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SUMMARY

1. The electrical resistance of the perfused frog lens was measured using separate
internal current passing and voltage measuring electrodes.

2. The resistance values obtained using voltage clamp and direct and alternating
current techniques were in good agreement.

3. The voltage transients induced in response to current steps were multi-
exponential in form. Increasing the external K concentration reduced both the
amplitude of the voltage response and the rise time.

4. The impedance characteristics were investigated in more detail using alternating
current analysis techniques.

5. In an equivalent-circuit modelling study it was assumed that there were two
major pathways for current flow in the lens. The first through the surface membranes
and the second through the inner fibre membranes via the narrow extracellular spaces.

6. The experimental impedance loci could not be adequately fitted by a simple two
time constant model and a third time constant was introduced which may represent
diffusion polarization effects in the extracellular spaces.

7. The three time constant model gave good and consistent fits to impedance data
from a number of preparations.

8. The form of the impedance loci was also dependent on the external K
concentration, but the only fitted parameter which changed consistently with
external K was the surface membrane resistance (R;).

INTRODUCTION

The lens is a transparent, multicellular structure comprising tightly packed fibre
cells bounded at the anterior surface by a simple cuboid epithelium. Cohen (1965)
pointed out that the membranes of adjacent fibres were connected by junctional
complexes and more recent studies have characterized these as gap junctions (Caspar,
Goodenough, Makowski & Phillips,1977). Both electrophysiological (Duncan, 1969,
1974) and dye-injection (Rae, 1974) investigations have shown that the fibre cells are
functionally coupled.

Eisenberg & Rae (1976) were the first to model lens impedance using an analysis
of the voltage transients in response to direct current pulses (current-clamp). In a
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later study (Mathias, Rae & Eisenberg, 1979) they applied Fourier analysis methods
to the responses from white-noise injected currents. They developed a model with
several elements (Fig. 1a) consisting of a bulk resistance (R,) and two RC networks
representing current flow through the surface and inner fibre membranes. This latter
model is taken as the starting point for the present impedance study which is based
on a.c. analysis methods. Since it has recently been shown that the d.c. conductance
(Patmore & Duncan, 1979, 1980) and a.c. impedance characteristics (Duncan &
Patmore, 1979) of lens membranes are extremely sensitive to changes in external K,
we tested the model over a wide range of K concentrations. It was found necessary
to introduce a third time constant into the model in order to obtain a good fit to
impedance data at any K concentration.

As many methods have been used to obtain estimates of lens resistance, with
sometimes quite different conclusions drawn from the data obtained (Duncan, 1969;
Rae & Blankenship, 1973; Mathias et al. 1979), we first verified that the lens
resistances obtained from three standard procedures, namely current clamp, voltage
clamp and a.c. analysis, gave consistent results.

METHODS

Preparation

The lens of the Northern Leopard frog Rana pipiens was used in these experiments. Healthy
specimens 13-20 cm in length were pithed and the whole eye removed from the head. The
lens was dissected by a posterior approach. The globe was bisected revealing the posterior surface
of the lens. The suspensory ligaments were cut and the lens lifted free with a glass loop. Adhering
suspensory ligaments were trimmed away as much as possible but complete removal was avoided.
A lens which appeared cloudy or damaged in any way through dissection was discarded. The lens
was transferred to a 1 cm? chamber and perfused with Ringer solution at a flow rate of 2 cm® min™!
at 18 °C. The composition of the perfusate was as follows: NaCl, 105 mm; KCl, 2:5 mm; CaCl,, 2 mm;
MgSO,, 1-2 mm; NaHCO,, 6-5 mm; HEPES, 5 mMm; p-glucose, 5 mm adjusted to pH 7-4 with NaOH
or HCL. The K concentration of the Ringer was increased at the expense of sodium thus keeping
the sodium/potassium sum constant.

Fig. 1. 4, two time constant equivalent circuit model representing two possible current
paths through the lens.

R,, lumped series resistance of the saline and the bulk of the tissue.

R, surface membrane resistance.

R, inner membrane resistance.

R,, extracellular space resistance.

C,, surface membrane capacitance.

