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Abstract. Three gap junctional proteins have been iden-sudden cardiac death (Luke & Saffitz, 1991; Spach &
tified in canine ventricular myocytes: connexin 43 Dolber, 1986; Ursell et al., 1985). Gap junctions are also
(Cx43), connexin 45 (Cx45), and connexin 40 (Cx40).thought to mediate the exchange of metabolites and sig-
We have characterized the functional properties of canal molecules between neighboring cells and to be in-
nine Cx45 and examined how Cx45 functionally inter- volved in the regulation of cardiac growth and develop-
acts with Cx43 inXenopusoocyte pairs. Homotypic ment (Reaume et al., 1995; Loewenstein & Rose, 1992;
pairs expressing Cx45 were well coupled. HeterotypicPaul et al., 1995).
pairs composed of Cx45 paired with either Cx43 or Cx38 Gap junctional channels are formed from a family of
also developed high levels of conductance. Junctionatlosely related proteins called connexins. Atleast twelve
currents in the heterotypic pairs displayed a highly asymdifferent types of mammalian connexins have been re-
metrical voltage dependence. The kinetics and steadyeently identified including 3 connexins which are present
state voltage dependence of the heterotypic channeis the dog heart: connexin43 (Cx43), connexin40 (Cx40)
more closely resembled those of the Cx45 channels wheand connexin45 (Cx45) (Kanter, Saffitz, & Beyer, 1992).
the Cx45 cRNA-injected cell was relatively negative Each of these connexins exhibits a distinct spatial and
suggesting that the Cx45 connexon closes for relativaemporal distribution. Cx43 is the predominant gap
negativity at the cytoplasmic end of the channel. Wejunctional protein in the working myocardium while
also show that homotypic and heterotypic channels com€x40 is found at highest levels in the conduction system
posed of Cx45 and Cx43 exhibit differences in;@dn-  (Kanter et al., 1998). Cx45 has been detected in adult
sitivity. canine ventricular myocytes where it colocalizes with
Cx43 and Cx40 (Kanter, Saffitz, & Beyer, 1992; Kanter
Key words: Intercellular communication — Connexin €t al., 1998). Cx45 is also expressed in a number of
— Heart — Gap junction mammalian cell lines including SkHepl, WB, BHK,
A7r5, CLEM and BWEM cells (Laing et al., 1994), in
the chick heart (Beyer, 1990), in many tissues from the
adult and embryonic mouse (Butterweck et al., 1994) and
_ S ) ) ) in neonatal rat heart cells.
Propagation of electrical impulses in excitable tissues Although it has been shown that Cx43, Cx45 and
suc_h as the heart occurs t.hrough intercellula_r chgnnel@x40 can colocalize to the same gap junctional plague, it
which are found clustered in the form of gap junctions.js not clear whether the 3 connexins can localize to the
In patients with healing myocardial infarcts, abnormali- same intercellular channel. There are two different ways
ties in gap junctional coupling in the infarct border zonesthat intercellular channels composed of multiple connex-
may lead to conduction abnormalities resulting in thejns could form. The connexons or hemichannels could
development of reentrant ventricular tachycardias angye hetero-oligomers containing more than one type of
connexin or two connexons composed of different con-
L ) ) ) ) nexins could join to form a heterotypic intercellular
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that Cx45 can form homotypic intercellular channelsto Cx45) and incubated overnight at 4°C with @ioocyte Protein A
with itself and heterotypic channels with Cx43. The ho-beads (Sigma Chemical, St. Louis, MO). The Protein A beads were
motypic and heterotypic intercellular channels eXhibitthen collected by gentle centrifugation for 3 min and washed four times

. . L . . with “immunoprecipitation buffer” supplemented with .5% Triton
differences in sensitivity to transjunctional voltage andx_mO’ 5% BSA and 1% SDS, solubilized in SDS sample buffer at

cytoplasmic acidification. 100°C for 5 min and analyzed by SDS-PAGE.

