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SUMMARY

Gap junctions provide direct intercellular communication  inconsistent with selection based on physical size of the
by linking adjacent cells with aqueous pores permeable to probe, nor could it be accounted for by the differences
molecules up to 1 kDa in molecular mass and 8-14 A in between clones in the electrical conductance of the
diameter. The identification of over a dozen connexins in monolayers. In Xenopusoocytes, where electrical and dye
the mammalian gap junction family has stimulated interest  coupling could be assessed in the same cells, Cx32 coupled
in the functional significance of this diversity, including the  oocytes showed an estimated 6-fold greater permeability to
possibility of selectivity for permeants as seen in other LY thanthose coupled by Cx26, a comparable result to that
channel classes. Here we present a quantitative comparison seen in HelLa cells, where an approximately 9-fold
of channel permeabilities of different connexins expressed difference was seen. The oocyte system also allowed an
in both HelLa transfectants (rat Cx26, rat Cx32 and mouse examination of Cx32/Cx26 heterotypic gap junction that
Cx45) and Xenopusoocytes (rat Cx26 and rat Cx32). In proved to have a permeability intermediate between the
HelLa cells, we examined permeability to two fluorescent two homotypic forms. Thus, independent of the expression
molecules: Lucifer Yellow (LY: anionic, MW 457) and 4,6-  system, it appears that connexins show differential
diamidino-2-phenylindole, dihydrochloride (DAPI, permeabilities that cannot be predicted based on size
cationic, MW 350). A comparison of the kinetics of considerations, but must depend on other features of the
fluorescent dye transfer showed Cx32, Cx26 and Cx45 to probe, such as charge.

have progressively decreasing permeabilities to LY, but

increasing permeabilities to DAPI. This pattern was Key words: Connexin, Lucifer Yellow, Perm-selectivity

INTRODUCTION suppressors (Lee et al., 1991; Loewenstein and Rose, 1992;
Rose et al., 1993).

Gap junctions are intercellular protein channels formed by The diverse nature of the connexin family has become
12 subunits of membrane proteins called connexins. Sigpparent over the last 10 years with the cloning of more than
subunits are contributed by each cell to form hemichanneks dozen members in the mammals alone (Willecke et al., 1991,
called connexons, two of which dock via their extracellulaPaul, 1995), each with its own characteristic properties (e.qg.
loops to form a continuous aqueous passage between celsltage gating parameters; Nicholson et al., 1993). Each tissue
To date, gap junctions remain the only known ubiquitougxpresses its own fingerprint of connexins that can be
conduits for the direct exchange of ions and metabolitesiodulated during different developmental stages or under
between cells, and in this capacity they have been foundifferent physiological conditions (Risek et al., 1992;
throughout the metazoa. Gap junctions have been implicatédhkamoto et al., 1992; Evans et al., 1993; Neveu et al., 1994).
in the regulation of early development (Guthrie and Gilula;This heterogeneity of connexins within a single tissue has
1989; Paul, 1995), in the maintenance of homeostasisised questions as to their interactions. Indeed, heterotypic
(Sheridan and Atkinson, 1985; Goodenough, 1992), and icoupling between different mammalian connexins expressed in
the rapid transmission of electrical signals to synchronizepposed cells has already been extensively characterized in
cell response in cardiac or neuronal tissue (Barr et al., 196Bxogenous expression systems (Barrio et al., 1991; Hennemann
Robertson, 1963; Dermietzel and Spray, 1993). Studies alst al., 1992b; Elfgang et al., 1995; White et al., 1995). Most
indicate that some gap junctions can serve as tumaecently, evidence for heteromeric interactions of different
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connexins within a hemichannel have also been reportegkpressed in either HelLa transfectant€@mopuocytes. The

(Stauffer, 1995; Jiang and Goodenough, 1996), although it haata suggest that features other than size, such as charge,

been questioned if these interactions occur in situ (Sosinskgontribute to the distinct permeabilities to larger dyes of the

1995). three connexins studied, which is consistent with recent
However, inherent to an understanding of how this array ofbservations by Veenstra et al. (1995) and our laboratory (T.

different components influences the physiological functions oSuchyna et al., unpublished observations) on the differential

gap junctions is the determination of their relativepermeabilities of connexins to small anions.

permeabilities. This has generally been thought to be dictated

by size alone, although the influence of charge has been

reported in several studies (Flagg-Newton et al., 1979; BrinMATERIALS AND METHODS

and Dewey, 1980; Veenstra et al., 1994a,b, 1995). The overall

size of the channel has been measured by several biophysit@lrthern analysis of endogenous connexin expression in

approaches to be 1.5 to 2 nm in diameter. (ElectrohieLa cells

microscopy: Benedetti and Emmelot, 1968; McNutt andPoly(A)* RNA (2ug) from human Hela cells, isolated with the oligo-

Weinstein, 1970; Unwin and Zampighi, 1980. X-raydT mRNA kit of Qiagen, was subjected to agarose electrophoresis

diffraction: Makowski et al., 1977. Atomic-force microscopy: (1.2% agarose, 2.2 M formamide) and blotted onto Nitran-Plus

Revel et al., 1992; Hoh et al., 1993). These estimates aﬁa_embranes. The same membranes were used in commercial multiple

consistent with the observed upper size limit (~1 kDa) ofssue northerm blots (MTN Human | and 1I, Clontech Labs,

molecules which can averse the chaml (Flagg-Newon et o8 0%5, Semary), orianing ruman pONENA Cloact)

197.9.’ Schwarzmar_m et al,, 1981; Imanaga et aI.,. 1987)' man connexin transcripts. As probes, radioactively labelled

addition to the variety of fluorescent dyes and their variants

) ; e . (f')nnexin probes were prepared as follows:
that have been used to map size exclusion limits, a variety of .zt cx26 Hincll/Sma cDNA fragment; Zhang and Nicholson,

metabolites and second messengers (CAME, dRd ca* 1989); mouse Cx30.3 (ALW N&glll cDNA fragment; Hennemann
Saez et al., 1989; Kaisai and Peterson, 1994) have also begnal., 1992a); mouse Cx31.Bs(B6l/BanHl cDNA fragment;

demonstrated to pass through gap junctions. Hennemann et al., 1992a); rat CxE(RI cDNA fragment; Paul,
Uniform permeability characteristics have typically been1986); mouse Cx3Kpnl fragment of genomic DNA in pBEHpac18;

associated with gap junctions. However, when differences wekgfgang et al., 1995); mouse Cx4Qg(l/Avall fragment of genomic

seen, the specific connexin(s) expressed were usually nglNA in plasmid pBEHpacl8; Hennemann et al., 1992b); rat Cx43

known. The development of exogenous expression systems Hadnd!ll/Nhd cDNA fragment; Beyer et al., 1987); mouse Cx45
allowed connexin properties to be studied in isolation(Ava/Bgll cDNA fragment; Elfgang et al., 1995); rat Cx4Bc(RI

revealing apparent permeability differences between severF}PNA fragment); and mouse Cx5®gll/EcaRV genomic DNA

