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Abstract. During the assembly of gap junctions, a
hemichannel in the plasma membrane of one cell is
thought to align and dock with another in an apposed
membrane to form a cell-to-cell channel. We report
here on the existence and properties of nonjunctional,
plasma membrane connexin43 (Cx43) hemichannels.
The opening of the hemichannels was demonstrated by
the cellular uptake of 5(6)-carboxyfluorescein from the
culture medium when extracellular calcium levels were
reduced. Dye uptake exhibited properties similar to
those of gap junction channels. For example, using dif-
ferent dyes, the levels of uptake were correlated with
molecular size: 5(6)-carboxyfluorescein (~32%), 7-hy-
droxycoumarin-3-carboxylic acid (~24%), fura-2
(~11%), and fluorescein-dextran (~0.4%). Octanol
and heptanol also reduced dye uptake by ~50%. De-
tailed analysis of one clone of Novikoff cells transfected
with a Cx43 antisense expression vector revealed a re-
duction in dye uptake levels according to uptake assays

and a corresponding decrease in intercellular dye trans-
fer rates in microinjection experiments. In addition, a
more limited decrease in membrane resistance upon re-
duction of extracellular calcium was detected in elec-
trophysiological studies of antisense transfectants, in
contrast to control cells. Studies of dye uptake in HeLa
cells also demonstrated a large increase following trans-
fection with Cx43. Together these observations indicate
that Cx43 is responsible for the hemichannel function
in these cultured cells. Similar dye uptake results were
obtained with normal rat kidney (NRK) cells, which ex-
press Cx43. Dye uptake can be dramatically inhibited
by 12-O-tetradeconylphorbol-13-acetate-activated pro-
tein kinase C in these cell systems and by a tempera-
ture-sensitive tyrosine protein kinase, pp60¥=* in
LA25-NRK cells. We conclude that Cx43 hemichannels
are found in the plasma membrane, where they are reg-
ulated by multiple signaling pathways, and likely repre-
sent an important stage in gap junction assembly.

AP junctions are cell surface specializations that
G connect adjacent cells and provide cell-to-cell
channels for the direct exchange of small mole-

cules (Gilula et al., 1972; Bennett and Goodenough, 1978;
Loewenstein, 1981). They are found between most animal
cells and are thought to play important biological roles,
which include transmitting electrical signals (Barr et al.,
1965; De Mello, 1987), buffering concentrations of metab-
olites or regulatory molecules (Ledbetter and Lubin, 1979),
affecting patterning processes during embryonic develop-
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ment (Furshpan and Potter, 1968; Loewenstein, 1966; Loe-
wenstein and Azarnia, 1988, Warner et al., 1984), and reg-
ulating cell growth (Atkinson et al., 1981; Azarnia and
Loewenstein, 1984; Azarnia et al, 1988). Gap junction
permeability can be modified by a variety of factors, in-
cluding octanol, heptanol (Spray and Bennett, 1985; Burt
and Spray, 1989), cAMP (adenosine 3":5’'-cyclic monophos-
phate) (Bennett et al., 1991), 12-O-tetradecanoylphorbol-
13-acetate (TPA)!-activated protein kinase C (PKC) (Reyn-
hout et al., 1992; Lampe, 1994), tyrosine protein kinases
(Atkinson et al., 1988), intracellular pH (Spray and Bennett
1985), and low density lipoproteins (Meyer et al., 1991).

It has been demonstrated that gap junction protein sub-
units (connexins) are arrayed in hexamers to form hemi-

’

1. Abbreviations used in this paper: Cx, connexin; ESS, external salt solu-
tion; HCCA, 7-hydroxycoumarin-3-carboxylic acid; 5-nitro-BAPTA,
5-nitro-1,2-bis(2-aminophenoxy)ethane-N.N,N' N’-tetraacetic acid; NRK,
normal rat kidney; PKC, protein kinase C; R,,, membrane resistance;
TPA, 12-O-tetradecanoylphorbol-13-acetate; SE, standard error.

1019



channels (or connexons), and two apposed hemichannels
interact to form an axial, aqueous channel connecting the
cytoplasms of the participating cells (Makowski et al.,
1977). Although much work has been done to identify dif-
ferent connexins and determine their tissue distribution, as
well as certain physiological properties, relatively little is
understood about how connexins are assembled into gap
junctions. For example, one possibility is that hemichan-
nels are inserted directly into gap junctions. Another the-
ory, which currently has more support (Johnson et al.,
1989; Musil and Goodenough, 1993), suggests that con-
nexin proteins are assembled into hemichannels or con-
nexons in an intracellular compartment before being in-
serted into the plasma membrane and distributed uniformly
over the cell surface. Presumably, hemichannels are rou-
tinely prevented from opening until a hemichannel from
one cell comes into contact and “docks” (or pairs) with an-
other hemichannel from a neighboring cell. Although not
yet fully characterized, the latter theory is supported by
several findings related to a connexin pool in the nonjunc-
tional, plasma membrane. It has been shown that newly
synthesized connexind3 (Cx43) proteins form oligomers in
the trans-Golgi network (Musil and Goodenough, 1993)
and can then be constitutively transported to the plasma
membrane in gap junction-competent cells (normal rat
kidney [NRK]), as well as gap junction-deficient cells
(S180 and L929 cells) (Musil et al., 1990). Cx43 localized to
the nonjunctional, plasma membrane can be detected us-
ing cell surface biotinylation methods (Musil and Goode-
nough, 1991; Lampe, 1994).

Since hemichannels are formed in cytoplasmic mem-
branes, and connexin proteins can be detected in the non-
junctional, plasma membrane, it is reasonable to assume
that hemichannels occur in the plasma membrane. Al-
though these hemichannels would presumably be closed to
avoid direct passage of molecules between the cytoplasm
and the external environment, specific conditions may al-
low them to open. For example, solitary horizontal cells
from catfish retina display dopamine-sensitive channels,
putative hemichannels, which have a much higher proba-
bility of being open when the extracellular calcium (Ca’*)
concentration is reduced (DeVries and Schwarz, 1992). In
addition, isolated horizontal cells from the skate retina dis-
play nonselective, voltage-gated ionic currents that can be
blocked by acetate, halothane, cobalt, and octanol (Mal-
chow et al., 1993). The above studies support the existence
of nonjunctional, plasma membrane channels, which are
likely gap junction hemichannels because of similarities in
a number of channel properties (DeVries and Schwarz,
1992). However, these studies provide no information rel-
ative to the molecular nature of these channels. It has also
been shown that Xenopus oocytes expressing exogenous
rat Cx46 (Paul et al., 1991; Ebihara and Steiner, 1993;
Trexler et al., 1996) or chick Cx56 (Ebihara et al., 1995)
proteins develop novel, large, nonselective, and voltage-
dependent currents that can be amplified when the extra-
cellular Ca®* concentration is reduced. It is concluded that
(Cx46 and Cx56) functional hemichannels are found in the
nonjunctional, plasma membrane of oocytes following the
expression of exogenous connexins. Many of the proper-
ties of these hemichannels are also similar to gap junction
channels (Ebihara and Steiner, 1993; Ebihara et al., 1995;
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Trexler et al. 1996). A critical question is whether these
hemichannels represent a normal feature of gap junction
assembly or whether they result from an overexpression of
connexins in the oocyte system. The fact that the endoge-
nous Cx38 in Xenopus oocytes also appears to display
hemichannel activity supports the notion that the presence
of Cx46- and Cx56-hemichannels in this system is not an
artifact of overexpression or faulty processing of foreign
connexins (Ebihara, 1995).

