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Connexin37 Forms High Conductance Gap Junction Channels with
Subconductance State Activity and Selective Dye and
lonic Permeabilities
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ABSTRACT Gap junctions are thought to mediate the direct intercellular coupling of adjacent cells by the open-closed
gating of an aqueous pore permeable to ions and molecules of up to 1 kDa or 10-14 A in diameter. We symmetrically
altered the ionic composition or asymmetrically added 6-carboxyfluorescein (6-CF, M, = 376), a fluorescent tracer, to pairs of
connexin37-transfected mouse neuro2A cells to examine the ionic and dye permeability of human connexin37 channels. We
demonstrate that the 300-pS channel formed by connexin37 has an effective relative anion/cation permeability ratio of 0.43,
directly converts to at least one intermediate (63 pS) subconductance state, and that 6-CF dye transfer is accompanied by a
24% decrease in unitary channel conductance. These observations favor a new interpretation of the gap junction pore consistent
with direct ion-channel interactions or electrostatic charge effects common to more conventional multistate ion channels. These
results have distinct implications about the different forms of intercellular signaling (cationic, ionic, and/or biochemical) that can

occur depending on the expression and conformation of the connexin channel proteins.

INTRODUCTION

Gap junction channels allow the cytoplasmic exchange of
ions and small molecules (e.g., CAMP, IP,, Ca’*) between
adjacent cells (Tsien and Weingart, 1976; Dunlap et al.,
1987; Saez et al., 1989). From permeable tracer studies, the
channel is believed to be an aqueous pore 1.0 to 1.5 nm in
diameter with a slight negative charge that permits the pas-
sage of soluble molecules of up to 1000 Da in size between
mammalian cells (Flagg-Newton et al., 1979; Brink and
Dewey, 1980; Schwarzmann et al., 1981; Makowski et al.,
1984; Verselis and Brink; 1986; Imanaga et al., 1987). Ac-
cording to the simple pore model, the maximal conductance
of an ion channel is limited by the physical dimensions
(length and cross sectional area) of the pore and resistivity
of the electrolyte solution (Hille, 1992). There is general
agreement between the estimated channel conductance of
100 pS (Simpson et al., 1977) and experimentally determined
channel conductances of several vertebrate gap junction
channels (Neyton and Trautmann, 1985; Veenstra and
DeHaan, 1986; Spray and Burt, 1990).

Gap junction channels are formed by different subunit pro-
teins (connexins, Cx) that share a common membrane to-
pology (Beyer et al., 1990). Primary amino acid sequence
analysis indicates that the four transmembrane and two ex-
tracellular loop domains are highly conserved in all members
of the connexin family of gap junction proteins. The
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connexin-specific sequences are located in the cytoplasmic
domains of each protein and may provide unique physiologi-
cal regulatory and channel properties to the gap junctions in
the tissues where these various connexins are expressed. Gap
junctions derived from the functional expression of cloned
connexin DNAs in Xenopus oocytes or communication-
deficient mammalian cell lines exhibit distinct transjunc-
tional voltage sensitivities and unitary channel conductances
(Swenson et al., 1989; Werner et al., 1989; Fishman et al.,
1991; Moreno et al., 1991b; Veenstra et al., 1992). Under
similar ionic conditions, connexin-specific channels have
maximal unitary conductances ranging from 30 to 240 pS
(Veenstra et al., 1992; Reed et al., 1993; Rup et al., 1993;
Fishman et al., 1991; Moreno et al., 1991a). Given the dis-
parate channel conductances formed by the distinct connex-
ins, we predict that the molecular permeability of gap junc-
tions will vary depending on the type of connexin expressed.
Dye or ion permeability studies of gap junctions in native
tissues are complicated by the expression of multiple con-
nexins in a given tissue such as liver or heart (Nicholson
et al., 1987; Kanter et al., 1992). Hence, the apparent per-
meability properties of native gap junctions are likely to be
determined by the collective permeability characteristics of
the highly expressed endogenous connexins. Therefore, the
functional connexin expression by stable transfection has a
distinct advantage over native gap junctions for detailed stud-
ies of the permeability properties of connexin-specific gap
junction channels.

Connexin37 (Cx37) forms a maximum 219 * 22 pS chan-
nel when transfected into N2A cells (Reed et al., 1993). The
macroscopic junctional conductance (g;) of Cx37 gap junc-
tions is sensitive to transjunctional voltages (V;), having a
half-inactivation voltage (V) of £28 mV and a minimum
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normalized steady-state junctional conductance (G,;) of
0.27. Assuming that junctional conductance is proportional
to the open probability of the channels, these results suggest
that the Cx37 channels are most likely to be open when
V; = £30 mV. The physiological relevance of different chan-
nel conductances formed by the connexin family of proteins
has yet to be examined. According to the simple pore model,
higher channel conductances (7;) should be directly corre-
lated with increasing diameter aqueous pores. This translates
into an ionic selectivity that should closely resemble the
aqueous mobilities of the permeant ions (Eisenman sequence
1; Eisenman, 1962) and an increasing upper size permeabil-
ity limit for hydrophilic molecules.

In this report, we examine the relative conductances of gap
junction channels formed by Cx37, expressed by stable
cDNA transfection in communication-deficient mouse
neuro2A (N2A) cells (Reed et al., 1993), in the presence of
the fluorescent dye (6-carboxyfluorescein, 6-CF) and dif-
fering symmetrical ionic (Kglutamate/KCl) conditions. The
N2A cell line was chosen for stable connexin cDNA trans-
fection because connexin RNA expression was not detect-
able in Northern blots with cDNA probes for 11 known con-
nexins (Cx26, Cx31, Cx32, Cx37, Cx40, Cx42, Cx43, Cx45,
Cx46, Cx50, and Cx56; Veenstra et al., 1992). Additionally,
the presence of multiple conductance states in some tissues
has led to speculation that gap junction channels exhibit sub-
conductance states of the fully open channel main state (Chen
and DeHaan, 1992). Our results provide the first definitive
evidence for the presence of subconducting states of
connexin-specific gap junction channels and suggest that the
formation of multiple conductance intercellular channels
conveys distinct connexin- and conductance state-specific
ionic and dye permeability properties on the gap junctions in
the tissues where they are expressed.

MATERIALS AND METHODS
Cell culture and transfection

Mouse N2A neuroblastoma cells (ATCC CCL131) were obtained from the
American Type Culture Collection (Rockville, MD). N2A cells were grown
in minimal essential medium (GIBCO/BRL, Gaithersburg, MD) supple-
mented with 10% heat-inactivated (56°C for 30 min) fetal calf serum (JRH
Biosciences, Lenexa, KS), 1x nonessential amino acids, 2 mM L-glutamine,
100 units/ml penicillin, and 100 units/ml streptomycin (GIBCO/BRL).

