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Effects of sustained daily 
latanoprost application on anterior 
chamber anatomy and physiology 
in mice
Laura M. Dutca1,2, Danielle Rudd1, Victor Robles3, Anat Galor4, Mona K. Garvin1,3 & 
Michael G. Anderson1,2,5

Latanoprost is a common glaucoma medication. Here, we study longitudinal effects of sustained 
latanoprost treatment on intraocular pressure (IOP) in C57BL/6J mice, as well as two potential side-
effects, changes in iris pigmentation and central corneal thickness (CCT). Male C57BL/6J mice were 
treated daily for 16 weeks with latanoprost. Control mice were treated on the same schedule with 
the preservative used with latanoprost, benzalkonium chloride (BAK), or handled, without ocular 
treatments. IOP and CCT were studied at pre-treatment, 2 “early” time points, and 2 “late” time 
points; slit-lamp analysis performed at a late time point; and expression of corneal and iridial candidate 
genes analyzed at the end of the experiment. Latanoprost lowered IOP short, but not long-term. 
Sustained application of BAK consistently resulted in significant corneal thinning, whereas sustained 
treatment with latanoprost resulted in smaller and less consistent changes. Neither treatment 
affected iris pigmentation, corneal matrix metalloprotease expression or iridial pigment-related genes 
expression. In summary, latanoprost initially lowered IOP in C57BL/6J mice, but became less effective 
with sustained treatment, likely due to physiological adaptation. These results identify a new resource 
for studying changes in responsiveness associated with long-term treatment with latanoprost and 
highlight detrimental effects of commonly used preservative BAK.

It is estimated that by 2020, 76 million people worldwide will be afflicted with glaucoma1. Although multiple 
factors contribute to risk for developing this disease, only one is currently therapeutically modifiable: elevated 
intraocular pressure (IOP). Thus, all current treatments for glaucoma focus on efforts to lower IOP. The medica-
tions most commonly used for this purpose are prostaglandin (PG) analogs such as latanoprost, a synthetic iso-
propyl ester analog of prostaglandin F2α. The mechanism(s) underlying this effect of PG activity remains unclear 
but is known to involve substantial increases in uveoscleral outflow2. Latanoprost is currently the most prescribed 
PG analog, and the recommended dosage is one drop in the affected eye, once daily in the evening3. Although it 
has a favorable safety/efficacy profile2,4, it has some shortcomings. Specifically, some patients fail to respond5–7, 
others become insensitive over time8, and some experience adverse side-effects2,9–11.

Animal models are crucial tools for both studying how drugs such as latanoprost lead to improved disease 
outcomes and, ultimately, improving their performance. The development of latanoprost for the reduction of 
IOP relied largely upon studies using monkeys and dogs12–15. Cats and rabbits were also tested, but both have 
non-specific or unusual responses to PGs16,17 and thus their utilization in IOP studies was limited. More recently 
latanoprost was found to reduce IOP in mice18–20, and since then they have been used to: study mechanisms 
whereby latanoprost influences IOP21–24, test the IOP-lowering abilities of latanoprost-related PG derivatives 
and analogs25–28, and study side effects of latanoprost29,30. Despite the many ways in which animal models have 

1Center for Prevention and Treatment of Visual Loss Iowa City Veterans Administration Medical Center, Iowa City, 
IA, USA. 2Department of Ophthalmology and Visual Science, University of Iowa, Iowa City, IA, USA. 3Electrical and 
Computer Engineering, University of Iowa, Iowa City, IA, USA. 4Miami Veterans Administration Medical Center and 
Bascom Palmer Institute, University of Miami, Miami, FL, USA. 5Molecular Physiology and Biophysics, University of 
Iowa, Iowa City, IA, USA. Correspondence and requests for materials should be addressed to M.G.A. (email: michael-
g-anderson@uiowa.edu)

Received: 22 November 2017

Accepted: 13 August 2018

Published: xx xx xxxx

OPEN

mailto:michael-g-anderson@uiowa.edu
mailto:michael-g-anderson@uiowa.edu


www.nature.com/scientificreports/

2SCIEnTIFIC RepoRts |  (2018) 8:13088  | DOI:10.1038/s41598-018-31280-1

contributed to research involving latanoprost, and their wide-spread use in studies of glaucoma in general, one 
area that has not been well studied involves the consequences of long-term latanoprost use in models such as mice.

