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Summary. Individual cells and cell pairs were isolated from frog
lens epithelium. Individual cells were whole cell voltage clamped
and the current-voltage relationship was determined. The cells
had a mean resting voltage of —54.3 mV and a mean input resis-
tance of 1.4 G{). The current-voltage relationship was linear near
the cell resting voltage, but showed decreased resistance with
large depolarization or hyperpolarization. Junctional currents
between pairs of cells were recorded using the dual whole celi
voltage-clamp technique. The corrected junctional resistance
was 15.5 MQ (64.5 nS). The junctional current-voltage relation-
ship was linear. A combination of ATP and cAMP, in the elec-
todes, stabilized junctional resistance. Currents recorded when
uncoupling was nearly complete, showed evidence of single con-
nexon gating events. A single-channel conductance of about 100
pS was prominent. Dye spread between isolated cell pairs was
demonstrated using Lucifer Yellow CH in a whole cell configura-
tion. Photodamage to the cells due to the dye was apparent. Dye
loaded cells, in the presence of exciting light, showed decreased
resting voltages, decreased input resistances and morphological
changes. Glutathione (20 mm) delayed this damage.
Key Words lens - epithelium - gap junctions - membrane
transport - whole cell voltage clamp - dye transfer

Introduction

The role of the lens 1n vision is to act as a focusing
element that allows the organism to see both near
and distant objects. The mechanism for this accom-
modation varies enormously from species to spe-
cies (Sivac, 1980). Regardless of the mechanism of
accommodation, lens function requires transpar-
ency and a high refractive index. Transparency is
accomplished by producing a large mass of special-
ized cells, the fiber cells, which lack most organ-
elles and are packed in an orderly array with very
little extracellular space (1-5% volume fraction).
The fiber cells also have a very high protein content
(35 /100 ml compared to 20 g/100 ml in muscle),
which gives rise to the lens’ high refractive index
(average value 1.420). Short range interactions be-
tween the proteins reduce the light scattering that
would otherwise result if the proteins behaved as

independent scatterers (Bettelheim, 1985). One
consequence of these properties is that the fiber
cells themselves are incapable of much metabolic
activity. Thus, the lens epithelium must act as the
primary transporter of many substances for the en-
tire lens mass.

One mechanism that could assist the epithelium
with this transport load is the hypothetical lens in-
ternal circulation (Mathias, 1985). According to this
hypothesis, fluid flows in the extracellular space
from surface to center, crosses the cell membranes
and then flows back to the surface inside the cells.
This system requires that the lens cells be exten-
sively internally coupled. A spatial segregation of
different conductances sets up standing current
loops. Fluid movement follows this ionic move-
ment, thus the surface cells must have different
membrane conductance properties than the nonsur-
face cells. Detailed information about the mem-
brane and junctional properties of cells from differ-
ent parts of the lens is essential to test this
hypothesis.

Cell-to-cell communication in the lens has been
demonstrated using electrical recording, dye trans-
fer and other techniques (reviewed in Mathias &
Rae, 1989). Dye injected into a fiber cell enters adja-
cent fiber cells. In isolated epithelial sheets, dye
injected at one point spreads to other neighboring
epithelial cells (Duncan et al., 1988; Stewart et al.,
1988). In one case, it has been shown that dye in-
jected into fiber cells will eventually spread to the
connected epithelial cells (Miller & Goodenough,
1986). Thus, it appears as if all cell types in the lens
intercommunicate via gap junctions. Coupling be-
tween lens cells can also be demonstrated by inject-
ing current with one electrode and following its
spread with a second electrode. The dye and cur-
rent spread is assumed to occur via gap junctions
similar to those found in other tissues. Biochemi-
cal and morphological studies show that the lens
contains some junctions that are not identical to
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those in other tissues (Nicholson et al., 1983; Revel
et al., 1986; Beyer, Goodenough & Paul, 1988). To
add to the complexity, it is becoming apparent that
several types of junctions exist in the lens (reviewed
in Mathias & Rae, 1989). Junctions between epithe-
lial cells are different from those between fiber cells.
Also the properties of fiber cell junctions in the cor-
tex may differ from those in the nucleus. Functional
measurements on fiber cell junctions seem to indi-
cate that they are controlled by H*, Ca?", cAMP or
calmodulin as are many other junctions (Campos de
Carvalho, 1988; Peracchia, 1988). Direct measure-
ment of junctional currents in isolated cell pairs
from different parts of the lens will help unravel the
complexities of junctional communication in this
tissue.

