, Karlsruhe, Germany) from
brain, heart, liver, spleen, retina, kidney, and lens to analyze the expression
patterns of retinal connexins in multiple tissues. To get sufficient amounts
of RNA, carp tissues were used throughout the hybridization experiments.
Total RNA (20 mg) was electrophoresed and transferred onto nylon mem-
brane by capillary transfer using 23 SSC. Hybridization probes were
selected on the basis of minimal homologies to known connexin mRNAs.
All probes were radiolabeled with 32P-dATP by random priming and used
in hybridization reactions at 43°C with standard procedures (Sambrook et
al., 1989).

For cDNA synthesis, aliquots of 1 mg of total RNA from carp retina and

other tissues were incubated for 15 min at room temperature with 1 U of
DNase (Life Technologies) in the appropriate buffer in a total volume of
10 ml. The reaction was stopped by adding EDTA and inactivating the
DNase at 65°C for 15 min. After incubating the RNA with 50 pmol random
hexanucleotides for 10 min at 70°C, first-strand synthesis was performed by
adding the appropriate reaction buffer, 0.1 mmol DTT, 10 nmol of each
dNTP, and 200 U of reverse transcriptase (Life Technologies) in a total
volume of 20 ml at 42°C for 50 min. The reaction was stopped by inacti-
vating the enzyme at 70°C for 15 min. Negative controls were made for
each tissue by omitting reverse transcriptase.

PCR was performed under standard conditions using 1 ml of the cDNA
reaction in 35 cycles. The following primers were used: zfCx44.1 forward
[all nucleotide (nt) positions are referred to by base number according to
the full-length sequence; nt 540–663] and reverse primer (nt 1080–958);
zfCx55.5 forward primer (nt 365–386) and reverse primer (nt 1032–1040),
zfCx27.5 forward primer (nt 393–414) and reverse primer (nt 711–691).
The primers for the b-actin control reaction were forward (nt 226–246)
and reverse primer (nt 448–429). Reaction products were separated on 1%
agarose gels and visualized by ethidium bromide staining to confirm the
expected size of amplified products.

In situ hybridization and in situ RT-PCR. For the localization of the new
zebrafish connexins and carpCx43, we performed in situ hybridization and
in situ RT-PCR. Freshly prepared carp and zebrafish eyes were embedded
in Tissue-Tek (Miles, Elkhart, IN), frozen, and stored in liquid nitrogen.
Cryostat sections of 10 mm thickness were collected on sialinized coverslips
and stored immediately at 220°C.

For in situ hybridization sections, were heat-fixed at 65°C for 2 min and
subsequently air-dried for another 20 min. A lipid extraction step was
performed for 5 min in chloroform followed by air drying of the sections
for another 5 min. Then sections were fixed for 7 min in 4% formalin in
PBS, pH 7.0, washed twice in PBS and twice in 23 SSC. Prehybridization
was performed in 15 ml hybridization buffer (50% deionized formamide,
10% dextran sulfate, 13 Denhardt’s buffer) for 1 hr. Digoxigenin-labeled
cRNA probes for in situ hybridization experiments were synthesized by
means of an in vitro transcription kit according to the manufacturer’s
recommendations (Boehringer Mannheim). Four different antisense
probes and the corresponding sense probes were generated from plasmids
containing the different subcloned fragments of the new sequences; all
positions given below are relative to the start codon ATG: carpCx43 (nt
458–1142), zfCx55.5 (nt 1082–1429), zfCx27.5 (nt 282–711), and zfCx.44.1
(nt 1037–1467). The synthesized probes were selected for minimal homol-
ogies with published connexin sequences (GenBank National Center for
Biotechnical Information, Washington, DC). All cRNA probes were hy-
bridized to sections in 15 ml hybridization buffer for 16 hr. Probe concen-
trations and temperatures of prehybridization and hybridization were
adjusted to probe length. CarpCx43 and zfCx44.1 were hybridized at 55°C,
at a concentration of 400 ng/ml; zfCx55.5 and zfCx44.1 were hybridized at
52°C and 200 ng/ml. After hybridization, slides were rinsed once in 23
SSC and three times in 23 SSC containing 60% formamide, for 5 min each,
at the corresponding hybridization temperature; twice in 23 SSC for 5 min
at 37°C; and twice in 0.13 SSC for 5 min, at 37°C and room temperature,
respectively. Excess of nonhybridized probes was digested with 10 mg/ml
RNase A in 23 SSC for 15 min at room temperature. For immunological
detection of hybridized probes, slices were rinsed twice in Tris-buffered
saline (TBS), pH 7.2, blocked with 3% nonfat milk powder in TBS for 90
min at room temperature, and incubated with an anti-digoxigenin antibody
coupled to alkaline phosphatase (Boehringer Mannheim) diluted 1:200 in
TBS containing 1% nonfat milk powder for 2 hr. Then, samples were
rinsed twice in TBS, incubated for 10 min in alkaline phosphatase buffer
(100 mM Tris/HCl, pH 9.5, 100 mM NaCl, 10 mM MgCl2), and stained in
the latter buffer containing 340 mg/ml nitro blue tetrazolium and 180 mg/ml
5-bromo-4-chloro-3-indolyl phosphate at 4°C overnight. Slices were rinsed
once in 10 mM Tris, pH 8, 1 mM EDTA, and twice in double-distilled
water. After counterstaining with methyl green for 15 min, slices were
mounted in aqueous mounting medium (Shandon, Frankfurt, Germany).

For in situ RT-PCR, sections were fixed for 10 min in 4% paraformal-
dehyde in PBS, washed twice in PBS, and incubated in prewarmed buffer
before protease digestion. Slides were transferred to a prewarmed incuba-
tion tray, and each section was covered with 100 ml proteinase K solution
(2.5 mg/ml proteinase K in 20 mM Tris-HCl, pH 7.4, 0.5% SDS). After 60
min at 37°C, digestions were stopped by heat inactivation for 1 min at 95°C.
Slides were then incubated in 100% ethanol and air-dried. Next, sections
were digested at 37°C with 50 U of RNase-free DNase I (Sigma) per
sample for at least 10 hr, washed with bidistilled water, and incubated in
100% ethanol. For reverse transcription, air-dried sections were incubated
with 50 ml of reverse transcription reaction mixture including gene-specific
primers for first-strand synthesis (Superscript II, Stratagene). Gene-
specific primers were the same as used for RT-PCR. After 60 min at 42°C,
reactions were stopped by two washes with ultrapure water, incubated with
100% ethanol, and air-dried. For PCR, 50 ml reaction mixtures containing
13 PCR buffer II (PerkinElmer), 2.5 mM MgCl2, 200 mM each dNTP, 10
mM digoxigenin-11-dUTP (Boehringer Mannheim), and 0.8 mM upstream
and downstream primers were added to each section on the preheated
(70°C) GeneAmp In Situ PCR 1000 assembly tool (PerkinElmer). After 10
min, 5 U of AmpliTaq-DNA polymerase (PerkinElmer) was added, and
slides were assembled and placed into the thermocycler, preheated to 70°C.
The following protocol was performed: one cycle of 3 min at 94°C, 35
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cycles of 1 min at 94°C, 1 min at 56°C, and 2 min at 72°C. After cycling,
digoxigenin detection and color development were performed as described
for the in situ hybridization analysis. All experiments were performed
running the following controls along with experimental samples: 1/2
DNase I-treated controls; 1/2 the reverse transcription step.