Materials and Methods ELECTROPHYSIOLOGICAL MEASUREMENTS

Junctional conductance was measured using a dual two microelectrode
IN VITRO TRANSCRIPTION voltage clamp technique (Spray, Harris & Bennett, 1981). The micro-

electrodes were filled with a solution containing M5KCI, 10 mm
The canine Cx45 clone was a generous gift from Dr. Eric Beyer (Wash-EGTA and 10 nw Hepes, pH 7.4 and had resistances of.3 m{.
ington University, St. Louis, MO). The DNA for Cx45 was subcloned To prevent KCI from leaking into the oocyte, the tips of the electrodes
into the Eco RI of the RNA expression vector, SP64TII, between the 5 were filled with agar. Voltage clamping was performed using two
and 3 noncoding regions oXenopusB-hemoglobin. SP64TIl was Axoclamp 2A amplifiers (Axon Instruments, Foster City, CA). The
constructed as previously described (Ebihara, Berthoud, & Beyerexperiments were controlled and data were collected with an analog-
1995). to-digital (A-D) converter system (TL-1 DMA interface, 100 kHz,

Plasmids containing the entire coding region of Cx45, Cx43 andAxon Instruments, Foster City, CA) and PClamp6 software (Axon

Cx38 were linearized with an appropriate restriction enzyme and traninstruments). The current signal was filtered at 20 Hz using a four-pole
scribed in vitro using SP6 RNA polymerase (Promega Corporation,Bessel filter. Analysis and graphical presentation of the data were done
Madison, WI). The methylated RNA cap analoguansG(5)ppp(5)G with PClamp6 (Axon Instruments) and Fig P (Biosoft, Cambridge, UK)
(New England Biolabs, Beverly, MN), was added to the transcription software. Both cells of a pair were initially held at a holding potential
buffer to produce capped RNAs. The transcripts were purified on aof -40 mV. To measure junctional conductance, a voltage-clamp step
spun column to remove unincorporated rNTPs and precipitated withwas applied to one cell while the other member of the pair was held at
ethanol. The transcripts were then resuspended in DEPC-treated wated0 mV. The change in current required to hold the cel-4d mV
and aliquots were stored a80°C. The quality and amount of cRNA  during the voltage-clamp step was equal to the current flowing through
was assessed visually using formaldehyde gel electrophoresis. the gap junction. Only oocyte pairs with junctional conductances less

than 10psec were selected for analysis of voltage-dependent behavior

in order to avoid errors due to series resistance or access resistance.
PrePARATION OF OOCYTES

Xenopusoocytes were prepared as previously described (Ebihara &Results

Steiner, 1993). The oocytes were injected with 40 nl of an oligonu-

cleotide, antisense to mRNA f&tenopusCx38, 24 hr prior to injection

with cRNA. This treatment was previously shown to drastically reduce IMMUNOPRECIPITATION

endogenous coupling (Barrio et al., 1991; Bruzzone et al., 1993; Hen-

nemann et al.,, 1992). The oocytes were injected with cRNA, devitel-The ability of Cx45 cRNA to direct the synthesis of

linized and paired as previously d_escribed (Eb‘ihar_a & Steiner, 1993)CX45 protein inXenopusoocytes was examined by coin-

except that in §ome of_the expenments, the yltelllpe membrane Wa?ecting oocytes with Cx45 cRNA an&fﬁ]methionine.

;emovee(jr;hriﬂfglg c?: ;nfgff:rng the oocytes in acid MBS (H5) Lysates of metabolically labeled oocytes were immuno-

or ey ' precipitated using an affinity-purified antibody directed
against Cx45. The immunoprecipitated protein was elec-

IMMUNOPRECIPITATION trophoresed on a 12% SDS-polyacrylamide gel and an-

The affinity purified antibody against Cx45 (amino acids 285-298) i/llyzgfd 35%8?%{,2?&&23@;?}? gﬁgr Cpéﬁi'_r;n\fgf;e%

used in the immunoprecipitation studies was a gift of Dr. Eric Beyer "’ . . . L

(Washington University, St. Louis). The specificity of this antibody O_OCYteS- Th's_ prpte'” had an electrophoretic mobility

has been previously demonstrated by immunofluorescence and by imSimilar to the in vitro translated product. No electropho-

munoprecipitation of in vitro translated connexins (Kanter et al., retic bands were detected in water-injected oocytes.

