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Gap junctions provide direct intercellular communication
by linking adjacent cells with aqueous pores permeable to
molecules up to 1 kDa in molecular mass and 8-14 Å in
diameter. The identification of over a dozen connexins in
the mammalian gap junction family has stimulated interest
in the functional significance of this diversity, including the
possibility of selectivity for permeants as seen in other
channel classes. Here we present a quantitative comparison
of channel permeabilities of different connexins expressed
in both HeLa transfectants (rat Cx26, rat Cx32 and mouse
Cx45) and Xenopusoocytes (rat Cx26 and rat Cx32). In
HeLa cells, we examined permeability to two fluorescent
molecules: Lucifer Yellow (LY: anionic, MW 457) and 4′,6-
diamidino-2-phenylindole, dihydrochloride (DAPI,
cationic, MW 350). A comparison of the kinetics of
fluorescent dye transfer showed Cx32, Cx26 and Cx45 to
have progressively decreasing permeabilities to LY, but
increasing permeabilities to DAPI. This pattern was

inconsistent with selection based on physical size of the
probe, nor could it be accounted for by the differences
between clones in the electrical conductance of the
monolayers. In Xenopusoocytes, where electrical and dye
coupling could be assessed in the same cells, Cx32 couple
oocytes showed an estimated 6-fold greater permeability to
LY than those coupled by Cx26, a comparable result to that
seen in HeLa cells, where an approximately 9-fold
difference was seen. The oocyte system also allowed an
examination of Cx32/Cx26 heterotypic gap junction that
proved to have a permeability intermediate between the
two homotypic forms. Thus, independent of the expression
system, it appears that connexins show differential
permeabilities that cannot be predicted based on size
considerations, but must depend on other features of the
probe, such as charge.
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INTRODUCTION

Gap junctions are intercellular protein channels formed 
12 subunits of membrane proteins called connexins. S
subunits are contributed by each cell to form hemichann
called connexons, two of which dock via their extracellul
loops to form a continuous aqueous passage between c
To date, gap junctions remain the only known ubiquito
conduits for the direct exchange of ions and metaboli
between cells, and in this capacity they have been fou
throughout the metazoa. Gap junctions have been implica
in the regulation of early development (Guthrie and Gilul
1989; Paul, 1995), in the maintenance of homeosta
(Sheridan and Atkinson, 1985; Goodenough, 1992), and
the rapid transmission of electrical signals to synchron
cell response in cardiac or neuronal tissue (Barr et al., 19
Robertson, 1963; Dermietzel and Spray, 1993). Studies a
indicate that some gap junctions can serve as tum
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suppressors (Lee et al., 1991; Loewenstein and Rose, 19
Rose et al., 1993).

The diverse nature of the connexin family has becom
apparent over the last 10 years with the cloning of more th
a dozen members in the mammals alone (Willecke et al., 199
Paul, 1995), each with its own characteristic properties (e.
voltage gating parameters; Nicholson et al., 1993). Each tiss
expresses its own fingerprint of connexins that can b
modulated during different developmental stages or und
different physiological conditions (Risek et al., 1992
Sakamoto et al., 1992; Evans et al., 1993; Neveu et al., 199
This heterogeneity of connexins within a single tissue ha
raised questions as to their interactions. Indeed, heterotyp
coupling between different mammalian connexins expressed
opposed cells has already been extensively characterized
exogenous expression systems (Barrio et al., 1991; Hennema
et al., 1992b; Elfgang et al., 1995; White et al., 1995). Mo
recently, evidence for heteromeric interactions of differen
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connexins within a hemichannel have also been repor
(Stauffer, 1995; Jiang and Goodenough, 1996), although it 
been questioned if these interactions occur in situ (Sosin
1995).

However, inherent to an understanding of how this array
different components influences the physiological functions
gap junctions is the determination of their relativ
permeabilities. This has generally been thought to be dicta
by size alone, although the influence of charge has b
reported in several studies (Flagg-Newton et al., 1979; Br
and Dewey, 1980; Veenstra et al., 1994a,b, 1995). The ove
size of the channel has been measured by several biophy
approaches to be 1.5 to 2 nm in diameter. (Electr
microscopy: Benedetti and Emmelot, 1968; McNutt an
Weinstein, 1970; Unwin and Zampighi, 1980. X-ra
diffraction: Makowski et al., 1977. Atomic-force microscopy
Revel et al., 1992; Hoh et al., 1993). These estimates 
consistent with the observed upper size limit (~1 kDa) 
molecules which can traverse the channel (Flagg-Newton et
1979; Schwarzmann et al., 1981; Imanaga et al., 1987)
addition to the variety of fluorescent dyes and their varia
that have been used to map size exclusion limits, a variet
metabolites and second messengers (cAMP, IP3, and Ca2+:
Saez et al., 1989; Kaisai and Peterson, 1994) have also 
demonstrated to pass through gap junctions. 

Uniform permeability characteristics have typically bee
associated with gap junctions. However, when differences w
seen, the specific connexin(s) expressed were usually 
known. The development of exogenous expression systems
allowed connexin properties to be studied in isolatio
revealing apparent permeability differences between sev
types of connexins (Brissette et al., 1994; Steinberg et 
1994; Traub et al., 1994). In the most extensive compariso
date, Elfgang et al. (1995) examined a variety of trac
molecules varying in size, shape, and charge, and sho
variable transfer efficiencies between cells coupled by differ
connexins. However, quantitative interpretation of these stud
was limited by the fact that the differential permeabilities we
not directly normalized to the functional expression levels 
the different connexin transfectants. Recently, Veenstra et
(1995) and T. Suchyna et al. (unpublished observations) h
compared ionic permeabilities of several connexins, revea
a significant difference in charge preference of differe
connexins, with a variation in the relative preference for catio
over anions ranging from 1:1.06 to 8:1.

In this report, we present a quantitative analysis of t
differential permeabilities to larger permeants of three differe
gap junction channels composed of rat Cx26, rat Cx32 a
mouse Cx45. To eliminate system dependent variables, th
connexins have been compared in two distinct, w
characterized exogenous expression systems that 
documented to have minimal endogenous connexin expres
(i.e. human HeLa cells and Xenopusoocytes). Two oppositely
charged fluorescent dyes, Lucifer Yellow (LY) and 4′,6-
diamidino-2-phenylindole, dihydrochloride (DAPI), were use
in assessing permeability in HeLa transfectants. LY was a
used in experiments with Xenopusoocytes. By using the more
rigorous approach of following the kinetics of dye transfer a
normalizing to total intercellular junctional conductance, w
provide direct evidence that the connexins we have chosen
analysis have consistently differential permeabilities wh
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expressed in either HeLa transfectants or Xenopusoocytes. The
data suggest that features other than size, such as cha
contribute to the distinct permeabilities to larger dyes of th
three connexins studied, which is consistent with rece
observations by Veenstra et al. (1995) and our laboratory 
Suchyna et al., unpublished observations) on the differen
permeabilities of connexins to small anions. 