Much of the existing data on regional variation
of lens membrane conductance is based on indirect
inference from impedance and ion substitution ex-
periments. These studies indicate that the surface
cells have most of the lens” K* conductance and
that the deeper cells contain most of the Na* and
Cl~ conductance (Mathias et al., 1985). Detailed
measurements of conductance mechanisms in iso-
lated sheets of lens epithelium have been made us-
ing the patch-clamp technique (Rae, 1984, 1985;
Rae & Levis, 1984; Jacob, 1984, 1988; Jacob,
Bangham & Duncan, 1985; Rae, Levis & Eisen-
berg, 1988), and have shown wide variation in chan-
nel types from one species to another. Character-
ization of membrane resistance in an epithelial
sheet using measurements of input resistance are
notoriously inacurrate (Jack, Noble & Tsien, 1975
(p. 91)). In this paper, we present results obtained
using a combination of the whole cell voltage-clamp
technique (Marty & Neher, 1983) and cell dissocia-
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Fig. 1. Morphology of dissociated frog
lens epithelial cells. Scale bar 40 um

tion. We have measured the properties of junctions
and membrane conductances from frog lens epithe-
lial cells. We report membrane and junctional cur-
rent-voltage relationships. The junctional resistance
stability was found to be dependent on the existence
of ATP and ¢cAMP in the pipette perfusion solution.
We also report the measurement of current through
single gap junction molecules. The current-voltage
relationship at the single-channel level gave a con-
ductance of 118 pS.

Materials and Methods

CELL DISSOCIATION

Rana pipiens were stored at room temperature and fed daily. The
eyes were removed and the lenses dissected free from the globe
using standard techniques. The lens capsule was peeled from the
posterior surface and pinned to a Sylgard disc. The fiber cell
mass was then removed and the remaining epithelial sheet—
capsule preparation was cleaned of any adhering fiber cell debris
(Rae, 1985). The disc holding the epithelium was transferred to a
petri dish containing normal frog Ringer to which had been added
0.1% trypsin (Sigma type III) and 2 mM EGTA. The cells re-
mained in this solution for 10-30 min. At the end of this period.
the disc was placed in a 15-ml conical tube containing 5 ml of
normal Ringer. The cells were triturated with a Pasteur pipette
for approximately { min. This removed the cells from the capsule
and feft them suspended in solution. The solution was then trans-
ferred to a 35-mm tissue culture dish and the cells were allowed
to settle for 10 min. Most cells attached to the dish within this
time. The cells could be maintained in a healthy state for some
time, especially if antibiotic (penicillin 10,000 U plus streptomy-
cin 10 mg) was added to 100 ml of Ringer solution.

Figure I shows the kinds of celis found in such a prepara-
tion. Most cells were completely separated from their neighbors
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and were roughly spherical with a mean diameter of about 17
pm. In healthy cells, the nucleus was not visible with Schlieren
microscopy and the cell surface was neither perfectly smooth nor
heavily pitted. In any isolation, some of the cells did not com-
pletely dissociate and thus cell pairs, triplets, etc.. were present.
Cells with lengths up to a few hundred um were also seen. These
may have been elongating cells from the equatorial region or
perhaps resealed fragments of fiber cells missed in the cleaning
procedure.

WHoOLE CELL RECORDING

The 35-mm tissue culture dish used in the dissociation fit into a
custom-built stage attached to a stand, which allowed viewing of
the preparation with a Nikon Diaphot fluorescence inverted mi-
croscope. The stand also supported a pair of micromanipulator
systems (Klinger Scientific, Richmond NY) which held the head
stages of two patch clamps (model 1-B, Axon Instruments,
Burlingame, CA). This arrangement allowed recording of single-
channel or whole cell currents from the isolated cells (Rae &
Levis, 1984; Rae et al., 1988). Data were digitized using a 12-bit
A/D converter with a maximum digitization rate of 30 kHz
{model TL-1, Axon Instruments). Data were taken through an
antialiasing filter (4-pole Bessel) into either an IBM-AT computer
or a RACAL Store4DS tape recorder, and later analyzed using a
commercial software package (PCLAMP, Axon Instruments).
All experiments were done at room temperature.

We tested for the possibility that leachable components
from the glass might affect the whole cell currents (Cota & Arm-
strong, 1988; Furman & Tanaka, 1988; Rae et al., 1988; Rojas &
Zuazaga, 1988) by making electrodes from three different
glasses; 7052 (a low-lead glass, <0.003 M), 8161 and KG-12 (both
high lead glasses, 9.2 and 4 M, respectively). All electrodes used
had resistances in the range 5—-15 MQ.