In vitro transcription and translation of zebrafish connexins. For all
zebrafish connexins, a DNA fragment containing the entire coding se-
quence was excised from pBluescript-SKII clones by digestion with appro-
priate restriction enzymes (zfCx27.5: BglII-ScaI, 1.1 kb; zfCx44.1: HindIII-
PstI, 1.5 kb; zfCx55.5 DraI-XbaI, 1.7 kb), blunted, and subcloned into the
BglII site of the expression vector pSP64T (Krieg and Melton, 1984). These
new constructs were linearized with either EcoRI (zfCx27.5) or XbaI
(zfCx44.1 and zfCx55.5), and capped cRNAs were produced in vitro with
SP6 RNA polymerase, using the mMessage mMachine kit (Ambion Inc.,
Austin, TX) according to the manufacturer’s instructions. The purity and
yield of transcribed cRNAs were determined by measuring absorbance at
260/280 nm and ranged between 1 and 1.4 mg/ml.

Aliquots (200 ng) of in vitro synthesized connexin cRNAs were trans-
lated (1 hr at 30°C) using a rabbit reticulocyte lysate system (Promega).
Radioactive products (1/10–1/20 of the reaction volume) were diluted with
gel sample buffer (25 mM Tris-HCl, pH 6.8, 0.5% SDS, 0.1%
b-mercaptoethanol, 17% glycerol, 0.01% bromophenol blue), separated by
electrophoresis on an 11% SDS-polyacrylamide gel, and visualized by
fluorography.

Preparation of Xenopus oocytes, microinjection, and metabolic labeling.
Female Xenopus laevis were purchased from the colony of the Institut f ür
Entwicklungsbiologie (Hamburg, Germany). After anesthesia with benzo-
caine, ovarian lobes were surgically removed and placed in Modified
Barth’s medium [(MB) 110 mM NaCl, 1.3 mM KCl, 3 mM NaHCO3, 19 mM
HEPES, 0.9 mM MgSO4, 0.4 mM CaNO3, 2.5 mM CaCl2, pH 7.6] at 18°C
overnight. Oocytes (stage V–VI) were defolliculated after collagenase
digestion (1 mg/ml; collagenase B) for 10 min at room temperature in MB
without added calcium and processed for the paired oocyte expression
assay essentially as previously described (Swenson et al., 1989; Ressot et
al., 1998). For physiological analysis, manually defolliculated oocytes were
injected with 40 nl of either water or the appropriate dilutions of the
various cRNAs (4–6 ng per cell). All cells, except when specified, received
also an antisense oligonucleotide (2.5 ng per cell) corresponding to a
portion of the coding sequence of Xenopus Cx38 to eliminate the possible
contribution of endogenous intercellular channels to the measured con-
ductance (Barrio et al., 1991; Bruzzone et al., 1993). After an overnight
incubation at 18°C, microinjected oocytes were immersed for a few min-
utes in hypertonic solution to strip the vitelline envelope (Methfessel et al.,
1986), transferred to Petri dishes containing MB medium, and manually
paired with the vegetal poles apposed.

Metabolic labeling of oocytes for biochemical analysis was performed by
incubating overnight at 18°C oocytes microinjected with either water
(control) or the various zebrafish connexin RNAs in MB supplemented
with 0.5 mCi/ml [ 35S]methionine (ICN Pharmaceuticals, Costa Mesa,
CA). Cells were lysed in 5 mM Tris-HCl, 5 mM EDTA, 5 mM EGTA, pH
8.0, containing protease inhibitors (chymostatin, leupeptin, and pepstatin,
10 mg/ml each; Sigma), by repeated passages through a 22 gauge needle.
Homogenates were then centrifuged at 3000 3 g for 5 min to remove yolk
granules, and cleared supernatants were dried under vacuum and resus-
pended in gel sample buffer. Aliquots of lysates (0.5–1 oocyte equivalent
per lane) were electrophoresed on 11% SDS gels and analyzed by fluo-
rography as described above.

Electrophysiolog ical measurements on oocytes. Intercellular communica-
tion was directly quantitated by double voltage clamp (Spray et al., 1981)
24–48 hr after oocyte pairing. Current and voltage electrodes were pulled
to a resistance of 1–2 MV with a vertical puller (Model PB-7, Narishige,
Tokyo, Japan) and filled with a solution containing 3 M KCl, 10 mM EGTA,
and 10 mM HEPES, pH 7.4. Voltage clamping of oocyte pairs was per-
formed using two GeneClamp 500 amplifiers controlled by a PC-
compatible computer through a Digidata 1200 interface; pCLAMP 6.0
software was used to program stimulus and data collection paradigms (all
of the electrophysiological equipment was from Axon Instruments, Foster
City, CA). Both cells of a pair were initially clamped at 240 mV, close to
their initial resting potential, which ranged between 230 and 250 mV, to
ensure zero transjunctional potential. For simple measurements of junc-
tional conductance, alternating pulses of 610–20 mV were imposed to one
cell. The current delivered to the cell clamped at 240 mV during the
voltage pulse is equal in magnitude to the junctional current and can be
divided by the voltage to yield the value of junctional conductance. For
analysis of voltage dependence, families of junctional currents were gen-
erated by applying transjunctional potentials of increasing amplitude and
opposite polarity to one cell, in 10–20 mV steps (over a range of 6100
mV), whereas the second cell was clamped at a constant voltage (240 mV).
Current outputs were filtered at 10 Hz, and the sampling interval was 10
msec. Steady-state currents (Ijss) were calculated using Clampfit functions
in pCLAMP (Axon Instruments) at the end of the voltage steps, at which
time they approached equilibrium. Steady-state conductance (Gjss) values
were normalized to their value at 610–20 mV and plotted against the
transjunctional potential. Data describing the macroscopic junctional con-
ductance as a function of transjunctional voltage were analyzed using
Microcal Origin 5.0 software (Microcal Software) and fit to a Boltzmann
relation (Spray et al., 1981) of the form Gjss 5 {(Gjmax 2 Gjmin)/(1 1

exp[A(Vj 2 Vo)]} 1 Gjmin, where Gjss is the steady-state junctional con-
ductance, Gjmax (normalized to unity) is the maximum conductance, Gjmin
is the normalized conductance at the largest values of transjunctional
voltage (Vj), and Vo is the transjunctional voltage at which Gjss 5 (Gjmax 2
Gjmin)/2. The constant A (5nq/kT ) represents the voltage sensitivity in
terms of gating charge as the equivalent number (n) of electron charges (q)
moving through the membrane, k is the Boltzmann constant, and T is the
absolute temperature.

To ensure adequate control of voltage across the transjunctional mem-
brane and avoid the risk of underestimating the actual junctional conduc-
tance at steady state (Wilders and Jongsma, 1992), only oocyte pairs
exhibiting conductance ,6 mS were selected for analysis of voltage
dependence.