MATERIALS AND METHODS 

Northern analysis of endogenous connexin expression in
HeLa cells
Poly(A)+ RNA (2µg) from human HeLa cells, isolated with the oligo-
dT mRNA kit of Qiagen, was subjected to agarose electrophore
(1.2% agarose, 2.2 M formamide) and blotted onto Nitran-Pl
membranes. The same membranes were used in commercial mul
tissue northern blots (MTN Human I and II, Clontech Labs
Heidelberg, Germany), containing human poly(A)+ RNA (2 µg each)
of several human tissues that served as control for identification
human connexin transcripts. As probes, radioactively labell
connexin probes were prepared as follows: 

rat Cx26 (HincII/SmaI cDNA fragment; Zhang and Nicholson,
1989); mouse Cx30.3 (ALW NI/BglII cDNA fragment; Hennemann
et al., 1992a); mouse Cx31.1 (Bsu36I/BamHI cDNA fragment;
Hennemann et al., 1992a); rat Cx32 (EcoRI cDNA fragment; Paul,
1986); mouse Cx37 (KpnI fragment of genomic DNA in pBEHpac18;
Elfgang et al., 1995); mouse Cx40 (NarI/AvaII fragment of genomic
DNA in plasmid pBEHpac18; Hennemann et al., 1992b); rat Cx4
(HindIII/NheI cDNA fragment; Beyer et al., 1987); mouse Cx45
(AvaI/BglII cDNA fragment; Elfgang et al., 1995); rat Cx46 (EcoRI
cDNA fragment); and mouse Cx50 (BalI/EcoRV genomic DNA
fragment; White et al., 1992). 

Hybridization in 5× SSPE, 10× Denhardt’s solution, 50%
formamide, 1% SDS, and 100 µg freshly denatured, sheared salmon
sperm DNA was followed by two washes in 2× SSC and 0.5% SDS
at 50°C for 40 minutes prior to exposure to X-ray film at −70°C.

Preparation of gap junction expressing cells
HeLa transfectants
HeLa transfectants of rat Cx26, rat Cx32, and mouse Cx45 w
isolated and characterized by Elfgang et al. (1995) and Mesnil et
(1995). These cells showed no significant difference in cell shape 
size, although some differences in growth rate have been repo
(Mesnil et al., 1995). They were cultivated in Dulbecco’s modifie
Eagle’s medium (DMEM) supplemented with penicillin (150 µg/ml),
streptomycin (100 µg/ml), puromycin (0.5 µg/ml) (all from Sigma
Chemical Co., Deisenhofen, Germany) and 10% fetal calf seru
(FCS) at pH 7.4 and 37°C in a humidified incubator with 8% CO2.
Cells were routinely subcultured by trypsinization with a change 
medium twice a week. Cells were plated at about 40% confluence
60 mm plastic Petri dishes in the absence of puromyc
approximately 24 hours before the dye coupling experiment. All ce
were allowed to grow to 70%-80% confluence at which point the
were subjected to either dye injection (both DAPI and LY injection
performed in the same dish) or both dye injection and double wh
cell patch-clamping. Initial DAPI/LY comparisons were performed o
cells maintained in DMEM. However, for the combined LY
injection/electrical recording studies requiring longer times outsid
the incubator, the cells were kept in phosphate-buffered saline (PB
to improve control over pH and reduce background fluorescen
(Brauner et al., 1990). Since early studies showed that coupling lev
in DMEM and PBS could differ (C. Elfgang, unpublished
observations), all experiments included internal controls f
comparison (either DAPI and LY transfer, or LY transfer and electric
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coupling). Furthermore, we detected no significant change in 
intercellular coupling level for the 2 hours within which mos
experiments were conducted.

Xenopus oocytes
Adult female Xenopustoads were anesthetized on ice and ovari
lobes containing stage V and VI oocytes were removed and store
18°C in Leibovitz-15 medium (L-15, 1:2 dilution) (Gibco
Laboratories, Grand Island, NY, USA) buffered with 12.5 mM Hepe
pH 7.6. Three antibiotics (penicillin, streptomycin and gentamyc
were each added to a concentration of 10 µg/ml. To remove the follicle
layer, ovarian lobes were dissected into clumps contain
approximately 50 oocytes and incubated in Ca2+-free OR-2 solution
(83 mM NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM Tris-buffer, pH 7.5)
containing 2 mg/ml collagenase (Sigma Chemical Co., St Louis, M
USA) for 1 hour (Dasckal et al., 1985). Oocytes were then was
with OR-2 and placed back in L-15. After selection of stage 
oocytes, the follicle layer was then stripped manually with forcep

Defolliculated oocytes were then pressure injected with 40 nl
either 0.2 ng/nl of antisense oligo deoxy-nucleotide to XenopusCx38
(nucleotides 327-353, numbering begins at the start of translat
alone, or 0.2 ng/nl oligo mixed with 0.3 ng/nl of either rat Cx26 cRN
or 0.3 ng/nl rat Cx32 cRNA, using an electric microinject
(Drummond Scientific Co., Broomall, PA, USA), and micropipett
pulled from glass capillaries (#3-00-203-G/XL, Drummond Scienti
Co., Broomall, PA, USA) with a horizontal micropipette pulle
(Model P-87, Sutter Instrument Co., Novato, CA, USA). Inject
oocytes were incubated at 18°C for 24 hours before man
devitellinization and pairing. Cells were incubated in 10 mg/
soybean agglutinin (Dahl et al., 1987; Levine et al., 1991) for 
minutes, after which different combinations of 3 oocytes (see Fig
were manipulated into contact with vegetal poles opposed and fa
slightly downward (for the purpose of epifluorescence imaging on
inverted microscope) in 35 mm Petri dishes coated with 1-2 mm
1% agar. These grouped cells were allowed to sit for 24-36 hour
room temperature before whole cell clamping or dye injection.

