Biophysical Properties of Connexin-45 Gap Junction Hemichannels
Studied in Vertebrate Cells
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ABSTRACT Human HelLa cells transfected with mouse Cx45 and rat RIN cells transfected with chicken Cx45
were used to study the electrical and permeability properties of Cx45 gap junction hemichannels. With no extra-
cellular Ca?*, whole-cell recording revealed currents arising from hemichannels in both transfected cell lines.
Multichannel currents showed a time-dependent activation or deactivation sensitive to voltage, V.. These currents
did not occur in nontransfected cells. The hemichannel currents were inhibited by raising extracellular Ca** or by
acidification with COy. The unitary conductance exhibited V, dependence (i.e., Y main increased/decreased with
hyperpolarization/depolarization). Extrapolation to V;, = 0 mV led to a V¢ pmain of 57 pS, roughly twice the con-
ductance of an intact Cx45 gap junction channel. The open channel probability, P,, was V, -dependent, declining
at negative V, (P, < 0.11, V,, < —50 mV), and increasing at positive V,, (P, ~0.76, V,, > 50 mV). Moreover, Cx45
nonjunctional hemichannels appeared to mediate lucifer yellow (LY) and propidium iodide (PI) dye uptake from
the external solution when extracellular Ca®* level was reduced. Dye uptake was directly proportional to the num-
ber of functioning hemichannels. No significant dye uptake was detected in nontransfected cells. Cx45 trans-
fected HeLa and RIN cells also allowed dye to leak out when preloaded with LY and then incubated in Ca®*-free
external solution, whereas little or no dye leakage was observed when these cells were incubated with 2 mM exter-
nal Ca®". Intact Cx45 gap junction channels allowed passage of either LY or PI dye, but their respective flux rates
were different. Comparison of LY diffusion through Cx45 hemichannels and intact gap junction channels re-
vealed that the former is more permeable, suggesting that gap junction channel pores exhibit more allosterical re-
striction to the dye molecules than the unopposed hemichannel. The data demonstrate the opening of Cx45 non-

junctional hemichannels in vertebrate cells when the external Ca?* concentration is reduced.
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INTRODUCTION

Intercellular communication is mediated via conduc-
tion and/or diffusion through gap junction channels.
Gap junctions constitute assemblies of intercellular
channels. Each channel consists of two hemichannels
(connexons) composed of six transmembrane proteins
(connexins). Each intercellular channel provides an
aqueous pathway for the passage of intracellular ions
and small molecules. It has been demonstrated that
gap junction channels are permeable to ions, fluores-
cent dyes, and physiologically active molecules includ-
ing amino acids, second messengers, and small pep-
tides (Bevans et al., 1998; Saez et al., 1989; Vaney et al.,
1998). To date, at least 19 connexins have been identi-
fied in vertebrate cells encoded by a multigene family
(Bruzzone et al., 1996; Beyer and Willecke, 2000). An
interesting aspect of the various gap junctions is their
apparent differences in terms of perm-selectivity (mo-
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lecular permeability and ion selectivity). It has been
shown that Cx40, Cx43, and Cx37 gap junction chan-
nels each have a unique selectivity pattern for cations
and anions (Beblo and Veenstra, 1997; Wang and Veen-
stra, 1997). Moreover, the permeability to negatively
charged dyes of each these gap junction channels ap-
pears to be different (Veenstra et al., 1995).
Oligomerization of connexins into hemichannels oc-
curs before entry into the Golgi apparatus (Evans et al.,
1999). Docking of two hemichannels to form a gap junc-
tion channel involves noncovalent interactions (Foote et
al., 1998) and results in the formation of leak-free inter-
cellular channel (Bukauskas et al., 1995a). Hemichan-
nels in nonjunctional membrane areas can gate open
under appropriate conditions. Evidence for the exist-
ence of nonjunctional hemichannels was first provided
by electrical studies on horizontal cells of fish retina (De
Vries and Schwartz, 1992; Malchow et al., 1993). Similar
observations were subsequently made in Xenopus oocytes
exogenously expressing known connexins. Injection of
mRNA for rat Cx46 or chicken Cx56 induced currents
attributable to hemichannels (Ebihara and Steiner,
1993; Ebihara et al., 1995). Later, it was shown that Cx38,
the intrinsic connexin of Xenopus oocytes, also forms
hemichannels (Ebihara, 1996). It also has been demon-
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strated that injected Xenopus oocytes are suitable to study
single hemichannels (Trexler et al., 1996).

Under pathophysiological conditions, like ischemia
or other forms of metabolic insult, rapid disturbances
in ionic homeostasis contribute to cellular injury and
death (Wilde and Aksnes, 1995). The physiological role
of nonjunctional hemichannels remains to be identi-
fied, but the hemichannel activity has been reported to
be controlled by the extracellular Ca?* (Ebihara and
Steiner, 1993; Pfahnl and Dahl, 1999; Valiunas and
Weingart, 2000), the metabolic state (John etal., 1999),
the membrane potential (De Vries and Schwartz, 1992;
Ebihara et al., 1995; Trexler et al., 1996; Valiunas and
Weingart, 2000), and Ca%**-dependent volume regula-
tion (Quist et al., 2000). Conceivably, nonjunctional
hemichannels also may be involved in the pathogenesis
of ionic disturbances during myocardial ischemia and
hypoxia. However, little is known about the properties
of cardiac nonjunctional hemichannels.

This study was concentrated on the properties of Cx45
hemichannels. Cx45 is one of the three major connexins
expressed in heart. It has been reported to be widely dis-
tributed in myocytes of different types of cardiac tissues
(working, conductive and nodal; Kanter et al., 1993;
Davis et al., 1994; Saffitz et al., 1994; Alcolea et al., 1999;
Coppen et al., 1999). Cx45 gap junction channels pos-
sess relatively small unitary conductances for gap junc-
tion channels (~26 pS), but still are able to pass some
dyes (Veenstra et al., 1994a).

The aim of this study was to investigate the electrical
and perm-selectivity properties of hemichannels in ver-
tebrate cells. We used human HelLa cells transfected
with mouse Cx45 and rat islet tumor (RIN)* cells trans-
fected with chicken Cx45. The main emphasis was on
Cx45 hemichannel conductance, gating and perme-
ability and comparison to that of the intact gap junc-
tion channel. The study illustrates for the first time that
Cx45 is capable of forming operational hemichannels,
which are voltage, pH and calcium gated. Moreover, we
provide the first characterization of the biophysical
properties of Cx45 hemichannels.

MATERIALS AND METHODS

Cells and Culture Conditions

Experiments were performed on human HelLa cells transfected
with cDNA coding for mouse Cx45 and rat islet tumor (RIN)* cells
transfected with cDNA coding for chicken Cx45. HeLa cells and
RIN cells were grown in DME medium and RPMI 1640 medium,
respectively, supplemented with 10% FCS, 100 wg/ml streptomy-
cin, and 100 U/ml penicillin. Transfected HeLa cells and RIN cells

*Abbreviations used in this paper: NT, nontransfected; LY, lucifer yel-
low; PI, propidium iodide; P,, open state probability; RIN, rat islet
tumor.

were selected using 0.5-1 wM puromycin (Sigma-Aldrich) and 0.4
mg/ml G418 (Geneticin; Life Technologies), respectively. The
cells were passaged weekly, diluted 1:10, and kept at 37°C in a CO,
incubator (5% CO,, 95% ambient air). To perform experiments,
the cells were harvested and seeded onto sterile glass coverslips
placed in multiwell culture dishes (~10* cells/cm?). Electrophysi-
ological experiments were performed on cells cultured for 1-3 d.

Solutions and Pipettes

During experiments, the cells were superfused with bath solution
containing the following (in mM): 120 potassium aspartate, 10
NaCl, 2 CaCly, 5 HEPES, pH 7.4, 5 glucose, and 2 mM CsCl, BaCls,
and TEA* CI~ were added. For the Ca?*-free (0 Ca") bath solu-
tion, CaCly, was omitted. The patch pipettes were filled with solu-
tion containing the following (in mM): 120 potassium aspartate, 10
NaCl, 3 MgATP, 5 HEPES, pH 7.2, and 10 EGTA (pCa ~8); filtered
through 0.22-pm pores. In perforated patch experiments, the pi-
pette solution contained 30-50 uM B-escin (Fan and Palade, 1998).