JuncTioNaL CURRENT RECORDING

Independent recording from both cells of an isolated pair was
achieved using the two patch-clamp systems (Neyton & Traut-
mann, 1985; White et al., 1985; Veenstra & DeHaan, 1986;
Weingart, 1986; Somogyi & Kolb, 1988). This approach allowed
measurement of either the membrane properties of the individual
cells or the properties of the junctional region between the cells.
By measuring junctional currents well into the period of uncou-
pling, single-channel currents from gap junction molecules could
be recorded. In order to maximize the signal-to-noise ratio when
recording single gap junction events, we decreased the mem-
branc noise by replacing the bath solution with impermeant ions
(N-methyi-D-glucamine-methane-sulphonic acid) and used a
membrane impermeant anion (methane-sulphonic acid) in the
pipette solutions.

DYE COUPLING MEASUREMENTS

Dye transfer between cells in isolated groups was demonstrated
by placing fluorescent dye in the internal solution of one whole
cell electrode. We used 5 mM concentrations of either Lucifer
Yellow CH or carboxyfluorescein for these experiments. The
dyes were excited with light from a mercury vapor lamp (HBO

217

Table 1.

Soln. X Na,ATP CaCl.? K-.EGTA
l Asp 0 0 1

2 Asp S 0 I

3 Asp 5 0 0

4 Asp 5 | 3

5 Cl hJ 0 0

6 Cl 5 | 3

All entries are in mM. Asp = aspartate.
* No CaCl, was added to the solution. Contaminant Ca was as-
sumed to be 10 um.

160 W) using the following Nikon filters: excitation filter
(EX435), barrier filter (BA520), and dichroic mirror (DM5190).

SOLUTIONS

The composition of the normal Ringer’s solution was (in mm);
Na 104.5, K 2.5, Cl 114, Ca 2.0. Mg 1.5, HEPES 5.0, glucose 5.0,
with pH 7.35 and osmolality 210 mOsm/kg. The internal solu-
tions used for whole cell recordings are shown in Table 1. All
internal solutions had NaCl 5.0, MgCl, 1.5, HEPES 5.0, KX 91.0
(where X is the anion stated), osmolality 214 mOsm/kg and pH
7.00.

Results

WHOLE CELL RECORDING
Resting Voltage

We report resting voltages from 100 isolated frog
lens epithelial cells. Pipette offsets were adjusted to
zero in the bath before touching the electrode to the
cell. A seal was then formed, and a holding poten-
tia] of —40 mV was applied to the pipette. The mem-
brane in the patch was subsequently ruptured with a
pulse of suction or voltage. Fewer seals were lost
using suction than using voltage pulses. After a
whole cell configuration was achieved, the mem-
brane current was set to zero. The required voltage
was taken to be the resting voltage of the cell.

Resting voltages were measured in all the solu-
tions listed in Table 1. Table 2 shows the results of
these measurements. The resting voltage did not
depend significantly on whether the internal anion
was CI~ or aspartate, nor did it depend on the pres-
ence or absence of ATP. However, the resting volt-
age was somewhat depolarized in the high Ca?* (10
uM) solution (statistically significant at the 2.3%
level). Combining all the data from the low Ca2*
internal solutions, yielded a resting voltage of
—54.3 = 3.2 mV (mean + SEM).
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Table 2.

Soin. Free Ca V. R, n  Comments
(mV) = sem  (G{)) + SEM

1 2nm —465=* 7.7 1.17+0.12 8 8l6l

2 2aM  —S1.7x 73 166 =027 2 816l

3 WM -394z 1.1 1.38%0.20 20 KG-12,8161

4 200nm —519 =113 158042 9 KG-12

5 [0pm —450= 1.4 0.69=0.17 14 KG-12

6a 200nm =574+ 53 1.05+0.15 20 KG-12,7052

6b 200nm 601 = 1.8 205034 8 7052,CF

6¢ 200nM =542 £ 1.6 1.44 = 0.33 9 7052,.LY

Solutions 1-4 contained Asp as the anion, and solutions 5 and
6 contained Cl. All solutions contained ATP except solution 1.
CF = carboxyfluorecein, LY = Lucifer Yellow CH. Solutions to
which no Ca was added were assumed to contain 10 uM of con-
taminant Ca. 8161, 7052 and KG-12 are the glasses described in
Materials and Methods.

Capacitance

Cell capacitance was also measured for many of the
cells. The electrode capacitance was compensated
after forming a giga-seal but before achieving the
whole cell configuration. The membrane in the
patch was then ruptured and the additional capaci-
tance due to the cell was measured and compen-
sated. We measured the cell diameter (D), assumed
the cells to be spherical, and calculated the cell sur-
face areas as «D?. This was done on 45 cells with
diameters ranging over an order of magnitude. Fig-
ure 2 shows how the measured cell capacitance var-
ied with the calculated membrane area. The solid
line is the result expected for a specific capacitance
of 1 uF/cm?.

