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A B S T R A C T

Transcorneal permeation is the main entry route into the eye for topically applied drugs, but the impact of active 
transport on corneal permeability is still poorly understood. We aimed to identify the influence of transporters 
for rabbit corneal permeability by utilizing the PermeaSys microfluidic system, which requires <20 times smaller 
tissue pieces and 10 times smaller exposure volumes of the study compound, than the commonly used Ussing 
chamber. The rabbit corneal permeability was first validated with three model compounds, rhodamine 123, 
benzoic acid, and paracellular marker compound lucifer yellow, before studying the permeability with three 
clinically used drugs, ciprofloxacin, diclofenac, and methotrexate. Both bidirectional and inhibition studies were 
performed. Rhodamine 123 did not show directionality nor altered permeability in the presence of an inhibitor, 
but the permeability of benzoic acid was affected by a monocarboxylate transporter inhibitor, valproic acid. 
Clinically used compounds ciprofloxacin, diclofenac, and methotrexate did not show directionality in the corneal 
permeability studies. However, methotrexate permeability was altered when administered together with sulfa
salazine and MK-571, which can inhibit several known drug transporters. The data generated here with the 
PermeaSys instrument is comparable to studies conducted with the Ussing chamber, indicating that it can be 
reliably used for the study of permeability and active transport in the cornea. However, active transport does not 
appear to have a great impact on the corneal permeability of the studied drug compounds.

1. Introduction

Eye drops is the most common dosage form to administer drugs for 
treatment of diseases in the front part of the eye, such as infections, 
inflammations, and glaucoma (Urtti, 2006). In the treatment of glau
coma, the drug needs to reach the anterior chamber to be effective and 
for that the drug needs to cross the cornea (Ahmed and Patton, 1987, 
1985; Doane et al., 1978). The low ocular bioavailability, with <5% of 
the topically administered dose found in the aqueous humour, is due to 
the tight corneal barrier and the pre-corneal elimination paths, such as 
drainage and trans-conjunctival absorption that clears the drug to the 
systemic blood circulation (Chrai and Robinson, 1974; Fayyaz et al., 
2020; Naageshwaran et al., 2023, 2022; Ramsay et al., 2018; Urtti et al., 
1990).The cornea is roughly composed of three layers, the outermost 
multilayered corneal epithelium, the underlying hydrophilic stroma and 
the inner endothelial monolayer. Drugs may cross the cornea by both 

passive diffusion and active transport. The passive permeability is 
dependent on physicochemical factors such as LogD, number of putative 
hydrogen bonds and polar surface area (Kidron et al., 2010; Ramsay 
et al., 2018), while active transport depends on the substrate concen
tration and affinity to transporters, and additionally the abundance and 
localization of the transporters.

The role of transporters in ocular pharmacokinetics is still somewhat 
unclear. Based on simulations, the active transport may have a sub
stantial impact on molecules with low passive permeability and high 
transport rate (Vellonen et al., 2018). Drugs are often applied at high 
concentration in eye drops due to the low bioavailability, but pharma
ceutical suspensions and topical controlled release devices may result in 
lower and prolonged drug concentration at the surface of the eye, in 
which case active transport may have a larger role and impact on the 
trans-corneal permeability.