Here, we characterize the longitudinal effects of short- and long-term latanoprost treatment on IOP in the 
C57BL/6J mouse strain, using a protocol that mimics the treatment regimen for glaucoma patients (once daily 
administration for a long period of time). Among the many reported side-effects of long term latanoprost use that 
could be studied with mice, we limited our current study to two that have been frequent subjects of human studies 
(changes in iris pigmentation and changes in corneal thickness), which happen to also coincide with expertise of 
our group. At the conclusion of the longitudinal study, we also performed a gene expression analysis of the cornea 
and iris, focusing on candidate genes that are likely to be influenced by latanoprost.

Methods
Mice. All experiments were performed at the University of Iowa, conducted in accordance with the Association 
for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research, 
and approved by the Animal Care and Use Committee of the University of Iowa. Male C57BL/6J mice, 8 weeks of 
age, were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). Because C57BL/6J is an inbred mouse 
strain, all individuals are for practical purposes genetically identical, and thus highly similar, having irises of dark 
brown color31 and with minimal variation in CCT and IOP32–34. The mice were maintained in a cyclical pattern 
of 12 hours lights on followed by 12 hours of lights off, for the duration of the study. After 2 weeks of acclimatiza-
tion in the facility, the mice were randomly split into 3 groups of 6: (1) Lat (experimental) group, both eyes to be 
treated with a latanoprost ophthalmic solution 0.005%, that also contains BAK 0.02% as a preservative (Bausch & 
Lomb Inc., Rochester, N.Y., USA) on a daily basis; (2) BAK (control 1) group, both eyes to be treated with 0.02% 
solution of the preservative BAK in 0.1 M phosphate buffer and 0.4% sodium chloride (pH 6.7) on a daily basis; 
and (3) Naïve (control 2) group, to be handled in identical fashion to the other groups without receiving any ocu-
lar treatment. During the study 2 mice died (1 from the BAK group and 1 from the Naïve group). No mice were 
otherwise excluded from the study and no efforts were made to identify or exclude individual non-responders. 
IOP and CCT phenotypes were studied pre-treatment (for both IOP and CCT at 11 weeks of age, week 0 of the 
experiment), at 2 “early” time points (for both IOP and CCT after 1 and 2 weeks of treatment), and 2 “late” time 
points (for CCT after 11 and 12 weeks of treatment; for IOP after 14 and 15 weeks of treatment). Slit-lamp anal-
ysis was performed after 14 weeks of treatment, and euthanasia was performed after 16 weeks of treatment. Slit-
lamp exams, and photodocumentation, were performed by MGA, who has extensive experience with this kind of 
examination31,35,36. At the start of treatment, the mice were 11 weeks old. Once a day (between 08:30–09:30 am) 
for 16 weeks, the mice were treated with 5 μL of drug (Lat), were treated with 5 μL of preservative solution (BAK), 
or were handled without receiving ocular treatments (Naïve).