Other nonjunctional, plasma membrane pathways with-
out ion-selectivity and with a size limitation similar to gap
junction channels have been described in mouse macro-
phages expressing Cx43 (Steinberg et al., 1987). These pu-
tative plasma membrane pathways, in contrast to the studies
mentioned above, can be induced to open in response to
extracellular ATP. Other nucleotides are ineffective, and
the presence of high concentrations of extracellular diva-
lent cations, such as Ca?" or Mg?*, inhibit the dye uptake
through the pathways (Steinberg et al., 1987; Buisman et al.,
1988; Beyer and Steinberg, 1991). Thus, the gating of these
ATP-induced pathways is regulated differently than those
mentioned above, and the precise nature of these path-
ways is not yet fully understood.

Here we demonstrate the existence of nonjunctional
hemichannels in the plasma membranes of several well-
characterized, gap junction-competent cell systems. The
level of hemichannel activity correlates well with the ex-
tent of gap junction communication mediated by the en-
dogenous Cx43 populations in both Novikoff cells and
NRK cells. In addition, similar hemichannels are observed
in HeLa cells transfected with Cx43. We postulate that, as
an integral part of the connexin life cycle, hemichannels
are found in the plasma membrane, where they represent
an important stage in the gap junction assembly process.
We also present methods for studying the function of
hemichannels and their regulation during gap junction as-
sembly in these cultured cells. Our data demonstrate that
Cx43 is responsible for dye uptake from the medium
through the hemichannels. We have also identified two
regulatory pathways involving protein kinases, which in-
fluence the gating of the Cx43 hemichannels.

Materials and Methods

Reagents

Swim’s 77 medium was purchased from Sigma Chemical Co. (St. Louis,
MO). Newborn calf serum, penicillin/streptomycin, TEMED, and trypan
blue were from GIBCO BRL (Grand Island, NY). 5(6)-carboxyfluores-
cein was from Eastman Kodak Laboratory Chemicals (Rochester, NY).
Fura-2, neurobiotin (biotin ethylenediamine), fluorescein-conjugated avi-
din, fluorescein-dextran (molecular mass = 3,000 D), 7-hydroxycoumarin-
3-carboxylic acid (HCCA), and 5-nitro-1,2-bis(2-aminophenoxy)ethane-
N,N,N’,N'-tetraacetic acid (S-nitro-BAPTA) were from Molecular
Probes, Inc. (Eugene, OR). TPA was from LC Laboratories (Woburn,
MA). Cell-Tak was from Collaborative Biomedical Products (Bedford,
MA). All radioactive reagents were purchased from ICN Biomedicals
(Costa Mesa, CA). The mix of SDS-PAGE protein standards was from
Boehringer Mannheim Biochemicals (Indianapolis, IN). The remaining
chemicals were obtained from Sigma Chemical Co. unless otherwise indi-
cated.

Cell Culture

The Novikoff hepatoma cell line (N151-67) was grown in complete Swim's
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77 medium containing 10% newborn calf serum, 2 mM vr-glutamine, 100
U/ml penicillin, and 100 pg/ml streptomycin. NRK cells and LA25-NRK
cells (infected with an avian sarcoma virus which is temperature-sensitive
for the tyrosine kinase activity of pp60¥*, kindly provided by Dr. Michael
Atkinson, University of Minnesota, St. Paul, MN) were grown in DMEM
containing 2 mM L-glutamine and 10% iron-supplemental calf serum (Hy-
clone Labs, Logan, UT). The MDA MB231 cell line (kindly provided by
Dr. David Kiang, University of Minnesota) was grown in MEM with 10%
fetal calf serum, 100 units/ml penicillin, 100 pg/ml streptomycin, and 2 mM
i-glutamine. The Hela parental and Cx43-transfected Hel.a cells (kindly
provided by Dr. Klaus Willecke, University of Bonn, Bonn, Germany)
were grown in DMEM with 10% fetal calf serum, and 0.5 mg/m] G418 was
included in the Cx43-transfectant medium.

Novikoff Cell Dissociation/Recovery and Dye
Uptake Assay

Cells in logarithmic growth were centrifuged and resuspended to 5 X 10°
cells/ml in Swim’s 77 medium (containing 2 mM L-glutamine) with 10 mM
EDTA to facilitate dissociation. Cells were then placed in a 37°C gyratory
shaker-incubator (200 rpm) for 15 min. The EDTA treatment was re-
peated, resulting in >95% single cells. The cells were then “recovered” by
incubation for 90 min at 37°C on a gyratory shaker at 200 rpm in Swim’s 77
medium with 2 mM L-glutamine and 5% BSA, which eliminated remnants
of previously existing junctions (Preus et al., 1981a,b). Cells were then
washed through centrifugation/resuspension in Swim'’s 77 medium with no
added serum or BSA. Cells were finally resuspended in Swim’s 77 me-
dium at normal or reduced external calcium concentrations for dye uptake
assays. To reduce calcium, pelleted cells were routinely resuspended in
Swim's 77 medium with S mM EGTA, although in some experiments, a
series of EGTA concentrations was studied (see Results). All of these me-
dia contained 2 mg/ml of the membrane-impermeant dye, 5(6)-carboxy-
fluorescein (molecular mass 376 D), unless otherwise noted. After a 15-
min incubation at 4°C and pH 8.0, cells were washed twice with Swim’s 77
medium by centrifugation and resuspension. Cells were then viewed un-
der a fluorescent microscope to monitor the uptake of 5(6)-carboxyfluo-
rescein. Fields containing a total of approximately 250 cells were chosen
randomly for each individual experiment and the percentage of cells that
took up the dye was obtained by calculating the number of fluorescent
cells divided by the total number of cells observed under phase contrast.

Experimental Treatments for Novikoff Cells

Varied Conditions. Single Novikoff cells were tested for dye uptake under
varied conditions to examine different parameters which could influence
the assay. This included a range of cell concentrations (0.5 x 1060-2 x 10°
cells/ml}, a range of dye uptake times (1-30 min), a series of different ex-
ternal pH values (6.5-8.5), and two temperatures (4 and 37°C). For only
the temperature experiments, Lucifer yellow CH was substituted for 5(6)-
carboxyfluorescein since it yielded lower backgrounds at 37°C.

Different Alcohols. Dissociated Novikoff cells were recovered at 37°C
in the presence of 1 mM octanol, heptanol, or hexanol for 0, 15, 30, 60, or
90 min before dye uptake assays. Dissociated/recovered single Novikoff
cells were also treated with 1 mM octanol or heptanol for 15 min and later
washed with Swim's 77 medium before the dye uptake assays.