C;, inner membrane capacitance.
The current flows from the micro-electrode inside a fibre cell to the bathing medium via
one of two pathways: (1) from fibre to fibre cell via the communicating gap junctions
(Duncan, 1974) and then through the surface membranes of the outer fibre cells, or (2)
across the inner membranes and through the tortuous extracellular space (see also
Fig. 1C). B, three time constant equivalent circuit model. A further element has been
incorporated (C4 and Ry) which describes the resistance and capacitance of unstirred layers
in the extracellular space. This is in series with the inner membrane element. C,
diagrammatic representation of possible pathways for current flow between the lens
cytoplasm and bath. Current flowing through the narrow extracellular spaces (pathway
2) would be expected to encounter the unstirred layer elements Cyq and R, (see also Fig.
1B).
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Electrical recording

A two internal micro-electrode technique was used to measure lens impedance similar to that
described by Duncan (1969) and Delamare & Duncan (1977). Micro-electrodes were pulled from
thin walled filament glass tubing (Clarke Electromedical, Pangbourne, U.K) and filled with 3m-KCl.
The tip resistances were between 1-5 MQ. These low resistance electrodes were essential in the
impedance analysis (see below) as they gave a negligible contribution to the resistance and reactance
measurements at the frequencies used (Falk & Fatt, 1964).

The lens potential was measured between an internal micro-electrode and a Ringer-agar reference
electrode on which the lens was seated. These were connecred to a high impedance differential
amplifier (Model 750, WPI Inc.) and the output displayed on a dual beam storage oscilloscope
(Tekronix, Model 5013). The oscilloscope was connected to an FM tape recorder (Tandberg
Instrumentation, model 100) and a chart recorder (Bryans Southern, 1800). Lens impedance was
measured by passing current from a second internal microelectrode to a virtual earth electrode in
the chamber and monitoring the response of the previous electrode pair. The virtual earth electrode
consisted of a silver/silver chloride wire connected to earth via a current-to-voltage transducer.
The output from this device, connected to the second oscilloscope channel, gave an accurate
measure of the current passed through the lens.

Step pulses or sine waves (0:01-100 Hz) of current were delivered from a current injection
amplifier (model 701, WPI Inc.) and their magnitude and duration were controlled by a square-wave
(Tekronix, 2601) or sine-wave generator (Wavetek, 180) respectively.

Signal processing of sinusoidal currents

Lissajou figures were reconstructed on the storage screen of the oscilloscope operating in the X-Y
mode and resistive (R) and reactive (X) components of the impedance were calculated as described
by Smith (1971). Impedance loci (Cole, 1968) were generated from the data obtained in a range of
external K concentations.

Equivalent circuit models

The theoretical impedance of an equivalent circuit can be computed by assessing the impedance
(Z) of each component. _
For the two time constant model shown in Fig. 1.4, the admittance (1/Z) is given by

1. 1 . —19-1,
Y“E"‘J‘”Cs"'[Re”'(E"'JWCI) ] (1)
where j is the imaginary operator and  the angular frequency (v = 2af). This expression has real
and imaginary parts which when grouped together can be arranged in the form
Y =B+3jD 2)
therefore
1 B—-jD
2=B5;p"B+D" @)

Thus the real component of the impedance is given by

B
E=Fror @
and the imaginary component by
-D
X=prpe ®

The same treatment was applied to calculate the theoretical impedance of the three time constant
model (Fig. 1 B). This takes into account the impedance of the unstirred layer in the extracellular
space. In this case

1 C 1 . c -1 ) -1 R -1
Et}w s+[<E+3w d) +<E+ja)01) + e] , (6)

with R and X calculated as before.

Y=
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The impedance loci predicted by these two models were fitted to the experimental data using
an iterative technique (NAG, 1977) based on Powell’s method (1968). The routine optimised the
parameters of the model to data presented as a set of resistance and reactance values over the
experimental range of frequencies.

RESULTS

The three different methods used to obtain estimates of the over-all resistance of
the lens gave very similar results in the four preparations studies (Table 1). The
values, which ranged from 82 to 13-2 kQ, were similar to those reported previously
for frog obtained by current clamp (Duncan, 1969; Eisenberg & Rae, 1976) and noise
analysis methods (Mathias et al. 1979).

TaBLE 1. Comparison of lens resistance measurements
Measured resistance (k)

Experiment
no. Rd.c. Ra.c. Rv.c.
781012 11-3 11-1 10-8
781103 83 82 86
781130 97 9-6 100
781208 132 12-8 131

The resistance values in the current-clamp (R, . ) and voltage-clamp (R, . ) experiments were
obtained from the steady-state voltage or current transient respectively. The a.c. resistance values
(Ry.c.) were obtained by extrapolating the impedance data points to their intercept with the
resistance axis in the impedance loci.