The full length cDNA for human Cx37 was cloned into the EcoRI site
of the eukaryotic expression vector pSFFV-neo (Fuhlbridge et al., 1988).
N2A cells in 60-mm dishes were transfected with 20 ug of linearized plas-
mid using the lipofectin reagent (GIBCO/BRL) according to manufacturer’s
directions, and stable neomycin-resistant colonies were selected in 0.5
mg/ml G418 (GIBCO/BRL). Connexin expression was verified by Northern
blotting of total RNA prepared from selected clones (Veenstra et al., 1992;
Reed et al., 1993).

Electrophysiological recordings and solutions

Connexin-transfected N2A cell cultures were plated at low density (2 X
10° cells/35-mm dish) for 12-24 h, washed with HEPES-buffered saline
(in mM: 142 NaCl, 1.3 KC], 0.8 MgSO,, 0.9 NaH,PO,, 1.8 CaCl,, 5.5
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dextrose, and 10 HEPES, pH 7.2) and examined on the stage of an in-
verted phase-contrast light microscope (Olympus IMT-2). Cx37-induced
coupling in the transfected N2A cells was studied by double whole cell
recording (DWCR) procedures as described previously (Veenstra and
Brink, 1992). Patch electrodes had resistances of 2-5 M{) when filled
with one of four internal pipette solutions. The composition of the inter-
nal pipette solutions are listed in Table 1. When pipette solutions contain-
ing CsCl and TEAC] were used, 15 mM CsCl and 10 mM TEACI were
also added to the HEPES-buffered saline solution. All experiments were
performed at room temperature (20-22°C).

Transjunctional potentials (V;) were elicited by stepping the holding
potential of the prejunctional cell (V,) from a common holding potential
(V, = V, = 0 mV, where V, is the holding potential of the postjunctional
cell) to a new value (V}) for a minimum of 10s. V; = V] — V, when the input
resistances of cell 1 and cell 2 are 100-fold higher (e.g., 2 G{2) than the
resistances of the respective whole cell patch electrodes (e.g., 20 MQ).
Junctional current signals appear as simultaneous events of equal amplitude
and opposite polarity and the true junctional current (I;) = —Al(1 + R /R,),
where Al, = difference in holding current of cell 2, R, = patch electrode
series resistance, and R, = cellular input resistance. When R,;, and the
junctional resistance are >2 G{2 and are 100-fold higher than the resistance
of the recording electrode (R,,/R;,; < 0.01), 1 ~ Al, (<2% error) and the
Al signal is used to measure the junctional channel current amplitudes.
Junctional conductance or resistance was determined from the expression
& = VR, = I}V, provided that the above conditions are met (Veenstra and
Brink, 1992). All current and voltage records were stored on VCR tape using
a 4-channel digitizing unit (DR-484 Neuro-corder, Neuro Data Instruments
Corp, New York, NY) and VCR tape recorder (Sansui SV-7700) for off-line
analysis.

Channel current analysis

For simplicity, junctional channel currents were displayed as paired whole
cell currents and all-points current amplitude histograms were compiled
from the Al trace for each experiment. When recording single gap junction
channel currents from a cell pair with g; < 0.5 nS, all of the above conditions
are met and —I; =~ Al,. All analog signals were low pass filtered (8-pole
Bessel, LPF-30, WPI, Inc., Sarasota, FL) at 100 Hz and digitized at 2 kHz
using a DT2801A A/D board (Data Translation, Inc. Marlboro, MA) in-
stalled in an IBM PC/AT clone (Everex 386SX/20). The dead time of the
recording instrumentation was 1.8 ms.

The Gaussian distributions present in the all-points current amplitude his-
tograms were fitted with a probability density function of the form

LM = X BM,n,p)fd ~ I, a8 + no?d),

n=0

where M = number of channels in the junction, » = number of simultaneously

TABLE 1 Composition of internal pipette solutions

Component IPS #1 IPS #2 IPS #3
mM
K glutamate 110 120 —
KCl1 — — 120
CsCl — 15 15
TEACI — 10 10
NaCl 15 — —
KH,PO, 1 1 1
MgCl,-6H,0 4.6 3 3
CaCl,-2H,0 0.068 0.068 0.068
EGTA 5 5 5
HEPES 25 25 25
Na,ATP 3 3 3
Na,CP 3 3 3
Osmolarity (mOsm) 274 311 316
pH 7.0 7.0 7.0
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open channels, p, = channel open probability, o = variance of the baseline
noise, 02 = variance of the open channel noise, and I, = current of n open
channels (Manivannan et al., 1992). The binomial distribution

B(M,n,p,) = TPl —p

M
n!(M—n)
assumes that there are M independent and identical channels, each channel hav-
ing an open probability of p, (Colquhoun and Hawkes, 1983). Because the area
under each peak in an all-points amplitude histogram is equal to the cumulative
open time of every nth channel state, fitting the relative amplitudes of the peaks
provides a direct estimate of the product of M X p_ for the observed channel
activity. The Gaussian distribution

X e~U-h Yruol + ned)

1
I—1,0%+nc?) =
jt;( n b o) a_b,\/z_ﬂ_

defines the mean current amplitude and variance of each peak in the histogram.
When the amplitude histogram cannot be fitted by the above functions, the
additional assumption is made that of N total channels in the junction, N — M
have the property stated above, while the remaining M channels have a different
open probability, p,. The solution to this set of conditions is

n=0] k=0

N n
W= E[E BN — M, k, p,)BM, n — k,pz)] X fd —1I,, 0% + na?)

(Manivannan et al., 1992). Similar sets of equations can be derived, assuming
that the second population of channels has a different open current amplitude
and open variance. Hence, accurate fits of the current amplitude histogram can
be obtained when N channels are not independent and identical.

In certain instances, the amplitude histograms cannot be described ac-
curately using the above expressions for independent channels because of
the existence of intermediate conductance states. Alternative expressions
assuming the existence of long-lived channel substates have been derived
elsewhere (Ramanan and Brink, 1993).

Dye transfer assays

6-Carboxyfluorescein (6-CF, 376 Da, Molecular Probes, Eugene, OR) was
dissolved in 120 mM potassium citrate (pH 9.0) to yield a final stock con-
centration of 20 mM and titrated to pH 7.0. Stock 6-CF solution was stored
in the dark at —20°C. Microelectrode tips were backfilled with stock dye
solution, and small N2A cell clusters (fewer than 10 cells) were impaled.
The fluorescent probe filled the cell by simple diffusion. Typical filling
times ranged from 30 s to 2 min. Impalements were monitored on the stage
of an inverted microscope (Nikon Diaphot) by low light phase contrast and
epifluorescent imaging. Epifluorescent illumination was provided by a 100
W mercury lamp power source and a 490 nm excitation filter. Photomi-
crographs were recorded on a Nikon 35 mm camera body attached to the
microscope’s camera port. Similar procedures were followed for the rho-
damine dextran (10,000 Da) injections into high density N2A cell cultures.