Functional expression and unitary conductance measurements in tran-
siently transfected N2A cells. Communication deficient N2A rat neuroblas-
toma cells (obtained from American Type Culture Collection, Manassas,
VA) were transiently cotransfected with the PGM3Z plasmid harboring
2–4 mg of the zebrafish cDNAs (zfCx55.2, zfCx44.1, and zfCx27.5, respec-
tively) and the EGFP vector (Clontech). All cell types were transfected
using LIPOfectamine Plus (Life Technologies) after the procedure out-
lined by the manufacturer. Cell cultures were maintained in a 37°C
incubator in a moist 5% CO2/95% air environment. The day after trans-
fection, cells were plated at low density onto 1 cm diameter glass coverslips;
8–24 hr later coverslips were transferred to the stage of a Nikon Diaphot
microscope and bathed in an external solution containing (in mM): NaCl
140, CsCl 2, CaCl2 2, MgCl2 1, HEPES 5, KCl 4, dextrose 5, pyruvate 2,
BaCl2 1, pH 7.2. Junctional conductance was measured between cell pairs
using the dual whole-cell voltage-clamp technique with Axopatch 1C or 1D
patch-clamp amplifiers (Axon Instruments). Only those cell pairs that
showed EGFP fluorescence, indicative of successful transfection with the
connexin plamsid, were clamped. Each cell of a cell pair was voltage-
clamped with patch pipettes pulled on a Flaming/Brown Micropipette
puller (model P-87, Sutter Instruments, Novato, CA). The patch electrodes
had resistances of 4–7 MV when filled with an internal solution containing
(in mmol/ l): CsCl 130, EGTA 10, CaCl2 0.5, MgATP 3, Na2ATP 2,
HEPES 10, pH 7.2. All experiments were performed at room temperature.
The osmolarities of external and internal solutions, measured using the
freezing point method (Microosmette, World Precision Instruments, Sara-
sota, FL) were 285 6 5 mOsm. Macroscopic and single-channel recordings
were filtered at 0.1–1 kHz and sampled at 1–5 kHz. Each cell of a pair was
initially held at a common holding potential of 0 mV. Thereafter, voltage
pulses of variable duration and amplitude were applied to one cell to
establish a transjunctional voltage gradient (Vj), and the instantaneous and
steady-state junctional current were measured in the second cell (held at 0
mV). Data acquisition and processing were performed as described above
(for the oocyte experiments). Unitary current events were recognized as
simultaneously occurring equal-sized events of opposite polarity in the
current recording of each cell; these events were measured from freshly
split cell pairs and in weakly fluorescent cell pairs in which the level of
coupling was low. All point amplitude histograms of data were constructed
for each experiment and fit to Gaussian functions to determine the mean
and variance of the baseline and open channel current. Unitary conduc-
tances were measured by fitting a linear function to the single-channel
current–voltage relation.

RESULTS
Cloning of the fish ortholog of Cx43 and three further
members of the connexin family
To clone neural connexins from the retina, we started with an
enriched preparation of horizontal cells. After papain digestion
and mechanical trituration followed by differential centrifugation
in a Ficoll gradient, we obtained a fraction of enriched horizontal
cells, which represented ;70% of the total population. Contami-
nating cells consisted of amacrine cells, photoreceptors, bipolar
cells, and Müller cells. Degenerate oligonucleotide primers were
selected for RT-PCR (Haefliger et al., 1992). Three consensus
degenerate oligonucleotides corresponding to highly conserved ex-
ternal loop sites of rodent connexins were used for RT-PCR am-
plification. The amplified fragments corresponded to the second
and third transmembrane domains (M2 and M3), which are sepa-
rated by a cytoplasmic loop of variable length.

Amplification with degenerate primers yielded two bands: a
broad band with a size between 350 and 480 bp as evidenced by
agarose gel electrophoresis and a second band of ;600 bp. Sub-
cloning of the extracted broad band and Southern hybridization
with probes derived from mouse connexins resulted in the detec-
tion of different fragments from which three that hybridized with
the mouse cDNAs fragments coding for Cx43, Cx26, and Cx50
were further characterized (see Materials and Methods). These
fish fragments are indicated as frag43, frag26, and frag50. Frag43
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revealed an ;80% amino acid homology to rat Cx43 and 99.2%
homology to zfCx43 [zfCx43.3; GenBank accession number
AF035481, submitted by Finis et al. (1998)]. Frag26 and frag50
exhibited only partial homology to the mouse probes used for
Southern hybridization.

To complete the carpCx43 cDNA, we used frag43 as a template
for RACE extension with carp retina RNA. RACE extension
yielded a complete open reading frame of carpCx43, which showed
an overall identity of its amino acid sequence of ;90% with rat
Cx43. The cDNA predicted a protein with a molecular mass of
43,277 Da. Alignment of the predicted carp connexin amino acid
with rat and zfCx43 clearly identifies carpCx43 as the fish ortholog
of the mammalian Cx43 (data not shown; accession number of the
carp Cx43 available under GenBank accession number AY008286).

The carpCx43 cDNA obtained by RACE extension was further
used to screen a lgt11 cDNA library prepared from zebrafish
retina. In addition to the zfCx43 cDNA clone, we obtained four
clones with variable length (between 2.5 and 5.5 kb). All four
clones were subcloned into the pBluescript SK-vector and se-
quenced. Sequencing of the 5.5 kb clone revealed an incomplete
39-end 1145 bp clone that by sequence analysis at the DNA level
revealed homology to the connexin gene family. Completion of the
1145 fragment was performed by high-stringency screening of a
genomic zebrafish library. One of seven positive clones was used for
further analysis. Subcloning of the complete insert and sequencing
indicated that this clone contained the entire coding region, which
had a total length of 1176 bp. The predicted molecular mass of this
connexin according to the deduced amino acid sequence is 44,170
Da. According to the current nomenclature, which identifies each
connexin by species of origin and predicted molecular mass in
kilodaltons and to avoid confusion with the published zebrafish
Cx44.2 [GenBank accession number AF072451; submitted by Duga
et al. (1999)], this connexin is designated as zfCx44.1. Interestingly,
zfCx44.1 reveals the highest homology score with human and
mouse lens fiber Cx50 (73.9%). Even in the cytoplasmic and
C-terminal sequences, domains that are the least homologous
among the connexin family, one can find small amino acid se-
quences that show conservation exclusively between zfCx44.1 and
Cx50: for example, residues 145–152 (KKFRLEGT) in the cyto-
plasmic hinge site and residues 266–274 (SSIQKAKGY) in the
middle of the cytoplasmic tail. The most significant divergence
occurs at the C terminus, which is ;48 amino acids shorter than
that of Cx50, accounting for most of the 5.8 kDa difference in
molecular mass between the two connexins (Fig. 1A). Little ho-
mology is found between the published zebrafish Cx44.2 and our
zfCx44.1 (44.9%).

We then used frag26 and frag50 and went through the same runs
of genomic cloning as indicated for zfCx44.1. Frag26 yielded nine
positive clones, of which one (clone 9) contained an open reading
frame of 723 bp encoding a 240 amino acid protein. The predicted
molecular mass is 27,516 Da. Frag50 yielded nine positive clones.
Three of these clones were sequenced and revealed identical open
reading frames of 1,497 bp encoding a 498 amino acid protein with
a predicted molecular mass of 55,475 Da. In keeping with the
traditional nomenclature, these connexins are referred to as
zfCx27.5 and zfCx55.5.