Calcium Dependency. Single Novikoff cells were tested for dye uptake
in Swim’s 77 medium prepared without Mg?" or Ca’* by treating with
5(6)-carboxyfluorescein in the presence or absence of 1.8 mM Ca’* and
0.83 mM Mg?*. Dye uptake was also tested in the presence of 1.8 mM Sr**
and 0.83 mM Mg?*, but in the absence of Ca’*. Single Novikoff cells were
also tested for dye uptake in the presence of different concentrations of
extracellular Ca?* obtained with different concentrations of EGTA or
5-nitro-BAPTA chelation. The final extracellular Ca’* concentrations fol-
lowing chelation by EGTA or S-nitro-BAPTA were calculated with com-
puter programs “Bound and Determined” or “Maxchelator.” both of
which calculate the concentrations of free Ca** in a particular medium
based on the interactions between various chemicals.

Nucleotide Treatments. Single Novikoff cells were tested for dye up-
take in the presence or absence of 5 mM adenosine, AMP, ADP, ATP,
GTP, or 5 mM ATP + 5 mM EGTA. The free extracellular Ca** concen-
trations after the chelation by the above nucleotides were obtained with
the “Bound and Determined” program.

Different Sized Dyes. Single Novikoff cells were tested in the presence
or absence of S mM EGTA for dye uptake by 5(6)-carboxyfluorescein (5.3
mM; 1.2 mM when uptake was tested to compare with fura-2), neuro-
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biotin (3.75 uM), fura-2 (1.2 mM), HCCA (1.2 mM), fluorescein-dextran,
molecular mass = 3,000 D (3 mM), or trypan blue (0.83 mM).

TPA Treatments. Before dye uptake assays, dissociated Novikoff cells
were recovered at 37°C in the presence of the indicated concentrations: 5,
10, 25, 50, 75, or 100 ng/ml of the 4B isoform of TPA or the 4a isoform of
TPA at 100 ng/ml.

Dye Uptake Assays For NRK, LA25-NRK, MDA
MB231, and HeLa Cells

NRK, LA25-NRK, MDA MB231, or HeL a cells were plated onto 35-mm
culture dishes and grown at 37°C overnight in a CO, incubator. Cells to be
used for dye uptake assays were plated at relatively low densities so that
by the next day, single cells would predominate. Overnight-grown LA25-
NRK were shifted to a 35 or a 39°C incubator 1 h before being subjected
to the dye uptake assays. The growth medium was removed and the cells
were washed with DMEM (for NRK, LA25-NRK, and Hela cells) or
MEM (for MDA MB231 celis). Cells were then treated with or without 5
mM EGTA in dishes containing 2 mg/ml 5(6)-carboxyfluorescein at 4°C
and pH 8.0 for 15 min. Cells were washed with the corresponding medium
containing normal calcium (to close hemichannels) and viewed under a
fluorescent microscope to determine the number of fluorescent cells as a
measure of dye uptake.

Antisense Transfection and Cloning

12 x 10° Novikoff cells were pelleted and resuspended in 4.8 ml of stan-
dard medium and placed into 6-well culture plates at 4 X 10° cells/1.6 ml
per well. 4 pg of filter-sterilized plasmid DNA in 200 pl medium was
mixed with 20 ul lipofectin/180 pl medium. The above mixture was added
to Novikoff cells for 5 h and cells were then transferred to 10 ml of growth
medium and grown in flasks overnight. The transfected plasmids were
constructed with the entire Cx43 coding sequence in antisense orientation
subcloned into a pRc/CMV vector. The construct conferred neomycin re-
sistance, and expression of the insert was driven by the human cytomega-
lovirus promoter {Goldberg et al., 1994). Selection of stable transfectants
was achieved by incubation with 600 pg/ml geneticin. Cells were then
cloned using a series dilution method and maintained in medium contain-
ing geneticin.

Western Immunoblot Analysis

SDS-PAGE was performed on 10% polyacrylamide gels following pub-
lished methods (Laemmli, 1970). Novikoff cells were pelleted and washed
once in cold PBS and solubilized in Laemmli sample buffer containing 2 mM
EDTA, 50 mM NaF, 50 uM NaVOQ,, and protease inhibitors (1 pg/ml pep-
statin A, 1 pg/ml leupeptin, 10 pg/ml aprotinin, and 2 mM PMSF). Protein
transfer to derivatized paper was performed as previously described
(Keeling et al., 1983; Lampe and Johnson, 1990), and Cx43 was detected
using primary antibodies (HA12 rabbit polyclonal antibodies against the
NH, terminus of Cx43, kindly provided by Dr. Barbara Yancey, Caltech,
Pasadena, CA) and secondary '*I-conjugated goat anti-rabbit antibodies
followed by autoradiography (a 2% milk solution was used to block non-
specific binding). The levels of Cx43 protein expression in different anti-
sense clones were assessed by comparing the intensity of Cx43 bands on
Western immunoblots after normalizing for protein loading.

Microinjection of Dye and Measurement of Transfer

Microinjection was carried out as previously described (Biegon et al.,
1987). 4% Lucifer yellow CH was microinjected into one cell of a No-
vikoff cell pair. Dye transfer rates were measured by calculating the fluo-
rescence intensity difference between an injected cell and its recipient
over time. Calculating the logarithm of this difference over time produces
a linear relationship, the slope of which is proportional to the permeance
of the cell-cell interface (Atkinson et al., 1988).

Electrophysiological Analysis

For electrophysiological measurements, 10 ml of lightly trypsinized No-
vikoff cells suspended in growth medium were centrifuged and diluted in
10 m! of an external salt solution (ESS) of the following composition: 125
mM NaCl, 2.7 mM KCl, 1.9 mM CaCl,, 2 mM MgCl,, 15 mM TEA, 5.5
mM glucose. 10 mM Hepes, and adjusted to pH 7.2 at 22.5°C (Lazrak and
Peracchia, 1993). A few drops of the cell suspension were added to the ex-
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perimental chamber containing 0.5 ml of ESS. The cells were continuously
superfused at 0.3 mVmin (7 = 22 * 1.5°C). All the electrophysiological
experiments were performed using a standard whole-cell patch clamp pro-
cedure (Hamill et al., 1981). The patch pipettes were made from capillary
tubing (Kimax-51) with a vertical puller (700B; David Kopf Instr., Tu-
junga, CA). The pipettes displayed resistances which ranged from 3-6 MQ
when filled with an internal salt solution (ISS) of the following ionic com-
position: 6 mM NaCl, 120 mM KCl, 0.5 mM MgCl,, 15 mM CsCl, 3 mM
ATP, 10 mM Hepes at pH 7.2. The pipette was connected to a patch
clamp amplifier (model EPC-7, List Electronics, distributed by Medical
Systems Corp., Greenvale, NY) and lowered onto the cells using a hy-
draulic micromanipulator (Narishige, distributed by Medical Systems
Corp., Greenvale, NY). The steps involved in the gigaseal and whole-cell
patch formation were followed on an oscilloscope screen {model V-355;
Hitachi Denshi America, Woodbury, NY). Pulse generation and data ac-
quisition were performed by means of an IBM-AT compatible computer
equipped with P-clamp software (Axon Instruments, Inc., Foster City,
CA) and an A/D-D/A interface (model Labmaster-TL1; Axon Instru-
ments, Inc.).

Statistical Analysis of the Data

To obtain the percentage of dye uptake, ~250 cells were chosen randomly
for each treatment in a single experiment. Each experiment was repeated
a minimum of three times. The total number of cells was counted under
phase contrast conditions, while the number of fluorescent ceils was
counted with fluorescent optics. Data from similar treatments were com-
bined and are presented as the mean * standard error (SE). A r-test was
applied when the percentages of dye uptake from different treatments
were compared, and mean values were considered significantly different
when P < 0.05.