199%).

I;efolliculated Xenopusoocytes were coinjected with connexin

cRNA and S°-methionine and incubated overnight at 18°C. The la- FuNcTIONAL ExPRESSION OFCx45

beled oocytes were homogenized in 3dfbocyte lysis buffer (in m: ) ) .

20 Tris, H 7.5, 100 NaCl, 2 EDTA supplemented with 10 NEM and 2 The Xenopusoocyte pair system was used to investigate

PMSF) by passage through an 18-gauge needle. The homogenate washether Cx45 could form homotypic intercellular

precleared by centrifugation in a microfuge at 8,000 rpm, 4°C for 10 channels with itself or heterotypic channels with Cx43.

min to pellet yplk granules. The supernatant was supplemented Wi”OocyteS were pretreated with DNA oligonucleotides an-

200 wM leupetin and 0.6% SDS, boiled for 3 min and t_hen pas_sed 31|.;isense toXenopusconnexin38 mRNA, injected with

times through a 26-gauge needle. The samples were diluted with fou . .

volumes of “immunoprecipitation buffer” (in m: 0.1 NaCl, 0.02 Na Cx45 or Cx43 CRNA and paired. HomOtyp'C_ Cx45/

borate, 15 EDTA, 0.02% Na azide, 10 NEM and 2 PMSF, pH 8.5 Cx45 and heterotypic Cx43/Cx45 pairs formed intercel-

supplemented with 0.5% Triton X-100 and affinity purified antiserum lular channels (Table 1). We also showed that Cx45
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1 2 Table 2. Junctional conductance in Cx45/Cx43 pairs is not due to the
recruitment of endogenous connexin by Cx45
! Oocyte injection G; (range) No. of pair§
cell 1/cell 2 ns?
69 i Cx45/Cx43 6.96 £7.99 (0-14.7) 4
46 — |ss Cx45/antisense .0147 .036 (0-.09) 6
: - Control/contro? 134 +14 (0-2.8) 3

30 —

2Values are meat sp.
b Control pairs were not pretreated with antisense Cx38 oligonucle-
otide.
¢ To reduce variability in levels of endogenous and exogenous connex-
Fig. 1. Immunoprecipitation of connexin45 from oocytes metaboli- ins, all of the experiments were performed on oocytes from a single
cally labeled with $S]methionine. Homogenates prepared from Cx45 donor frog.
cRNA- (lane 1) or water-injected (lane 2) oocytes were processed for
immune precipitation, separated on a 12% SDS-polyacrylamide gel and
detected by fluorography. Migration of protein standards are indicated A 1.2 1 B
at the left edge of the gel.

Table 1. Cx45 forms homotypic channels with itself and heterotypic

channels with Cx43 and Cx38 o
v

Oocyte injection Junctional No. of pairg é

cell 1/cell 2 conductanceyS)? g
-
(4]

Cx45/Cx45 4.3%2.33 5 4

Cx45/Cx43 2.9%2.25 4

Cx45/Cx38 6.9+4.28 3 100 "‘I

10s

2Values are meat sp.
b Only the low conductance pairs used to analyze the voltage depen-
dence are included.

