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Gap Junctional Conductance Is a Simple and 
Sensitive Function of IntracellularpH 

Abstract. The pH of the cytoplasm (pHt) measured with pH-sensitive micro- 
electrodes in cleavage-stage blastomeres of amphibian (Ambystoma) and teleost 
(Fundulus) embryos is about 7.7. In electrotonically coupled cell pairs, junctional 
conductance is rapidly and reversibly reduced by acidification of the cytoplasm. The 
relation between junctional conductance and pH, is the same for increasing and de- 
creasing pH and is independent of the rate of change over a wide range. The relation 
is wellfitted by a Hill curve with K = 50 nM (pK = 7.3) and n = 4 to 5. The closure 
of gap junction channels at low pH, appears to be a cooperative process involving 
several charged sites. The absence of hysteresis and identity of effects for fast and 
slow pHI changes implies that protons act directly on the channel macromolecules 
and not through an intermediate in the cytoplasm. 

Gap junctions are close appositions o f  
cell membranes where polygonal aggre- 
gates o f  intrarnembrane particles are in 
one-to-one correspondence in the ap- 
posed cells ( I ) .  The particles are com- 
posed o f  proteins that form hydrophilic 
channels connecting the cytoplasms o f  
the two cells. The channels permit pas- 
sage o f  molecules whose maximum mo- 
lecular weight is near 1000 and whose di- 
ameter can be somewhat greater than 1.0 
nm (1, 2).  In excitable cells, gap junc- 

tions mediate intercellular transmission 
o f  electrical signals. In tissues that are 
not excitable, the junctions allow inter- 
cellular spread o f  nutrients and metabo- 
lites and may also transmit chemical 
messages (3). For both excitable and in- 
excitable cells, treatments that depress 
junctional conductance would be ex- 
pected to disturb coordinated physiologi- 
cal functioning o f  the tissue. 

In previously reported experiments on 
various tissues, exposure o f  coupled 
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cells to saline containing high COz con- 
centrations reduced electrotonic cou- 
pling (4-7). Exposure o f  coupled cells to 
membrane-imvermeant acids was with- 
out effect on coupling, suggesting that 
the effect o f  COz was mediated by acid- 
ification of  the cytoplasm. In some ex- 
periments, cytoplasmic acidification by 
COz was confirmed by direct measure- 
ment o f  intracellularpH @Hi) (5, 6) .  Al- 
though uncoupling was shown to be at 
least partially due to decreased junction- 
al conductance, the interpretation o f  
most o f  these experiments was com- 
plicated by failure to measure junctional 
conductance directly (4, 6) .  

W e  now report thatpH, and junctional 
conductance are strictly related during 
cytoplasmic acidification with weak 
acids. This relation suggests a direct in- 
teraction of  vrotons with the macromole- 
cules that comprise the junctional chan- 
nels. The same treatments produce 
changes in nonjunctional conductance 
that are not simple or consistent func- 
tions o f  pHi. The coupling coefficients 
(8), which depend on the conductances 
o f  both junctional and nonjunctional 
membranes, are therefore not strictly de- 
pendent on pHi. 

Embryos from Ambystoma mexi- 
canum (late blastula stage) and Fundulus 
heteroclitus (32- to 64-cell stage) were 
used for these studies. Single cells or cell 
pairs were mechanically dissociated in 
saline (9 )  containing up to 0.05 percent 
colchicine to inhibit mitosis. Within 30 
minutes after the single cells were reas- - 
sociated as pairs, a steady-state level o f  
coupling developed. Each cell o f  a pair 
was penetrated with separate current 
and voltage microelectrodes (3M KC1, 5 
to 20 megohms). In addition, one cell o f  
each pair was penetrated with a Thomas- 
type recessed-tip pH microelectrode 
(10). Current pulses were passed alter- 
nately into each cell; measurements o f  
input and transfer resistances allowed 
calculation o f  the junctional conductance 
( g j )  and o f  the nonjunctional con- 
ductances o f  the two cells (gl and gz)  by 
application of  the err-t transform (1 1 ). Pul- 
ses were sufficiently brief that the volt- 
age dependence o f  g in Ambystoma (12) 
could be neglected. 

An experiment typical o f  those per- 
formed on pairs o f  blastomeres is shown 
in Fig. I .  The coupling coefficients for 
cell pairs were generally 0.8 to 0.9 at nor- 
malpHi [Ambystoma:pH, = 7.75 +- 0.06 
standard deviation (S.D.) (13), N = 9; Fun- 
dulus: pHI = 7.67 2 0.06 S.D., N = 91. 
Brief application o f  physiological saline 
equilibrated with 100 percent COz (arrows, 
Fig. I ,  top) decreased the internal pH. 
The coupling decreased and then dis- 
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appeared while the input conductance 
decreased. When the cells were rinsed 
with normal saline, pH1 slowly returned 
toward normal, and coupling was re- 
stored. A graph of pH1 and the loga- 
rithms of junctional and nonjunctional 
conductance each plotted as a function 
of time shows that the large change in g, 
closely parallels the change in pH1 and 
that the change in g ,  and gz is much 
smaller (Fig. 1, bottom). 