Results

Dye Uptake Assays

To examine the possible existence of hemichannels in No-
vikoff hepatoma cells, cells were treated with reduced
Ca?*. Uptake of 5(6)-carboxyfluorescein from the medium
was used as a measure of hemichannel opening. In a typi-
cal dye uptake assay, a substantial percentage (40-50%) of
cells took up the dye when the extracellular calcium con-
centration was reduced by chelation with EGTA (Fig. 1, B
and D), as compared to approximately 5% of the celis in
the presence of normal extracellular Ca?* (Fig. 1, A and C).

A series of experiments was carried out to determine
whether certain parameters might influence dye uptake
levels. No difference in dye uptake is detected when treat-
ments are done with cell densities ranging from 0.5 X 10%-
2 X 106 cells/m! of reaction solution (n = 1522 cells). Dye
uptake levels are comparable when the pH of the medium
ranges from 6.5-8.5 (n = 2664 cells). The dye uptake pro-
cess is rapid because a significant percentage of cells took
up dye after only 1 min of reaction (44.5 = 0.32%,n = 721
cells). Initial experiments were performed at 4°C to mini-
mize the involvement of changes during the course of the
labeling. Significant dye uptake occurred at 4°C in the
presence of reduced Ca?* (Fig. 1), with little dye uptake in
the presence of normal extracellular Ca’*. However, due
to the extensive endocytosis of 5(6)-carboxyfluorescein at
room temperature as well as 37°C, and due to additional
diffuse labeling of cells, all of the cells tested for dye up-
take at these elevated temperatures were at least faintly
labeled with 5(6)-carboxyfluorescein at both control and
reduced Ca®" concentrations (data not shown). Since the
plasma membranes of many cells are less permeable to
Lucifer yellow CH than to 5(6)-carboxyfluorescein, exper-
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iments were carried out with Lucifer yellow CH to deter-
mine whether uptake levels with this dye in control cells
were comparable at 4 and 37°C. Dye uptake assays per-
formed with 1 mg/ml Lucifer yellow CH, where uptake
could be clearly distinguished from endocytosis at 37°C,
demonstrated similar uptake levels at 4 and 37°C (n =
2457 cells). Thus, 5(6)-carboxyfluorescein was routinely
used for all experiments at 4°C since it is much less expen-
sive. However, Lucifer yellow CH was used and is recom-
mended for studies at 37°C. To summarize, the dye uptake
process is independent of cell labeling density within the
range tested, medium pH, and incubation temperature
and occurs over a time course of minutes. All the subse-
quent dye uptake assays reported here were done with 5
mM EGTA and 2 mg/ml 5(6)-carboxyfluorescein, at 4°C
and pH 8.0, for 15 min unless otherwise specified.

Induction of Dye Uptake by Reduced
Extracellular Calcium

To determine whether dye uptake levels vary with differ-
ent extracellular Ca?* concentrations, cells were incubated
in media with different concentrations of free Ca’*, rang-
ing from ~1077-1.8 mM. The dye uptake levels are in-
versely proportional to the varied extracellular Ca’* con-
centrations with the maximal levels obtained at approximately
10 pM Ca®* or lower (Fig. 2 A). To confirm these data,
5-nitro-BAPTA, a Ca** chelator that has a lower affinity
for Ca?* than EGTA, and therefore buffers Ca?* more ac-
curately at higher Ca* concentrations, was also used to in-
duce dye uptake (Fig. 2 B). Note that the results utilizing
5-nitro-BAPTA agree with those obtained using EGTA,
e.g., the maximal dye uptake occurred at approximately 10
M extracellular Ca®*.

Since Mg?* is another important regulatory cation po-
tentially acting upon the hemichannels, its effect on the
dye uptake process was compared to that of reduced Ca2*.
In Swim’s 77 medium prepared without Mg?* or Ca?*,
cells were tested for dye uptake by adding back 1.8 mM
Ca?* and/or 0.83 mM Mg?*, which are the levels of these
ions found in the control medium. In the presence of Ca?™,
the lack of Mg?" does not induce dye uptake, while the
lack of Ca?" in the presence of Mg?* results in significant
dye uptake (Fig. 2 C). As a control, cells with both added
Ca’* and Mg?* were examined and found to display levels
of dye uptake equivalent to Swim’s 77 medium with nor-
mal Ca’>" and Mg?* concentrations, while cells without ei-
ther Ca?* or Mg?* display dye uptake levels similar to
those treated with EGTA (Fig. 2 C). These results suggest
that the extracellular Mg?>* has no effect on the induction
of dye uptake. Sr>*, which is known to substitute effec-
tively for Ca®*, was also tested and was found to prevent
dye uptake in the absence of Ca’* (Fig. 2 C). The above
results support the theory that the reduction of extraceliu-
lar Ca?* is necessary and sufficient to induce dye uptake.

Although previous reports in the mouse macrophage
system suggest that ATP*~ binds to a purinergic receptor
and induces putative pathways for dye uptake, S mM ATP
chelates Ca?* in Swim’s 77 medium down to 10 uM, the
free extracellular Ca®* concentration that leads to maxi-
mal dye uptake levels. GTP chelates Ca’* in a manner
similar to ATP but would not induce dye uptake if a puri-
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Figure 1. Dye uptake assay. Novikoff cells in logarithmic growth were dissociated/recovered into single, intact, and gap junction—com-
petent cells. Uptake of 5(6)-carboxyfluorescein from the extracellular medium was tested in the presence or absence of 5 mM EGTA at
4°C and pH 8.0 for 15 min. The opening of putative plasma membrane hemichannels was monitored by calculating the percentage of flu-
orescent cells. This figure represents a typical dye uptake experiment showing cells under both phase contrast and fluorescent illumina-
tion. (A) Phase contrast of control cells, {B) phase contrast of EGTA-treated cells, (C) fluorescent view of control cells, and (D) fluores-
cent view of EGTA-treated cells. Approximately 40-50% of the Novikoff cells take up detectable levels of the dye in the presence of 5
mM EGTA, compared to approximately 5% of the cells in the absence of EGTA. Bar, 50 um.

nergic receptor specific for ATP was involved. To explore
the effects of various nucleotides on dye uptake in the No-
vikoff system, cells were tested for dye uptake in the pres-
ence or absence of 5 mM adenosine, AMP, ADP, ATP,
and GTP. The data show that cells treated with ATP or
GTP display similar dye uptake levels, while ADP, AMP,
and adenosine induce respectively lower levels of dye up-
take, likely due to their lower efficiencies in terms of
chelating Ca®* (Fig. 2 D). These results suggest that, in the
Novikoff system, nucleotides induce dye uptake by chelat-
ing Ca’*, independent of the involvement of a purinergic
receptor. That dye uptake occurs with incubation times as
short as 1 min and at temperatures as low as 4°C also ar-
gues against an involvement of the purinergic receptor
pathway in hemichannel regulation in Novikoff cells.