It was a consistent observation that the whole
cell capacitance decreased during the recording pe-
riod. In one representative experiment, there was a
38% decrease in capacitance over a period of 30
min. This was accompanied by a 25% decrease in
cell diameter and a change in cell morphology. The
cells developed noticeable pits on their surfaces as
the capacitance decreased.

Input Resistance

The input resistance was measured by applying a
10-20 mV square pulse to the pipette interior, in
voltage-clamp mode, and recording the resuiting
current. This current contains contributions from
both the membrane and the seal but is predomi-
nantly membrane current as long as the seal resis-
tance is much larger than the cell input resistance.
The ratio of the voltage-step amplitude to the
steady-state current amplitude gave the input resis-
tance, assuming a negligible voltage drop across the
access resistance. For example, a membrane cur-
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Fig. 2. Cell capacitance versus calculated cell area. The solid
line represents | pF/em®

(swyooBi6) IONVISISIN LNdNI

0 + + 4 t t
-120 -100 -80 -60 -40 -20 0

RESTING VOLTAGE (mV)

Fig. 3. Correlation between input resistance and resting voltage.
The solid line is a linear regression. The correlation coefficient
was 0.472

rent of 100 pA flowing across a 30-M{ access resis-
tance would give rise to a 3-mV error.

The input resistances were measured in all of
the internal solutions listed in Table 1. Table 2 sum-
marizes the data. As with the resting voltage, there
was no statistically significant dependence on the
particular internal anion used or on ATP level.
Comparing all data with an internal Ca>* of 10 um
with all data having an internal Ca?* of 200 nm,
showed no significant difference in input resistance.
Combining all the data with low internal Ca?* gave
an input resistance of 1.42 = 0.12 G{) (mean =
seM). The relationship between resting voltage and
input resistance is shown in Fig. 3. There is a posi-
tive correlation (correlation coefficient 0.472) as
shown by the solid line.

Current-Voltage Relationship

Current-voltage relationships (/-Vs) were obtained
using the ramp-clamp technique. In this technique,
a voltage range and a ramp duration were specified.
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Fig. 4. Single-cell current-voltage relationship obtained by ramp
voltage clamp. The duration of the ramp was | sec. The cell
resting voltage was —79 mV, and the input resistance was 2.2 G(}
near the resting voltage. This /-V is the average of five runs. The
electrode contained solution 3

The computer then produced a series of equally
spaced voltage steps (usually 1000) that spanned the
desired voltage range. This effectively produced a
ramp of voltage. An arbitrary number of /-Vs could
be averaged before storing the data. The resulting
current was displayed as an [-V by relabeling the
abscissa in terms of voltage instead of time. Figure
4 shows a typical result of such an experiment. In
this case five I-Vs were averaged together. The cell
had a resting voltage of —79 mV and an input resis-
tance of 2.2 G{). The I-V was fairly linear over the
physiological range but showed a decrease in resis-
tance at large positive or negative voltages. We
tested for voltage-dependent gating phenomena by
applying ramps of varying duration. A ramp whose
rate is rapid relative to the rate of any voltage-de-
pendent gating process would measure the desired
instantaneous /-V. A ramp applied more slowly
would allow time for the channels to change their
open probability, in response to voltage, and the
current would reflect this change. Such voltage de-
pendence would appear as a change in the shape of
the I-V with different ramp speeds. An example of
such an experiment is shown in Fig. 5, there was no
convincing voltage dependence. This was true of
most cells. Occasionally evidence of voltage depen-
dence was noted. As seen in Fig. 64, step protocols
revealed a current that resembled the classical de-
layed rectifier. Like the delayed rectifier the current
was blocked by Ba?* (Fig. 6B).

Electrode Glasses

Recent reports have shown that currents recorded
with the whole cell technique can be affected by the
specific glass used (Cota & Armstrong, 1988; Fur-
man & Tanaka, 1988; Rojas & Zuazaga, 1988). It
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Fig. 5. Single-cell current-voltage relationships at three different
ramp rates. Ramp durations were: 300 msec for the top trace, 3
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cells were held at —70 mV, the input resistance was 1.25 G and
the electrode contained solution 6
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Fig. 6. Time-dependent membrane current. (A) In control solu-
tion. (B) In the presence of 5 mm Ba?*

appears that high-lead glasses are more likely to
cause problems. EGTA buffering has been shown to
be effective at reducing the effects of the high-lead
glasses. We measured resting voltages and input re-
sistances using various combinations of electrode
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Table 3.
Glass EGTA Viest Riy n
(mMm) (mV) * SEM (GQ)

7052 3 —-59.2 £ 4.7 1.50 = 0.18 25
KG-12 0 —43.8 = 4.8 0.97 £ 0.12 29
KG-12 3 —52.9 6.5 1.29 = 0.23 21
8161 0 -23.0 = 5.6 1.76 = 0.28 0
8161 3 -50.5 5.6 1.49 = 0.19 19

glass and EGTA buffering. This data is presented in
Table 3. The only statistically significant effect was
that of 8161 (the highest lead glass) on the resting
voltage in the absence of EGTA (significant at the
0.5% level). No changes were seen in the shape of
the I-Vs with different glasses or EGTA buffering
levels.