For DWCR experiments using 6-CF, the 20 mM stock solution was
diluted to a final concentration of 2 mM with IPS #1. Only one patch
electrode was filled with the 2 mM 6-CF IPS #1, and junctional conduc-
tance measurements are obtained following normal procedures. After a
specified junctional current recording period, the presence or absence of dye
transfer was observed under epifluorescent illumination. Phase contrast and
fluorescent micrograph images were recorded using an automatic exposure
Olympus 35 mm camera body attached to the microscope’s camera port.

For the fluorescein dextran (average M, = 10,000) injections of low
density cultures of N2A cells, cultures were trypsinized and plated at <10°
cells/60-mm dish. The cultures, 16-24 h later, consisted of primarily single
cells and pairs of cells with a few larger clusters. Cell pairs were chosen for
microinjection of a 100 mg/ml (in water) solution of FITC-dextran (average
M, = 70,000; Sigma Chemical Co., St. Louis, MO). Injections were per-
formed by pressure injection using a Nikon pico-injector and were visu-
alized with a Nikon Diaphot inverted microscope equipped with epifluo-
rescence and Hoffman modulation contrast optics.
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RESULTS

Conductance and gating properties of
connexin-specific channels

The channel conductances (7;) of Cx37-specific channels
were originally reported using a 110 mM Kglutamate pipette
solution (IPS #1) in both patch electrodes of connexin-
transfected N2A cell pairs. The maximum Cx37 v, of 219 *
22 pS was determined from a total of 6 cell pairs and 139
channel openings obtained during a 2 min cumulative re-
cording time (Reed et al., 1993). Conversely, the maximum
y; was 94 = 4 pS at V; > 80 mV. Multiple channel conduc-
tances were reported but were not characterized further due
to the complex gating activity observed in the multichannel
recordings.

Single Cx37 gap junction channel activity was recorded at
low transjunctional potentials using a 120 mM Kglutamate
internal pipette solution (IPS #2) with 15 mM KCl and 10
mM TEACI added to both the external bath and internal
pipette solutions. The increased ionic strength and addition
of K* channel blocking ions should improve the signal-to-
noise ratio of single channel currents by increasing the non-
junctional membrane resistance of the N2A cells and in-
creasing the junctional channel current amplitudes. Analysis
of channel activity from cell pairs that exhibited activity for
only one Cx37 channel also improved the signal-to-noise
ratio of single channel currents. Examples of Cx37-specific
channel currents are illustrated in Fig. 1. The holding po-
tential of cell 1 (V,) was stepped from +25 to —25 mV as
indicated by the arrow, whereas cell 2 (V,) was held constant
at 0 mV. Total whole cell currents for cells 1 and 2 (/; and
L) are displayed and numerous transitions between three
stable current levels (solid lines in I,) are observed in this
record (Fig. 1 A). All junctional current (f;) activity is ob-
served as simultaneous signals of equal amplitude and op-
posite polarity, although only the change in 7, is used as a
measure of I; because /, contains both junctional and non-
junctional membrane current components associated with the
voltage step. The amplitudes of the largest transitions meas-
ured 8.34 pA, or y; = 333 pS. Frequent transitions between
the open state or ground state and an intermediate current
state with an amplitude of 1.6 pA (y; = 64 pS) were also
observed.

The current amplitude histogram, inclusive of the entire
90-s recording, was fitted with a probability density function
(pdf) assuming two independent channel types correspond-
ing to the above conductances (Fig. 1 B). The smaller chan-
nel accounted for 58% of the cumulative recording time,
whereas the larger channel was open for only 9% of the
cumulative recording time, as evidenced by the area under
the corresponding peaks in the real time (all-points) histo-
gram. The discrepancies between the actual data (solid line)
and the pdf (dashed line) occur as a result of the assumption
of independent channel types. The observed high open prob-
ability of the smaller channel predicts that its activity should
appear superimposed on the less frequent openings of the
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FIGURE 1 (A) Actual whole cell currents from a Cx37-transfected N2A
cell pair using IPS #2. The holding potential of cell 1 (V) was stepped to
—25 mV relative to cell 2 (V, = 0 mV), as indicated by the arrow, for 90
s to create a transjunctional potential (V) of —25 mV. All currents were low
pass filtered at 100 Hz and digitized at a rate of 2 kHz. A 15-s segment of
single channel activity is displayed that illustrates all three stable conduc-
tance levels evident in the amplitude histogram (B). The upper line indicates
the main open state current, the middle line indicates the intermediate (sub-
state) current level, and the bottom line indicates the ground state. (B) All
points amplitude histogram compiled from the entire 90 s pulse interval.
Junctional current (7)) is taken as the inverse of the change in whole cell
current of cell 2 because its membrane potential is held constant. All junc-
tional currents are viewed as whole cell currents of equal amplitude and
opposite polarity in cells 1 and 2. The solid line represents the actual digi-
tized point count, and the dashed line is a mathematical fit (probability
density function, pdf) of the Gaussian distributions. The fit assumes one
closed state with a variance of 0.3 pA and two independent channel types
with unitary conductances of 64 and 330 pS. The open channel variance was
0.3 pA. Open probabilities were 0.64 and 0.20, respectively. There were a
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larger channel, as indicated by the additional peak in the pdf
above 9 pA. High and low conductance states were observed
in 1- to 2-min recordings at 25, *35, and *45 mV (data
not shown). The low conductance channel activity was never
superimposed on the openings of the larger channel; rather,
it always appeared as an intermediate current peak between
the zero current and the maximum conductance channel peak
in the amplitude histogram. The data from this experiment
are summarized in the junctional single channel current-
voltage (i;-V)) relationship (Fig. 1 C). All data points for the
maximum (unitary) and intermediate (sub)conductance lev-
els were determined from histogram fits of the cumulative
recording period at each transjunctional potential (V). The
i;-V; relationships for the unitary and subconductance states
are linear with slope conductances of 297 and 63 pS. The SDs
of the slopes are <*+10 pS based on the signal-to-noise ratio.
The intermediate conductance state was not observed at
V; = £20 mV, and open probabilities and event counts for
the maximum conductance state declined with increasing V;.
V, pulses =50 mV were not examined due to the complete
lack of maximum open state channel events.

Multichannel recordings were obtained from two other
Cx37 N2A cell pairs using IPS #2. The unitary and sub-
conductance state slope conductances for the two active
channels in one of these two experiments were 282 and 79
pS, respectively. An i-V; relationship was precluded in the
second experiment because only a few negative V; pulses
were obtained. The two channels in this cell pair exhibited
a maximum unitary y; of 306 pS and substate ;s in the
range 60-80 pS at V; = —30 mV. In both multichannel
experiments, the 300-pS channel was not observed above
*+45 mV; event counts <10 for the 300-pS channel at
V; = =30 mV; and the intermediate 60-80 pS conduc-
tance state was not observed below *20 mV during each
2 min recording period.

