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Summary

Functional and ultrastructural changes in rabbit cornea during in vitro perfusion were studied by means of electrical
measurements and electron microscopy. Electrical measurements were used to provide information on membrane potential,
resistance, and capacitance. Membrane potential reflects cellular metabolic activity and thus is used to monitor tissue viability. On
the other hand, since electrical resistance and capacitance indicate charge flow and the ability of the membrane dielectric to store
charges, they can be used to detect structural changes in the aqueous transport pathway, i.e., intercellular space, and membrane
surface, respectively. Studies on the current-voltage relationship of the cornea indicate self-generated membrane potential and
non-ohmic resistive behavior of the cornea. However, the electrical resistance remains constant and is invariant to the external
applied voltage. Problems associated with the use of ohmic resistance as an indication for membrane resistance are discussed. During
in vitro perfusion, the cornea undergoes a biphasic change in resistivity with an initial rise and subsequent fall. The initial rise of the
resistance appears to be induced by a change in membrane potential while the declining portion, at longer time periods, correlates
well with the change in tissue morphology, i.e., expansion of the aqueous intercellular spaces. With the exception of this structural
change, the overall integrity of the cornea is preserved and its viability is maintained for at least 6 h in vitro. The effect of
polarization current on the d.c. electrical resistance was investigated by means of discharging kinetic measurements. Results indicate
that under direct current, the cornea, due to its capacitive property, undergoes rapid, exponential-like, charging and discharging with
an average time constant of approx. 50 us. The polarization current, however, was found to have no significant effect on
determination of membrane resistance. In addition to the kinetic study, the capacitive property of the cornea was further investigated
by phase difference and impedance measurements. The use of a range of frequencies of measuring current results in a2 model of the
cornea as electrically equivalent to a parallel RC circuit. Unlike resistance, the capacitance of the cornea remains remarkably
constant during in vitro perfusion. This finding is in agreement with electron microscopic studies of the tissue. The use of electrical
methods to study membrane transport properties as well as to assess tissue viability and integrity is discussed.

Introduction
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delivery studies, due mainly to their simplicity and
the ease of experimental control. In many cir-
cumstances, specific information that is difficult
to obtain in an in vivo system becomes accessible
by this technique. However, due to instability of
the biological membranes using in vitro methods,
i.e., as a result of functional and structural changes,
the use of such procedures to obtain reliable data
that are truly representative of the conditions in
vivo has been limited. Of most concern, especially
in studies conducted for long time periods, are
problems associated with tissue viability and in-
tegrity. The issue is of significance, but has not yet
been systematically investigated. The intent of the
present work is to address this matter and to
develop methods for evaluating tissue condition as
well as to study transport properties of the cornea.
This investigation also serves as a foundation for
ongoing research on the mechanisms of some
penetration enhancers in the cornea.

The study of membrane transport in epithelia
has been accomplished using basically two ap-
proaches. The first and commonly used approach
is to measure fluxes of compounds of interest
using specific analytical methods, i.e. radioactivity
or HPLC assays. The second involves measuring
electrical properties of the tissue, most notably
membrane potential, resistance, and capacitance.
The two methods are complementary on com-
bined use, depending on the specific purposes of
each study. In the present work, the electrical
method was used to assess membrane transport
properties of the cornea. This procedure also pro-
vides a rapid, non-invasive, and quantitative as-
sessment of membrane viability and integrity.

The basis of the method lies in the fact that,
under normal physiological conditions, a living
cornea is capable of generating a transmembrane
potential while a functionally dead cornea cannot.
This potential is a result of active ion-transport
mechanisms operating through membrane carriers
and pumps. In rabbit cornea, this active potential
was found to be initiated by an inward sodium
transport from tear to aqueous humor (Donn et
al., 1959; Green, 1965) and an outward chloride
transport in the reverse direction (Zadunaisky,
1966; Klyce et al, 1973). The presence of an
active potential indicates the active metabolic state

of the cornea and thus can be used as an indica-
tion for tissue viability. On the other hand, electri-
cal resistance and capacitance reflect ionic mem-
brane permeability and the ability of the mem-
brane to store charges, and therefore can be used
to indicate tissue integrity. In addition to electrical
assessment, simultaneous microscopic examina-
tion of the cornea during in vitro perfusion can
relate morphological changes to membrane integ-
rity and permeability.