JUNCTIONAL RECORDING
Current-Voltage Relationship

We recorded junctional currents from 40 cell pairs
using the double whole cell technique. After achiev-
ing whole cell configurations on both cells of a pair,
the electrode currents were both set to zero. This
usually resulted in the two cells being held at nearly
the same voltage. If the electrode voltages were the
same, and the access resistances of the two elec-
trodes were the same, no current would flow across
the junction in the resting situation. A step or ramp
in voltage applied to both cells simultaneously
would cause no current to flow across the junction,
and thus would allow the recording of membrane
current from both cells at once. However, when the
step or ramp was applied to only one cell of the pair,
the current produced by the voltage clamp in the
cell would be the sum of currents flowing across the
surface membrane and the junction. When the first
cell is stepped to its new voltage, current from the
second cell begins to flow across the junction. To
prevent this from changing the voltage in the second
cell, its voltage-clamp circuitry must supply a cur-
rent equal and opposite to that flowing across the
junction. This can be measured as the junctional
current (Spray, Harris & Bennett, 1981).
Junctional I-Vs were obtained using the ramp
voltage-clamp version of the above technique. Fig-
ure 7 shows a representative I-V produced by ap-
plying a voltage ramp of 1000 steps between +60
mV and —80 mV relative to rest. This curve was the
average of five I-Vs. Note that the junctional cur-
rent was a linear function of transjunctional voltage.
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Fig. 7. Junctional membrane current-voltage relationship from a
ramp voltage clamp. The total time for the ramp was 100 msec.
The junctional resistance was 98.3 M{}. The electrode contained
solution 5. The cells’ resting voltages were —47 mV and their
input resistances were 500 and 200 MQ. This /-V is the average of
five runs

The zero current point was within a few millivolts of
zero voltage. This is to be expected, since the inter-
nal solutions in the two cells were identical. The
junctional resistance of the cell pair shown in Fig. 7
was 98.3 MQ). The junctional resistances measured
in the 40 cells ranged from 15.7 to 607 MQ. Figure
84 shows the distribution of these resistances.
There is clear evidence of two populations. The
four measured resistances with values above 500
MQ represent a small population of relatively
poorly coupled cell pairs. Figure 8B shows the dis-
tribution of the remaining 36 cell pairs. The mean
resistance of all 40 pairs was 123.7 = 1.9 (sem) MQ.
Excluding the four large resistance pairs, the mean
was 79.0 = 1.3 (seMm) M. These values were not
corrected for access resistance (Neyton & Traut-
mann, 1985; Weingart, 1986). When the access re-
sistance of the recording electrodes becomes com-
parable to the junctional resistance, some of the
applied voltage drops across the access resistances.
This causes an overestimate of the driving force for
current flow across the junction and hence an over-
estimate of the junctional resistance. The correction
for access resistance is given by the following for-
mula

Rj = ij - Ra[ - RaZ (1)

where R; is the actual junctional resistance, R;, 1s
the measured junctional resistance, and R, and R
are the access resistances of the two electrodes.
The corrections could be substantial. For example,
the corrected junctional resistance of the record
shown in Fig. 7 was 70 M{). The mean access resis-
tance from 61 measurements was 31.8 = 0.6 (SEM)
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Fig. 8. Histograms of junctional resistance. (A) Histogram of all
40 cell pairs studied. Data not corrected for access resistance
effects. (B) Histogram of the 36 cell pairs in the low resistance
group

M. Applying this to the 36 measurements reported
above yields an estimate of junctional resistance of
15.5 M. The I-V's were linear for all of the cell
pairs studied regardless of the value of the junc-
tional resistance. No time dependence of the junc-
tional current was seen over a time scale from 50
msec to 1 sec (Fig. 9).