. . . . agment; White et al., 1992).
types of connexins (Brissette et al., 1994; Steinberg et al., Qybridization in 5 SSPE, 18 Denhardt's solution, 50%

1994; Traub et al., 1994). In the most extensive comparison {grmamide, 1% SDS, and 1Qq freshly denatured, sheared salmon
date, Elfgang et al. (1995) examined a variety of trace§perm DNA was followed by two washes in 8SC and 0.5% SDS
molecules varying in size, shape, and charge, and showg€50°C for 40 minutes prior to exposure to X-ray film-z0°C.
variable transfer efficiencies between cells coupled by different

connexins. However, quantitative interpretation of these studiggeparation of gap junction expressing cells

was limited by the fact that the differential permeabilities weréd-eLa transfectants

not directly normalized to the functional expression levels ofleLa transfectants of rat Cx26, rat Cx32, and mouse Cx45 were
the different connexin transfectants. Recently, Veenstra et agolated and characterized by Elfgang et al. (1995) and Mesnil et al.
(1995) and T. Suchyna et al. (unpublished observations) haﬂ_}g95)- These cells sho_wed no sig_nificant difference in cell shape and
compared ionic permeabilities of several connexins, revealingjze: although some differences in growth rate have been reported
a significant difference in charge preference of diﬁeren@‘esn'l et al., 1995). They were cultivated in Dulbecco’s modified

: : ot : : agle’s medium (DMEM) supplemented with penicillin (3&ml),
connexins, with a variation in the relative preference for catlonstreptomycin (10Qug/ml), puromycin (0.5ug/ml) (all from Sigma

over anions ranging from 1:1.06 to 8:1'. . . Chemical Co., Deisenhofen, Germany) and 10% fetal calf serum
In this report, we present a quantitative analysis of theg-cs) at pH 7.4 and 37°C in a humidified incubator with 8%.CO

differential permeabilities to larger permeants of three differenteis’ were routinely subcultured by trypsinization with a change of
gap junction channels composed of rat Cx26, rat Cx32 angedium twice a week. Cells were plated at about 40% confluence in
mouse Cx45. To eliminate system dependent variables, thes@ mm plastic Petri dishes in the absence of puromycin,
connexins have been compared in two distinct, welbkpproximately 24 hours before the dye coupling experiment. All cells
characterized exogenous expression systems that awsere allowed to grow to 70%-80% confluence at which point they
documented to have minimal endogenous connexin expressivigre subjected to either dye injection (both DAPI and LY injections
(i.e. human Hela cells arkenopusoocytes). Two oppositely performed in the same dish) or both dye injection and double whole
charged fluorescent dyes, Lucifer Yellow (LY) and64 cell patch_-cla_mping_. Initial DAPI/LY comparisons were perf_ormed on
diamidino-2-phenylindole, dihydrochloride (DAPI), were usedSe!lS maintained 'in DMEM. However, for the combined LY
in assessing permeability in Hela transfectants. LY was al injection/electrical recording studies requiring longer times outside

di ) ts Witk t B inal th e incubator, the cells were kept in phosphate-buffered saline (PBS)
used in experiments witienopuwocyles. by using the more improve control over pH and reduce background fluorescence

rigorous approach of following the kinetics of dye transfer an@grauner et al., 1990). Since early studies showed that coupling levels
normalizing to total intercellular junctional conductance, wen DMEM and PBS could differ (C. Elfgang, unpublished
provide direct evidence that the connexins we have chosen febservations), all experiments included internal controls for
analysis have consistently differential permeabilities wheromparison (either DAPI and LY transfer, or LY transfer and electrical
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coupling). Furthermore, we detected no significant change in th&enopus oocytes

intercellular coupling level for the 2 hours within which most Oocyte triplets were incubated for 24-36 hours and only those forming
experiments were conducted. intercellular conductances greater than [I® (measured by triple
Xeno " whole cell voltage-clamping) were used for experiments. One oocyte
pus oocytes ) ] _in each triplet was pressure injected with 30 nl of 20 mM LY lithium
Adult female Xenopustoads were anesthetized on ice and ovariansa|t in O using the same method used to inject cRNA. In the cases
lobes containing stage V and VI oocytes were removed and stored gt cx32/Cx32/0ligo or Cx32/Cx32/Cx26 combinations, a Cx32 cell
18°C in Leibovitz-15 medium (L-15, 1:2 dilution) (Gibco \yas injected. In the cases of Cx26/Cx26/Oligo or Cx26/Cx26/Cx32
Laboratories, Grand Island, NY, USA) buffered with 12.5 mM Hepescombinations, a Cx26 cell was injected. Transfer of LY to the
pH 7.6. Three antibiotics (penicillin, streptomycin and gentamycin)(-,eighbormg cells was then monitored by a Quantex fluorescent
were each added to aconcentrati.on qﬁg,(l‘ml..To remove the foIIich _ imaging system (Model QX-7, Quantex Inc., Sunnyvale, CA, USA)
layer, ovarian lobes were dissected into clumps containingqguipped with an intensified CCD camera linked to a Nikon inverted
approximately 50 oocytes and incubated if*deee OR-2 solution  gpjfjuorescence microscope (Nikon Diaphot, type 108, Nikon Inc.,
(83 mM NaCl, 2 mM KCI, 1 mM MgGl 5 mM Tris-buffer, pH 7.5)  Garden City, NY, USA), using ax4plan, phase contrast objective.
containing 2 mg/ml collagenase (Sigma Chemical Co., St Louis, MOyhe injected cells were always placed in the upper right corner of the
U_SA) for 1 hour (Dasckal et e_ll., 1985). Oocytes were then washegh|q (see Fig. 4). The CCD and intensifier on the camera gain
with OR-2 and placed back in L-15. After selection of stage Vlconiroller were fixed for all experiments to ensure identical sensitivity.
oocytes, the follicle layer was then stripped manually with forceps. ~gjibration of the imaging system showed a linear response of
_Defolliculated oocytes were then pressure injected with 40 nl ofj,qrescence intensity to the concentration of LY fromM to 7.4
either 0.2 ng/nl of antisense oligo deoxy-nucleotid¥eaopusCx38 |\ ‘ahove which the response of the system is saturated. Fluorescent
(nucleotides 327-353, numbering begins at the start of translation},qeq of Ly transfer were acquired at 10 minutes, 20 minutes, 45
alone, or 0.2 ng/nl oligo mixed with 0'.3 ng/nl of elthe_r rat CXZ_G _CRNAminutes, and 90 minutes after dye injection. Each image is an average
or 0.3 ng/nl rat Cx32 cRNA, using an electric MICroinjector o¢ 55 frames taken within one second to increase the signal to noise
(Drummond Scientific Co., Broomall, PA, USA), and micropipettes, o, The jimages were stored as files on a PC computer in an 8 bit
pulled from glass capillaries (#3-00-203-G/XL, Drummond Scientificy;, a1 556 color gray level format. These files were transferred to a

