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Purpose: We attempted to develop a device for measuring electrical corneal resistance (CR)
using corneal contact lens electrodes to quantitatively evaluate corneal injury in vivo. In the
present study, full-thickness detachment of the corneal epithelium was induced by n-heptanol,
and the feasibility of the quantitative evaluation of this injury by corneal contact lens electrodes
was evaluated in vivo.

Methods: The central area of an albino rabbit’s cornea was exposed to a filter paper pre-
immersed in n-heptanol for 1 minute to induce injury of the corneal epithelium. After induction
of injury, the electrical CR was measured and the percentage of CR (%CR) was calculated.
Fluorescein solution (3 L) was applied to the wound/affected area of the corneal epithelium
for photography with a slit-lamp biomicroscope. The wound/affected area was measured using
an image analysis system. The correlation between the %CR and the wound/affected area was
analyzed.

Results: As the size of the wound/affected area of the corneal epithelium increased, the %CR
decreased after corneal epithelium detachment. Thus, a close correlation was found between
the area of corneal epithelium detachment and the %CR.

Conclusion: The corneal resistance device that we developed was capable of quantitatively
evaluating n-heptanol-induced full-thickness injuries of the corneal epithelium.

Keywords: eyes in vivo, corneal injury, corneal contact lens electrode corneal resistance
device, n-heptanol

Introduction
In vitro experimental systems using cultured cells are often employed to evaluate the
barrier function of the corneal epithelium as well as injuries of the corneal epithelium
caused by various drugs."”” These experimental systems provide an excellent means for
the objective comparison of the potential for cornea injury among several ophthalmic
solutions; however, the extent to which these experimental models reflect the condi-
tion of the eyes in vivo remains unclear. Corneal staining, in which injured sites of the
corneal epithelium are stained with fluorescein, has been extensively used as a method
of clinically evaluating corneal injuries, particularly injuries of the corneal epithelium.
However, objective quantification of the severity of corneal epithelium injury is difficult
with fluorescein staining. The degree of the injury is generally scored subjectively, but
scoring is difficult to replicate from one examination to the next, or among doctors. Thus,
it is difficult to determine whether the corneal injury is worsening or improving.

At present, fluorophotometry is used clinically because it is the best way to quan-
titatively evaluate barrier function of the corneal epithelium. There is another possible
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method, which is based on the use of ultrasound corneal
imaging.® We recently attempted to develop an electrical
corneal resistance (CR) measuring device that is composed
of corneal contact lens (CL) electrodes and that can be used
as a new electrophysiological method to enable simpler quan-
titative evaluations of the severity of drug-induced corneal
injuries in vivo. The purpose of this study was to determine
whether electrical CR can be used to assess the degree of
injury to the corneal epithelial cells (CECs). In the present
study, full-thickness detachment of the corneal epithelium
was induced by n-heptanol, and the feasibility of quantitative
evaluation of this injury using corneal CL electrodes was
evaluated in vivo.

Methods

Animals

Twenty-four New Zealand white male rabbits (specific
pathogen free) weighing between 2.5 kg and 3.2 kg were used
for this study. The animals were obtained from Japan SLC
Inc (Tokyo, Japan) and housed in animal facilities under an
ambient illumination of 1 cd/m?.

Experiments were performed on the rabbits under the
following standard conditions throughout the study: room
temperature, 24 (2)°C; relative humidity, 60 (10)%; and
alternating 12 hour light—dark cycles (8 am to 8 pm).

All procedures were performed with adherence to the
Association for Research in Vision and Ophthalmology
statement for the use of animals in ophthalmic and vision
research.

Corneal resistance device

A bipolar corneal CL carrying two concentric gold wire
electrodes (Mayo Corporation, Aichi, Japan) was used to
measure CR. The gold wire electrodes were fixed to the inner
surface of the CL, and the electrodes delivered the electrical
pulses and recorded the voltage drop across the cornea.
CR (Q2) was calculated using the following equation:

CR (Q) = Voltage (V)/Current (A) (1)

The resistance of the tissue was calculated by Ohm’s Law:
resistance (L) is equal to the voltage (V) divided by the
current (I in amperes). The electrical pulses were obtained
from a function generator (Dagatron, Seoul, Korea), and
they were delivered through a stimulus isolation unit
(BSI-2; BAK Electronics Inc, Mt Airy, MD). The param-
eters of the electrical currents were as follows: frequency,
1000 Hz; waveform, biphasic square waves; duration,

5 milliseconds; and current, 100 pLA. The recordings were
made using the PowerLab system (ADInstruments, Sydney,
Australia).