Electrical Measurements

Glass coverslips with adherent cells were transferred to an exper-
imental chamber perfused with bath solution at room tempera-
ture (~22°C). The chamber was mounted on the stage of an in-
verted microscope (Olympus IMT2). Patch pipettes were pulled
from glass capillaries (code 7052; A-M Systems) with a horizontal
puller (Sutter Instruments). When filled, the resistance of the pi-
pettes measured 1-2 M().

Experiments were performed on single cells using the whole-
cell voltage-clamp technique (Valiunas and Weingart, 2000). A se-
lected cell was attached to a patch pipette connected to a micro-
manipulator (model WR-88; Narishige Scientific Instrument) and
an amplifier (model Axopatch 200; Axon Instruments, Inc.). This
method permitted control of the membrane potential (V,,), and
allowed measurement of the associated membrane current (7, ).

Dual whole-cell patch clamp was used in experiments with cell
pairs. It allowed to control the membrane potential of both cells
and to measure the currents (Bukauskas et al., 1995b; Brink et
al.,, 1996). Initially, the membrane potential of cell 1 and cell 2
was clamped to the same value, V; = V;. V5 was then changed to
establish a transjunctional voltage, V; = V, — V;. Currents re-
corded from cell 2 represent the sum of two components, the

junctional current (/) and the membrane current of cell 2 (1,,5);

i
the current obtained from cell 1 corresponds to 1.

Dye-uptake and Dye-injection Studies

Nontransfected (NT) and transfected HeLa or RIN cells were in-
cubated in the bath solution (with 2 mM Ca?* or Ca?* free) con-
taining 1 mg/ml lucifer yellow (LY; Molecular Probes) or 2 mg/
ml propidium iodide (PI; Molecular Probes) for 30 min at room
temperature (22°C).

The dye transfer through gap junctions was investigated using
cell pairs. Dyes were dissolved in pipette solution to reach a con-
centration 0.1% for LY and 0.2% for PI. In each cell pair exam-
ined, the whole-cell recording mode was established on one cell
with a dye-filled pipette. The second cell was patched either in
the perforated-patch mode or a gigaohm seal was established
with the pipette leaving the patch intact. This allowed the dye to
spread into the recipient cell. Once dye had spread, the whole-
cell recording mode also was established in the recipient cell and
the gap junction conductance (g) was measured. This procedure
and the perforated patch method allowed the dye to spread to
the neighboring cell without loss of dye caused by patch pipette
dialysis and to measure simultaneously g.
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Fluorescent dye uptake and cell-to-cell spread was imaged us-
ing a 12-bit 64,000 pixel grayscale digital CCD-camera (model
LYNXX 2000T; Spectra Source Instruments).

Signal Recording and Analysis

Voltage and current signals were recorded on chart paper
(model Gould RS 2400; Gould Instruments) and videotape
(pulse-code modulated DR-384; Neuro Data Instruments). For
off-line analysis, the current signals were filtered at 1 kHz, digi-
tized with a 12-bit A/D-converter (model DT21EZ; Data Transla-
tion) and stored with a personal computer. Data acquisition and
analysis were performed with custom-made software (Brink et al.,
1996; Krisciukaitis, 1997). Curve fitting and statistical analyses
were done with SigmaPlot and SigmaStat, respectively (Jandel
Scientific). The results are presented as means * SEM.
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T curve: best fit of data to the
100 Boltzmann equation (V,,, =
+11.1 mV, gcmax 2.34,

Ghenin = 0.21, z=1.7.

RESULTS

Hemichannel Currents in Transfected Cells: Modulation by
Voltage and External Ca**

Recordings from HeLa and RIN cells expressing mouse
Cx45 and chicken Cx45, respectively, showed slowly ac-
tivating currents in Ca2?*-free bath solution. These cur-
rents were absent in cells not expressing Cx45, suggest-
ing they were mediated by Cx45 hemichannels.

Fig. 1 A illustrates the voltage protocol used to acti-
vate hemichannel currents. A family of I, traces were
elicited by depolarizing (outward currents) and hyper-
polarizing pulses (inward currents). The records were



obtained from a Cx45-HeLa cell superfused with Ca®*-
free solution. After establishing of the whole-cell re-
cording conditions, the membrane potential (V) was
clamped to 0 mV. Bipolar voltage pulses of 10-s dura-
tion were then delivered to alter V;, in steps of *5,
+10, and then to =110 mV using increments of 20 mV.
The associated membrane currents (1,,) increased pro-
portionally with V,, and showed a voltage- and time-
dependent activation or deactivation. In the absence of
Ca?*, depolarization produced slowly activating out-
ward currents (Fig. 1 A), whereas hyperpolarization in-
duced inward currents which deactivated with time.

Perfusion with 2 mM Ca?* closed the hemichannels
in a time-dependent manner. In the presence of 2 mM
extracellular Ca?*, the bipolar pulse protocol applied
to the same cell elicited small outward and inward cur-
rents. These currents increased with depolarization
and hyperpolarization, but showed no slow time depen-
dent changes (Fig. 1 B). Thus, the hemichannel activity
was suppressed completely in the presence of 2 mM ex-
ternal Ca?".

These experiments show that membrane currents can
be activated in Cx45 expressing cells by lowering Ca®" in
the external solution. Similar observations were made in
Xenopus oocytes (Ebihara et al., 1995; Trexler et al., 1996)
and HelLa cells (Valiunas and Weingart, 2000) express-
ing other connexins. Beside the hemichannels, which
opened at 0 mV by lowering of Ca?*, positive voltages
cause further activation of hemichannels. In contrast,
negative V,, closed the hemichannels previously opened
by lowering Ca?* and depolarization.

The signals obtained in Ca%*-free external solution
(Fig. 1 A) were analyzed to obtain the relationships
1,, = £(V,)). The amplitudes of I, were determined at the
beginning (I, ;. inst, instananeous) and end of each
pulse (1, ss, steady state). To distinguish between ca-
pacitive and ionic currents at the beginning of each
record, the signals were displayed at fast time resolu-
tion. At large negative voltages, I, was determined
by fitting the inward current with an exponential. As
shown in Fig. 1 C, 1, ;. = £(V,,) (O) was slightly nonlin-
ear over the voltage range examined (i.e., £110 mV).
The I, i, was ~20% larger at —110 mV in comparison
to the current at +110 mV. In contrast, I, = f(V,,)
(@) deviated strongly from linearity. It was shallower at
negative V,, and steeper at positive V.. Fig. 1 D shows
the I, = f(V,,) relationship recorded in the presence of
2 mM extracellular Ca?*. The instantaneous (Fig. 1 D,
O) and steady-state currents (Fig. 1 D, @) were virtually
linear and superimposable. The analysis yielded a uni-
form slope conductance of 0.6 nS.

The presence 2 mM Cs*, Ba?*, or TEA" in the extra-
cellular and intracellular solution does not block the
novel current seen in Ca?*-free solution, suggesting
that the Ca?'=sensitive I, reflects current through

hemichannels, I, (hc, hemichannel). Similar results
were obtained from RIN cells transfected with chicken
Cx45 (unpublished data).

