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Summary. Embryonic chick myocyte pairs were isolated from 
ventricular tissue of 4-day, 14-day, and 18-day heart for the pur- 
pose of examining the relationship between macroscopic junc- 
tional conductance and transjunctional voltage during cardiac 
development. The double whole-cell patch-clamp technique was 
employed to directly measure junctional conductance over a 
transjunctional voltage range of -+ 100 mV. At all ages, the instan- 
taneous junctional current (or conductance = current/voltage) 
varied linearly with respect to transjunctional voltage. This initial 
response was followed by a time- and voltage-dependent decline 
injunctional current to new steady-state values. For every experi- 
ment, the steady-state junctional conductance was normalized to 
the instantaneous value obtained at each potential and the data 
was pooled according to developmental age. The mean steady- 
state junctional conductance-voltage relationship for each age 
group was fit using a two-state Boltzmann distribution described 
previously for other voltage-dependent gap junctions. From this 
model, it was revealed that half-inactivation voltage for the trans- 
junctional voltage-sensitive conductance shifted towards larger 
potentials by 10 mV, the equivalent gating charge increased by 
approximately 1 electron, and the minimal voltage-insensitive 
conductance exactly doubled (increased from 18 to 36%) between 
4 and 18 days of development. Decay time constants were similar 
at all ages examined as rate increased with increasing transjunc- 
tional potential. This data provides the first direct experimental 
evidence for developmental changes in the regulation of intercel- 
lular communication within a given tissue. This information is 
consistent with the hypothesis that developmental expression of 
multiple gap junction proteins (connexins) may confer different 
regulatory mechanisms on intercellular communication pathways 
within a given cell or tissue. 
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Introduction 

Gap junctions are specialized regions of the plasma 
membrane which permit the exchange of cytosolic 
ions and small molecules between adjacent cells in 
nearly all developing and fully differentiated tissues. 
These cell-to-cell channels appear as early as the 8- 
cell stage in developing mouse embryos (Lo & Gi- 
lula, 1979) and are well established in the precontrac- 

tile chick heart, as evidenced by the presence of 
synchronous electrical activity in the 9-somite chick 
embryo (Fujii, Hirota & Kamino, 1981). Besides the 
obvious role of electrical coupling associated with 
normal cardiac function, ~ gap junction channels are 
of sufficient size (10-20 A in diameter) to permit the 
intercellular diffusion of small molecules of up to 
1000 daltons in size between mammalian cells 
(Schwartzmann et al., 1981; Imanaga, Kameyama & 
Irisawa, 1987). Such molecules could include second 
messengers, which may play a role in coordinating 
cellular signals involved in a variety of functions 
(Gilula, Reeves & Steinbach, 1972; Lawrence, Beers 
& Gilula, 1978). Indeed, gap junctions have already 
been implicated in the passage of intracellular cal- 
cium acting as a second messenger for light emission 
in Obelia (Dunlap, Takeda & Brehm, 1987) and res- 
toration of low-density lipoprotein receptor function 
by transfer of a UDP-galactose/UDP-N-acetylgalac- 
tosamine 4-epimerase product from normal to mu- 
tant cells lacking this enzyme (Hobble et al., 1987). 
Because gap junctions appear so early in embryo- 
genesis, they are often viewed as playing a funda- 
mental role in growth control, pattern formation, and 
differentiation (Wolpert, 1978; Loewenstein, 1979; 
Mehta, Bertram & Loewenstein, 1986). The strong- 
est evidence in support of this hypothesis is the 
demonstration that blockade of junctional communi- 
cation by injection of gap junction antibodies or anti- 
sense RNA into developing embryos leads to decom- 
paction of 4- to 8-cell embryos or tissue patterning 
defects in the area of the injected cells (Warner, 
Guthrie & Gilula, 1984; Fraser et al., 1987; Lee, 
Gilula & Warner, 1987; Bevilacqua, Loch-Caruso & 
Erickson, 1989). The contention that gap junctions 
play a direct role in the cell-to-cell transfer of devel- 
opmental signals has been the subject of four recent 
reviews (Caveney, !985; Green, 1988; Warner, 1988; 
Guthrie & Gilula, 1989) which all reveal that, al- 
though there is a large body of evidence to support 
this claim, the precise molecular mechanisms in- 
volved remain poorly understood. 
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Whatever the function, one of the key factors in 
the process of controlling the intercellular move- 
ment of a cytosolic signal-carrying molecule is the 
regulation of gap junction permeability. Several fac- 
tors have been reported to affect short-term or long- 
term regulation of gap junction communication in- 
cluding intracellular pH, intracellular calcium, and 
a variety of protein kinases (Spray & Bennett, 1985; 
Loewenstein, 1987). One regulatory mechanism of- 
ten found to regulate gap junctional communication 
in developing tissues (e.g., blastomeres), but less 
so in fully differentiated tissues (e.g., mammalian 
heart), is transjunctional voltage (Vj; Spray & Ben- 
nett, 1985). Recent observations in embryonic and 
neonatal ventricular myocyte pairs have success- 
fully disputed the previously held contention that 
cardiac gap junctions are not regulated by transjunc- 
tional potentials (Rook, Jongsma & Van Ginneken, 
1988; DeHaan, Chen & Penrod, 1989; DeHaan & 
Chen, 1990; Veenstra, 1990a,b). The apparent lack 
of Vj dependence in large conductance gap junc- 
tions, typical of adult mammalian ventricular myo- 
cytes, has been postulated to be the result of an 
increasing access resistance that develops as the 
number of channels within the gap junction plaque 
increases (Jongsma et al., 1990). In 7-day embryonic 
chick heart, it has been demonstrated that Gj is sensi- 
tive to transjunctional potentials above +_30 mV (De- 
Haan et al., 1989; DeHaan & Chen, 1990; Veenstra, 
1990a,b). It was the purpose of this study to deter- 
mine if any gradual changes in Vj-dependent regula- 
tion of cardiac gap junctions occur during embryonic 
chick heart development. Observations in paired 4-, 
14-, and 18-day embryonic chick ventricular myo- 
cytes revealed a gradual loss of Vj sensitivity that 
coincides with increasing embryonic age and pro- 
vides the first direct evidence for developmental reg- 
ulation of intercellular communication within a given 
cell or tissue. A previously described Boltzmann 
model (Harris, Spray & Bennett, 1981 ; Spray, Harris 
& Bennett, 1981), which adequately describes the 
steady-state junctional conductance-voltage (GsV) 
relationship of numerous Vj-dependent gap junc- 
tions, was used to quantitatively assess the develop- 
mental changes in the half-inactivation voltage and 
slope of the G~-Vj curve. Preliminary observations 
of these results have been presented elsewhere 
(Veenstra, 1990b,c). 