The junctional resistance, in any given cell pair,
was found to increase with time until the cells be-
came completely uncoupled. Similar uncoupling
has been seen in many other preparations using this
technique. Recently Somogyi and Kolb (1988) dem-
onstrated that a mixture of ATP and cAMP would
extend the lifetime of coupling in pancreatic acinar
cells. We tested this in our preparation by examin-
ing the stability of coupling in eight cell pairs. Four
of the pairs were patch clamped with no ATP or
cAMP in the pipette. The mean time to 50% uncou-
pling was 30.25 min (Fig. 10A4). In four other cell
pairs, the pipettes contained 5.4 mM ATP and | mm
cAMP (Fig. 10B). Two of these cell pairs remained
coupled for 60 min, while the other two were stiil
coupled at the termination of recording at about 120
min.
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Fig. 10. (A) Normalized junctional conductance as a function of
time with 0 ATP and 0 cAMP in the pipettes. (B) Same protocol
but with 5.4 mm ATP and 1 mM cAMP in the pipettes

As the cell pairs uncoupled, a point was
reached at which only a small number of channels
were still gating in the junction. High resolution re-
cordings at this time allowed the visualization of
individual gap junction channel-gating transitions
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Fig. 11. High resolution recordings of junctional current well
into the uncoupling period. Top and bottom traces are simulta-
neous recordings from both patch clamps. There was a 20-mV
driving force across the junction. The data was filtered at 10 Hz
and sampled at 20 Hz

(Fig. 11). Opening and closing of junctional chan-
nels can be distinguished from opening and closing
of surface membrane channels in two ways. First,
when a channel opens in the junction, the currents
flowing in the twa patch clamps will be of opposite
polarity. The response to the opening of a surface
membrane channel is of the same polarity in the two
patch clamps. Second, the amplitude of a junction
event is expected to be of roughly the same ampli-
tude in the two recordings while the response to a
surface channel opening is much larger in the patch
clamp connected to the cell in which the opening
occurs. In the other clamp, the current is attenuated
because it must traverse the junction, which is now
of high resistance because of the uncoupling.

In another experiment, several voltages were
applied across the junction during uncoupling. This
allowed the measurement of a junctional I-V (Fig.
12). The I-V was linear and the conductance was
118 pS. Individual openings were seconds in dura-
tion.

Dye Coupling

We were able to observe dye coupling between cells
of isolated pairs using Lucifer Yellow CH (Fig. 13).
Complete dye equilibration between the cells was
only observed when the exciting light source was
left off for a few minutes after the whole cell config-
uration was achieved. Illumination of a dye-loaded
cell caused a decrease in cell input resistance that
progressed with time after exposure to the exciting
hight. Figure 14 shows the current response, to re-
peated 10-mV depolarizing pulses, of a cell contain-
ing Lucifer Yellow CH, in the presence of exciting
light. The amplitude of this current is a measure of
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Fig. 12. (A) Single gap junction channel events at several volt-
ages. Data filtered at 40 Hz and digitized at 200 Hz. (B) Current-
voltage relationship of junctional channel. Singie-channel con-
ductance 118 pS

input resistance. Over a period of 60 sec, the input
resistance dropped from a value of 500 M(}, before
the exciting light was turned on, to a value of 30
M. The resting voitage decreased to 0 mV during
this same time. This fall in resting voltage is re-
flected in the shifting baseline in Fig. 14. The effects
were not reversible. Such damage was not observed
in dye-loaded cells in the absence of exciting light,
as can be seen in the last two rows of Table 2. Also
cells exposed to exciting light in the absence of dye
showed no signs of damage. Similar dye damage
was seen with carboxyfluorescein. Further evi-
dence of damage is apparent in Fig. 15. Both the
dye-injected cell and the cell to which it was cou-
pled developed large surface membrane protru-
sions. Dye-damaged cells often developed such sur-
face protrusions and eventually ruptured.

In an attempt to reduce the photodamage, we
included 20 mmM glutathione in the pipette. As
shown in Fig. 16, this slowed the rate of damage but
did not eliminate it. Similar results were obtained
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with 20 mm ascorbate. Dithiothreotol (DTT), at |
mM. had no noticeable effect on the photodamage.
The damage could be reduced using neutral density
filters (2 log unit or greater), but with enough filter-
ing to make the damage minimal we could not visu-
alize the cells adequately.

Discussion

We have shown the feasibility of recording whole
cell and junctional currents from isolated lens epi-
thelial cells. We need to demonstrate the extent to
which these cells have been altered in the isolation
procedure. One way to assess this is to compare the
properties of the isolated cells with properties de-
duced from experiments on whole lens and isolated
epithelial sheets.

The cells had a mean resting voltage of —54.3 =
3.2mV. Intact frog lenses have a mean resting volt-
age of —~75.2 = 1.1 mV (Rae & Germer, 1974). The
measurements of resting voltages in isolated frog
lens epithelial sheets are somewhat variable. The
reported values are —54.6 = 1.1 mV (Jacob, 1984),
—56.1 = 2.3 mV (Cooper et al., 1986) and —79.0 =
0.9 mV (Duncan et al., 1988). Thus, our cells have
somewhat depolarized resting voltages on average.
We assume that the healthier cells had the more
negative resting voltages and that the less healthy
cells had the more positive values. The less healthy
cells may have been damaged as a result of the dis-
sociation procedure, even though our methods are
less harsh than those used for many other tissues.