Co., Broomall, PA, USA) with a horizontal micropipette puller Macintosh com
- puter and NIH Image v1.55b5 shareware was
(Model P-87, Sutter Instrument Co., Novato, CA, USA). InJECtEdelmployed to analyze the intensity of fluorescence in the recipient

oocytes were incubated at 18°C for 24 hours before manudlais. We only used data where the fluorescence intensity in the

devitellinization and pairing. Cells were incubated in 10 mg/mj%ecipientcell did not exceed the saturation point of the imaging system

so_ybean agglutin_in (D_ahl etal, 1987;. Levine et al., 1991) fo_r 1 s determined in prior calibration described above. An outline of the
minutes, after which different combinations of 3 oocytes (see Fig.

were manioulated into contact with veaetal poles onposed and faci rea encompassing all fluorescence in the recipient cell was drawn
slightl dovr\)/nward for the purpose ofg iflugrescenréz imaging on a d the intensity of every pixel within this area was integrated by
slightly dow ( _the purp 'ep maging omputer. These integrated intensity data were used as a relative
inverted microscope) in 35 mm Petri dishes coated with 1-2 mm

1% agar. These grouped cells were allowed to sit for 24-36 hours greasure of the amount of dye in the recipient oocytes.

room temperature before whole cell clamping or dye injection. Measurement of the intercellular conductance

Microinjection of fluorescent probes, image recording and HeLa transfectants

data analysis Double whole cell patch-clamping was used to measure the total
intercellular conductance between selected cell pairs in the

HelLa transfectants monolayer. The pipette solution consisted of 120 mM KCI, 10 mM

Hela transfectants in 60 mm Petri dishes grown to 70%-80%GTA, 10 mM Hepes, pH 7.2, and 2 mM MgCThe micro-pipettes
confluence were placed on an inverted microscope (IM35, Zeis¥ere prepared with a tip diameter around furf, and an input
Oberkochen, Germany) for dye injection. Micropipettes for dyeresistance around 1 ® Current recording was done using two List
injection were pulled from capillary glass (Hilgenberg Glas.,EPC-7 patch clamp amplifiers (List Electronic, Darmstadt, Germany).
Malsfeld, Germany) with a vertical pipette puller (700C, David KopfTo avoid interference with voltage dependent gating, junctional
Instruments, Tujunga, CA, USA), and back filled with either a 4%conductance was determined by applying pulses of 10 mV amplitude
(wiv) solution of Lucifer Yellow CH (LY, Molecular Probes Inc., to one cell while the neighboring cell was kept at a constant voltage
Eugene, OR, USA) dissolved in 1 M LiCl, or 5 mKjé4diamidino-  hear its resting potential. To avoid subjectivity, cell dishes were
2-phenylindole, dihydrochloride (DAPI, Molecular Probes Inc.,randomly moved on the microscope stage and the two cells nearest to
Eugene, OR, USA) in 0.2 M LiCl. Both dyes were injectedthe center were patched. About 10 conductance measurements were
iontophoretically into one cell in a monolayer of Hela transfectantgnade from each dish.
with a current of 20 nA supplied by the iontophoresis unit of a
microelectrode amplifier (L/M-1, modification 500 QJ List-  X€nopus oocytes
Electronic, Darmstadt, Germany). LY was injected for 30 seconds antp measure the individual intercellular conductance between each pair
DAPI injected for 1 minute. Micropipettes were withdrawn from theof cells in an oocyte triplet, three voltage clamps (two VCC600,
cells immediately after injection stopped to prevent the strondg’hysiologic Instruments Inc., USA; one GeneClamp500, Axon
fluorescence of the micropipette interfering with counting. About 1dnstruments Inc., Foster City, CA, USA) were used to clamp all three
injections were done in each dish. cells at a constant voltage close to the resting potential. A voltage
The transfer of dye was monitored by a CCD camera and recordguilse was applied to one of the cells and the junctional currents to the
on video tapes from the beginning of injection until about 5 minutesther two cells were measured (as described by Spray et al., 1981,
after injection. These video tapes were then played back and framawdified for the three cell case). Three sets of data were obtained by
stopped every 30 seconds after injection. The total number of cellpulsing each of the three cells with the same procedure. These data
or the farthest order of cells (i.e. a measure of the number of junctionalere used to resolve the three individual junctional conductances
interfaces traversed) that received dye were recorded at each tirhetween every two cells of the triplet. Due to the high conductances
point. The fraction of the first order neighboring cells receiving dyeobtained, no problems with voltage sensitivity of the connexins were
was also recorded. encountered. Clamping electrodes were prepared from capillary glass
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(1B150F-4, World Precision Instruments Inc., Sarasota, FL, USA) byhese results was limited, as only steady state transfer to first
a micropipette puller (Model P-87, Sutter Instrument Co., Novatoorder neighbors was considered, with no analysis of kinetics
CA, USA). The input resistance of all electrodes was around21 M or higher order dye spread. In addition, normalization of these
Conductances were measured before and after each dye transfggyits to expression of functional intercellular channels
experiment, to ensure that no significant changes occurred during tf‘l%easured electrophysiologically), was done under different

experiment. conditions (room temperature in PBS compared to 37°C in
DMEM), on different cell aliquots to those tested for dye

RESULTS tr_ansfer. We h_ave_ _subsequently found that f[his can introduce
significant variability in the absolute coupling level of the
cells.