Maintenance of Membrane Integrity during the Dye
Uptake Process

The following observations strongly argue against the pos-
sibility that Novikoff cells take up dye because of mem-
brane damage caused by reduction of extracellular Ca’*.
First, the growth properties of Novikoff cells subjected to
the dye-loading procedure with EGTA were compared to
those of the control cells. No differences were found (e.g.,
1.0 doubling in 12 h versus 1.05 doubling in 12 h), which
minimized the possibility of significant, long-term damage
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caused by EGTA chelation. Secondly, EGTA-treated cell
membranes are impermeant to trypan blue (data not
shown), a dye used to test for cell viability and membrane
damage. Thirdly, cells loaded with Lucifer yellow CH in
the presence of reduced extracellular Ca’* did not show
dye leakage after being washed with normal Ca?*-contain-
ing medium. This analysis with a SIT-camera and com-
puter-based system for monitoring dye intensity (Biegon
et al., 1987) demonstrated the same level of membrane in-
tegrity typically seen in control cells (data not shown). Fi-
nally, experiments were also done to ask whether cells
treated with EGTA twice have higher dye uptake levels
due to membrane damage compared to the cells treated
with EGTA only once. The results demonstrate no differ-
ence between these two groups of cells (data not shown),
which again argues against EGTA-damaged cell mem-
branes during the dye uptake process.

However, the strongest support for a functional at-
tribute underlying the dye uptake process, in contrast to
membrane damage, was obtained from experiments in which
dye uptake was blocked by a PKC activator, TPA at 100
ng/ml (this refers to the active isoform of TPA, TPA-4B3).
TPA affects gap junctions dramatically in a variety of cell
systems (Reynhout et al, 1992; Lampe, 1994). When
EGTA is used to reduce extracellular Ca**, incubation of
cells with TPA almost completely inhibits dye uptake,
while the inactive isoform (TPA-4a) has no effect on dye

1023



A
n=488

"5

i

=

K 40

H

Z30

@]

wn

=20

Q

2

2 10

13

0
i < @ o o o « @
e = 4] &} o o o] Q
g 2 = = = = z 3
g = = £ £ g
=] - ") - n =) '
] < < = < - -
[—] [—]

C

50

3 n=1350 jiiing n=870

=R 40

)

g

Z 30

Q

2]

§ 201

) n=2114 n=1319

= 101

<

]

® ]

CONTROL
EGTA

+ Ca/+Mg
-Ca/-Mg
+Ca/-Mg
-Ca/+Mg
-Ca/+Mg/+Sr

-]
8

n=996 n=1111
» 54
-
=
=
o
=
zZ
5
&)
2
=)
2
3
oA
o < o
§ S 8 S} 3 8
2 i I 3
=)
z " CHN B R
[—] [—]
& § 3 = S
D
I =830
=
& 401
(&)
- n=1447
5 301
Q
ézo-
g n=2185
= 0] n=1865
<]
R

CONTROL
EGTA

ATP

ADP

AMP
ADENOSINE
GTP

Figure 2. Effects of different cations and nucleotides on the dye uptake levels. (A) Individual Novikoff cells were tested for dye uptake
under different extracellular calcium concentrations using a range of EGTA levels at 4°C and pH 8.0 for 15 min. Note that dye uptake
levels varied corresponding to the extracellular Ca?* concentrations, obtained with varying EGTA levels. In this and all subsequent fig-
ures, “EGTA” refers to 5 mM EGTA in the medium. (B) Individual Novikoff cells were tested for dye uptake under a range of 5-nitro-
BAPTA concentrations, which resulted in different extracellular Ca?* concentrations. (C) Individual Novikoff cells were tested for dye
uptake in specially prepared media with or without 1.8 mM Ca®*, 0.83 mM Mg?*, or 1.8 mM Sr** at 4°C and pH 8.0 for 15 min. Note that
dye uptake was induced by the reduction of the extracellular Ca*, but not Mg?*. Sr?* effectively blocked dye uptake in the absence of
extracellular Ca®*. (D) Individual Novikoff cells were tested for dye uptake induced by 5 mM adenosine, AMP, ADP, ATP, or GTP at
4°C and pH 8.0 for 15 min. Note that the dye uptake levels induced by these nucleotides corresponded to their Ca?*-chelating abilities.

uptake (Fig. 3). The inhibition of dye uptake by TPA-48 is
dosage-dependent over a range of concentrations from 5-100
ng/ml, with 100 ng/ml being most effective (data not shown).
If cell membranes were permeabilized by EGTA treat-
ment, it would be highly unlikely that TPA-4f could re-
verse this process while TPA-4a could not. Instead, it is
likely that TPA-4B acts through regulation of a specific
dye uptake pathway, e.g., a connexin hemichannel.

Characteristics of the Putative Hemichannels

Octanol and heptanol have been shown to inhibit gap
junction communication in a variety of systems. In previ-
ous experiments with the Novikoff cells, transfer of micro-
injected Lucifer yellow CH between cells was thoroughly
blocked after a 15-min incubation in 1 mM octanol (Laz-
rak and Peracchia, 1993). When cells were tested for dye
uptake with EGTA in the presence of octanol or heptanol,
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the dye uptake levels were reduced by 50% (Fig. 4). Since
the incomplete inhibition was somewhat unexpected, sev-
eral different experiments were performed. Incubating
cells in 1 or 2 mM octanol for 15, 30, 60, and 90 min at 37°C
before EGTA treatment also demonstrated a similar re-
duction in dye uptake levels, indicating that the partial in-
hibiton was not due to an insufficient treatment period or
octanol concentration (data not shown). This effect was
seen in reactions done at both 4 and 37°C. Dye uptake lev-
els were also examined in cells pretreated with octanol or
heptanol but then washed to remove the alcohol before
EGTA and dye treatment. No inhibition was observed,
suggesting that the effects of octanol or heptanol are fully
reversible (Fig. 4). In contrast, cells treated with 1, 2, and 3
mM hexanol, an alcohol not affecting gap junctions,
showed no inhibition of dye uptake (Fig. 4).

Since gap junction communication is inhibited dramati-
cally following the reduction of intracellular pH with
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Figure 3. Effects of TPA-4a and TPA-4(3 on the dye uptake lev-
els. Cells were dissociated and then recovered in the presence of
TPA-4a or TPA-48 for 1 h at 37°C. Dye uptake was tested at 4°C
and pH 8.0 for 15 min in the presence or absence of TPA-4a or
TPA-4B, alone or together with S mM EGTA. Note that TPA-48,
but not TPA-4q, inhibited dye uptake dramatically.

100% CO, perfusion (Spray and Bennett, 1985), its effect
on dye uptake was also examined. Dye uptake levels ob-
tained after CO, perfusion were significantly reduced
(data not shown).

