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PURPOSE. The goal of this study was to determine whether a
synthetic peptide, NC-1059, can modulate the corneal epithe-
lium to increase the permeation of therapeutic agents across
this barrier.

METHODS. An in vitro system employing transformed human
corneal epithelial (THCE) cells was optimized for this study.
Culture conditions were identified to promote formation of a
confluent monolayer that rapidly develops a substantial trans-
epithelial electrical resistance. Electrical parameters were mea-
sured with a modified Ussing flux chamber, and solute flux was
quantified with fluorescently labeled compounds.

RESULTS. NC-1059 causes a concentration-dependent increase
in short-circuit current and an increase in transepithelial elec-
trical conductance when assessed in modified Ussing cham-
bers. The effect of NC-1059 on transepithelial electrical resis-
tance was reversible. To test for paracellular permeability and
size exclusion, FITC-labeled dextran ranging in size from 10 to
70 kDa was used. Dextran permeated the corneal cell mono-
layer in the presence, but not the absence, of NC-1059. Fluo-
rescein sodium and carboxyfluorescein were then used as low
molecular weight markers with similar NC-1059–modulated
kinetics being observed. Maximum permeation for the fluores-
cein derivatives occurred 30 to 90 minutes after a 5-minute
NC-1059 exposure. A prototypical drug, methotrexate, also
exhibited increased permeation in the presence of NC-1059.

CONCLUSIONS. NC-1059 enhances drug permeation across cul-
tured corneal epithelial cell monolayers by transiently affecting
the paracellular pathway. Thus, NC-1059 is a lead compound
for development of cotherapeutic agents to enhance access
and effectiveness of ophthalmic compounds. (Invest Ophthal-
mol Vis Sci. 2009;50:3337–3345) DOI:10.1167/iovs.08-3053

Drug delivery of ocular therapeutics presents several chal-
lenges. There are many difficulties in attaining and sus-

taining adequate therapeutic levels in the eye while avoiding
systemic toxicity. Although there are several routes of admin-
istration available for the eye (e.g., topical, subconjunctival,
retrobulbar, intracameral, and systemic), topical application of

therapeutic agents to the eye offers several advantages includ-
ing localized drug effects with limited entry into systemic
circulation, better accessibility than can be achieved by sys-
temic delivery, avoidance of first-pass hepatic metabolism, con-
venience, and simplicity. Despite the benefits of topical appli-
cation, many factors limit the bioavailability of therapeutic
agents. For instance, the maximum volume that can be con-
tained within the conjunctival cul-de-sac and precorneal tear
film is approximately 30 �L, and the solutes are eliminated
rapidly from the precorneal area by lacrimal secretions. The
cornea is the outermost transparent portion of the eye and
provides the primary barrier through which ocular absorption
must occur.1 The anatomic structure of the cornea results in
inefficient delivery of drugs to the deeper structures of the eye
due to the relatively small surface area and its intrinsic nature
as a barrier. Three main strategies are used to increase the
bioavailability of ophthalmic drugs including increasing the
contact time of the drug with the cornea, improving drug
penetration characteristics, and enhancement of the corneal
permeability (reviewed in Ref. 2).

Corneal epithelial cells constitute the major rate-limiting
barrier to drug absorption after topical application. There are
two major routes for the movement of compounds through the
corneal epithelium: transcellular and paracellular. Since epithe-
lial cell membranes are barriers rich in lipid, lipophilic agents
show the best intrinsic penetration through the transcellular
pathway. In the absence of an active transport process, how-
ever, hydrophilic compounds are limited substantially to per-
meation through the paracellular pathway where movement is
blocked by tight junctions that join adjacent cells near their
mucosal surface. The tight junctions define the apical and
basolateral membrane components and they serve as a semi-
permeable barrier to the flow of solutes through the paracel-
lular pathway. In some tissues, the permeation rates across the
tight junctions change in conjunction with various events such
as leukocyte transmigration and nutrient uptake in the intes-
tine.3,4 Tight junctions are also regulated by hormones in some
tissues, such as transforming growth factor, glucocorticoids,
and progesterone in mammary epithelium.5,6 Thus, therapeu-
tic modulation of corneal tight junctions may allow alteration
of the paracellular pathway that would enhance ophthalmic
drug concentrations.

A synthetic channel-forming peptide, designated NC-1059,
has been shown to transiently modulate the barrier function of
tight junctions in Madin-Darby canine kidney (MDCK) epithe-
lial cell monolayers.7 This functionality was also observed with
epithelial cells derived from the urogenital duct, gut, and air-
way of other species.8 In initial studies that targeted the devel-
opment of a synthetic ion channel, the peptide used was based
on the second transmembrane segment of the glycine receptor
�-subunit (M2GlyR). This peptide forms a selective pathway in
epithelial cells that allows for anion secretion,9 but exhibits
relatively low bioavailability due to solution aggregation. Mod-
ification of the M2GlyR peptide increased aqueous solubility
while maintaining the channel-forming properties as well as
anion selectivity.10,11 A peptide was then designed in which
the transmembrane segment had an N-terminal tetra-lysine seg-
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ment and a central leucine that was flanked by a palindrome
that is based on the N-terminal portion and was designated
NC-1059 (KKKK-AARVGLGITTVLVTTIGLGVRAA). NC-1059
elicited an increase in short circuit current (Isc, a sensitive
indicator of net ion transport), remains monomeric in aqueous
solution,10 and exhibits no obvious indication of cytotoxicity.7

Thus, NC-1059 represents a possible means of manipulating
the epithelial barrier of the cornea at the tight junctions.