Ocular pharmacokinetic studies are mainly performed in rabbit in 
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vivo (Fayyaz et al., 2020; Naageshwaran et al., 2022; Proksch et al., 
2011; Savinainen et al., 2019; Urtti et al., 1990). The quantitative 
expression of drug and amino acid transporters in rabbit corneal 
epithelium was recently characterized and found to be relatively close to 
the expression in human cornea, including transporters such as 
P-glycoprotein (P-gp); Multidrug Resistance-Associated Protein (Mrp) 1, 
3, and 4; Organic anion transporting polypeptide (Oatp) 3a1; and 
Monocarboxylate transporter (Mct) 1, 2, and 4 (Ramsay et al., 2024). 
Functional characterization of active transport has been conducted in 
rabbit in vivo and ex vivo, with narrow sets of clinically used drugs, 
pro-drugs, and amino acids before knowing the full transporter expres
sion profile (Anand et al., 2004; Dey et al., 2004; Hariharan et al., 2009a, 
2009b; Jain-Vakkalagadda et al., 2004, 2003; Karla et al., 2009, 2007b; 
Katragadda et al., 2005). Ex vivo corneal permeability studies are 
commonly performed with the vertical Ussing chamber system (Ramsay 
et al., 2018; Toropainen et al., 2001; Vellonen et al., 2010; Verstraelen 
and Reichl, 2014, 2013; Wang et al., 1991). These experiments are time 
consuming and require high tissue and study compound amounts. For 
example, one experiment with six corneal replicates requires six eyes, in 
total three rabbits. Additionally, the experimental volumes are 5–6 ml, 
which means that newly synthetized molecules often cannot be studied 
due to restricted availability. Additionally, in ocular drug permeability 
studies rabbit ocular tissue availability is a restricting factor. Therefore, 
there is a need for devices where the tissue and compound amounts can 
be decreased without sacrificing the reliability of the permeability re
sults. PermeaSys is a microflow-based device, which fulfills these re
quirements and has shown to produce similar permeability values as the 
vertical Ussing chamber for small molecular drugs across porcine cornea 
(Hemmilä et al., 2020; Ramsay et al., 2018).

The aim of this study was to validate the microflow-based PermeaSys 
instrumentation for rabbit corneal permeability studies and to charac
terize transporter activity by studying the corneal permeability of clin
ically relevant ocular drugs by both bidirectional (permeability towards 
the aqueous humor and tear fluid) and inhibition studies (permeability 
towards the aqueous humor in the presence of a transporter inhibitor).

2. Materials and methods

2.1. Compounds and sample preparation

Compounds used as substrates and inhibitors in this study are listed 
in Table 1 and their physicochemical properties and IUPAC names are 

listed in Supplementary Table 1

2.2. Tissue preparation

Fresh rabbit eyes were obtained from a local farm and kept on ice in 
CO2 independent medium (Gibco) until tissue preparation. Tissue 
preparation and permeability studies were conducted either 2 h or 12 h 
after the animal was sacrificed. The cornea was isolated from the eyeball 
as previously described (Ramsay et al., 2018). Briefly, first a small cut 
was made at the limbus and then cutting along it. During preparation, 
care was taken to avoid drying of the cornea by applying balanced salt 
solution buffer (25 mM Hepes in Buffered Saline Solution (BSS) Plus, pH 
7.4 and osmolarity 305 mOsm/kg, Alcon Laboratories, TX, USA). Up to 
three corneal tissue pieces were cut from each isolated cornea using a 6 
mm ∅ tissue punch.