Transfegted HeLa-ceII.s This was addressed in the current study by measuring the

Connexin expression in parental and transfected HelLa conductance between cells within the same monolayer as that

cells used for dye transfer. By following the kinetics of dye transfer

The characterization and isolation of the Hela transfectantseyond the first order cells, distinct differences in the
expressing Cx32, Cx26 and Cx45 has been previouslyermeabilities of different connexin transfectants to LY
described by Butterweck et al. (1994; Cx45) and Elfgang et abecame apparent. Most Cx32 HelLa cells transferred LY to
(1995; Cx26 and 32). All transfectants showed punctate surfaggore than 15 cells and frequently reached the third and fourth
immunofluorescence at contact surfaces between cells with tbeder neighboring cells within 5 minutes under the described
appropriate antibodies, although additional staining was alsexperimental conditions (Fig. 1A). Cx26 cells usually
evident in the cytoplasm of these transfectants, a probabimnsferred LY to less than 10 cells and mostly reached only
consequence of high levels of exogenous expression. The litige second order neighbors (Fig. 1B). Only about 50% of Cx45
of HelLa cells used in these studies show minimal levels dhjected cells showed any intercellular transfer of LY, and the
endogenous coupling, with no detectable dye couplingransfer was restricted to one or two neighbors (Fig. 1C). This
(Elfgang et al., 1995) and intercellular conductances 50-foldvas nonetheless significantly above background, as only 1%
less than that seen in the transfectants examined here (compafethe wild-type HelLa cells showed LY transfer to any
Eckert et al., 1993). In order to perform a wider screen foneighbors (Elfgang et al., 1995).
connexins, at the greatest level of sensitivity, we extended the To follow the kinetics of LY intercellular diffusion, the total
characterization of the low levels of endogenous connexinumber of cells receiving dye (Fig. 2A) and the maximum
expression with northern blot screens of HeLa polyRINA, number of intercellular interfaces through which dye transfer
with a human multiple tissue northern as a positive controcould be detected (as reflected in the order of neighbors
Weak, specific transcripts were detected for Cx26, 31.1 and 4&ceiving LY, Fig. 2B) were recorded every 30 seconds for 5
No hybridization was detected in the cases of Cx30, 37, 40, 4@inutes. Cases where no dye transfer was seen (6.7% in Cx32,
46 or 50. 20.4% in Cx26, and 46.7% in Cx45) were included in the
While no immunofluorescent signal for Cx45 or 26 wascalculation of the average. LY transferred to three times more
detected in untransfected cells (Butterweck et al., 1994;ells in Cx32 than in Cx26 cells over the 5 minutes period, and
Elfgang et al., 1995), recently, Hilser et al. (1997) havét took Cx32 cells about half as much time as Cx26 cells for
reported that freeze fractured membranes of HelLa wild-typgansfer to the same order of neighbors.
cells exhibited low but significant immunoreactivity, using Although a progressive decrease in the ability of Cx32,
anti-Cx45 and gold labelled secondary antibodies. Independe@i26, and Cx45 transfectants to pass LY was clearly evident
electrophysiological analyses by Eckert et al. (1993) revealefdlom these data, the extent of the differences varied depending
a single major class of intercellular channels in theon the specific transfected clone studied (cf. these results and
untransfected cells with a conductance of 30pS. This ithose of Elfgang et al., 1995), likely related to differing
comparable to the conductance reported for Cx45 channeat®nnexin expression levels between different clones and under
(Veenstra et al., 1992), and suggests that the Cx45 transcrififferent conditions. Thus, a quantitative comparison of the
may be the only one translated into functional protein. Such lative permeabilities of channels composed of different
conclusion is consistent with the absence ofconnexins would clearly require knowledge of the relative
immunofluorescent signals for Cx26 (Elfgang et al., 1995) antkvels of functional expression of these connexins in the
the failure of Cx31.1 to form functional channels (Hennemanmespective transfectants.

et al., 1992a). o ) _
Variation of intercellular conductance in HeLa
Differential LY diffusion in Cx32, Cx26 and Cx45 HelLa transfectant monolayers
transfectants In order to follow the functional expression of connexins in

Data for each connexin transfectant was derived from singleach dye injection experiment, cell pairs within the monolayer
clones (Cx32-H, Cx26-C, and Cx45-A). Initial analysis ofwere patch-clamped within two hours of dye injection. Since
different clones of HelLa cells transfected with these connexirthe pattern and density of cell contacts are likely to influence
revealed no significant differences in the transfer of LY to firsthe expression of gap junctions, isolated cell pairs could not
order neighbors between Cx32 and Cx26 clones, althoudbe used for these measurements. As a result, the conductances
Cx32 transfectants showed a marked reduction compared determined are more akin to tissue conductances rather than
Cx26 and Cx45 transfectants in the transfer of the larggunctional conductances, and include contributions from
cationic dyes, ethidium bromide and propidium iodidealternative current pathways and membrane leak. Modeling of
(Elfgang et al., 1995). However, quantitative interpretation oturrent flow in a finite monolayer of hexagonal cells
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(analogous to the dye diffusion model described below) To assess whether the lower coupling levels of Cx45
indicates that this could result in a 2- to 2.5-fold overestimatgansfectants compared to Cx32 and Cx26 transfectants could
of the actual junctional conductance between cell pairs, account for the reduced transfer of LY, the distribution of
value that is rather insensitive to the size of the monolayeconductances (Fig. 3) and the distribution of dye-coupled pairs
Furthermore, the cells to be compared are clonally related aifds measured by % of first order neighbors that are coupled,
of similar shape, size, packing density and confluence. Henc&able 1) were compared. In the case of Cx45 transfectants,
the monolayer conductance measurements, while not accurdté.7% of primary neighbors of the injected cell received dye
in an absolute sense, are likely to closely reflect the relativ@able 1). An examination of the conductance distribution in
levels of junctional conductance between clones. Fig. 3 showhis transfectant (Fig. 3C) reveals that this same percentage of
the distribution of conductance for the three Helathe cells would have conductances (60 nS, thus defining the
transfectants studied. Cx32 and Cx26 transfectants hawveinimum conductance needed for detection of dye transfer. The
essentially identical average conductance, while Cx4%nalogous comparison of Cx26 and Cx32 transfectants yields a
transfectants have an average conductance approximately 3@¥nilar minimal conductance for dye transfer of ~70 nS in the
lower, with a marked predominance of more poorly coupledase of Cx26, but a much lower value of ~30 nS in the case of
cells. Although immunocytochemistry could not be used taCx32. Given that these numbers are not direct measures of
compare absolute expression levels between transfectafjisictional conductance, their absolute values carry little
given undefined differences in antibody affinities, thissignificance. The comparison, however, serves to illustrate that
techniqgue did demonstrate minimal differences in thesven taking into account the variable coupling of the clones
distribution of the three exogenously expressed connexins studied, it is clear that Cx32 coupled cells can pass LY at much
the cell (see Results). lower levels of coupling than either Cx26 or Cx45 coupled cells.