Measurement of IOP. All IOP measurements were performed 2–4 hours after treatment (11:00–13:00), to 
minimize the effects of diurnal IOP variation. Beforehand, the mice were acclimatized (1 hour) to the room in 
which the measurements were to be performed. The IOP of both eyes of each mouse was measured using the 
TonoLab rebound tonometer (Icare Finland Oy, Helsinki, Finland). Mice were anesthetized with a mixture of 
2.5% isoflurane and 100% oxygen, and the readings were performed during the first 5 minutes after the start of 
anesthesia. IOP values were determined based on an average of 5 independent readings gathered within 5 min-
utes of anesthesia, with an inclusion criteria that there be less than a 3 mmHg difference between the readings 
(there were two data collection attempts excluded, IOP of 1 eye from the 1-wk post-treatment BAK cohort 
and IOP of 1 eye from the 15-wk post-treatment Lat cohort). Averages were analyzed by ANOVA with Tukey’s 
multi-comparison post-hoc test, using GraphPad Prism version 7.00 for Windows (GraphPad Software, La Jolla, 
CA, USA). Based on the standard deviation of the mean IOP for each cohort at the pre-treatment age (Naïve 
0.89 mmHg, BAK 1.06 mmHg, Lat 1.96 mmHg), the study had 80% power (α = 0.05) to detect differences of 
1.17 mmHg, 1.4 mmHg, and 2.35 mmHg, respectively, for a two-sample t-test. The person providing daily eye 
drops to the mice was the same as the person performing IOP measurements and was thus familiar by sight with 
the individual mice and was not masked.

Measurement of CCT. Mice were anesthetized with ketamine/xylazine (intraperitoneal injection of 100 mg 
ketamine and 10 mg xylazine/kg body weight; Ketaset, Fort Dodge Animal Health, Fort Dodge, IA, USA; AnaSed, 
Lloyd Laboratories, Shenandoah, IA, USA). A heating pad provided supplemental indirect warmth during both 
the induction of anesthesia and recovery. Immediately after anesthesia, the eyes were hydrated with balanced 
salt solution (BSS; Alcon Laboratories, Fort Worth, TX, USA). After recordings were completed, yohimbine was 
administered to avoid potential side effects of anesthesia37 (intraperitoneal injection 2 mg/kg of body weight; 
Yobine®, Lloyd, Inc., Shenandoah, IA, USA) and the mouse was placed into an empty cage for recovery. Corneal 
images of both eyes of each mouse were obtained using a Bioptigen SD-OCT (Bioptigen, Inc., Durham, NC, USA) 
with a 12-mm telecentric bore, a reference arm position of 1048, and with the pupil centered in the volume inten-
sity projection. Scan parameters were as follows: radial volume scans 2.0 mm in diameter, 1000 A-scans/B-scan, 
100 B-scans/volume, 1 frame/B-scan, 1 volume and each A-scan had 1024 pixels. For each eye, the CCT and the 
thicknesses of the epithelium and stroma were determined using vertical angle-locked B-scan calipers and the 
Bioptigen InVivoVue computer software. The inside edges of the calipers were aligned with the respective surfaces 
as described (see Supplemental Fig. S1)38. Results were analyzed using repeated measures paired ANOVA with 
Dunnett correction for multiple comparisons. Based on the standard deviation of the mean CCT for each cohort 
at the pre-treatment age (Naïve 3.24 μm, BAK 4.1 μm, Lat 2.68 μm), the study had 80% power (α = 0.05) to detect 
differences of 4.3 μm, 5.4 μm, and 3.2 μm, respectively, for a two-sample t-test. CCT data were collected in a 
masked fashion by a person separate from the one providing the daily eye drops to the mice.
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Automated segmentation of CCT images. A multi-resolution graph-based approach was also used, as 
described previously38, to segment the same images used to determine CCT manually as explained in the preced-
ing section. Briefly, the volumes were preprocessed to remove any speckle noise, and then down-sampled by a fac-
tor of four and two. For all resolutions, volumetric surface-cost images (i.e., c1 (x, y, z), c2 (x, y, z), and c3 (x, y, z))  
were derived from the volume as inputs to the graph-theoretic approach. Cost images were generated using a 
3D recursive Gaussian filter. For each image slice (400 rows by 200 columns), 200 thicknesses were determined 
between the two surfaces, resulting in 20,000 measurements of thickness for the 100 slices per volume. These were 
averaged to obtain a mean CCT value.