2.3. Permeability study

Permeability studies, either bidirectional, i.e. in apical-to-basolateral 
(A-B) and basolateral-to-apical (B-A) direction or inhibition in the A-B 
direction, were conducted with the microflow-based PermeaSys device 
(Tampere University, Finland). A-B and B-A direction refers to the 
permeability in aqueous humor and tear fluid direction, respectively. 
The principles and novel concepts for use of the PermeaSys device in ex 
vivo tissue permeability studies are presented in detail in Hemmilä et al., 
2020. For the rabbit corneal permeability study, the tissue pieces were 
placed in circular 1 mm depth disposable injection-molded poly
carbonate membrane holders, where the tissue exposure area was 0.03 
cm2. First, the integrity of the isolated membrane was ensured by 
measuring the transepithelial electrical resistance (TER) according to 
Hemmilä et al., 2020. Then the membrane holders with the tissues were 
placed in the experimental chamber with six replicate flow channels. 
The donor chamber volume for each tissue holder is 500 µl, while the 
receiver component is a flow channel (flow rate 1 µl /min) ending in a 
sample outlet. The tissue holder was placed between the lower buffer 
filled flow component and the above donor component. For apical to 
basolateral permeability measurement the tissue was placed with the 
apical side towards the donor chamber, while the orientation was 
reversed for the basolateral to apical direction. The temperature of the 
experimental chamber was set to 35 ◦C and a gas flow of 100 mL/min 
5% CO2 in 95% O2 was supplied to the donor side. 450 µL of 25 mM 
Hepes in BSS Plus, pH 7.4 buffer with or without inhibitors (Table 1) 
were pipetted to the donor compartment and the flow rate of the 
recipient medium was set to 1.0 µL/min for the syringe pump, with the 
exception of using 25 mM 2-(N-Morpholino)ethanesulfonic acid (MES) 
in BSS Plus, pH 6.0 in one part of the benzoic acid permeability studies. 
An initialization period (pre-incubation) of 30 min - 1 hour was used to 
guarantee that each mini-channel was filled with the recipient buffer. 
The experiment was started by first emptying the sample liquid outlets 
and 50 µL of buffer with the studied drug was pipetted to the donor 
compartment (Table 1). Samples of 30 µL were withdrawn from the 
liquid outlets every 30 min for up to 4–6 h.

Samples were either stored at –20 ◦C prior to liquid cromatorgaphy 
(LC)- mass spectrometry (MS)analysis or pipetted on Flexible sample 
plates (1450, PerkinElmer) together with OptiPhase HiSafe 2 scintilla
tion cocktail (Perkin Elmer) for liquid scintillation counting with 
Microbeta (PerkinElmer). Fluorescence was measured from the lucifer 
yellow (ex. 425, em. 538) and rhodamine 123 (ex. 485, em. 535) sam
ples by Varioskan LUX microplate reader (Thermo Fisher Scientific, 
Finland). Standard concentrations were prepared for both analysis 
methods. All analytical methods were linear within the calibration range 
(Lucifer yellow 0.02–5 µM, rhodamine123 0.005–100 µM, benzoic acid 
0.16–33 µM, ciprofloxacin 0.007–2.9 µM, diclofenac 0.07–32 µM and 
methotrexate 0.5–110 nM), with R2 values >0.99. The concentrations 
were determined for the calculation of the apparent permeability coef
ficient (Papp, cm/s), using Fick’s first law of diffusion as follows: 

Table 1 
List of substrates and inhibitors used in the experiments.

Compound Solvent Manufacturer Cat no.

Substrates
Benzoic acid, [7–14C] Ethanol American 

Radiolabeled 
Chemicals, Inc.

ARC 
0186

Ciprofloxacin (CIP) 0.1 M HCl Sigma-Aldrich 17,850
[3H]Ciprofloxacin, HCl 

(CIP)
Aqueous 
solution

Moravek Inc. MT2069

Diclofenac [carboxyl-14C] 
(DIC)

Ethanol American 
Radiolabeled 
Chemicals, Inc.

ARC 
3852

Lucifer Yellow CH, 
dilithium salt

Water Sigma-Aldrich L0259

[3′,5′,7–3H(N)] 
Methotrexate, disodium 
salt (MET)

Ethanol: 
water (4: 6)

Moravek Inc. MT701

Rhodamine 123 (Rh) DMSO Sigma-Aldrich 83,702
Inhibitors
MK-571, sodium salt 

hydrate
DMSO Sigma-Aldrich M7571

Sulfasalazine DMSO Sigma-Aldrich S0833
Valproic acid, sodium salt Water Sigma-Aldrich P4543
Verapamil, HCL DMSO Sigma-Aldrich V4629
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Papp = (dQ /dt)/(C0∗A)

Where (dQ/dt) is the drug transfer rate (linear range) across the tissue 
(ng/s), C0 is the initial donor concentration (ng/cm3), and A is the 
exposed tissue area (0.03 cm2).

