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Cell-to-cell coupling studied in isolated ventricular cell pairs

by R. Weingart and P. Maurer

Department of Physiology, University of Berne, Biihlplaiz 5, 3012 Berne (Switzerland)

Summary. Cell pairs isolated from adult rat and guinea pig ventricles were used to study the electrical properties of the nexal
membrane. Each cell of a pair was connected to a voltage-clamp system so as to enable whole-cell, tight-seal recording. The
current-voltage relationship of the nexal membrane was found to be linear, revealing a resistance r, of 2-4 MQ. r, was
insensitive to the sarcolemmal membrane potential (range: —90 to +30 mV), and exerted no time-dependent gating behavior
(range: 0.1 to 10 s). Lowering pH; yielded a small increase in r,. Vigorous elevations in [Ca?*]; gave rise to an increase in r,
which was associated with a cell shortening. Uncoupling caused by aliphatic alcohols or halothane did not produce cell

shortening. Cell pairs were also used to study action potential transfer.
Key words. Myocytes; electrical coupling; cell-to-cell coupling; nexus.

Introduction

Since the pioneering work of Weidmann'®, cable analysis has
been used extensively in cardiac tissue to study the electrical
properties involved in intercellular coupling®. This approach
revealed quantitative information about the overall intracel-
tular resistance pathway (r;) which consists of the repetitive
arrangement of two resistive elements in series, the cyto-
plasm (r.), and the nexal membrane (r,). However, a major
limitation of cable analysis has been that the structure re-
sponsible for intercellular communication, i.e. the nexal
membrane, is not accessible directly to a functional investiga-
tion.

With the introduction of novel methods such as enzymatic
procedures for isolating cells, and recording techniques suit-
able for small cells!), the situation changed fundamentally.
Utilizing isolated cardiac cell pairs in conjunction with
patch-clamp pipettes, it became feasible to explore the elec-
trical properties of the nexal membrane itself.

Methods

Figure 1A shows the experimental arrangement'’ adopted.
Each cell of a cell pair was connected to a patch-clamp pi-
pette so as to enable tight-seal, whole-cell recording. A dou-
ble voltage-clamp method was employed which allowed one
to control the membrane potential of cell 1 (V,) and cell 2
(V,) individually. The associated currents flowing through
each pipette were measured separately (I, and L,). Figure 1B
shows the equivalent circuit used for the analysis. It includes
three resistive elements: r,,  and r,, ,, the resistances of the
sarcolemmal membrane of cell 1 and cell 2; and r,,, the resist-
ance of the nexal membrane.

According to this model, current injected into a pipette flows
via either of two pathways, a) directly through r,, of the

injected cell, or b) via r, through r,, of the other cell. Thus, in
general the pipette current represents the sum of two current
components, which, however, under appropriate conditions
may be separated. This is possible when voltage-clamp pulses
are applied to one of the cells, while the other cell remains at
the common holding potential, V. In this case, the voltage

A
Vi V2

N n

Figure 1. 4 Diagram of the experimental arrangement. Each cell of a cell
pair was connected to a patch-clamp pipette. Separate voltage-clamp
circuits enabled us to apply voltage steps (V,, V,) to each cell and to
measure the resulting currents (I}, I,) individually. B Equivalent circuit
used to analyze the data. It consists of r,, ; and r,, ,, the resistances of the
sarcolemmal membranes of cell 1 and cell 2, and r,, the resistance of the
nexal membrane. From Weingart'”.
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Figure 2. Current flow in a cell pair under voltage-clamp condition. 4
Symmetrical pulse application. A clamp pulse (+27 mV, 200 ms;
Vi = —42 mV) was administered to cell 1 (V) and cell 2 (V,) simulta-
neously. The resulting current signals T; and I, showed a time-dependent
inward current surge. B Asymmetrical pulse application. A pulse identical
to that in 4 was applied to cell 1 (V,), while the membrane potential of cell
2 remained constant. The associated current records displayed large time-
independent signals. From Weingart!.