Materials and Methods

Animals

Male albino New Zealand rabbits (New Fran-
ken, WI) weighing between 2.5 and 3.0 kg were
used. Lighting was maintained on a 24 h basis in
the caging facility, and the animals were fed regu-
lar diet with no restriction on the amount of food
or water consumed.

In vitro perfusion studies

All chemicals were analytical grade and were
used as received. All solutions were made using
deionized, distilled water. Perfusion studies were
carried out in glutathione-bicarbonate Ringer’s
solution (GBR), pH 7.4, according to O’Brien and
Edelhauser (1977). Rabbits were killed by an in-
travenous injection of an overdose of sodium
pentobarbital administered via the marginal ear
vein. Corneas were removed by cutting the sclera
2 mm laterally to the limbus with subsequent
removal of the lens and iris. Care was taken to
avoid contamination and physical trauma to the
tissue. The corneas were immediately mounted on
corneal rings and clamped in the perfusion cham-
ber (Machine Shop, University of Wisconsin-
Madison). In contrast to the standard corneal
mounting procedure utilizing a suction device,
previously described (Schoenwald and Haung,
1983; Grass and Robinson, 1988), the present
method provides better preservation of tissue in-
tegrity and viability as indicated by higher and
longer membrane resistance and potential respec-
tively. Aeration and circulation in the tissue bath
were provided by means of bubbling with a mix-
ture of 95% O, and 5% CO,. All experiments were



carried out at 37°C using a constant temperature
bath with an external circulator connected through
a water jacket of the perfusion chambers. A 0.67
cm’ area of the cornea was exposed to the donor
and receptor compartments, each having a volume
of 7 ml. In some experiments, where degree of
hydration was studied, corneas were removed from
the perfusion chamber at appropriate time points
and blotted dry. The water content was then de-
termined by weighing the cornea before and after
drying overnight in an oven at 60°C.

Electrical measurements

Electrode preparation. The electrodes were
prepared from silver wires (99.9% purity, Aldrich)
of 5 cm X 1 mm size. They were cleaned by surface
abrasion with sanding paper, placed in con-
centrated HCI1 solution for 1 h, and thoroughly
washed in distilled water. The electrodes were
then chlorided with direct current of 0.2 mA for 6
h in 0.5 M KCl solution. The finished electrode
pairs were kept short-circuited in isotonic NaCl
solution and stored in the dark for at least 24 h for
intraelectrode potential stabilization prior to use.
Asymmetry between electrodes was tested prior to
each potential measurement. Only pairs of elec-
trodes differing in potential by less than 0.1 mV
were used.

Membrane potential and d.c. resistance. To
measure the potential difference across the cornea,
a high input-impedance, microvolt multimeter
(Keithley-197) was used. Ag-AgCl electrodes were
used as sensing devices. They were positioned 1
cm from each side of the corneal surfaces. Corneal
resistance was measured using the four-electrode
system; two electrodes were used to record poten-
tial difference, the other two (located 2 cm from
each surface) being employed to inject current
pulses. In all experiments, the anode was placed
on the epithelial side and the cathode on the
endothelial side. Pulses of variable duration (1-5
s) and intensity (up to +10 pA cm™?%) were
generated from a constant-current source. Passive
resistances were calculated from the slope of the
I-V plots while apparent resistances were ob-
tained from Ohm’s law. To correct for the poten-
tial drop due to solution resistance between the
sensing electrodes and the membrane, measure-

ments were carried out before each membrane
resistance determination using the same bathing
solution but without the membrane in the perfu-
sion chamber. The actual membrane resistance
was then calculated by subtraction of the resis-
tance obtained without the membrane from that
determined with the membrane.

Discharging of membrane capacitor. To study
discharging kinetics of the cornea, small steps of
current having a magnitude of 10 pA cm™? and
frequency of 500 Hz (generated by a model PB-503
function generator, Global Specialties Corp.) were
applied across the cornea through the current
supplying electrodes. The potential response, de-
tected through sensing electrodes, was then mea-
sured on an oscilloscope (Hitachi, model V-422).