Materials and Methods 

TISSUE CULTURE 

Fertilized eggs from white Leghorn chickens were incubated at 
37~ for 4-, 14-, or 18-days. The embryos were then decapitated, 

and the apical portions of the cardiac ventricles were dissected 
out and dissociated into their cellular components by the multiple 
cycle enzymatic dissociation procedure as previously described 
(DeHaan, 1970; Veenstra & DeHaan, 1986a). This procedure 
yielded a cell suspension containing 85-90% single cells plus 
several small clusters of two or more cells. An inoculum of 2 x 
l0 s cells was added to plastic Petri dishes (Falcon Plastics, type 
1008) treated With concentrated sulfuric acid (25 M) to permit cell 
attachment without extensive spreading (Veenstra & DeHaan, 
1988). The plates were incubated in a humidified atmosphere of 
95% air-5% CO 2 at 37~ for 22-28 hr (pH = 7.1). All cell pairs 
used for experimentation were termed 4-, 14-, or 18-day with 
reference to the age of the donor embryo. 

SOLUTIONS 

The dissociation medium, DM8, was composed of the following: 
50 /,g/ml crystalline trypsin (Worthington Enzymes, Freehold, 
NJ); 5.5 /xg/ml deoxyribonuclease (Worthington, 9 • 10 -4 
U/mg); 1 mg/ml bovine serum albumin (fraction V fatty acid poor, 
Sigma Chemical, St. Louis, MO); NaC1, 116 mM; KCI, 5.4 mM; 
NaH2PO4, 1.0 mM; and dextrose, 5.5 mM. A similar solution was 
prepared for dissociating the 14- and 18-day tissue, but with 2 
mg/ml collagenase (type 2, Worthington; 244 U/mg) in place in 
trypsin. Collagenase produces a higher yield of viable cells than 
trypsin from 14- or 18-day ventricle, owing to the larger content 
of connective tissue at these latter stages of development (Veen- 
stra & DeHaan, 1986a). The culture medium, 21212, contained 
(by volume) 25% M199, 2% heat-inactivated horse serum, 67.5% 
K+-free Ham's F12 (all from GIBCO, Grand Island, NY), 4% 
heat-inactivated fetal calf serum (Flow Laboratories, Horsham, 
PA), 1% L-glutamine, 0.5% penicitlin-G (Sigma), and 1.3 mM KCI. 
During patch-clamp experiments, the cells are bathed in a protein- 
free balanced salt solution bath, BSS, composed of (in raM): 
NaC1, 142; KCI, 1.3; MgSO4, 0.8; NaH2PO4, 0.9; CaCI> 1.8; 
dextrose, 5.5; and N-2-hydroxyethytpiperazine-N'-2-ethanesul- 
fonic acid (HEPES, Sigma), 10. The pH was titrated to 7.2 by the 
addition of 1 N NaOH. Internal pipette solution, IPS, contained 
the following (in mM): K-glutamate, 120; NaC1, 15; KH2PO4, 
1.0; MgCI2-6H20, 4; glycoletherdiaminetetraacetic acid (EGTA, 
Sigma), 0.1; HEPES, 10; Na2-ATP (Sigma), 3; and Na2-phospho- 
creatine (CrP, Sigma), 3. The IPS was titrated to pH 7.1 with 1 
N KOH. The ATP and CrP were added to the stock solution daily 
to improve the metabolic state of the cells during whole-cell 
recording. The EGTA was added to reduce trace amounts of Ca 2+ 
in the IPS to <10 .7 M, but is not sufficient to act as a strong 
intracellular buffer. 

JUNCTIONAL CURRENT AND 

CONDUCTANCE MEASUREMENTS 

Plates of cultured myocytes were rinsed 5-7 times with BSS and 
placed on the stage of an inverted phase contrast light microscope 
(Olympus IMT-2) for observation. All experiments were per- 
formed on paired myocytes at room temperature (20-22~ ac- 
cording to standard double whole-cell patch-clamp procedures 
(Veenstra & DeHaan, 1986b, 1988). Patch electrodes, having tip 
resistances of 4-6 Mfl when filled with the IPS described above, 
were selected and coated with Sylgard (Dow Coming, Midland, 
MI) to reduce electrode capacitance prior to use. Gfl-seals and 
electrode capacitance compensation were achieved on both cells 
with a pair of patch-clamp amplifiers (BioLogic Model RK-300, 
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Fig. 1, Measurement of macroscopic junctional current (19. 1i 
and 12 are whole cell currents recorded under voltage-clamp con- 
ditions from each cell of an embryonic chick cell pair. Vl and V 2 
are the membrane voltages applied to each cell by separate patch- 
clamp amplifiers. Transjunctional voltage (l/j) is varied between 
-+ 100 mV by stepping V~ from a holding potential of -40. mV to 
values ranging from - 140 to + 60 mV in 10-mV increments. Each 
voltage pulse is 2 sec in duration with a 5-sec recovery interval 
between pulses. V 2 is held constant at - 4 0  mV, so Vj = V2 
Vv Junctional current (//) is observed in both current records 
as signals of opposite polarity, although there is also a small 
nonjunctional membrane current (If) associated with the VI volt- 
age step. Hence, Iy is taken as the current signal recorded in 12 
during the V~ voltage pulse. Macroscopic junctional conductance 
(Gfl can be calculated by dividing I t by V i 

Meylan, France). The current signals were viewed directly with 
a digital storage oscilloscope (Gould Model 1604). Permanent 
records of the current and voltage signals for each cell were stored 
on VCR tape using a 2/4 channel VCR-based digital tape recorder 
(Neuro-Corder Model DR-484 digitizer and Sansui SVL7700 VHS 
VCR, Neuro Data Inst., NY) at a digital sample rate of 22 kHz/ 
channel. For data analysis, the data was played back in analog 
form through a four-pole Butterworth filter (Ithaco Model 4302, 
Ithaca, NY) at a low-pass filter bandwidth of 125 Hz prior to 
digital sampling at 500 Hz by an A/D board (Data Translation 
Model DT2801A) installed in an IBM PC/ATI 

The membrane voltages of both cells (V I and V2) were inde- 
pendently controlled by separate voltage-clamp circuits, which 
permits direct measurement of macroscopic junctional current 
(It). A brief example of the experimental procedure is displayed 
in Fig. 1. Initially, V 1 and V 2 were set equal to each other (Vl = 
V 2 = - 4 0  mV) for 5 sec in order to determine the membrane 
holding currents for each cell (I I and 12). A transjunctional voltage 
gradient (Vj = V 2 - Vi) was periodically produced by hyperpo- 
larizing or depolarizing Vl for 2 sec while V2 was held constant. 