2.4. LC-MS/MS analysis of ciprofloxacin

Ciprofloxacin samples, including test samples, standard concentra
tions, and quality controls, were first treated 1:1 with cold acetonitrile 
containing 50 ng/mL internal standard diclofenac (D6899, Sigma- 
Aldrich). Blank samples were treated with only cold acetonitrile. Then 
the samples were vortexed, kept at 4 ◦C for 15 min, and centrifuged for 
10 min at 17,000 × g and the supernatant was used for analysis.

The analysis was done using Agilent 1290 Infinity liquid chroma
tography system coupled with a triple quadrupole mass spectrometer 
(QQQ 6495, Agilent Technologies, USA) using an electrospray ioniza
tion source in a positive ionization mode (ESI+). The analytes were 
separated by reversed phase column (Agilent Poroshell 120 SB-C18, 2.1 
× 50 mm, 2.7 µm) maintained at 50 ◦C. The LC eluents were water 
containing 0.1% (v/v) formic acid (eluent A) and acetonitrile (eluent B). 
Sample injection volume was 2 μL. The flow rate was 0.3 mL/min with 
the following gradient: 0–5 min: 10% B → 100%, 5–5.5 min: 100% B, 5.5 
– 5.6 min: 100% B → 10% and 5.6–7 min: 10% B.

LC–MS/MS data acquisition was performed using following condi
tions: drying gas flow 16 l/min with the temperature of 200 ◦C, nebu
lizer gas pressure of 25 psi, and capillary voltage of 3 500 V. Multiple 
reaction monitoring transitions for ciprofloxacin were 332 → 230.8 

(collision energy (CE) 41, quantifier) and 332 → 288 (CE 17, qualifier) 
and for diclofenac 296 → 214 (CE 40, quantifier) and 296 → 250 (CE 10, 
qualifier). Agilent MassHunter Quantitative Analysis (B.09.00) software 
was used for data processing and analysis. Ciprofloxacin analysis 
method was linear in the calibration range of 0.05–50 ng/mL. The lower 
limit of quantification was 0.05 ng/mL.

2.5. Statistical analysis

The difference between substrate permeability with or without in
hibitor were assessed with Unpaired t-test. Statistical analysis was done 
using GraphPad Prism 10.1.2.

3. Results

First, the rabbit corneal permeability using the PermeaSys instru
ment was validated with model compounds, paracellular marker sub
strate lucifer yellow and previously studied MCT substrate benzoic acid 
(Vellonen et al., 2010), as well asP-gp and organic cation transporter 
(OCT1) substrate rhodamine 123(Verstraelen and Reichl, 2013). Rabbit 
corneal permeability was subsequently studied with clinically used 
ocular drugs, ciprofloxacin, methotrexate, and diclofenac. In the inhi
bition studies the following inhibitors were used: MK-571 (MRP inhib
itor (Karla et al., 2007a)), verapamil (P-gp and OCT1 inhibitor 
(Morrissey et al., 2012)), sulfasalazine (OATP, organic Anion Trans
porter (OAT), MRP and Breast Cancer Resistance Protein (BCRP) in
hibitor (Morrissey et al., 2012)), and valproic acid (MCT inhibitor 
(Vellonen et al., 2010)).