Alignments of the amino acid sequences of the three novel
zebrafish connexins with mammalian connexins that showed the
highest homology scores (Fig. 1A–C) show a remarkable conserva-
tion of amino acids in the transmembrane domains with matching

Figure 1. Comparison of the novel zebrafish connexins (shaded in gray)
with the most homologous rodent connexins. The alignments were created
with the mAlign software at the GeneBee-services website (http://www.
genebee.msu.su/services/malign_reduced.html); transmembrane domains

3

(M1–M4) are outlined, and highly conserved amino acids are highlighted in
black. Homologous stretches including conservative exchanges are indi-
cated by the shaded boxes on top of the alignments. A, Alignment of
zfCx44.1 with the mouse Cx50 to which the fish connexin shows an overall
homology of 71%. B, Comparative alignments of zfCx27.5 with rat Cx32
and Cx26. ZfCx27.5 is different form both connexins of the b-group, in
particular at the C terminus. C, Alignment of zfCx55.5 with mouse Cx57.
The overall homology score is ;55.2%, indicating that both connexins
represent different genes.
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of the highly conserved proline in the second transmembrane
domain, and four charged or polar residues within the third trans-
membrane region that have been postulated to represent the puta-
tive amphipathic strand that lines the junctional channel (Milks et
al., 1988). Also, the four cysteine residues within the two extracel-
lular loops (EL1 and EL2) match at exactly the same positions as
indicated for the other connexins. The cytoplasmic hinge regions
and the C-terminal tails are least well conserved.

In detail, zfCx27.5 shows overall homology (i.e., identity plus
conservative amino acid replacements) of ;80.6% to rat Cx26.
However, minimal sequence identity is ,53.8% in the putative
cytoplasmic loop, and the putative C-terminal domain is extended

Figure 2. Multiple-tissue Northern blots and RT-PCRs of fish connexins.
A, Northern blot of carpCx43 mRNA. CarpCx43 mRNA is highest in brain
and retina, whereas liver reveals no detectable levels. B, Ethidium bromide-
stained agarose gel of A that shows comparative loading of mRNA (18S and
28S band). C, Multiple-tissue RT-PCR of the three zebrafish connexins
(ethidium bromide-stained agarose gels). zfCx44.1 is less abundant in brain
and retina, with higher levels in lens and heart. zfCx27.5 shows tissue-
restricted expression in brain and retina, whereas zfCx55.5 is exclusively
expressed in the retina. All cDNA preparations were controlled by PCR
using primers specific for b-actin. D, PCR control (with b-actin primers)
omitting reverse transcription. No amplification is evident with the excep-
tion of the genomic DNA, indicative of lack of genomic DNA contamina-
tion in the mRNA samples.

Figure 3. Translation of zebrafish connexin cRNAs in microinjected Xe-
nopus oocytes and reticulocyte lysate. Experimental conditions are indi-
cated on top of each lane. Xenopus oocytes were injected with 40 nl of either
water or cRNAs (;40–60 ng per cell) coding for retinal zebrafish connex-
ins and incubated in the presence of [ 35S]methionine (0.5 mCi/ml). Trans-
lated products and labeled proteins from oocyte homogenates were sepa-
rated on a 13% SDS-polyacrylamide gel and detected by fluorography. The
migration of protein standards is shown in lane 5 with their molecular mass
(in kilodaltons) indicated on the right edge of the gel.

Figure 4. Expression of zebrafish connexins induces the formation of
homotypic intercellular channels. Oocytes pretreated with an oligonucleo-
tide antisense to a sequence within the coding region of Xenopus Cx38 were
injected with either connexin cRNAs or water ( w) and paired for 24–48 hr
before measuring junctional conductance by dual voltage clamp. Cells
received similar amounts of connexin cRNAs (;40–60 ng per cell). To
exclude the possibility that zebrafish connexins could interact with endog-
enous Xenopus Cx38, we constructed heterotypic pairs between oocytes
injected with zfCx27.5, zfCx44.1, or zfCx55.5 and mock-treated cells, which
did not receive antisense DNA oligonucleotides. These heterotypic Cx/
mock pairs showed conductance levels (0.05 6 0.02 mS for zfCx27.5/mock;
0.03 6 0.01 mS for zfCx44.1/mock; 0.04 6 0.01 mS for zfCx55.5/mock) not
differing from those of control, antisense-treated pairs (w/w). Values are the
means 6 SEM of 6–13 oocyte pairs.
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by 22 amino acids with an overall homology of only 19.5% to rat
Cx26 (Fig. 1B).

There is less correspondence between zfCx55.5 and other
vertebrate connexins. Score homology to mouse Cx57 (Manthey
et al., 1999) is 55.2% and to mouse Cx50 is 46%, but there is
considerable variation at the putative cytoplasmic loop and the C
terminus (Fig. 1C). Sequences of the zebrafish connexins are avail-
able under GenBank accession numbers AF304048 (zfCx55.5),
AF304049 (zfCx27.5), and AF304050 (zfCx44.1).

Tissue expression: Northern blots, and multiple
tissue RT-PCR
The expression of the three zebrafish connexins and the carpCx43
was studied by Northern blot analysis of total RNA samples. Probes
were selected on the basis of their maximal divergence from the
coding sequences of known connexins (see Materials and
Methods).

The carpCx43 probe labeled a strong 3.0 kb transcript in most
tissues studied (Fig. 2A,B). The highest concentration of the tran-
script was detected in carp brain, where the signal was even more
pronounced than in retina and heart under standardized probing
conditions (Fig. 2A,B). In contrast, zfCx27.5, zfCx44.1, and
zfCx55.5 showed no positive signals on Northern blots of RNAs
isolated from several organs, including retina and lens, indicative of
low abundance of these connexins in the eye. Thus, for the detec-
tion of tissue expression of the three zebrafish connexins we used
multiple tissue RT-PCR.

Multiple tissue RT-PCR from seven tissues with specific primer
sets including nested primers indicated a differential expression of
the three zebrafish connexins. ZfCx44.1 was expressed in several
tissues (Fig. 2C), with the strongest amplification in heart and lens
and lower abundance in brain and retina. ZfCx27.5 and zfCx55.5
showed a more restricted expression pattern. ZfCx27.5 showed
amplification in brain and retina, whereas zfCx55.5 was exclusively
detectable in retina (Fig. 2C). Both connexins can therefore be re-
garded as neural restricted connexins. Control reactions in which the
reverse transcriptase was omitted yielded no amplicons (Fig. 2D).