Studies that assess ophthalmic bioavailability can be con-
ducted in a variety of assay systems. Historically, drug perme-
ation studies have been conducted in vivo with the use of
rabbits. However, an in vitro system has many advantages over
conventional techniques including the opportunity to use tis-
sues derived from humans and the opportunity to minimize
time-consuming, expensive, and controversial animal stud-
ies.12 THCE cells13 provide a model system to asses drug
permeation, as has been reported recently.12 These cells have
been used to assess tight junctions,14,15 to characterize corneal
wound healing,16–18 and to test for cytotoxicity.19 Additional
electrophysiological studies verified that THCE cells provided a
viable option for the assessment of drug permeation across a
confluent epithelial layer.

The goal of this study was to determine whether a synthetic
channel-forming peptide, NC-1059, can modulate the barrier
function of corneal epithelium in vitro using THCE cells. After
establishing critical basal parameters for the cultured corneal
epithelial cells, experiments were conducted to test for an
NC-1059-associated enhancement in gradient driven drug per-
meation across confluent monolayers. The outcomes show that
methotrexate and surrogate drugs of various sizes and chem-
istries more readily gain access across the corneal epithelial
barrier in the presence of or after brief exposure to NC-1059.

METHODS

Peptide Synthesis

The peptides used in this study were generated by solid-phase synthe-
sis with 9-fluorenylmethoxycarbonyl chemistry, as described in detail
previously.20 The peptides were purified and characterized by re-
versed-phase HPLC and matrix-assisted laser desorption time-of-flight
mass spectroscopy, respectively.

Cell Culture

THCE cells were obtained from Kaoru Aracki-Sasaki (Ehime University,
Japan) and Fu-Shin Yu (Medical College of Georgia, Augusta, GA). The
cultures were maintained in defined keratinocyte-serum free medium
(DK-SFM; Invitrogen Corp., Carlsbad, CA), supplied as a kit with all
components being used according to the manufacturer’s directions, in
a 5% CO2, humidified environment at 37°C. At 80% confluence, THCE
cells were washed with phosphate-buffered saline (PBS; composition
in mM: 140 NaCl, 2 KCl, 1.5 KH2PO4, and 15 Na2HPO4) and dissociated
with 0.05% (wt/vol) trypsin and 0.47 mM ethylenediamine tetra-acetic
acid (Invitrogen Corp., Carlsbad, CA). After 8 minutes of incubation,
0.2 mL of fetal bovine serum (Atlanta Biologicals, Atlanta, GA) and 0.5
mL DK-SFM were added to neutralize the trypsin. Cells were dislodged
from the substrate and suspended by pipetting. Cells were pelleted by
centrifugation, the supernatant was removed and the pellet was resus-
pended in 6 mL fresh DK-SFM. One milliliter was transferred to a fresh
tissue culture flask containing 3 mL DK-SFM (1:6 split ratio). Cells were
also seeded onto permeable supports, 0.33, 1.13, or 4.67cm2 (Trans-
well or Snapwell; Corning-Costar, Acton, MA) with a density of �5 �
105 cells/cm2 and incubated in DK-SFM with the medium refreshed
every other day. Cells were allowed to attach and form monolayers for
5 to 10 days before experimentation although assays were conducted
typically 6 days after seeding.

Immunofluorescence Labeling/Hematoxylin and
Eosin Staining

THCE monolayers were cultured on filters (Transwell; Corning-Costar)
and fixed in 10% buffered neutral formalin (Fisher, Pittsburgh, PA).
Monolayers were washed briefly with 0.02% Triton X-100 in PBS,
blocked with 3% goat serum (Invitrogen Corp.) and 1% bovine serum
albumin (Sigma-Aldrich, Inc., St. Louis, MO) in PBS for 20 minutes and
then exposed to rabbit antibody raised against an occludin epitope in
a 1:100 dilution (rabbit anti-occludin antibody; Zymed, South San
Francisco, CA) for 2 hours at room temperature. Monolayers were
washed three times with PBS and exposed for 1 hour at room temper-
ature to goat anti-rabbit IgG secondary antibody that was conjugated to
Alexa 488 (Molecular Probes, Eugene, OR). After three washes with
PBS for 5 minutes each at room temperature, the monolayers were
mounted on glass slides (Vectashield Mounting Medium; Vector Labo-
ratories, Burlingame, CA) containing 4�,6-diamidino-2-phenylindole
(DAPI) as a nuclear stain. Labeling was then examined and photo-
graphed under a light microscope. A portion of each filter was pro-
cessed identically in parallel with the exception that exposure to
primary antibody was omitted.

In a separate set of experiments, THCE cell monolayers were
cultured on permeable supports, fixed in 10% neutral buffered forma-
lin, and processed by a commercial diagnostic laboratory (Department
of Diagnostic Medicine and Pathobiology, Kansas State University,
Manhattan, KS) to visualize cell structures after staining with hematox-
ylin and eosin (H&E).

Electrophysiological Measurements

THCE cells were seeded on permeable supports (Snapwell; Corning-
Costar) and allowed to grow as confluent monolayers. On day 6 after
seeding (unless indicated otherwise), the monolayers were mounted in
modified Ussing flux chambers (model P2300; Physiologic Instru-
ments, San Diego, CA). Chambers were maintained at 37°C in symmet-
rical Ringer’s solution (in mM: 120 NaCl, 25 NaHCO3, 3.3 KH2PO4, 0.8
K2HPO4, 1.2 MgCl2, and 1.2 CaCl2), which was made fresh daily.
Hemichambers were bubbled continuously with 5% CO2 to 95% O2 to
provide aeration, pH control, and mix the fluid. After mounting, the
transepithelial electrical potential for each monolayer was recorded
and then clamped to zero with a multichannel voltage clamp
(VCCMC8, Physiologic Instruments) and Isc was monitored continu-
ously. Data were acquired at 0.1 to 1 Hz (Acquire and Analyze soft-
ware, ver. 2.3.159; Physiologic Systems, on an Intel-based computer,
Intel, Mountain View, CA). Monolayers were exposed periodically to a
1 mV bipolar pulse of 100-ms duration. Resultant current deflections
were used by the software program, with Ohm’s law, to determine the
transepithelial electrical resistance (Rte) and its inverse, transepithelial
electrical conductance (gte), which are sensitive indicators of epithelial
restrictions to the flow of small, charged solutes.