A typical voltage response to a step of curent is shown in Fig. 2 4, and the relatively
long time constant of the response has previously been remarked upon by Eisenberg
& Rae (1976). Plotting the relaxation of the voltage against time (semilog plot) shows
that the response is multi-exponential in nature (Fig. 2B). Increasing the external
K concentration not only decreases the magnitude of the response (Patmore &
Duncan, 1979 and Fig. 2.4) but also changes the relaxation rate.

It is obviously of interest to know whether all the amplitude and rate proceses are
affected equally on increasing external potassium and if they are not, which of the
impedance elements are affected most. In order to investigate this in greater detail
the a.c. method was used (see also Clausen, Lewis & Diamond, 1979). A typical
impedance locus mapped out with the lens perfused with 2:5 mm-K Ringer is shown
in Fig. 3 4 and the continuousline gives the best fit generated by the two time-constant
model (Fig. 1 4). The fit can be considerably improved if a third time constant is added
to the model (Fig. 3 B). The fitting technique was applied to the impedance loci derived
from a number of lenses and the fitted parameters are given in Table 2 4. It should
be noted that because two of the RC elements are in series, the fitting routine cannot
distinguish between the elements R, C; and Ry C,. This is obvious from eqn. (6). We
have therefore followed the convention of attributing the higher resistance value to
R;. The resistances associated with each of the putative membrane elements are in
the order By > R; > R, while the capacitances C; and C, are approximately 10 times
greater than the capacitance associated with the surface membranes. The predicted
over-all resistance R, . of each of the preparations was in agreement with the total
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Fig. 2 4, voltage response of the frog lens potential to a step pulse of current at three levels
of external potassium. The current pulseis 10 secin duration. B, voltage relaxations from
Fig. 2 4 replotted on a logarithmic scale. @ 25 mM-K*; A 10 mM-K*; [l 20 mM-K*; Vo,
is the ‘steady state’ voltage and V the voltage at some time after the current is removed.
The lines through the filled symbols give an estimate of the slow component of each
response. The fast component (open symbols) was generated by subtracting the slow
component from the original response.

resistance R, . estimated by applying current steps to the same preparations. These
lenses were also perfused with Ringer solutions in which the potassium concentration
was increased from 2:5 to 25 mM. The corresponding impedance loci were generated
and the three time constant model was fitted to these data. The resulting computed
parameters are shown in Table 2 B. The only parameter which changes consistently
for each lens on increasing the external K is R (compare Table 2, parts 4 and B).
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Fig. 34, impedance locus mapped out in normal (25 mM-K) Ringer solution. The
continuous line is the best fit of the two time constant model (see Fig. 1.4) to the data
points. The parameter values obtained were as follows:

R,=300x102Q; R,=478x10°Q; R,=T737x103Q
R =100%x10"Q; C;=386x 10°F and C; =997x10~°F.

In this experiment the frequencies ranged from 0-01 to 40 Hz (see also Fig. 4). B, best
fit of the three time constant model (see Fig. 1B) to the same impedance data. The
parameters values obtained were as follows:

R,=300x102Q; R, = 1-84 x10°Q; R, = 1810 x 103 Q;

R, =846 x10°Q; Ry = 1-91 x 10°Q; Cg = 0021 mF

C; = 0218 mF and C4 = 0-108 mF.

Impedance loci were also mapped out over a range of external K concentrations
from 25 to 40 mM-K and good fits were obtained in all cases using the three time

constant model (Fig. 4). Again R, was the only parameter which changed consistently
with increasing external potassium. A decrease in K was always obtained.
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DISCUSSION

From the current clamp data presented in Fig. 2 and the a.c. results shown in Figs.
3 and 4 it is clear that the over-all impedance of the frog lens comprises a number
of elements. Duncan & Delamare (1978) and Mathias ef al. (1979) have suggested that
two current paths should be considered in an analysis of lens impedance, namely that
through the inner membranes and extracellular space in the bulk of the lens as well
as the more obvious intracellular route through gap junctions and across the surface
fibre membranes (Fig. 10).