Since the discharging of the cornea was found
to follow exponential kinetics, a characteristic of
an equivalent parallel RC circuit, analysis of the
potential response was performed by using the
following equation (Horowitz and Hill, 1980);

dv/dt= —1/C= —V/RC (1)

The solution of this first-order differential
equation has an exponentially decaying time
course:

V=V, exp(—t/RC) =V, exp(—1t/7) (2)

where V, V,, I, R, C, t and 7 represent the
voltage at time ¢, starting voltage, current, resis-
tance, capacitance, time and time constant, respec-
tively. The time constant is the period of time
required for a capacitor to charge or discharge to
63.2% of the value of the original voltage. This
time is the product of the resistance and capaci-
tance of the membrane.

Impedance and phase relationship. The experi-
mental setup for the impedance measurement was
similar to that for d.c. resistance measurement
except for the current source which, in this case,
supplies alternating, sinusoidal current. The im-
pedance of the excised cornea was obtained from
the ratio of the voltage difference across the sens-
ing electrodes and the current flowing through the
tissue (each measured with an r.m.s. digital mul-
timeter). Impedance measurements were made at a
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current density of 1-10 pA cm™? and at a num-
ber of frequencies encompassing a wide range (1
Hz-100 kHz). Since reversible Ag/AgCl elec-
trodes and sinusoidal signals (average signal volt-
age of zero) were used, net polarization of the
electrodes and the membrane was minimal. To
obtain the true corneal impedance, the impedance
between the two sensing electrodes, determined in
the absence of the cornea, at each frequency was
vectorially subtracted from that obtained in its
presence.

The phase relationship between the applied and
the membrane voltages was determined over the
frequency range 1-100 kHz at a current density of
10 pA cm™ % The sine wave output from the
function generator was connected to the horizon-
tal plates of the oscilloscope and the response
signal from the membrane was detected through
the vertical deflection plates. The phase angles
between the two signals were determined from the
Lissajous patterns reading from the oscilloscope
{Plutchik and Hirsch, 1963).

Scanning electron microscopy

Rabbit corneas taken freshly or at 1, 6, and 12
h after in vitro perfusion were placed in a fixative
solution containing 4% glutaraldehyde in 0.1 M
phosphate buffer, pH 7.3, for 2 h. After washing
in the same buffer, the tissues were post-fixed in
2% 0s0,/0.1 M phosphate buffer for an ad-
ditional 1 h, and then dehydrated in 35, 50, 70, 90,
95 and 100% ethanol (each step for 10 min). The
100% ethanol bath was changed three times for a
total of 30 min. The ethanol-dehydrated speci-
mens were transferred to a critical-point dried
chamber and the ethanol was replaced, under
pressure, with liquid carbon dioxide. The liquid
was subsequently converted into gas by raising the
chamber temperature to 31° C. The specimens were
then mounted on aluminum pin-type mounts and
shadowed with a 100 A layer of gold by means of
Sputter coating (Balzers-SCD 030). Finally, the
specimens were viewed in a scanning electron mi-
croscope (Jeol JISM-35C).

Transmission electron microscopy
Tissue preparation up to the dehydration pro-
cess was identical to that used in scanning electron

microscopy. The dehydrated specimens were em-
bedded in Durcupan embedding medium, and sec-
tioned using a glass knife on a microtome
(Porter-Blum, MT 2-B Ultramicrotome). Sections
were placed on copper grids and viewed with a
transmission electron microscope (Jeol 100 CX).

Results and Discussion

Current-voltage relationship

Determination of membrane resistance can be
accomplished by measuring voltage drop and cur-
rent passing through the membrane. To calculate
the resistance, Ohm’s law (V' =IR) is normally
used. However, due to the complex nature of
biological membranes, Chm’s law, which is only
applicable to a passively resistive circuit, may not
necessarily be valid. For example, the IV relation-
ship may not be linear, indicating a voltage-depen-
dent resistive property of the membrane (rectifica-
tion) or the IV plot may not pass through the
origin, indicating an intrinsic electrogenic prop-
erty (selectivity) of the membrane. To determine
accurately the membrane resistance, the IV rela-
tionship of the cornea was first investigated. A
typical IV curve of the cornea, determined over a
range of current density (0+ 10 pA cm™2), is
demonstrated in Fig. 1. Linearity of the plot is
evident, however, while the current goes to zero
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Fig. 1. A typical current-voltage relationship of the cornea. ¥}

indicates negative zero-current potential (electromotive force).