20 mV

step applied to the pulsed cell corresponds to the voltage
gradient across the nexal membrane, V,, while the pipette
current of the non-pulsed cell represents the nexal membrane
current, I,. Utilizing these two quantities, we can determine
the basic electrical properties of the nexal membrane.

Results

a) Basic electrical properties

Applying the double voltage-clamp approach to a cell pair,
two different pulse protocols may be adopted. Figure 2A
illustrates the case involving a symmetrical pulse protocol.
Starting from a Vi of —42 mV, an identical voltage-clamp
pulse (+27 mV, 200 ms) was administered to both cells simul-
taneously, in such a way that there was no voltage gradient
across the nexal membrane. The associated current signals, 1,
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Figure 3. Steady-state current-voltage relationship of the nexal mem-
brane. The plot of nexal membrane current I, versus nexal membrane
voltage V, revealed a linear behavior, no matter whether cell 1 (0) was
pulsed or cell 2 (A ). Regression analysis revealed an r, of 3.25 M€ for the
pooled data points. From Weingart!’.
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and T,, reflect current flowing across the sarcolemmal mem-
branes of cells | and 2. At the beginning of the pulse, time-
dependent Ca’*-inward current surges developed, which
were followed by steady K*-outward currents. Such current
responses may be obtained irrespective of whether the cells
investigated are electrically coupled or not. Thus, this proto-
col does not yield information about intercellular coupling.
Figure 2B illustrates the case involving an asymmetrical
pulse protocol; i.e., the same voltage-clamp pulse as before
was now applied to cell 1, while cell 2 remained at the com-
mon Vy. This protocol produced large current signals exert-
ing a different time course. According to figure 1, I, reflects
the sum of two current components, one a small time-depen-
dent current flowing across r,, ;, identical to I, in figure 2A,
and the other a large time-independent current flowing
across 1,. I, on the other hand corresponds to the current
required to prevent cell 2 from being depolarized. Tts ampli-
tude equals the current flowing across the nexal membrane.
Therefore, the asymmetrical pulse protocol represents a use-
ful approach to study the electrical properties of the nexal
membrane.

Initially, we investigated the current-voltage relationship of
the nexal membrane making use of the following protocol.
A voltage-clamp pulse of variable amplitude and either
polarity was applied first to cell 1 and then to cell 2, while
the associated nexal current was measured. The analysis of
a representative experiment of this kind is illustrated in
figure 3.

It shows a plot of the nexal membrane current I, (current
measured from the non-pulsed cell) versus the transjunc-
tional voltage gradient V, (voltage step applied to the pulsed
cell). The circles and triangles represent individual data
points for the cases where cell 1 and cell 2, respectively, were
pulsed. The slope of the current-voltage relationship yielded
ar, of 3.25 MQ. Thus, the nexal membrane exerts an ohmic
resistance and does not discriminate between the directions
of current flow.

As indicated in the table, values of r, determined in this
manner ranged from 2 to 4 MQ. The table lists additional
parameters pertinent to cell-to-cell coupling which may be
derived from r, and morphometrical data. If we assume a
nexal membrane area per cell pair of 5.16 um? 2, and a
hexagon spacing of 10.25 nm?, the number of connexons
turns out to be 60.000. Therefore, the specific nexal mem-
brane resistance, R, is calculated to be 0.1-0.2 Qcm?, and
the conductance of a single connexon 5-10 pS.

Thus, at the membrane level, the nexal membrane resistivity
is 4-5 orders of magnitude lower than the non-junctional
membrane resistivity®. This finding is in agreement with the
results previously obtained from intact cardiac tissue's. At
the single-channel level, the connexon conductance seems to
be comparable to the conductance of a Ca>*-channel'®. This
finding is surprising in view of data obtained with other
methods. For example, diffusion studies revealed a cut-off
limit for nexal membrane permeation of about 1000 daltons’
and thus predict an effective pore diameter of 1-1.5 nm. Such
a pore (diameter = 1-1.5 nm; length = 200 nm), filled with
150 mmol/l KCI solution (conductivity = 58Qcm), exerts a
conductance of 70-150 pS. Furthermore, single-channel
measurements performed in our laboratory (unpublished)
and others” !* revealed a connexon conductance of 40-150
pS. There are at least two reasons as to why the connexon
conductance inferred from the r, measurements is much
lower. It is conceivable that the morphometrical data derived
from intact ventricular muscle is not adequate for isolated
cell pairs. More attractively, only a fraction of connexons
may be in operation at any given time.

