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ABSTRACT Gap junctions formed of connexin46 (Cx46) and connexin50 (Cx50) in lens fiber cells are crucial for maintaining
lens transparency. We determined the functional properties of homotypic Cx46, heterotypic Cx46/Cx50, and heteromeric
Cx46/Cx50 channels in a communication-deficient neuroblastoma (N2A) cell line, using dual whole-cell recordings. N2A
cultures were stably and/or transiently transfected with Cx46, Cx50, and green fluorescent protein (EGFP). The macroscopic
voltage sensitivity of homotypic Cx46 conformed to the two-state model (Boltzmann parameters: Gmin � 0.11, V0 � � 48.1
mV, gating charge � 2). Cx46 single channels showed a main-state conductance of 140 � 8 pS and multiple subconductance
states ranging from �10 pS to 60 pS. Conservation of homotypic properties in heterotypic Cx46/Cx50 cell pairs allowed the
determination of a positive relative gating polarity for the dominant gating mechanisms in Cx46 and Cx50. Observed gating
properties were consistent with a second gating mechanism in Cx46 connexons. Moreover, rectification was observed in
heterotypic cell pairs. Some cell pairs in cultures simultaneously transfected with Cx46 and Cx50 exhibited junctional
properties not observed in other preparations, suggesting the formation of heteromeric channels. We conclude that different
combinations of Cx46 and Cx50 within gap junction channels lead to unique biophysical properties.

INTRODUCTION

Gap junctions are pathways for intercellular communication
through which small molecules and metabolites may pass.
The channels that make up a junction are formed from the
contribution of one hemichannel or connexon from each
apposed cell surface. Hemichannels are themselves oli-
gomers formed of six subunit proteins of largely �-helical
structure (Unger et al., 1999; Bruzzone et al., 1996) called
connexins. (Two nomenclatures for connexin types are in
relatively common use, one using lowercase Greek letters
that is based on closer similarity to archetypes (e.g., �1 or
�1) and the other using the species and the molecular weight
deduced from the cDNA clone (e.g., Cx32 or Cx43). We use
the latter terminology in this report, where Cx46 and Cx50
correspond to �3 and �8 in the alternative nomenclature.)
The channel properties of many of the known connexin
isoforms have been characterized through electrophysiolog-
ical inquiry by exogenous expression of the connexin type
in mammalian cell lines and/or in the Xenopus oocyte
system (for recent review see Verselis and Veenstra, 2000).
These expression systems have also been used to elucidate
the formation and functional properties of junctions that
contain a different connexin type in each hemichannel (het-
erotypic) and of junctions that contain multiple connexin
types in each hemichannel (heteromeric).

In this study we investigate the properties of channels
formed by the two connexin types expressed in mammalian

lens fiber cells, connexin46 (Cx46) (Paul et al., 1991) and
connexin50 (Cx50) (White et al., 1992). Previous studies
have shown that deletion of either of these connexins in
mice leads to cataract formation (White et al., 1998; Gong
et al., 1998). Moreover, coding region mutations in these
genes lead to hereditary cataracts in humans and in mouse
models (Shiels et al., 1998; Steele et al., 1997; Mackay et
al., 1999). However, the specific roles of these connexins in
the lens are not thoroughly understood. Intercellular com-
munication in the lens via gap junctions has been proposed
to be responsible for the transport of nutrients and metab-
olites (Goodenough., 1992; Mathias et al., 1997), as lens
fiber cells lack direct access to blood supply. The properties
of channels formed from Cx50, stably transfected in the
same communication-deficient mouse neuroblastoma
(N2A) cell line as used here, have previously been charac-
terized as very high conductance and moderately sensitive
to transjunctional voltage (Srinivas et al., 1999). Cx46 chan-
nels have previously been extensively characterized in the
Xenopus oocyte system, where Cx46 is additionally capable
of forming functional hemichannels (Ebihara and Steiner,
1993; Trexler et al., 1996; Paul et al., 1991; Pfahnl and
Dahl, 1998).

In this study homotypic/homomeric Cx46 channels were
characterized in N2A cell pairs transiently cotransfected
with the cDNAs encoding rat Cx46 and enhanced green
fluorescent protein (EGFP) contained in separate vectors. In
addition, the possibilities of Cx46/Cx50 heterotypic and
heteromeric channel formation were evaluated by coplating
independent Cx46 and Cx50 transfected cells and by co-
transfecting cells with both Cx46 and Cx50. The data from
these preparations provides evidence for the physiological
consequence of the simultaneous expression of these con-
nexin types in the lens.
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MATERIALS AND METHODS

DNA construction and transfection

Rat Cx46 cDNA (generously provided by Dr. David L. Paul, Harvard
Medical School, Boston, MA) was subcloned into pcDNA3 (Invitrogen,
Carlsbad, CA) and pIRES (Clontech, Palo Alto, CA) expression vectors,
and both were used. EGFP was obtained from Clontech in the expression
vector. A fragment of genomic Cx50 corresponding to a full-length coding
region (also provided by Dr. David L. Paul) was subcloned into pcDNA3.
Most of the electrophysiological experiments described here were per-
formed on N2A cells transiently transfected with connexin and EGFP
cDNA. In some experiments, a stable Cx50 cell line was used (see Srinivas
et al., 1999). N2A cells (obtained from ATCC, Rockville, MD) were
transfected with the following amounts of DNA: Cx50 transfectants, 6 �g
Cx50 DNA; Cx46/EGFP transfectants, 1.5–4.0 �g Cx46 DNA and 2.0 �g
EGFP DNA; Cx46/Cx50/EGFP transfectants, 1.5–3.0 �g Cx46 DNA,
1.5–3.0 �g Cx50 DNA, and 2.0 �g EGFP DNA, using Lipofectamine Plus
reagent (Gibco BRL, Gaithersburg, MD), following the procedure outlined
by the manufacturer. Cell cultures were maintained in a 37°C incubator in
a moist 5% CO2/95% air environment.