Functional expression
A reliable assay to evaluate the functional activity of connexins is
the paired Xenopus oocyte expression system (Dahl et al., 1987).
Thus, connexin constructs subcloned into pSP64T were used as
templates in transcription reactions to produce cRNAs for the
paired oocyte assay. The translational competence of transcripts
was initially examined in a rabbit reticulocyte lysate system supple-
mented with [35S]methionine. Labeled proteins were separated by
SDS-gel electrophoresis. Translation reactions that received con-
nexin cRNAs (200 ng each) directed the synthesis of a major

polypeptide band, whose electrophoretic mobility was in agreement
with the molecular weight deduced from the amino acid sequence
(Fig. 3, lanes 6–8). As is the case with rodent Cx26, which migrates
as a ;21 kDa protein (Nicholson et al., 1987), zfCx27.5 exhibited
faster gel mobility. Similar amounts of connexin cRNAs (4–6 ng
per cell) were subsequently injected into single oocytes to deter-
mine translatability in vivo. Injection of zfCx27.5, zfCx44.1, or
zfCx55.5 cRNA resulted in the appearance of novel bands with the
expected electrophoretic mobilities (Fig. 3, lanes 2–4) that were
easily identified over the pattern of labeled endogenous proteins
(lane 1). CarpCx43 was not subjected to in vitro translation because
translational competence of the mammalian orthologs has fre-
quently been demonstrated (Nicholson et al., 1993). Together,
these experiments demonstrate that oocytes can support the bio-
synthesis of the novel retinal zebrafish connexins and indicate that
similar amounts of injected cRNAs produce comparable amounts
of labeled proteins.

Manual pairing of devitellinized oocytes injected with cRNAs
for carpCx43, zfCx27.5, zfCx44.1, and zfCx55.5 resulted in the
efficient assembly of homotypic channels and induced conductance
levels comparable with those developed by pairs receiving similar
amounts of cRNAs encoding mammalian connexins (Dahl et al.,
1987; Barrio et al., 1991; Nicholson et al., 1993; White and Bruz-
zone, 1996). To minimize the contribution of endogenous connex-
ins to the recorded conductance, all oocytes were treated with
antisense oligonucleotides against Xenopus Cx38 (Barrio et al.,
1991; Bruzzone et al., 1993), so that the background level of
communication of water-injected control pairs (0.02 6 0.005 mS,
n 5 13) was at least 50-fold lower than that measured with pairs
expressing retinal connexins (Fig. 4). In addition, we examined the
possibility that zebrafish connexins could interact with endogenous
Xenopus Cx38 by constructing heterotypic pairs between oocytes
injected with zfCx27.5, zfCx44.1, or zfCx55.5 and mock-treated
oocytes, which did not receive antisense DNA oligonucleotides.
These heterotypic Cx/mock pairs showed conductance levels not
differing from those of control, antisense-treated pairs (Fig. 4).

Homotypically paired oocytes injected with approximately the
same amounts of cRNA (4–6 ng per cell), however, revealed
differences in the functional activity of retinal zebrafish connexins.
The lowest values of junctional conductance were obtained by
homotypic injection of Cx55.5, whereas pairs expressing Cx44.1
yielded the highest values (Fig. 4). Such differences in macroscopic
levels of conductance between the pairs of connexin-injected oo-
cytes are in keeping with unitary conductance values observed in
N2A cells transfected with these connexins (see below) and with
previous reports that unitary junctional conductances of channels

Figure 5. Carp Cx43 forms functional gap junctions in Xenopus oocytes (A, B). A representative current trace is shown for a homotypic carpCx43 junction
with a conductance of ;2 mS. Currents were elicited by application of transjunctional voltage using standard dual-cell, two-electrode voltage-clamp
techniques. Paired cells were voltage-clamped at 240 mV; one cell was then pulsed to voltages between 160 mV and 2140 mV in 10 mV increments.
Clamping currents in the apposed cell reflect the junctional current. The time-dependent reduction in junctional current in response to voltage is very
similar to the voltage-dependent closure of mammalian orthologs of Cx43. B, Normalized conductance–voltage relationship for carpCx43. Data were
obtained from three experiments in which Gj was ,2 mS. Data were fit with a Boltzmann equation as described in Materials and Methods.
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formed by different connexins can differ by an order of magnitude
(Spray, 1996; Veenstra, 1996).

The analysis of junctional currents demonstrated some specific
features with respect to their voltage dependence. Voltage steps of
positive and negative polarities were imposed in 10 mV increments
from a holding potential of 40 mV and lasted 22.5 sec to allow
currents to approach equilibrium values. Junctional currents of
carpCx43 were voltage dependent, closing in response to the ap-
plication of transjunctional voltage (Vj) (Fig. 5A,B). The Boltz-
mann equation yielded values of Vo and Gjmin similar to those of rat
Cx43 (White et al., 1994) and zfCx43.3 (Wagner et al., 1998)
expressed in Xenopus oocytes or transfected N2A cells (Vo 5 255

mV, Gjmin 5 0.26). A slight asymmetry with respect to the pulsed
and clamped cells was evident and similar to that reported for rat
Cx43 (White et al., 1994) but with opposite polarity. This asym-
metry with respect to voltage sensitivity is not likely to be of
physiological significance but may represent an effect of voltage
(membrane potential) on the number of functional channels, as
reported for rat Cx43 (Banach and Weingart, 1996). Taken to-
gether, these functional data strongly support the notion that
carpCx43 represents the fish homolog of mammalian Cx43.

Figure 6 shows typical families of junctional currents and plots of
normalized conductance (Gj) versus transjunctional potentials of
the new zebrafish connexins. Junctional currents of zfCx27.5 chan-

Figure 6. Voltage-gating behavior of gap junction channels formed by zfCx27.5 (A, B), zfCx44.1 (C, D), and zfCx55.5 (E, F ). Traces (A, C, E) show the
time-dependent decay of junctional currents (Ij ) induced by transjunctional voltage (Vj ) steps applied in 10–20 mV increments. Plots (B, D, F ) describe
the relationship of Vj to steady-state junctional conductance (Gjss ), normalized to the values obtained at 610 mV. For both zfCx27.5 (A, B) and zfCx44.1
(C, D), Vj induced an almost symmetrical channel closure, with a much lower threshold and faster time course in the case of zfCx44.1. In contrast, zfCx55.5
(E, F ) displayed an opposite voltage-gating behavior. Results are shown as mean 6 SEM of five to eight oocyte pairs; their conductance at the beginning
of the experiment did not exceed 6 mS for a Vj of 610 mV. The curves represent the best fits to Boltzmann equations, the parameters of which are given
in Table 1.
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nels decreased symmetrically with a slow time course, starting at
transjunctional potentials greater than 620 mV (Fig. 6A), and plots
of normalized conductance versus transjunctional potentials could
be fitted by one Boltzmann relation for both polarities (Fig. 6B,
Table 1). In contrast, zfCx44.1 exhibited a much greater sensitivity
to voltage-induced closure with currents decaying rapidly for tran-
sjunctional potentials .10 mV (Fig. 6C,D). The entire transition
from maximal to minimal conductance was achieved with tran-
sjunctional potentials over the range of 10–30 mV (and 210 to 230
mV), indicating a very large equivalent gating charge (Table 1).
Thus, the voltage gating behavior of zfCx44.1 is similar to that
previously reported for mouse Cx50 (White et al., 1994; Srinivas et
al., 1999a). Fitting the data of normalized steady-state conductance
from three pairs to a Boltzmann equation of the form given in
Materials and Methods revealed a slightly asymmetrical behavior
(Table 1).