During each pulse, whole-cell current was applied by each patch- 
clamp amplifier in order to maintain V~ and V 2 at their respective 
values. Under these conditions, ly must be recorded as a current 
of opposite polarity and equal magnitude by the two voltage- 
clamp circuits (Veenstra & DeHaan, 1986b, 1988). However, only 
the change in 12 during the Vj pulse is taken as a direct measure 
of/t, as indicated by the arrows in Fig. 1. The change in Ii is equal 
to the negative of I t (as recorded in the partner cell) plus an 
additional nonjunctional membrane current (Ii) associated with 
altering V I (see Fig. 1). This procedure is identical to previously 
published methods and are described in more detail elsewhere 
(Veenstra, 1990a). All Ij pulses presented throughout this manu- 
script meet the above criteria. 

Whole cell capacitive currents in response to a 10-mV depo- 
larizing step (holding potential = - 80 mV) were simultaneously 
recorded using a 1 MHz A/D board (RC Electronics, Santa Bar- 
bara, CA). Electrode resistances following patch break were de- 
termined from the capacitive current transients of each cell as 
previously described (Veenstra & DeHaan, 1988). Electrode re- 
sistances ranged from 10 to 34 MEt (mean _+ SEM: 19.8 --+ 0.8 MEt, 
n = 48) in all cells examined and did not vary systematically with 
age of the preparation (ANOVA, P > 0.05). Cell input resis- 
tances, as determined from whole-cell membrane 1-V relation- 
ships between membrane potentials of - 80 and 0 mV (Veenstra 
& DeHaan, 1988; Veenstra, 1990a), ranged from a minimum of 
0.8 GEt in an 18-day cell to a maximum of 20.5 GEt in a 4-day cell. 
In all cases, series resistance was <5% of the cell input resistance, 
thus limiting variations between cell membrane and electrode 
voltages to less than 5% of the applied potential. In 20 of 27 cell 
pairs examined (eight 4-day, six 14-day, and six 18-day pairs), Gj 
ranged from 1.0 to 5.4 nS (2.79 -+ 0.33 nS, mean -+ SEM). These 
conditions are consistent with previous publications from 7-day 
cell pairs where the electrode resistance typically averaged <5% 
of the junctional resistance (Gj = 0 to 5 nS; Veenstra & DeHaan, 
1988; Veenstra, 1990a). Occasionally, Gi values as high as 35 nS 
have been observed in 7-day cells (Veenstra & DeHaan, 1988). 
Similar observations were obtained in the present study, where 
the remaining 14- and 18-day cell pairs had G t values ranging from 
9.8 to 31.3 nS (18.57 _+ 3.12 nS). 

MATHEMATICAL MODELING OF STEADY-STATE 

JUNCTIONAL CONDUCTANCE-VOLTAGE CURVES 

For each polarity, the steady-state Gj-Vy curve was fit by a Boltz- 
mann equation of the form 

Gj = {(Gma x - Groin)/1 + exp[A(V j  - V0)]} + Gmin (1) 

where Gm,x is the maximum conductance (=  1, normalized to 
instantaneous Gj for each voltage), Gmi n is the minimum conduc- 
tance attained during a given experiment, V0 is the voltage where 
Gy lies halfway between Gma x and Grnin, and A is a parameter 
expressing the steepness of the curve (Harris et al., 1981; Spray 
et at., 1981). The constant A can be expressed as zq/kT,  where z 
is the number of equivalent electron charges q that act as the 
voltage sensor in the membrane to effect the transition from the 
open to closed conductance states, and kT  represent Boltzmann's 
constant and absolute temperature, respectively. The Boltzmann 
relation determines the ratio of open to closed channels at equilib- 
rium in terms of the energy difference (which varies with Vj) 
between the two states (Spray et al., 1981; Hille, 1984). The 
best fit of each steady-state Gj-~ curve was determined by a 
customized nonlinear curve-fitting program (courtesy of W.N. 
Goolsby, Emory University) which utilizes the least squares crite- 
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Fig. 2. Voltage-dependence of 4-day embryonic chick heart gap junctions. (A) 
Voltage-dependent decrease in Ij. Junctional current (I;) during a 2-sec duration 
pulse to indicated transjunctional voltages (Vj) undergoes a time-dependent 
decay at nearly all Vj values examined. Instantaneous (onset of the pulse) G; 
values ranged from 3.04 to 3.97 nS and steady-state (end of pulse) G; values 
ranged from 0.53 to 3.65 nS for the currents shown. I d traces marked with an 
asterisk are displayed at a higher gain of 100 pA for the vertical scale marking. 
The solid dash at the end of the 20 and + 30 Vj traces indicate the 
instantaneous/j  level for the pulse. (B) Instantaneous and steady-state Ij-Vj 
relationships. Instantaneous (inst) and steady-state (ss) I~ for the experiment 
shown in Fig. 2A were plotted as a function of Vj. The instantaneous I;-V; 
relationship has a linear slope of 3.46 nS over the entire voltage range 
examined. The steady-state ITV j relationship clearly deviates from linearity 
above +-20 mV and a region of negative slope for Vj > -+ 60 mV. The thick 
lines connecting the data points were drawn by eye. The thin line represents a 
junction with an ideal linear conductance of 3.46 nS. (Prep #4d823) 

rion to determine convergence. Gma x - I since steady-state Gj 
(G~0 was normalized to the maximum value obtained during each 
V; pulse and Gmi n = minimum normalized G; obtained during each 
experiment. 