To identify cell pairs in which each cell expressed a different connexin
isoform, stable Cx50 transfectants were treated with 10 �M DiI C10 (a red
fluorescent dye; Molecular Probes, Eugene, OR) for 1 h before freshly split
cells were cocultured with those expressing either Cx46 and EGFP (het-
erotypic preparation) or Cx46, Cx50, and EGFP (heteromeric preparation).
All cells were plated at low density on 1-cm glass coverslips; heterotypic
and heteromeric cell pairs were identified via the difference in emission of
EGFP (ex: 488 nm, em: �520 nm) and DiI C10 (ex: 540 nm, em: 575 nm),
using a Nikon Diaphot microscope equipped with a xenon arc lamp and
fluorescein isothiocyanate and rhodamine isothiocyanate filter sets. Faint
double labeling was occasionally observed in these cultures (presumably
because of cell debris or dye spread); only coupling between cells with
pristine coloration was investigated.

Immunocytochemistry

Indirect immunofluorescence labeling of Cx46 in N2A-transfected cells
and in mouse eye tissues (positive control) was carried out with slight
modification of a procedure described previously (Dermeitzel et al., 1991).
In brief, transfected cells and cryostat sections (8 �m) of the eyeballs of
wild-type littermates were fixed on no. 1 glass coverslips with 3.7%
formaldehyde for 10 min and permeabilized in 50% cold acetone for 2 min,
100% acetone for 5 min, and 50% acetone for 2 min, washed with
Dulbecco’s phosphate-buffered saline (PBS) (Gibco-BRL), and incubated
in PBS supplemented with 0.5% bovine serum albumin (essentially glob-
ulin free; Sigma, St. Louis, MO) to block nonspecific labeling. The primary
antibody used was anti-Cx46 mouse monoclonal IgG at 1:100 dilution in
PBS (generously provided by Dr. Thomas Steinberg, Washington Univer-
sity School of Medicine, St. Louis, MO). The cells and sections were
incubated with connexin antibody with preimmune antiserum overnight at
4°C. After extensive washing with PBS, coverslips were transferred to new
culture dishes and exposed to Alexa 546-conjugated goat anti-rabbit IgG
(Molecular Probes) at 1:2000 dilution at room temperature in the dark for
1 h. Coverslips were washed five times with PBS, then briefly with
distilled water, and mounted on slides with the antifade reagent 0.1%
paraphenylenediamine in a 10:1 mixture of 33% glycerol and PBS. The
cells and specimens on the coverslips were viewed with a Nikon micro-
scope equipped with fluorescein isothiocyanate excitation and emission
filters and a mercury arc lamp. Nonspecific background staining was
evaluated in adjacent eyeball sections and clonal N2A cells from which
primary antibody had been omitted.

Electrophysiology

Coverslips were transferred to the stage of a Nikon Diaphot microscope
and bathed in a external solution containing (in mM) 140 NaCl, 2 CsCl, 2
CaCl2, 1 MgCl2, 5 HEPES, 4 KCl, 5 dextrose, 2 pyruvate, and 1 BaCl2 (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, Foster City, CA). Each cell of a cell pair
was voltage clamped with patch pipettes pulled on a Flaming/Brown Micropi-
pette puller (model P-87; Sutter Instrument Co., Novato, CA). The patch
electrodes had resistances of 3–8 M� when they were filled with internal
solution containing (in mM): 130 CsCl, 10 EGTA, 0.5 CaCl2, 3 MgATP, 2
Na2ATP, and 10 HEPES (pH 7.2). All experiments were performed at room
temperature. Macroscopic and single-channel recordings were filtered at 0.2–
0.5 kHz and sampled at 1–2 kHz. Data were acquired using pCLAMP6
software (Axon Instruments); analysis was performed with pCLAMP6 and
Origin 5.0 software (Microcal Software, Northampton, MA).

Each cell of a pair was initially held at a common holding potential of
0 mV. Voltage pulses of variable duration and amplitude were then applied
to one cell to establish a transjunctional voltage gradient (Vj), and junc-
tional current was measured in the second cell (held at 0 mV). The voltage
sensitivity of gap junctions formed by homotypic Cx46 or Cx50 channels
and heterotypic or heteromeric Cx46/Cx50 channels was studied using cell
pairs that exhibited a total conductance of 2–7 nS to minimize the impact
of series resistance on these measurements (Wilders and Jongsma, 1992).
Junctional current was divided by the transjunctional voltage step to
determine the macroscopic junctional conductance (gj). To evaluate the
voltage dependence of gj, 7–10-s hyperpolarizing or depolarizing pulses
were applied every 30 s from the holding potential of 0 mV to various test
potentials ranging from �110 to 110 mV. Each voltage pulse was preceded
by a �10-mV pulse of 50 ms duration. It was assumed that at this voltage
all channels present in the junction were open and therefore conductance
was at maximum. The instantaneous (Iinst) and steady-state (Iss) levels of
junctional currents were measured at the beginning and end of each voltage
pulse. Instantaneous conductance (ginst) was calculated for each voltage
trace (ginst � Iinst/Vj) and normalized to the conductance of the prepulse for
each trace. These ginst values were plotted as a function of Vj. Steady-state
conductance (gss) at each voltage was normalized relative to ginst and
plotted as a function of Vj. The relationship between Gss and Vj was fit
assuming a two-state Boltzmann equation (Spray et al., 1981):

Gss � ��Gmax � Gmin	/�1 � exp
A�Vj � V0	�� � Gmin

where V0 is the voltage at which the voltage-sensitive component of gj is
half-maximal, Gmax is the maximum normalized conductance, Gmin is the
normalized voltage-insensitive residual conductance, and A is a parameter
defining the steepness of voltage sensitivity (A � nqF, where n is the equiv-
alent number of gating charges of valence q and F is the Faraday constant).

Single-channel properties were investigated using pulse, ramp, and
voltage reversal protocols as described in the figure legends. Gating events
were recognized as simultaneously occurring events of equal amplitude
and opposite polarity in current traces for both cells in the pair. All-points
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 currents. Conductance histograms from single-channel
ramp protocol records were constructed by dividing each digitized junc-
tional current point by its corresponding nonzero Vj, plotting all points, and
fitting each peak to a Gaussian function.