mV

Fig. 2. Oocyte pairs expressing Cx45 exhibit characteristic voltage-

Lo . dependent behaviorAf Representative gap junctional current traces
could form heterotypic intercellular channels with the recorded from a homotypic Cx45 oocyte pair. Gap junctional current
endogenouXenopusembryonic gap junctional protein, traces were generated by applying transjunctional voltage clamp steps
Xenopusconnexin38 (Cx38), by pairing Cx45 cRNA- to+90 mV in 10 mV increments from a holding potential-e40 mV.
injected Oocytes with noninjected control Oocytes Or(B) Plot Of thg mean initial (filled circ!es) gnd steady-state _(open
oocytes njected with the CRNA for Cx38 (Table 1) To 1119 jtonal conducane tasircional votege laion
test Whether the gap Juncthnal conductance:_; recorded IPhe initial junctional conductance was determined by fitting the time
hetemty_p'c Cx43/Cx45 pairs Wer_e due ent'rely to thecourse of decay of the junctional current to a double exponential and
expression of exogenous connexins, we compared COUtrapolating toT = 0 sec. Smooth lines are the best fit of the exper-
pling levels in antisense/Cx45 and Cx43/Cx45 oocyteimental data to a Boltzmann function whose parameters are given in
pairs (Table 2). Our results showed that the Cx43/Cx45able 3. Results are shown as meansewm of 5 oocyte pairs whose
pairs exhibited much higher levels of coupling than themean conductance is given in Table 1.
antisense/Cx45 pairs suggesting that pretreatment with
antisense Cx38 oligonucleotides prevented the formation . . . ional vol | h |
of heterotypic channels between Cx45 and endogeno grizing transjunctional voitage-clamp steps. The rela-

Cx38. Untreated control pairs exhibited low but variable |onsh|p.bet\./veen transjunctional potentld, and initial
levels of coupling. (Gjo, solid circles) and steady-statg;(, open squares)

junctional conductance is shown in FigB.2Both G,
andG;., were normalized in each cell pair to the value of
VoLTAGE GATING oF Cx45 HomoTypic CHANNELS G; at 0 mV. G, decreased symmetrically at positive and
negativeV;s. This behavior was quantitated by fitting
Figure 2A shows a typical family of junctional current the G;..-V; relationship to a Boltzmann equation (Table
traces recorded from an oocyte pair injected with Cx453). Steady-state parameters previously determined for
cRNA. The junctional currents decayed to a hew steadyhomotypic channels composed of Cx43 or Cx38 have
state level on application of depolarizing and hyperpo-also been included in Table 3 for comparison. In con-
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Table 3. Boltzmann parameters for homotypic channels expressed ircontrast to the difference in time course, the area under

Xenopusoocytes current trace remained constant. These findings support
ox the notion that the channel must retrace its steps, passing
(Conditionf A , v, (mV) Gy Gymin back to the open state before the other gate can close.
Cx45 0.084 21 14 1.3 0.115

Cx43 (HV,)° 0.07 18 55 1.0 018 VoLTAGE GATING OF HETEROTYPIC CHANNELS

Cx43 (V))° 0.09 22 -59 1.0 0.40

Cx38’ 0.20 50 25 10 029 Figure 4 shows typical families of transjunctional cur-

rents and plots of the normalized junctional conductance

@ Data were fit to a Boltzmann equation of the f =(1-Gnin/(1 . . . .
d 0. = (1 = Gymn)/( (Gj) vs. transjunctional voltage\f) relationship for the

+ expA(V - V) + Gjmin. The cooperativity constant A can also be

expressed in terms of equivalent number of gating charges z. heterotypic oocyte pairs. Junctional currents in the het-
b1V, refers to the polarity of the transjunctional potential. If not indi- erotypic Cx43/Cx45 pairs displayed a highly asymmet-
cated the response was symmetrical. rical voltage dependence (FigA¥} When a hyperpolar-

©Cx43 data are from White et al. (1994). izing voltage-clamp step was applied to the Cx45 cRNA-