Results 

REGULATION OF JUNCTIONAL CURRENT 

BY TRANSJUNCTIONAL POTENTIALS 
IN EMBRYONIC CHICK HEART 

When the entire voltage protocol described above 
was applied to a pair of  4-day embryonic chick cells, 

a family of junctional current traces like those shown 
in Fig. 2.4 were generated. The four traces marked 
with an asterisk are shown at twice the amplification 
of the rest of the currents for the purpose of visualiz- 
ing any small time-dependent changes in/j that occur 
at these potentials. A rapid rise in/j. was evident with 
the onset of  every V i pulse, which increases in direct 
proportion to the incremental increase in Vj. At Vj. = 
10 mV, there was no discernable change in the ampli- 
tude of I; during the pulse shown here. However,  
this is not the case for the rest of the/j  pulses in this 
example. The solid lines at the end of  the - 20 and 
+ 30 mV Vj pulses, marking the initial I~ value mea- 
sured during the first 10 msec of the pulse, indicate 
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Fig. 3. Voltage-dependence of 14-day embryonic chick heart gap junctions. (A) 
Voltage-dependent decrease in lj./j during a 2-sec duration pulse to indicated 
Vj values undergoes a time-dependent decay when Vj exceeds -+30 mV. 
Instantaneous G: values ranged from 5.25 to 6.60 nS and steady-state Gj values 
ranged from 1.59 to 6.10 nS for the currents shown, lj traces marked with an 
asterisk are displayed at a higher gain of 200 pA for the vertical scale marking. 
(B) Instantaneous and steady-state Ij-V: relationships. Instantaneous and 
steady-state lj for the experiment shown in A were plotted as a function of ~. 
The instantaneous I:Vj relationship has a linear slope of 5.39 nS over the entire 
voltage range examined. The steady-state I:Vj relationship has a linear slope of 
5.27 nS over the range of -+30 mV and a region of negative slope for Vj 
between -+50 and -+70 mV. The thick lines connecting the data points were 
drawn by eye and the thin line represents a junction with an ideal linear 
conductance of 5.40 nS. (Prep #fd829) 

t ha t / j  decreased slightly during each Vj pulse. This 
decrease i n / i  became more  prominent  at larger V: 
values. 

The vol tage-dependent  decline o f / j  was best 
illustrated by plotting the instantaneous and steady- 
s t a t e / j  values as a function of  V:, as shown in Fig. 
2B. I n s t a n t a n e o u s / j  was determined by taking the 
average current  during the first 10 msec  of  each pulse 
and plotting this value as a function of V:. These 
results are illustrated by the open squares in Fig. 2B. 
T h e / j - ~  relationship was linear with the slope of the 
line being equal to the junctional  conductance (Gfl 
of  the preparat ion (3.46 n S). A different relationship 
is found when s teady-s ta te / i ,  measured during the 
last 10 msec  of the Vj pulse, is plotted accordingly. 
These results are illustrated by the open diamonds 
in Fig. 2B. S teady-s ta te / j  was virtually identical to 
the instantaneous current  at -+ 10 mV, but the steady- 
s t a t e / :  V: relationship deviates further from linearity 

as V: increases in either direction. Beyond -+60 mV, 
steady-state/~ actually decreases  with increasing V:, 
producing a negative slope conductance for the junc- 
tional membrane  (for a definition, see Jack, Noble 
& Tsien, 1983) in the -+60 to -+I00 mV range of 
potentials. This example  was characterist ic in all 4- 
day cell pairs (n = 8) examined.  The slope of  the 
instantaneous I :V:  relationships ranged from 1.0 to 
3.85 nS for the eight 4-day cell pairs (2.19 -+ 0.48 nS, 
mean -+ SEM). 

Slightly different results were obtained when 14- 
day cell pairs were  examined using the same proce- 
dures described above.  In Fig. 3A, the four/~ traces 
marked with an asterisk are again displayed with 
twice the amplification of the o ther / j  traces. In these 
records,  a t ime-dependent  decrease i n / j  was not 
evident until V: _> +40 mV. This observat ion was 
further substantiated by comparing the instanta- 
neous and steady-state  I:V: relationships for this 
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Fig. 4. Voltage-dependence of 18-day embryonic chick heart gap junctions. (A) 
Voltage-dependent decrease in Ij. I i during a 2-sec duration pulse to indicated 
Vj values undergoes a time-dependent decay when Vj exceeds +30 mV. 
Instantaneous Gj values ranged from 1.67 to 1.83 nS and steady-state Gj values 
ranged from 0.84 to 1.76 nS for the currents shown. All Ij traces are displayed 
with the same gain (100 pA for the vertical scale marking). (B) Instantaneous 
and steady-state Ij-Vj relationships. Instantaneous and steady-state Ij for the 
experiment shown in A were plotted as a function of Vj. The instantaneous Ij- 
Vj relationship has a linear slope of 1.76 nS over the entire voltage range 
examined. The steady-state 1j-Vj relationship has a linear slope of 1.68 nS over 
the range of -+30 mV and a shallow negative slope region between Vj of -+60 
and -+70 mV. The thick lines connecting the data points were drawn by eye 
and the thin line represents a junction with an ideal linear conductance of 1.68 
nS. (Prep #8d937) 

14-day cell pair (Fig. 3B). The instantaneous (open 
squares) and s teady-state  (open d iamonds) / j  values 
for -+10 -< V s -< -+ 30 mV were virtually identical 
with linear slopes of  5.39 and 5.27 nS, respectively.  
Once again, the instantaneous /j-Vj relationship is 
essentially linear ove r  the entire Vj range examined.  
However ,  the s t eady-s ta te / j  relationship does devi- 
ate f rom linearity once Vj exceeds  -+30 mV. Steady- 
state Ij is obse rved  to decrease  with increasing Vj, 
thereby producing a region of negative slope conduc- 
tance for the junct ional  membrane ,  which is re- 
stricted to a region be tween  -+50 and -+70 inV. 
Steady-sta te  Ij remained relatively constant  beyond 
Vj of  -+80 mV. Similar results were obtained f rom 
all eight 14-day cell pairs examined.  The slope of the 
instantaneous/ j -Vj  relationships ranged f rom 0.95 to 
17.80 nS for the eight 14-day cell pairs (6.59 -+ 2.19 
nS). Only two of  eight 14-day cell pairs had an instan- 
taneous Gj > 5.40 nS. 