Slit-lamp examination. The slit-lamp examination was performed after 14 weeks of treatment with latan-
oprost. Anterior chamber phenotypes were assessed in conscious mice, using a slit lamp at 25 × magnification 
(SL-D7; Topcon, Tokyo, Japan), and photodocumented using a digital camera (D800; Nikon, Tokyo, Japan). All 
photographs were taken in a single session, with: identical slit-lamp settings; the slit-lamp arm in the same posi-
tion; and identical camera settings. For the iris images shown in the figure, the images were cropped and reduced 
in size. For the quantification of iris color, digital images were analyzed using Adobe Photoshop software (Adobe 
Systems Inc., San Jose, CA, USA). For 1 in-focus image of the left eye of each mouse, RGB-values were meas-
ured for a sample area of each iris. The Elliptical Marquee tool was used to select sample areas (250 pixels × 250 
pixels, approximately the size of the pupil) in the same location of each image, approximately one pupil width 
away from the pupil. Slight vertical adjustment was allowed to avoid photography artifacts. For each sample, the 
“blur-average” filter was applied, and then the Eyedropper tool was used to measure the R-, G-, and B-values of 
each sample area. These values were averaged for each treatment group and compared using ANOVA with Tukey’s 
multi-comparison post-hoc test.

Tissue collection, RNA extraction, and RT-PCR. Immediately after the mice were euthanized, enucle-
ated eyes were dissected in RNAlater solution (Ambion, Applied Biosystems, Carlsbad, CA, USA) and the cornea 
and iris were collected. Both corneas, and separately both irises, from each mouse were pooled, and the samples 
were lysed and homogenized using a tissue grinder (Tissue-Tearor, Biospec Products, Inc) for 1.5 min on ice. Total 
RNA was extracted using the miRVana™ microRNA Isolation Kit (Ambion, Life Technologies, Carlsbad CA, 
USA), and traces of genomic DNA were removed using the DNA-free kit (Ambion, Applied Biosystems, Carlsbad, 
CA, USA) following the manufacturer’s instructions. RNA was reverse transcribed using the iScript™ cDNA 
Synthesis Kit (Bio-Rad Laboratories Inc., Hercules, CA, USA) according to the manufacturer’s instructions. Most 
of the primers for qPCR were designed using Primer-BLAST39; the exceptions were those for β-actin and Mmp3, 
which were designed using the Primer 3 software40. The sequences of all primers are provided in Supplemental 
Table S1. Quantitative PCR was performed using a SYBR green mastermix (iQ SYBR Green Supermix; Bio-Rad 
Laboratories, Hercules, CA, USA) and a real-time PCR detection system (C1000 Thermal Cycler; Bio-Rad 
Laboratories, Hercules, CA, USA). The composition of the reaction mix was 1x SYBR green mastermix, 200 nM 
of each primer and 1 ng/uL RNA. PCR conditions were: 95 °C for 3 minutes, followed by 40 × (95 °C for 10 sec-
onds, 60 °C for 20 seconds). PCR products were subjected to melting-curve analysis to ensure that only a single 
product was amplified. Each experiment included 3 technical replicates of each RNA sample. The data were 
analyzed using Bio-Rad CFX Manager software. Primer efficiency was generally determined using a standard 
curve constructed with 5 points for each tissue. The exception was the Mmp9 primer set, for which retinal tissue 
was used, because the efficiency with the corneal tissue was too low. For each transcript, Ct values for each sam-
ple were determined using Bio-Rad CFX Manager, and then averaged and normalized to values for β-actin and 
HPRT (hypoxanthine-guanine phosphoribosyltransferase). Statistical analysis was performed using ANOVA with 
Tukey’s multi-comparison post-hoc test.