Microinjection of fluorescent probes, image recording and
data analysis

HeLa transfectants
HeLa transfectants in 60 mm Petri dishes grown to 70%-8
confluence were placed on an inverted microscope (IM35, Ze
Oberkochen, Germany) for dye injection. Micropipettes for d
injection were pulled from capillary glass (Hilgenberg Glas
Malsfeld, Germany) with a vertical pipette puller (700C, David Ko
Instruments, Tujunga, CA, USA), and back filled with either a 4
(w/v) solution of Lucifer Yellow CH (LY, Molecular Probes Inc.
Eugene, OR, USA) dissolved in 1 M LiCl, or 5 mM 4′,6-diamidino-
2-phenylindole, dihydrochloride (DAPI, Molecular Probes Inc
Eugene, OR, USA) in 0.2 M LiCl. Both dyes were injecte
iontophoretically into one cell in a monolayer of HeLa transfecta
with a current of 20 nA supplied by the iontophoresis unit of
microelectrode amplifier (L/M-1, modification 500 MΩ, List-
Electronic, Darmstadt, Germany). LY was injected for 30 seconds 
DAPI injected for 1 minute. Micropipettes were withdrawn from th
cells immediately after injection stopped to prevent the stro
fluorescence of the micropipette interfering with counting. About 
injections were done in each dish. 

The transfer of dye was monitored by a CCD camera and reco
on video tapes from the beginning of injection until about 5 minu
after injection. These video tapes were then played back and fra
stopped every 30 seconds after injection. The total number of c
or the farthest order of cells (i.e. a measure of the number of juncti
interfaces traversed) that received dye were recorded at each 
point. The fraction of the first order neighboring cells receiving d
was also recorded.
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Xenopus oocytes
Oocyte triplets were incubated for 24-36 hours and only those formi
intercellular conductances greater than 10µS (measured by triple
whole cell voltage-clamping) were used for experiments. One oocy
in each triplet was pressure injected with 30 nl of 10 mM LY lithium
salt in H2O using the same method used to inject cRNA. In the cas
of Cx32/Cx32/Oligo or Cx32/Cx32/Cx26 combinations, a Cx32 ce
was injected. In the cases of Cx26/Cx26/Oligo or Cx26/Cx26/Cx3
combinations, a Cx26 cell was injected. Transfer of LY to th
neighboring cells was then monitored by a Quantex fluoresce
imaging system (Model QX-7, Quantex Inc., Sunnyvale, CA, USA
equipped with an intensified CCD camera linked to a Nikon inverte
epifluorescence microscope (Nikon Diaphot, type 108, Nikon Inc
Garden City, NY, USA), using a 4× plan, phase contrast objective.
The injected cells were always placed in the upper right corner of t
field (see Fig. 4). The CCD and intensifier on the camera ga
controller were fixed for all experiments to ensure identical sensitivit
Calibration of the imaging system showed a linear response 
fluorescence intensity to the concentration of LY from 0 µM to 7.4
µM, above which the response of the system is saturated. Fluoresc
images of LY transfer were acquired at 10 minutes, 20 minutes, 
minutes, and 90 minutes after dye injection. Each image is an aver
of 25 frames taken within one second to increase the signal to no
ratio. The images were stored as files on a PC computer in an 8
binary, 256 color gray level format. These files were transferred to
Macintosh computer and NIH Image v1.55b5 shareware w
employed to analyze the intensity of fluorescence in the recipie
cells. We only used data where the fluorescence intensity in t
recipient cell did not exceed the saturation point of the imaging syste
as determined in prior calibration described above. An outline of th
area encompassing all fluorescence in the recipient cell was dra
and the intensity of every pixel within this area was integrated b
computer. These integrated intensity data were used as a rela
measure of the amount of dye in the recipient oocytes.

Measurement of the intercellular conductance
HeLa transfectants
Double whole cell patch-clamping was used to measure the to
intercellular conductance between selected cell pairs in th
monolayer. The pipette solution consisted of 120 mM KCl, 10 mM
EGTA, 10 mM Hepes, pH 7.2, and 2 mM MgCl2. The micro-pipettes
were prepared with a tip diameter around 1.5µm, and an input
resistance around 1 MΩ. Current recording was done using two List
EPC-7 patch clamp amplifiers (List Electronic, Darmstadt, Germany
To avoid interference with voltage dependent gating, junction
conductance was determined by applying pulses of 10 mV amplitu
to one cell while the neighboring cell was kept at a constant volta
near its resting potential. To avoid subjectivity, cell dishes wer
randomly moved on the microscope stage and the two cells neares
the center were patched. About 10 conductance measurements w
made from each dish.

Xenopus oocytes
To measure the individual intercellular conductance between each p
of cells in an oocyte triplet, three voltage clamps (two VCC600
Physiologic Instruments Inc., USA; one GeneClamp500, Axo
Instruments Inc., Foster City, CA, USA) were used to clamp all thre
cells at a constant voltage close to the resting potential. A volta
pulse was applied to one of the cells and the junctional currents to 
other two cells were measured (as described by Spray et al., 19
modified for the three cell case). Three sets of data were obtained
pulsing each of the three cells with the same procedure. These d
were used to resolve the three individual junctional conductanc
between every two cells of the triplet. Due to the high conductanc
obtained, no problems with voltage sensitivity of the connexins we
encountered. Clamping electrodes were prepared from capillary gl
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(1B150F-4, World Precision Instruments Inc., Sarasota, FL, USA)
a micropipette puller (Model P-87, Sutter Instrument Co., Nova
CA, USA). The input resistance of all electrodes was around 1 MΩ.
Conductances were measured before and after each dye tra
experiment, to ensure that no significant changes occurred during
experiment.

RESULTS

Transfected HeLa cells
Connexin expression in parental and transfected HeLa
cells
The characterization and isolation of the HeLa transfecta
expressing Cx32, Cx26 and Cx45 has been previou
described by Butterweck et al. (1994; Cx45) and Elfgang et
(1995; Cx26 and 32). All transfectants showed punctate surf
immunofluorescence at contact surfaces between cells with
appropriate antibodies, although additional staining was a
evident in the cytoplasm of these transfectants, a proba
consequence of high levels of exogenous expression. The
of HeLa cells used in these studies show minimal levels
endogenous coupling, with no detectable dye coupl
(Elfgang et al., 1995) and intercellular conductances 50-f
less than that seen in the transfectants examined here (com
Eckert et al., 1993). In order to perform a wider screen 
connexins, at the greatest level of sensitivity, we extended
characterization of the low levels of endogenous conne
expression with northern blot screens of HeLa poly(A)+ RNA,
with a human multiple tissue northern as a positive contr
Weak, specific transcripts were detected for Cx26, 31.1 and
No hybridization was detected in the cases of Cx30, 37, 40,
46 or 50. 