At 18-days of  embryonic  development ,  the 
transjunctional vol tage-dependence of cardiac gap 
junctions was even less apparent ,  relative to 4- and 
14-day embryonic  chick heart.  The family of  junc- 
tional current  t races presented in Fig. 4A was ob- 
tained f rom an 18-day cell pair under  identical exper- 
imental conditions to the above  studies and again 
reveals a lack of  VTdependent decline in Ij below 
-+30 mV. Howeve r ,  even though a time- and Vs-- 
dependent  decline in Ij was clearly evident at larger 
potentials (Vj > -+50 mV), a substantial  fraction of 
/s remained at the end of  the - 100 mV pulse. The 
ins tantaneous/ j -Vj  relationship (open squares,  Fig. 
4B) for 18-day heart  was once again linear through- 
out the entire Vj range examined (slope = 1.76 nS 
for this preparation).  The s teady-s ta te /TVj relation- 
ship (open diamonds,  Fig. 4B) was once again non- 
linear, but lacks the regions of  negative slope con- 
ductance previously observed  in the 4- and 14-day 
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preparations. Similar results were obtained from all 
eleven 18-day cell pairs examined. The slope of the 
instantaneous Ij-Vj relationships ranged from 1.77 to 
31.30 nS for the eleven 18-day cell pairs (10.47 -+ 
3.23 nS). 

The time course of the decline in I~ was also 
examined at each V~ between _+50 to _+ 100 mV by 
fitting exponential functions to the decay phase of 
I i. Examples of the best fits obtained for a 4-day 
cell pair experiment are illustrated in Fig. 5. The 
corresponding ~ is indicated to the left of each trace, 
and the smooth line represents the best fit of the data 
obtained using monoexponential or biexponential 
functions. The arrows along the right margin indicate 
the steady-state current predicted by the idealized 
fit of the data. There is close agreement between the 
experimental data and the theoretical curves regard- 
ing the decay time course and steady-state Ij values 
with few exceptions. All of the traces in Fig. 5 were 
fit with monoexponential functions except that of 
- 100 mV, which is well defined by a b/exponential 
function having time constants of 65 and 905 msec. 
In contrast, the + 100 mV trace from this same cell 
pair could be fit only by a monoexponential function. 
Overall, 75% of all Ij traces obtained from eight 4- 
day cell pairs were best fit by single exponential 
functions. Biexponential fits most commonly occur- 
red at the larger voltages of low G i pairs and pro- 
duced time constants of less than 100 msec for the 
first exponential and 250 to 1500 msec for the second 
exponential component. 

Figure 5 also provides another observation 
about whether Ij actually achieves a steady-state 
during the 2 sec duration of each pulse. For the 
example shown in Fig. 5, steady-state I i during the 
+ 50 mV pulse was 125 pA while the exponential fit 
predicted a steady-state/j of 104 pA (17% less than 
the level achieved during the pulse). This corre- 
sponds to a normalized Gss of 0.64 and 0.53 for the 
experimental and theoretical conditions, respec- 
tively. At all other Vj values, the difference between 
experimental and predicted steady-state values was 
7% (at + 60 mV) or less. Similar discrepancies arose 
in only two of eight 4-day cell pairs at select Vj values 
where the time constants exceeded i sec. These 
results indicate that Ij decays to within 5% of pre- 
dicted steady-state values at the end of each 2-sec 
pulse. 

These procedures were also applied to all 14- 
and 18-day cell pairs examined, this time yielding 
single exponential functions in over 90% of all trials. 
The monoexponential time constants for all ages are 
summarized in Table 1. These results reveal that, in 
spite of the increasing linearity of the steady-state 
~-V i relationships at low voltages and the observed 
rise tn residual steady-state L with developmental 
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Fig. 5. Decay time constants of junctional current (Ij). The 
smooth line depicts the best fit of the decay phase of each Ij trace 
recorded at the indicated Vj (left margin). The arrow along each 
right margin indicates the predicted steady-state current for each 
trace. Time constants for the traces are (in msec): + 100, 260; 
+90,456; +80,692; +70,881; +60, 1010; +50, 1590; -50,783; 
-60, 685; -70, 697; -80, 565, -90, 425; -100, 65 and 902. 
(Prep #4d823) 

age, any observed differences in the time constants 
between age groups were not significant (nonpara- 
metric analysis of variance, P > 0.05). Time con- 
stants were observed to decrease as V9 increased in 
either direction, consistent with previous observa- 
tions for other Vi-dependent gap junctions (Harris et 
al., I981). 
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Table 1. Decay time cons tan ts  of  junct ional  current  

4-Day (msec) 14-Day (msec) 18-Day (msec) 
(mV) (mean -+ SEN, N) (mean -+ SE~a, N) (mean -+ SEM, N) 

- 1 0 0 - 1 9 6  + 83(7)  - 1 8 4 -  + 29(8) - 1 6 8 - -  + 34(11) 
- 9 0  3 3 0 + - I 0 2 ( 7 )  - 1 8 8 -  + 30(8) - 2 0 5 •  45(1I )  
- 8 0  3 3 0 _  + _ 94(7)  - 2 9 0 -  + 61(8)  - 3 1 3 - +  85 (8) 
- 7 0  - 3 1 0  _+ 102 (7) - 4 2 7  -+ 68 (8) 280 + 62 (11) 
- 6 0  - 3 9 0  -+ 102 (7) - 5 9 2  + 220 (8) 378 + 65 (I1) 
- 5 0  - 4 3 0 - +  90 (6) - 4 8 4 - +  115 (6) - 6 3 2  + 102(11) 

50 - 6 5 0  _+ 129 (7) - 5 5 7  -+ 188 (8) - 631  + 230 (9) 
60 - 5 1 0  _+ 106 (7) 496 -+ 163 (8) - 4 5 9  + 140 (11) 
7 0 - 3 9 0 - +  91(7) - 4 3 6 -  + 99(8) - 3 7 8  + 99(11) 
80 3 2 0 - + 1 0 2 ( 7 )  - 2 7 4 -  + 65(8) - 2 7 7  + 70(11) 
90 235+- 53(7) - 1 7 9 -  + 39(7) - 2 2 4  + 42(11) 

100 - 2 1 0  + 49 (7) - 2 0 5  -+ 47 (5) - 2 3 4  • 54 (11) 

Table 2. Developmental  differences in Vj-dependent cardiac gap 
junct ions  

Age Exper imental  values Theoretical parameters  a 
(days) 

N Gma x Grai~ A V o (mV) z 

4 8 1.0 0.18 0.058 42 1.47 
7 4 1.0 0.28 0.068 45 1.72 

14 8 1.0 0.28 0.096 50 2.44 
18 11 1.0 0.36 0.100 52 2.54 

Theoretical  parameters  are determined from the Bol tzmann 
equation described in Materials and Methods .  
b All 7-day values were obtained from Veens t ra  (1990a). 