Most interestingly, zfCx55.5 channels showed a voltage depen-
dence in response to steps of either polarity that was opposite to
that displayed by all other connexins (Fig. 6E,F). To our surprise,
we did not observe any time-dependent decay of junctional currents
even with the largest transjunctional voltage steps applied (6100
mV), but instead, the amplitude of currents recorded in zfCx55.5
homotypic pairs reflected a substantial voltage-induced channel

Figure 7. ZfCx27.5, zfCx44.1, and zfCx55.5 are compatible connexins that can assemble heterotypic channels. All oocytes received antisense
oligonucleotides and then were injected with either water or similar amounts of connexin cRNAs (;40–60 ng per cell). Cells were manually paired and
incubated at 18°C for 24–48 hr before measurements of junctional conductance were performed using a dual voltage clamp. A, All heterotypic
combinations resulted in the development of junctional conductances, which greatly exceeded those of control pairs (w/w, 0.05 6 0.01 mS) shown
as means 6 SEM of the four pairs (for experimental procedure see Fig. 4). B–D, Families of traces were recorded in response to transjunctional
voltage (Vj ) steps applied in 20 mV increments, as described in Materials and Methods. An obvious asymmetry of the voltage-gating behavior was
observed in all heterotypic combinations. Channels comprising zfCx55.5 (C, D) displayed a marked rectification, which is strongest in the
zfCx44.1/zfCx55.5 configuration ( D).

Table 1. Comparison of Boltzmann parameters of gap junction channels
composed of retinal zebrafish connexins

Channel Vj A n V0 Gjmax Gjmin

Cx27.5/Cx27.5 1 0.12 3.0 38 1.00 0.31
Cx27.5/Cx27.5 2 0.12 3.0 37 1.00 0.31
Cx44.2/Cx44.2 1 0.37 9.3 20 1.00 0.20
Cx44.2/Cx44.2 2 0.27 6.8 23 1.00 0.23
Cx55.5/Cx55.5 1 0.05 1.3 61 1.00 1.33
Cx55.5/Cx55.5 2 0.06 1.4 66 1.00 1.70

Junctional conductance (Gj) developed between pairs of Xenopus oocytes expressing
different constructs was measured by dual voltage clamp in response to increasing
transjunctional potentials (Vj) of opposite polarity and normalized to the conductance
measured at a Vj of 610 mV (Gjmax, set as unity) as described in Materials and
Methods. Data were fit to a Boltzmann equation of the form given in the text. Gjmin
is the minimum conductance value as estimated from the Boltzmann fit, and V0 is the
voltage at which half-maximal decrease of Gj is measured. In the case of zfCx55.5, an
opposite voltage gating was observed, implying that Gjmin is the maximum conduc-
tance value, and V0 is the voltage at which half-maximal increase of Gj is measured.
The cooperativity constant (A), reflecting the voltage sensitivity of the channel, can
also be expressed as the equivalent number (n) of electron charges moving through the
transjunctional field. The plus and minus signs for Vj refer to the polarity of the voltage
steps. These parameters were derived from oocyte pairs the mean Gj of which was
2.4 6 0.5 mS (n 5 8) for zfCx27.5, 3.7 6 1.0 mS (n 5 5) for zfCx44.2, and 1.1 6 0.2
(n 5 8) for and zfCx55.5.
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opening. Plots of Gj versus Vj indicated that this behavior was
asymmetrical, most notably in the conductance levels at the largest
Vj (130 vs 162% of initial values for positive and negative Vj,
respectively). Thus, zfCx55.5 channels display a unique voltage
dependence that sets them apart from all other connexins exam-
ined so far.

Formation of heterotypic channels between
retinal connexins
Intercellular channels span two plasma membranes, each of which
contributes a hemichannel or connexin. This situation implies that,
depending on the connexin composition of the hemichannels, gap
junctional channels may be homotypic when both cells express the
same connexin, or heterotypic when each cell contributes a differ-
ent connexin, and it has been shown that heterotypic compatibility
among connexins is a selective process (Barrio et al., 1991; Bruz-
zone et al., 1993; Nicholson et al., 1993; Elfgang et al., 1995; White
and Bruzzone, 1996). The ability of zebrafish connexins to form
functional channels in heterotypic configurations was tested by
pairing zfCx27.5 with zfCx44.1 and zfCx55.5, respectively, and
zfCx44.1 with zfCx55.5. All combinations resulted in the develop-
ment of junctional conductances that greatly exceeded background
levels measured in antisense-treated control pairs (Fig. 7A). The
general conclusion obtained from this series of experiments is that
the three new fish connexins that are all expressed in the retina are

compatible partners. The initial characterization of heterotypic
channels revealed that, for each polarity, voltage dependence was
qualitatively similar to that of the corresponding homotypic chan-
nels (Fig. 7B–D). Thus, zfCx27.5/zfCx44.1 channels showed an
obvious asymmetry, with currents closing faster and with a lower
threshold for relative positivity of the zfCx44.1 side, whereas the
zfCx27.5-injected cell showed a higher voltage threshold and was
much less sensitive to voltage gating (Fig. 7B). Some differences
were also apparent. For example, in the case of zfCx44.1, voltage
gating occurred with a much slower time course when paired to
zfCx27.5, with respect to that observed in homotypic channels. In
addition, zfCx27.5 displayed a reduced sensitivity to voltage and an
increased residual conductance for polarizing steps of the same
amplitude when paired heterotypically to either zfCx44.1 or
zfCx55.5. In terms of their biophysical profiles, the zfCx27.5/
zfCx55.5 and zfCx44.1/zfCx55.5 configurations are of considerable
interest, because these heterotypic channels were extremely asym-
metric. Thus, depolarization of the cell expressing either zfCx27.5
(Fig. 7C) or zfCx44.1 (Fig. 7D) showed a certain degree of voltage-
dependent closure, whereas increasing positivity of the cell ex-
pressing zfCx55.5 in both heterotypic configurations resulted in
large increases in current amplitude (Fig. 7C,D). The functional
consequence of this asymmetry is that heterotypic channels con-
taining a homomeric zfCx55.5 connexin exhibit rectifying electro-
physiological characteristics.

Figure 8. Single-channel properties
of gap junctions formed of zfCx27.5
(A), zfCx44.1 (B), and zfCx55.5 ( C)
as measured in transfected N2A cell
pairs exhibiting a single active chan-
nel. A, In ramp protocols sweeping
from 1100 to 2100 mV during a 15
sec period, zfCx27.5 channels dis-
played a main state unitary conduc-
tance of ;78 pS (dotted line in first
trace) and a substate conductance (ev-
ident at both high and low Vj values in
the first and last traces) of ;15–20 pS.
The first and last ramps are from the
same cell pair, whereas the middle
ramp recording is from another pair.
B, Single-channel properties of
zfCx44.1. The top series of traces are
recordings obtained in response to the
transjunctional voltages (Vj ) indi-
cated, which were applied to the other
cell of the pair. Note that time resid-
ing in the fully open state is decreased
as Vj is increased and that this de-
crease in open probability of the main
state is associated with increased oc-
cupancy of the subconductance state.
C, All-point histogram representing
the response to 240 mV Vj. Peaks in
the histogram correspond to 0, 1.36,
and 9.6 pA, from which substate and
main state conductances of 34 and 260
pS were calculated. D, Unitary con-
ductance properties of zfCx55.5. For
pulses of either polarity, zfCx55.5
channels exhibited rapidly flickering
activity without a pronounced or sus-
tained substate conductance level. E,
Gaussian best fits of the all-points his-
togram for the top recording shown in
D indicate a main state conductance
of 57 pS for zfCx55.5 channels.
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Single-channel properties of homomeric
zebrafish connexins
Transient transfection of the three new zebrafish connexins into the
communication-deficient N2A neuroblastoma cell line confirmed
the general pattern of voltage sensitivity described above for junc-
tional currents recorded in the paired oocyte expression assay.
Moreover, these studies extended our data to the single-channel
level. In the case of zfCx27.5, we recorded from 29 cell pairs in
which total (macroscopic) junctional conductance ( gj) ranged from
0 (two cases) to 30 nS, and in five of these pairs, unitary currents
were digitized at multiple voltages. From the slope of the I–V
relation, we measured a unitary conductance (gj) of 70–80 pS for
the fully open state and 15–20 pS for the residual subconductance
state at the highest voltages (Fig. 8A). For zfCx44.1, we recorded
junctional currents from 24 cell pairs ( gj 5 0–30 nS); five cell pairs
exhibited one to three open channels, from which gj (main state)
and gj (substate) were calculated as 270–280 and 50–70pS, respec-
tively (Fig. 8B,C). For zfCx55.5, 46 cell pairs ( gj 5 0–40 nS) were
recorded; in seven of these pairs, gj (main state) was calculated to
be ;50–60 pS, whereas substate conductance was poorly resolved
in these pairs and was estimated to be #10 pS (Fig. 8D,E).