FITC-Dextran Permeability

Confluent THCE monolayers grown on tissue culture inserts were used
to assess the permeability to various sizes of fluorescein isothiocyanate
(FITC)–conjugated dextran (Sigma-Aldrich, Inc.). Tissue culture me-
dium was removed and the cells were washed with warmed Ringer’s
solution before being exposed to one of three treatments: (1) Ringer’s
solution in both the apical and basolateral compartments; (2) Ringer’s
solution in the apical and basolateral compartments with NC-1059 (100
�M) in the apical compartment; or (3) hypotonic Ringer’s solution
(diluted 1:1 with distilled water) in the apical and basolateral compart-
ments with EDTA (5 mM) in the apical compartment. FITC-dextran (25
�g/�L; nominally 10 kDa (2.5 �M), 20 kDa (1.25 �M), 40 kDa (0.63
�M), or 70 kDa (0.36 �M) was added to the apical compartment of
each well and incubated at 37°C for 60 minutes. The solution from the
basolateral side was then sampled, and the fluorescence immediately
determined (485 nm excitation, 527 nm emission; Fluoroskan Ascent
FL; Thermo Fisher Scientific, Waltham, MA). Standard curves were
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obtained by serial dilution (2.5 �g/�L to 25 pg/�L) of the FITC-
dextran. Data were plotted with commercial software (SigmaPlot, ver.
6.00; SPSS Inc., Chicago, IL) and, after an initial “fit by eye” to deter-
mine limits of the linear portion of the relationship for regression
analysis (typically between 0.25 and 25 pg/�L), fitted by a zero-order
polynomial. All experimental samples were within the linear portion of
the standard curve, and the regression relationship was used to quan-
tify the amount of fluorescent marker in the sample.

Fluorescein Permeability

The permeabilities of the monolayers to sodium fluorescein and 5(6)-
carboxyfluorescein (Sigma-Aldrich, Inc.) were assessed in monolayers
grown on permeable tissue culture supports. Before treatment, the
medium was removed and the monolayers were washed with warmed
Ringer’s solution. This experiment included one of the following three
treatments in symmetrical Ringer’s solution: (1) Either sodium fluores-
cein or carboxyfluorescein was added at to the apical compartment at
time 0; (2) either sodium fluorescein or carboxyfluorescein was added
to the apical compartment with concurrent apical exposure to NC-
1059 (100 �M); or (3) the apical compartment included NC-1059 (100
�M) for 5 minutes. The apical solution was then removed and replen-
ished with fresh Ringer’s solution. Sodium fluorescein or carboxyfluo-
rescein was added to the apical compartment immediately, 30, 60, or
90 minutes after the removal of NC-1059. On fluorescein addition in all
conditions, monolayers were incubated at 37°C for 60 minutes before
sampling from the basolateral side for immediate fluorescence quanti-
fication and permeation determination as described earlier, with the
exception that the linear range of the standard curve was typically
between 3.76 ng/�L and 0.376 pg/�L.

Methotrexate Permeability

THCE cell monolayers grown on tissue culture inserts were used to
assess the permeability to a representative clinical compound, metho-
trexate (MTX). Before treatment, the medium was removed and mono-
layers were washed with warmed Ringer’s solution. Experiments to
assess MTX permeation contained one of the following four treatments
in symmetrical Ringer’s solution: (1) MTX was then added to the apical
compartment; (2) hypotonic Ringer’s solution (diluted 1:1 with dis-
tilled water) was placed in the apical and basolateral compartments
and MTX was added to the apical compartment with EDTA (5 mM); (3)
MTX was added to the apical compartment with NC-1059 (100 �M); or
(4) the apical compartment included NC-1059 (100 �M) for 5 minutes,
after which the apical solution was removed and replenished with
fresh Ringer’s solution containing MTX. Samples (100 �L) were re-
moved (with replacement by an equal volume of Ringer’s solution)
from the basolateral side 15 minutes, 1 hour, 2 hours, and 4 hours after
the addition of MTX. Samples were dried and reconstituted in water
(10 �L).

A separate set of similar paired experiments was conducted to test
for effects of benzalkonium chloride (BAC) on MTX permeation. Treat-
ments 1 to 3 are identical to those just listed. In the fourth treatment,
however, Ringer’s solution was placed in the apical and basolateral
compartments, and MTX was added to the apical compartment imme-
diately after apical exposure to 0.01% BAC (Sigma-Aldrich, Inc.). Sam-
pling procedures were identical to those listed.