S T E A D Y - S T A T E  J U N C T I O N A L  

C O N D U C T A N C E - V O L T A G E  R E L A T I O N S H I P S  

OF D E V E L O P I N G  C H I C K  H E A R T  

Because instantaneous Ij (or Gj) and Vj were linearly 
related, steady-state Gj (Gs~) could be normalized 
to the instantaneous G; (Ginst) of each pulse. The 
normalized data for each experiment was then fit 
with Eq. (1). Figure 6 displays the mean steady-state 
junctional conductance-voltage relationship and the 
calculated best fit Gss/Ginst vs. Vj) for each develop- 
mental age. The normalized Gss-Vj curve for 4-day 
chick heart is illustrated in Fig. 6A, where the open 
squares and error bars represent the mean (--+SEN) 
of normalized G~ at each Vj for all eight experiments. 
Gj declined gradually to a minimum of 0.18 at -+ 100 
mV, with the slope of the curve being steepest be- 
tween -+ 10 and -+50 mV. The normalized G~-Vj rela- 
tionship compiled from all eight 14-day chick heart 
experiments (Fig. 6B), was also symmetrical around 
0 mV and leveled off to a minimum value (28% of 
maximum) at -+ 100 mV. However, the reduction in 
Gj within the -+0 to -+30 mV range was approxi- 
mately 1/3 of that observed in 4-day heart. Also, 
the largest decrease in Gj of 14-day heart occurred 
between the V; values of -+40 to -+70 mV, which is 
shifted outward by approximately 30 mV relative to 
4-day heart. The normalized Gs~-V J relationship for 
all eleven 18-day chick heart experiments is pre- 
sented in Fig. 6C. When compared to Fig. 6A and 
B, some differences are apparent. In 18-day heart, Gj 
remained even closer to the maximum conductance 
( = 1) within the -+0 to -+30 mV range, with the largest 
decrease in G i occurring between the Vj values of 
-+40 to -+70 mV. Although G; is shifted towards still 
higher values in this range of Vj-, the shape of the 
curve closely resembles that of the 14-day chick 
heart. Second, the minimum conductance was 36% 

of maximum, which produces the observed differ- 
ences between Gs~ of 14- and 18-day heart at some 
of the higher Vj values. Comparison of the 4- and 18- 
day normalized G~s-V; relationships clearly indicates 
that developmental changes in Gj regulation have 
occurred over this two week period, with Gj being 
relatively higher in 18-day heart than 4-day heart at 
all Vj values examined. This result was confirmed 
by determining the area under the curve for each 
experiment and subjecting these values to ANOVA 
analysis. Only the 4- and 18-day curves were found 
to be significantly different (P < 0.00l). 

The solid line for each graph in Fig. 6 represents 
the theoretical fit of the data using the Bottzmann 
equation as described in Materials and Methods 
(Spray et al., 1981; Veenstra, 1990a). This mathe- 
matical model provides a good fit of the normalized 
G~s-Vj relationships for all three embryonic ages. A 
summary of the relevant experimental and theoreti- 
cal parameters are presented in Table 2. Initial com- 
parisons of these parameters reveal a gradual in- 
crease in the voltage-insensitive component of G~ 
(Gmin) , a n  outward shift in the half-inactivation volt- 
age for the voltage-sensitive component of Gj(Vo), 
and an increase in the equivalent valence (z) of the 
voltage-sensing portion of the gap junction channel. 
All of these changes are consistent with a gradual 
loss of V a sensitivity (and increasing energy require- 
ment for the conformational transition from the open 
to closed state) that occurs with increasing develop- 
mental age. ANOVA analysis of the changes in Gmin, 

V0, and slope factor A (as determined for each indi- 
vidual experiment) between these three age groups 
revealed that only the differences in Gmin between 4- 
and 18-day heart were significant (P < 0.001). As 
evident in Table 2, the parameters describing the 7- 
day heart normalized G~-V~ curve are intermediate 
to those of 4- and 14-day chick heart. ANOVA analy- 
sis of the area, Gmin, V0, and slope factor A for all 
four ages examined to date again indicated that the 
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Fig. 6. Voltage-dependent decline in steady-state Gj. Steady-state Gj was normalized to instantaneous Gj at each Vj for every experiment 
and the data pooled according to developmental age of the preparation. Each point represents the mean -+ SEM for each sample 
population. The solid line is a theoretical fit of the data assuming a two-state Boltzmann distribution described in the text. (A) Steady- 
state Gj-Vj relationship for 4-day chick ventricular cell pairs. Steady-state G; was reduced by 41-49% at -+40 mV and attained a minimum 
value of 0.19 at Vj = -+ 100 inV. n = 8 experiments. (B) Steady-state Gi-Vj relationship for 14-day chick ventricutar cell pairs. Steady- 
state G; was reduced by only 18-27% at -+40 mV and attained a minimum value of 0.29 at Vj = -+ 100 inV. n = 8 experiments. (C) 
Steady-state GsV J relationship for 18-day chick ventricular cell pairs. Steady-state G; was reduced by only 1% at -+20 mV (16-18% at 
-+40 mV) and attained a minimum value of 0.36 at -+ 100 mV. n = 11 experiments. (D) Superimposed Boltzmann curves for all three 
developmental ages as presented in the previous panels illustrating the relative changes in the steady-state Gj-Vj relationship that are 
evident during development 

area  and  G~i n for the 4- and  18-day hear t  G~-V; rela- 
t ionships  were  signif icantly different  (P < 0.001). 