Figure 2A shows the relation between 
g, and PHI obtained from the data of the 
experiment of Fig. 1. The junctional con- 
ductance decreased along a smooth S- 
shaped curve. The values obtained dur- 
ing COz washout and recovery of normal 
pHi lay on the same curve as those ob- 
tained during COz exposure and decreas- 
ing pH,. The times of decrease and re- 
covery of pH1 were 20 and 300 seconds, 
respectively. 

Cytoplasmic hydrogen ions may act on 
junctional channels by neutralization of 
negatively charged groups. Protonation 
of n titratable sites may convert a chan- 
nel from a conducting form (Chx) to a 
nonconducting form (ChH,) by the reac- 
tion: 

Ch* + nHf = ChH, 
open closed 

If this reaction occurs, hydrogen ion ac- 
tivity [H+ ] should affect membrane con- 
ductance according to a form of the Hill 
equation (14) 

G, = KnI(Kn + [H+ In) (1) 

where Gj  is the junctional conductance 
normalized with respect to its maximum 
value and K is the apparent dissociation 
constant. The experimental data are well 
approximated by this relation for K = 50  
nM (apparent p K  = 7.3) and for n be- 
tween 4 and 5 (15, 16). In this formula- 
tion, n (the Hill coefficient) can be con- 
sidered to represent the number of 
strongly cooperative titratable sites, al- 
though a larger number of sites that are 
less cooperative with regard to proton 
binding would give the same Hill coeffi- 
cient (1 7). 

If a channel consists of two opposed 
hemichannels, one in each cell mem- 
brane (18), and each hemichannel is 
closed independently by H+, the fraction 
of channels open, which equals the nor- 
malized conductance, would be given by 
the square of the fraction of each mem- 
brane's hemichannels that was open. 
Hence 

G, = Kzn/(Kn + [H+ (2) 

Equation 2 fits the data about as well as 
Eq. 1, with p K  about 7.2 and n between 
3.5 and 4.0. 
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The nonjunctional conductances for 
the experiment illustrated in Fig. 1 are 
plotted as a function of pH1 in Fig. 2B. 
When COz-equilibrated saline is applied, 
both conductances drop abruptly before 
the cytoplasm is acidified. As pHi  de- 
creases and then recovers during rinsing, 
the conductances do not have a simple 
relation to PHI.  

One of the two coupling coefficients 
(kzJ from the data in Fig. 1 is plotted as a 
function of pHi in Fig. 2C. The smooth 
curve shows a plot of Eq. 1 forpK = 7.3 
and n = 4.5. With regard to the effect of 
COz, the coupling coefficient is a poor in- 
dex of junctional conductance. The hys- 
teresis in the relation between cyto- 
plasmic p H  and coupling coefficient is 
due to the hysteresis of the effect of COz 
on conductance of the nonjunctional 
membranes (Fig. 2B), even though the 
conductances of the nonjunctional mem- 
branes changed relatively little in the 
experiment illustrated. In other ex- 
periments on Ambystoma, and in most 
experiments on Fundulus , the nonjunc- 
tional conductances changed to a much 
greater extent on exposure to COz (19). 

The downward displacement of the p K  
of the coupling coefficient (Fig. 2C) rela- 
tive to thepK of g, (Fig. 2A) is consist- 
ent with the lower values o fpK inferred 
from the effects of COz on whole em- 
bryos (13, 20). 

The effect of COz is ascribable to acid- 
ification of the cell interior, since a simi- 
lar result is obtained with external appli- 
cation of the weak acids lactate, pro- 
pionate, and acetate, which are mem- 
brane-permeant in the undissociated 
form (5 ) ,  whereas strong acids or im- 
perrneant buffers at low p H  are inef- 
fective (5, 13). The effects of COz are not 
due to anoxia, since they can be obtained 
with the other weak acids equilibrated 
with air and also with gas mixtures con- 
taining 20 percent COz and 80 percent O2 
(4 -7). 

Thus, conductance of gap junctions in 
early embryos is strongly dependent on 
cytoplasmic pH.  The Hill equation de- 
scribing the relation of conductance to 
pHi  suggests that closure of gap junction 
channels involves interaction between 
four to five highly cooperative sites, or 
more sites if there is less cooperativity. 