At that point, the question arises whether r, is affected by the
sarcolemmal membrane potential or not. This problem has
been explored employing the following pulse protocol. A
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Figure 4. Effect of CO, on intercellular coupling. A voltage-clamp pulse
(=7 mV; 200 ms; Vy; = —42 mV) was applied to cell 1 (V) at a frequency
of 0.3 Hz. The figure shows a continuous recording of the four standard
signals monitored, the voltages and currents from cell 1 (V, I}) and cell 2
(V,, L). For clarity, signals corresponding to control, peak effect, and
re-control, have been displayed on an expanded time scale (see insets). As
judged from the observed change in nexal membrane current I,, intracel-
lular acidification gave rise to a reversible increase in r, of 13%.

standard clamp pulse (+25 mV; 200 ms) was applied conse-
cutively to cell 1 and cell 2, superimposed on a common but
varying Vy. This protocol enabled us to determine r, as a
function of the non-junctional membrane potential. Tt
turned out that r, was insensitive to V, over the voltage
range covered by a cardiac action potential, i.e. from —90
mV to +30 mV.

Another interesting problem concerns putative changes in r,
as a function of time. To explore this possibility, voltage-
clamp pulses of variable duration were applied to one cell of
a cell pair, while the transmembrane voltage of the other cell
was maintained at the Vy. Varying the pulse duration from
0.1-10 s, we could not detect any signs of a time-dependent
gating mechanism.

b) Modification of r,
Studies performed on intact cardiac preparations have dem-
onstrated that r, may be modified under certain experimental
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Figure 5. Effect of Na*-free solution (tetramethylammonium substituted)
on intercellular coupling. 4 Selected voltage-clamp records. A clamp
pulse (=20 mV, 200 ms; Vy = —68 mV) was applied to cell 1 (V) and the
associated nexal current measured (I,). B Analysis of the experimental
data. Values of g, were normalized and plotted versus time. The filled
circles correspond to the values calculated from the records shown in (4).
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Basic electrical properties of the nexal membrane of mammalian ventricu-
lar muscle.

Nexal membrane properties Reference
Nexal membrane resistance 2-4MQ 8,17
Nexal membrane area 5.16 pm? 12
Connexon spacing 10.25 nm 2
Connexons/cell pair 60.000

Specific nexal membrane resistance 0.1-0.2 Qcm? 17

Single connexon conductance 5-10 pS 17

conditions. The relevant conditions involve interventions
aimed at elevatmg the [HT];'%, or [Ca®*]?, and exposure to
aliphatic alcohols?, or anesthetics'®. Working with cardiac
cell pairs, we made use of different interventions in order to
explore their effects on r,%.

Figure 4 shows continuous recordings of an experiment in-
vestigating the effects of pH; on r,. Intracellular acidosis
(expected pH, change: 7.5 to 6.5) was achieved by exposure
to a solution gassed with 100% CO,. A standard voltage-
clamp pulse (—7 mV; 200 ms) was administered to cell 1 (V),
while the nexal membrane current was monitored (I,). For
better readability, the signals during control, peak effect, and
re-control were displayed on an expanded time scale. As
indicated by the change in I, amplitude, this intervention
gave rise to an increase in r, of 13%, which was reversible
after return to control solution. The alteration in r, was not
associated with a change in cell length.

Another set of experiments has been carried out to explore
the effects of [Ca**], on r,. Interventions giving rise to mo-
derate changes in [Ca®'],, such as alteration of the [Ca®*],
from 0.5 to 10 mmol/l, revealed no measurable changes in r,,.
However, significant changes in r, were observed with inter-
ventions producing vigorous elevations in [Ca®*},. Figure 5
illustrates such an experiment in which [Ca®'], was increased
by exposure to Na*-free solution (tetramethylammonium
was substituted for Na™*).