Retinal localization of the four cloned connexins
The most interesting question arising from the cloning and func-
tional expression work is whether retinal neurons show a cell-
specific pattern of connexin expression. To obtain data on this
issue, we performed in situ hybridization studies using the digoxi-
genin technique, which allows a resolution of positive signals for
neuronal connexins at the single cell level (Simbürger et al., 1997).
When cRNA probes specific for carpCx43 (see Materials and
Methods) were used, prominent signals occurred in the ganglion

cell layer and in the inner nuclear cell layer of the carp retina (Fig.
9A). The labeling pattern of carpCx43 in the inner nuclear layer
revealed a restriction to single cells or cell groups, indicative of the
presence of a subpopulation of carpCx43-expressing cells (Fig. 9B).
In the ganglion cell layer, a definitive differentiation of glial cells
from neurons was not possible, as indicated in Figure 9A. Accord-
ing to their size and position, however, a number of cells can be
regarded as ganglion cells rather than astrocytes, which are the
representative glial cell type in the ganglion cell layer.

zfCx55.5 revealed a labeling of cell bodies predominantly in the
inner nuclear layer, with a staining of cells at the outer border,
corresponding to the area where somata of horizontal cells are
localized (Fig. 9C). A closer examination of these cells using
differential interference contrast optics revealed features, i.e.,
prominent axon terminal and rounded cells bodies (Fig. 9D), that
characterize them as horizontal cells. However, the spatial distri-
bution with reactive-free areas between the cell bodies is sugges-
tive for only a subtype of horizontal cells expressing zfCx55.5. A
regular staining of cell bodies was also achieved in the ganglion cell
layer.

Finally, we looked for the presence of zfCx27.5 and zfCx44.1 in
fish retina. In situ hybridization failed to show any signals for either
connexins (data not shown). This confirms the low level of expres-
sion of zfCx27.5 RNA and zfCx44.1 in adult fish retina, because
Northern blots were also negative when hybridized with specific
probes (see above). A discrete signal was obtained with in situ
RT-PCR for both connexins. ZfCx27.5 showed a discrete labeling
of subpopulations of neurons in the inner nuclear layer (Fig. 9E)
and the ganglion cell layer, whereas zfCx44.1 exclusively labeled
single cells in the ganglion cell layer (Fig. 9F). Apparently these
connexins are expressed in a highly restricted pattern and are

Figure 9. In situ hybridization (A–D) and in
situ RT-PCR (E, F ) of carp and zebrafish
connexins in the retina. PE, Pigment epithe-
lium; ONL, outer nuclear layer; OPL: outer
plexiform layer; INL, inner nuclear layer;
IPL, inner plexiform layer; GCL, ganglion
cell layer. In the case of carpCx43 (A), la-
beling is found mostly in the GCL and INL.
B, High-resolution micrograph taken with
differential interference contrast optics
(DIC) of an area similar to the one depicted
in A by a box. The arrow points to a cell body
that because of its localization is considered
to represent an amacrine cell. C, D, Hybrid-
ization with a probe specific for zfCx55.5 C
shows labeling in the GCL and INL. Note
the labeled neurons at the border of the
INL, which because of their localization and
regular spacing could be horizontal cells (ar-
rows). D, High-resolution micrograph with
DIC optics of an area similar to that indi-
cated by a box in C. The arrows point to a set
of positive cells in the outer plexiform layer
that exhibit axon terminal-like processes. E,
F, In situ RT-PCR with primers specific for
zfCx27.5 (E) and zfCx44.1 (F). zfCx27.5
shows discrete labeling of clusters of neu-
rons in the inner nuclear layer (black arrows)
and ganglion cell layer (white arrows),
whereas zfCx44.1 is restricted to the gan-
glion cell layer (white arrows). Sections were
counterstained with methyl-green to visual-
ize the nuclear layers.
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confined to subsets of cells in both neuronal layers. Further identi-
fication of the cell types associated with this labeling was not possi-
ble, however, and will require further experiments with immunocy-
tochemistry, using specific antibodies directed to both connexins.

DISCUSSION
Relationship of the new zebrafish connexins to the
connexin gene family
We have identified three zebrafish connexins, zfCx27.5, zfCx55.5,
and zfCx44.1, which are expressed in fish retina. In addition, we
have characterized the carpCx43 cDNA and used it as a probe for
tissue localization.

The data presented in Figure 1A–C provide evidence that the
three zebrafish connexins represent novel genes, because multiple
amino acid sequence alignments indicate significant differences in
the cytoplasmic loop and C-terminal sequences between the three
zebrafish connexins and rodent connexins that showed the highest
homology scores.

Specifically, zfCx27.5 reveals an overall homology with rat Cx26
of ;80%. This homology is most evident in the transmembrane
domains (M1–M4); substantial differences occur in the cytoplasmic
loop sequence and the C terminus. The latter is characterized by a
stretch of 22 amino acids at the very end of zfCx27.5, interrupted
by seven amino acids with low homology (aa 221–228), which
extends this connexin by ;1.5 kDa. In addition, zfCx27.5 exhibits
a consensus sequence for casein kinase II phosphorylation (aa
SPKD, position 53–66 of the putative cytoplasmic loop), which is
consistently found in all connexins except mammalian Cx26. The
phylogenetic dendrogram places zf27.5 into the b-group of connex-
ins not distant from rat Cx32 (Fig. 10). Support for the notion that
mammalian Cx26 and zfCx27.5 are different genes is further pro-
vided by the functional expression data. In oocyte and transfected
mammalian cell lines, Cx26 displays weak voltage sensitivity with a
V0 of approximately 6100 mV (Barrio et al., 1991) and large
conductance (;120–140 pS) channels (Bukauskas et al., 1995). By
contrast, zfCx27.5 exhibited moderate voltage-dependent channels.
Thus, the calculated half-maximal decrease of steady-state junc-

tional conductance occurred at transjunctional voltages smaller
than 640 mV, and unitary conductance of single channels was in
the range of 60 pS. Although few of the b-group of connexins have
been analyzed to date, these properties are more similar to those of
Cx32 than Cx26.