RESULTS

Cotransfection with EGFP predicts functional
connexin expression

Electrical coupling was assessed in all transiently trans-
fected Cx46 homotypic cells pairs 18–72 h after transfec-
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tion. Maximum coupling, brightness of fluorescence, and
percentage of fluorescing cells was observed 
48 h after
transfection. A linear relation was observed between bright-
ness of fluorescence (visually rated by each of the authors
on an integer scale of 0 to 4 before patch clamping) and
strength of electrical coupling measured in these pairs. Fig.
1 shows plots of log junction conductance for all cell pairs
(Fig. 1 A) and mean junctional conductance (Fig. 1 B) versus
fluorescence intensity (n � 165) recorded by the three inves-
tigators. This strong positive correlation between the magni-

tude of coupling and visual determination of fluorescence
intensity greatly facilitated further studies, guiding the selec-
tion of cell pairs for macroscopic or single-channel recordings.

Expression of Cx46 protein was evaluated by immuno-
cytochemical techniques using an anti-Cx46 antibody (Fig.
1, inset). In cells cotransfected with EGFP and Cx46, punc-
tate Cx46 staining was clearly observed at appositional
contacts between cells, suggesting that transfected N2A
cells express Cx46 at the junction membrane. More impor-
tantly, staining for Cx46 was restricted to cells that con-
tained EGFP, consistent with the strong correlation between
EGFP fluorescence and coupling strength described above.

Macroscopic properties of homotypic Cx46

The voltage sensitivity of gap junctions formed by multiple
homotypic Cx46 channels was studied using cell pairs that
exhibited a total conductance of 2–7 nS. Fig. 2 A shows a
representative series of current traces from an N2A cell pair
expressing Cx46 in response to a voltage step protocol in
which one cell of the pair was held at 0 mV while the other
cell was stepped from 0 mV to a series of voltages (�110
mV to �110 mV in 20-mV increments) for a duration of 8 s.
Junctional currents in Cx46-transfected cells exhibited clear
declines in a voltage- and time-dependent manner. These
time- and voltage-dependent decreases in Iss were clearly
evident at �20 mV � Vj � 20 mV.

The dependence of the normalized steady-state conduc-
tance, Gss, for homotypic Cx46 gap junction channels on the
Vj is plotted in Fig. 2 B (squares). The voltage dependence
of Cx46 gap junctions was assessed by assuming a two-state
gating scheme and by using the Boltzmann equation (Ma-
terials and Methods) to fit Gss values. The Boltzmann fits
for the average Gss values (from 10 cell pairs; SEM indi-
cated for each Gss value), shown as the solid lines in Fig. 2
B, are symmetrical around 0 mV. Boltzmann parameters are
tabulated in Table 1.

Instantaneous currents of Cx50 gap junctions reportedly
show no marked voltage sensitivity at high voltages of
either polarity (Srinivas et al., 1999). However, Cx46 ho-
motypic junctions show a clear decline in Ginst at �80
mV � Vj � 80 mV with a reduction of 
20% at the largest
depolarizing or hyperpolarizing voltages applied (�110
mV; Fig. 2 B, triangles).

Homotypic Cx46 channel properties

Characteristics of single-channel currents were determined
from weakly fluorescing cell pairs cotransfected with Cx46
and EGFP. Fig. 3 illustrates characteristics commonly ob-
served in single-channel currents for homotypic Cx46 junc-
tions. The group of traces in Fig. 3 A represent the junc-
tional current fluctuations in two cell pairs, each of which
was coupled by a single Cx46 channel in response to 8-s

FIGURE 1 Functional expression of Cx46 and the relationship between
junctional conductance and fluorescence intensity in otherwise communi-
cation-deficient N2A cells transiently cotransfected with rat Cx46 and
EGFP cDNAs. Junctional conductance was measured in glowing cell pairs
24–72 h after transfection, using the dual whole-cell voltage-clamp tech-
nique. The brightness of fluorescence in each cell pair was visually
assessed and was assigned a value on an integer scale of 0–4 (Fluorescence
Intensity). (A) Semilogarithmic plot of junctional conductance as a function
of fluorescence for all cell pairs tested (total n � 165). (B) Magnitude of
electrical coupling is proportional to the fluorescence intensity. Junctional
conductance values are indicated as means � SEM of values shown in A.
B (Inset) Immunocytochemical analysis of Cx46 expression in a EGFP
fluorescing cell pair (image at left), detected using an anti-Cx46 antibody
(image at right; Alexa 546-tagged secondary antibody). Punctate immu-
nostaining was detected at appositions between cells (arrow).
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voltage steps to �20, �40, �60, and �80 mV (one cell
pair) and �100 mV (second cell pair) from a holding
potential of 0 mV. The Gaussian fits to all-point histograms
for each of the traces are shown to the right of each trace.
For the single-channel currents at �20 mV and �40 mV,
the amplitude histograms and Gaussian fits are additionally
shown in Fig. 3 B, with peaks corresponding to 0 pA and
2.86 pA at 20 mV and 0 pA, 1.10 pA, and 5.82 pA at 40
mV. These peaks indicate a main-state conductance of

145 pS and a residual subconductance state of 
27 pS.
Such a residual subconductance state of 
25 pS was gen-

erally observed at Vj values beyond �20 mV; in addition,
residence in other subconductance states was observed as
illustrated at the end of the �60 mV trace (where smaller
subconductance states are not discretely resolved) and in the
�80 mV trace (where the dashed line labeled S1 corre-
sponds to a prolonged residence in a 52-pS substate). Fig. 4
shows single-channel current-voltage (I-V) relations from a
third cell pair with one active channel in response to a 7.7-s
ramp protocol that varied the applied voltage from �100
mV to 100 mV. The insets in this figure show all-points
conductance histograms (see Materials and Methods) for the
respective I-V relations as well as Gaussian fits. Peaks
correspond to 0, 28, 55, and 155 pS (Fig. 4 A, inset) and 0,
28, 56, and 150 pS (Fig. 4 B, inset). The average main-state
conductance (	j) of Cx46 channels measured from voltage
ramps and pulses applied to junctions where a single chan-
nel was active was 140 � 8 pS (n � 8).

For other connexins, macroscopic voltage sensitivity in-
volves voltage-dependent transitions from the fully open
state to a partially conducting residual conductance state
(Bukauskas et al., 1995; Moreno et al., 1994; Srinivas et al.,
1999). For Cx46 channels, the all-points histograms indicate
the presence of multiple subconductance states ranging
from �10 pS (the limit of resolution due to background
noise) to 60 pS, although transjunctional voltage gradients
appeared to primarily affect the distribution between the
fully open and the 
25-pS conductance levels.