The cells had a mean input resistance of 1.4 +
0.12 G£). The input resistances from single dissoci-
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Fig. 13. Lucifer Yellow CH spread in a
cell pair. Scale bar 40 um
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Fig. 14. Cell current response to repetitive 10-mV steps in a
Lucifer Yellow CH filled cell after illumination with exciting
light. The pulses were delivered once every second and had a
pulse duration of 350 msec. The electrode contained solution 6,
with 5 mm Lucifer Yellow CH. The top trace is the second pulse,
the middle trace is the 25" pulse and the bottom trace is the 50t
pulse. The cell was held at a constant holding potential of —35
mV

ated cells can be compared with input resistances of
whole lens and isolated epithelial sheets by express-
ing all three as area-specific resistances. The results
in Fig. 2 imply that an estimate of cell area based on
measured cell diameter is acceptable. Given an av-
erage cell diameter of 17 um, and assuming a
spherical cell, our measurements yield an area-spe-
cific resistance of 12.6 kQlcm?. This number is about
twice as large as the estimate of area-specific resis-
tance reported by Mathias, Rae and Eisenberg
(1979) for whole frog lenses (surface celis only). Itis
about half as large as that reported by Duncan et al.
(1988) for isolated frog lens epithelial sheets. Given
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Fig. 16. Fraction of maximum current after illumination in Luci-
fer Yellow CH containing cells. The open circles are with pipette
solution 6 with 5 mM Lucifer Yellow CH. The filled circles have
the same solution but with 20 mm glutathione

the uncertainties in all three techniques, the num-
bers from the different preparations are in reason-
able agreement. The input resistances were not sig-
nificantly different with aspartate versus Cl™ as
internal anion, with or without ATP, or with 10 um
versus 200 nM internal Ca®*. The shape of the whole
cell current-voltage relationship is linear around the
resting voltage with an increase in current at large
positive and negative voltages. This is in agreement
with earlier work done on these cells by Rae (1985).

The channel basis for the I-V is uncertain. Nu-
merous on-cell patch-clamp recordings from frog
lens epithelial cells by different investigators (Rae
& Levis, 1984; Jacob et al., 1985; Rae, 1985;
Cooper et al., 1986) have failed to find a significant
density of K* channels. The occasional appearance
of the delayed rectifier K* conductance in these
cells is suggestive that they may play a part in deter-
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Fig. 15. Cell damage as a result of
fluorescent illumination in the presence
of Lucifer Yellow CH in the pipette.
Scale bar 40 um

mining the normal resisting voltage. Specific experi-
ments to test this possibility should be performed.

In order to compare the measured junctional
resistance with that obtained in epithelial sheets, we
modeled an epithelial sheet as a plate of close
packed hexagonal cells. By comparing the differen-
tial resistance of a ring of cells with that of a ring of
the homogeneous medium, we derived the result
that the resistance between two isolated cells
should be

where R; is the resistance between two isolated
cells, R; is the specific resistivity of the homoge-
neous sheet, and b is the cell thickness (assumed to
be 8 um). Using the value 25 Om obtained by Dun-
can et al., (1988) we calculate an R; of approxi-
mately 9 MQ between two cells. Our average value
of 15.5 M(} seems in reasonable agreement. Thus,
our isolated cells have many of the same properties
of isolated lens epithelial sheets.

Our recording of junctional current between
pairs of isolated cells confirms other studies show-
ing electrical communication within the lens epithe-
lium (Schuetze & Goodenough, 1982; Miller &
Goodenough, 1986; Duncan et al., 1988; Jacob,
1988: Stewart et al., 1988). The distribution of junc-
tional resistances in our cells was bimodal. One
group had a mean corrected resistance of 15.5 MQ
and represented 90% of the cell pairs tested. The
other had a mean corrected resistance of 462.9 MQ
and was only 10% of the population. The relation-
ship of this bimodal distribution to the previously
reported functionally differentiated junction types
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(Schuetze & Goodenough, 1982; Miller & Good-
enough, 1986; Duncan et al., 1988) is unclear. On
several occasions, we found cells whose initially
large coupling resistances decreased with time until
they achieved values in the lower resistance popu-
lation.