While no immunofluorescent signal for Cx45 or 26 wa
detected in untransfected cells (Butterweck et al., 19
Elfgang et al., 1995), recently, Hülser et al. (1997) ha
reported that freeze fractured membranes of HeLa wild-ty
cells exhibited low but significant immunoreactivity, usin
anti-Cx45 and gold labelled secondary antibodies. Independ
electrophysiological analyses by Eckert et al. (1993) revea
a single major class of intercellular channels in t
untransfected cells with a conductance of 30pS. This
comparable to the conductance reported for Cx45 chan
(Veenstra et al., 1992), and suggests that the Cx45 trans
may be the only one translated into functional protein. Suc
conclusion is consistent with the absence 
immunofluorescent signals for Cx26 (Elfgang et al., 1995) a
the failure of Cx31.1 to form functional channels (Hennema
et al., 1992a).

Differential LY diffusion in Cx32, Cx26 and Cx45 HeLa
transfectants
Data for each connexin transfectant was derived from sin
clones (Cx32-H, Cx26-C, and Cx45-A). Initial analysis o
different clones of HeLa cells transfected with these connex
revealed no significant differences in the transfer of LY to fi
order neighbors between Cx32 and Cx26 clones, altho
Cx32 transfectants showed a marked reduction compare
Cx26 and Cx45 transfectants in the transfer of the lar
cationic dyes, ethidium bromide and propidium iodid
(Elfgang et al., 1995). However, quantitative interpretation
 by
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these results was limited, as only steady state transfer to 
order neighbors was considered, with no analysis of kinet
or higher order dye spread. In addition, normalization of the
results to expression of functional intercellular channe
(measured electrophysiologically), was done under differe
conditions (room temperature in PBS compared to 37°C 
DMEM), on different cell aliquots to those tested for dy
transfer. We have subsequently found that this can introdu
significant variability in the absolute coupling level of the
cells.

This was addressed in the current study by measuring 
conductance between cells within the same monolayer as 
used for dye transfer. By following the kinetics of dye transf
beyond the first order cells, distinct differences in th
permeabilities of different connexin transfectants to LY
became apparent. Most Cx32 HeLa cells transferred LY 
more than 15 cells and frequently reached the third and fou
order neighboring cells within 5 minutes under the describ
experimental conditions (Fig. 1A). Cx26 cells usuall
transferred LY to less than 10 cells and mostly reached o
the second order neighbors (Fig. 1B). Only about 50% of Cx
injected cells showed any intercellular transfer of LY, and th
transfer was restricted to one or two neighbors (Fig. 1C). Th
was nonetheless significantly above background, as only 
of the wild-type HeLa cells showed LY transfer to an
neighbors (Elfgang et al., 1995).

To follow the kinetics of LY intercellular diffusion, the total
number of cells receiving dye (Fig. 2A) and the maximum
number of intercellular interfaces through which dye transf
could be detected (as reflected in the order of neighb
receiving LY, Fig. 2B) were recorded every 30 seconds for
minutes. Cases where no dye transfer was seen (6.7% in C
20.4% in Cx26, and 46.7% in Cx45) were included in th
calculation of the average. LY transferred to three times mo
cells in Cx32 than in Cx26 cells over the 5 minutes period, a
it took Cx32 cells about half as much time as Cx26 cells f
transfer to the same order of neighbors.

Although a progressive decrease in the ability of Cx3
Cx26, and Cx45 transfectants to pass LY was clearly evide
from these data, the extent of the differences varied depend
on the specific transfected clone studied (cf. these results 
those of Elfgang et al., 1995), likely related to differing
connexin expression levels between different clones and un
different conditions. Thus, a quantitative comparison of th
relative permeabilities of channels composed of differe
connexins would clearly require knowledge of the relativ
levels of functional expression of these connexins in th
respective transfectants.

Variation of intercellular conductance in HeLa
transfectant monolayers
In order to follow the functional expression of connexins i
each dye injection experiment, cell pairs within the monolay
were patch-clamped within two hours of dye injection. Sinc
the pattern and density of cell contacts are likely to influen
the expression of gap junctions, isolated cell pairs could n
be used for these measurements. As a result, the conducta
determined are more akin to tissue conductances rather t
junctional conductances, and include contributions fro
alternative current pathways and membrane leak. Modeling
current flow in a finite monolayer of hexagonal cell
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(analogous to the dye diffusion model described belo
indicates that this could result in a 2- to 2.5-fold overestima
of the actual junctional conductance between cell pairs
value that is rather insensitive to the size of the monolay
Furthermore, the cells to be compared are clonally related 
of similar shape, size, packing density and confluence. Hen
the monolayer conductance measurements, while not accu
in an absolute sense, are likely to closely reflect the rela
levels of junctional conductance between clones. Fig. 3 sho
the distribution of conductance for the three HeL
transfectants studied. Cx32 and Cx26 transfectants h
essentially identical average conductance, while Cx
transfectants have an average conductance approximately 
lower, with a marked predominance of more poorly coupl
cells. Although immunocytochemistry could not be used 
compare absolute expression levels between transfect
given undefined differences in antibody affinities, th
technique did demonstrate minimal differences in t
distribution of the three exogenously expressed connexins
the cell (see Results).
Fig. 1.Fluorescence images
showing transfer of LY in HeLa
cells transfected with
connexins. HeLa transfectants
grown to ~80% confluence
were injected with 4% (w/v) LY
by 30 seconds of iontophoresis
and photos were taken 5
minutes after injection. Images
of HeLa cells expressing (A,B)
Cx32, (C,D) Cx26, and (E,F)
Cx45 are shown. Phase contrast
images indicating the injected
cell (arrow) are shown in
A,C,E. Corresponding
epifluorescent images of dye
transfer are shown in B,D,F.
Cx32 transfectant (A,B) has a
slightly higher confluence
shown here to demonstrate its
capability of LY transfer,
although in the data shown in
Fig. 2 the average confluence of
all 3 transfectants was the same.
Bar, 10µm.
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To assess whether the lower coupling levels of Cx4
transfectants compared to Cx32 and Cx26 transfectants co
account for the reduced transfer of LY, the distribution o
conductances (Fig. 3) and the distribution of dye-coupled pa
(as measured by % of first order neighbors that are coup
Table 1) were compared. In the case of Cx45 transfecta
16.7% of primary neighbors of the injected cell received d
(Table 1). An examination of the conductance distribution 
this transfectant (Fig. 3C) reveals that this same percentag
the cells would have conductances (60 nS, thus defining 
minimum conductance needed for detection of dye transfer. T
analogous comparison of Cx26 and Cx32 transfectants yield
similar minimal conductance for dye transfer of ~70 nS in th
case of Cx26, but a much lower value of ~30 nS in the case
Cx32. Given that these numbers are not direct measures
junctional conductance, their absolute values carry litt
significance. The comparison, however, serves to illustrate t
even taking into account the variable coupling of the clon
studied, it is clear that Cx32 coupled cells can pass LY at mu
lower levels of coupling than either Cx26 or Cx45 coupled cel
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Fig. 2. Quantitative analysis of the kinetics of LY transfer in HeLa
transfectants. LY transfer in HeLa cells was recorded on video tape
and the number of cells filled with dye at the indicated time points
was determined by visual inspection of the appropriate video frames.
(A) Average number of the cells surrounding the injected cell that
received dye at various time points. (B) The largest order of
neighboring cells to receive dye at various times after injection (ce
directly adjacent to the injected cells are 1st order neighbors, cells
adjacent to 1st order cells are 2nd order neighbors, etc.). N: numb
of injections being analyzed. (Filled circles) Cx32 clone-H, (open
triangles) Cx26 clone-C, (open diamonds) Cx45 clone-A. Dotted
curves through the data points for Cx32 and Cx26 in A represent 
from 50 iterations of the discrete diffusion model described in the
text. Best fits to the data yielded Pj values of 5.34×10−6 cm/second
for Cx32 and 0.6×10−6 cm/second for Cx26.
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Fig. 3. Distribution of the total intercellular conductances of HeLa
transfectants. Conductance was measured by double whole cell
patch-clamping of cell pairs in the same dish where dye transfer was
assessed (See Fig. 2 and Table 1). Data were collected within 2 hours
before or after the dye transfer experiment. HeLa cells expressing
(A) Cx32 clone-H, (B) Cx26 clone-C, and (C) Cx45 clone-A are
shown. Conductance = mean ± standard error. N: number of cell
pairs recorded. 
A quantitative model of dye diffusion in monolayers
To allow a more quantitative comparison of LY transf
between the different HeLa transfectants, we attempted to
our data to a modification of the model of Ramanan and Br
(1990) that described dye diffusion in a monolayer of cuboi
cells. As a closer approximation to the reality, we represen
the HeLa cell monolayer as an array of hexagons, 10 µM in
diameter and 2 µM in height. As presented in the origina
Ramanan and Brink model, net diffusion of dye through t
monolayer (De) is the sum of its diffusion within the cytoplasm
of each cell (Dc), and the permeability of the junctiona
interfaces between cells (Pj), along with some contributions
from transmembrane leak to the medium and irreversi
binding to the cytoplasm. 