0.01 1 
0 100 200 300 400 

Time (seconds) 

Fig. 1. Effect of CO, on electrotonic coupling between a pair of axolotl blastomeres. Current 
pulses (I) are alternately passed in cell 1 and cell 2 (V, and V2), p~oducing approximately equal- 
sized voltage deflections in the polarized cell and somewhat smaller potentials in the other cell. 
Application of saline equilibrated with 100 percent C02 in the superfusate (between arrowheads 
at the top of figure) causes cytoplasmicpH to decrease (uppermost trace, increased H+ activity 
upward) and decreases the spread of current from cell to cell (seen as a decrease in the potential 
produced in each cell by current injected into the other). Washing the cells with C02-free saline 
at normal pH restores thepHi and electrotonic coupling over a similar but slower time course. 
Junctional and nonjunctional conductances calculated from these data are plotted along the 
same time scale in the bottom portion of the figure. Response time for the pH electrode to 
measure a change of 1 pH unit was < 10 seconds; measurements were made at intervals of - 2 
seconds. The nonjunctional conductances of the two cells (+, x) decreased and then slowly 
recovered. Junctional membrane conductance (g,, rectangular symbols) was initially about 5 
microsiemens (pS) and began to decrease as pH1 (H, right ordinate) reached about 7.4. The 
junctional conductance reached a minimum value of about 0.02 pS at the minimum ofpH, and 
then recovered toward the initial value as pH1 recovered. 



The observed cooperativity could arise 
from (i) independent binding of protons 
causing complete closure of the channels 
when sufficient sites were occupied (all- 
or-nothing conductance change), or (ii) 
cooperative binding of protons, each 
binding decreasing the conductance of 
the channel (graduated conductance 
change). 

The apparent p K  of the titratable sites 
in the gap junction molecule is 7.2 to 7.3 
depending on the model. These are rea- 
sonable values for imidazole groups of 
histidine residues or the amino terminal 
of a polypeptide chain. These data may 
be relevant to structural models of the 
gap junction macromolecules. The lack 
of hysteresis in the effect ofpHi on junc- 

tional conductance indicates that an in- 
direct action through change in another 
cytoplasmic constituent, such as cal- 
cium, would have to be rapid. Direct 
measurements indicate that the concen- 
tration of free calcium in the cytoplasm 
does not change during C02  uncoupling 
in Fundulus and Xenopus (5, 21). We 
have recently developed a technique for 
perfusing one cytoplasmic face of gap 
junctions between pairs of Fundulus cells 
with solutions having buffered Ca2+ and 
H+ levels. The sensitivity to H+ is con- 
sistent with that reported here, while 
much higher levels of CaZ+ are required 
to decrease junctional conductance (ap- 
parent pKc, is 3.3 in contrast to 7.3 for 
PKH) (z2). 

3 '(I '(I 

Fig. 2. Analysis of junctional and nonjunctional conductances and the coupling coefficient as 
functions of pH, from the experiment shown in Fig. 1. (A) The relation between gj and pHi is 
sigmoid, and the points obtained during decreasingpH (triangle with one vertex pointing down) 
and for increasingpH1 (triangles pointing up) fall close together. The data are well fitted by the 
equation G, = KnI(Kn + [Hf In), where Gj  is normalized gj; K ,  the apparent dissociation con- 
stant, is about 50 I1M (pK = 7.3); and n ,  the effective number of strongly cooperative titratable 
sites, is 4 to 5. Curves for n = 4 and n = 5 are plotted. The g j  values for higherpH1 (7.6 to 7.8) 
were obtained before the record of Fig. 1 began. (B) Relations between nonjunctional con- 
d&tances (g,) andpHi  of the two cells [cell 1, open symbols; cell 2, filled symbols; rising and 
fallingpHt indicated as in (A) 1. The relations are not monotonic and exhibit marked hysteresis. 
(C) Relation between coupling coefficient (knl) and p H  from the data of Fig. 1. The relation 
shows hysteresis for decreasing (open circles) and increasing (filled circ1es)pHt. The solid line is 
G, calculated for n = 4.5 and K = 50 n M ,  according to the equation above. The apparentpK for 
k,, is less than that for G,. 