Cx46 channels appear to exhibit both fast and slow tran-
sitions from the open state to several subconductance states
as well as to the fully closed state, in marked contrast to
Cx50 channels. Examples of slow gating transitions of
homotypic Cx46 channels are seen throughout Fig. 3, where
specific examples are marked by arrowheads (�20 mV,
�40 mV, and �60 mV). A particularly slow transition from
a subconductance state to the fully closed state via what
appears be a series of lower subconductance states is
marked by the bar below the �60-mV trace. Transitions
between multiple subconductance states may be responsible
for the appearance of slow gating but remain indistinguish-
able from each other because of their low conductance (�10
pS), background noise (generally 1–2 pA when filtered
during digitization at 200–500 Hz), and speed of digitiza-
tion (1–1.5 kHz) of the analog signal. Furthermore, Cx46

FIGURE 2 Dependence of junctional conductance of homomeric Cx46
gap junction channels on transjunctional voltage (Vj). (A) Recordings of
junctional currents measured in one cell of a pair in response to 8–10-s-
long pulses from 0 to �110 mV in 20-mV increments that were applied to
the other cell. Junctional currents were at maximum at the beginning of the
pulses and declined to steady-state values in a time- and voltage-dependent
manner when Vj exceeded �20 mV. (B) Relationship of instantaneous and
steady-state conductances to Vj in Cx46 gap junction channels. The nor-
malized instantaneous (Œ) and steady-state (f) junctional conductances at
each voltage are shown; points represent the mean � SE obtained for eight
cell pairs, where 2 � gj � 7 nS. The solid line is a fit of the data to a
two-state Boltzmann equation, with parameters corresponding to each
quadrant indicated in Table 1.

TABLE 1 Boltzmann parameters for homotypic Cx46 and
Cx50 and heterotypic Cx46/Cx50 channels

Parameter Cx46 Cx50* Cx46/50 (�)† Cx46/50 (�)†

A 0.08 0.15 0.12 0.10
n 2.0 4 3.0 2.5
V0 (mV) 48.1 37 43.1 42.3
Gmin 0.11 0.22 0.26 0.07
Gmax 1.06 1.00 1.01 1.02

*From Srinivas et al (1999).
†Refers to voltage polarity relative to the cell expressing Cx50.
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channels often exhibited distinctive gating characteristics at
high transjunctional voltages, as shown in Fig. 3 (�100
mV): main-state to subconductance or closed-state transi-
tions were regularly composed of relatively long bursts of
rapid gating characterized by short dwell times in the open,
subconductance, or closed states.

Macroscopic properties of heterotypic
Cx46/Cx50 junctions

To determine whether Cx46 and Cx50 formed functional
heterotypic channels, cells transiently expressing Cx46

were paired with those stably expressing Cx50, as described
in Materials and Methods. Fig. 5 A shows a representative
series of current traces from a heterotypic Cx46/Cx50 cell
pair in response to a pulse protocol where the cell express-
ing Cx50 was pulsed to a series of voltages ranging from
�110 mV to 110 mV in 10-mV steps. The junctional
current shown was recorded from the cell expressing Cx46,
and normalized junctional conductance (Gj) is plotted in
Fig. 5 B with reference to pulse magnitude and polarity
applied to the cell expressing Cx50 (Vj50 on abscissa). The
Gj-Vj relationship (n � 7 with SEM indicated for all nor-
malized gj values) shows a clear, 
20% rectification in the

FIGURE 3 Gating properties of gap junction channels formed by Cx46 measured in cell pairs expressing one or two active channels. (A) Junctional
currents in two Cx46-transfected N2A cell pairs in response to �20, �40, �60, and �80 mV (first cell pair) and �100 mV (second cell pair) from a holding
potential of 0 mV. Single Cx46 channels were maximally open (O) from the baseline level (C) immediately upon application of a voltage pulse. Junctional
current exhibited both fast and slow transitions to several subconductance states (S, S1, S2) and the closed state (C) from the fully open state (O). Slow
transitions between the open state, subconductance states, and closed states (arrowheads) and between the closed state and several subconductance levels
(solid bar) were often observed even in response to low Vj gradients. At high Vj Cx46 channels exhibited rapid gating (note in particular the �100 mV
trace). Corresponding all-points amplitude histograms are shown to the right for all traces. (B) The all-points amplitude histograms and corresponding fits
to Gaussian functions for current recordings obtained at Vj values of �20 (left) and �40 mV (right). The amplitude histogram at Vj � �20 mV has two
peaks at 0 pA and 2.86 pA corresponding to a conductance of 143 pS for the fully open state. At Vj � �40 mV, three peaks at 0 pA, 1.08 pA, and 5.82
pA were observed, corresponding to the closed state, a subconducting state (	j,sub � 27 pS), and the fully open state (	j,main � 145 pS), respectively.
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instantaneous conductance from �110 mV (triangles); low-
est and highest values were found when the highest trans-
junctional voltage applied was negative (�110 mV) and
positive (110 mV) relative to the Cx50 expressing cell pair,
respectively. The Boltzmann fit to the steady-state Gj-Vj

data (solid line) indicates significant differences in Boltz-
mann parameters for the constituent hemichannels in the
heterotypic preparation when compared with either homo-
typic channel type (see Fig. 2 and Table 1). The clear
presence of voltage-dependent reductions in junctional cur-
rents for pulses of either polarity suggests that the constit-
uent hemichannels share the same relative transjunctional
gating polarity. Assuming a positive relative transjunctional
voltage gating polarity for both Cx46 and Cx50 (see Dis-
cussion), Gmin values were significantly reduced in the
Cx50-expressing cell pair (positive Vj50 values) and con-
comitantly increased in the Cx46-expressing cell pair (neg-
ative Vj50 values) when compared with values in homotypic
Cx50 and Cx46 channels.

Single-channel properties of heterotypic Cx46,
Cx50 junctions

Fig. 6 illustrates single-channel gating properties of hetero-
typic Cx46/Cx50 channels. Fig. 6 A shows an ensemble I-V
relationship (left) for seven traces, using a ramp protocol
that varied the applied voltage from �100 mV to 100 mV
over the course of 7.7 s (illustrated in the inset). The cell
expressing Cx50 was pulsed, and current was recorded from
the cell expressing Cx46; as in Fig. 5, transjunctional volt-
ages are plotted with regard to the polarity in the Cx50-
expressing cell (illustrated in the inset in Fig. 6 A). The I-V

relation of one of the seven traces is shown to the right for
clarity. Currents shown in Fig. 6 B were elicited from a
single cell pair with a 10-s protocol in which the cell
expressing Cx50 was pulsed to the voltage shown and then
voltage was reversed to the opposite polarity but the same
magnitude (applied voltage waveforms are shown above
each corresponding current trace in Fig. 6 B). Similar but
inverted voltage gating properties were observed in records
in which the cell expressing Cx46 was pulsed and junctional
currents were recorded in the Cx50-expressing cell.