For our purposes we have assumed all of these values, ex
er
 fit

ink
dal
ted

l
he

l

ble

cept

Pj, to be constant between the different transfectants, since th
were clonally derived from the same parent population, and th
is no precedent to indicate that connexin expression wo
modify cytoplasmic properties (or even non-junctiona
membrane properties in the presence of high extracellular Ca2+).
Furthermore, as demonstrated in solutions of the Ramanan 
Brink model, the total effective diffusion rate within the
monolayer is dominated by the Pj term if the dimensionless
parameter 2a.Pj/Dc≤1 (a=average radius of each cell). Reasonab
estimates of Dc (1×10−7 cm2/second; Ramanan and Brink, 1990
and gap junction channel dimensions (1.5 nm diameter, 15 
length), along with the average measured conductance betw
cells (Fig. 3), and the known single channel conductances 
Cx32 and Cx26 (55 and 135 pS, respectively; Bukauskas et 
1995; T. Suchyna et al., unpublished observations) lead to
estimation that 2a.Pj/Dc ≤0.2. This calculation assumes that the
diffusion of dye within the pore isequal to that of bulk cytoplasm
Since LY is likely to encounter significant hindrance in th
junctional channel, this is likely to represent an upper estimate
this ratio. Furthermore, the measured values of junction
conductance were obtained from cell pairs in contact with oth
cells of the monolayer. As noted above, modeling current spre
in finite cell populations analogous to that described here 
passive dye diffusion indicates that this could increase appar
conductance between cell pairs by up to 2.5-fold (J. M. Nitsch

lls

er

data
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unpublished calculations). Thus, the actual 2a.Pj/Dc ratio may be
smaller still, further justifying the conclusion that junction
permeability is the dominant determinant of dye diffusion with
the monolayer. 

A limitation to previous models is that some average va
of Pj was assigned to all cell-cell interfaces in the populatio
From the results shown in Figs 1 and 3, the effective coup
of individual cells within the monolayer varies widely
presumably because of differences in expression levels of
transfected connexins. To model this, each cell in the monola
is randomly assigned an ‘expression factor’ (f), distributed
normally with a mean of 1 and σ of 0.5. Pj from each interface
is then calculated as a product of the two expression fac
from each cell, and the average Pj[Pj(av)] for the cell population.

In this way, dye flux within any cell m is described as:

where A=area of cell, h=height of cell (set at 2 µM), l=length
of one side of cell (~5.8 µM for a 10 µM diameter hexagon),
Cm=concentration of dye in cell m.

For a population of n cells in a monolayer, this yields a
system of n coupled differential equations (results are relative
unaffected by the absolute size of the cell population). Ini
state is defined as C1=Cmaxand C2=C3=...=Cn=0, with cells
being scored as receiving dye if Cm exceeds a detection
threshold (expressed as a percentage of Cmax). When an
arbitrary n=37 was used, the average of 50 solutions to thi
randomly generated monolayer for both Cx32 and Cx
transfectants yielded excellent fits to the experimental d
(dotted curves in Fig. 2) using a uniform detection threshold
all transfectants of 2%, and best fits (for the Pj(av) of
5.34×10−6 cm/second for Cx32 and 0.6×10−6 cm/second for
Cx26 transfectants. Thus, within the limits of the mod
presented, the effective permeability of Cx32 junctions for L
is 9-fold that of Cx26. The limited extent of diffusion in Cx4
transfectants prevented adequate modeling of this data.