A bipolar corneal CL carrying two concentric gold wire
electrodes (an active electrode and an indifferent electrode)
on the curved concave surface was placed in contact with
the rabbit corneal surface at the time of measurement. The
device was designed to measure the electrical resistance of
the cornea by measuring the resistance between the active
and indifferent electrodes using an electrical resistance
meter.

The corneal resistance device (CRD; Fukuda model 2007
[patent application 2006-348160]) that was used for the mea-
surement of the electrical CR is shown in Figure 1. The device
was composed of corneal CL electrodes (Mayo Corporation),
a function generator (Dagatron), an isolator (BSI-2; BAK
Electronics), and a PowerLab System (ADInstruments).

The corneal CL electrodes were made of acrylic resin and
were designed to have a diameter and a base curve that corre-
sponded to the shape of the rabbit cornea. Both the active and
indifferent electrodes installed on the curved concave surface
were made of gold, the outer diameters were 12 mm (active
electrode) and 4.8 mm (indifferent electrode), and the widths
were 0.8 mm and 0.6 mm, respectively. The measurement of
CR was carried out under the following settings: alternating
current; frequency, 1000 Hz; rectangular waveform; duration,
5 milliseconds; and current, 100 pLA.

Creation of full-thickness detachment

of the corneal epithelium

Corneal epithelium detachment with n-heptanol
Corneal epithelium detachment was induced in rabbits using
n-heptanol (Wako Pure Chemical Industries Ltd, Osaka,
Japan) according to the method reported by Cintron et al.’
With this method, full-thickness detachment of the corneal
epithelium can be induced while, as has been reported, the
basement membrane of the corneal epithelium remains
almost intact histologically. Rabbits were locally anesthe-
tized with 0.4% oxybuprocaine hydrochloride (Benoxil®;
Santen Pharmaceutical Co, Ltd, Osaka, Japan). Filter papers
of various diameters (1.75, 4, 6, and 9 mm) were immersed
in n-heptanol. Excess n-heptanol was removed from each
filter paper using another filter paper. The filter paper was
then placed in contact with the middle of the cornea for
60 seconds to induce detachment of the corneal epithelium.
After detachment, the cornea was washed with 10 mL of
physiological saline to remove the remains of the freed cells
and any n-heptanol that remained on the cornea.
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Figure | Corneal resistance device.

Notes: The parameters of the electrical currents were as follows: frequency, 1000 Hz; waveform, biphasic square waves; duration, 5 milliseconds; and current, 100 pA. The

recordings were made using the PowerLab system.

Methods
Experiment |: evaluation by the wound/

affected area method

Injury of the corneal epithelium was induced using a 6 mm
diameter filter paper that had been preimmersed in n-heptanol.
Immediately, 30 minutes after, and 24, 48, and 72 hours after
the induction of injury (detachment), 3 puL of fluorescein
(0.5%) solution was applied to the eye, which was followed
by photography under a cobalt filter-attached slit-lamp bio-
microscope (Carl Zeiss AG, Oberkochen, Germany). The
images were analyzed with an image analysis system (ImageJ)
to determine the wound/affected area. Image J is a computer
program for scientific image analysis (National Institutes of
Health Image) developed at the National Institutes of Health,
USA. In this experiment, ten rabbits were used.

Experiment 2: evaluation with the CRD

Mature albino rabbits were locally anesthetized with 0.4%
oxybuprocaine hydrochloride (Benoxil®). Next, Scopisol was
applied to the eye (one drop/eye), and corneal electrodes were
attached for the measurement of the electrical CR. The CR of
eyes with full-thickness corneal epithelium detachment was
measured as follows. A filter paper (diameter, 6 mm), which
was preimmersed in n-heptanol, was placed in contact with
the cornea to induce corneal epithelium detachment. CR was
measured 30 minutes and 24, 48, and 72 hours after the
induction of injury (detachment) and was compared with

the pre-injury CR. The percentage of CR (%CR) of each eye
relative to the normal eye (defined as 100%) was calculated.
CR () and %CR were calculated using the following equa-
tions: CR (Q) = voltage (V)/current (A); %CR = CR after
injury X 100/CR before injury.