Voltage Dependence of Hemichannel Currents

The relationship between V,, and g, was studied in
Ca?*-free solution using the bipolar pulse protocol.
The signals in Fig. 1 A and others were analyzed to de-
termine the voltage dependence of I .. Fig. 1 E summa-
rizes the data gathered from five cells. The normalized
steady-state conductance (g) values were calculated
from the ratios k. ./ V;,, normalized with respect to the
value at V; = +5 mV, were averaged, and plotted versus
Vin. The g decreased in a sigmoidal manner to g min
when V,, was made negative and increased to g .y at
positive voltages. The smooth curve represents the best
fit of data to the Boltzmann equation:

8he, max ~ &he, min

ghr, ss [A- (vm, Vmo)] + ghc, min

1+e
where g max and g min are the maximal and minimal
conductance at large positive and negative V,, respec-
tively. V,, o corresponds to V,, at which g is half maxi-
mally inactivated. A is a constant which expresses gat-
ing charge, zg(kT) !, where z is the equivalent number
of unitary positive charges, ¢ moving through the ap-
plied electric field, and kand T are the Boltzmann con-
stant and the temperature in Kelvin, respectively. The
analysis yielded the following values: V;,, = 11.1 mV,
Ghemax = 2.34, Ghemin = 0.21, and z = 1.7. The relation-
ship in Fig. 1 E resembles the negative limb of the func-
tion g = f(V;) of gap junctions studied in cell pairs
(Valiunas et al., 2000).

The value of g, determined at the beginning of a
depolarizing pulse reflects the sum of the conduc-
tances of the hemichannels opened by the reduction of
the extracellular Ca%*. In the case of Cx45-HelLa cells,
Gheinst averaged 6.54 = 1.1 nS (n = 19); in the case of
Cx45-RIN cells, g averaged 1.72 = 0.52 nS (n = 8).
This suggests that the level of connexin expression is
~3.8-fold larger in HeLa cells than in RIN cells.

Assuming that endogenous membrane channels are
involved, the value of g, has to be corrected by sub-
traction of membrane leak conductance (~0.6 nS, Fig.
1 D). Hence, the corrected g, for the Cx45-HelLa
cells would be ~5.94 nS.

Acidification Affects Macroscopic Hemichannel Currents

Exposure to 100% CO, reduces the gap junction con-
ductance (g) via lowering of the pH; (Bukauskas and
Peracchia, 1997). Trexler et al. (1999) have shown that
this intervention reduces the macroscopic currents
through Cx46 hemichannels in Xenopus oocytes. The ef-
fects of acidification on macroscopic hemichannel cur-
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100 % CO,

rents were studied in Cx45-HelLa cells. Fig. 2 illustrates
the effects of 100% CO, on I, (1,.). Hemichannel cur-
rents were activated and deactivated by bipolar pulses
(£50 mV, 10-s duration each) starting from a holding
potential of 0 mV. The bipolar pulses were repeated ev-
ery 10 s. After a 2-min control, perfusion with bath solu-
tion equilibrated with 100% CO, was started. This led to
a gradual decrease in /. (Fig. 2, continuous current
trace and insets). After ~160 s, the slowly activating/
deactivating outward/inward 1, were completely abol-
ished. Depolarization and hyperpolarization exhibited
small constant currents similar to those seen in NT HelLa
cells (Valiunas and Weingart, 2000) or in Cx45-HeLa
cells in the presence of 2 mM external Ca’?* (Fig. 1 B).
Washout of CO, led to a gradually recovery of ; 13.5
min later the recovery was 75% complete. Similar results
were obtained in five other cells.

Multichannel versus Single-channel Currents

Transfected Hela cells and RIN cells often showed 1.
signals from tens of hemichannels. They were used to
examine multichannel currents. Fig. 3 compares multi-
channel and single-channel currents through hemichan-
nels. The cell was superfused with Ca?*-free solution.
Fig. 3 A shows multichannel currents elicited by bipha-
sic pulse (£50 mV; top trace). Depolarization gave rise
to a time-dependent increase in /. exhibiting discrete
current steps. About 9-10 hemichannels were involved
during this episode. Hyperpolarization led to a large
L\ inse which decreased rapidly to a level attributable to
endogenous channels. With this time resolution no dis-
crete current steps could be resolved.

Fig. 3 B shows a current signal displayed at higher
magnification, evoked by depolarization of 30 mV (top
trace). After a capacitive spike, I,. revealed discrete
steps indicating the sequential opening and closing of
hemichannels (channel opening: upward deflections).
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FiGure 2. Regulation of
hemichannel currents by acid-
ification. Hemichannel cur-
rents were deactivated by COq
and activated during washout.
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The smooth curve on the right-hand side represents an
all-point histogram of the current trace. It suggests the
involvement of three to four hemichannels. The dis-
tances between the peaks were 1.53, 1.48, and 1.54 pA.
Hence, the current steps were of comparable amplitudes
and correspond to conductance steps of ~49-51 pS.

Deactivation of 1. associated with hyperpolarization
appears to be much faster than activation. Fig. 3 C
shows a current signal displayed at high magnification
induced by hyperpolarization from 50 to —50 mV (Fig.
3 C, top trace). At the beginning of the episode, V,, was
at 50 mV. The outward 1, showed discrete steps indica-
tive of hemichannels. The following hyperpolarization
to —50 mV led to an inward /. that deactivated quickly.
Discrete steps indicative of sequential closure of
hemichannels could now be resolved (channel closure:
upward deflections). The analysis of the current peaks
yielded conductance steps of 65—73 pS.

Hence, the time-dependent increase/decrease of
I, associated with depolarization/hyperpolarization
shown in Fig. 3 (A-C) is caused by activation/deactiva-
tion of hemichannels, whose single-channel conduc-
tance for inward current is somewhat higher than for
outward current.

Single Hemichannel Activity in the Cell-attached Mode

The data presented so far were obtained in the whole-
cell recording mode. The advantage of this method is
that it allows us study of multichannel and single-chan-
nel currents. However, data also have been collected in
the cell-attached patch mode, a method suitable to ana-
lyze single-channel currents. At the end of an experi-
ment, the membrane patch was disrupted and V,, of ~0
mV was recorded, so the voltage across the membrane
patch, Vessentially equals — Vi,

Fig. 3 (D-F) illustrate records of one operational
channel obtained from cells at different voltages.



FIGuRE 3. Multi versus single
hemichannel currents, /., recorded
from Cx45-Hela cell with no Ca?*
added to the bath. (A) Multichannel
L, elicited by symmetrical biphasic 50
mV pulses from a holding potential of 0
mV. (B) Single-channel £, (bottom
trace), elicited by depolarization from 0
to 30 mV (top trace). 1. shows discrete
steps indicative of opening and closing
of hemichannels. The current steps

yielded a conductance of ~49-51 pS.
(C) Single-channel . (bottom trace),
induced by hyperpolarization from +50
to —50 mV (top trace). k. showed dis-
crete steps indicative of sequential clo-
sure of hemichannels. The current his-
tograms yielded a conductance of 65—
73 pS. (D-F) Hemichannel currents,
I, from a Cx45-HelLa cell, recorded in
the cell-attached patch configuration.
(D) V= x=70 mV; (E) V= % 90 mV;
(F) V= =70 mV. The current histo-
grams represent the following conduc-

The current histograms in all records show the fol-
lowing conductive states: O (hemichannel open), C
(hemichannel closed), I = 0 (zero current level;
ie., V,, = 0). The hemichannel closed state (C)
also includes the sum of the patch leak current and
membrane current. To be sure that the closed state
for the hemichannel does not include any hemi-
channel conductance, the membrane patch con-
ductance was investigated in cell-attached mode. It
yielded a conductance of 43 = 7 pS (n = 8, no open
hemichannel observed). Application of CO, re-
duced it to 27 = 5 pS (presumably by closing some
membrane channels); i.e., CO, reduced leak/mem-
brane current by 16 pS, which is less than
hemichannel unitary conductance. In records pre-
sented here, the membrane leak conductance varies
from 18 to 26 pS. Such an explanation is supported
by current records exhibiting a residual state (see

tive states: o, hemichannel open; c,
hemichannel closed; and I = 0, zero
current level. Based on o-c currents, the
current histograms yielded the follow-
ing conductances: 52/63 pS (positive/
negative V) in D and 50/66 pS (posi-
tive/negative V) in E. (F) /. exhibits
two prominent levels corresponding
to Ly main (bottom dotted line) and
Jc resiaual (middle dotted line). The anal-
ysis yielded the following conductances:

'\/hc,main = 62 ps’ 'YhC,rcsidual = 15 ps

Fig. 3 F), which is different from the closed state, il-
lustrated in Fig. 3 (D and E).