Results
Treatment with latanoprost lowers IOP in the short, but not long term. In order to study the 
effects of daily latanoprost application on mouse eyes, we obtained a cohort of C57BL/6J mice from a commercial 
source, randomly assigned individual mice to 1 of 3 groups (Lat, BAK, or Naïve) and, after 2 weeks of acclimatiza-
tion to our facility, initiated our protocol. Prior to treatment (pre-treatment) the mean IOPs of the Lat, BAK, and 
Naïve groups were indistinguishable (15.08 ± 1.96 mmHg, 15.53 ± 1.06 mmHg, and 15.68 ± 0.89 mmHg, respec-
tively). Thereafter, each morning, the mice were treated with 0.005% latanoprost (Lat), were treated with 0.02% 
benzalkonium chloride (BAK), or were handled (Naive), but did not receive ocular treatment. The IOP for each 
eye was measured and compared to that in eyes from mice in the Naïve and BAK treated groups, two weeks in a 
row at early (weeks 1 and 2), and two weeks in a row at late (weeks 14 and 15) time points. Early in the treatment 
period at week 1, the mean IOP for the Lat group (13.17 ± 1.38 mmHg) was significantly lower than that for either 
the Naïve (15.5 ± 1.40 mmHg; p = 0.0024) or BAK-treated (14.8 ± 1.612 mmHg; p = 0.0435) group (Fig. 1a,b). 
At week 2, the mean IOP for the Lat group (13.87 ± 1.59 mmHg) was still significantly lower than that for the 
Naïve group (16.02 ± 1.52 mmHg; p = 0.0076), but not for the BAK group (15.28 ± 1.49 mmHg; p = 0.0984). 
However, late in the treatment period Lat no longer lowered IOP. After 14 weeks of treatment, the IOP of the Lat 
group (18.53 ± 1.66 mmHg) was actually higher than that in both the Naïve (17.42 ± 1.53 mmHg; p = 0.26) and 
BAK-treated groups (15.46 ± 1.73 mmHg; p = 0.0004) (Fig. 1). After 15 weeks of treatment, latanoprost remained 
ineffective, with no statistically significant differences in IOP between the groups, but a continued trend for ele-
vated IOP within the Lat group (16.13 ± 1.45 mmHg, Lat; 14.8 ± 0.83 mmHg, Naïve; 15.14 ± 1.51 mmHg, BAK) 
(Fig. 1b). Collectively, these results indicate that although latanoprost is initially effective in reducing IOP in 
C57BL/6 J mice, after several weeks of treatment it loses efficacy.
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Long-term treatment with BAK consistently leads to significant thinning of the cornea. Changes  
in CCT are a well-documented side-effect of latanoprost use in humans41–43. In order to determine whether 
sustained latanoprost treatment has the same effect in mice, CCT of the 3 groups was analyzed manually at 
baseline, early (weeks 1 and 2) and late (weeks 11 and 12) time points. In the case of the Naïve group total 
CCT did not change significantly across the pre-treatment, early, and late time points (106.4 ± 3.24 µm, 
106.1 ± 4.09 µm, 108.1 ± 4.12 µm, 105.9 ± 5.09 µm, 107.9 ± 2.47 µm; respectively), indicating that total CCT does 
not change detectably as a function of age in C57BL/6 J mice (Fig. 2a,b). In the case of the BAK group, total CCT 
decreased over the course of the experiment (113.8 ± 4.10 µm, 112.4 ± 3.89 µm, 112.1 ± 2.77 µm, 106.6 ± 6.29 µm, 
105.4 ± 3.03 µm for pre-treatment, weeks 1, 2, 11 and 12, respectively), with a significant difference between 
the late versus pre-treatment time points (p = 0.0046 and p = 0.0051). For the Lat group, total CCT changed 
in a more complex pattern (109.9 ± 2.68 µm, 113.3 ± 4.12 µm, 111.7 ± 6.30 µm, 106.9 ± 3.55 µm, 105.9 ± 4.08 for 