Experiment 3: relationship between filter
paper diameter and %CR

Filter papers of varying diameters (1.7 mm [area, 2.27 mm?],
4mm[12.56 mm?], 6 mm [28.26 mm?], and 9 mm [63.59 mm?])
that had been preimmersed in n-heptanol were placed in con-
tact with the middle of the albino rabbit cornea for 1 minute in
order to induce injury of the corneal epithelium (full-thickness
detachment of corneal epithelium). After 30 minutes, the
wound/affected corneal area (mm?) and % CR were measured.
Sixteen rabbits (16 eyes) were used for this experiment.

Experiment 4: measurement of electrical
resistance using the corneal chamber
device (in vitro experiment)

After removal of the eyeballs of mature albino rabbits euthanized
with excessive pentobarbital sodium, a sclerocorneal piece was
cut off from the eyeballs and fixed on the corneal chamber-
measuring device.” Immediately after the measurement of
the resistance of the untreated cornea, a corneal epithelial
defect was created on the same cornea, and CR was measured
similarly.
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The corneal epithelial defect eye model was created
by placing filter papers (1.7 mm [area, 2.27 mm?], 4 mm
[12.56 mm?], 6 mm [28.26 mm?], and 9 mm [63.59 mm?])
containing n-heptanol in contact with the corneal epithelial
side of the sclerocorneal piece for 1 minute. The measure-
ment of CR was performed in the following manner. The
sclerocorneal piece was fixed on the corneal-chamber mea-
suring device, and the lacrimal side and aqueous humor side
were filled with a phosphate buffer solution (2 mL). Disc
electrodes (model: F-ESGH, Disc Electrode: Gold; diameter,
10 mm; Grass Technologies, West Warwick, RI) were set up
on both sides at 25°C, and an electrical current was passed
through the active electrode and the indifferent electrode
by the electrical resistance measuring device 1 minute after
attachment. The electrical resistance of the cornea was
measured, and then the obtained value was converted to the
%CR. In addition, the ratios of CR in the corneal epithelium
and corneal stroma/endothelium were calculated.

Statistical analysis

Results of corneal injury (in vitro) and those using a corneal
resistance measurement (in vivo) were obtained from at least
four experiments. A student’s #-test was used for statistical
analysis and P values less than 0.05 were not considered to
be statistically significant.

Results
Experiment |: evaluation by the wound/

affected area method

The wound/affected area of the corneal epithelium decreased
with time, recording (mean [standard deviation], 34.4
[5.0] mm?) at 30 minutes, 11.8 (5.9) mm? at 24 hours,
0.7 (0.5) mm? at 48 hours, and almost 0 mm? at 72 hours
(N = 4). During the period from 30 minutes to 48 hours
after detachment, the wound/affected areas decreased
approximately linearly with time, and the wound healing
rate was determined to be 0.71 mm?*h from the regression
curve (Figure 2A). The wound/affected area determined by
fluorescein staining decreased gradually over time, and there
was little chromatic response at 48 hours (Figure 2B).

Experiment 2: evaluation with the CRD
The %CR decreased (mean [standard deviation], 53.6
[9.3]1%) at 30 minutes after detachment, and subsequently
increased over time, recording 85.1 (25.9)% at 24 hours,
103.5 (15.3)% at 48 hours, and 104.7 (18.6)% at 72 hours
(N = 4; Figure 3).

Experiment 3: relationship between

wound/affected area (mm?) and %CR

The %CR was 73.14 (9.20)%, 55.48 (2.02)%, 53.57 (9.25)%,
and 34.92 (2.67)% (N = 7) when the filter paper diameters
were 9 mm (area, 63.59 mm?), 6 mm (28.26 mm?), 4 mm
(12.56 mm?), and 1.75 mm (2.27 mm?), respectively. Thus,
the %CR decreased as the wound/affected area increased,
and there was a linear correlation (Y = 0.55x + 69.01)
between these two variables (N = 4-7; Figure 4).

Experiment 4: measurement of electrical
resistance with the corneal chamber

device (in vitro experiment)

When the %CR was measured with the corneal chamber
measuring device, the %CR in the whole cornea was 100%,
whereas the rate of corneal epithelial injury was 79.5 (8.4)%
for a filter paper diameter of 1.75 mm (area, 2.27 mm?),
70.2 (7.1)% for 4 mm (area, 12.56 mm?), 64.9 (3.7)% for
6 mm (area, 28.26 mm?), and 62.0 (6.8)% for 9 mm (area,
63.59 mm?) (N = 4; Figure 5). The ratio of resistance in the
corneal epithelium was 97.5 (0.1)% of the whole cornea.