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 HelLa cells expressing (A,B)
Cx32, (C,D) Cx26, and (E,F)
Cx45 are shown. Phase contra
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 samg
Bar, 10pum.
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Fig. 3. Distribution of the total intercellular conductances of HeLa
0 20 4 60 & 100 120 140 160 180 transfectants. Conductance was measured by double whole cell
Time after LY Injection (sec) 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

Fig. 2. Quantitative analys!s of the kinetics of LY transfer in. Hela before or after the dye transfer experiment. HeLa cells expressing
transfectants. LY transfer in HeLa cells was recorded on video tape (A) Cx32 clone-H, (B) Cx26 clone-C, and (C) Cx45 clone-A are

and the number of cells filled with dye at the indicated time points shown. Conductance = mean + standard error. N: number of cell
was determined by visual inspection of the appropriate video frame%airs récorded - o

(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 (cells

directly adjacent to the injected cells are 1st order neighbors, cells j . .
adjacent to 1st order cells are 2nd order neighbors, etc.). N: number ’ to be constant between the different transfectants, since these

of injections being analyzed. (Filled circles) Cx32 clone-H, (open ~ W€re€ clonally derived fror_n the same parent_populatlon_, and there
triangles) Cx26 clone-C, (open diamonds) Cx45 clone-A. Dotted 1S NO precedent to indicate that connexin expression would
curves through the data points for Cx32 and Cx26 in A represent dafgodify — cytoplasmic properties (or even non-junctional
from 50 iterations of the discrete diffusion model described in the membrane properties in the presence of high extracellu?dy. Ca
text. Best fits to the data yield®tvalues of 5.3410°° cm/second Furthermore, as demonstrated in solutions of the Ramanan and
for Cx32 and 0.810°¢ cm/second for Cx26. Brink model, the total effective diffusion rate within the
monolayer is dominated by tHé term if the dimensionless
parameter 2R/D<1 (a=average radius of each cell). Reasonable
o S estimates oD¢ (1x1077 cné/second; Ramanan and Brink, 1990)
A quantitative model of dye diffusion in monolayers and gap junction channel dimensions (1.5 nm diameter, 15 nm
To allow a more quantitative comparison of LY transferlength), along with the average measured conductance between
between the different HelLa transfectants, we attempted to fiells (Fig. 3), and the known single channel conductances for
our data to a modification of the model of Ramanan and BrinKx32 and Cx26 (55 and 135 pS, respectively; Bukauskas et al.,
(1990) that described dye diffusion in a monolayer of cuboidal995; T. Suchyna et al., unpublished observations) lead to an
cells. As a closer approximation to the reality, we representegktimation that 2B/D¢ <0.2 This calculation assumes that the
the HelLa cell monolayer as an array of hexagongiM{n diffusion of dye within the pore is equal to that of bulk cytoplasm.
diameter and 1M in height. As presented in the original Since LY is likely to encounter significant hindrance in the
Ramanan and Brink model, net diffusion of dye through thgunctional channel, this is likely to represent an upper estimate of
monolayer De) is the sum of its diffusion within the cytoplasm this ratio. Furthermore, the measured values of junctional
of each cell Dc), and the permeability of the junctional conductance were obtained from cell pairs in contact with other
interfaces between cell®!f, along with some contributions cells of the monolayer. As noted above, modeling current spread
from transmembrane leak to the medium and irreversibli finite cell populations analogous to that described here for
binding to the cytoplasm. passive dye diffusion indicates that this could increase apparent
For our purposes we have assumed all of these values, excephductance between cell pairs by up to 2.5-fold (J. M. Nitsche,
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unpublished calculations). Thus, the actuaPZB. ratio may be  sought to better define what properties of the permeant may
smaller still, further justifying the conclusion that junctional influence its permeability. To this end, we undertook a parallel
permeability is the dominant determinant of dye diffusion withinstudy on a second dye,’,8tdiamidino-2-phenylindole
the monolayer. dihydrochloride (DAPI), that is cationic and slightly smaller

A limitation to previous models is that some average valuéhan LY. DAPI transfers between cells coupled by all connexins
of Pl was assigned to all cell-cell interfaces in the populationwe have tested (Cx26, Cx32, and Cx45, Table 1; and Cx37,
From the results shown in Figs 1 and 3, the effective couplinGx40, Cx43, data not shown). Because of its tendency to bind
of individual cells within the monolayer varies widely, DNA, the nucleus of the DAPI injected cell labeled rapidly, as
presumably because of differences in expression levels of thid the nuclei of neighboring coupled cells within 30 seconds
transfected connexins. To model this, each cell in the monolay&y 1 minute of transfer. Labeling was most intense on the side
is randomly assigned an ‘expression factd); (listributed facing the injected cell, and slowly spread to the other side.
normally with a mean of 1 armof 0.5.P! from each interface This pattern provided confirmation that transfer is mediated
is then calculated as a product of the two expression factotsrough gap junctional coupling, rather than by other routes
from each cell, and the averag§P! av) for the cell population. such as leakage to the medium or trapping underneath the cell

In this way, dye flux within any ceth is described as: monolayer.
Because of the binding to nuclear DNA, and its relatively
A.h.dc_mz—z|.h.fm.fn-pj(av)-((;m_(;n), low solubility, DAPI seldom transfers to second order
dt  eghborn neighbors, and transfer kinetics is slow. For this reason, we

) only recorded the number of first order neighbors receiving dye
whereA=area of cellh=height of cell (set at RM), I=length 10 ‘minutes after injection. Strikingly, the efficiency of DAPI
of one side of cell (~5.8M for a 10uM diameter hexagon), transfer was the reverse of LY, with the best transfer in Cx26
Cnconcentration of dye in cefh. o and Cx45 expressing cells, and significantly less in the Cx32