Fig. 1. Rabbit corneal apparent permeability of model compounds. A) Rabbit corneal apparent permeability (Papp, cm/s) of lucifer yellow 250 µM. Bidirectional 
studies (A-B and B-A) were conducted with 12 h old eyes. Each individually tested cornea is marked, and the bars represent mean ± S.D. The number of corneal 
tissues tested was 4–5. B) Rabbit corneal apparent permeability (Papp, cm/s) of rhodamine (Rh) 123 (50 µM (gray) and 100 µM (black)). Bidirectional studies (A-B 
and B-A) were conducted with 12 h (square) old eyes, while only the permeability in the A-B direction was determined for 2 h (circle) old eyes. Rhodamine 123 
inhibition studies were conducted in A-B direction in the presence of 100 µM verapamil, without an initial pre-incubation time. Each individually tested cornea is 
marked, and the bars represent mean ± S.D. The number of corneal tissues tested was 2–6. C) Rabbit corneal apparent permeability (Papp, cm/s) of benzoic acid (18 
and 22 µM) were conducted with 2 h old eyes. Benzoic acid inhibition studies were conducted in A-B direction in the presence of 10 mM valproic acid, without an 
initial pre-incubation time. Each individually tested cornea is marked, and the bars represent mean ± S.D. The number of corneal tissues tested was 3–6. ** 
Significantly different, P < 0.01.
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3.1. Validation of permeability studies with permeasys instrument

Rabbit corneal tissue integrity was studied by measuring the trans
epithelial electrical resistance at the beginning of each experiment. The 
TER values were 446.4 ± 651 Ωx cm2 (between 46 – 3886 Ωx cm2), 
which is an average of all performed experiments in this study. No 
correlation was observed between the TER and apparent permeability 
(Papp) values with any of the tested compounds, nor with the age of the 
tissue samples.

The rabbit corneal permeability study, using the PermeaSys instru
ment, was first validated with previously studied model compounds, 
lucifer yellow, rhodamine 123, and benzoic acid (Fig. 1). Paracellular 
marker compound lucifer yellow (250 µM) had a similar permeability in 
the A-B and B-A direction (A-B: 3.5 ± 0.9 × 10–7 cm/s, B-A: 4.0 ± 0.6 ×
10–7 cm/s) (Fig. 1A, Table 2, Supplementary file). The impact of tissue 
age or the time gap between the sacrifice and experiments, was also 
tested with rhodamine 123. Rhodamine 123 did not show statistically 
significant directionality in the permeability across rabbit cornea and 
the time gap between the scarification and experiment (2 and 12 h) did 
not significantly change the permeability (Fig. 1B, Table 2, Supple
mentary file). Furthermore, the P-gp and OCT inhibitor verapamil at 100 
µM did not alter the A-B permeability of rhodamine 123 (50 and 100 
µM).

The permeability of benzoic acid, a substrate of the MCT family 
(SLC16A), was similar in both directions when permeability studies 
were conducted in pH 7.4 (Fig. 1C, Table 2, Supplementary file). 
However, permeability studies were performed also in pH 6 due to 
benzoic acid’s weak acid properties, which resulted in a 3-fold increase 

of the A-B permeability. At pH 6, the MCT inhibitor valproic acid caused 
a statistically significant 1.3-fold decrease in the permeability of benzoic 
acid in the A-B direction (Fig. 1C).

3.2. Clinical compounds

The clinically used drugs that were studied are substrates of several 
transporters; methotrexate is a substrate of eg. BCRP, OATs, OATPs and 
MRPs (Suzuki et al., 2003; Takeda et al., 2002; van de Steeg et al., 2009; 
Zeng et al., 2001), diclofenac is a substrate of OAT2 and BCRP (Lagas 
et al., 2009; Zhang et al., 2016), and active transport for ciprofloxacin 
has been demonstrated for P-gp (Park et al., 2011), BCRP (Merino et al., 
2006) and Mrp4 (Marquez et al., 2009). Ciprofloxacin did not show 
directionality in the permeability across rabbit cornea (Fig. 2A, Table 2, 
Supplementary file). In addition, the age of tissue did not affect the 
permeability in the A-B direction. Neither the P-gp and OCT1 trans
porter inhibitor verapamil nor MRP transporter inhibitor MK-571 
altered the A-B permeability of ciprofloxacin. Similarly, rabbit corneal 
permeability of methotrexate and diclofenac did not show directionality 
(Fig. 2B, 2C, Table 2, Supplementary file). However, both MK-571 and 
MK-571 together with sulfasalazine caused a statistically notable 
decrease in the A-B permeability of methotrexate.