Comparison of the permeabilities between LY and DAPI
With a clear demonstration that connexin composition c
influence the permeability of gap junctions to a larger dye, 

A.h. dCm
dt

=−S
neighbor n

l.h.fm.fn.Pj
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.(Cm−Cn) ,
ne
he
ce
ent
the

e

e
yte

es,
ted
s

ht
ts.
ls

olk
LY

Table 1. LY and DAPI transfer in HeLa cells transfected
with Cx32, Cx26 or Cx45

% of 1° % of injection
Transfectants neighbor† cases‡ n§

A. LY (MW* 443, charge  −2)
HeLa-Cx32 71.6 93.3 45
HeLa-Cx26 41.6 79.6 49
HeLa-Cx45 16.7 53.3 45

B. (DAPI: MW* 279, charge +2)
HeLa-Cx32 26.4 70.7 41
HeLa-Cx26 59.6 93.5 31
HeLa-Cx45 60.0 92.9 14

*Molecular masses of dyes do not include counter ions.
†Percentage of immediate neighbors to the injected cell receiving dye a

10 minutes.
‡Percentage of injections that showed transfer to at least one neighbor.
§Total number of injections.
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sought to better define what properties of the permeant m
influence its permeability. To this end, we undertook a para
study on a second dye, 4′,6-diamidino-2-phenylindole
dihydrochloride (DAPI), that is cationic and slightly smalle
than LY. DAPI transfers between cells coupled by all connex
we have tested (Cx26, Cx32, and Cx45, Table 1; and Cx
Cx40, Cx43, data not shown). Because of its tendency to b
DNA, the nucleus of the DAPI injected cell labeled rapidly, a
did the nuclei of neighboring coupled cells within 30 secon
to 1 minute of transfer. Labeling was most intense on the s
facing the injected cell, and slowly spread to the other si
This pattern provided confirmation that transfer is mediat
through gap junctional coupling, rather than by other rout
such as leakage to the medium or trapping underneath the
monolayer.

Because of the binding to nuclear DNA, and its relative
low solubility, DAPI seldom transfers to second orde
neighbors, and transfer kinetics is slow. For this reason, 
only recorded the number of first order neighbors receiving d
10 minutes after injection. Strikingly, the efficiency of DAP
transfer was the reverse of LY, with the best transfer in Cx
and Cx45 expressing cells, and significantly less in the Cx
expressing HeLa clone (Table 1). Although Cx26 and Cx
transfectants showed relatively similar transfer, normalizati
to overall conductance would suggest that Cx45 gap junctio
channels transfer DAPI with higher efficiency. This limite
diffusion of DAPI, as noted above, also precluded applicati
of the quantitative modeling used for the LY studies. Howev
it is clear that the order of permeabilities is reversed for DA
compared to LY: Cx45>Cx26>Cx32.

Xenopus oocytes
Transfer of LY between Cx32, Cx26 and Cx32/Cx26
coupled oocytes
Although dye transfer is more readily detected in injections
smaller mammalian cells, the Xenopus oocyte expression
system offers the advantage of direct quantitation of electri
coupling and dye transfer in the same cell pair. Xenopus
oocytes were injected with antisense oligonucleotide 
XenopusCx38 alone, or mixed with connexin cRNA and the
combined in triplets, with vegetal poles opposed (Fig. 4A
This allowed internal controls for background to b
incorporated into each measurement in the form of o
antisense injected oocyte in each triplet, thus minimizing t
effect of variability between oocytes. Electrical conductan
between all cells was determined using three independ
whole cell voltage clamps. Since the average volume of 
oocytes is about 106-fold that of HeLa cells (1 mm in diameter
compared to 10 µm), while the average junctional conductanc
of oocytes is only 103-fold that of HeLa cells (50 µS compared
to ~50 nS), the accumulation of LY fluorescence in th
recipient oocyte is much slower. This required the use of ooc
pairs with higher conductance (10µS to 50µS), and a much
longer observation time scale (up to 90 minutes). In all cas
no conductance was detected in pairings with oocytes injec
with antisense oligo alone. 30 nl LY (10 mM, 0.45%, w/v) wa
injected into one of the 2 cRNA injected cells (the top rig
oocyte in Fig. 4) and images were taken at various time poin
Experiments on individual oocytes using even lower LY leve
showed less than 10% of injected LY bound to the oocyte y
(data not shown). This, combined with the large excess of 

fter
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in the donor cell (see Fig. 4), and restriction of the time fram
over which dye transfer is quantitated to 10 minutes (see F
6A), allowed us to treat the donor cell as a constant source
fluorescent probe. Problems of quenching of fluorescence fr
the pigmented animal pole were avoided by measuring d
spread in the recipient cell only while it remained restricted
the vegetal pole. Consistent with our HeLa cell data, Cx32 g
junctions always showed efficient transfer of LY betwee
Fig. 4. Time course of LY
transfer in Xenopusoocytes
expressing different connexins.
Oocytes were injected with
cRNA of the specified connexin
and paired in triplets as shown
(lower left corner of each image
in the first column).
Conductance between each pair
of cells was determined before
and/or after dye injection by
clamping all three cells (A),
giving a pulse to one cell and
measuring the current change in
the other two. The cells were
then injected with 30 nl of 10
nM LY and images were taken
by a Quantex imaging system at
indicated time points. The
pseudo-color scale used is
indicated below the figure.
Notice that LY was always
injected into the cell on the
upper right, and the
conductances between the cells
of the triplet are as indicated.
Transfer of LY across Cx32
homotypic junctions (B)
significantly exceeded that
across Cx26 homotypic
junctions (C). Flux of LY across
heterotypic junctions was
intermediate between the two
homotypic forms, whether the
Cx32 (D) or Cx26 (E) cell was
injected.
e
ig.
 of
om
ye

 to
ap
n

oocytes, at least at conductances above 10 µS (Fig. 4B), while
Cx26 injected oocytes showed only minimal transfer compar
to the negative control (Fig. 4C).

Xenopusoocytes also offered a unique system to study t
permeability of heterotypic Cx32/Cx26 gap junctions. Oocy
triplets containing either two Cx32 and one Cx26 injecte
oocyte (Fig. 4D) or two Cx26 and one Cx32 injected cell (Fi
4E) were formed. This allowed the transfer of LY acros
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Fig. 5. Quantitation of LY transfer in oocytes from selected triplets
with similar conductances. The total fluorescence intensity in the
recipient cell was integrated at different times after injection. The
numbers shown are arbitrary units given by computer. One example
of each type of gap junction is shown. Cx32 (filled circles) and Cx26
(open triangles) homotypic gap junctions, and Cx32/Cx26
heterotypic gap junctions, with dye injection into either the Cx26
side (filled diamonds), or the Cx32 side (open squares). Conductance
between the cells (Gj) is indicated for each pair.
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Fig. 6. Analysis of the relative permeabilities of different gap
junctions expressed in oocytes. (A) The changes of fluorescence
intensity in the recipient cell from 10 minutes to 20 minutes are
plotted against conductance for each cell pair. The slope (k) of the
best linear fit (r=correlation coefficient) to each set of data provides
a direct measure of the LY permeability of Cx32 (filled circles) and
Cx26 (open triangles) homotypic junctions and Cx32/Cx26
heterotypic channels, with transfer from either the Cx26 (filled
diamonds) or Cx32 cell (open squares). The scatter in the data
reflect significant variations between oocyte batches. A correction
for this in the case of the heterotypic channels, described in B,
produced the dotted curves marked with an asterisk. (B) The ratio
of the two sets of dye transfer data that arise from each triplet are
plotted against the ratio of the two corresponding Gjs. The slope of
the plot indicates the relative permeabilities of the two different
forms (i.e. heterotypic and homotypic, as marked). Applying these
ratios to the permeability values determined for the homotypic
forms (see A) gave very similar permeabilities for the two
directions of transfer across heterotypic junctions (dotted lines in
A). See text for detailed explanation.
heterotypic junctions to be normalized within each experime
to that across a homotypic gap junction. Heterotypic junctio
displayed a permeability that is intermediate between the t
homotypic forms, with little difference in the degree of transf
whether the dye was introduced into the Cx32 (Fig. 4D) 
Cx26 (Fig. 4E) expressing cell.