Subconductance state activity of Cx37 channels

Three hypotheses could explain the occurrence of multiple
channel conductances observed in the Cx37 cell pairs: (i)
distinct populations of independent channels with different
conductances; (ii) cooperative gating of several identical
channels to yield apparently higher conductances; or (iii)
subconductance states of a large conductance channel (Chen
and DeHaan, 1992). The demonstration of a channel substate
requires observation of the concomitant activity of low and
high conductance states that directly interconvert and cannot
be accounted for by the superposition of two independent
channels (Fox, 1987).

total of 21 large channel events. The additional peak predicted above 9 pA
results from the presence of the 64 pS channel in addition to the 330 pS
channel. (C) Single channel current-voltage relationship for the Cx37 chan-
nel activity from the same N2A cell pair observed at various V; values. The
data were fit with lines having slope conductances of 297 and 65 pS (r >
0.97). The smaller conductance channel is termed a substate current because
the activity of this channel was always observed to be intermediate between
the closed and maximum open (~300 pS) states.
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FIGURE 2 (A) Cell 2 whole cell currents were redigitized at 10 kHz after
low pass filtering at 1 kHz. A 350-ms interval (T1 in Fig. 1) is illustrated
that depicts rapid transitions from the substate to maximum open state and
maximum open to ground state transitions. (B) A similar 1-kHz signal from
a second (T2) time interval displayed in Fig. 1. Notice that the brief, rapid
opening in this figure reaches the full amplitude of the fully open channel
in this record. (C) All points amplitude histogram fitted with a pdf that
assumes the presence of one open 330-pS channel and a 46-pS substate of
this same channel. The evidence for direct, rapid interconversions between
the two conductance states and the improved amplitude histogram fit over
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The pdf in Fig. 1 B was generated assuming distinct popu-
lations of independent channels, and the apparent discrep-
ancies with the actual current amplitude distribution provides
a strong statistical argument against this hypothesis. As
stated above, the discrepancies between the experimental
current amplitude distributions and the independent channel
pdfs result from the experimental observation that the low
conductance channel activity always appeared as an inter-
mediate current peak between the zero current and the maxi-
mum conductance channel peak in the amplitude histogram.
The cooperative gating of smaller channels to produce a
higher conductance channel is unlikely given the high open
probability of the 63 and 80 pS channel states, the low open
probability of the 300 pS channels, and the absence of any
other intermediate conductance levels between these two
conductance states.

The direct interconversion between the three observed
Cx37 channel conductance states (maximum open, closed,
and intermediate) are best resolved at filter frequencies
higher than those illustrated in Fig. 1. For this purpose, the
current traces displayed in Fig. 1 were low pass filtered at
1 kHz and resampled at 10 kHz. Two time points, labeled
T1 and T2 in Fig. 1 A, are redisplayed in Fig. 2, A and B.
The incomplete closure in T1 and incomplete opening in
T2 between the maximum and intermediate conductance
states now appear as full amplitude interconversions be-
tween these two states. Other fully resolved maximum
open-closed transitions are readily resolved in Fig. 1 A and
Fig. 2, A and B, although the signal-to-noise ratio between
the closed and subconductance states is reduced at the
higher filter frequency.

The substate hypothesis is strongly favored based on the
above findings and because the low conductance channels
always occurred in the presence of the large channel, albeit
sometimes for prolonged intervals of several seconds. As a
final test of the channel subconductance state interpretation,
the current amplitude histogram was fitted with a second pdf
that assumes that a given channel has x substates of y am-
plitude (Ramanan and Brink, 1993). The pdf illustrated in
Fig. 2 C, which was generated assuming that the intermediate
current peak is a single substate of the fully open channel,
provides a more accurate fit of the experimental data than
was possible for the independent channel model (Fig. 1 B).
All of the above evidence is consistent with the interpretation
that the 63-pS channel is a substate of the fully open 300 pS
Cx37 channel and provides a more rigorous test of the three
criteria for substates than previously demonstrated for any
expressed connexin-specific or native gap junction channel.

Chloride permeability of Cx37 channels

To examine the anion permeability of the Cx37 channels,
channel current amplitudes were determined in separate

the independent channels pdf in Fig. 1 are indicative of substate channel
activity for the Cx37 channel. Note that the subconductance state predomi-
nates even at low voltages.
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experiments using a modified internal pipette solution (IPS
#3) where 120 mM KCl replaced Kglutamate as the major
monovalent jons. In one single-channel experiment, channel
currents were recorded at 10 different V;s. Fig. 34 is a 15-s
segment of the paired junctional channel currents obtained
during 2 2 min V; pulse to —30 mV. Numerous transitions
between three stable (closed, substate, and maximum open)
conductance states are observed. The T1 time point is re-
displayed in Fig. 3 B to illustrate the direct interconversions
between all three conductance states at a higher temporal
resolution (1 kHz filter frequency). The current amplitude
distribution for the entire 2 s recording interval is shown in
Fig. 3 C and is fitted with the independent channel model pdf.
Although less obvious in this example because of the lower
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cumulative open times for both the unitary open and substate
activity at this higher V,, the pdf again predicts a low level
of channel activity to be superimposed on the fully open
channel (see inset), which was not observed experimentally.
Fig. 3 D is the same real time amplitude histogram fitted with
the substate pdf to illustrate the improved fit of the actual
data. All of these observations are consistent with the pre-
vious experiment using IPS #2 and again illustrate the sub-
state channel activity of the Cx37 gap junction channel.
Taking into account the fivefold increase in C1~ concen-
tration between IPS #2 and #3, one would predict a 38%
increase in junctional channel current and conductance, as-
suming that the permeabilities of the pertinent ions (K*, Cs*,
TEA*, glutamate™, and C1") are directly proportional to the
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aqueous mobilities of the ions. The slope conductances for
the maximum unitary and substate conductances were 357
and 73 pS, respectively. The open channel noise was similar
to records obtained using IPS #2. Hence, The SDs of the
slopes are again <= 10 pS. This amounts to only a 20% in-
crease in v, for the maximum open state of the Cx37 channel
and 16% increase in v, for the 63-pS substate, based on
single-channel current records. The 20% increase in maxi-
mum 7; constitutes only a 53% increase relative to the ex-
pected value, assuming that the local ion concentrations near
the mouth of the Cx37 channel are equal to their respective
values in the IPS and the permeabilities reflect the aqueous
mobility of each ion in solution. From our initial estimates,
using the Goldman-Hodgkin-Katz current equation, this ex-
perimental conductance ratio can be achieved by lowering
the relative anion/cation permeability to 0.43. An electro-
static field near the mouth of the pore, which effectively
increases the local cation concentration by 53% and recip-
rocally decreases the local anion concentration, can also ac-
count for only a 20% increase in channel conductance.