In Fig. 3 D, V;, was stepped from 0 to 70 and then to
=70 mV (i.e., Vwas made —70 and +70 mV, respec-
tively). Fig. 3 E demonstrates a single channel at £90
mV. In both cases, the channel opened when a positive
Vwas applied and started to flicker spending most time
in the main state. After inversion to a negative V, the
channel was still apparent, but it now spent less time in
the main state. The channel closure at negative voltage
was voltage-dependent. At larger voltages, the channels
spent less time in the main state (Fig. 3, D and E). The
current histograms yielded the following conductances:
52/63 pS (positive/negative V) for V=70 mV and 50/
66 pS (positive/negative V) for V=90 mV. In Fig. 3 F,
Viip Was stepped from 0 to =70 mV. },. exhibited two
prominent levels corresponding to I .., (bottom dot-
ted line) and /. eiqua (middle dotted line). The cur-
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Ficure 4. Voltage dependence of single hemichannel conduc-
tances, Yyemain- values of vy, ., were averaged and plotted versus V..
Curves correspond to the best fit of data to an exponential: I'y,. i, =
57 pSat V, = 0 mV. Symbols represent mean values =1 SEM.

rent histogram shows that the I, .gqua level is differ-
ent from the closed state current level. The analysis
yielded the following conductances: Y, main = 62 pS; and
Yheresidual = 1D PS. A residual state is the property of gap
junction channels and hemichannels (Bukauskas et al.,
1995a; Trexler et al., 1996; Valiunas et al., 1997; Valiu-
nas and Weingart, 2000; Oh et al., 2000).

Voltage Dependence of Single Hemichannel Conductance

The relationship between single hemichannel conduc-
tance and V,, was investigated in Cx45-HeLa cells and
Cx45-RIN cells. For this purpose, Vycm.n was deter-
mined using voltage pulses of different amplitude and
either polarity. The experiments were performed in
Ca?*-free bath solution. The data were sampled, aver-
aged, and plotted versus V. Fig. 4 summarizes the re-
sults from four Cx45-Hel.a cells. Similar results were
obtained from Cx45-RIN cells (unpublished data).
Over the voltage range examined, i.e., =90 to 90 mV,
Yhemain Was dependent on V. It increased with hyper-
polarization and decreased with depolarization. The
solid curve represents the best fit of the exponential
bellow to the data:

th, main — 1—‘H' e ‘H’

where I'y; corresponds to the conductance at V,, = 0
mV, and Vy is the decay constant at which vy, . de-
clines to e~! (Vogel and Weingart, 1998). The analysis
yielded the following values: I'; = 57 pS and Wy =
—615 mV. A gap junction channel consists of two
hemichannels in series. Hence, the conductance of a
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gap junction channel (¥jm.,) can be calculated from
the conductance of its hemichannels (ypc1, Yheo):

Yh(l, main Y/L(:‘Z, main
Yj, main — (1 )

b
Y}u'l, main + Yhn?, main

Using the values extrapolated to V.= 0 mV, v; i, was
28.5 pS. For comparison, using the same experimental
conditions (22°C, pipette solution potassium aspartate
[120 mM]).

Yj,main determined in pairs of Cx45-Hel.a cells was 25
pS (unpublished data). A similar result (26 pS) for
Cx45 was reported earlier (Veenstra et al.,, 1994a).
These values are in good agreement with 7; .5, calcu-
lated from the hemichannels data.

Open-state Probability

Cx45-HeLa cells with a single operational hemichannel
also were used to study channel kinetics. The analysis of
long records allowed us to explore the open-state prob-
ability (P,) at steady state. The protocol involved the es-
tablishment of V,, gradients of different amplitude
(=50, =70, and 90 mV) and duration (8-10 s). Cur-
rent traces with one operational single hemichannel
were analyzed for the dwell times in the main state. To
determine P,, the time a channel spent in the main
state was measured and expressed as fraction of record
duration. P, was maximal (0.7-0.76) at positive V,,
(Vi > 50 mV). It decreased to 0.06-0.11 when V,, was
negative (V,, < —b50 mV). This suggests that Cx45
hemichannels close in a V,-dependent manner at nega-
tive voltage and remain open at positive V..

Dye Uptake Mediated by Cx45 Hemichannels

To examine the permeability properties of Cx45
hemichannels to larger molecules NT and transfected
Hela and RIN cells were incubated in bath solution
(with or without 2 mM Ca?*) containing 1 mg/ml LY
or 2 mg/ml PI for 30 min at room temperature (22°C).
Significant dye uptake occurred in the absence of ex-
ternal Ca?*. Fig. 5 (A and C) illustrates such an experi-
ment. The left-hand panels show phase-contrast micro-
graphs of Cx45-HelLa and Cx45-RIN cells, respectively.
Epifluorescent micrographs taken 30 min after incuba-
tion in Ca®-free bath solution containing LY showed
dye uptake in Cx45-HeLa cells (Fig. 5 A) and Cx45-RIN
cells (Fig. 5 C). No significant dye uptake was detected
in this example in the presence of extracellular Ca?*
(Fig. 5, B and D). In control experiments, NT HelLa
and RIN cells usually showed very little dye uptake in
the presence or absence of Ca?*.

Fig. 5 E summarizes the data obtained from Cx45-
Hela cells and NT HelLa cells. 85% of the Cx45-HeLa
cells (n = 650) showed dye uptake in Ca?*-free exter-
nal solution. In the presence of 2 mM extracellular
Ca?t, only 1.4% of the Cx45-HeLa cells (n = 517)
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FiGure 5. Dye uptake via
Cx45 hemichannels. A-D
Phase-contrast micrographs
(left-hand panels) and epiflu-
orescent micrographs (right-
hand panels) taken after 30
min incubation of the cells in
external solution containing
LY. (A) Dye uptake by Cx45-
HeLa cells in Ca?*-free solu-
tion. (B) No significant dye
uptake by Cx45-HeLa cells
was detected in presence of 2
mM extracellular Ca?*. (C)
Dye uptake by Cx45-RIN cells
in Ca?*Hree solution. (D)
Similar to B, no significant
dye uptake was detected by
Cx45-RIN cells in the pres-
ence of 2 mM extracellular
Ca?*. (E) Summary of the
number of cells taking up
dye. 85% Cx45-HeLa cells took
up dye when they were incu-
bated with LY in Ca?*-free ex-
ternal solution (middle bar).
1.4% of Cx45-Hel.a cells (n =
517) were loaded with LY
(right-hand bar) in presence
of 2 mM extracellular Ca?*.
9.4% of HelLa NT cells (n =
583) showed dye uptake
when were bathed in Ca?*-
free extracellular solution.
The ratio of the number of
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showed some loading with LY. 9.4% of the NT HeLa
cells (n = 583) showed similar low level dye uptake
when bathed in Ca?*-free solution. The large differ-
ence in dye uptake between transfected and NT cells in
the absence of Ca?' suggests that uptake occurred
through Cx45 hemichannels. The observation that dye
uptake by NT HeLa cells in the absence of Ca%* was
larger than dye uptake by Cx45-HeLa cells in the pres-
ence of Ca?" may be due to an endogenous connexin.
The ratio of intensity between Cx45-HeLa cells and NT
HeLa cells was large, i.e., Icys/Int = 16.3, suggesting
that expression level of endogenous connexins in NT
Hela cells is low (Eckert et al., 1993).