A rapid, sensitive, and simple high-performance liquid chromato-
graphic (HPLC) method was used for the determination of the amount
of MTX in samples from the basolateral compartment. The HPLC
system, (1100 series, Agilent Technologies, Waldbronn, Germany) was
fitted with a binary pump (G1312A), diode array (G1315B), and mul-
tiple-wavelength detectors and an online electron spray ionization
(ESI)-ion trap (IT) mass spectrometer (Esquire 3000 Plus; all from
Bruker Daltonics Inc., Billerica, MA). A reversed-phase column (Max-
RP, 4 mm � 2 mm � 2 �m Synergi; Phenomenex, Torrance, CA) was
used. Eluents containing different ratios of acetonitrile to water were
used to determine the optimal mobile phase. The MTX was eluted at
retention times of 3.2 and 9.6 minutes with a linear 10-minute gradient

from 7% to 90% acetonitrile in water containing 0.1% formic acid. The
flow rate was 0.2 mL/min. Each of the sample and standard injection
volume was 2 �L. The UV absorbance at 215 nm was monitored. For
the quantification of MTX in Ringer’s solution samples, standard solu-
tions (3.125–62.5 �M) were used for daily calibrations before analysis.
Quantification was achieved by measurement of the peak-area of each
compound, and the lower detection limit was 0.5 picomoles (S/N � 2)
for MTX. Separated peak purity was analyzed with an online ESI-IT
mass spectrometer. Positive-ion electrospray mass spectra were ob-
tained in the following conditions: nitrogen gas was used as the
nebulizing (20 psi) and drying gas (6 L/min) while the source temper-
ature was maintained at 350°C. Capillary voltages were �4.1 kV.
Spectra were acquired in multichannel-acquisition mode from scans
encompassing m/z 50 to 1000 at 7.3 ms/scan (and averaging five such
scans per spectrum).

Statistical Analysis

All results are presented as the mean and associated SEM. Where
appropriate, a one-way ANOVA was performed to assess the likelihood
of population differences. A probability of a type I error of �5% was
considered statistically significant. Fitting of defined functions to data
sets was conducted by using commercial software (SigmaPlot, ver.
6.00; SPSS Inc., Chicago, IL).

RESULTS

Epithelial Characteristics of THCE Cells

THCE cells cultured on permeable supports were evaluated
first to test for the presence of epithelial characteristics.
Cultured cells were processed by standard techniques,
stained with H&E and assessed by light microscopy. As
shown in Figure 1A, THCE cells formed a confluent layer

FIGURE 1. THCE cells exhibit epithelial characteristics when micro-
scopically evaluated. (A) H&E stain of a cell monolayer on the perme-
able tissue culture support. (B) Transmission electron micrograph
showing the cross-sectional profile of a THCE cell on the tissue culture
support (bottom). Microvilli are present at the apical membrane.
Boxed areas are enlarged on the right to show electron dense regions
that are consistent with apical tight junctions (top; arrow) and desmo-
somes (bottom; arrowheads). (C, D) Indirect immunocytochemistry
demonstrating occludin immunoreactivity in THCE monolayers in the
presence (C) or absence (D) of primary antibody. Presence of cells
confirmed by DAPI staining (D). Images acquired with standard light
microscopy.
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that exhibits cuboidal epithelial morphology, consistent
with observations reported previously,21 although there was
no evidence for multiple cell layers. Electron microscopy
revealed the presence of microvilli on the apical cell mem-
brane (Fig. 1B) and electron dense regions consistent with
the presence of tight junctions (top inset) and desmosomes
(bottom inset). Immunochemical techniques were used to
test for the expression and distribution of occludin, a pro-
tein that is present at tight junctions. Antioccludin immuno-
reactivity was observed as a reticular pattern that fully cir-
cumscribes all cells in the cultured monolayer (Fig. 1C). This
pattern was consistent with the expected localization of
occludin at cell margins, where it contributes to the tight
junctions and indicates that THCE cells were capable of
forming an epithelial barrier that may be expected to be
electrically resistive. The pattern of occludin reactivity seen
was similar to the pattern of expression of other tight
junction associated proteins, specifically ZO-1 and -2 re-
ported previously with the same cell type.14,15,21 Alexa-488
fluorescence associated with the secondary antibody was
not observed when the primary antibody was omitted
from the assay protocol, although the presence of cells
was clearly demonstrated with nuclear staining by DAPI
(Fig. 1D).

Electrophysiological techniques were also used to evalu-
ate the epithelial nature of the cultured cells. Rte was deter-
mined by applying Ohm’s law with the observed change in
Isc that results from exposing the epithelial monolayer to a
bipolar voltage pulse. THCE monolayers exhibited an initial
Rte (454 � 16 � cm2; n � 42), which indicates the ability to
separate fluid compartments of differing compositions. The
experiments detailed herein demonstrate that, when com-
pared with filter supports without cells, THCE cell mono-
layers reduced gradient-driven flux from the apical to the
basolateral compartment by greater than 99% for solutes
ranging in size from 0.3 to 70 kDa. Taken together, these
results indicate that THCE cells formed a resistive monolayer
and function as an epithelial barrier after being grown in
culture for only 5 to 10 days.

NC-1059 and Concentration-Dependent Increases
in Isc and gte

Results from a typical experiment to test for effects of NC-1059
on THCE monolayers are presented in Figures 2A and 2B. THCE
monolayers responded after apical exposure to 100 �M NC-
1059 with changes in Isc that were characterized by a rapid
increase in Isc from a baseline of less than 1.5 �A/cm2 to a peak
of greater than 19 �A/cm2 in less than 10 minutes, which
declined toward pretreatment values over the next hour of
continual monitoring (Fig. 2A). This increase in Isc is inter-
preted to indicate net anion secretion. Results presented in
Figure 2B demonstrated that apical exposure to NC-1059 was
associated with a substantial and transient increase in gte,
although the time course for this effect was decidedly different
from that for changes in Isc. In this experiment, gte increased
from a baseline of less than 3 mS/cm2 to a peak value of greater
than 70 mS/cm2, before declining. The change in gte developed
more slowly than the change in Isc and required greater than
15 minutes to achieve a maximum, which suggests that a
distinct underlying mechanism accounts for the outcome. Data
from Figures 2A and 2B and 8 to 11 additional observations for
each concentration are summarized in Figures 2C–E. Results in
Figure 2C showed that paired monolayers exposed to greater
concentrations of NC-1059 exhibited a greater maximum
change in Isc. The data represented in Figure 2C were fitted by
a modified Hill equation: Isc � Isc-max[xn/(kapp