Quantitative measurements of LY permeabilities
For quantitative analysis, dye transfer was measured 
integrating the total fluorescence intensity in the recipient c
using a Quantex imaging system. The level of LY injectio
precluded accurate quantitation of LY in the donor cell, whic
as a first approximation, could be considered an ‘infinit
source. Fig. 5 shows a time course of dye transfer across
junctions between oocytes that express different connexins,
develop similar conductances. Electrical conductance betw
oocytes was also measured after LY transfer, demonstra
that coupling varied by less than 5% over the course of 
experiment.

To compare the relative permeabilities of the different g
junction types, we plotted the junctional conductance of ea
cell pair against the increase of fluorescence intensity in 
recipient cell from 10 minutes to 20 minutes (Fig. 6A
Compared to other time points, this is optimal for estimation
junctional permeability with minimal error from transmembran
leakage, binding of dye to yolk, and nonlinear response of 
detection system. The slopes (k) of the best fits to the
intercellular conductance vs rate of LY transfer plots shown
Fig. 6A provides a direct measure of the relative permeability
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each type of junction. This analysis indicates that Cx32 h
approximately sixfold higher permeability to LY than Cx26. 

One factor that complicates interpretation of these resu
is the high conductances that are needed to detect coup
For conductances over 10 µS, access resistance to th
junctions contributes a significant fraction of the voltag
drop, leading to systematic underestimation of the act
junctional conductance. While this is difficult to correc
formally, an indication that it does not substantially affect t
conclusions is provided by restricting comparisons to grou
of oocytes with similar conductances (and hence simi
errors attributable to access resistance). Our data (Fig. 
allowed for such comparisons at 20, 30 and 40 µS (±10%),
yielding permeability ratios for LY between Cx32 and Cx2
coupled oocytes of 6, 10 and 5, respectively. These val
match closely the 6.5-fold ratio of k values derived from the
whole range of conductances (slopes of curves shown in 
6A).

In heterotypic junctions, dye transfer from Cx26 to Cx3
oocytes appeared at first to be slightly greater than in 
opposite direction (Cx32 to Cx26 cell-see solid lines in F
6). However, since all data were obtained in triplets, t
passage of LY from Cx32 to Cx26 may be affected by t
competing effect of the neighboring Cx32 cell whic
represents a significant sink for the dye. This would not be 
case with dye injections into Cx26 cells which pass d
minimally to the homotypic neighbor. To correct for thi
effect, we plotted the ratio of the two sets of dye transfer d
within a given triplet, against the ratio of the tw
corresponding conductances (Fig. 6B). The slope of this p
provides a ratio of the permeabilities of the two gap juncti
forms, homotypic and heterotypic, utilizing only interna
comparisons within a given triplet. The high level o
correlation in this data reflects the elimination of variabili
between different oocyte pairings, which contributed to t
low correlation coefficients (r) seen in Fig. 6A. In this wa
we effectively normalize heterotypic coupling to one of th
forms of homotypic coupling. This analysis showe
heterotypic permeability from Cx32 to Cx26 to b
approximately one third (0.37) of Cx32 homotypi
permeability, and Cx26 to Cx32 heterotypic permeability 
be approximately twice (2.18) Cx26 homotypic permeabili
By applying these factors to the permeabilities of the tw
homotypic channels to LY determined from the conductan
dye diffusion plot of Fig. 6A, the dotted lines were obtaine
These ‘normalized’ plots of permeability for the heterotyp
junctions clearly show no significant difference for the tw
directions of transfer across heterotypic junctions, confirmi
what would be predicted from first principles of particle flo
through asymmetrical pores.

DISCUSSION

In search of a better understanding of the physiologi
significance of gap junctions, several earlier studies h
investigated the permeability of gap junctions to lar
molecules (Safranyos and Caveney, 1985; Zimmerman 
Rose, 1985; Imanaga et al., 1987;), their size exclusion lim
(Flagg-Newton et al., 1979; Schwarzmann et al., 1981), a
whether natural metabolites and second messengers can
as
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through gap junctions (Saez et al., 1989). Although quantitat
data were obtained in some of these studies, permeability
the transjunctional probe was not normalized to the levels
gap junction expression, leading to only qualitativ
comparisons. In addition, information was usually no
available on the type of connexin expressed. We present h
a rigorous quantitative approach to assessing the permeabil
of three connexins expressed in both transfected HeLa cells
Xenopusoocytes, using two fluorescent dyes of differen
charge, and normalization to the electrical conductan
between the cells. This provides clear evidence for differen
permeabilities between connexins, that is not dependent on
expression system used and appears to be influenced in pa
the charge of the permeant. 