Multichannel recordings were also obtained from two
other Cx37 N2A cell pairs using IPS #3. The unitary and
subconductance state slope conductances for the active chan-
nels in both of these experiments were 344, 341, 92, and 52
pS, respectively. In a third experiment using 140 mM CsCl
and 15 mM TEA IPS (10% higher osmolarity), the maximum
unitary channel conductance increased to 373 pS at V, = —30
mV (data not shown; Veenstra et al., 1993). All of the mul-
tichannel data are consistent with the findings from single-
channel records of a lower than predicted IPS #3/IPS #2
conductance ratio for the maximum open state of the Cx37
channel. The data regarding the subconductance state are
presented based on the measurements of a predominant sub-
conductance state from the single channel records, whereas
the subconductance state v; data from multichannel experi-
ments are more variable and may indicate the presence of
more than one substate for the Cx37 channel.

6-CF dye transfer in connexin-transfected N2A
cell cultures

To examine the dye permeability of the channels, 6-CF was
injected into near confluent monolayers of N2A cells. This
anionic dye was selected because of its molecular weight
(M, = 376) and hydrophilic character. Dye transfer was ob-
served in 4 of 52 (7.7%) injections in cultures of untrans-
fected N2A cells and 4 of 99 (4.0%) injections in vector-
transfected N2A cells (transfected with the pSFFV-neo
eukaryotic expression vector without any connexin cDNA
insert; Veenstra et al., 1992). In contrast to N2A control
groups, dye transfer was observed in 35.7% (n = 98) of
Cx37-transfected N2A cells with occasional dye transfer to
two or three coupled cells (Fig. 4 A). A majority of the posi-
tive 6-CF coupled cells in N2A and vector-transfected N2A
cells fluoresced rapidly (within 15 s) and with equal intensity
to the injected cell. Rapid fills accounted for only 40% of the
dye-coupled Cx37-transfected N2A cells. In the remaining
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FIGURE 4 (A) Distributions of dye-coupled cells in nontransfected,
vector-transfected, and Cx37-transfected N2A cell clones. N2A cells were
grown to near confluence and impaled with a microelectrode backfilled with
120 mM Kcitrate plus 20 mM 6-carboxyfluorescein, pH 7.0. The fluorescent
probe filled the cells by simple diffusion. Filling times ranged from 30 s to
2 min. Observation times ranged from 2 to 10 min. The incidence of dye
transfer to one or more cells in the two control groups was <8%, but was
36% in the Cx37-transfected N2A cells. (B) Phase contrast micrograph of
Cx37-transfected N2A cells after 2 days in culture. The 15 uwm diameter cell
indicated by the center arrow was impaled with a dye filled electrode for
1.5 min. (C) Fluorescent image of the same field taken 2.25 min after the
onset of impalement. One neighboring cell (top arrow) fluoresced with
similar intensity to the injected cell, whereas a distinct dye diffusion gradient
is evident in the second coupled cell (bottom arrow).

22% of the Cx37 dye injection experiments, dye transfer was
observed to develop gradually over a period of 1-10 min with
obvious 6-CF concentration gradients between the primary
injected and neighboring cells (Fig. 4, B and C). The inci-
dence of electrical coupling, determined from separate
DWCR experiments, was 66% for Cx37 N2A cell pairs
(N = 88).

One possible explanation for the low incidence of rapid
dye transfer in all three experimental groups is that the neigh-
boring cell was nonspecifically coupled to the primary in-
jected cell by cytoplasmic bridges. To examine the hypoth-
esis that these cells were connected by cytoplasmic bridges,
rhodamine dextran (average M, = 10,000) was injected into
near confluent monolayers of vector-transfected N2A cells.
Dye transfer was observed in 2 of 24 injections (8.3%) and
occurred in both isolated cell pairs and small clusters of <10
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cells. The incidence of dye transfer with rhodamine dextran
in the vector-transfected N2A cells is nearly identical to the
basal level of dye transfer observed in untransfected N2A
cells with 6-CF. The hypothesis was further examined by
injecting FITC-dextran (M, = 70,000) into pairs of untrans-
fected N2A cells plated at low density to mimic the DWCR
culture conditions. Dye transfer was observed in 6 of 46 cell
pairs (14.6%, Fig. 5). The higher incidence of dye transfer
in N2A cell pairs is consistent with the hypothesis that the
6-CF positive cells are daughter cells that have not yet com-
pleted cytokinesis after a mitotic division.

Direct correlation of dye transfer with junctional
conductance

To correlate the occurrence of dye transfer with electrical
coupling, DWCR experiments were performed on pSFFV-
N2A and Cx37-N2A cell clones with 2 mM 6-CF added to
one of the recording pipettes (IPS#1). Low levels of endog-
enous coupling analogous to that observed in the SKHepl
cell line (Moreno et al., 1991a) were never observed in 50
vector-transfected N2A cell pairs. However, pSFFV-N2A
cell pairs with a high junctional conductance (g; = 13-32 1S,
23 £ 6 nS = mean * SD) and lacking any demonstrable
sensitivity to transjunctional potentials, heptanol, or acidi-
fication to pH =< 6.0 were observed in 26% of the experi-
ments. The incidence of high g; nonspecific coupling ranged
from 10 to 40% for all control and experimental (connexin-
transfected) N2A cell cultures examined. All of these high
conductance cell pairs also exhibited 6-CF dye transfer with
characteristic bright intensity equal to the primary injected
cell, consistent with the above interpretation of cytoplasmi-
cally fused or dividing cells. In all of our experiments in
control or vector-transfected N2A cells, low conductance
cell pairs with quantal currents characteristic of endogenous
channel activity were never observed. To avoid inclusion of

FIGURE 5 Intercellular passage of high molecular weight fluorescent
tracers in N2A cells. One day after nontransfected N2A cells were plated
at low density, single cells in pairs were injected (arrows) with FITC-
dextran (average M, 70,000). Cells were visualized by epifluorescence (A)
or Hoffman modulation contrast (B) optics. In many cases, dye remained
only in the injected cell, but dye transfer to the partner cell was observed
in 15% of the injections.
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the high conductance, nonselective coupled cells in the Cx37
DWCR dye transfer experiments, only those pairs with de-
monstrable g; < 20 nS, V, dependence or g; blockade by 2 mM
heptanol were counted in the final analysis.