The molecules that can pass through gap junctions vary
widely but display a size limitation of about 1000 D
(Schwarzmann et al., 1981). To explore further the proper-
ties of the hemichannels, permeabililty was assayed with
dyes of different molecular weights. Since the uptake lev-
els as well as the efficiency of detecting a particular dye
can be influenced by a variety of factors, e.g., concentra-
tion, size, extinction coefficient, etc., it is important to con-
sider these factors when comparing the levels of uptake
with different dyes. At the same molar concentration (1.2
mM), 5(6)-carboxyfluorescein (molecular mass = 376 D)
displayed higher uptake (32.5 £ 1.2%, n = 1269 cells) than
fura-2 (molecular mass = 832 D, 10.8 + 0.6%, n = 1198
cells). Since the extinction coefficient of 5(6)-carboxytluo-
rescein is higher (70 X 107* M~lem™!) than that of fura-2
(27 X 107* M~'em™!), HCCA, which has a more compara-
ble extinction coefficient (32 X 1073 M~'em™!) to that of
fura-2, was tested for dye uptake. At the same molar con-
centration mentioned above, HCCA (molecular mass =
206 D) displayed higher uptake levels (24.3 = 1.2%,n =
2625 cells) than fura-2. Since HCCA and fura-2 are both
negatively charged, the above results suggest that uptake
levels correlate with the relative molecular sizes of the
dyes. Barely detectable levels (0.42 * 0.14%, n = 1782
cells) of fluorescein-dextran (molecular mass = 3,000 D)
were obtained with the Novikoff cells, likely due to a very
low level of damaged cells, suggesting that this dextran is
beyond the size limit of the hemichannels. All of the above
dyes are membrane impermeant in the presence of normal
Ca’* levels. The fact that smaller dyes pass more readily
through the putative hemichannels than the larger ones
and that the upper limit of the dyes appeared to be over
832 D (fura-2) and less than 3,000 D (fluorescein-dextran)
indicates that the relative size of a putative hemichannel is
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Figure 4. Effects of octanol, heptanol, and hexanol on the dye
uptake levels. Individual Novikoff cells were tested for dye up-
take at 4°C and pH 8.0 for 15 min in the presence or absence of
the reagents indicated. The results were compared to dye uptake
levels induced with 5 mM EGTA after removal (by washing) of
octanol or heptanol (OCT., octanol; HEP., heptanol; HEX., hex-
anol; REM., removal). Note that octanol and heptanol reduced
dye uptake levels reversibly by 50%, while hexanol demonstrated
no effects on dye uptake.

similar to that of a gap junction channel. Studies with neu-
robiotin and trypan blue further supported these conclu-
sions (data not shown).

Effects of Cx43 Antisense Transfection on the
Putative Hemichannels

All of the above data support the theory that gap junction
hemichannels are responsible for dye uptake. Since Cx43
is the only detectable connexin in the Novikoff system
(Lampe et al., submitted), transfecting a Cx43 antisense
expression vector into this system should result in a com-
parable reduction in gap junction permeability and hemi-
channel activity. Several stable antisense transfectants
were obtained through cloning. Immunoblot analyses per-
formed with Cx43 antibodies revealed the conventional
series of three Cx43 bands (data not shown), migrating
with apparent molecular weights of ~43 kD (Musil and
Goodenough, 1991; Berthoud et al., 1992; Lampe, 1994).
One clone, AA20, expressing the lowest level of Cx43, was
selected for additional studies.

Gap junction permeability was compared between clone
AA20 cells and control, nontransfected cells, as described
in Materials and Methods. The distribution of dye per-
meance values in nontransfected cells was oppositely
skewed and significantly different from that for Cx43 anti-
sense-transfected cells (Table I). It is important to note
that 99% of the control Novikoff cell pairs transfer dye, as
opposed to less than 50% of the antisense-transfected cells
(n = 84). Electrophysiological data on clone AA20 further
support the reduction in communication with antisense
transfection. Cx43 antisense-transfected cell pairs are cou-
pled by gap junctions with a mean initial conductance of
9.24 = 4.73 nS (n = 22), while in nontransfected cell pairs,
the junctional conductance is 53.55 = 17.62 nS (n = 84)
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Table I. Comparison of Dye Transfer Between Nontransfected
Cell Pairs and Cx43 Antisense-Transfected Cell Pairs

Nontransfected cells Antisense-transfected cells

Slope of transfer X 1073* (Number of pairs) (Number of Pairs)
0 1 46
<-10t0o —-19 11 23
—-2.0to -39 16 7
—4.0t0 —5.9 12 3
~6.0to —7.9 7 2
—80t0 —9.9 7 1
—-10.0to > —11.0 30 2

Total 84 Total 84

*The larger negative numbers correspond to more rapid dye transfer.

(Lazrak and Paracchia, 1993). These results illustrate that
transfection with Cx43 antisense, as expected, leads to de-
creased gap junction communication in Novikoff cells.

It was reasoned that with the effect of antisense on junc-
tional communication, this treatment was also likely to al-
ter the function of hemichannels. To study these possible
effects, dye uptake levels were compared between non-
transfected cells and several antisense-transfected clones,
including clone AA20. Dye uptake levels were reduced to
the greatest extent in the AA20 clone (from a control
value of 44.45 * 0.85% to 14.28 = 0.67%), which also
showed the most reduction in Cx43 protein levels (data
not shown). These data, in combination with the antisense
data on junctional communication, strongly support the
concept that Cx43 proteins are part of the dye uptake
pathway.

To further examine the effects of Cx43-antisense trans-
fection on hemichannels, whole cell currents of singie cells
were studied using the patch clamp technique. Membrane
resistance was measured for antisense-transfected (clone

1.25

2+
NO ADDED Ca
1.00

0.75 +

0.50 +

Normalized Ry, (mean = SE)

0.25 -

AA20 cells) and nontransfected cells before, during, and
after perfusion of ESS with no calcium for 1.5 min. Expo-
sure of single cells in a whole cell configuration to solu-
tions with no added calcium induces a decrease in mem-
brane resistance (R,,) because of the opening of a variety
of membrane channels in both control and antisense-
transfected cells. The membrane resistance of nontrans-
fected cells is lower than that of antisense-transfected cells
by approximately one order of magnitude, the input resis-
tances of cells similar in size being ~800 and ~4000 M},
respectively. In nontransfected cells, R, decreases to less
than 10% of the initial values, whereas in antisense-trans-
fected cells, R, decreases only to ~70% of the initial val-
ues (Fig. 5). The difference between nontransfected and
antisense-transfected cells is consistent with the observa-
tions on dye uptake above, namely that there are fewer
channels open in the antisense-transfected cells in the ab-
sence of extracellular Ca®*.

Hemichannel Activity in Cx43-transfected HeLa Cells

Although a strong correlation was established between the lev-
els of Cx43 expression and hemichannel activity in the No-
vikoff cells, further support was provided by testing the
hemichannel activity in Cx43-transfected human HelLa
cells. HeLa cells have no transcripts detectable by north-
ern analysis for Cx26, 30.3, 31, 31.1, 32, 37, 40, 43, or 45
(Elfgang et al., 1995). In the presence of reduced extracel-
lular Ca?*, HeLa parental cells display limited dye uptake
due to a small amount of unidentified connexin(s) (EIf-
gang et al., 1995) (Fig. 6 A), while Cx43-transfected HeLa
cells show significant uptake ievels (Fig. 6 B). Dye uptake
was inhibited by TPA-4f in both Hel.a parental and Cx43-
transfected cells, while TPA-4a displayed no effects (Fig.
6, A and B). These data provide the strongest evidence for
the role of Cx43 in the observed hemichannel activity, as
assayed with dye uptake.