Discussion

The electrophysical properties of a cell or tissue can be
determined by passing an electric current through the cell
or tissue and measuring the voltage drop and potential dif-
ference across the tissue. When the current delivered and
the voltage measured are known, the resistance of the tissue
can be calculated using Ohm’s Law: resistance (€2) is equal
to the voltage (V) divided by the current (I in amperes). The
purpose of this study was to determine whether CR can be
used to assess the degree of injury of CECs. To accomplish
this, we delivered electrical pulses to the cornea using a CL
containing two concentric electrodes and recorded the volt-
age drop across the cornea using the same electrodes. This
device is unique in that electricity is the input medium, and
the device is composed of corneal electrodes assuming the
form of a CL, enabling noninvasive measurement.

With this device, Q was used as the unit of CR obtained.
This was because the thickness of the cornea, L [m], and
the sectional area of the cornea, A [m?], were the same for
a comparative investigation in the same eye, and it is con-
sidered that the difference in the resistance (€2) represents
the corneal epithelial injury. The electrical resistance [€2]
can be obtained from the following equation. Given that the
percentage electrical resistance is rho (p), the length of the
conductor is L [m], and the sectional area of the conductor is
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Figure 2 Evaluation of the wound/affected area method (A) and fluorescein staining (B).

Notes: During the period from 30 minutes to 48 hours after detachment, the wound/affected areas decreased approximately linearly with time. Data are means =+ standard
deviation of values from four eyes. *P < 0.05 versus the corresponding value for after 30 minutes (Student’s t-test). The wound/affected area as determined by fluorescein
staining decreased gradually over time, and there was little chromatic response at 48 hours. The arrow shows the corneal epithelium defect observed by fluorescein staining.
a: 30 minutes after detachment; b: 24 hours after detachment; c: 48 hours after detachment; and d: 72 hours after detachment.

A [m?], the value is determined from the following equation:
R =pL/A [Q], that is, p = RA/L [Q-m].

In this experiment, full-thickness detachment of the
corneal epithelium was induced with n-heptanol according
to the method reported by Cintron et al.” The CRD was then
examined to determine whether it was able to quantitatively
evaluate the severity of the induced corneal injuries. The
electrical resistance of the eyes with injured corneal epithe-
liums was markedly lower than that of intact eyes, clearly
indicating that electrical CR was affected by the condition of

the corneal epithelium. The present experiment additionally
allowed us to confirm that the %CR decreased as the area of
corneal epithelium detachment became larger.

In the present experiment, electrical CR was measured
under the application of 100 A electrical current for about
1 second. Fluorescein staining and slit-lamp biomicroscopy
revealed no abnormalities in the anterior segment of each eye
(conjunctiva, cornea, etc) after measurement of electrical CR
with this device. The safety of the corneal electrodes of this
device has been established for eyes in vivo.'® Fujikado et al
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Figure 3 Evaluation with the corneal resistance device.

Notes: After induction of corneal epithelium detachment, the percentage of corneal resistance increased over time. Data are expressed as mean (standard deviation).
Data are means = standard deviation of values from four eyes. *P < 0.05 versus the corresponding value for after 30 minutes (Student’s t-test).

applied electricity (1 mA) repeatedly (30 minutes/session) to
human eyes and confirmed the absence of disorders caused
by the passage of electric currents.!'! It has also been shown
that the current from corneal CL electrodes passes through
the cornea and is distributed within the eyeball.

In an additional experiment that was designed to confirm
that the resistance measured with the CRD reflected the
corneal epithelial injury, we confirmed that the device we

100

developed allowed quantification even in the presence of
minor disorders (superficial punctate keratopathy) induced by
the use of an ophthalmic solution containing benzalkonium
chloride. We have already confirmed that benzalkonium
chloride induced corneal epithelial injury in a dose-dependent
manner. On the basis of these experimental results, we
presume that this device can be used for the quantitative
evaluation of corneal epithelial injury.!?
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Figure 4 Relationship between wound/affected area (mm?) and the percentage of corneal resistance.
Notes: Data are expressed as mean (standard deviation). The percentage of corneal resistance decreased as the wound/affected area increased, and there was a linear

correlation (Y = 0.55x + 69.01, R? = 0.8996) between these two variables (N = 4-7).
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Notes: The correlation between the percentage of corneal resistance obtained by the corneal chamber measuring device and the area (mm?) of corneal epithelial injury is
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0.7545. The larger the area of corneal epithelial injury was, the smaller the percentage of corneal resistance was. Data are means + standard deviation

of values from four eyes. *P < 0.05 versus the corresponding value for the whole cornea (Student’s t-test) (N = 4).