The junctional I-Vs were linear in every one of
the 40 cell pairs studied. There was no evidence of
voltage-dependent gating. In most preparations
studied with the double whole cell technique, the
junctional resistances are in the 1-100 MQ range
(Neyton & Trautmann, 1985; Spray et al., 1986;
Weingart, 1986; Somogyi & Kolb, 1988). The junc-
tional current in these other preparations is also lin-
ear and voltage independent. The junctional /I-Vs
had suprisingly little noise. If one assumes identi-
cal, independent connexons, the expected standard
deviation from the macroscopic current due to
channel gating would be

g = Y')/H,(v - Veq) (1 - pn)} (3)

where o is the standard deviation of the macro-
scopic current, vy is the single-channel conductance
(100 pS), V is the transjunctional voltage, V., is the
gap junction channel reversal potential (0 mV), w is
the mean macroscopic current, and p, is the chan-
nel open probability (Colquhoun & Hawkes, 1977).
From Figs. 7and 12, & = 800 pA, V=80 mV, y =
100 pS and assuming p, = 0.9, then o = 25 pA.
However, since five records were averaged, this
number must be divided by V5, thus o = 11 pPA.
This is in reasonable agreement with the noise esti-
mated from the figure.

We found that the junctions between these cells
uncouple spontaneously with a half time of approxi-
mately 30 min. A similar time course for uncoupling
has been reported by most other investigators using
the double whole cell recording technique. Re-
cently, Somogyi and Kolb (1988) found that in pan-
creatic acinar cells, a combination of 0.1 mM cAMP
and 5 mm ATP in the pipette solution increases the
half time for uncoupling by a factor of four or more.
We found essentially the same result in the frog lens
epithelial cells used here.

By recording junctional current well into the
period of uncoupiing, we were able to observe sin-
gle gap junction channel openings and closings.
This is the first report of such data from intact lens
cells. The single-channel conductance in these pre-
liminary recordings was about 100 pS. Given a mac-
roscopic conductance for the junction of about 135
M, this implies at least 650 channels per cell-cell
junction. This is a minimum because it assumes unit
open probability. To compare these channels with
others recorded in mammalian tissues requires that
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we scale up the conductance to the concentration of
mammalian Ringers. The only data we are aware of
that addresses the issue of the conductance concen-
tration relation of gap junction molecules comes
from the reconstitution experiments on MP26 (Zam-
pighi, Hall & Kreman, 1985). Here the conductance
was linear with concentration from 100 mm to 1 M.
If this is true for the channels reported here, we
would expect a single-channel conductance of
around 150 pS in mammalian Ringer. This is compa-
rable to what has been reported in both heart and
liver.

Our finding of toxic photodamage by fluores-
cent dyes must be compared with other reports
where significant dye spread was seen in lens and
other tissues where damage was not reported
(Schuetze & Goodenough, 1982; Cereijido et al.,
1984; Safranyos & Caveney, 1985; Zimmerman &
Rose, 1985; Spray et al., 1986; Wade, Trosko &
Schindler, 1986; Safranyos et al., 1987; Dudek et
al., 1988; Duncan et al., 1988). However, many of
these studies involved looking at the fluorescent
dye spread only after the tissue had been fixed. The
dye spread, therefore, occurred in the absence of
exciting light. Under these circumstances we also
see dye spread. In other studies where the exciting
light was on during observation, the dye was in-
Jjected via conventional microelectrodes. This might
allow the cell’'s natural antioxidants, like glu-
tathione, to handle toxic products. In a whole cell
clamp configuration, the cell’s contents have largely
been replaced by the electrode solution. This ex-
change may leave the cells with no defense against
oxidative damage. However, fluorescent dyes have
been placed in cells, with the whole cell clamp tech-
nique, without apparent membrane damage (Almers
& Neher, 1985). Almers’ studies used different dyes
than were used here, at lower concentrations and in
a different cell type.

It is not unexpected that toxic damage might
occur with fluorescent dyes. Such damage has been
known for a long time (Miller & Selverston, 1979)
and is even the basis of a technique (zap axotomy)
to selectively kill cells or parts of cells (Cohan,
Hadley & Kater, 1983). In general the damage is
thought to be due to the production of O, radicals
via quenching of the activated flourescent dye. It is
well known that the resulting oxygen radicals are
toxic. Our demonstration of limited protection with
glutathione and ascorbate make it likely that this is
the mechanism of damage in this situation.

The whole cell recording technique can be a
useful adjunct to studies of whole lens and patch-
clamp recording in gathering the data needed to ob-
tain a more complete characterization of lens cell
coupling. It also can be useful in gathering the data



226

on membrane properties necessary to test the lens
internal circulation hypothesis (Mathias, 1985).
These goals require development of isolated cell
preparations from mammalian lens epithelia and
from fiber cells. Such preparations are now being
developed in many laboratories.

This work was supported by N.ILH. grants EY03282 and
EY06005.
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