The ramp protocol shown in Fig. 6 A illustrates clear
deviations from linearity in the main-state current-voltage
relationship for heterotypic Cx46/Cx50 channels. Increas-
ing depolarization of the cell expressing Cx46 (data not
shown) or hyperpolarization of the cell expressing Cx50
resulted in a clear decline in main-state conductance from

165 pS at Vj50 � �10 mV to 
140 pS at Vj50 � �100
mV. Conversely, hyperpolarization of the cell expressing
Cx46 (data not shown) or depolarization of the cell express-
ing Cx50 resulted in a significantly increasing 	j with
increasing hyperpolarization (maximum 	j 
210 pS at
Vj50 � 100 mV). Rectification of main-state conductance
was consistently observed in currents elicited from both
pulse and ramp protocols, although some variation in the
degree of rectification was observed from one experiment to
the next. Subconductance state rectification was difficult to
assess because of the conservation in heterotypic channels
of the multiple subconductance states observed in homo-
typic Cx46 channels. Fig. 6 B (in particular, the current
traces at �100 mV) show the presence of multiple conduc-
tance states attributable to gating of the Cx46 hemichannel:
at �100 mV incomplete channel opening is followed by

FIGURE 4 Single-channel current-voltage (Ij-Vj) relationships of the junctional current constructed from the responses of a Cx46-expressing cell to a
series of ramps from �100 to �100 mV. The unitary conductances of the main state and the several subconductance states were measured by constructing
conductance histograms (insets) for all data points at nonzero Vj. Numbers (1, 2, 3, 4) show the correspondence between peaks in each histogram and
specific conductance states in the I-V relation. Peaks from left to right in histograms are 0, 28, 55, and 155 pS (A inset) and 0, 28, 56, and 150 pS (B inset).
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brief sojourns in at least three distinct subconductance states
(arrowheads). Also illustrated in these traces are main-state
rectification (	j � 185 pS at 60 mV and 	j � 160 pS after
the voltage is reversed to �60 mV) and the indication that
the lower gmin values observed in macroscopic recordings
are attributable both to the presence of a lower residual

conductance at positive Vj50 values and to sojourns to a fully
closed state (Fig. 6 B, 100 mV, 70 mV, and 60 mV).

To compare single-channel gating properties of hetero-
typic channels with those of homotypic Cx50 (reported by
Srinivas et al., 1999) and Cx46 channels, longer recordings
were compared from cell pairs exhibiting a single active
channel of each type. Fig. 7 shows junctional currents from
a homotypic Cx46 channel in response to a �40-mV pulse
(Fig. 7 A) and a heterotypic channel in response to 40 mV
(Fig. 7 B) and �40 mV (Fig. 7 C) pulses applied to the cell
expressing Cx46. The top panels in Fig. 7, A–C, have
durations of 40, 38, and 30 s, respectively; lower traces in
each panel are 5-s segments on an expanded time scale
corresponding to the bar beneath each upper trace. Arrow-
heads in Fig. 7, B and C, indicate the application of the
voltage pulse; the asterisk in Fig. 7 C indicates termination
of the voltage pulse. At �40 mV the homotypic Cx46
channel exhibited transitions between a very low subcon-
ductance or closed state and the main state (Fig. 7 A, 	j �
142 pS (O)); both fast and slow gating transitions were
observed, as indicated in the expanded segments of the
recording. For the heterotypic channel, application of a
�40-mV transjunctional voltage relative to Cx50 (Fig. 7 B)
resulted in channel activity predominantly composed of fast
transitions between the main state (	j � 163 pS (O)) and a
relatively large-amplitude subconductance state (	j,sub � 65
pS (S)) with additional transitions to multiple subconduc-
tance states. Application of a 40-mV pulse to the Cx50 side
of this heterotypic channel (Fig. 7 C) resulted in brief
channel activity (	j � 170 pS (O)), including a clear inci-
dence of slow gating (indicated in the expanded segment),
before relatively stable channel residence in a low subcon-
ductance state (	j,sub � 27 pS (S)).

Heteromeric channel formation

To determine whether Cx46 and Cx50 formed functional
heteromeric channels, we cotransfected N2A cells with
Cx46 and Cx50 and compared the properties of junctional
currents in these cells with those obtained for homotypic
Cx46 and Cx50 and heterotypic Cx46/Cx50 channels. Ini-
tially, both macroscopic and single- or multichannel cur-
rents were measured (n � 60 cell pairs). Macroscopic
voltage sensitivity of such cotransfectants (data not shown)
was not demonstrably different from the conductance of
channels formed by either homotypic or heterotypic com-
binations as illustrated in Figs. 2 and 5, which we attribute
to the similarities in macroscopic gating properties of ho-
motypic Cx46 and Cx50 junctions and the perturbation in
these gating characteristics introduced by heterotypic chan-
nel formation (see Table 1). Evidence that heteromerization
might be present in the cotransfected cells was provided in
multichannel recordings, where several discrete amplitudes
of current were observed, corresponding to unitary conduc-
tances between 100 pS and 190 pS (Fig. 8, A and B). To