dc><d3§ dt"ata are from Brutzzone eFdaLt(_lglgf)-tzhte recgr,‘"“% solutionjnjected cell, the junctional current inactivated to a
giseri';enf;e experiments were identical to that used in the preseRfyq 5 qy.-state level. The rate of closure increased with in-
creasing transjunctional voltage. In contrast, depolariza-
tion of the cell expressing Cx45 evoked junctional cur-
trast to Cx43, Cx45 homotypic channels displayed arents that slowly increased with time. For large depolar-
much greater sensitivity to transjunctional voltage withizations, the junctional current rose to a peak value
V, (the voltage at whicl@; was reduced by 50%) afl4  within seconds and then slowly inactivated. The current
mV and G;,, (the value of the minimum conductance did not reach steady state during pulses as long as 48 sec.
for large transjunctional voltages) of .11&, decreased To compare the slow voltage dependence of the hetero-
gradually for increasing potentials of either polarity.  typic channels to the parent connexins, the normalized
The time course of inactivation of the gap junctional junctional conductance &t = 24 sec was plotted as a
current could be described by a monoexponential procedsinction ofV;. The conductance measuredlat 24 sec
for V=< £50 mV as illustrated in Fig. 8 At larger po-  (G;.., open squares) reached a maximum valu¢ at25
tentials, the decay process was best fit by the sum of twonV and decayed asymmetrically at more positive and
exponentials. The rate of decay was strongly voltage denegative potentials witW, (the voltage at whicl@; was
pendent becoming faster with increasifg The mean reduced by 50%)50 mV for positiveV;s and-5 mV
time constant of inactivatior;, determined from 4 ex- for negativeV;s. Although the voltage sensitivities were
periments was plotted as a function\dfin Fig. 38. =  altered compared to the parent connexins, the time
decreased by a factor @ between 10 and 50 mV. course of decay and the steady-state voltage dependence
The time course of recovery of the gap junctional of the heterotypic channels more closely resembled those
conductance was measured using a double pulse protocof the homotypic Cx45 channels when the Cx45 cRNA-
(Fig. 3C). During the first depolarizing stefs; decayed injected cell was relatively negative suggesting that the
to a new steady-state level. Following a recovery periodCx45 connexon closes for relative negativity at the cy-
of variable duration, a second test depolarizing pulse watoplasmic end of the channel.
applied to measure the fraction of junctional channels  To better understand the extent to which the voltage-
that had recovered from inactivation. As illustrated in dependent behavior of connexons composed of Cx45 or
Fig. 3C, the time course of recovery was best fit by an Cx43 are influenced by the molecular composition of the
exponential process with a time constantpf 5.7 sec.  opposing connexon, we also characterized the voltage-
Experiments on amphibian blastomere pairs (Spraygdependent properties of heterotypic gap junctional chan-
Harris & Bennett, 1981) indicated that gap junctional nels composed of Cx38 and Cx45 or Cx43 (FiB.ahd
channels closed by a transjunctional voltage of one po€). Heterotypic Cx38/Cx45 channels closed for relative
larity must reopen before they can be closed by a voltag@egativity and opened for relative positivity of the Cx45
of the opposite polarity. To test whether Cx45 channelscell. For large depolarizing pulses applied to the Cx45
behave in a similar manner, a 60 mV transjunctionalcell, G; exhibited a biphasic response consisting of an
voltage-clamp pulse was applied in the absence and pregaitial increase followed by a slower decline to a lower
ence of a prepulse of the opposite polarity as illustratedsteady-state value. These properties were similar to
in Fig. 3D. When the test pulse was given alone, thethose of the Cx43/Cx45 heterotypic channels. There
junctional current decayed monophasically to a newwere subtle differences in kinetics and initial and steady-
steady-state value. When the test pulse was preceedsthte G-V, curves. Heterotypic channels composed of
by a prepulse, the junctional current increased before€x38 and Cx45 showed a less pronounced reduction in
declining and the rate of decay was much slower. InG;, and G, for large positive potentials applied to the
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Fig. 3. Kinetics of inactivation and recovery from inactivatioA) (Time course of inactivation of the Cx45 junctional current during 24-sec pulses

to potentials between 10 and 50 mV. The unbroken lines represent a monoexponential fit to thB)détae (constant of inactivation plotted as

a function of transjunctional potential. Data are shown as measesv of 4 oocyte pairs. €) Time course of recovery of the gap junctional
conductance following a large transjunctional voltage clamp pulse. The time course of recovery of the Cx45 gap junctional current was measur
using a double pulse protocol. The peak junctional current measured during the second pulse (normalized with respect to the peak junctional cur
recorded during the first pulse) was plotted as a function of interpulse inteBjaEf(ect of polarity reversal. Junctional currents were determined
during a 60 mV pulse when given alone and when preceded by a prepulse of opposite polarity (closed diamond). When the pulse is precedec
a prepulse of opposite polarity which reduces the junctional conductance, the current transiently increases and then decreases.