4. Discussion

Corneal transporter activity was characterized by studying the 
permeability by both bidirectional and inhibition studies. The 
microflow-based PermeaSys instrument was first validated for rabbit 
cornea with previously studied model compounds and then corneal 
permeability was studied with clinically relevant ocular drugs.

The results of the paracellular marker compound lucifer yellow 
confirmed the integrity of the rabbit cornea and its usage in the Per
meaSys instrument. Previously, another paracellular marker compound, 
3H-mannitol, showed similar permeability across the rabbit cornea in A- 
B direction (3.8 ± 1.6 × 10–7 cm/s) when utilizing the Ussing chambers 
(Toropainen et al., 2001).

The permeability of Rhodamine 123 was in the same range as pre
viously published data from rabbit cornea with vertical Ussing chamber 
(<1 × 10–6 cm/s), where Rhodamine 123 (130 µM) showed an over two 
times larger B-A permeability than A-B permeability, and the difference 
was diminished in the presence of verapamil (200 µM) (Verstraelen and 
Reichl, 2013). In our study there was also an indication of larger B-A 
permeability, but it was not statistically significant (Fig. 1B) and we saw 
no altered permeability in the presence of verapamil (100 µM). The 
contradicting results may be due to lower expression levels of P-gp in the 
rabbit corneas than in previous studies or due to the high variability and 
small sample sizes in the experiment. We observed no correlation of the 
variability to the age of tissue after isolation (2 h or 12 h) or to TER 
values (46 – 3886 Ωx cm2), but we could observe day-to day variation, 
which may be due to differences between rabbits caused by breed, sex or 
age of animal that we do not have detailed information of. Rhodamine 
123 and verapamil are also substrate and inhibitor, respectively, of the 
Oct1 transporter (Morrissey et al., 2012), but according to the rabbit 
corneal epithelial proteomics data Oct1 is not expressed on the ocular 
surface (Ramsay et al., 2024). The expression of P-gp in rabbit cornea 
has been observed with western blotting and immunohistochemical 
staining (Verstraelen and Reichl, 2013), and P-gp function has also been 
observed in vivo in rabbit cornea (Dey et al., 2004; Verstraelen and 
Reichl, 2013). P-gp was detected, but the abundance was under the level 
of quantification in our quantitative targeted absolute proteomics study 
(Ramsay et al., 2024), which was performed using corneas from rabbits 
from the same farms as used in this study. In humans, there is no in
formation of corneal P-gp expression and Rhodamine 123 did not show 
directionality in human excised cornea (Becker et al., 2007).

The validation was further conducted with the MCT substrate ben
zoic acid, which showed an increased permeability across rabbit cornea 

Table 2 
Rabbit corneal apparent permeability in apical-to-basolateral (A-B) and 
basolateral-to-apical (B-A) direction or inhibition in the A-B direction.

Papp x 10 − 7 cm/s ± S.D (n)

A-B B-A

LY 250 µM, 12 h 3.5 ± 0.9 (4) 4.0 ± 0.6 
(5)

Rh 100 µM, 2 h 5.6 ± 1.3 (3) ​
Rh 100 µM, 12 h 3.9 ± 1.5 (5) 7.1 ± 2.7 

(3)
Rh 100 µM + Verapamil 100 µM, no pre-incubation, 

12 h
4.1 ± 2.3 (3) ​

Rh 50 µM + Verapamil 100 µM, no pre-incubation, 12 
h

7.6 ± 0.2 (3) ​

Rh 50 µM, 12 h 7.7 ± 0.4 (3) ​
Ba 18 µM, pH 7.4, 2h 35.6 ± 21.4 

(3)
49.2 ± 8.9 
(3)