Current-voltage relation can be described according to mod-

ified Ohm’s law; ¥V — ¥, = IR. A relatively constant resistance

over a wide range of voltage indicates non-rectification behav-
ior of the cornea.
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Fig. 2. Corneal resistance as a function of applied voltage. The

apparent corneal resistances were calculated based on Ohm’s

law (R=V/I) and the passive resistances were evaluated

according to the modified equation, R =V — V¥, /1. The result

indicates the influence of membrane potential on membrane
resistance.

the voltage does not. The voltage at the intercept
of the plot (zero current) is sometimes called the
zero-current potential which, in this study, was
found to be identical to the transmembrane poten-
tial determined separately in the absence of an
external applied current. This result indicates sta-
bility of the corneal active potential during the IV
study. The membrane potentials were consistently
found to have negative polarity, i.e. epithelial side
with respect to endothelial side, confirming the
previous findings on an inward sodium and out-
ward chloride active transport in the cornea.
Membrane resistance, in this study, was de-
termined from the slope of the I'V plot according
to the modified Ohm’s law, V' = V|, + IR, where ¥
is the zero-current voltage. This resistance is re-
ferred to in the present study as passive resistance
while that obtained directly from Ohm’s law is
designated as apparent resistance. Fig. 2 shows
plots of the two as a function of external applied
voltage. The result clearly demonstrates strong
voltage dependence of the apparent resistance and
thus its use as an indication of membrane resis-
tance must be with caution.

Changes in membrane resistance and structure
Fig. 3 shows passive membrane resistance of
the cornea in vitro as a function of time. Unex-

pectedly, the resistance profile of the cornea shows
an initial rise during the first hour and a subse-
quent drop in the later hours. Attempts were made
to determine the cause of this resistive behavior.
Two possible contributing factors, namely swell-
ing and deswelling of membrane and change in
membrane potential, were investigated. The former
was studied by determining the degree of hydra-
tion while the latter was determined by measuring
transmembrane potential. The results of the two
studies are shown in Fig. 4. The results from the
study of hydration show that corneal swelling
occurs rather uniformly and continuously and thus
does not appear to be the major contribution, at
least during the initial period, for the observed
resistance change. On the other hand, the change
in membrane potential correlates well with the
change in membrane resistance. In fact, it was
observed that, at any time, the resistance always
followed the potential. To confirm this finding, a
separate study conducted at a number of fixed
membrane potentials was carried out and the re-
sistances at various time intervals determined.
Maintenance of membrane potential was achieved
by clamping the voltage across the membrane
using an external, constant voltage, power supply.
It was shown (Fig. 5) that membrane resistance
was actually controlled, especially in the early
period, by membrane potential. The insensitivity
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Fig. 3. A typical resistance-time profile of the cornea. The

resistance was measured by applying d.c. pulses of variable

duration (1-5 s) and intensity (up to +10 gA cm~2) and

recording the voltage drop across the cornea. Bars indicate 1
SE; n=4.
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membrane, indicates active ion transport and thus the viable
state of the tissue. Bars indicate 1 SE; n=4.

of the resistance to membrane potential in later
hours indicated another contributory factor which
was subsequently found to be the expansion or
swelling of the corneal intercellular pathway. In
the voltage-clamp experiment, when bubbling of
the bathing solutions was switched from oxygen to
nitrogen, membrane potentials dropped to zero
(nitrogen inhibits active transport that gives rise to
membrane potential) and the resistances were con-
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Fig. 5. Effect of membrane potential on electrical resistance as
a function of time. Membrane potentials were kept constant by
means of voltage clamp (— 25 and —50 mV) or use of nitrogen
(=0 mV). The membrane potential in the control has an
average peak potential of approx. 20 mV (see fig. 4). Bars
indicate 1 SE; n = 4.

sistently higher than those in the control (average
peak potential = —20 mV). With increasing nega-
tive potentials (—25 and — 50 mV), the resistances
decreased accordingly. It should be noted that the
actual membrane potential observed in vivo is
approx. —25 mV (Potts and Modrell, 1957;
Maurice, 1967). Based on this study, it appears
that the change in membrane resistance occurs in
the direction that promotes preservation of nor-
mal membrane potential. The mechanism for this
change is not yet clear but is believed to be due to
changes in tight junction permeability, which is
the subject of an ongoing investigation. Results
from this study also suggest that, in order to
mimic the actual in vivo conditions more closely,
transport studies conducted in vitro should be
performed under conditions of physiological
potential. The contribution of the membrane
potential is even more significant in permeation
studies of charged species due to the influence of
an additional electrostatic barrier caused by this
potential.