It is conceivable that pHi changes suf- 
ficiently under physiological conditions 
to alter junctional conductance. Large 
changes in extracellularpH occur in var- 
ious pathological conditions such as is- 
chemia, hypoxia, and seizures (23). The 
changes inpHi in cells producing the ex- 
tracellular acidity are presumably great- 
er than the extracellular changes, al- 
though they have not been well charac- 
terized. It remains to be determined 
whether concentrations of C02,  lactate, 
or other weak acids are large enough un- 
der these conditions to shiftpH, in other- 
wise unaffected cells to the point where 
communication through gap junctions is 
interrupted (24). 
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catalyzed by PFK, is highly irreversible 
(9, 10). This is the primary oscillophor 
(generator of species oscillations) in the 
system, so that by necessity the reaction 
must proceed far from equilibrium. The 
relatively large Gibbs free energy change 
is attained in this step by conversion of 
ATP to ADP. Several models have been 
proposed that explain the occurrence of 
spontaneous oscillations on the basis of 
known regulatory features of PFK such 
as product activation, substrate inhibi- 
tion, and allosteric properties (3-5). 

The last reaction, which is catalyzed 
by PK, also takes place far from equilib- 
rium; in fact, about half the total free en- 
ergy loss occurs at this point. The enzy- 
matic activity pattern of PK contains a 
number of features that make this reac- 
tion another likely candidate for being an 
oscillophor: there is activation by FDP, 
which alone could give rise to oscilla- 
tions (11); furthermore, there is cooper- 
ativity with respect to the substrate PEP 
and inhibition by the product ATP (12, 
13). However, no experimental observa- 
tions have been reported of independent 
oscillations in the lower part of the gly- 
colytic pathway. These facts suggest the 
hypothesis, as yet unconfirmed, that the 
system is below marginal stability with 

Concentration Oscillations and Efficiency: Glycolysis respect to the onset of oscillations, but is 
in a regime where perturbations of the 

Abstract. The oscillations observed in glycolysis are analyzed from the point of steady state decay in an oscillatory way. 
view of eficiency of free energy conversion. It is suggested that the mechanisms This provides the system with a reso- 
generating these oscillations may have evolved in order to  reduce the dissipation of nance potentiality when driven by ex- 
free energy. 

A number of biochemical reaction sys- 
tems show periodic changes (oscilla- 
tions) in the concentrations of their inter- 
mediates (1, 2). The most extensively 
studied case of such metabolic oscilla- 
tions is that of glycolysis, particularly in 
yeast cells and in cell-free extracts of 
yeast. Much effort has been devoted to 
determining the detailed mechanisms 
that lead to oscillatory behavior (3-6). 
Very little is known, however, about the 
reasons for the emergence of such mech- 
anisms in the course of evolution. There 
is an argument that they are accidental 
by-products of regulatory features that 
are built into the system for the purpose 
of control. We suggest here another rea- 
son: oscillations may enhance the effi- 
ciency of free energy conversion from 
sugar to ATP (7). In an anaerobic envi- 
ronment, where glycolysis provides 
most of a cell's free energy supply, this 
may be a factor that favors an evolution- 
ary development toward oscillatory op- 
eration. 

Glycolysis is the degradation of sugars 
to pyruvate, which is further metabo- 
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lized to alcohol (in yeast fermentation), 
lactic acid (in muscle), or acetyl coen- 
zyme A (under aerobic conditions). De- 
pending on the available source of free 
energy, which may be any of a variety of 
sugars or glycogen, there are different 
entries into the glycolytic pathway (8). 
Their point of convergence is the level of 
F6P, after which there are eight more re- 
action steps in the overall reaction 

The overall drop in Gibbs free energy 
(AG) is about 14 kcalimole. This does not 
mean, however, that in each of the eight 
steps the free energy decreases by - 1.8 
kcalimole, or 3RT (R is the gas constant 
and T is absolute temperature). Rather, 
the evidence points to a free energy pro- 
file with three distinct steps (Fig. 1). (The 
free energy profile takes full account of 
all reactants in each reaction step; how- 
ever, we show only one identifying re- 
actant on each level.) 

The first reaction in the sequence, 

ternal oscillations-that is, those gener- 
ated in the PFK reaction. We will see 
what effect this has on the efficiency of 
free energy throughput. 

There is almost equilibrium among 
the intermediates FDP through PEP 
(AG 6 RT) except for a drop in AG that 
probably occurs between GAP and 3PG. 
This step involves the allosteric enzyme 
GAPDH and couples glycolysis to the 
oxidation reaction (NAD+INADH). 

Evidence for the free energy profile of 
Fig. 1 comes from concentration mea- 
surements (14, 15) and from an analysis 
of phase relations in the oscillatory mode 
(16). Appreciable phase lags have been 
found only across the three steps men- 
tioned-the PFK, PK, and GAPDH re- 
actions. Hence these are slow steps com- 
pared to the others, which indicates that 
they are the farthest from equilibrium 
(17). The phase lag at the center 
(GAPDH) is very sensitive to changes in 
the steady-state ratios ATPIADP and 
NAD+INADH, whereas the shifts across 
PFK and PK appear to be independent of 
such details. 

From this partitioning of the total free 
energy decrease, we postulate the fol- 
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