Ba 22 µM, pH 6, 2h 106.0 ±
12.7 (6)

​

Ba 22 µM + Valproic Acid 10 mM, no pre-incubation, 
pH 6, 2h

81.8 ± 5.6 
(6)

​

CIP 3 µM, 12 h 9.4 ± 6.7 (6) 10.3 ± 7.7 
(5)

CIP 3 µM, 2 h 11.4 ± 3.8 
(3)

​

CIP 3 µM + Verapamil 200 µM, no pre-incubation, 2 h 13.1 ± 7.5 
(3)

​

CIP 4 µM, 2 h 6.2 ± 1.8 (3) ​
CIP 4 µM + MK-571 100 µM, pre-incubation, 2 h 6.0 ± 1.5 (3) ​
MET 0.1 µM, 2h 22.5 ± 4.5 

(6)
​

MET 0.1 µM + MK571 100 µM, pre-incubation, 2h 14.0 ± 2.5 
(3)

​

MET 0.1 µMl + MK571 100 µM & Sulfasalazine 100 
µM, pre-incubation, 2h

13.6 ± 3.2 
(3)

​

MET 0.3 µM, A-B 2 h, B-A 12h 54.6 ± 7.6 
(6)

54.9 ± 9.5 
(6)

DIC 18 µM, 2h 38.8 ± 1.9 
(3)

35.8 ± 7.8 
(3)

LY, lucifer yellow; Rh, rhodamine; Ba, Benzoic acid; CIP, ciprofloxacin; MET, 
methotrexate; DIC, diclofenac.
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when the pH was decreased from pH 7.4 to pH 6, due to the weak acid 
properties of benzoic acid. The A-B permeability of benzoic acid was 
decreased by 1.3-fold when administered together with MCT inhibitor 
valproic acid. This was also seen in a previous study where the benzoic 
acid A-B permeability in pH 6, using the vertical Ussing chambers, 
decreased by 1.5-fold in the presence of valproic acid (Vellonen et al., 
2010). Mct1, 2, and 4 are expressed in rabbit corneal epithelium and 
Mct1 is highly abundant, in the same range as rabbit corneal epithelium 
Na+/K+-ATPase (Ramsay et al., 2024). These findings support the 
presence of Mct transporter activity and its impact on active transport 
across the rabbit cornea. Moreover, the results also support the appli
cability of the PermeaSys device in studying transporter activity in 
rabbit cornea.

Ciprofloxacin and diclofenac did not show directionality nor altered 
permeability in the presence of any of the tested inhibitors in our assay. 
The permeability values are, however, in the same range as previously 
reported. The ex vivo rabbit corneal permeability of ciprofloxacin was 
previously reported as 1.30 × 10–6 cm/s (Tai et al., 2003) and the 
permeability of diclofenac as approximately 1.0 × 10–6 cm/s (Xiang 
et al., 2009). The permeability of methotrexate was also in the same 
range, approximately 3–4 × 10–6 cm/s, and similar in both directions, as 
previously reported (Verstraelen and Reichl, 2013). However, the 
permeability of methotrexate seems to be affected by active transport as 
MK-571 and sulfasalazine decreased the A-B permeability, which could 
be caused by inhibiting efflux at the basal side or influx at the apical side 
of the corneal epithelium. Apically located BCRP and basolaterally 
located MRP3 were suggested to transport methotrexate in an HCE-T 
epithelial cell model (Verstraelen and Reichl, 2013). However, Bcrp is 
not expressed in rabbit corneal epithelium, but Mrp3 is present Ramsay 
et al., 2024) (and could thus be responsible for the observed effect. In 
addition to being MRP inhibitors, both sulfasalazine and MK-571 are 
also known OATP transporter inhibitors (Morrissey et al., 2012). 
Methotrexate is also a substrate of OAT and OATP transporters 
(Morrissey et al., 2012), but according to the rabbit corneal epithelial 

proteomics study the only drug influx transporters expressed are 
Oatp3a1, Octn1, and Octn2 (Ramsay et al., 2024). Methotrexate is a 
substrate of rat Oatp3a1 (Adachi et al., 2003), and therefore the it is 
possible that inhibition of apical Oatp3a1 could be responsible for the 
reduced permeability of methotrexate observed in this study. Overall, 
there are many known differences in the expression of transporters be
tween the human and rabbit which may complicate the translation of the 
results (Ramsay et al., 2024; Vellonen et al., 2018) .