Induction of Dye Leak by Reduction of Extracellular Ca?*t

The rate of dye uptake is difficult to measure with dye
in the bath. Hence, Cx45-Hela cells that had been

fluorescent cells to the num-
ber of nonfluorescent cells is
indicated above each bar.

loaded with LY were washed with Ca?*-free extracellu-
lar solution without dye and time-dependent dye un-
loading observed. Fig. 6 illustrates such experiments.
In Fig. 6 A, the top panel shows a phase-contrast micro-
graphs of several Cx45-Hela cells. The epifluorescent
micrographs (Fig. 6 A, middle and bottom panels),
taken at 0, 30, 60, and 120 min after incubation in
Ca2™free solution, show a decrease in cell fluorescence
with time. Time zero (min) indicates the beginning of
washout. The reduction of fluorescence intensity indi-
cates a loss of dye into Ca?*-free extracellular solution.
In contrast, when LY preloaded cells were washed and
bathed with external solution containing 2 mM Ca?*, a
marginal decrease in intensity was observed. Fig. 6 B
shows epifluorescent images 0, 30, 60, and 120 min af-
ter preloading and after incubation in extracellular so-
lution containing 2 mM Ca?*. Similar results were ob-
tained for Cx45-RIN cells (unpublished data).
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FiGure 6. Dye leakage as-
says. (A) Epifluorescent mi-
crographs (middle and bot-
tom) taken at 0, 30, 60, and
120 min after preloading
Cx45-Hela cells with LY in
Ca’*free bath solution. Time
0 min corresponds time im-
mediately after removing LY
from the bath. The reduction
of fluorescence intensity with
time indicates dye leak from
the preloaded cells. (B) Epi-
fluorescent images of the LY
preloaded Cx45-HeLa cells at
0, 30, 60, and 120 min after re-
moving LY from the extracel-
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lular solution which contained
2 mM Ca?*. No significant de-
crease of fluorescence inten-
sity was observed. (C and D)
Summary of the data obtained
from dye leakage experi-
ments with Cx45-Hel.a and
Cx45-RIN cells. (C) Plots of
normalized fluorescence in-
tensity versus time obtained in
Ca*>*free (@, n = 8) and 2
mM Ca?* (O, n = 5) external
solution from Cx45-Hel.a
cells. The continuous curves
represent the best fit of a sin-
gle exponential to the data;

I I i I [ T

Time, min

RIN Cx45

Ca’*free solution: 7 = 33
min, [ ;, = 0.08; 2 mM Ca’"-
containing solution: 7 = 72

min, I;, = 0.85. (D) Normal-
ized fluorescence intensity
plots obtained for Cx45-RIN
cells incubated with 2 mM
Ca?* (O, n = 3) and Ca%*free
(@, n = 4) bath solution. The
best fit of a single exponential

0.0 L—

Fig. 6 (C and D) summarizes the data on dye unload-
ing from Cx45-Hela and Cx45-RIN cells. The fluores-
cence intensity was normalized, averaged, and plotted
versus time. Fig. 6 C shows the results from eight Cx45-
HelLa cells obtained in Ca%*free external solution (@).
Over the time examined (i.e., >2 h), the intensity de-
creased as an exponential (smooth curve) with a time
constant (7) of 33 min to a minimum (/,,) corre-
sponding to 0.08. When LY preloaded cells were incu-
bated in Ca%*-containing solution, a marginal drop of
fluorescence was observed (Fig. 6 C, O). Fitting of the
data to an exponential yielded a 7 of 72 min and a I ;,
of 0.85. Fig. 6 D illustrates similar results obtained with
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T T T T T T to data, Ca?*-free solution: T =

44 min, I, = 0.09; 2 mM
Ca®*-containing solution: 7 =

Time, min 48 min, 1, = 0.75.

Cx45-RIN cells incubated in Ca%*-containing (O) or
Ca?*free (@) solution.

Concentration Dependence of Dye Uptake

A series of experiments was done to investigate the de-
pendency of dye uptake on extracellular concentra-
tion. Cx45-HeLa cells were incubated for 30 min in ex-
ternal Ca%*-free solution containing 0.5, 1.0, or 2 mM
LY. After dye uptake, the cells were washed in external
solution containing 2 mM Ca®*. Fluorescence intensity
at each dye concentration was measured in randomly
picked cells (for 0.5 mM, n = 135 cells; for 1.0 mM, n =
218; and for 2 mM, n = 274), averaged, and plotted ver-
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FIGURE 7. (A) The fluorescence intensity plot versus LY concen-
tration. The continuous line represent linear relationship (# =
0.995) over the range concentration investigated (i.e., 0.5-2 mM).
(B) The normalized fluorescence intensity versus normalized in-
stantaneous hemichannel conductance. The solid line corresponds
to a first order regression with 7* = 0.86.

sus concentration (Fig. 7). The fluorescence intensity
increased linearly (2 = 0.995) over the concentration
range investigated, showing no saturation at these con-
centrations of dye.

Dye Uptake versus Conductance

Another series of experiments was performed to investi-
gate the correlation between dye uptake and the con-
ductance due to functioning hemichannels. Cx45-HeLa
cells were incubated in Ca?*-free bath solution contain-
ing 1 mg/ml LY for 10 min at room temperature
(22°C). Immediately after dye uptake, cells were washed
with Ca%?*free extracellular solution without dye and
fluorescent images of the cells were taken. The whole-
cell recording conditions were established on each of
the same cells and macroscopic hemichannel currents
were measured (Fig. 1 A). For each cell, g, and fluo-

rescence intensity values were determined and later
normalized with respect to the maximum value in the
pool. Fig. 7 B shows a plot of normalized fluorescence
intensity plot versus normalized instantaneous hemi-
channel conductance. The fluorescence intensity was
directly proportional to the g ;. The solid line corre-
sponds to a first order regression with #=0.86. Correla-
tion of electrophysiological data and dye uptake dem-
onstrates that individual cells take up dye in proportion
to the number of open hemichannels.

Gap Junction Channels versus Hemichannels

The question arises whether the permeability of gap
junction channels is the same as that of hemichannels
and how these properties correlate with macroscopic
conductances (Trexler et al., 1996). Does docking of
hemichannels change the properties of the pore? Dye
transfer through gap junctions was investigated using
Cx45-HeLa cell pairs. LY, a negatively charged dye, was
injected into one cell of a pair via patch pipette, and g
was measured in conjunction with dye flux. Fig. 8
A illustrates an experiment demonstrating cell-to-cell
spread of LY in Cx45-Hela cell pairs. The pipette con-
taining 2 mM LY was attached in the whole-cell config-
uration to the lefthanded cell (Fig. 8 A, cell 1; see top
lefthand panel). The righthanded cell (cell 2) was
patched using the perforated patch configuration. This
allowed the dye spread to cell 2 without loss caused by
cell dialysis via the pipette and simultaneous measure-
ment of g. The epifluorescent micrographs taken at 1,
5, 10, and 30 min after dye injection in cell 1 demon-
strate an increase in fluorescence in the recipient cell
(Fig. 8 A). To measure g during dye flux, short 10-mV
bipolar pulses were used to generate a transjunctional
current, /. Fig. 8 B (left) shows the I at different time
(5, 15, and 30 min) of the LY spread. The right panel
shows a family of the voltage-dependent gap junction
currents generated by series of voltage pulses (from
*10 to =150 mV) at the 30-min time mark. The slightly
asymmetric current profiles could be related to differ-
ent patch configuration (cell 1, whole cell; and cell
2, perforated) and/or the influence of negatively
charged LY on the voltage gate (sensor). The total g
measured at 30 min was ~17 nS.

Fig. 8 C summarizes data gained from four dye
transfer experiments. It shows a plot of fluorescence
intensity versus time for injected cells (@) and moder-
ately coupled (10-12 nS) recipient cells (O). The
smooth lines correspond to the best fit of the expo-
nential to the data. The intensity of injected cells in-
creased to a steady state with a time constant (1) of 5.5
min. The recipient cells filled with LY with a 7 of 244.3
min. In comparison with unapposed hemichannels,
the dye transfer through gap junction channels takes
more time.