zfCx55.5 is a more distant relative among the new zebrafish
connexins. It exhibits the highest homology score with mouse Cx57
(55.2%). The dendrogram (Fig. 10) shows that zfCx55.5 is a mem-
ber of the a-group placed between rodent Cx57 and Cx46. Single-
channel studies revealed that unitary conductances for zfCx55.5
channels are closer to those recently described for Cx57 than to
Cx46 (Manthey et al., 1999).

zfCx44.1 offers some particular features. It reveals the closest
homology with mouse and human Cx50 (71 and 69%, respectively).
Significant differences between the lens fiber proteins and zfCx44.1
occur in the putative cytoplasmic loop region and at the C termi-
nus. Because mRNA of zfCx44.1 was not detectable on Northern
blots including lens but amplified in RT-PCR, zfCx44.1 seems less
likely to represent a dominant connexin in fish lens fibers as is the
case for Cx50 in mammals. However, an orthology of both genes
cannot be excluded.

According to our genomic cloning, the gene structure of all three
new zebrafish connexins is of the conventional type. None of them
showed an interruption of the coding region of the exon as is the
case for the g-group, which includes the retinal skate Cx35, perch
Cx34.7 (O’Brien et al., 1996, 1998), and mouse Cx36 (Condorelli et
al., 1998; Söhl et al., 1998). A reasonable explanation for the lack of
any member of the g-group in our cloning approach is the fact that
we used the band of our RT-PCR amplification products that
corresponds to amplified sequences between 350 and 480 bp. One
of the essential differences between the primary sequence of the
g-group and the conventional connexins (a- and b-group, excluding
Cx45) is the length of the cytoplasmic loop. RT-PCR fragments of
the g-group seem to migrate at a higher molecular base position
(Condorelli et al., 1998). Thus amplification of this region results in
a segregation of connexins into a/b-group and g-group connexins.

Localization and functional expression
Initial answers to the question of functional diversity of retinal gap
junctions based on our molecular approach can be obtained by
considering the expression sites and the electrophysiological data
derived from the paired Xenopus oocyte expression system and
transient transfections of N2A cells.

zfCx44.1 and zfCx27.5 showed the lowest levels of expression. A
definitive attribution of these connexins to neural cell types could
not be obtained from their in situ localization because of their very
restricted expression in the inner nuclear layer and ganglion cell
layer. Some aspects of zfCx44.1, however, are of interest with
respect to its functional properties. The expression data indicate
that zfCx44.1 has a steep voltage dependence that was prevalent in
Xenopus oocytes and in transiently transfected N2A neuroblastoma
cells. Unitary conductance is ;280 pS, with substates of 50–70 pS.
The electrophysiology of this channel resembles the electrophysi-
ological properties of murine Cx50, which has macroscopic and
unitary currents profiles similar to those of zfCx44.1 (Srinivas et al.,
1999a).

carpCx43 cRNA showed expression at various sites in fish retina.
Our in situ hybridization data confirmed results reported by immu-
nocytochemical staining of carp retina (Janssen-Bienhold et al.,
1998). Some discrepancies in the staining pattern between the
original immunofluorescence work (Janssen-Bienhold et al., 1998)
and the in situ hybridization data may result from differences in the
localization of the reaction products because the cRNA is localized
preferentially in the cell bodies, whereas the immunolabeling is
expected to stain the gap junction protein in both the somata and
their peripheral processes. Remarkably, Cx43 cRNA expression
was prevalent in subsets of cells in the ganglion cell layer as well as
in the inner plexiform layer at sites of amacrine cell localization
(Fig. 9B). Although a definite differentiation of the subtypes of
retinal neurons expressing carpCx43 requires double labeling with

Figure 10. Unrooted phylogenetic tree of a multiple peptide sequence
alignment of the novel carp and zebrafish connexins and known connexin
types. The dendrogramm was created with the AllAll software from the
website of the Computional Biochemistry Research Group (http://cbrg.
inf.ethz.ch). The similarity scores and pairwise matches of all specified
sequences were obtained by running a complete dynamic programming
algorithm equivalent to Smith-Waterman. The complete amino acid se-
quences were included in the alignment. zfCx27.5 is placed within the
b-subgroup, whereas the others (carpCx43, zfCx44.1, and zfCx55.5) match
with the a-subgroup of the connexin gene family.
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cell-specific markers, it is obvious that this connexin is expressed in
a cell-restricted pattern indicative for the existence of networks of
functionally distinct electrically coupled neurons. This becomes
even more apparent when the expression of zfCx55.5 is taken into
account. In contrast to carpCx43, zfCx55.5 cRNA, in addition to its
expression in the ganglion cell layer and inner nuclear layer, was
prevalent in a band of regularly spaced cells that according to their
localization and spatial distribution could represent horizontal
cells. Because enriched mRNA from horizontal cells was used as a
source for PCR amplification, labeling of this functionally coupled
cell population was not entirely unexpected. Moreover, the unitary
conductance of zfCx55.5 is in agreement with the electrophysio-
logical data reported for gap junction channels in horizontal cells
(DeVries and Schwartz, 1989; Lu et al., 1999). Furthermore,
zfCx55.5 exhibits a unique feature that has not been reported for
any other gap junction channel thus far. Instead of closing in
response to transjunctional voltage, zfCx55.5 is characterized by a
voltage-induced opening in homotypic configuration, making this
connexin a likely candidate to participate in the formation of
rectifying junctions in heterotypic settings. In fact, when zfCx55.5
was paired with two other connexins that both show voltage-
dependent decay of junctional current (zfCx27.5 and zfCx44.1), a
remarkable polarization of channel conductance occurred. This is
reminiscent of the rectification as described in the original contri-
butions of Furshpan and Potter (1959) and Auerbach and Bennett
(1969). Because zfCx55.5 revealed high levels of expression in
different layers of the retina where it can interact with other
connexins in heterotypic configurations, such rectifying synapses
may well exist in in vivo situations. The stratified structure of the
retina and the experimental accessibility of the ganglion cell layer
should allow proof of its existence in in vivo preparations.

With respect to tissue-specific expression, it is of interest that
retinal neurons apparently express connexins of the conventional as
well as the g-group type. Two distinct features of the neuronal
connexins belonging to the g-branch are their weak voltage sensi-
tivity together with the inability to functionally interact with con-
nexins of the a- or b-subgroups (O’Brien et al., 1998; Srinivas et al.,
1999b; Al-Ubaidi et al., 2000). The high threshold of voltage
inactivation (e.g., ;70 mV for perch Cx35 and ;100 mV for mouse
Cx36), together with the large residual conductances measured at
the largest transjunctional voltages, had suggested that electrical
coupling between retinal neurons may not be easily disrupted by
shifts in membrane potential that occur during periods of visual
activity. The general electrophysiological properties of the new
connexins described here, however, clearly indicate that neurons
are also endowed with voltage-sensitive electrical synapses and that
multiple connexins with the potential for compatible heterotypic
channel formation are likely to shape the functional connectivity of
retinal circuits.
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