Cx45 cell and a smaller residu@i,. for large negative ductance followed by a decrease as illustrated in FAg. 5
potentials. The rate and extent of the decline differed. Cell pairs

Heterotypic channels composed of Cx38 and Cx43expressing Cx45 (open squares) uncoupled with a faster
also showed highly asymmetrical steady-state voltagéime course and to a greater extent than Cx43/Cx43 pairs
sensitivities (Fig. €). G, decayed to a steady-state level (filled circles). This effect was reversible on washout.
of about 10% of its initial value for large negative po- Similar results were obtained in 4 other experiments.
tentials applied to the Cx43-injected cell and 66% of itsIn contrast, homotypic Cx38 pairs (filled stars) showed
initial value for large positive potentials. Unlike the only a reduction inG;. The time course of decay @,
Cx38/Cx45 and Cx43/Cx45 heterotypic chann@sde-  was more rapid than that observed for the Cx43 or Cx45
cayed with a monophasic time course in response to depgairs.

larizing voltage-clamp steps applied to the Cx43 cell. Heterotypic pairs were also sensitive to cytoplasmic
acidification. Heterotypic channels formed from Cx45
PH; SENSITIVITY and Cx38 could be distinguished from Cx43/Cx45 chan-

nels by their increased susceptibility to acidification-
To examine the effect of cytoplasmic acidification on induced uncoupling. FigureB compares results ob-
junctional conductance, oocyte pairs were superfusethined from a Cx38/Cx45 pair (open circles) with those
with MBS equilibrated with 100% CQat a constant recorded from a Cx43/Cx45 pair (filled circles). Cx38/
flow rate of 5 ml/min. When homotypic Cx43 and Cx45 Cx45 channels closed more rapidly and recovered much
pairs were superfused with MBS equilibrated with 100%more slowly upon removal of COthan Cx43/Cx45
CO,, they showed an initial increase in junctional con- channels.
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Fig. 4. Heterotypic channels exhibit highly asymmetrical voltage-dependent behavior. Oocyte pairs were initially voltage clamped to a holdin
potential of-40 mV and then 24-sec voltage clamp steps were applied in increments of 10 mV be®@e@nd 90 mV to cell 2. Junctional current

was measured in cell 1 and thus was negative when cell 2 was depolarized and positive when cell 2 was hyperpolarized. Transjunctional potent
were always measured relative to cell 2. The initial and steady-state conductance were measure8Dansec and 24 sec, respectively and
normalized to their value at 0 mV. Typical junctional current traces and plots of the mean initial (filled triangles) and steady-state (open square
conductances.transjunctional voltage are presented for Cx43/Cx45 Cx38/Cx45 B) and Cx38/Cx43() pairs. Data are shown as meansem

of 4 oocyte pairs for Cx45/Cx43 and 3 oocyte pairs for Cx45/Cx38 whose mean conductances are given in Table 1.

Discussion of chicken Cx45, a gap junctional protein found in many
tissues from the chicken embryo whose amino acid se-
To explore how the molecular diversity of gap junctional quence is 83% identical to that of mammalian Cx45
proteins influences intercellular communication in the (Veenstra et al., 1992; Barrio et al., 1995).
heart, we have examined the functional interactions of 2  Polarity reversal experiments suggest that Cx45 gap
mammalian cardiac gap junctional proteins (canine Cx45unctional channels closed by transjunctional voltages of
and rat Cx43) in pairecKenopusoocytes. Our results one polarity must open before they could be closed by a
show that Cx45 could form homotypic intercellular voltage of the opposite polarity. Similar behavior has
channels with itself and heterotypic channels with Cx43.been observed for gap junctional channels between am-
The homotypic Cx45 channels were strongly voltage dephibial blastomeres (Spray, Harris, & Bennett, 1981), rat
pendent. Their voltage-gating properties resemble thossechwann cells (Chanson et al., 1993) and cells from an
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2.0 A heterotypic Cx43/Cx45 and Cx38/Cx45 channels with
those of the parent connexins indicate that both the ki-
netic properties and the steady-state voltage dependence
. of heterotypic channels more closely resemble those
s ‘“".\-... of the homotypic Cx45 channels when hyperpolariz-
& ing pulses were applied to the cell expressing Cx45.
W However, the residual conductance at large transjunc-
H J tional potentials is lower when Cx45 is paired with Cx38.