FIGURE 5 Dependence of junctional conductance of heterotypic Cx46-
Cx50 channels on transjunctional voltage (Vj relative to the Cx50-express-
ing cell is plotted and is indicated as Vj50). (A) Recordings of junctional
current measured in the Cx46-expressing cell in response to 8–10-s-long
pulses from 0 to �110 mV in 10-mV increments that were applied to the
Cx50-expressing cell. Junctional currents declined to steady-state values in
a time- and voltage-dependent manner when Vj exceeded �20 mV. Note
that the instantaneous current exhibits significant rectification: magnitudes
of the currents were largest when high positive Vj values and smallest when
high negative Vj values were applied to the Cx50-expressing cell of the
pair. (B) The relationship between the normalized instantaneous (Œ) and
steady-state (f) junctional conductances and Vj (relative to the cell ex-
pressing Cx50), illustrating rectification of the instantaneous conductance
and the dependence of Gmin on relative Vj. Points represent the mean � SE
obtained in seven experiments. The solid line superimposed on the steady-
state data is a fit of the data to a two-state Boltzmann equation. Boltzmann
parameters are shown in Table 1. Properties observed in heterotypic
junctions are significantly different from those expected if independence is
assumed for the constituent hemichannels. Compare Boltzmann parameters
of homotypic and heterotypic channels in Table 1.
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pursue this issue further, and to reduce the ambiguity of
multiple subconductance states with multiple channel types,
we have analyzed in detail recordings from cotransfectants
in which a single channel was active. Of the 10 such
recordings obtained, the properties of most were not demon-
strably different from those obtained for either homotypic or
heterotypic channels. However, in a small number of cases
(n � 3), cotransfection led to recordings of single-channel
currents with intermediate properties between those of ho-
motypic or heterotypic Cx46 and Cx50 channels. Distinct
examples of such intermediate single-channel properties are
shown Fig. 8, C and D, for two of these cell pairs in
response to ramp protocols. In the first case, main-state
conductance was 134 pS, a value slightly lower than that of
Cx46 homotypic channels; transitions of these channels
from the open state to subconductance states were in most

cases rapid like those of Cx50 channels and unlike those found
for homotypic Cx46 channels. In the second example, single-
channel conductance was 160 pS (measured between �20 and
20 mV), a value similar to that seen in Cx46/Cx50 heterotypic
pairings; however, in contrast to single-channel currents of
heterotypic Cx46/Cx50 channels, rectification of main-state
currents was only moderate, ranging from 140 pS at �100 mV
to 175 pS at 100 mV (compare to Fig. 5 A, where conductance
varied from 140 pS to 210 pS between these Vj values).

DISCUSSION

Gap junction channels are formed by the pairing of hexam-
eric connexins or hemichannels contributed by each cell.
Connexins 50 and 46 are coexpressed in lens fiber cells,

FIGURE 6 Single-channel properties of heterotypic Cx46-Cx50 channels illustrating rectification of the main-state conductance. (A) Single-channel
currents in response to a series of ramps from �100 to �100 mV applied to the Cx50-expressing cell; one trace is displayed alone for clarity to the right.
The single-channel current displays significant rectification; conductance is lowest (140 pS) at Vj � �100 mV and highest (210 pS) at Vj � 100 mV. The
slope conductance (dashed line) measured between �10 and �10 mV was 165 pS. (B) Single-channel currents elicited from a single cell pair with a 10-s
protocol in which the cell expressing Cx50 was first pulsed to the voltage shown and then the voltage was reversed to the opposite polarity at equal
amplitude (corresponding voltage waveforms are illustrated above each trace). Note that the main-state current was higher when the Cx50 cell pair was
made positive (e.g., 	j � 185 pS at 60 mV and 	j � 160 pS after the voltage was reversed to �60 mV), suggesting that both Cx46 and Cx50 gate at positive
voltages. Arrowheads in �100-mV trace signify the presence of multiple subconductance states when Vj relative to the Cx50-expressing cell was negative.
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raising the possibility that gap junction channels between
these cells might be homomeric (formed exclusively by
multiple copies of either of these connexins), heterotypic
(formed by the pairing of homomeric Cx46 and Cx50 con-
nexons), or heteromeric (with both connexins expressed
within a connexon). We previously described the properties
of Cx50 homomeric channels stably expressed in commu-
nication-deficient mammalian cells (Srinivas et al., 1999)
and now report results from experiments characterizing
channels formed by Cx46 homomers, Cx46 homomers
paired with Cx50 homomers, and channels where each cell
was cotransfected with both connexins. All combinations of
the lens fiber connexins exhibited moderately voltage-sen-
sitive junctional conductance and displayed unitary conduc-
tances higher than those of most connexin types previously

characterized (for a recent review, see Verselis and Veen-
stra, 2000). However, data from heterotypic and possibly
heteromeric channels revealed deviations from that ex-
pected from homomeric recordings, consistent with the
complex gating behavior previously reported for Cx46
hemichannels.

Transient cotransfection with a visible marker

The experiments described here demonstrate that simulta-
neous transient transfection with expression vectors con-
taining EGFP and connexin coding sequences can be used
to predict the extent of functional connexin expression via
the brightness of fluorescence. Such a method tremendously

FIGURE 7 Heterotypic pairing of Cx46 with Cx50 leads to marked changes in the gating behavior of the constituent hemichannels. Single-channel
records in response to long Vj pulses in homotypic Cx46 junctions at Vj � �40 mV (A) and Cx46/Cx50 junctions at �40 mV (B) and 40 mV (C). The
top traces in A, B, and C represent a slow time scale, which is amplified 
10-fold in the traces below, although the Vj polarity is indicated relative to the
Cx50 cell, to be consistent with other figures. (A) In the heterotypic junction, pulses were applied to the Cx46-expressing cell. In homotypic Cx46 junctions,
transitions occurred between the open, closed, and several intermediate conductance states. Both fast and slow transitions were observed as indicated. (B)
Gating attributed to the Cx46 side of heterotypic Cx46/Cx50 junctions, evident in single-channel records at Vj,50 � �40 mV, was predominantly composed
of fast transitions between the main state and subconductance states. (C) At Vj,50 � 40 mV, channel activity was composed of both fast and slow transitions,
similar to the behavior of homotypic Cx46/Cx46 channels. Bars beneath the top trace in each panel represent the 5-s segment shown on an expanded time
scale in the lower trace. Arrowheads in B and C indicate initiation of the voltage pulse. The asterisk in C indicates termination of the pulse.
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accelerates the generation of starting materials when com-
pared to the establishment of stable transfectants and opti-
mizes the selection of poorly coupled cells for single-chan-
nel studies. Our use of this technique in studies of other
wild-type and mutant connexins in the N2A cell line has
indicated a similar relationship between fluorescence and
coupling levels, although the optimal DNA concentration
varies considerably for each of the various connexin types
(unpublished observations). Presumably the linear relation-
ship observed between the brightness of EGFP fluorescence
and junctional conductance is due to proportionality in the
efficacy of intercellular incorporation of the EGFP and
connexin vectors during transfection for each cell. Cotrans-
fection of other connexins with EGFP yielded channels with
properties that were identical to those in stable cell lines,

demonstrating that coexpression of EGFP does not measur-
ably alter the properties of channels.