n 	 xn)], where
Isc is observed, Isc-max is the derived maximum change in Isc,

kapp represents the peptide concentration at half Isc-max (the
apparent dissociation constant, KD), x represents the peptide
concentration, and n is the Hill coefficient. The results indicate
a maximum NC-1059-induced current of 11.2 � 2.3 �A/cm2,
and kapp of 39.8 � 9.9 �M. The Isc-max was in the same range
and the kapp was similar to that reported previously for
other cell types.7,8 The Hill coefficient of 3.7 � 2.4 was
similar to that reported previously7 and reflected a complex
reaction scheme, which suggests the oligomerization of
monomers in the membrane to form a functional channel.

The concentration dependence of the effect of NC-1059 on
gte (Figs. 2D, 2E) appeared to have fundamental differences
from the effect on Isc. Concentration dependence was ob-
served, although there was not a clear indication that the effect
was saturating at the greatest concentration used in these
studies (100 �M). Significant and long-lasting effects were
observed with as little as 30 �M NC-1059 and stepwise incre-
ments in gte were observed at 60 and 100 �M. Results summa-
rized in Figure 2D show that gte increased to a plateau before
beginning to decline and that the NC-1059-induced increase in
gte was dependent on concentration. Data in Figure 2D were

FIGURE 2. NC-1059 causes a concentration and time dependent in-
crease in Isc and gte. (A, B) Representative experiment showing effect
of NC-1059 on Isc (A) and gte (B) across THCE monolayer. Dashed line:
zero current or conductance. (C) Change of Isc plotted as a function of
peptide concentration. Solid line: best fit of a modified Hill equation to
the data set as described in the text. (D) Time-dependent increase in gte

at each NC-1059 concentration: vehicle (F), 30 �M (E), 60 �M (�),
and 100 �M (ƒ). (E) Change of gte plotted as a function of peptide
concentration. Data in (C–E) are the mean � SEM of 9 to 12 observa-
tions at each concentration.
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fitted by a logistic equation as reported previously,8 to predict
the maximum change in gte and the time course of this change.

gte � gteo �
gte-max

1 � e�[(t�t0)/b]

where gteo is the initial gte, whereas gte-max represents the
maximum change in gte, t0 represents the time to reach
gte-max/2, and b is inversely proportional to the rate of increase
at t0. gteo was constrained to be positive in this analysis, and
gte-max demonstrates concentration dependence with a maxi-
mum value of 33.6 � 4.6 mS/cm2, this value directly correlates
with data gathered previously on MDCK cells (33.5 � 2.2
mS/cm2)7 and in other cell types.8 There was no distinct
concentration dependence observed for t0 or b and the rate of
increase for both varied over a narrow range. Figure 2E repre-
sents the summarized maximum gte that was measured after
exposure to each concentration of NC-1059. As mentioned
earlier, there was no apparent indication of saturation within
the concentration range tested. It is important to note that, at
100 �M, the conductance observed approached the maximum
observable conductance of the recording system, such that
additional concentrations were not tested.

Effect of NC-1059 on gte

Experiments were performed to determine whether the effects
of NC-1059 on THCE monolayers are both transient and repeat-
able. On day 5 after seeding, sets of six monolayers were
placed in Ussing chambers and apically exposed to either
NC-1059 (100 �M; two chambers) or a retroinversed M2GlyR
sequence (KKKK-ARSGSSQTMTLVTTIGLGVRAA designated
NC-1076; 100 �M; four chambers) that does not affect gte, the
responses were recorded and the monolayers were recovered.
Each of the monolayers was returned to the incubator and the
media refreshed daily before any further experiments. Two
days later, the monolayers that had been exposed to NC-1059
were again exposed, and two of the four chambers that were
exposed previously to NC-1076 were exposed to NC-1059 for
the first time while the remaining two monolayers were ex-
posed again to NC-1076. The monolayers were recovered
again. On day 9 after seeding all the chambers were exposed to
NC-1059, two chambers for the first time and four chambers
for the second or third time. Data from four to six separate
experiments on each day are summarized in Figure 3; all
monolayers exposed to NC-1059 for the first time resulted in a
substantial increase in gte, regardless of which day the first
exposure occurred. Monolayers exposed to NC-1076 showed
no change from baseline gte. During the 2 days after exposure
to NC-1059, gte of THCE cell monolayers returned toward
baseline as has been reported for other cell types.7,8 Monolay-
ers exposed to NC-1059 for the second or third time showed a
peptide-induced increase in gte, although not to the extent as
seen with the first exposure. Results presented in Figure 3
demonstrate that changes in gte induced by NC-1059 were
reversible, although only partially repeatable with this cell line.
This finding differs from data obtained previously in experi-
ments with MDCK cells that were both fully reversible and
repeatable.7