u/“ ¢ 0-Cxd3/C0xd3 This observation suggests that the behavior of the Cx45
[ ¢ hemichannel is modified by the molecular composition
}, # 0 - Cx45/Cx45

Normalized G,

of the opposing connexon.
~ * - Cx38/Cx38 The behavior of the heterotypic channels was more
% complex for depolarizing pulses applied to the Cx45-
R injected cell. Depolarization elicited a transient increase
20 30 40 50 in the junctional current followed by a slow decline. The
activating component had a time course similar to the
time course of recovery of the homotypic Cx45 channels.
B These observations could be explained if it is assumed
o - Cx45/Cx43 that both hem|cha_nnels clo_se for relat_lve negativity and
0 - Cxd5/Cx38 that the Cx45 hemlchanqgl is only partlal[y activated at 0
mV. Under these conditions, the contingency model
. (Spray, Harris & Bennett, 1981) predicts that when a
/“"‘ depolarizing pulse is applied to the Cx45 cell, channels
3 with the Cx45 gate closed must open before the other
! gate can close resulting in an increase in junctional con-
/-’ ductance followed by a decrease. Similar findings for
/
]
!

Time (minutes)
2.01

Normalized G,
(=}

heterotypic gap junction channels formed from human
Cx45 and Cx43 expressed in SKHepl cells have been
recently reported in preliminary form by Moreno et al.
(1995).

It was originally proposed that hemichannels close
on depolarization of the cell containing the hemichannels
and this was supported by the observation that in hetero-
typic Cx43/Cx38 oocyte pair;; was strongly reduced
Fig. 5. Effect of cytoplasmic acidification. Oocyte pairs were initially OY d€polarization of the Cx38-containing cell but not by
superfused with normal MBS at a constant flow rate of 5 ml/min (total Potentials of the opposite polarity (Swenson et al., 1989;
bath volumeb ml). At T = 0 the perfusion solution was switched to  Werner et al., 1989). In exception to this generalization,
MBS equilibriated with 100% C®for [110 mins and then switched Cx32, Cx46 and Cx56 were recently reported to close on
back to normal MBS (arrow)G; was measured by applying 5 mV  pynerpolarization of the connexin-containing cell
depglanzmg translunct'lonal voltqge-clamp pulses for 400 msec at 30'(Verse|is, Ginter & Bargiello, 1994: Paul et al., 1991:
sec intervals. Th_e hoI(_jlng po_tentlalWﬂéOmV_.Gj was normalized to Ebihara & Steiner, 1993; Ebihara, Berthoud & Beyer
its value determined immediately before switching to 100%, @6d ! ! ! !
plotted as a functional of time for representative homotygipgnd ~ 1995). In the present study, we were able to clearly dem-
heterotypic B) cell pairs composed of Cx45, Cx43 or Cx38. onstrate that Cx45 closes for relative negativity of the

Cx45-injected cell because of the unique voltage-

dependent properties of Cx45. Moreover, our data sug-
insect cell line (Bukauskas & Weingart, 1994). To ac-gest that Cx43 may also close for relative negativity.
count for this behavior, Spray et al. (1981) proposed thatt is interesting to note that although the kinetics of in-
each hemichannel has a gate which senses local voltagestivation of the Cx43 hemichannel in heterotypic Cx43/
drops within the channel and that when one gate iCx45 pairs are markedly slower than the kinetics of in-
closed, the entire transjunctional voltage gradient occursctivation of the Cx43 hemichannel in heterotypic Cx43/
across that gate. When the polarity of the voltage is reCx38 pairs, the steady-state voltage-dependent properties
versed, the closed gate must open before the other gatd the heterotypic Cx43/Cx45 channels resemble those of
can sense the voltage gradient. Alternatively, closure ofhe Cx43/Cx38 channels for relative negativity of the
one gate might physically interfere with the other gateCx43-injected cell.
closing. Gap junctional conductance can also be modulated