For a population oh cells in a monolayer, this yields a expressing HeLa clone (Table 1). Although Cx26 and Cx45
system of coupled differential equations (results are relativelyyransfectants showed relatively similar transfer, normalization
unaffected by the absolute size of the cell population). Initigfg gverall conductance would suggest that Cx45 gap junctional
state is defined &5;=CmaxandC2=Cs=...=Cn=0, with cells  channels transfer DAPI with higher efficiency. This limited
being scored as receiving dye @m exceeds a detection giffusion of DAPI, as noted above, also precluded application
threshold (expressed as a percentageCwfay. When an  qf the quantitative modeling used for the LY studies. However,

arbitrary n=37 was usegdthe average of 50 solutions to this it js clear that the order of permeabilities is reversed for DAPI
randomly generated monolayer for both Cx32 and Cx2@ompared to LY: Cx45>Cx26>Cx32.

transfectants yielded excellent fits to the experimental data
(dotted curves in Fig. 2) using a uniform detection threshold foKenopus oocytes

all transfectants of 2%, and best fits (for tRgav) of  Transfer of LY between Cx32, Cx26 and Cx32/Cx26
5.34x10°® cm/second for Cx32 and &B0® cm/second for  coupled oocytes

Cx26 transfectants. Thus, within the limits of the modelyhoyugh dye transfer is more readily detected in injections of
presented, the effective permeability of Cx32 junctions for LYgailer mammalian cells, th¥enopusoocyte expression

is 9-fold that of Cx26. The limited extent of diffusion in Cx45 gy qtem offers the advantage of direct quantitation of electrical
transfectants prevented adequate modeling of this data. coupling and dye transfer in the same cell pAiEnopus

; - oocytes were injected with antisense oligonucleotide to
Comparison of the permeabilities between LY and DAPI XenopusCx38 alone, or mixed with connexin cRNA and then

With a clear demonstration that connexin composition caompined in triplets, with vegetal poles opposed (Fig. 4A).
influence the permeability of gap junctions to a larger dye, Wepis  allowed internal controls for background to be

incorporated into each measurement in the form of one

. antisense injected oocyte in each triplet, thus minimizing the
Table 1. LY and DAPI transfer in HeLa cells transfected  effect of variability between oocytes. Electrical conductance

with Cx32, Cx26 or Cx45 between all cells was determined using three independent
% of 1° % of injection whole cell voltage clamps. Since the average volume of the

Transfectants neighbort casesf  n§ oocytes is about $efold that of HeLa cells (1 mm in diameter
A. LY (MW* 443, charge—2) compared to 1Qm), while the average junctional conductance
HeLa-Cx32 71.6 93.3 45 of oocytes is only 19fld that of HeLa cells (5¢S compared
HeLa-Cx26 416 79.6 49 to ~50 nS), the accumulation of LY fluorescence in the
Hela-Cx45 16.7 533 45 recipient oocyte is much slower. This required the use of oocyte
B. (DAPI: MW+ 279, charge +2) pairs with higher conductance (4% to 50uS), and a much
HelLa-Cx32 26.4 70.7 41 longer observation time scale (up to 90 minutes). In all cases,
Hela-Cx26 59.6 93.5 31 no conductance was detected in pairings with oocytes injected
Hela-Cx45 60.0 92.9 14 with antisense oligo alone. 30 nl LY (10 mM, 0.45%, w/v) was

*Molecular masses of dyes do not include counter ions. injected into one of the 2 cRNA injected cells (the top right
tPercentage of immediate neighbors to the injected cell receiving dye afteOCYte In Fig. 4) _an(_:l Images were tak_en at various time points.
10 minutes. Experiments on individual oocytes using even lower LY levels
tPercentage of injections that showed transfer to at least one neighbor. showed less than 10% of injected LY bound to the oocyte onk
§Total number of injections. (data not shown). This, combined with the large excess of LY
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in the donor cell (see Fig. 4), and restriction of the time frameocytes, at least at conductances aboveSL(Fig. 4B), while
over which dye transfer is quantitated to 10 minutes (see Fig€x26 injected oocytes showed only minimal transfer compared
6A), allowed us to treat the donor cell as a constant source tuf the negative control (Fig. 4C).

fluorescent probe. Problems of quenching of fluorescence from Xenopusoocytes also offered a unique system to study the
the pigmented animal pole were avoided by measuring dygermeability of heterotypic Cx32/Cx26 gap junctions. Oocyte
spread in the recipient cell only while it remained restricted tdriplets containing either two Cx32 and one Cx26 injected
the vegetal pole. Consistent with our HeLa cell data, Cx32 gapocyte (Fig. 4D) or two Cx26 and one Cx32 injected cell (Fig.
junctions always showed efficient transfer of LY betweemE) were formed. This allowed the transfer of LY across

Fig. 4. Time course of LY
transfer inXenopusoocytes
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 E,
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.

20 min 45 min

Low ommsswsswes——rsssmws | High
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Fig. 5. Quantitation of LY transfer in oocytes from selected triplets B

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). Conductan
between the cells (Gj) is indicated for each pair.

(o))
T

A Cx26-Cx32/Cx26-Cx26
© Cx32-Cx26/Cx32-Cx32
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IS
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heterotypic junctions to be normalized within each experimer
to that across a homotypic gap junction. Heterotypic junction
displayed a permeability that is intermediate between the tw
homotypic forms, with little difference in the degree of transfel
whether the dye was introduced into the Cx32 (Fig. 4D) o

N

Ratio of intensity change from 10 min to 20 min
=

Cx26 (Fig. 4E) expressing cell. 0
Quantitative measurements of LY permeabilities 0 ) 2 3
For quantitative analysis, dye transfer was measured t Ratio of conductance Gj

integrating the total fluorescence intensity in the recipient ce
using a Quantex imaging system. The level of LY injectionFig. 6. Analysis of the relative permeabilities of different gap
precluded accurate quantitation of LY in the donor cell, whichjunctions expressed in oocytes. (A) The changes of fluorescence
as a first approximation, could be considered an ‘infiniteintensity in the recipient cell from 10 minutes to 20 minutes are
source. Fig. 5 shows a time course of dye transfer across galptted against conductance for each cell pair. The slope (k) of the
junctions between oocytes that express different connexins, bogst linear fit (r=correlation coefficient) to each set of data provides
develop similar conductances. Electrical conductance betwe@rdirect measure of the LY permeability of Cx32 (filled circles) and
oocytes was also measured after LY transfer, demonstratirfg<26 (open triangles) homotypic junctions and Cx32/Cx26
that coupling varied by less than 5% over the course of theterotypic channels, with transfer from either the Cx26 (filled
experiment. dlamonqs) or Cx32 c.eII. (open squares). The scatter in the datq

To compare the relative permeabilities of the different gaésﬂec_t s_lgnlflcant variations betwee_n oocyte batches._A correction
junction types, we plotted the junctional conductance of eacl}’ NS In the case of the heterotypic channels, described in B,