BEHAVIOR OF GAP JUNCTION CHANNELS 

The  resul ts  in this s tudy indicate  that  the macro-  
scopic ( t o t a l ) j u n c t i o n a l  cur ren t s  and c o n d u c t a n c e s  

decrease  by a f irs t-order process  that  depends  on Vj 
and  deve lopmen ta l  age. P re sumab ly ,  these records 
are the resul t  of  the s u m m e d  act ivi ty  of all of the 
indiv idual  channe l s  in the gap j unc t i on .  This can be 
mathemat ica l ly  r ep resen ted  by the equa t ion  

Gj ~ ( y j .  N .  Po) 1 + ( y j .  N .  Po) 2 + . . . 

+ (Yj"  N ' P o ) ~ ,  (2) 
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where yj = single channel conductance, N = num- 
ber of channels, Po = fraction of open channels 
(open-state probability), assuming that there are n 
distinct populations of gap junction channels in a 
cell pair (Veenstra & DeHaan, 1989). As stated pre- 
viously, gap junction channel activity can be ob- 
served under the appropriate experimental condi- 
tions, namely high junctional and nonjunctional 
resistances (Veenstra & DeHaan, 1986b, 1988). In 7- 
day embryonic chick heart, at least two conductance 
states (60 and 160 pS, Veenstra & DeHaan, 1986b, 
1988; Veenstra, 1990a; or 40, 80, 160, and 240 pS, 
C h e n &  DeHaan, 1989) have been reported. The 
160-pS channel is the one most frequently observed 
in cell pairs at room temperature, provided Gj < 2 
nS. For the large 160-pS channel in 7-day embryonic 
chick heart, it was revealed that the single gap junc- 
tion channel currents are linearly related to Vj (Veen- 
stra & DeHaan, 1988; Veenstra, 1990a). This chan- 
nel was also observed to undergo a reduction in 
open-state probability when repeatedly stepped to 
Vj = 80 mV (Veenstra, 1990a). Similar behavior has 
been observed on occasion in 4-, 14-, and 18-day cell 
pairs. One such example is shown in Fig. 7, where 
a train of five 80-mV Vj. pulses was applied to a 14- 
day cell pair. Upward deflections in I~ reflect the 
opening of gap junction channels, as indicated by 
the arrow in the fourth panel from the top in Fig. 7. 
At least one channel (yj - 170 pS) was observed to 
close during every pulse. When one averages the 
current of all five traces with respect to time (ensem- 
ble averaging, bottom panel, Fig. 7), one obtains a 
trace that is well fit by a monoexponential function 
(solid line) with a time constant of 55 msec. This data 
suggests that the exponential decay of / /observed in 
high Gj gap junctions results from the Vj.-dependent 
reduction in open-state probability (Po) for a popula- 
tion of 160-pS gap junction channels. It remains to be 
determined if any of the other gap junction channel 
conductances also exhibit voltage-dependent gating. 

Discussion 

In this study, the Vfdependence of embryonic chick 
heart gap junctions was quantitatively assessed at 
4-, 14-, and 18-days of development. The results 
demonstrate that a gradual loss in Vj-dependent reg- 
ulation of Gj occurs with increasing embryonic age, 
as evidenced by the 10-mV outward shift in the half- 
inactivation voltage (V0) and the twofold increase in 
the Va-insensitive Gj component (Gmin) between 4 
and 18 days of embryonic development. The slope 
of the steady-state Gj.-Vj curve also increased by 
50%, which calculates to an equivalent increase in 
the gating charge of one electron. These changes 

! - -  
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250 mSEC 

Fig. 7. Vj-dependent closure of individual gap junction channels. 
A train of 80 mV, 750 msec duration Vj pulses was applied in 10 
sec intervals to a 14-day cell pair with Gj. < InS. All five individual 
traces reveal the closure of one or more channels (dashed lines 
indicate discrete 170 pS levels) during the Vj pulse. Bottom trace 
(AVG) is the ensemble average of junctional current compiled 
from all five traces with 2 msec time resolution. The decay phase 
of the average current follows a monoexponential time course, 
as indicated by the solid line, with a time constant of 55 msec. 
Analog filter frequency = 200 Hz and digital sample rate = 500 
Hz. (Prep #fd804) 

were also observed as a progressive increase in the 
linearity of the steady-state/j-Vj relationships at low 
voltages and a reduction in the negative slope region 
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of the steady-state l i V  ) relationships for the three 
different ages examined. 

VFdependent behavior has been observed to 
gradually diminish as Gj increases, presumably due 
to an increase in the cytoplasmic access resistance 
relative to the junctional resistance of the prepara- 
tion (Rook et al., 1988; Jongsma et al., 1990). In the 
present investigation, eight 4-day, six 14-day, and 
six 18-day cell pairs all had similar G i values of 1-5 
nS. Yet the developmental changes in V i sensitivity 
were still evident in these pairs, as demonstrated in 
Figs. 2-4. Furthermore, even the lone 31-nS 18-day 
cell pair included in this investigation demonstrated 
marked Vj dependence consistent with the lower Gj 
18-day cell pairs (Qs > 0.9 at -+40 mV, declining to 
0.31 at -+100 mV). Hence, the observed changes in 
Vj dependence of the embryonic chick cardiac gap 

junctions are not correlated with any systematic age- 
dependent increases in access resistance or Gj. 

Other observations revealed strong similarities 
in cardiac gap junction behavior throughout embry- 
onic development. First, the instantaneous I~-Vj. rela- 
tionships were linear at all ages examined, which 
indicates that all gap junctions behave as simple 
ohmic resistors in the resting state. Second, the Gj. 
decay time constants were similar at all ages exam- 
ined, becoming faster as Vj increases. Both of these 
observations are a common feature of other VTde- 
pendent gap junctions. Although a rigorous exami- 
nation of kinetic parameters has not been performed 
beyond curve fitting the decay phase of Gj, the obvi- 
ous similarity in the time constants indicates that 
a common ~-dependent gating mechanism may be 
involved at all ages of cardiac development. Third, 
Vj-dependent modulation of I i is achieved at least in 
part by a decrease in the open-state probability of 
the 160-pS channel. This observation is in agreement 
with earlier work in 7-day heart (Veenstra, 1990a) 
and is also consistent with the hypothesis that one 
class of channels may be involved in gating at all 
embryonic ages. More information is required about 
the other conductances observed in embryonic chick 
heart gap junctions before any conclusions can be 
made regarding their V~-dependent behavior. It is 
important to note that the Boltzmann equation (1) 
does not distinguish between prospective popula- 
tions of channels having different Vj sensitivities. 
For instance, the Vj-insensitive component of the 
normalized G~-Vj curve (Groin) could result from in- 
complete closure of a single population of gap junc- 
tion channels or from a second population of chan- 
nels which is not gated by transjunctional potentials. 