Effect of NC-1059 on Permeation of
FITC-Dextran Conjugate

The electrophysiological data just presented suggest that NC-
1059 affects the integrity or barrier function of corneal epi-
thelial monolayers at the paracellular pathway. To test this
hypothesis further, experiments were conducted to assess
transepithelial permeation of large solutes in the absence and

presence of NC-1059. Dextran, ranging in mass from 10 to 70
kDa that was conjugated to FITC, was placed on the apical
aspect of the THCE monolayers in the absence or presence of
NC-1059 or EDTA. After 1 hour, the basolateral medium was
analyzed for the amount of FITC-dextran that had permeated
the monolayer in each condition. Results presented in Figure 4
demonstrate that the culture supports were freely permeant to
all masses of dextran tested and that the permeation was
reduced to less than 1% by confluent THCE cell monolayers.
Dextran permeation across the monolayers was enhanced two-
to threefold by concurrent exposure to NC-1059 (Fig. 4, inset),
although the maximum flux remained below 1.5% of that
observed in the absence of cells. EDTA in hypotonic medium
was used in paired experiments as a condition that is known to
disrupt tight junctions. This treatment resulted in a 15- to
35-fold increase in dextran permeation compared with vehicle-
treated monolayers that, for the 10-kDa dextran allowed for a
total flux that was more than 10% of that observed in the
absence of cells. These results demonstrate that NC-1059-stim-
ulated changes in gte are mirrored by and probably result
partially from an increase in the permeability of tight junctions
to both charged and uncharged solutes, which can be in excess
of 10 kDa.

Effect of NC-1059 on the Permeation of Sodium
Fluorescein and Carboxyfluorescein

Experiments designed to determine whether NC-1059 propor-
tionately increases the permeation of low-molecular-weight
compounds were conducted. Paired sets of experiments were
performed to assess permeation of sodium fluorescein, a hy-
drophobic compound, and carboxyfluorescein, a hydrophilic
compound, across THCE monolayers in the absence of, in the
presence of, and after apical exposure to NC-1059. Experi-
ments similar to those for dextran permeation were conducted
in which either of the fluorescent dyes was placed in contact
with the apical aspect of an epithelial monolayer for 60 min-
utes and the appearance of marker in the basolateral compart-
ment quantified. Results presented in Figure 5 show that the

FIGURE 3. Effect of NC-1059 on gte is reversible and partially repeat-
able within two days. Average gte was determined for 5 minutes before
exposure to either 100 �M NC-1059 or NC-1076, an inactive peptide
analogue. Maximum gte was then determined after exposure. After
each experiment, the monolayers were recovered and again exposed
to either NC-1059 or NC-1076 on days 7 and 9. Summary of data from
four experiments with six monolayers in each experiment.
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culture supports were freely permeable to both sodium fluo-
rescein and carboxyfluorescein (Figs. 5A, 5B, respectively; no
cells) and that THCE cell monolayers formed a barrier that
reduced diffusional flux by greater than 96% (cells only). Ex-

posure to the fluorescent dyes in the presence of NC-1059
(concurrent) enhanced dye permeation by 1.8- to 2.6-fold.
Paired experiments were conducted to test for the duration
over which marker permeation could be enhanced after a short
exposure to NC-1059. Thus, monolayers were exposed to NC-
1059 for 5 minutes; the apical medium was removed; and, after
the monolayer was rinsed one time, the medium was replaced
by Ringer’s solution. Fluorescent dyes were added to the apical
compartment immediately or 30, 60, or 90 minutes later and
net flux determined over the subsequent 60-minute period.
The results demonstrate that flux was enhanced modestly,
when compared with concurrent exposure, and the maximum
flux was observed for the period starting 30 minutes after
exposure to NC-1059 and extending to 90 minutes after NC-
1059 exposure. Ninety minutes after NC-1059 washout, the
barrier function of THCE monolayers, as assessed by carboxy-
fluorescein permeation, was indistinguishable from untreated
controls. However, sodium fluorescein permeation was still
increased over that of the control. These results demonstrate
that either concurrent treatment with NC-1059 or minimal
exposure (5 minutes) to NC-1059 will result in a transient
increase of permeation for carboxyfluorescein as well as so-
dium fluorescein across THCE monolayers.

Effect of NC-1059 on Methotrexate Permeation

Experiments were conducted to determine the effects of NC-
1059 on the permeation of a prototypical drug, methotrexate,
across THCE monolayers. Experiments were preformed to as-
sess the permeation of methotrexate across THCE monolayers
in the absence or presence of NC-1059, EDTA, and BAC, and
after apical exposure of NC-1059 (Fig. 6). The results show that
methotrexate continued to diffuse across the tissue culture
support for the duration of the experimental protocol (4
hours) and that the THCE monolayer reduced permeation
across the culture support by more than 16-fold. Exposure to
EDTA for the duration of the protocol resulted in an outcome
that was indistinguishable from the tissue culture support
alone. Of importance, NC-1059 enhanced methotrexate per-
meation by �2.5-fold over the 4-hour sampling period. After a
5-minute exposure to NC-1059, methotrexate permeation also
increased approximately 1.8-fold over that of the vehicle con-
trol. BAC was used in this experiment because it is a corneal

FIGURE 4. Exposure to NC-1059 increases dextran permeation across
THCE monolayers. Permeation across the tissue culture support (No
cells) was approximately 100-fold higher than in the presence of cells.
Application of EDTA (5 �M) in hypotonic Ringer’s (50% dilution with
water) allows permeation for all sizes of FITC-dextran tested. Each
assay was performed in triplicate, and the results are summarized from
four experiments. Inset: Data presented on an expanded scale.

FIGURE 5. NC-1059 increases the permeation of both sodium fluores-
cein (A) and carboxyfluorescein (B) across cultured THCE monolayers.
Culture supports (No Cells) are freely permeable to the fluorescein
derivatives and are reduced more than 25-fold by the cultured THCE
cells (Cells Only). Fluorescein permeation was assessed for 1 hour with
concurrent exposure or starting immediately, 30, 60, or 90 minutes
after a 5-minute exposure to NC-1059. The results are summarized
from four similar experiments.