. ; - - L roduced the dotted curves marked with an asterisk. (B) The ratio

cell pair against the increase of fluorescence intensity in t

& - . . the two sets of dye transfer data that arise from each triplet are
recipient cell from 10 minutes to 20 minutes (Fig. 6A). lotted against the ratio of the two corresponding Gjs. The slope of

Compared to other time points, this is optimal for estimation ofe piot indicates the relative permeabilities of the two different
junctional permeability with minimal error from transmembranesorms (i.e. heterotypic and homotypic, as marked). Applying these
leakage, binding of dye to yolk, and nonlinear response of th@tios to the permeability values determined for the homotypic
detection system. The slopek) (of the best fits to the forms (see A) gave very similar permeabilities for the two
intercellular conductance vs rate of LY transfer plots shown imirections of transfer across heterotypic junctions (dotted lines in
Fig. 6A provides a direct measure of the relative permeability o&). See text for detailed explanation.
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each type of junction. This analysis indicates that Cx32 habrough gap junctions (Saez et al., 1989). Although quantitative
approximately sixfold higher permeability to LY than Cx26. data were obtained in some of these studies, permeability of
One factor that complicates interpretation of these resulthe transjunctional probe was not normalized to the levels of
is the high conductances that are needed to detect couplirgap junction expression, leading to only qualitative
For conductances over 1QS, access resistance to thecomparisons. In addition, information was usually not
junctions contributes a significant fraction of the voltageavailable on the type of connexin expressed. We present here
drop, leading to systematic underestimation of the actual rigorous quantitative approach to assessing the permeabilities
junctional conductance. While this is difficult to correct of three connexins expressed in both transfected HelLa cells and
formally, an indication that it does not substantially affect theXenopusoocytes, using two fluorescent dyes of different
conclusions is provided by restricting comparisons to groupsharge, and normalization to the electrical conductance
of oocytes with similar conductances (and hence similabetween the cells. This provides clear evidence for differential
errors attributable to access resistance). Our data (Fig. 64@grmeabilities between connexins, that is not dependent on the
allowed for such comparisons at 20, 30 andu&0(+10%), expression system used and appears to be influenced in part by
yielding permeability ratios for LY between Cx32 and Cx26the charge of the permeant.
coupled oocytes of 6, 10 and 5, respectively. These valuesOn face value, some of our results appear at odds with
match closely the 6.5-fold ratio &fvalues derived from the previously published works. Steinberg et al. (1994) found no
whole range of conductances (slopes of curves shown in FigY transfer between cells transfected with chick Cx45.
6A). Although limited, we do see LY transfer through Hela cells
In heterotypic junctions, dye transfer from Cx26 to Cx32expressing mouse Cx45. However, a comparison will reveal
oocytes appeared at first to be slightly greater than in thidat our cells typically show 10-fold higher levels of electrical
opposite direction (Cx32 to Cx26 cell-see solid lines in Figcoupling. Furthermore, initial experiments with Cx43
6). However, since all data were obtained in triplets, théransfected HelLa cells indicate a dye transfer behavior
passage of LY from Cx32 to Cx26 may be affected by théntermediate between that of Cx45 and Cx32 expressing cells
competing effect of the neighboring Cx32 cell which(unpublished observations), consistent with the preferred
represents a significant sink for the dye. This would not be thteansfer of LY in Cx43 expressing cells reported by Steinberg
case with dye injections into Cx26 cells which pass dyet al. (1994). Using different HeLa transfectant clones, Elfgang
minimally to the homotypic neighbor. To correct for thiset al. (1995) found no striking differences in LY transfer
effect, we plotted the ratio of the two sets of dye transfer dataetween Cx32 and Cx26 expressing cells. The apparent
within a given triplet, against the ratio of the two disparity between these earlier results and those presented here
corresponding conductances (Fig. 6B). The slope of this plah part are likely to reflect different expression levels of
provides a ratio of the permeabilities of the two gap junctiortonnexins in the different clones used in this study, and are in
forms, homotypic and heterotypic, utilizing only internal part an artificial product of the way in which data was
comparisons within a given triplet. The high level of collected. Steady state dye transfer to 1st order cells can readily
correlation in this data reflects the elimination of variabilitysaturate and obscure differences in dye transfer that are
between different oocyte pairings, which contributed to theevealed in kinetics and absolute levels of dye transfer. Hence,
low correlation coefficients (r) seen in Fig. 6A. In this way, while the level of transfer over 3 minutes to 1st order neighbors
we effectively normalize heterotypic coupling to one of thewas comparable between the Cx32 and Cx26 clones, when
forms of homotypic coupling. This analysis showedtransfer to higher order cells was considered differences
heterotypic permeability from Cx32 to Cx26 to bebecame apparent in both total level of transfer (3rd order cells
approximately one third (0.37) of Cx32 homotypicin Cx32, 2nd order cells in Cx26), and rates of transfer
permeability, and Cx26 to Cx32 heterotypic permeability tominutes to fill 1st order cells, with Cx26 and Cx32
be approximately twice (2.18) Cx26 homotypic permeabilitytransfectants).These numbers showed smaller differences than
By applying these factors to the permeabilities of the twaeported here in Fig. 2 and Table 1. This was likely to reflect
homotypic channels to LY determined from the conductancedifferences in expression levels of clones (we used a different
dye diffusion plot of Fig. 6A, the dotted lines were obtainedCx32 clone in the current studies). The later was difficult to
These ‘normalized’ plots of permeability for the heterotypicdirectly assess, as in the previous study, conductance
junctions clearly show no significant difference for the twomeasurements were performed on different plates of cells
directions of transfer across heterotypic junctions, confirmingested under different conditions (PBS, 22°C) than the dye
what would be predicted from first principles of particle flowinjections (DMEM, 37°C). Given the variation in intercellular
through asymmetrical pores. conductances we have detected between different clones, and
even different plates of the same clone (Fig. 3), these
comparisons illustrate the necessity of measuring intercellular
DISCUSSION conductances in the same cell population where dye transfer is
measured (as done for the HelLa clones studied here), or, better
In search of a better understanding of the physiologicadtill, in the same cells (as in the case of oocytes) in order to
significance of gap junctions, several earlier studies haveontrol for expression levels of the connexins. When this is
investigated the permeability of gap junctions to largedone, the consistency of the data obtained from very different
molecules (Safranyos and Caveney, 1985; Zimmerman argystems and techniques is remarkable. As illustrated here,
Rose, 1985; Imanaga et al., 1987;), their size exclusion limitgarious estimates of the relative permeability of Cx32 and
(Flagg-Newton et al., 1979; Schwarzmann et al., 1981), an@x26 gap junctions to LY in both mammalian cell monolayers
whether natural metabolites and second messengers can pasd Xenopusoocyte pairs, all yield values between 6-and 9-
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fold different when normalized appropriately to totalanalogous anion substitution experiments done in
conductance. collaboration with Veenstra, we have demonstrated the same
It is important to note that the relative permeabilitiesrelative cation/anion preference for Cx32 and Cx26 channels
determined here do not necessarily represent the differentiat suggested here (T. Suchyna et al., unpublished
permeabilities at the single channel level, as they have beebservations). These analyses provide direct estimates of
normalized to the total junctional conductance. Dependingation/anion permeability for small ions, and indicate this
on the single channel conductance associated with eaghtio to be approximately 3 for Cx26 and 1 for Cx32. The
connexin, the number of open channels may vary for cellwer level of selectivity for ions than larger dyes could be
with similar conductance. Even when the single channedxplained in terms of closer electrostatic interactions between
conductances are known, the number of open channels mgje pore and the larger permeants, as well as influence from
still not be readily evaluated owing to complex issues relategther structural features that may play a role in modulating
to channel density, number in the gap junction plaques anskrmeability.
access resistance of the cell (Wilders and Jongsma, 1992).An intriguing dilemma that arises with the differential
Measurements of conductance in our experiment are used g&rmeabilities of junctional channels is the consequences of
_ame_thod _of controlling for the fu_nctlc_)nal expression of gadorming heterotypic gap junctions from hemichannels
junctions in terms of the total diffusible aqueous pathway.omposed of connexins with different selectivities. In the case
between cells, at least as estimated by the electrically drivesf cx32/Cx26 heterotypic channels, the result is a marked
diffusion of small ions between cells. Thus, one model thafectification in transjunctional currents with voltages of
might explain the preferential transfer of LY by Cx32 gpposite polarity (Barrio et al., 1991; Bukauskas et al., 1995).
compared to Cx26 junctions is that, since Cx32 has a smallgjowever, rectification of these channels should only be
single channel conductance than Cx26 (Cx32, 55 pS V@vealed on application of a transjunctional potential. By
Cx26, 135 pS: Bukauskas et al.,, 1995; T. Suchyna et alyantitatively assessing the permeability of the Cx32/26
unpublished = observations), Cx32 cells with similarectifying channels to LY passed in either direction, we have
conductance will have 2.5 times more channels than Cx2@pown that no preferential direction of diffusion was evident in
If the size of either channel is only big enough to allow ongne apsence of an applied voltage gradient. However, this