Ultrastructural changes of the cornea during in
vitro perfusion were also investigated using elec-
tron microscopy. Tissues obtained freshly (time
zero) and after 1, 6, and 12 h were processed and
subjected to microscopic examination. Electron
micrographs of these tissues are shown in Figs
6-9. No detectable change was observed between
the tissues at 1 and 0 h and thus only results from
the latter are presented. Fig. 6(a—c) shows trans-
mission electron micrographs of the corneal epi-
thelium at 0, 6, and 12 h respectively. Results
indicate that, in all tissues, the epithelial cell layers
remain intact, however, progressive cell separation
is evident, i.e. widening of the intercellular spaces
occurs. Expansion of the superficial intercellular
spaces and tight junctions can be clearly observed
in the 12 h tissue. These results substantiate previ-
ous findings on the decrease in membrane resis-
tance observed during later hours, since electrical
resistance is a measure of charge flow across the
membrane and this occurs primarily via an aque-
ous intercellular pathway. The finding on intercel-
lular expansion also explains, in part, why mem-
brane potential could not be maintained. Accord-
ing to the current concept on epithelial regulation
of ionic conductance (Binder, 1980), the mem-



Fig. 6. Transmission electron micrographs of the rabbit corneal epithelium after (a) O h, (b) 6 h, and (c) 12 h in vitro perfusion in
GBR solution at 37° C. Progressive cell separation as a result of expansion of the intercellular spaces (is) is evident. Note the location
of nucleus (n), and microvilli (m). Bar: 2 pm.



Fig. 6 (c).

brane potential is controlled by the active uptake
of specific charged species through membrane
pumps and passive leakage (back diffusion)
through junctional pathways. In vivo, membrane
potential is maintained at a fixed value as a result
of the net effect of these two transport systems. In
this study, the drop in membrane potential can be
attributed to a decrease in pump activity as well as
an increase in junctional permeability. The pres-
ence of the corneal potential observed in later
hours, however, indicates that the cornea remains
viable, although weakened, for at least 6 h under
our experimental conditions.

Transmission electron micrographs of the
corneal endothelium after 0, 6, and 12 h perfusion
are shown in Fig. 7(a—c). At 6 h, the endothelial
cells have minimal structural damage and the in-
tercellular junction appears normal. A few vacuoles
are present in the cytoplasm. At 12 h, loss of
cellular organization has occurred. The nucleus
and the intercellular junction are swollen and ex-
panded and the posterior plasma membrane and
cytoplasm are disrupted.

Scanning electron micrographs, showing surface
views of the corneal epithelium and endothelium
at similar time points, are shown in panels a—c of
Figs 8 and 9, respectively. At 6 h, the superficial
cells of the epithelium appear normal except for
swelling of some of the dark cells. No apparent
expansion of the tight junction can be seen. At 12
h, widening of some of the intercellular junctions
is evident. Disruption of the intercalating protein
network at the cell junctions is clearly seen. In the
endothelium, progressive intercellular expansion,
similar to that observed in the epithelium, can also
be seen.

Polarization and discharging kinetics of the cornea

In addition to containing many conducting
pathways, the lipid matrix of the epithelia, due to
its dielectric property, is capable of storing charges
on its surface and generating its own electrical
field. In a way, the lipid matrix acts as a capacitor.
For this reason, if a direct current is applied
across the tissue, i.e. during resistance measure-
ment, polarization and subsequent current flow



Fig. 7. Transmission electron micrographs of the corneal endothelium after (a) 0 h, (b) 6 h and (¢) 12 h in vitro perfusion in GBR
solution at 37 ° C. Vacuoles (V) can be seen after 6 h and complete loss of cellular organization is evident after 12 h. Note the location
of Descemet’s membrane (d), nucleus (n), and intercellular junction (ij). Bar: 2 um.
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through these conducting pathways can occur. The
resulting polarization current, which is transient in
nature, has been shown to cause an interfering
effect, depending on its magnitude and duration,
on determination of membrane resistance (Lawler
et al., 1960; Plutchik and Hirsch, 1963). In order
to determine the polarization effect on d.c. resis-
tance, a study of the discharging kinetics of the
tissue was conducted. In this study, a step current
generated from a function generator with a cur-
rent density of 10 uA cm™? was initiated and the
voltage response of the cornea was detected on an
oscilloscope. The resulting oscillograph is shown
in Fig. 10. The voltage decay which corresponds to
discharging of membrane surface charges shows
exponential-like behavior, a characteristic of a
parallel RC circuit. The time constant, i.e. time
required for the membrane to discharge 63.2% of
its initial voltage, is approx. 50 ps. Assuming that
a complete discharge (= 99%) occurs after 4-5
time constants, the presence of this capacitance-
induced polarization current should diminish in
approx. 200-250 ps after initiation or cessation of
the external applied current. All the currents pass-