FIGURE 6. NC-1059 increases the permeation of methotrexate (MTX)
across THCE monolayers. The treatments are defined as follows: No
Cells, tissue culture support; EDTA (5 mM) in hypotonic Ringer’s
solution; BAC (0.01%); NC-1059, (100 �M) exposure throughout the
assay period; Washout, NC-1059 exposure (100 �M) for 5 minutes
before assay; and Cells only, vehicle exposure. Each assay was per-
formed in triplicate, and the results are summarized from four exper-
iments.
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permeation enhancer and a preservative that is used in current
ophthalmic compounds even though it has been shown to
have toxic effects on cells by damaging the corneal epithe-
lium.22,23 In this experiment, BAC increased the amount of
methotrexate that permeated the epithelial layer by 7.8-fold
compared with that of the vehicle control and by 3.2-fold
relative to that in the presence of NC-1059. These results
demonstrate that NC-1059 is able to promote increased perme-
ation of methotrexate as a prototypical therapeutic agent
across cultured THCE cells in addition to enhancing the per-
meation of salts as measured by gte, other low-molecular-
weight compounds exemplified by fluorescein derivatives, and
larger uncharged solutes represented by dextrans.

DISCUSSION

In this study, we determined that a synthetic peptide, NC-1059,
modifies the barrier function of THCE cells grown as a mono-
layer culture. Initially, experiments were conducted to verify
that THCE cells cultured for fewer than 10 days form an
epithelial barrier in culture that is capable of separating fluid
compartments with distinctly different compositions. After the
utility of this in vitro system was demonstrated, experiments
were conducted to show that NC-1059 caused a concentration-
dependent enhancement of gte that is paralleled by an increase
in passive, gradient-driven permeation rates for either large
uncharged solutes (dextran), low-molecular-weight markers
(fluorescein), or a prototypical low-molecular-weight drug
(methotrexate). Of importance, the results showed that short-
term (5 minutes) exposure to NC-1059 enhanced permeation
of fluorescein for 60 to 90 minutes, after which no effect on
permeation rates was observed. The rate of methotrexate per-
meation was likewise enhanced over the first 2 hours after
NC-1059 exposure. Equally important is the observation that
gte, the most sensitive indicator of epithelial barrier integrity,
returned to pretreatment values and became responsive to
repeated exposure. Taken together, these results indicate that
NC-1059 enhanced drug permeation across a model corneal
epithelium by transiently affecting the paracellular pathway.

This study identified THCE cells cultured on permeable
supports for �1 week as a robust in vitro system to evaluate
corneal drug permeation. Many human corneal cell culture
models exist today including primary cell cultures, immortal-
ized cell lines,12,13,24–26 and whole corneal models.27–29 At this
time, whole corneal models are being developed and show
great promise as tools for drug-permeation studies, but cur-
rently data on the barrier function of these models are sparse.
Immortalized cell lines offer many advantages over primary
corneal cells including minimizing the expense in culturing
and maintaining the cells, absence of individual-to-individual
variation, control of experimental design, and the opportunity
to use tissue initially derived from humans. Immortalized cell
lines also offer the opportunity for rapid screening before ex
vivo experiments. Many of the corneal epithelial models that
exist24–26 were developed for use with in vitro toxicity testing
and cell physiology, therefore the barrier function of these cell
lines has not been examined, and it is not known whether
these cell models could play a role in drug-permeation studies.
Transepithelial electrical resistance has long been used as a
gold standard to quantify barrier integrity. An early report
indicated that freshly excised rabbit cornea exhibited resis-
tances of 5,000 to 15,000 � cm2.30 More recent reports,
however, indicate values in the range of 800 to 1000 � cm2 for
rabbit cornea and approximately 500 � cm2 for human cor-
nea.12,31 In an elegant and systematic study, Becker et al.12

compared both drug permeation and Rte across numerous
corneal models and reported that THCE cells exhibited barrier

parameters that were similar to freshly excised human corneas
and to cultured human corneal epithelial cells obtained from a
commercial source.12 Various culture conditions that promote
barrier function for this cell line have been identified and the
system has been used by others to examine drug perme-
ation.32–34 Becker et al. reported that THCE cells could be
cultured in standard culture medium and that the apical fluid
could be removed allowing for an apical air interface with a
resulting multilayer architecture.12 Experiments conducted in
the present study identified culture conditions that decreased
further the time needed to reach the maximum Rte, which was
similar to the value reported by Becker et al.12 Thus, THCE
cells are an ideal system for permeation studies, and although
they differ in this case, from the intact cornea by being only a
single cell layer thick, the superficial surface of the corneal
epithelium contributes over half of the total electrical resis-
tance of the entire cornea,35 making this system the best
experimental model for this study. Experiments conducted in
this study further validate this assumption, in that THCE mono-
layers are able to form a resistive monolayer and function as an
epithelial barrier separating distinct fluid compartments.

For adequate vision, the eye must uphold specialized barri-
ers that regulate the uptake of materials into the eye. These
barriers also inhibit the access to deeper eye tissues of thera-
peutic compounds resulting in poor drug permeation and
potential treatment failure and hinder the development of new
therapeutic agents for ocular tissues. Bioavailability is limited
by the volume that can be held by the human eye (�30 �L) and
the rapid rate of tear turnover (�1 �L/min).36 Thus, only 1% to
5% of an eye drop–instilled dose is delivered to anterior sec-
tions of the eye.2,36 To overcome the problem of insufficient
drug delivery through the cornea, new advances in ocular drug
delivery are needed.

Numerous attempts at improving ocular bioavailability of
topically applied drugs have been reported. Penetration en-
hancers such as surfactants,37,38 bile salts,39,40 chelators,41 and
preservatives40,42 have been used to promote corneal perme-
ation of ophthalmic agents. However, these enhancers gener-
ally exhibit their effects by inducing morphologic changes in
the corneal structure38,43,44 and occasionally lead to adverse
effects such as irritation, hypersensitivity, cellular damage,45,46

and reduction in corneal wound healing.47 Clearly, new tech-
nologies are needed to optimize ocular drug delivery.