156 Cx45 Gap Junction Hemichannels
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Figure 8. Simultaneously mea-
surement of g and the dye flux
between Cx45-Hela cells. A pi-
pette containing 2 mM LY was at-
tached to the left-handed cell
in the whole-cell configuration.
The right-hand cell was patched
using the perforated patch con-
figuration. (A) Epifluorescent
micrographs taken at 1 min, 5
min, 10 min and 30 min after dye
injection in cell 1. Cell 2 (right-
hand cell) shows fluorescence in-
tensity increase with time. (B,
left) Responses of gap junction
currents to V; gained at different
times (5, 15, and 30 min) of the
LY spread. Right panel shows a
family of the voltage-dependent
gap junction currents generated
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by series of voltage pulses (from
*10 to £150 mV) at 30-min time
mark. The g measured at 30 min
was ~17 nS. (C) Quantification
of cell-to-cell dye spread in Cx45-
Hela cells. Plots of fluorescence
intensity versus time for injected
(@) and recipient cells (O). Sym-
bols correspond to the mean val-
ues obtained from four cell pairs.
The continuous lines correspond
the best fit of data to single expo-
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Estimation of Intracellular Dye Concentration

Fluorescence intensity for injected cells reaches steady
state at ~56,000 intensity units (Fig. 8 C). It is assumed
that at the steady state the dye concentration within the
injected cell is ~2 mM, i.e., reaches LY concentration
of the patch pipette. The fluorescent intensity mea-
sured from Cx45-HeLa cells with a 30-min 2-mM LY
load time in Ca?*-free solution is ~6,800 (Fig. 7 A).
This intensity corresponds to ~0.24 mM of LY. The
data shown indicate that the total intracellular LY con-
centration in Cx45-HeLa cells was ~0.24 mM after 30
min of dye uptake in Ca?*-free solution.
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! ! nentials: 7 = 5.5 min for injected

cells (@); 7 = 244.3 min for the
recipient cells (O).

Positively Charged Dye Diffusion through Hemichannels and
Gap Junction Channels

The molecules that can pass through gap junctions dis-
play a size limitation of ~1 kD (Schwarzmann et al.,,
1981) and junctions formed by some connexins exhibit
a charge dependence (Cao et al., 1998). The dye up-
take experiments described above were done using LY,
which has two negative charges (MW = 457). To test
whether positive charged molecules can pass through
Cx45 hemichannels, 2 mg/ml propidium iodide (two
positive charges, MW = 668) was used in dye uptake as-
says. The Cx45-HeLa and NT HeLa cells were incu-



F1GURE 9. Positively charged PI uptake via Cx45
hemichannels. (A) Phase-contrast micrographs (left)
and epifluorescent micrographs (right) taken after
30-min incubation of the cells in the Ca?*-free exter-
nal solution containing PI. Most of Cx45-HeLa cells
show dye uptake. Very few Cx45-HelLa cells showed
detectable dye uptake in the presence of 2 mM extra-
cellular Ca?*. (B) Summary of the number of cells
taking up PI dye. 63% Cx45-HeLa cells (n = 849)
showed detectable fluorescence when incubated with
PI in Ca?*-free external solution (middle bar). Only
1.2% of Cx45-Hela cells (n = 1,247) were loaded
with PI (right bar) in the presence of 2 mM extracel-
lular Ca2*. 2.3% of HeLa NT cells (n = 973) showed
dye uptake when were bathed in Ca®*-free extracellu-
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bated in bath solution (with 2 mM Ca2?" or Ca®* free)
containing PI for 30 min at room temperature (22°C).
Only Cx45-transfected cells bathed in Ca’*-free exter-
nal solution sequestered PI. Fig. 9 A illustrates such an
experiment. The lefthand panel shows phase-contrast
micrographs of Cx45-HeLa. No significant dye uptake
was detected in the presence of extracellular Ca?* in
Cx45-Hela cells or nontransfected HeLa cells.

Fig. 9 B summarizes results with Cx45-HeLa cells and
NT HeLa cells. Dye uptake in Ca?'-free external solu-
tion occurred in 63% of the Cx45-HelLa cells (n = 849)
showed. In the presence of 2 mM extracellular Ca?*,
only 1.2% of the Cx45-HeLa cells (n = 1,247) were
loaded with PI; 2.3% of the NT Hel.a cells (n = 973)
showed PI uptake when bathed in Ca?*-free solution.
Comparison of LY data with that of PI for Cx45-HeLa

lar solution. The ratio of the number of fluorescent
cells to the number of nonfluorescent cells is indi-
cated above each bar.

cells in Ca%?"free external solution shows a difference
(63% for PI versus 85% for LY). Further, PI loaded Cx45-
HeLa cells bathed in Ca?*-free solution revealed no sig-
nificant dye leak with the time in contrast to LY experi-
ments. This could be explained by the binding of PI to
DNA, negatively charged proteins, and lipids.

The PI transfer through intact gap junction channels
was investigated using Cx45-HeLa cell pairs. The experi-
mental procedure was the same as used for LY experi-
ments. In each cell pair examined, the whole-cell record-
ing mode was established on one cell with a dye-filled pi-
pette. For the second cell, a gigaohm seal was established
with the pipette leaving the patch intact. Dye spread into
the recipient cell was recorded, then the whole-cell re-
cording mode was established in the recipient cell and
gap junction conductance (g) was measured. Although

158 Cx45 Gap Junction Hemichannels
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FiGure 10. Cell-to-cell PI spread in Cx45-HelLa cells. (A) Epifluorescent micrographs taken at 1, 30, and 60 min after PI injection into
cell 1 show a weak fluorescence intensity increase in recipient cell (cell 2). (B) Plots of fluorescence intensity versus time for injected cells
(@) and recipient cells (O). Symbols correspond to the mean values obtained from six cell pairs. The inset illustrates recipient cells fluo-

rescence intensity versus time on an expanded scale.

Cx45-HeLa cell pairs showed detectable PI coupling, PI
diffusion was sufficiently low that it was not easily de-
tected for a number of minutes after dye injection.

Fig. 10 shows the data from PI transfer experiments.
The epifluorescent micrographs taken at 1, 30, and 60
min after PI injection in cell 1 demonstrate dye spread
into the recipient cell 2 (Fig. 10 A). Fig. 10 B summarizes
PI transfer data from Cx45 HelLa cell pairs (n = 6, g=
69 nS). It shows a plot of fluorescence intensity versus
time for injected cells (Fig. 10 B, @) and the recipient
cells (Fig. 10 B, O). The inset in Fig. 10 B shows the fluo-
rescence intensity increase in cell 2 versus time on an ex-
panded scale. The intensity of fluorescence in the recipi-
ent cell increased very slowly over a period of 60 min,
suggesting either that PI diffusion through Cx45 gap
junction channels is very slow and/or PI binding is so
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strong that the free concentration of dye is very low and
only a small amount is able to diffuse to the adjacent cell.

The data show that the quantitative analysis of PI dif-
fusion through gap junction is complicated by PI bind-
ing effects. Quantification of the flux rates becomes
very difficult. The results indicate that PI can traverse
gap junctions but it is not possible to determine the
flux/channel.

DISCUSSION

Hemichannel currents have been measured in Xenopus
oocytes expressing identified connexins (for multi-
channel currents, rat Cx46, chicken Cx56, and Xenopus
Cx38 [Ebihara and Steiner, 1993; Ebihara et al., 1995;
Ebihara, 1996]; for single-channel currents, rat Cx46



[Trexler et al., 1996]). Recently, hemichannel currents
also were recorded from human HeLa cells expressing
mouse connexins Cx30, Cx46, and Cx50 (Valiunas and
Weingart, 2000).

The aim of the present study has been to examine
the conductance and perm-selectivity of mouse Cx45
and chicken Cx45 hemichannels in vertebrate cells and
compare these properties to those of the intact gap
junction channels. The electrophysiological studies in
combination with dye uptake and leakage assays in the
present study provide evidence for the opening of non-
junctional Cx45 hemichannels when external Ca2*
concentration is reduced.