—X (k)

00 | 20 = 40 60 80 100 120 140
R (kQ)

Fig. 4. The effect of external potassium concentrations on lens impedance. [ 2:5 mM-K;
A 5mM-K; O 10 mm-K; ¥V 20 mM-K; O 40 mM-K. The continuous lines are the ‘best
fits’ to the data points generated from the three time constant model. The fitted values
for R, were 986, 96-7, 24-2, 9-62 and 7-63 x 10*Q respectively. The fitted values for the
other parameters did not change significantly throughout the range. The frequencies used
ranged from 0-01 to 40 Hz and the dashed curve joins the points at 0-1 Hz for the individual
loci generated at the different K concentrations.

In their detailed study Mathias et al. (1979) found that a simple two element model
(Fig. 1.4) was not sufficient to explain all of their data. In extending their theory
to a distributed equivalent circuit model, they in effect introduced a third time
constant by assuming that the length constant (1) of the lens was frequency
dependent (Mathias et al. (1979), Table 1). They did not in fact test their assumption,
which could be done by simply measuring the frequency response to their injected
current noise at different electrode separations. Patmore (1979), however, has tested
this in a series of a.c. experiments. He found that any differences in a.c. — generated
impedance loci obtained at different electrode separations could be explained entirely
by a change in R, alone (Fig. 14).

We have therefore assumed that there is a second time-constant associated with
the inner fibre membranes (R4 and Cy4 of Fig. 1 B) which could, for example, represent
diffusion polarization effects in the unstirred layers of the narrow extracellular spaces
of the lens (Fig. 1C). Such an element has previously been invoked by Rehm and
co-workers to explain long time constant voltage transients in frog cornea and gastric
mucosa (Kidder & Rehm, 1970; Rehm, Shoemaker, Sanders, Tarvin, Write & Friday,
1973).
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The response time of the frog lens membrane potential following a current step (Fig.
2 A) is relatively long and hence it is not surprising that the time constants of the
individual elements defined in Fig. 1 B are also long. The RC products for the surface
membranes, inner membranes and diffusion polarization effects are 0-67, 2:3 and
0-3 sec respectively (computed from the parameters given in Table 2 4). If we assume
that the capacitance associated with the surface and inner membrane systems is of
the order of 1 uF em~% then the associated resistances are 067 and 2:3 MQ cm?
respectively. These resistance values are quite different from those derived by
Mathias et al. (1979). They applied similar arguments to their modelling data and
concluded that the resistance of the surface membranes was 5 kQ Cm? while the
resistance of the inner membranes was 2 MQ cm?. The difference between the two
approaches probably depends on whether basically a two or three element model is
chosen for data fitting. The best fits to the two time constant model (fig. 3 A) obtained
with the present data in fact yield parameter estimates that are quite close to those
obtained by Mathias et al. (1979). The fitted parameters of the two time constant
model require the resistance contribution from the inner membranes to be approxi-
mately one thousand times greater than the surface membrane contribution. The
parameters deduced from the three time constant model however (Fig. 3 B and Table
2 A) indicate that the surface membranes actually contribute more to the overall
measured resistance than the inner membranes.

Characteristic time constants of other tisues range from 0-03 msec for the active
membrane in squid nerve (Cole & Curtis, 1939) to 20 sec in frog gastric mucosa (Noyes
& Rehm, 1971). Epithelial tissues tend to have longer time constants associated with
their impedance. The characteristic time constant of frog skin, for example is 0-05 sec.
Smith (1971) has also shown that the characteristic time constant of frog skin is
dependent on the composition of the bathing solutions. In the case of the lens, because
R, is preferentially reduced in high K, the characteristic time constant of the surface
membranes changes from approximately 1 sec in 2:5 mM-K to 0-1 sec in 25 mm-K.
This decrease in time constant leads to the overall sharpening of the voltage transient
response observed in Fig. 24 and B. Delamare & Paterson (1978) have also observed
a sharpening of the DC response in low Ca solutions where a drop in resistance is
observed.

Patmore & Duncan (1979, 1980) have previously suggested that the large change
in membrane conductance on increasing external potassium is in fact due to the
presence of voltage-sensitive K channels in the lens membranes. The result of
applying modelling and curve-fitting techniques to amphibian lens impedance data
suggests that the voltage-sensitive K channel system is primarily located in the
surface membranes of the lens.

This research was supported by a grant from The Nuffield Foundation. L. Patmore acknowledges
the receipt of an S.R.C. studentship during the course of this work.
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