Reversibly modulating the tight junctions of epithelial bar-
riers for therapeutic considerations provides many benefits.
One of the techniques currently undergoing investigation is
the zonula occludens toxin (ZOT) elaborated from Vibrio chol-
erae48 and the biologically active component of ZOT, 
G.49

ZOT has been shown to reversibly open the tight junctions
between intestinal epithelial cells and bovine brain microvessel
endothelial cells resulting in enhanced permeability of com-
pounds50,51 and early studies suggest that 
G has similar ef-
fects although it must be protected from enzymatic degrada-
tion.52 ZOT and 
G provide a lead structure to act as an
absorption enhancer for therapeutic agents although a major
limitation is that the ZOT “receptor” has only been located in
the intestine, nasal epithelium, heart, and the blood–brain
barrier endothelium. This differs from NC-1059 in which the
effects have been observed with epithelia from a variety of
tissues8 and which is now shown to be effective with corneal
epithelial cells.

In this study, NC-1059 induced a concentration-dependent
increase in Isc across THCE monolayers with a concurrent and
delayed transient increase in gte. Peak gte was observed �15
minutes after NC-1059 exposure. Previous studies suggested
that the magnitude of increase in gte after the addition of
NC-1059 is due to an opening of the paracellular pathway, as
well as the introduction of an ion channel into the apical

IOVS, July 2009, Vol. 50, No. 7 Enhanced Drug Delivery across In Vitro Corneal Epithelium 3343

Downloaded from iovs.arvojournals.org on 07/01/2019



membrane.7 This was confirmed in the present study by the
use of FITC-dextran. After the addition of NC-1059, there was
an increase in the amount of permeation seen for all sizes of
FITC-dextran used compared with the control, although the
increment for 40- and 70-kDa dextran was modest. Nonethe-
less, THCE cells do not show the same degree of size exclusion
for FITC-dextran as reported previously with MDCK cells.7

EDTA enhanced the corneal permeation for all sizes of FITC-
dextran to a much greater extent and is believed to cause
structural damage to the epithelial cell layer, which accounts
for the greater effect that was observed with this chelating
agent.

Sodium fluorescein and carboxyfluorescein were used to
test the effects of NC-1059 on permeation of low-molecular-
weight compounds as labeled surrogates for drugs. Data sug-
gest that the permeation of both sodium fluorescein and car-
boxyfluorescein increases over a 30-minute period whether in
the presence of NC-1059 or after a 5-minute exposure. Ninety
minutes after NC-1059 washout, the barrier function of THCE
monolayers, as assessed by fluorescein permeation, is indistin-
guishable from untreated controls. These results indicate that
NC-1059 does not function by exerting a toxic effect on THCE
monolayers since the cells are able to regain the functional
barrier in a short time frame. The practical inference from
these observations is that a single dose of NC-1059 might be
used to “prime” an eye for the uptake of a therapeutic agent
that is administered 15 to 30 minutes later. NC-1059 would
need to stay in contact with the eye for 5 minutes or less,
which is consistent with tear turnover rate. A second drug
applied 15 to 30 minutes later would be expected to achieve
two- to threefold greater uptake into the eye, which ultimately
might reduce the number of times that the therapeutic drug
must be applied.

Both FITC-dextran and fluorescein derivatives were used as
surrogate drugs to look at the affect NC-1059 had on the
permeation across THCE monolayers. A prototypical drug was
then selected to look at the effect of NC-1059 on its perme-
ation. In recent years methotrexate has been used experimen-
tally as a treatment for systemic lymphoma with ocular involve-
ment,53–55 chronic uveitis,56 and corneal angiogenesis.57 The
outcomes suggest that topical application of methotrexate
would be beneficial for the treatment of many ocular diseases.
The permeation of methotrexate in the presence of NC-1059,
EDTA, and BAC was determined. NC-1059 enhanced the per-
meation of methotrexate with the most robust difference rel-
ative to untreated controls observed in the first 2 hours. The
permeation rate in control conditions began to approach the
permeation rate of NC-1059 treated monolayers during the
second half of the 4-hour monitoring period. Both EDTA and
BAC also increased the permeation rate of methotrexate, 20
and 6 times that of the control, respectively, but both of these
compounds have deleterious effects on the corneal epithelium.
The quaternary ammonium compound BAC is one of the most
frequently used preservatives in ophthalmic formulations. It
can alter corneal permeability; however, the BAC damages the
corneal epithelium, resulting in the loss of the protective bar-
rier.22,23,58 Damage to the cornea has been shown to increase
with increased concentrations and exposure time of BAC.22 A
perceived benefit with NC-1059 is that the epithelial barrier is
fully recovered within 90 minutes.

Although first synthesized to form anion-selective channels
in epithelial monolayers as a potential therapeutic for cystic
fibrosis, NC-1059 has also been shown to modulate epithelial
tight junctions.7,8 This characteristic of NC-1059 provides the
potential to increase the permeation of therapeutic agents
across epithelial monolayers via modulation of the tight junc-
tions. In this study, NC-1059 had a significant effect on the
corneal permeability to surrogate compounds such as FITC-

dextran, sodium fluorescein, and carboxyfluorescein. Perme-
ation of methotrexate, a prototypical drug, was also greater for
monolayers that were concurrently or previously exposed to
NC-1059. Thus, NC-1059 should be considered a leading com-
pound for development of co-therapeutic agents to enhance
access and effectiveness of ophthalmic compounds.
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