On face value, some of our results appear at odds w
previously published works. Steinberg et al. (1994) found 
LY transfer between cells transfected with chick Cx4
Although limited, we do see LY transfer through HeLa cel
expressing mouse Cx45. However, a comparison will reve
that our cells typically show 10-fold higher levels of electric
coupling. Furthermore, initial experiments with Cx43
transfected HeLa cells indicate a dye transfer behav
intermediate between that of Cx45 and Cx32 expressing c
(unpublished observations), consistent with the preferr
transfer of LY in Cx43 expressing cells reported by Steinbe
et al. (1994). Using different HeLa transfectant clones, Elfga
et al. (1995) found no striking differences in LY transfe
between Cx32 and Cx26 expressing cells. The appar
disparity between these earlier results and those presented 
in part are likely to reflect different expression levels o
connexins in the different clones used in this study, and are
part an artificial product of the way in which data wa
collected. Steady state dye transfer to 1st order cells can rea
saturate and obscure differences in dye transfer that 
revealed in kinetics and absolute levels of dye transfer. Hen
while the level of transfer over 3 minutes to 1st order neighb
was comparable between the Cx32 and Cx26 clones, w
transfer to higher order cells was considered differenc
became apparent in both total level of transfer (3rd order ce
in Cx32, 2nd order cells in Cx26), and rates of transf
(minutes to fill 1st order cells, with Cx26 and Cx3
transfectants).These numbers showed smaller differences 
reported here in Fig. 2 and Table 1. This was likely to refle
differences in expression levels of clones (we used a differ
Cx32 clone in the current studies). The later was difficult 
directly assess, as in the previous study, conducta
measurements were performed on different plates of ce
tested under different conditions (PBS, 22°C) than the d
injections (DMEM, 37°C). Given the variation in intercellula
conductances we have detected between different clones,
even different plates of the same clone (Fig. 3), the
comparisons illustrate the necessity of measuring intercellu
conductances in the same cell population where dye transfe
measured (as done for the HeLa clones studied here), or, b
still, in the same cells (as in the case of oocytes) in order
control for expression levels of the connexins. When this
done, the consistency of the data obtained from very differ
systems and techniques is remarkable. As illustrated he
various estimates of the relative permeability of Cx32 a
Cx26 gap junctions to LY in both mammalian cell monolaye
and Xenopusoocyte pairs, all yield values between 6-and 9
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fold different when normalized appropriately to tota
conductance.

It is important to note that the relative permeabilitie
determined here do not necessarily represent the differen
permeabilities at the single channel level, as they have b
normalized to the total junctional conductance. Dependi
on the single channel conductance associated with e
connexin, the number of open channels may vary for ce
with similar conductance. Even when the single chann
conductances are known, the number of open channels 
still not be readily evaluated owing to complex issues rela
to channel density, number in the gap junction plaques a
access resistance of the cell (Wilders and Jongsma, 19
Measurements of conductance in our experiment are use
a method of controlling for the functional expression of ga
junctions in terms of the total diffusible aqueous pathw
between cells, at least as estimated by the electrically dri
diffusion of small ions between cells. Thus, one model th
might explain the preferential transfer of LY by Cx3
compared to Cx26 junctions is that, since Cx32 has a sma
single channel conductance than Cx26 (Cx32, 55 pS 
Cx26, 135 pS: Bukauskas et al., 1995; T. Suchyna et 
unpublished observations), Cx32 cells with simila
conductance will have 2.5 times more channels than Cx
If the size of either channel is only big enough to allow o
LY molecule to go through at a time, then one would pred
that Cx32 cells should show a 2.5-fold better permeability
LY than Cx26 cells with similar intercellular conductance
given the absence of selectivity differences in the chann
This, however, fails to account for the 6 to 9-fold differenc
in LY permeability measured here, nor the great
permeability to DAPI of Cx26 compared to Cx32 transfect
HeLa cells.

What factors contribute to the differential permeability o
connexins for fluorescent dyes that have been intima
previously, and are documented here? Size of the prob
likely to be relevant, with DAPI having a significantly
narrower profile than LY. However, this cannot account for t
reversal in the order of permeabilities to these dyes in the th
connexins studied in HeLa cells. Differential interactions 
the dyes with the cellular milieu would also affec
permeability, but this should be equal for all connexins a
again would not explain the reversal in permeabilities of t
connexins to the two dyes documented here. The m
probable scenario to explain the data presented here is 
specific interactions of the dyes with gap junctional chann
composed of different connexins influence their permeabilit
through the pores. While such interactions may involve sha
dependent binding events that distinguish between the d
used, the most notable property change between the 
fluorescent probes that could account for the different orde
permeabilities among connexins is charge. The result
inference that Cx26 and Cx45 channels show a relat
preference for cationic species compared to Cx32 chann
(and vice versa for anionic species), is consistent with 
reduced rate of ethidium and propidium cation transfer 
Cx32 compared to Cx26 and Cx45 transfectants obser
previously (Elfgang et al., 1995).

The role of charge selectivity in connexins has already be
documented for smaller ionic species through ion substitut
studies in N2A transfectants (Veenstra et al., 1995). 
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analogous anion substitution experiments done 
collaboration with Veenstra, we have demonstrated the sa
relative cation/anion preference for Cx32 and Cx26 chann
as suggested here (T. Suchyna et al., unpublish
observations). These analyses provide direct estimates
cation/anion permeability for small ions, and indicate th
ratio to be approximately 3 for Cx26 and 1 for Cx32. Th
lower level of selectivity for ions than larger dyes could b
explained in terms of closer electrostatic interactions betwe
the pore and the larger permeants, as well as influence f
other structural features that may play a role in modulati
permeability.

An intriguing dilemma that arises with the differentia
permeabilities of junctional channels is the consequences
forming heterotypic gap junctions from hemichanne
composed of connexins with different selectivities. In the ca
of Cx32/Cx26 heterotypic channels, the result is a mark
rectification in transjunctional currents with voltages o
opposite polarity (Barrio et al., 1991; Bukauskas et al., 199
However, rectification of these channels should only 
revealed on application of a transjunctional potential. B
quantitatively assessing the permeability of the Cx32/
rectifying channels to LY passed in either direction, we ha
shown that no preferential direction of diffusion was evident
the absence of an applied voltage gradient. However, t
behavior remains to be tested in the presence of a consta
applied, or oscillating electrical field, conditions under whic
electrical rectification would be observed.

The studies presented here, and elsewhere (Veenstra e
1995; Elfgang et al., 1995) compel us to no longer view g
junctions as simply aqueous conduits between ce
maintaining homeostasis within a tissue. Rather, they repres
a selective filter that preferentially passes certain types
molecules. We have only scratched the surface of the basi
this selectivity, but it appears to be based in part on the cha
of the permeant. By extending this quantitative approach t
larger array of permeants, we can begin to map out the spe
selectivity features of each connexin. Ultimately, these stud
must focus on the biologically significant metabolites, rath
than dyes. In this respect, it is import to keep in mind th
metabolites which traverse gap junctions are likely to ha
limited half lives. Thus, unlike other ion channels, rather sm
changes in relative permeability of the gap junction chann
could have significant impact on the transmission of a mess
between cells. In the current study, we have already docume
a 6- to 9-fold variation in the diffusability of larger permean
through different connexins. Such differences are certain to
critical to understanding the significance of the differenti
expression of connexins during development, and in respo
to different physiological conditions, as well as the differenti
effectiveness of connexins as suppressors of tumor cell gro
(Zhu et al., 1992; Bond et al., 1994; Mesnil et al., 1995).
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