LY molecule to go through at a time, then one would predichepayior remains to be tested in the presence of a constantly
that Cx32 cells should show a 2.5-fold better permeability tQphjieq or oscillating electrical field, conditions under which
LY than Cx26 cells with similar intercellular CondUCtance’electrical rectification would be observed.

given the absence of selectivity differences in the channels. 1o gy gies presented here, and elsewhere (Veenstra et al.
This, however, fails to account for the 6 to 9-fold difference; gg5. Elfgang et al., 1995) co7mpel us to no longer view gap '
in LY bpletrmteaé)xg fmCea256ured her((ej,t nc(:)rgztr][e gfreatterunctions as simply aqueous conduits between cells,
E|er[nea IIII yto o &x2b compared to Lxs2 transtecte aintaining homeostasis within a tissue. Rather, they represent
eLa cefls. . . . . a selective filter that preferentially passes certain types of
What factors contribute to the differential permeability of )0 jas “\We have only scratched the surface of the basis of
S?Q\zgﬁg}i ];Or: d fgjgedsgfgéledégz ;]Z&:L,)hgge boefet%em;'r@&taetflis selectivity, but it appears to be based in part on the charge
X y . . L the permeant. By extending this quantitative approach to a
likely to be relevant, with DAPI having a significantly éarger array of permeants, we can begin to map out the specific

narrower profile than LY. However, this cannot account for th lectivity features of each connexin. Ultimately, these studies
reversal in the order of permeabilities to these dyes in the thré& Y . . i y, th
ust focus on the biologically significant metabolites, rather

connexins studied in HelLa cells. Differential interactions Othan dyes. In this respect, it is import to keep in mind that

the dyes with the cellular milieu would also affect ; ) . . .
permeability, but this should be equal for all connexins an e.tabolltes'whlch traverse gap junctions are likely to have
again Would, not explain the reversal in permeabilities of th mited half lives. Thus, unlike other ion channels, rather small
gpanges in relative permeability of the gap junction channels
@{uld have significant impact on the transmission of a message
specific interactions of the dyes with gap junctional channel@€tween cells. In the current study, we have already documented
composed of different connexins influence their permeabilitie@ - 10 9-fold variation in the diffusability of larger permeants
through the pores. While such interactions may involve shap&irough different connexins. Such differences are certain to be
dependent binding events that distinguish between the dy&§tical to understanding the significance of the differential
used, the most notable property change between the tfPression of connexins during development, and in response
fluorescent probes that could account for the different order ¢ different physiological conditions, as well as the differential
permeabilities among connexins is charge. The resultin ffectiveness of connexins as suppressors of tumor cell growth
inference that Cx26 and Cx45 channels show a relative?nu et al.,, 1992; Bond et al., 1994; Mesnil et al., 1995).
reference for cationic species compared to Cx32 channels )
?and vice versa for anioﬁic species)p is consistent with the We express our thanks to Beate Rehkopf for preparation of the cells

e e X .and Jim Stamos for preparation of the figures. This work was
reduced rate of ethidium and propidium cation transfer iry pported by NIH grant #HL48773 (B.J.N.), grants Hu204/12-1

Cx32 compared to Cx26 and Cx45 transfectants observe( FH) and SFB284C1 (KW) from the Deutsche
previously (Elfgang et al., 1995). ) Forschungsgemeinschaft and Fonds der Chemischen Industrie
The role of charge selectivity in connexins has already beer.w.). Bruce Nicholson is an established investigator with the AHA,
documented for smaller ionic species through ion substitutiowhile Klaus Willecke and Bruce Nicholson share a Max Planck Prize
studies in N2A transfectants (Veenstra et al., 1995). Iwhich supported the exchange visit of Fengli Cao to the Willecke lab.

probable scenario to explain the data presented here is t
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