ing through the membrane after this period thus
reflect charge movement in only the conducting
pathways. Note that the time required for a com-
plete reading during membrane resistance mea-
surement is approx. 1-2 s. Thus, the resistance
determined in this study should contain no inter-
fering effect resulting from tissue polarization and
should also represent the true electrical resistance
of the membrane. This finding is further con-
firmed by an a.c. impedance measurement, subse-
quently reported. The polarization effect is ex-
pected to be of importance if the membrane has
high capacitance and resistance. In this case, the
time required for complete charging or discharg-
ing may be long and determination of membrane
resistance may be difficult. An example of this is
the in vivo experiment conducted with tissue of
high resistance such as the skin. In this situation,
due to a relatively large surface area (infinite
capacitance), charging of the membrane may not
be complete.

Corneal impedance and phase relationship
The difficulty associated with polarization cur-
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Fig. 8. Scanning electron micrographs of the corneal epithelium after (a) 0 h, (b) 6 h and (c) 12 h in vitro perfusion in GBR solution
at 37° C. The epithelial cells are normal in appearance except for expansion of the intercellular junctions in some of the epithelial
cells at 12 h. Bar: 10 um.
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rent can be overcome by using an alternating
current and measuring membrane impedance or
total electrical opposition to current flow. The
impedance consists of a resistive component, re-
lated to movement of charged species, and a
capacitive component, associated with the dielec-
tric property and polarization of the tissue. Thus,
by measuring impedance, information on both
membrane resistance and capacitance can be ob-
tained. )

In an alternating current measurement, the
membrane is constantly charged and discharged
according to the change in applied voltage. Once
the membrane is initially charged, the voltage
across it acts as a voltage source. Its effect is to
oppose changes in an external applied voltage.
Since the membrane must charge or discharge to
follow changes in the applied voltage, the resulting
current flow is out of phase with changes in the
applied voltage. The magnitude of the phase shift
is determined by the amount of resistance and
capacitance. Thus, by measuring phase difference,
information on these two membrane parameters
can be obtained.

Fig. 11 shows plots of impedance magnitude
and phase angle of freshly excised corneas as a
function of frequency ranging from 1 Hz to 100
kHz. Increasing the frequency of the alternating
current results in a decrease in corneal impedance
and a biphasic response in the phase angle. At
first glance, it would appear that as the frequency
increases the overall transport of charged species
across the cornea increases. However, this may not
necessarily be true. To understand this it is neces-
sary to examine charge behavior that constitutes a
current flow in an a.c. circuit. When a constantly
charging voltage is applied to a membrane, the
polarity of the applied voltage alternates, causing
charges in the dielectric to shift from one direction
to the other. Because of the lipid nature of the
membrane, no charges in the dielectric can actu-
ally break through and flow into the external
circuit. However, shifting of the charges, which is
frequency dependent, constitutes a current flow
and causes the capacitive impedance to change. In
fact, the capacitive impedance is inversely propor-
tional to frequency (Horowitz and Hill, 1980).