—&— ANTI-SENSE -TO Cx43 (n=11)

~—O— CONTROL (n=8)

Figure 5. Comparison of
membrane resistance changes
in nontransfected and Cx43
antisense-transfected  cells
upon reduction of extracellu-
lar Ca?*. Membrane resis-
tance before, during, and af-
ter perfusion with ESS buffer
with no Ca?* for 1.5 min
(perfusion period indicated
by the no added Ca’* bar), as
measured with whole-cell
patch clamp methods. The
decreases in membrane resis-
tance in the nontransfected

0.00 T i T T T T

MINUTES
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cells were approximately five
times greater than in the
Cx43 antisense-transfected
cells (line AA20).
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Figure 6. Comparison of dye uptake levels and the effects of
TPA-4a and TPA-48 on Hela parental cells and Cx43-trans-
fected HeLa cells. Dye uptake levels were obtained at 4°C and
pH 8.0 for 15 min. To assess TPA effects, cells were incubated
with 100 ng/m} of TPA-4a or TPA-4p at 37°C for 1 h before dye
uptake assays. (A) HeLa parental cells. (B) Cx43-transfected
HelLa cells. Note that Cx43-transfected HeLa cells display signifi-
cant levels of dye uptake, while the HeLa parental cells only have
limited uptake. Dye uptake was inhibited by TPA-4p3, but not
TPA-4a in both HeLa parental and Cx43-transfected cells.
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Dye Uptake Assays in Other Cell Lines and Potential
Regulatory Pathways for Hemichannels

To study the hemichannel activities in other cell lines,
NRK, MDA MB231, and LA25-NRK cells were also
tested for dye uptake. NRK cells, which contain cellular
levels of Cx43 severalfold higher than those in the No-
vikoff cells (P.D. Lampe, personal communication), dis-
play higher levels of dye uptake following EGTA (Fig. 7).
On the other hand, MDA MB231 cells, a human mam-
mary tumor cell line which does not have detectable levels
of Cx31.1, 32, 40, and 43 by Northern blots (D. Kiang, per-
sonal communication), display only background levels of
dye uptake, even in the presence of EGTA (Fig. 7). The
correlation between Cx43 protein expression levels and
dye uptake further substantiates the idea that Cx43 is re-
sponsible for the plasma membrane hemichannels.

LA25-NRK cells are NRK cells infected with a tempera-
ture-sensitive mutant of avian sarcoma virus. The pp60"*
tyrosine kinase is active when the cells are grown at the
permissive temperature (35°C). The permeability of gap
junctions in these cells is dramatically reduced upon acti-
vation of pp60"= at the permissive temperature, while at
the nonpermissive temperature (39°C), gap junction com-
munication is well developed (Atkinson et al., 1986). To
determine whether hemichannel activities are also af-
fected by activation of pp60¥*™ tyrosine kinase, dye uptake
was evaluated at permissive and nonpermissive tempera-
tures. At the nonpermissive temperature, when the pp60Ys™
tyrosine kinase is inactive, dye uptake levels obtained with
EGTA treatment are similar to those in uninfected NRK
cells. At the permissive temperature, dye uptake levels ob-
tained with EGTA treatment are dramatically reduced
compared to uninfected NRK cells (Fig. 7). These results
parallel the TPA data and introduce another potential reg-
ulatory mechanism for controlling the permeability of the
hemichannels.
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Figure 7. Comparison of dye uptake levels between cells with dif-
ferent levels of Cx43 proteins. Dye uptake levels were obtained
at 4°C and pH 8.0 for 15 min in Novikoff, NRK, MDA MB231,
and LA25-NRK cells in the presence or absence of 5 mM EGTA.
Note that the dye uptake levels corresponded to the levels of
Cx43 in these cells: NRK > Novikoff > MDA MB 231. Activa-
tion of pp60**° tyrosine kinase at the permissive temperature,
35°C, caused a decrease in dye uptake levels in LA25-NRK cells.
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Discussion

We have studied the existence and properties of the non-
junctional, plasma membrane hemichannels in the No-
vikoff, NRK, and HeLa systems. Dye uptake from the me-
dium upon reduction of extracellular Ca?* is used to assay
for the opening of the hemichannels. Membrane damage is
not likely the cause for dye uptake, since dye uptake can
be regulated by both TPA and pp60**. We have shown a
strong correlation between the nonjunctional, plasma mem-
brane hemichannels and Cx43 in the Novikoff culture sys-
tem. First of all, dye uptake through the hemichannels dis-
plays similar characteristics to gap junctional channels,
including the size limit of molecules that can pass through
the channels. Secondly, experiments with Cx43 antisense-
transfected Novikoff cells support the notion that the
hemichannels are composed of Cx43, for several reasons:
(a) The effectiveness of Cx43 antisense transfection was
demonstrated with a reduction in dye transfer via gap
junction channels. (b) The levels of dye uptake through
hemichannels were also reduced in the transfected cells.
(c) The decrease in membrane resistance upon reduction
of extracellular Ca?* was more limited in Cx43 antisense-
transfected cells compared to the nontransfected ones,
which implies that there is less hemichannel activity in the
Cx43 antisense-transfected cells. Thirdly, higher dye up-
take levels are obtained with cells expressing more Cx43
(e.g., NRK cells), while dye uptake is essentially undetect-
able in cells that lack Cx43, as well as four other connexins
(MDA MB231 cells). Finally, and most critically, when pa-
rental HeLa cell lines (which display little dye uptake) are
transfected with Cx43, the resulting dye uptake and its reg-
ulation by TPA parallel that seen in Novikoff cells. Thus,
we conclude that Cx43 hemichannels in the plasma mem-
brane can be assayed by the dye uptake methods de-
scribed in this study.

The electrophysiological data are consistent with the ev-
idence from dye uptake assays, both of which demonstrate
an opening of membrane channels when the external Ca?*
concentration is reduced. Since the decrease in membrane
resistance upon exposure to ESS with no Ca?* is dramati-
cally reduced in Cx43 antisense-transfected cells, it 1s rea-
sonable to believe that the opening of Cx43 hemichannels
is responsible for the decrease in membrane resistance.
The channels responsible for the decrease in membrane
resistance with Ca?*-deficient external solutions are found
to be voltage independent, as square-shaped current traces
are recorded both in normal and in Cx43 antisense-trans-
fected cells, although much reduced in amplitude in the
latter, when the cells are exposed to families of square
voltage pulses ranging from —80 to +80 mV (data not
shown). This is consistent with an involvement of Cx43
hemichannels, because gap junction channels in cells ex-
pressing Cx43 are known to be insensitive to membrane
potential and to have low transjunctional voltage sensitiv-
ity (Wang et al., 1992). The partial recovery of membrane
resistance following exposure to Ca?*-deficient solutions
can result from incomplete closure of connexin hemichan-
nels as well as other factors. For example, in Ca®*-defi-
cient solutions, the cells are likely to load external Na* via
open hemichannels, and with return to normal external
Ca®*, Ca?* influx may occur via Na™/Ca®" exchange. The
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resulting increase in internal Ca?* concentrations may
then reduce membrane resistance by opening K* and/or
Cl~ channels and may affect other membrane channels in-
directly by perturbing the cytoskeleton.