Homotypic Cx46 channels: comparison to Cx50
channels and Cx46 hemichannels

We previously reported that homomeric channels formed by
Cx50 in stably transfected N2A cells were moderately volt-
age dependent, and the voltage-sensitive component of
steady-state junctional conductance (Gss) was fit well by a
two-state Boltzmann relation, as are other gap junction
channel types (V0 � 37 mV, Gmin � 0.22, A � 0.15, n � 4;
Srinivas et al., 1999). Instantaneous gj in Cx50 pairs was
unaffected by transjunctional voltage (Vj). Single-channel

FIGURE 8 Possible evidence for the formation of heteromeric Cx46/Cx50 channels in cells transfected with both Cx46 and Cx50. (A and B) Multichannel
currents in response to a �60 mV pulse from two different cell pairs, showing multiple transition sizes, as indicated between 66 pS and 180 pS. Similar
transitions were consistently observed in homotypic and heterotypic Cx46 and Cx50 channels. (C) Single-channel currents in response to a series of three
ramps from �90 to �90 mV. The single-channel conductance, measured as the slope conductance between � 20 mV, is 134 pS. Some degree of
rectification can be detected. However, despite the low unitary conductance, gating appears to be qualitatively similar to that of homotypic Cx50 channels.
(D) Single-channel currents in response to a series of three ramps from �100 to �100 mV. Single-channel conductance is 160 pS with moderate
rectification.
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currents through Cx50 channels exhibited rapid voltage-
dependent transitions from a main-state conductance of 220
pS to a single residual conductance state of 43 pS, where the
main-state open probability determined the voltage-depen-
dent component of steady-state junctional conductance.
Very similar values for macroscopic and unitary conduc-
tance properties were obtained in studies of N2A cell pairs
transiently cotransfected with Cx50 and EGFP vectors (not
illustrated), demonstrating that transient transfection yields
channels with properties virtually identical to those of stable
expression and that the coexpression of EGFP did not
measurably alter those properties.

The studies described here characterizing Cx46 ho-
momers show distinctive properties compared to those of
the other lens fiber connexin. Using cell pairs in which
junctional conductance was �7 nS, to avoid errors due to
series resistance (see Wilders and Jongsma., 1992), we
again found that the data fit reasonably well fit to a mod-
erately voltage-sensitive two-state Boltzmann relation, al-
though parameters differed from those of Cx50 (V0 � 48.1
mV, Gmin � 0.11, A � 0.08). In contrast to Cx50, however,
instantaneous conductance of Cx46 channels was markedly
decreased at 80 mV � Vj � �80 mV; thus, at Vj � 100 mV,
the Ginst value was 90 � 5% of that measured at �20 mV.
Boltzmann parameters obtained in this study differ from
those obtained for Cx46 gap junction channels expressed in
oocytes (White et al., 1994b); whether these differences are
due to differences in posttranslational processing remains to
be determined.

Unitary junctional currents were resolved in both mul-
tichannel and single-channel recordings from Cx46-ex-
pressing cell pairs without the use of uncoupling agents or
de novo pairing protocols (e.g., Burt and Spray, 1989;
Bukauskas and Weingart, 1994; Bukauskas et al., 1995).
These studies revealed that Cx46 channels expressed in
mammalian cells possessed a main-state conductance of
140 � 8 pS and multiple subconductance states ranging
from �10 pS to 60 pS, with a predominate state of 
25 pS.
In contrast to channels formed by Cx50, transitions between
states (open, subconductance, and closed) could be either
rapid (“fast”) or prolonged (“slow”). Transitions could re-
quire tens of milliseconds for completion, during which
channels might reside in multiple additional partially con-
ducting states. Slow transitions of junctional channels be-
tween conducting states were initially described in pairs of
chick heart cells (Veenstra and DeHaan, 1988) and subse-
quently characterized in detailed studies of newly paired
insect and mammalian cell types where such events were
associated with channel formation or docking of adjacent
connexons (Bukauskas and Weingart, 1994; Bukauskas et
al., 1995).

Previously, Cx46 channels have been extensively studied
in the Xenopus oocyte expression system (White et al.,
1994b), where Cx46 is additionally capable of forming
functional hemichannels (Ebihara and Steiner, 1993; Trex-

ler et al., 1996; Paul et al., 1991; Pfahnl and Dahl, 1998).
The macroscopic voltage sensitivity of Cx46 hemichannels
is biphasic, with conductance increasing at potentials higher
than �20 mV (Ebihara and Steiner., 1993) and decreasing
beyond 60 mV (Trexler et al., 1996). Such behavior was
first interpreted as indicating that heterotypic pairing in-
duces allosteric change in the Cx46 hemichannel, leading to
a change in the relative transjunctional gating polarity
(White et al., 1994a), but a later report (Trexler et al., 1996)
showed that Cx46 hemichannels possess two voltage-sensi-
tive gates, each sensing an opposite polarity. These single-
channel studies on Cx46 hemichannels in oocytes demon-
strated that application of depolarizing pulses led to fast
transitions between the open state and a subconductance
state, while application of hyperpolarizing pulses led to
slow transitions that were attributed to the presence of a
second gate with an opposite polarity of voltage sensitivity
(the so-called loop gate (Trexler et al., 1996); also termed
the po gate (Pfahnl and Dahl, 1998)). The presence of both
fast and slow transitions in our cell-cell channel recordings,
as well as the asymmetrical gating properties of heterotypic
Cx46/Cx50 channels (see below), are consistent with the
presence of dual gates in each Cx46 hemichannel, although
alternative explanations involving conformational differ-
ences between channels and hemichannels cannot be ruled
out (see below). The unitary conductance of Cx46 cell-to-
cell channels (	j � 140 � 8 pS) measured while applying
low to moderate transjunctional voltage gradients was con-
sistent with the approximate Ohmic sum of resistances of
constituent hemichannels (unitary conductance (	hj) � 300
pS; Trexler et al., 1996; Pfahnl and Dahl, 1998).