Comparison of the voltage-dependent properties oby intracellular pH. The specific degree of psensitiv-

Time (minutes)
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ity varies in different tissues (Spray & Bennett, 1985). Chanson, M., Chandross, K.J., Rook, M.B., Kessler, J.A., Spray, D.C.
This variation could reflect differences in connexin ex-  1993. Gating characteristics of a steeply voltage-dependent gap
pression, post-translational processing or intracellular junction <_:hanne| in rat schwann cells.Gen. Physiol102:925-946
environment. It has been recently shown that homotypid®2™: - Miller, T., Paul, D.L., Voellmy, R., Werner, R. 1987. Ex-

R L pression of functional cell-cell channels from cloned rat liver gap
Cx43 and Cx32 channels exhibit different sensitivities to  ction complementary cDNAScience?36:1290-1293

pH; when expressed in. pq(;ytes (Liu et al., 1993). Fur'Ebihara, L., Berthoud, V.M., Beyer, E.C. 1995. Distinct behavior of
thermore, the pHsensitivities of Cx43 and Cx32 in connexin56 and connexin46 gap junctional channels can be pre-
oocytes Closely resemble those observed in cardiac ven- dicted from the behavior of their hemi-gap-junctional channels.
tricular myocytes (White et al., 1990) and hepatocyte cell _ Biophys. J68:1796-1803 _ o
pairs (Spray et al., 1986), respectively. These findingsEb'hara’ L., Steiner, E. 1993. Prppertles of a nonjunctional currents
. . [ expressed from a rat connexin46 cDNA in Xenopus oocydes.

suggest that the difference in pldensitivity between Gen. Physiol 10259-74
liver and cardiac gap junc_tlons IS dl_Je to differences iNyennemann, H., Suchyna, T., Lichtenberg-Frate, H., Jungbluth, S.,
structural features of their connexins. In the present panl, E., Schwarz, H.-J., Nicholson, B.J., Willecke, K. 1992. Mo-
study, we have used the oocyte pair system to character- lecular cloning and functional expression of mouse connexin40, a
ize and compare the pkensitivity of homotypic and second gap junction gene preferentially expressed in langGell
heterotypic channels composed of Cx45 and Cx43. Our ‘?'0'-|_1|1|_7:18299‘13E12 L 3.6, Beau. S Safiis. JE. 8663
results show that both the homotypic and heterotypid @™ H-L. Bever, E.C., Laing, J.G., Beau, S.L., Saffitz, J.E. &9

h | L Hrhe h . 4 d Distinct patterns of connexin expression in canine Purkinje fibers
channels are sensitive to p _e OmOtyP'C Cx45 an and ventricular muscleCirc. Res.72:1124-1131
Cx43 Chann_els_ show clear d|ff_erences in _the rate ananter, H.L., Laing, J.G., Beyer, E.C., Green, K.G., Saffitz, J.E. b993
extent of acid-induced uncoupling suggesting that they Multiple connexins colocalize in canine ventricular myocyte gap
are not being modulated by plh the same way. It is junctions.Circ. Res.73:344-350
interesting to speculate that differences in distribution of<anter, H.L., Saffitz, J.E., Beyer, E.C. 1992. Cardiac myocytes express
Cx45, Cx43 and Cx40 in cardiac tissues may lead to Multiple gap junction protein<Circ. Res.70:438-444
differences in the susceptibility of these tissues to acig-3"%: -G Westphale, EM., Engelmann, G.L., Beyer, E.C. 1994.
. . . .. . Characterization of the gap junction protein, connexinA3Jem-
induced uncoupling during myocardial ischemia. brane Biol.139:31-40
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