Results from phase angle measurement further
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Fig. 9. Scanning electron micrographs of the corneal endothelium after (a) 0 h, (b} 6 h and (¢) 12 h in vitro perfusion in GBR solution
at 37° C. Note the progressive expansion of the intercellular junctions. Bar: 1 pm.
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demonstrate that the cornea does not behave sim-
ply as a passive resistor but also exhibits a certain
capacitive behavior. This is because in a purely
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Fig. 10. Discharge of the electrical capacitance of the cornea. A

step current (current density, 10 pA cm ~?; frequency, 500 Hz)

was applied across the cornea from a function generator and

the voltage response of the cornea was detected on an oscillo-

scope. The time required for the trailing edge to come back to

the baseline was the discharging time of the membrane which
was 200 ps (99% discharged).

resistive circuit (no capacitance), no phase dif-
ference should be present while in a strictly capa-
citive circuit (no resistance), the phase angle would
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Fig. 11. Corneal impedance and phase angle as a function of
frequency. A constant a.c. current (current density =10 pA
cm™?) at several discrete sinusoidal frequencies ranging from 1
to 100 kHz was applied across the cornea and the correspond-
ing voltages and phase differences were recorded. Phase angles
were determined by the Lissajous method (see text). Bar: 1 SE;
n=4



be 90° (Horowitz and Hill, 1980). The phase
difference between 0 and 90°, characteristic of a
combined RC circuit, confirms the validity of the
parallel RC model of the cornea. Measurement of
the phase angle may provide an alternative ap-
proach to assessment of membrane transport
properties and tissue condition.

Alternating current resistance and capacitance

The a.c. resistance and capacitance of the cornea
were calculated from impedance data according to
a frequency-dependent, parallel RC circuit model.
The expression for the impedance of such a cir-
cuit, according to Burnette and Bagniefski (1988),
is

1/Z*=1/R*+ (27C)’f? (3)

‘where Z is the impedance, f is frequency, and R
and C have the usual meanings. Note that as the
frequency approaches zero, impedance becomes
the resistance. Physically, at low frequency, the
membrane dielectric represents essentially an open
circuit or infinite resistance and only the resistive
component of the membrane conducts. Thus, the
low-frequency impedance is a measure of resis-
tance. To determine the capacitance, a number of
impedance values within a known frequency range
are determined and C can be obtained from the
slope of Eqn 3. In this calculation, it is assumed
that over a narrow enough frequency range the
resistance and capacitance are approximately con-
stant. Fig. 12 shows time profiles of a.c. resistance
(1 Hz) and capacitance {500 Hz) of the cornea
during the in vitro perfusion. Biphasic resistive
behavior of the cornea, similar to that observed in
the d.c. experiment, is evident. The resistance val-
ues of both methods are almost identical, indicat-
ing consistency between the two and detection of
the true electrical resistance of the cornea, i.e. no
polarization interference. The result also indicates
that the observed change in corneal resistance is
not affected by the current-induced tissue polari-
zation. In contrast to resistance, the capacitance of
the cornea appears to be remarkably constant
during in vitro perfusion with an average value of
approx. 0.4 uF cm™2 Since capacitance reflects
the ability of the membrane to hold charges on its
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Fig. 12. Plot of a.c. resistance and capacitance as a function of
time. A sine wave (current density =10 pA cm™?) was applied
across the cornea and the resistance (1 Hz) and capacitance
(500 Hz) were determined. Note the similarity of the a.c. and
d.c. resistive behavior (see Fig. 3). Corneal capacitance is
relatively constant. Bar: 1 SE; n=4.

surface, any change in membrane integrity, ie.
disruption of the membrane, would result in a
decrease in capacitance. The fact that capacitance
remains constant suggests the preservation of the
membrane surface integrity. This is in good agree-
ment with previous results obtained via electron
microscopy. An additional experiment conducted
with an excised, denuded, cornea shows a consid-
erably low capacitance of approx. 0.01 pF cm™2
Currently, the method has been successfully used
to provide information on the promoting effect of
various penetration enhancers in the cornea. The
results of this study will be presented in a separate
publication.

Conclusions

In addition to electrical and structural char-
acterization of the cornea, this paper presents an
overview of problems commonly encountered in in
vitro perfusion studies. Particular attention is
focused on those associated with tissue integrity
and viability and methods of assessing these mem-
brane parameters. The cornea exhibits unique
electrogenic, resistive, and capacitive properties.
Results from active potential measurement indi-
cate that the viability of the cornea is maintained
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for at least 6 h in vitro. Changes in membrane
potential and resistance occur in a parallel and
biphasic fashion. Corneal capacitance, however,
remains relatively constant throughout the experi-
ment. Results from electron microscopy show that
the drop in resistance correlates well with changes
in intercellular integrity while maintenance of the
capacitance is consistent with preservation of the
surface integrity. The electrical technique has been
shown to provide a simple, non-invasive, and
quantitative means of evaluating membrane con-
ditions.
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