Heterotypic Cx46/Cx50 channels

Macroscopic voltage dependence of steady-state gj in het-
erotypic Cx46/Cx50 pairs was asymmetrical, with pulses of
positive polarity applied to either the Cx46 or Cx50 cell,
yielding voltage sensitivities that differed from either homo-
typic junction type (see Table 1). Instantaneous junctional
conductance was also asymmetrical, being lowest at large
positive transjunctional voltages relative to the Cx46 side.

Measurements of single-channel properties provided ev-
idence for a positive relative transjunctional gating polarity
for both Cx46 and Cx50. Single-channel conductance was
similar to that of homotypic Cx50 (
210 pS) when Vj was
positive relative to the Cx50 expressing cell and was similar
to that of Cx46 (
140 pS) when Vj was positive relative to
the cell expressing Cx46. In addition, the multiple subcon-
ductance states and bursts of rapid gating (at �80 mV � Vj

� 80 mV) observed in homotypic junctions were also
observed in heterotypic junctions when similar transjunc-
tional voltages were positive relative to the cell expressing
Cx46. The conservation of these properties leads us to
conclude that the primary gates in both Cx46 and Cx50 that
are responsible for the macroscopic current declines close in
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response to positive relative transjunctional voltages (see
Verselis et al., 1994).

Rectification of instantaneous conductance similar to that
observed here was also observed in Cx26/Cx32 heterotypic
channels (Suchyna et al., 1999; Oh et al., 1999) and Cx43/
Cx40 (Valiunas et al., 2000) channels, where this behavior
has been attributed to a differential distribution of a fixed
charge in the pore of the constituent hemichannels. Recti-
fication of Cx26/Cx32 heterotypic channels was fit well to
the Poisson-Nernst-Plank (PNP) model (Suchyna et al.,
1999; Oh et al., 1999), which predicts that differences in the
specific permeability/selectivity (due to charge distribution
across the pore; Chen et al., 1997) properties of constituent
hemichannels will result in Vj-dependent charge accumula-
tion or depletion within the channel. Although the PNP
model has not been applied in our study, differences in
selectivity between Cx46 and Cx50 may explain the modest
rectification of the heterotypic Cx46/Cx50. However, inde-
pendent measurements of selectivity and conductance will
be necessary to conclusively evaluate the phenomenon.

Gating of constituent hemichannels in the heterotypic
preparation was also significantly altered when compared to
the homotypic channels (assuming a positive relative gating
polarity for the “main gate” of the constituent hemichan-
nels). At the macroscopic level, comparison of homotypic
Cx50 and the assumed Cx50 side of heterotypic junctions
shows a clear decrease in the Boltzmann parameter Gmin.
Conversely, the Gmin of Cx46 was increased in the hetero-
typic preparation. At the single-channel level transitions to
the fully closed state were less frequently observed for
heterotypic channels than for homotypic Cx46 channels
when Vj46 was positive. Conversely, transitions to a lower
subconductance state and to the fully closed state were more
frequently observed when Vj50 was positive than have been
reported for homotypic Cx50 channels (Srinivas et al.,
1999). Furthermore, comparison of homotypic Cx46 and
heterotypic Cx46/Cx50 at positive Vj46 values shows a
decrease in the frequency of slow gating transitions and an
increase in slow gating transitions by the presumed Cx50
side of heterotypic channels compared to homotypic Cx50
(Fig. 7). Taken together, these results argue for the existence
of a second gating mechanism in Cx46 channels, with an
opposite polarity of voltage sensitivity. Alternatively, the
changes in single-channel and macroscopic properties ob-
served when Cx46 and Cx50 are paired may be construed as
evidence for a conformational change induced by the dock-
ing of the two different hemichannels.

Heteromeric channels

Cx46 and Cx50 are coexpressed in the lens, and immuno-
cytochemical immunopurification techniques indicate that
bovine homologs of these two connexins coimmunoprecipi-
tate from lens organ cultures (Jiang and Goodenough, 1996;
Konig and Zampighi, 1995). Cx46 and Cx50 have been

shown to form functional heteromeric hemichannels by
Ebihara et al. (1999) in oocytes; it was therefore of interest
to determine the properties of heteromeric Cx46 and Cx50
gap junction channels in mammalian cells. Heteromeric gap
junction channels have been shown to be formed by Cx40
and Cx43 (He et al., 1999; Li and Simard, 1999; Elenes et
al., 1999), Cx37, and Cx43 (Brink et al., 1997). In both
cases, macroscopic and multichannel recordings exhibited
properties that were intermediate to those of homotypic
junctions, and these intermediate properties were consid-
ered as evidence for heteromeric channel formation.

In recordings from Cx46 and Cx50 cotransfected cells,
we frequently observed multiple main-state conductance
levels (e.g., 115 pS, 164 pS, 158 pS, 180 pS); however,
similar channel sizes were often observed in homotypic and
heterotypic Cx46 and Cx50 junctions. Heteromeric channel
formation was even more difficult to determine from mac-
roscopic recordings because of the similarity of macro-
scopic properties of homotypic Cx46 and Cx50. The for-
mation of heterotypic channels makes it additionally
difficult to unambiguously verify the existence of hetero-
meric channels from macroscopic recordings. Macroscopic
current declines in response to transjunctional voltage in
cotransfected cells were not strikingly different from those
obtained for Cx46 and Cx50 homotypic and Cx46/Cx50
heterotypic channels. In a few cases, single-channel analysis
provided evidence for the heteromerization of Cx46 and
Cx50, in that unitary conductances and gating properties
were found to differ from either homotypic or heterotypic
configurations. However, the low incidence of channels
with novel properties leads us to conclude that either het-
eromeric channel formation is uncommon in N2A cells or
that heteromeric channels may not display properties sig-
nificantly different from those of homotypic and heterotypic
channels. Therefore single-channel records that do not show
novel properties are not counterindicative of heteromeriza-
tion. In conclusion, although these studies do not allow an
evaluation of the relative affinities of the different connex-
ons for one another or the incidence of connexin mixing
within a connexon, they do indicate that the lens connexins
are capable of forming functional homomeric, heterotypic,
and possibly heteromeric junctional channels. All expres-
sion patterns of these connexins investigated in this study
led to moderately voltage-sensitive, high-conductance chan-
nels that appear to be ideally suited to the exchange of
solvent and electrolytes critical for the maintenance of os-
motic balance within the transparent lens.
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