Panel A shows selected voltage (V) and current signals (I,)
prevailing at the nexal membrane. Panel B depicts the analy-
sis of these records (filled circles) and others from the same
experiment (open circles), plotted as nexal membrane con-
ductance, g, versus time. Removal of external Na* produced
a decrease in g, by 25%, presumably caused by an elevation
in [Ca®*]; via impairment of the Na*/Ca?" exchange mecha-
nism. Resumption of control solution gave rise to a further
decrease in g,. It is tempting to ascribe this secondary effect
to Ca?" release from mitochondria, the rationale being that
the released Ca>* was sequestered by the organelles during
the Na*-free period'. The change in g, was accompanied by a
sustained cell shortening.

Another set of experiments involved exposure to long-chain
alcohols, such as heptanol or octanol. Short-time exposure
to such substances gave rise to dramatic elevations in r,
which were readily reversible upon return to control solu-
tion. None of these interventions ever produced cell shorten-
ing, indicating that Ca®* was presumably not involved.

c¢) Action potential transfer

Cell pairs isolated from adult ventricles represent a useful
model to study the transfer of action potentials at the cellular
level. Combining the voltage-clamp and current-clamp tech-
niques, we were able to explore the propagation of the car-
diac impulse in conjunction with the prevailing state of cell-
to-cell coupling. The experimental protocol adopted in-
volved 1) injection of a small rectangular current puise to cell
1 and recording of the elicited action potential in cell 1 and
the transferred action potential in cell 2, and 2) deter-
mination of r, in the usual way (see above). The results from
these experiments revealed the following pattern. In a nor-
mally coupled cell pair, exhibiting an r, of 2-4 MQ, the
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action potential transfer occurred with no measurable delay.
However, in a partially uncoupled cell pair displaying an r,,
of the order of 1000 MQ), there was no action potential
transfer detectable.

Conclusions

The experiments described in this paper have been carried
out on cell pairs isolated from adult rat and guinea pig ventri-
cles by meauns of an enzymatic procedure. Electrical measure-
ments indicated that the pairs of myocytes remained coupled
electrically. They represent a convenient cellular preparation
for investigating the electrical and pharmacological proper-
ties of the nexal membrane. Furthermore, cell pairs provide a
useful model to explore the characteristics of action potential
transfer at the single nexus level.
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Metabolic iteration, evolution and cognition in cellular proliferation
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Summary. A model for cellular proliferation is described according to which proliferation ensues when metabolism evolves
towards commitment to DNA synthesis, and inhibition of proliferation occurs when enzymic interactions are iterated within
a few metabolic pathways, another limiting factor being the supply of metabolites. The model successfully describes cellular
growth and division as a ‘cognitive process’ based on interaction within enzymic elements and the genome, and affords an
explanation in these terms of some empirical phenomena which have previously been understood only as isolated obser-

vations.

Key words. Cognitive processes; metabolism; evolution; biomathematical models; cell proliferation; cell growth.

Introduction

No simple model to explain the observed relationships be-
tween cell volume, cell mass, protein synthesis, metabolism,
cellular morphology, and cell proliferation has so far been
presented, although correlations between these entities have
been amply investigated. For example, a correlation exists
between the frequency of cell division and growth of cell
mass, cell volume and cell surface area per unit time'. This
correlation tends to be straightforwardly linear, i.e. the cells
maintain their size under permissive nutritive conditions,
while under excessive or deficient nutritive conditions”™® or
during morula formation in embryogenesis, the timing of the

determination of size may lag one or more cell generations.
Both commitment to DNA synthesis® ' and subsequent met-
abolic evolution’ tend to be probabilistic events. There is also
a correlation between cell division and various metabolic
rates, such as transport of metabolites’?, Ca**-entry into
the cell® ', Nat-entry'®, Na*K*-pump activity'??!, Na*H*-
exchange with cytoplasmic alkalinization?>?* and phospho-
inositide turnover??’. Other mitogenic events which do not
themselves belong to the category of changes of flux include
e.g. binding to the cell surface of growth factors?> 3 or
other specific ligands® 2! and protein kinase C-activa-