A feature of the dye uptake assays carried out on the
Novikoff cells is that only ~45% of the cells took up the
dye. This raises the question of what the differences are
between the dye-positive and negative cell populations.
The simplest interpretation, which we favor, is that the
number of hemichannels in the nonjunctional, plasma
membrane of some cells may have been too low to detect
dye uptake. Consistent with this is the possibility that the
dye uptake assay, although convenient for analyzing hemi-
channel properties, may not be the most sensitive way of
measuring hemichannel opening. Hemichannel opening is
currently being tested by measuring dye leakage, in con-
trast to dye uptake, from Lucifer yellow CH-injected sin-
gle Novikoff cells in the presence of reduced extracellular
Ca?*. It appears that low levels of hemichannel activity
can be detected in a quantitative leakage experiment, but
not via dye uptake. Novikoff cells may contain varied
amounts of Cx43 protein or hemichannels on the cell sur-
face at different cell cycle stages. Several studies have
shown that gap junctions are regulated during cell prolifer-
ation, with a general negative correlation between gap
junction communication and proliferation (Weinstein and
Pauli, 1987). An alternative interpretation is that hemi-
channel numbers are relatively consistent, but that these
channels possess different phosphorylation states during
the cell cycle. Both TPA-activated PKC and pp60'-*-associ-
ated tyrosine kinase inhibit dye uptake through hemichan-
nels, which suggests that hemichannels may display differ-
ent levels of dye uptake when phosphorylated to different
degrees. Possibly related to this, single channel conduc-
tance values for Cx43-based gap junctions are thought to
be modified by phosphorylation (Moreno et al., 1994).

Although octanol and heptanol block gap junctional
communication almost completely in Novikoff cells and
many other cells (Spray and Bennett, 1985; Burt and
Spray, 1989; Lazrak and Peracchia, 1993), there are re-
ports where octanol failed to block gap junction perme-
ability completely. For example, Cx56 channels are not af-
fected by octanol (Rup et al., 1993). It has been proposed
that octanol and heptanol interrupt the specific lipid envi-
ronment in the plasma membrane where gap junction
channels reside, thereby inhibiting communication (Spray
and Bennett, 1985). The fact that the actual mechanism of
octanol and heptanol action is unclear makes it difficult to
explain the observation that these reagents only inhibit
dye uptake by 50%. One possible explanation is that the
nonjunctional plasma membrane hemichannels reside in a
different lipid environment in the plasma membrane than
the mature gap junction channels (Johnson et al., 1989).
Alternatively, the protein conformation of the hemichan-
nels may differ from that of mature gap junction channels.

Reduction of extracellular Ca®>* seems to be the key fac-
tor for hemichannel opening. The fact that dye uptake
through hemichannels, upon reduction of extracellular
Ca®", is a fast process and occurs at low temperature (4°C)
leads to a hypothesis that a physical interaction is involved
in the dye uptake process, instead of metabolic mecha-
nisms. The acidic side chains of Asp and Glu (pKa <5)
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have a net negative charge at near neutral pH, which could
provide candidates for electrostatic Ca?* binding. In fact,
there are conserved Asp and Glu residues on both extra-
cellular loops of all connexins studied to date, as first ob-
served for a smaller subset of connexins (Peracchia et al.,
1994). These Asp and Glu residues may be the sites on the
nonjunctional, plasma membrane hemichannels that re-
spond to the changes in extracellular Ca’>" and therefore
influence the gating of the hemichannels. However, extra-
cellular Mg?* levels do not modify the hemichannels, and
one would expect Mg?* to be as effective as Ca?* because
the negatively charged residues in Cx43 do not appear to
be part of known Ca?*-specific binding domains. Alterna-
tively, since an increase for a period of minutes in intracel-
lular Ca’>* to high nanomolar concentrations has been
shown to close Novikoff gap junction channels (Lazrak
and Peracchia, 1993), external Ca’" diffusing through
open hemichannels could close them momentarily by acti-
vating their intracellular gating mechanism. In this case,
the hemichannels would be expected to flicker on and off
as Ca?* continuously binds and unbinds, their open and
closed times depending on opening and closing kinetics as
well as on intracellular Ca’* buffering efficiency. Consis-
tent with this idea is the observation that even with a nor-
mal external Ca?* concentration (1.8 mM) the membrane
conductance of nontransfected, control Novikoff cells is
substantially greater than that of antisense-transfected
cells, which indicates that a significant number of hemichan-
nels are open at any given time even at normal external
Ca®* concentrations.

Phosphorylation has been proposed as a key mechanism
for regulating gap junction communication (Musil et al.,
1990). In the Novikoff system, the primary effect of TPA is
a dramatic inhibition of gap junction assembly, in contrast
to a change in channel gating or an enhanced disassembly
of preexisting gap junction structures (Lampe, 1994).
Thus, phosphorylation of Cx43 by TPA-activated PKC is
thought to be critical for the regulation of gap junction as-
sembly, and the kinetics of phosphorylation support this
idea. Dye uptake results suggest that PKC, upon activa-
tion by TPA, also regulates the gating of the nonjunc-
tional, plasma membrane hemichannels. If phosphoryla-
tion of Cx43 by PKC is the cause of TPA effects on
hemichannel gating, the site of this phosphorylation may
or may not coincide with a site related to assembly. In fact,
it will be interesting to determine whether the gating of
hemichannels is in any way related to hemichannel dock-
ing during assembly. In the studies with LA25-NRK cells,
a pp60**-induced inhibition of dye uptake by hemichan-
nels was observed, reminiscent of the effects of this kinase
on gap junction communication. It is possible that tyrosine
phosphorylation of Cx43 is involved in both cases (Atkin-
son and Sheridan, 1988; Swenson et al., 1990). Again, the
question is whether the pp60¥**“-associated tyrosine kinase
acts on the same site or sites in both hemichannels and gap
junction channels.

The dye uptake methods for the nonjunctional, plasma
membrane hemichannels have provided important func-
tional evidence for this connexin pool. A critical question
now relates to the nature of this hemichannel population.
One attractive possibility is that the plasma membrane
hemichannels are involved in the gap junction assembly
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process. The present findings reinforce, from a physiologi-
cal perspective, the possibility that hemichannels are dis-
persed over the cell surface and subsequently “dock” (i.e.,
a hemichannel in one cell membrane pairs with another
hemichannel in the neighboring cell membrane) before
they are incorporated into a developing gap junction and
form functional cell-to-cell channels. Evidence supporting
this interpretation comes from the observation that gap
junction formation is inhibited by Cx43 antibodies (Meyer
et al., 1992), where hemichanne! docking is thought to be
interrupted by the antibodies to external Cx43 domains.
The studies described here provide powerful approaches
for studying hemichannels at this critical stage of gap junc-
tion assembly. They permit quantification of hemichannel
levels in the plasma membrane and will allow important
questions regarding the regulation of gap junction assem-
bly to be addressed. For example, can a “pulse” of
hemichannels delivered to the plasma membrane be sub-
sequently “chased” into gap junctions? It will also be im-
portant to determine whether the nonjunctional, plasma
membrane hemichannel is a universal phenomenon in all
gap junction—containing systems. Other questions include
the following: Are all plasma membrane hemichannels ca-
pable of participating in the gap junction assembly pro-
cess? Does the regulation of hemichannel opening influ-
ence other aspects of gap junction assembly, e.g., hemichannel
docking? Finally, it is also possible that hemichannels ful-
fill functions distinct from those involving these channels
as gap junction precursors.
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