6-CF dye transfer was observed in one 3.8 nS Cx37-
transfected N2A cell pair where 200-pS channel (219 * 22
pS in IPS #1; Reed et al., 1993) activity could also be dem-
onstrated (Fig. 6 A—C), which assumes a maximum of 19
fully open Cx37 channels. Overall, similar dye transfers were
observed in 7 of 28 Cx37 experiments, including two un-
expected occasions where distant cells (>40 wm) made con-
tact with the primary injected cell only through neurite out-
growths, which precluded the direct measurement of
junctional conductance. The ability of Cx37 channels to pass
6-CF may depend on the conductance state of the channel,
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FIGURE 6 Simultaneous determination of macroscopic junctional con-
ductance and 6-CF dye transfer in Cx37-transfected N2A cell clones. (A)
Paired whole cell currents from a Cx37-transfected N2A cell pair during a
train of —40 mV V; pulses. Five s voltage steps from 0 to —40 mV were
applied once every 15 s. Only a single pulse is shown to provide temporal
resolution of 8 pA (200 pS) channel activity observed during the pulse (solid
lines). The instantaneous and steady state g; for the 5 min recording period
were 3.8 and 1.5 nS. (B) Phase contrast micrograph of the same Cx37-
transfected cell pair in the DWCR configuration immediately after cessation
of a 5 min recording period. The lower electrode contained 2 mM 6-CF in
IPS #1. (C) Epifluorescent micrograph of the same cell pair taken imme-
diately after detachment of the patch electrodes to remove the 6-CF dye
filled electrode from the exposure field. This was necessary to optimize the
image of the dye-filled cells. Dye transfer was evident in cell 2 before and
after removal of both patch electrodes. Note that a dye diffusion gradient
is still evident in this cell pair.
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because dye transfer was not observed in several Cx37-
transfected N2A cell pairs with g; ranging from 0.75 to 15.8
nS (mean g; = 7.2 = 4.6 nS, n = 28). In all DWCR ex-
periments, including the examples shown in Figs. 1 and 3,
the open probabilities of the large Cx37 channel was <0.30
for V, = 30 mV and diminished (sometimes to zero) in favor
of the lower conductance state during the recording period.
Open probabilities were reduced to zero when V; = 50 mV.
Recovery intervals of V; = 0 mV did not restore the large
channel activity in these instances, although reversing the
polarity of the V; pulses often did restore large channel ac-
tivity in the same cell pair. These results suggest that low
prolonged V; pulses might affect the conductance state of the
Cx37 channels. In our DWCR dye transfer experiments, the
cells were exposed to a 40 mV V; for 33% of the observation
time to monitor g;. 6-CF dye transfer was observed in cell
pairs where 200 pS channel activity could be demonstrated,
although it is not possible to ascertain the conductance state
of all the channels in a given cell pair.

Because 6-CF is an anionic dye, it is possible to affect
electrophoretically the rate of dye transfer across the gap
junction. We examined the effect of reversing the electric
field on the single channel v; using IPS #3 with 2 mM 6-CF
added to one patch pipette. Hyperpolarizing and depolarizing
V; pulses were applied to the dye-containing cell of a Cx37
N2A cell pair for a duration of 2 min. As before, in the
absence of any 6-CF dye, two prominent conductance states
were observed (Fig. 7). For the examples presented in
Fig. 7, A and B, the maximum unitary vy, was 343 pS and the
substate vy, was 85 pS at V; = +35 mV. Depolarizing pulses
applied to the 6-CF-containing cell will favor containment of
the dye in the primary injected cell. When the opposite po-
larity V; is applied to the 6-CF containing cell, dye transfer
is favored and maximum unitary and substate ;s of 307 and
54 pS were observed (V; = —30 mV). The current amplitudes
for the maximum unitary and substate currents are summa-
rized in Fig. 7, E and F. The slope conductance of the maxi-
mum (main) channel for all voltages was 350 pS (r = 0.99).
Independent linear regression analysis of the channel current
amplitudes at positive and negative voltages produced slope
conductances of 350 and 274 pS (r = 0.95), a 22% decrease
in the unitary conductance. The linear correlation of the sub-
state currents is less reliable (r = 0.89) with a slope con-
ductance of 96 pS.

A second single channel experiment under similar experi-
mental conditions yielded slope conductances of 356 and 271
pS for the respective dye-trapped and dye-transfer voltage
polarites, a decrease of 24% in v;. Substate current ampli-
tudes could not be determined accurately in this experiment.
The decrease in amplitude of the maximum unitary channel
state is interpreted as a partial block, relative to the free
ion-conducting state, of the channel by the permeant dye
molecules. Whether the dye molecules may pass through the
subconducting state of the channel cannot be determined re-
liably from these results. Regardless, these results provide
the first conclusive evidence of dye-channel interactions dur-
ing dye transfer and may partially explain the low incidence
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of dye coupling observed in the presence of the high con-
ductance Cx37 channels.

DISCUSSION

Characterization of substate channel activity in
gap junction channels

Previous experimental results have shown that the connexins
form gap junction channels with distinct conductance and
gating properties (Veenstra et al., 1992; Reed et al., 1993;
Rup et al., 1993; Fishman et al., 1991; Moreno et al., 1991a).
The data presented here provide the first definitive evidence
of subconductance state activity, differential ion selectivity,
and dye permeability of gap junction channels formed by a
distinct connexin. The multiple channel conductances ob-
served in junctional currents from 7-day embryonic chick
heart, chick connexin42, and chick and human connexin43
isoforms (Chen and DeHaan, 1992; Moreno et al, 1992;
Veenstra et al., 1992) are proposed to result from the oc-
currence of subconductance states. Substate activity is best
defined by three criteria: (i) a channel substate should in-
terconvert with the main channel state; (ii) substate activity
should be observed only in the presence of the main channel
state; and (iii) one must exclude the possibility that the dif-
ferent states arise from the superposition of two independent
channels (Fox, 1987). These criteria were not applied to the
previously published examples of multiple channel con-
ductances. Recently, new methodologies for demonstrating
the presence of subconductance states were developed
(Ramanan and Brink, 1993) and applied to our double whole
cell Cx37 channel recordings. All three substate conditions
are met by the observed Cx37 channel activity (Figs. 1-3 and
7), and the independent and substate channel pdfs of the
amplitude histogram provide the strongest evidence that the
observed channel activity does not result from the behavior
of independent channel types. In all of these instances, the
favored channel state is not the maximum open (main) chan-
nel state but the subconductance state. This substate inter-
conversion is favored by voltage because the cumulative
open time and event counts of the 300-pS channel were ob-
served to decline with increasing transjunctional potentials.
High V; and low temperatures are known to reduce the v, of
embryonic chick cardiac gap junctions (Chen and DeHaan,
1992, 1993).