Evidence for Cx45 Hemichannels

The combination of several experimental features al-
lows the identification of Cx45 hemichannel currents.
Removal of extracellular Ca®* in conjunction with de-
polarization of V,, induced a novel current, f. (appar-
ent in multichannel and single-channel signals) in
Cx45b transfected HelLa and RIN cells, but not in non-
transfected cells. This suggests that f. is carried by
channels introduced by transfection, possibly Cx45
hemichannels. J,. disappeared when the external Ca?*
was restored. This is consistent with the observation
that cytosolic Ca?* impairs gap junctions via chemical
gating (Weingart and Bukauskas, 1995). /. in Cx45
transfected Hel.a and RIN cells resembles the currents
seen in Xenopus oocytes expressing connexins and at-
tributed to hemichannels (Ebihara and Steiner, 1993;
Ebihara et al., 1995; Trexler et al., 1996). Intracellular
acidification with CO, caused a reversible decrease of
L, in Cx45-HeLa cells (Fig. 2 A), showing that chemical
gating mediated by pH changes is also a feature of
Cx45 hemichannels—yet another property it shares
with Cx46 hemichannels in Xenopus oocytes (Trexler et
al., 1999). Both the pH and Ca?* sensitivity of I, are
consistent with the modulation of gap junction channel
gating by pH and Ca?* (Weingart and Bukauskas, 1995;
Bukauskas and Peracchia, 1997; Francis et al., 1999).
Moreover, Cx45-Hela, and Cx45-RIN cells showed sig-
nificant dye uptake in the absence of external Ca?’.
However, no significant dye uptake was detected in the
presence of normal (2 mM) extracellular Ca?*. No sig-
nificant dye uptake was detected in nontransfected
cells, in the presence or absence of Ca?". Thus dye
transfer occurred through Cx45 hemichannels. This is
consistent with studies on Cx43 (Li et al., 1996; John et
al., 1999; Quist et al., 2000)

Other types of membrane channels have been identi-
fied in HeLa (two K™ and a Cl~ channel) and RIN (BK
channels) cells. These are easily distinguished from Cx45
hemichannels based on their Ca?* and/or voltage sensi-
tivity, and unitary conductance (Sauve et al., 1983, 1986;
Diaz et al., 1993; Diaz and Sepulveda, 1995; Li et al., 1999).

Multichannel and Single-channel Properties

The currents of Cx45 hemichannels showed a time- and
voltage-dependent deactivation or activation. f, was
present at depolarized V,,. It decreased and disappeared
with hyperpolarization. Gating of Cx45 hemichannels
with negative V,, is expected and is consistent to the find-
ings on other connexins (Trexler et al., 1996; Valiunas
and Weingart, 2000). The slow current activation of
Cx45 with positive V,, is also a typical characteristic of
hemichannels (Ebihara and Steiner, 1993; Ebihara et al.,
1995; Trexler et al., 1996; Valiunas and Weingart, 2000).
The decline of Cx45 currents with hyperpolarization is
another feature typical of hemichannels (Ebihara and
Steiner, 1993; Ebihara et al., 1995).

In the present study, a key finding was that g, =
f(V,) of Cx45 hemichannels is S-shaped and shows no
deactivation at positive V,, (Fig. 1, A and E). This sug-
gests that voltage gating of these hemichannels is gov-
erned by negative voltage. For comparison, experi-
ments on heterotypic gap junctions also suggested that
Cx45 connexons are gated by negative V; (Steiner and
Ebihara, 1996; Valiunas et al., 2000). Earlier it was pro-
posed that hemichannels may have two different mech-
anisms of voltage gating: (1) gating due to the trans-
membrane voltage (V,-gating), which affects proper-
ties of cell membranes; and (2) gating, reflecting
transjunctional voltage gating (Vi-gating) of gap junc-
tion channels (Trexler et al., 1996; Oh et al., 2000; Vali-
unas and Weingart, 2000). Hemichannel gating was
studied in detail by Oh et al. (2000) in Xenopus oocytes
expressing chimeric connexins. The authors conclude
that the mechanism of V; dependence of intercellular
channels is conserved in conductive hemichannels and
suggested that V; gating results from conformational
changes in individual connexin subunits.

Itis interesting to note that the g at V; = 0 (Fig. 1
E) is ~43% of the maximum conductance at steady
state for positive voltages. The time-dependent in-
crease in hemichannel current with positive voltage
steps suggests that either channel insertion occurs, or
the open probability of the individual channels is in-
creasing, or a combination of the two occur. It is prob-
able that the P, of Cx45 for gap junction channels at
Vi = 0 is <I, making a combination effect most likely.
Studies on the gating properties of heterotypic gap
junction channels involving Cx45 connexons (i.e.,
Cx40-Cx45 and Cx43-Cx45; Valiunas et al., 2000;
Steiner and Ebihara, 1996) are consistent with this
idea: the steady-state conductance increases when the
cytoplasmic side of Cx45 is positive. The V;, ; of Cx45 is
in the positive voltage range (V,,, = 11 mV), implying
that some gap junction channels involving Cx45 con-
nexons may be closed at V; = 0. The single-channel
data for Cx45 collected in this study allowed us to esti-
mate of open probability at various V,,. The P, ranged
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from 0.06 to 0.76 over a 100-mV range and yielded an
estimated value of ~0.4 at V,, = 0 mV.

At the single-channel level, 4. of Cx45 exhibited two
major single-channel conductances: a main state and a
residual state with shortlived substates seen occasionally
(Fig. 3 F). Such a behavior was observed for Cx30 and
Cx50 hemichannels in HeLa cells (Valiunas and Wein-
gart, 2000), for Cx46 (Trexler et al., 1996) and for chi-
meric Cx32%*Cx43 (Oh et al., 2000) hemichannels in Xe-
nopus oocyles and resembles gap junction channels prop-
erties (Bukauskas et al., 1995a; Valiunas et al., 1999).

The measurements yielded a Yy, i, = 57 pS for Cx45-
Hel.a hemichannels which can be estimated from v; ;.0
by means of Eq. 1. In comparison, the conductance of
Cx45-Hela gap junction channels (Y main) was found to
be 25 pS under similar ionic conditions (unpublished
data). The analogous observations for Cx46 hemichan-
nel and intact channel conductances were obtained in
Xenopus oocytes (Trexler et al., 2000).

The unitary conductance of Cx45 hemichannels re-
vealed a distinct V;, dependency. The vV increased
with hyperpolarization and decreased with depolarization
(Fig. 4). This feature has been observed earlier for other
hemichannels in Hela cells (Valiunas and Weingart,
2000) and for Cx46 hemichannels expressed in Xenopus
oocytes (Trexler et al., 1996; Pfahnl and Dahl, 1998).

Electrophysiological studies of single and multichan-
nel currents demonstrate the following: (1) Cx45
hemichannels are voltage-, pH-, and Ca’*-gated; and
(2) docking does not interfere with the polarity of gat-
ing of Cx45 gap junction channels.

Permeability Properties

Dye Uptake and Leak. Dye uptake from the external bath
solution with reduced extracellular Ca?* was used to as-
say for the opening of hemichannels. There is a strong
correlation between dye uptake and Cx45 expression in
the cell culture system. Cx45-transfected HelLa or RIN
cells were able to sequester dye when extracellular Ca2*
was reduced. There was no significant dye uptake ob-
served for NT HeLa and RIN cells (only 9.4% of NT
HeLa cells took up LY versus 85% of Cx45-Hela cells).
LY uptake was detected only in a small fraction of trans-
fected cells (1.4%) in the presence of extracellular Ca%*,
demonstrating that extracellular Ca%" plays a significant
role in regulation of nonjunctional hemichannels (Ebi-
hara and Steiner, 1993; Pfahnl and Dahl, 1999; Zampighi
et al., 1999; Quist et al., 2000). Correlation of electro-
physiological data and dye uptake (Fig. 7 B) demon-
strated that individual cell dye uptake was in proportion
to the number of open hemichannels.

The measurement of the leak of LY from preloaded
cells was the principle approach in assessing hemichan-
nel permeability properties. The fluorescent intensity
of LY preloaded Cx4b-transfected HelLa and RIN cells
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decreased markedly when incubated in Ca?*-free exter-
nal solution (Fig. 6). However, when LY preloaded cells
were placed in solution containing 2 mM extracellular
Ca?*, only marginal fluorescence intensity loss was ob-
served (~15%). The 15% loss could arise from the fol-
lowing: photo-bleaching effect, a small fraction of open
hemichannels, or nonspecific membrane leak or efflux
involving other membrane channels.