The observed net active transport is dependent on concentration, 
transporter expression levels and affinity, as well as the effect of multiple 
transporters on transport in relation to the passive permeability. Due to 
the low concentration of the clinically used ocular drugs in this study, an 
assumption would be that any signs of active transport would have been 
more visible. However, the variability in permeability observed in some 
experiments may partly obscure the effects of active transport. Some 
variability in permeability was observed between different concentra
tions of the same compound (eg. methotrexate and ciprofloxacin). The 
difference is likely due to day-to-day variation, even though saturation 
of active transport could affect the permeability of transporter sub
strates. One experiment with six samples was usually made from cornea 
from two eyes, and experiments on separate days were made from 
different batches. Unfortunately, the sex, age or breed of the rabbit eyes 
in the different batches is unknown, so we do not know if these affected 
the observed permeability. Age- and sex-related differences in expres
sion of transporters is observed in many tissues, but to our knowledge, 
the effect on corneal expression has not been studied in humans or 
rabbits. In addition, the rabbit corneal epithelium is a multilayered 
epithelium of 5–7 layers (Agarwal and Rupenthal, 2016), which are all 
present in the corneal permeability studies. The distribution of trans
porters in the cornea and their apical or basolateral localization within 
the cells may all have an effect on the directionality of the compound 
permeability.

Fig. 2. Rabbit corneal apparent permeability of ophthalmic drugs. A) Rabbit corneal apparent permeability (Papp, cm/s) of ciprofloxacin (CIP). Bidirectional studies 
(3 µM) and inhibition studies (3 µM and 4 µM) were conducted with 12 h (square) and 2 h (circle) old eyes, respectively. Ciprofloxacin inhibition studies were 
conducted in A-B direction in the presence of either 200 µM verapamil with no pre-incubation or 100 µM MK-571 with pre-incubation. B) Rabbit corneal permeability 
of methotrexate (MET). Bidirectional studies (0.3 µM) and inhibition studies (0.1 µM) were conducted with 2 h old eyes. Methotrexate inhibition studies were 
conducted in A-B direction in the presence of 100 µM MK-571 with or without 100 µM sulfasalazine, with pre-incubation. C) Rabbit corneal permeability of 
diclofenac (DIC) (18 µM). Bidirectional studies were conducted with 2 h old eyes. Each individually tested cornea (n) is marked, and the bars represent mean ± S.D. * 
Significantly different, P < 0.05.
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5. Conclusions

Based on the presented results the active transport does not seem to 
have a large impact on corneal permeability of the studied drugs. 
However, further functionality studies are needed, especially now when 
the quantitative expression profile of drug transporters in the rabbit 
corneal epithelium can be used to interpret any observed active corneal 
transport. The results support the usage of PermeaSys in rabbit corneal 
permeability studies and in the study of active transport as the results 
are comparable with previously published results generated with the 
Ussing chambers. The advantages with the PermeaSys compared to the 
Ussing chamber are the low tissue and compound amount needed. In 
addition, the disposable parts used in the microflow system permits the 
use of radioactive compounds, such as was used in this study.

CRediT authorship contribution statement

Eva Ramsay: Writing – original draft, Visualization, Methodology, 
Investigation, Funding acquisition, Formal analysis, Conceptualization. 
Kati-Sisko Vellonen: Writing – review & editing, Formal analysis. Olli 
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