There are indications of other possible Cx37 channel sub-
states that have not been presented in any detail here. Two
different substate conductances of 63 and 80 pS were ob-
served in the multichannel recordings using IPS #2, and for
all experiments performed during the course of this study,
subconductance state values range from 50 to 90 pS. The best
illustration from the existing single-channel data is in Figs.
1 B and 2 B, where the current amplitude histograms exhibit
a small peak that cannot be defined without assuming a third
independent channel type or second substate in the two dif-
ferent pdfs. There is some indication of slightly different
amplitude subconductance states in the dual current traces
illustrated in Fig. 1 A. Similar current amplitude histograms
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FIGURE 7 Effect of 6-carboxyfluorescein on Cx37 single channel conductances. (A) 2 mM 6-CF was added to cell 1, and a 2 min depolarizing voltage
pulse was applied to produce a V; = +35 mV, thereby trapping the anionic dye in cell 1. A 2-s segment of junctional channel current activity filtered at
1 kHz illustrates the rapid current transitions between the open, subconductance, and closed states of the Cx37 channel. (B) A similar 2 s high frequency
channel current record from cell 2 during a —30 mV hyperpolarizing pulse, which favors dye transfer to cell 2. (C) All points amplitude histogram of the
entire 2 min +35 mV V; pulse (100 Hz filter) fitted with the substates pdf assuming the presence of a single 85 pS substate (open probability = 0.58) of
the 343 pS open channel (open probability = 0.13). Closed variance was 0.31 pA, and the additional open variance was 0.28 pA. (D) All points amplitude
histogram and substate pdf obtained from the same cell pair during the 2 min —30 mV V; pulse (100 Hz). The open probabilities were 0.87 for the 54 pS
substate and 0.007 for the 307 pS open state. Closed and open variances were 0.31 and 0.24 pA, respectively. (E) Open channel current i-V; relationships
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were observed at different voltages for the experiment shown
in Fig. 7 (data not shown). The occurrence of other Cx37
channel substates are either too infrequent or of low ampli-
tude to be readily resolved from the 2 min whole cell current
records obtained from this investigation. The true test of
whether there are multiple subconductance states to the Cx37
channel will come from longer stationary current recordings
and an improved signal-to-noise ratio as performed on earth-
worm median giant axon junctional membranes (Brink and
Fan, 1989; Ramanan and Brink, 1993).

lonic selectivity and conductance of gap junction
channels and a reevaluation of the simple
pore model

The Kglutamate/KCl ion substitution experiments (Figs. 1
and 3) provide the first direct evidence for a reduced anionic
conductance of a high conductance gap junction channel.
The aqueous nature of the gap junction pore was best illus-
trated by the D,0 effects on g; in the median giant axon
junctional membrane (Verselis and Brink, 1986). According
to the simple pore model, the aqueous mobilities should de-
termine the monovalent ion selectivity sequence. Based on
the relative aqueous mobilities of all permeant ions (K* = 1,
Cs* = 1.05, TEA* = 0.44, CI- = 1.04, and glutamate™ =
0.36), a 38% increase in maximum v, of the Cx37 channel
was expected with the substitution of IPS #3 for IPS#2. One
possible explanation for the experimentally observed 20%
increase in v is to assign a relative anion/cation permeability
of 0.43, which reduces the relative glutamate /K* and
CI7/K* permeabilities to 0.15 and 0.45, respectively. Given
the experimental variability in the y; measurements due to the
open channel variance and range of y; values obtained with
each IPS, the IPS #3/IPS #2 conductance ratios may range
from 1.12 to 1.25. The corresponding relative anion/cation
permeability estimates for the Cx37 channel range from 0.32
to 0.66. It is interesting that our Cx37 channel data agree
closely with previous relative C17/K* conductance and per-
meability estimates of 0.52-0.69 from rat lacrimal gland cell
and earthworm median giant axon gap junction channels with
diverse protein compositions (Neyton and Trautmann, 1985;
Brink and Fan, 1989).

Assuming a channel length of 18 nm and resistivity of 100
()-cm, values that provide a maximum ; estimate for a gap
junction channel, a Cx37 channel (220 pS in IPS #1) re-
quires a channel diameter of 22-23 A. This projected di-
ameter of the Cx37 channel is 50% higher than the estimated
diameter of mammalian cell gap junctions derived from clas-
sical morphological evidence (Makowski et al., 1984). The
relative anion/cation permeability ratio of 0.43, the effects of
6-CF on v;, and the low incidence of 6-CF dye transfer in
Cx37-transfected N2A cell pairs are also inconsistent with a
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molecular sieve selectivity filter of these physical dimen-
sions. A second possible mechanism that could explain the
high maximum unitary and low relative anion/cation con-
ductances of the Cx37 channel would be the presence of a
negatively charged electrostatic field near the mouth of the
pore. Rings of acidic amino acid residues near the mouth of
the nicotinic acetylcholine receptor channel pore are known
to influence the degree of Mg®* block, channel conductance,
and cationic selectivity of this ligand-gated channel (Imoto
et al., 1988). Although other amino acid residues are also
important in determining the cation selectivity sequence of
the nicotinic acetylcholine receptor channel, the net charge
of the anionic ring closest to the narrowest portion of the
channel was found to have the greatest effect on channel
conductance, consistent with the formation of an electrostatic
barrier.

Implications of selective permeability and
multiple conductance states on
intercellular signaling

Subconductance states, low maximum open channel prob-
abilities, and low anion conductances of Cx37 channels may
have obvious functional consequences upon the spread of
electrotonic potentials in intact tissues (e.g., endothelium).
Thus, the gating and permeability properties of connexin-
specific gap junction channels will also modulate the forms
of biochemical signaling that can occur between cells. Lu-
cifer yellow dye transfer studies have often been used to
assay for the presence of functional gap junctions in a variety
of cell and tissue preparations (Kolb and Somogyi, 1991), but
only a few of these studies have considered the role of chan-
nel gating and permeability on dye transfer. Ignoring for the
moment the relative contributions of the cytoplasm to in-
tercellular fluorescent dye transfer (Safranyos et al., 1987),
there are at least three criteria that must be met if the presence
or absence of dye transfer is to be considered a reliable in-
dicator of functional gap junctional communication.

The first criterion that must be addressed is whether the
observed dye transfer occurs through functional gap junc-
tions. We have made the distinction between functional dye
and electrical coupling produced by connexin expression and
the low incidence of high conductance and permeability pro-
duced by putative cytoplasmic bridges based on several cri-
teria. The electrical coupling produced by most functionally
expressed connexins (Cx26, Cx32, Cx37, Cx38, Cx42, Cx43,
Cx45) exhibit some degree of transjunctional voltage de-
pendence and reversible blockade by 1-alkanols, halothane,
or low pH (Ebihara et al., 1989; Fishman et al., 1990; Moreno
etal., 1991a, b; Rubinet al., 1992; Veenstra et al., 1992; Reed
et al., 1993). The same criteria were applied to the g; meas-
ured between C6/36 cells, a cell line dervied from Aedes

for the above experiment. Linear regression analysis (solid line; r =

0.96) of the positive V; values produced a slope conductance of 350 pS. The dashed

line is the projected fit of all data points assuming a slope conductance of 350 pS. Lmear regression analysis of the negative V, values yielded a slope
conductance of 274 pS (not shown; r = 0.95), a 22% reduction in v; in the direction favoring dye transfer. (F) Substate channel current iV, relationship

for the same cell pair. The slope conductance is 96 pS (r = 0.89).
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albopictus, to demonstrate the presence of functional gap
junctions (Bukauskas et al., 1992). In 21% of the cell pairs
they examined, g; was insensitive to all of the above treat-
ments and the mean g; was approximately 4 times higher
(~20 nS) than the previous experimental group. Partial
blockade with supramaximal (3 mM) doses of 1-heptanol
was observed in 13% of the C6/36 cell pairs, consistent with
the coexistence of functional gap junctions and cytoplasmic
bridges. Putative cytoplasmic bridges have also been ob-
served in other vertebrate and insect cell lines (Flagg-Newton
et al., 1981; Spray et al., 1989) and have been attributed to
incomplete cytokinesis after a mitotic division, which mani-
fests itself by the presence of a narrow bridge (the midbody)
in the cleavage furrow between daughter cells (Karasiewicz
et al., 1981).