Figure 1. Effects of latanoprost and BAK treatments on IOP in C57BL/6J mice. (a) Mean (±SD) IOP values 
for the indicated treatment groups at pre, early (1 week and 2 weeks), and late (14 and 15 weeks) time points, 
normalized to the mean of the Naïve group at that time point. A One-way ANOVA with Tukey’s multi-
comparison post-hoc test was performed and the results of the multiple comparisons are shown as: *P < 0.05, 
**P < 0.01, ***P < 0.001. (b) Scatter plot of all IOP data with the corresponding P value for the ANOVA analysis 
indicated. n = 5 mice and 10 data points (Naïve), 5 mice and 10 data points (BAK, note that week 1 had 9 data 
points) and 6 mice and 12 data points (Lat, note that week 15 had 11 data points). (c) Same data as in panel 
(b), but plotted as IOP measurements over time for each eye of the Lat group (see Supplemental Figure S2 for 
additional groups).
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pre-treatment, weeks 1, 2, 11 and 12, respectively), with a significant increase in total CCT from the pre-treatment 
to week 1 (p = 0.0192) followed by a decrease from pre-treatment to week 12 (p = 0.0236). Because the Lat group 
was treated with a commercial formulation of latanoprost that also contains the same concentration of BAK 
that we used (0.02%), the interpretation of this experiment is not straightforward, but the data suggest that BAK 
causes a decrease in CCT that can be partially mitigated by the presence of latanoprost. Notably, the correlation 
between measurements of total CCT of the same samples made manually and by automated segmentation was 
high (r2 was 0.646) (Fig. 2c). Thus, both analysis methodologies led to similar conclusions (data not shown). At 
baseline, there were no correlations between IOP and CCT (r2 was 0.00374) (Fig. 2d), indicating that within this 
range of CCT values, CCT likely does not cause a detectable deviation in tonometer readings of IOP.

To determine if the tested treatments have tissue-specific effects on the cornea, we additionally analyzed the 
thickness of both the corneal epithelium and the corneal stroma in all samples (Fig. 3). Epithelial thickness, which 
ranged from 32–50 µm, exhibited a complex pattern of differences, with multiple changes in thickness detected 
across the treatment groups (Fig. 3a). Notably, sustained treatment led to a significant decrease in epithelial thick-
ness in both the BAK and Lat groups (BAK pre-treatment 39.7 ± 1.06 µm versus BAK week 11 37.3 ± 2.16 µm, 
p = 0.0215; Lat pre-treatment 41.0 ± 1.13 µm versus Lat week 11 38.67 ± 2.27 µm, p = 0.018). In contrast, stromal 
thickness, which ranged from 60–70 µm, showed only a single statistically significant difference across the groups 
(Fig. 3b), a reduction in thickness for the group treated with BAK long term (BAK pre-treatment 79.0 ± 4.39 µm 
versus BAK week 11 72.7 ± 5.14 µm, p = 0.0053). In summary, these results are reflective of what was observed 
for total CCT: BAK causes a decrease in CCT that can be partially mitigated in the stroma by the co-presence of 
latanoprost.

Figure 2. Effects of latanoprost and BAK treatments on the CCT in C57BL/6J mice. (a) Mean (±SD) CCT 
values pre, early (1 week and 2 weeks), and late (11 and 12 weeks) time points in Naive, BAK, and Lat treatments 
groups, normalized to the mean of the CCT determined pre-treatment. A repeated measures paired ANOVA 
analysis with the Dunnett post-hoc test was performed and the results of the multiple comparison are shown 
as: *P < 0.05, **P < 0.01. Also note, the pattern of changes in CCT for each cohort does not match the changes 
in IOP, see Fig. 1a. (b) Scatter plot of all CCT data with the corresponding P value for the repeated measures 
paired ANOVA analysis indicated. (c) Correlation of manually and automatically determined CCT values. 
(d) Correlation of manually determined CCT and IOP for all eyes at the pre-treatment time point. n = 5 mice 
(Naïve), 5 mice (BAK), and 6 mice (Lat).
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Sustained treatment with BAK or latanoprost does not change iris pigmentation. Among 
the known side-effects of latanoprost treatment in humans, darkening of the iris is one of the most common44. 
Latanoprost changes iris pigmentation by stimulating eumelanogenesis45, through a mechanism that is thought 
to involve increased transcription of the tyrosinase gene46–48. Although latanoprost is capable of increasing tyrosi-
nase activity in cultured mouse epidermal melanocytes49, its effects on mouse iris pigmentation in vivo have not 
been reported. No qualitative differences in iris pigmentation were observed at any time-point after treatment in 
mice. To qualitatively determine the state of iris pigmentation in the three groups of mice, slit-lamp examination 
was performed at 14 weeks of treatment. The irides were dark brown, and no overt changes to the iridocorneal 
angle or lens were present. There were no qualitative (Fig. 4a) or quantitative (Fig. 4b) changes in iris pigmenta-
tion between the three groups. Thus, the darkly pigmented iris of C57BL/6 J mice appears to be insensitive to this 
side-effect of latanoprost. All eyes examined by slit-lamp were characterized by clear corneas, absence of cataracts 
and normal appearing anterior chambers.