To evaluate the minute barrier function changes of the
cornea against the corneal epithelial tissue caused by oph-
thalmic solutions in the market, we set one of the conditions
of a corneal resistance measuring device, frequency, to be
low (1000 Hz; generally not more than 10 kHz). It is well
known that resistance of the living tissues greatly depends
on frequency. Further, it is possible to measure resistance
of the extracellular fluid because the resistance of the cell
membrane is very strong in the low-frequency range and the
electrical current flows in the extracellular region, not in the
inside of the cell membrane.'* !¢ On the other hand, in the high-
frequency range, the electrical current could easily pass the

A
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i—]} m.%.'.___-_-.
(W)—> TI[T]"TO—"
(b) — (=)(=)(=](e

BIoIC
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Figure 6 Microelectrode profiles across the rabbit corneal epithelium.

cell membrane and flow into the cells, and therefore, resistance
of the intracellular and extracellular fluid was measured. "1
By applying a low frequency of 1000 Hz, we were able to
investigate changes of the fine structure of corneal epithelial
cells, which were previously impossible to measure.
Therefore, CR measured in the injury-free cornea primar-
ily reflected the resistance of extracellular fluid (Figure 6A).
Furthermore, it is known that the resistance of the CECs
accounted for a high percentage (more than 90%) of the
total corneal electrical resistance.? In the present study, a
full layer of the corneal epithelium was freed by treatment
with n-heptanol, which likely resulted in a sharp reduction

= [0 [0 ()] = [

v N
v v

Injured corneal epithelium

Notes: A diagram of the cornea showing the epithelium, a portion of stroma (st), endothelium (e), superficial (s) cells, basal (b) cells, and wing (w) cells. (A) The electric
current flow is strong in the cornea surface and weak inside the cornea of normal rabbit eyes. (B) The electric current flow to the cornea increased after damage to the

cornea. Arrow shows the electric current flow.
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in corneal electrical resistance and increased the flow of the
electric current through the cornea (Figure 6B). We believe
that the CR data obtained in the present study reflect the
severity of corneal injury.

The CR obtained with the CRD in the present study
showed a tendency to decrease when the degree of corneal
epithelial injury increased, and these values were simi-
lar to the values obtained with the corneal chamber. We
believe that the resistance obtained with the CRD reflects
the injury of the CECs. From these results, it can be con-
sidered that the mechanism of the CRD is that electricity
passes easily through injured corneal tissues, particularly
CECs, thereby resulting in a reduction in the electrical CR
(property of electricity). That is, CR seems to reflect the
degree of injury of corneal tissues, particularly that of the
corneal epithelium.

Nakamura et al analyzed the time course of the area of
corneal epithelium injury in an animal model of n-heptanol-
induced corneal epithelium detachment and reported the fol-
lowing characteristics: (1) a healing rate of 0.64 mm?/hour,
(2) 50% healing achieved in 28 hours, (3) the presence of
the subepithelial basement membrane, and (4) an approxi-
mately linear decrease in the wound/affected area from 12
to 48 hours after the induction of detachment.!® In addition,
in the present study, the wound/affected area decreased
approximately linearly during the period from 30 minutes to
48 hours after the induction of detachment, suggesting that
the model we created is similar to that of Nakamura et al.
When electrical CR was measured using this model of corneal
injury, the area affected by corneal epithelium detachment
decreased over time during the period from 30 minutes to
48 hours after induction of detachment, and CR increased
linearly over time during this period. These results suggest
that the elevation in CR correlates well with the decrease
in the wound/affected area, and that CR closely reflects the
severity of corneal injury. On the basis of these results, we
think that, like fluorescein staining, examination using this
device will provide a useful means of predicting the clinical
course of corneal injury. Measurement of electrical CR of
eyes in vivo using this device composed of corneal CL elec-
trodes (active and indifferent electrodes) was shown to enable
surrogate evaluation of corneal function and to allow quan-
titative analysis of test data. It was additionally confirmed
that the use of the electrodes in this device enables surrogate
evaluation and quantitative analysis of the barrier function
of the corneal epithelium. This device is characterized by
the electrophysiological method, damage quantification,

real-time measurement, non-invasive quantification, and a
short test time (5 seconds). We hope this device will be used
as a method of recording the treatment course of patients.

Conclusion

The results obtained using the corneal electrode method were
almost consistent with those obtained using the wound/affected
area method, indicating that the corneal electrode method may
enable quantitative evaluation of corneal injury.
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