We have functionally expressed five different connexins
in the N2A cell line (Veenstra et al., 1992; Reed et al., 1993;
Rup et al., 1993). Chick connexin42, connexin43, con-
nexin45, and human Cx37 all exhibited voltage- and
heptanol-sensitive g; with mean values of 3—6 nS, with Cx56
being the lone exception to this observed behavior. We rou-
tinely excluded all N2A cell pairs from the above electro-
physiological examinations, which exhibited voltage- and
heptanol-insensitive g;s (8-35 nS). Thirteen of fifty vector-
transfected N2A cell pairs exhibited similar voltage- and
heptanol-resistant g;s (mean g; = 23 * 6 nS). In contrast to
the Cx37 DWCR 6-CF dye transfer experiments, all of the
electrically coupled vector-transfected N2A cell pairs were
also brightly dye-coupled. Our findings in the vector- and
connexin-transfected N2A cell clones are entirely consistent
with the occasional occurrence of cytoplasmic bridges be-
tween cells. As an additional test of this hypothesis, 10-kDa
rhodamine dextran or 70-kDa FITC dextran conjugates were
injected into near confluent monolayers or pairs of vector-
transfected N2A cells. The incidence of dye transfer was
demonstrated to be similar to the observed rate of dye-
coupling in control N2A, vector-transfected N2A, and
treatment-resistant high g; Cx37 N2A experimental groups.
Although the high molecular weight dextran polymers are
normally distributed around a mean of 10 or 70 kDa, this
10-kDa rhodamine-conjugated dextran polymer has been
demonstrated to not diffuse across Lucifer Yellow permeable
gap junctions in cultured monolayers of mammalian cells
(El-Fouly et al., 1987; Mantz et al., 1993). Combined with
the experimentally measured rate of nonspecific dye transfer
in vector-transfected N2A cell pairs, determination of func-
tional electrical coupling, and lack of 6-CF dye transfer in our
Cx37 N2A cells, we have concluded that the low incidence
(5-8% in monolayers, 20-26% in cell pairs) of dye transfer
observed in all N2A cell experimental groups can be attrib-
uted to the presence of direct cytoplasmic continuity between
cells.

A second condition that must be demonstrated is whether
the expressed connexin-specific gap junction channel is per-
meable to the chosen tracer molecule. Because all commonly
used hydrophilic fluorescent tracer molecules are negatively
charged, as are many of the physiologically relevant second
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messengers (e.g., CAMP, IP,), the relative anion/cation per-
meability of the channel becomes an important consider-
ation. Cationic dyes with similar permeability properties to
the fluorescein derivative used here would be ideal for ex-
amining the permeability of relatively cation-selective gap
junction channels. Suitable candidates remain to be identi-
fied. Future experiments will be directed towards further ex-
amination of the cationic permeability of the Cx37 channel.

It is also possible that the pore size and, therefore, the
molecular permeability limit vary with the conductance state
of the channel. Our experimental data indicate that permeant
dye molecules nearing the putative physical dimensions of
the pore interact with the channel to reduce effectively the
ionic conductance of the fully open channel, perhaps by tem-
porarily increasing the channel transit time or converting the
channel to a single-file pore. Gap junction channel subcon-
ductance states may not even be permeable to similar anionic
10-12 A diameter molecules, thereby serving to convert the
gap junction channel to a moderately selective ion channel.

A final consideration in the applicability of dye transfer
experiments as an assay for the presence of functional gap
junction channels is one of detection. If a gap junction is
capable of passing a 100 picocoulomb/s (=10° ions/s)
through 20 open 200-pS channels (Fig. 6 A), an estimated
relative dye/K permeability of only 0.001 should result in the
passage of 10° dye molecules/s. Assuming a 6-CF detection
limit of 1-10 uM, a cell volume of 1 pl (15-nm-diameter
cell), and a 6-CF concentration of 1 mM in the primary cell
(=108 molecules), 6-CF dye transfer should become detect-
able in the partner cell within 1-10 s once the dye reaches
the channels. So it is feasible to detect 6-CF dye transfer
using the DWCR technique reported here (Fig. 6 C). How-
ever, these projections assume that the steady-state g; of a
Cx37 cell pair is comprised of a homogeneous population of
fully open channels. In our observations, the open probability
of any Cx37 channel rarely exceeded 0.20 even at V, = 20
mV, making the preceeding conditions highly improbable. If
the Cx37 channel subconductance state is not dye-
permeable, then detectable dye transfer would depend en-
tirely upon the cumulative open time of the maximum unitary
channel conductance state. Under conditions where the open
probability of the dye permeable channel conductance state
is reduced, the time required for detectable dye transfer could
be increased indefinitely. It should be noted that the standard
microelectrode and DWCR dye injection results are not nec-
essarily analogous because intracellular cell dialysis by the
IPS may alter the gating properties of the channel. The ap-
parent discrepancy in the incidence of dye and electrical cou-
pling can be accounted for by the differential permeability
properties associated with the different conductance states of
the connexin channel, detection limitations, intracellular di-
alysis, or any combination of these circumstances.

In conclusion, our experimental results demonstrate that
Cx37 gap junction channels exhibit distinct unitary and sub-
conductance states, an effective anion/cation permeability
ratio of 0.43, and a reduction in unitary conductance during
transfer of 6-CF fluorescent dye molecules that approaches
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the permeability limit of the hydrophilic pore. These char-
acteristic channel properties have not been demonstrated for
any other gap junction channel to date and are not consistent
with the classical interpretation of the gap junction channel
as a simple, two-state aqueous pore. Instead, the gating, con-
ductance, and selectivity properties of the Cx37 channel ex-
hibit many features common to many other more conven-
tional ion channels. Future experiments designed to examine
the permeability properties and structure-function relation-
ships of multistate connexin-specific channels should pro-
vide insight into the molecular mechanisms underlying the
basis for the newly appreciated differences in intercellular
signaling that occur through connexin-specific gap junction
channels.
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