Cx45-transfected cells took up PI dye in Ca?*-free ex-
ternal solution, suggesting that positively charged PI
can pass through Cx45 hemichannels. However, in
comparison to LY fewer Cx45-transfected cells ab-
sorbed PI (63% vs. 85%). This suggests that PI is less
permeant than LY. Three possibilities are as follows: (1)
the PI molecules are bigger than LY molecules (molec-
ular weight of 668 vs. 457) and diffuse slower; (2) Cx45
hemichannels are selective for negative over positive
charge; and (3) there is low affinity binding of PI to the
hemichannel itself. Whole-cell currents obtained in
Ca?*-free solution from PI preloaded cells or those ob-
tained when PI was in the patch pipette were not signif-
icantly different from nonloaded cells suggesting that if
binding occurs it does not interfere with the conduc-
tive path of the hemichannel.

No detectable PI leak was observed from loaded cells
even in Ca?*-free solution. PI is known to localize in the
nucleus and is able to bind DNA, thus reducing the
free dye concentration dramatically.

Dye Diffusion through Hemichannels versus Gap Junction
Channels. Dye permeation through hemichannels was
qualitatively like that of gap junction channels, but the
flux of dye through the hemichannel was greater than
predicted based on comparison of unitary conductance
for the intact gap junction channels and hemichannels.
The time constant of fluorescent intensity decay (7 = 33
min for Cx45-HeLa cells) obtained from dye leak experi-
ments was 7.4-fold less than for the Cx45 gap junction
channels (33 vs. 244 min). It is possible to determine the
number of LY molecules passing per channel per second
by taking into account the concentrations of LY within
the cells. The intracellular concentration of LY in the
cells exposed to 2 mM LY bathing media was 0.24 mM.
The average whole cell conductance due to hemichan-
nels was g, = 5.94 nS, which translates into ~104
hemichannels being open at any instance in time. The
initial slope of the fluorescence intensity loss (Fig. 6 C)
yields a 40% reduction in the first 20 min or an efflux of
0.09 mM. The number of molecules (MN) that efflux
can be determined by: MN = V, - AC, - N,, where V_ is
cell volume, AC; is an efflux concentration, and N, is
Avogadro’s number. Assuming a cell volume of 1 pl,
~6.02 X 107 molecules have diffused out of the cell via
the hemichannel pathway; i.e., ~434 molecules pass
through each hemichannel per second (6.02 X 107/
104/1,200 s = 434 molecules/channel/s). The same cal-



culation can be made for the intact gap junction chan-
nels. In this case, the concentration in the recipient cell
after a 20-min exposure can be determined from Fig. 8
C. The injected cell concentration was 2 mM and the re-
cipient cell at the 20-min mark was 0.17 mM. The aver-
age number of open channels (g = 10 nS) was ~400.
This yields a value of 213 molecules/channel/s. Com-
parison of the intact channels and hemichannels perme-
ability to LY requires normalizing the concentrations. In
this case, the hemichannel concentration can be nor-
malized to the 2 mM, concentration obtained in the
pairs data. By normalizing LY concentration for the gap
junction channel data and hemichannel data (about
eightfold concentration increase from 0.24 to 2 mM) the
difference in LY permeability can be determined. The
normalized ratio for hemichannel flux to that of the gap
junction channels is 3,475/213, which implies that
hemichannels are 16-fold more permeable to LY than
the intact gap junction channels.

There are several factors which may contribute to
such a difference. In the absence of an electrical force,
the ions might move independently by a random walk,
for which an averaged time of d?/2D is required to
diffuse a distance d (Hille, 1992), where D is diffu-
sion coefficient. Assuming that for the intact gap junc-
tion channel distance is >2d, diffusion time through
hemichannel should be at least four times less in com-
parison to gap junction channel. The hemichannel/
gap junction channel flux ratio of 16 is consistent with
a path length for LY in the hemichannel being about
one fourth the length of the path in the gap junction
channel. The difference between the conductance ra-
0 (Yhemain/ Yjmain = 2-28) and the LY flux ratio implies
that the rate-limiting barriers/pore lengths are much
more restrictive for LY than to monovalent ions in the
intact gap junction channel relative to the hemichan-
nel. It is an indication that the pore structure of the
hemichannel is not merely half of a gap junction chan-
nel, but rather is significantly different than one half of
an intact gap junction channel and/or the pore struc-
ture of the hemichannel is significantly different than
its construct in the intact gap junction channel. For ex-
ample, the hemichannel may lose the selectivity filter
for LY (big charged molecules), which even in intact
channel does not affect monovalent ions mobility when
electrical force is applied.

Other factors that could contribute to the high
hemichannel/gap junction channel permeability dif-
ference are long pore effects, such as flux coupling,
flux saturation or the overcoming electrostatic barriers
would result in less efficient flux of solutes (Hille,
1992). The LY binding (nonspecific, low affinity) could
also affect the free pool of LY and therefore affect the
hemichannel/gap junction channel permeability ra-
tio. However, the time course for the binding of LY in

the millimolar concentration range is on the order of
hours (Brink and Ramanan, 1985; Ramanan and Brink,
1990) reducing the effective diffusion coefficient by a
factor of 10 over a 6-h time frame, and it unlikely is an
explanation for the high hemichannel/gap junction
channel flux ratio.

Another possible factor which also could influence
hemichannel/gap junction channel flux ratio and
should be consider is the open channel probability. Un-
der conditions where the open probability of the dye
permeable channel conductance state is reduced, the
time required for dye transfer could be increased. If
channel substates are not permeable or less permeable
to dye the flux would depend entirely upon the cumu-
lative open time of the main state (Veenstra et al.,
1994b). If open channel probability is reduced because
the majority of channels are not in closed state, but in
substate, the number of open channels may be overesti-
mated from macroscopic conductance regarding to dye
flux. The exact quantitatively evaluation of hemichan-
nels and gap junction channels permeability needs fur-
ther investigation.

In the case of positively charged PI, such a compari-
son of hemichannels and intact gap junction channels
perm-selectivity is dubious because of PI binding to
DNA or other negatively charged intracellular sites.
Without a quantitative measure of binding (Brink and
Ramanan, 1985) estimation of PI perm-selectivity is im-
possible. Only the qualitative statement that PI diffuses
through Cx45 hemichannels or intact gap junction
channels can be made.

Biological Role

This study shows that Cx45 hemichannels permit trans-
fer of small ions as well as molecules of considerable size.
This may be relevant for tissues when strong intercellu-
lar signaling and/or metabolic cooperation is involved.
Itis known that ischemia, hypoxia and/or other forms of
metabolic inhibition contribute to cellular injury and
death (Wilde and Aksnes, 1995). Recently, John et al.
(1999) showed that opening of Cx43 nonjunctional
hemichannels was induced by metabolic inhibition, indi-
cating that nonjunctional hemichannels may be in-
volved in the pathogenesis of ionic disturbances.
Hemichannel activity is regulated by extracellular Ca?*
(Ebihara and Steiner, 1993; Pfahnl and Dahl, 1999; Vali-
unas and Weingart, 2000) and by membrane depolariza-
tion (De Vries and Schwartz, 1992; Ebihara et al., 1995;
Trexler et al., 1996; Valiunas and Weingart, 2000). In this
study, Cx45 hemichannels have been shown to open
when extracellular Ca%" is reduced. Membrane depolar-
ization also is able to trigger Cx45 hemichannel open-
ing. The large pore size of the open hemichannel may
allow the flow of ions down their concentration gradi-
ents. This would result in membrane depolarization and
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may be a potential arrythmogenic factor in the heart.
Thus, the prevalence of Cx45 expression in the heart
conductive system (Coppen et al., 1999) is consistent
with this view. Reports of the putative role of hemichan-
nels in calcium-dependent isosmotic volume regulation
(Quist et al., 2000) also suggest that nonjunctional
hemichannels may be physiological relevant.
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