The gap junctions which show the strongest Vj 
dependence of steady-state Gj are those amphibian 
blastomeres (V0 = 15 mV, z = 6, Groin = 0.05: Har- 
ris et al., 1981; Spray et al., 1981). Recently, a Xeno- 
pus embryonic gap junction protein has been cloned 

and sequenced (Ebihara et al., 1989). The sequence 
of this 38-kD protein is 30-40% homologous to the 
well-characterized gap junction proteins of rat liver 
and heart, respectively named rat connexin32 and 
connexin43 (Beyer, Paul & Goodenough, 1987). The 
predicted topology of connexin38, based on hydro- 
pathicity profiles, bears a strong resemblance to con- 
nexin32 and connexin43 with the exception of a fifth 
hydrophobic putative transmembrane segment near 
the COOH-terminus (Ebihara et al., 1989). Neither 
the unique fifth hydrophobic domain of Cx38 nor 
any of the four transmembrane domains common to 
all connexins resemble the highly charged $4 seg- 
ment present in all voltage-sensitive ion channel pro- 
teins (Catterall, 1988). The involvement of this $4 
a-helix of the rat sodium channel II in the voltage- 
dependent activation process has been confirmed 
by site-directed mutagenesis (Stfihmer et al., 1989; 
Auld et al., 1990). However, embryonic gap junction 
channels are already open at rest, as evidenced by 
the linear instantaneous ITV j relationships. Further- 
more, the observation that the recovery time con- 
stant from inactivation is 5 to 7 times slower than 
the VTdependent decay time constant qualitatively 
resembles that of sodium channel inactivation 
(Veenstra, I990a). Therefore, Vj-dependent gating 
of gap junctions may involve distinct cytoplasmic 
domains of the channel protein, as has been de- 
scribed for sodium channel inactivation (Sttihmer et 
al., 1989; Vassilev, Scheuer & Catterall, 1989). 

The precise molecular composition of embry- 
onic chick heart gap junctions is not known. Re- 
cently, Musil, Beyer & Goodenough (1990) have 
cloned and sequenced an embryonic chick con- 
nexin43 from a whole 10-day chick embryo cDNA 
library, which is 92% homologous to rat connexin43 
in primary amino acid composition. This member of 
the connexin family was demonstrated to be post- 
translationally phosphorylated and expressed in 
chick lens epithelial cells. Along with chick con- 
nexin43, two other clones were identified which hy- 
bridized at reduced stringency to the rat connexin43 
probe. These two independent clones have also been 
sequenced and are found to code for two connexin- 
related proteins with predicted molecular masses of 
42 and 45 kD and are referred to as chick connexin42 
and chick connexin45, respectively (Beyer, 1990). 
Northern blots of embryonic chick heart reveal that 
all three chick connexins are expressed in 12-day 
embryonic heart. Further investigation revealed that 
all three chick connexin mRNAs are expressed in 
higher quantities in embryonic heart (peak at day 9) 
than in adult heart, but connexin45 and connexin42 
show the largest decline in relative amount from 
embryonic to adult heart. Coexpression of related 
gap junction proteins, connexin32 and connexin26, 
has also been observed in rat liver (Zhang & Nichol- 
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son, 1989). This new information about connexin 
coexpression is consistent with the hypothesis that 
changes in Vj-dependent gating of embryonic chick 
heart gap junctions may result from developmental 
changes in relative amounts of distinct connexins 
which possess different Vj-dependent gating prop- 
erties. 

What physiological role Vj-dependent gap junc- 
tions play in the developing heart remains to be 
answered. Although the heart undergoes a 1000-fold 
increase in size during embryogenesis, the time re- 
quired for spread of the wave of excitation remains 
relatively constant. This is due to an equal increase 
in conduction velocity which may partially reflect an 
increase in junctional conductance, although cellular 
geometry and action potential upstroke velocity are 
also important determinants of conduction velocity 
which change with development (DeHaan &Chen,  
1990). The effects of Vj-dependent gating of gap junc- 
tion channels with regard to the propagation of a 
cardiac action potential in well-coupled tissues are 
likely to be negligible, but this mechanism could 
serve a protective role as a rapid means for partially 
uncoupling healthy heart cells from damaged or 
compromised (ischemic) cells (Veenstra, 1990a). 
The influence of Vj-dependent gap junctions in 
poorly coupled and damaged cardiac tissues on con- 
duction velocity remain to be determined. 

Another possible role for Vj-dependent gap junc- 
tions is in the control of cellular growth or differenti- 
ation, which is proposed to be influenced by the 
concentration profiles of signal-carrying molecules 
that relay positional information about the cell's lo- 
cation within the tissue or embryo (Wolpert, 1978). 
The interaction of cells with their local environment 
can occur through both extracellular (extracellular 
space or cell-matrix) and intercellular (cell-cell) 
pathways. Such regional cues have been implicated 
in the regulation of beat rate in developing precar- 
diac cells (Satin, Fujii & DeHaan, 1988), although 
the precise molecular nature of the inductive signal 
remains unknown. The patterning of a diffusable 
cytosolic morphogen will depend on the junctional 
permeability within and between tissues. If the sig- 
nal-carrying molecule possesses a net electrical 
charge (or is an ion, e.g. Ca2+), then its distribution 
can be influenced by cytoplasmic voltage gradients 
(Cooper, Miller & Fraser, 1989). Such weak electric 
fields are commonly found in developing and regen- 
erating tissues (Winkel & Nuccitelli, 1989). Another 
consequence of junctional communication is that it 
increases the sensitivity of the electrotonically cou- 
pled cells to weak electric fields, with the field effects 
being strongest at the boundaries (Cooper, 1984). It 
has been speculated that the regulation of junctional 
communication by transjunctional potentials con- 

fers plasticity of intercellular communication bound- 
aries in developing tissues, which could influence 
the spread of developmental signals (Harris, Spray 
& Bennett, 1983). Although this concept remains to 
be proven, what is apparent is that there appears to 
be a pattern emerging, where the most V;sensitive 
gap junction channels are typically present during 
the earliest stages of development. 
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