Long-term treatment with BAK and latanoprost do not cause changes in the expression of matrix  
metalloprotease or pigment-related genes. Several studies have assessed changes in gene transcription 
following latanoprost treatment22,50–53. Thus, at the conclusion of our study, we collected tissues for the analysis 
of candidate genes in the cornea and iris. Among potential candidates, we chose to focus on Mmp2, Mmp3, and 
Mmp9 in the cornea, and Tyr and Tyrp1 in the iris. RT-PCR revealed only one, significant difference in expres-
sion of the Mmp genes, a decrease in Mmp2 mRNA levels in the context of BAK treatment (0.56 fold decrease, 
p = 0.0405) (Fig. 5a). Similarly, RT-PCR-based examination of the iridial expression of Tyr and Tyrp1 in each of 
the groups revealed no significant differences (Fig. 5b).

Figure 3. Effects of latanoprost and BAK treatments on the thickness of the epithelium and stromal layers of 
the central cornea in C57BL/6J mice. (a) Mean (±SD) thickness values for epithelium for pre, early (1 week and 
2 weeks), and late (11 and 12 weeks) normalized to the mean thickness of the layer determined pre-treatment. 
(b) Scatter plot of all epithelium thickness values with the corresponding P value for the repeated measures 
paired ANOVA analysis indicated. (c) Mean (±SD) stroma thickness values for stroma for pre, early (1 week 
and 2 weeks), and late (11 and 12 weeks) normalized to mean thickness of the layer determined pre-treatment. 
(d) Scatter plot of all stromal thickness values with the corresponding P value for the repeated measures paired 
ANOVA analysis indicated. A repeated measures paired ANOVA analysis with the Dunnett post-hoc test was 
performed and the results of the multiple comparison are shown as: *P < 0.05, **P < 0.01 in (a,c), respectively. 
n = 5 mice (Naïve), 5 mice (BAK), and 6 mice (Lat).
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Discussion
The current study shows that in C57BL/6 J mice, latanoprost is an efficient IOP-lowering drug for short-term, but 
not sustained, treatment. Anatomically, the cornea and iris of treated mice were relatively unaffected by sustained 
latanoprost treatment. Consistent with findings from other studies54, long-term treatment with the preservative 
present in commercial latanoprost, BAK, leads to corneal thinning. In comparing our findings to those from clin-
ical studies conducted in humans, we noted both similarities and differences, all of which are relevant to ongoing 
studies of ophthalmic drug development and glaucoma.

A major physiological finding in the current study was that IOP in C57BL/6J mice is initially lowered by 
latanoprost. In humans, latanoprost treatment has typically been reported to reduce IOP by ~20–35% (start-
ing approximately 2–4 h after the first treatment with the peak effect reached at 8–12 h, and the maximum IOP 
decrease typically attained 3–5 weeks into the treatment)55, with a > 25% improvement often observed in primary 
open-angle glaucoma patients56,57 and <20% improvement more typical in patients with normal tension glau-
coma or ocular hypertension58–60. Several studies have shown that latanoprost significantly influences uveoscleral 
outflow61,62. Among these there is a relatively small (n = 30 participants), but detailed, study of aqueous humor 
dynamics, which revealed that subjects with ocular hypertension and treated with latanoprost had increased uve-
oscleral outflow both 1 week and 6 weeks after treatment, and that other components of aqueous humor dynam-
ics were not affected58. As expected from previous studies18,20,21,63, we observed that with short-term treatment, 
latanoprost reduced the IOP of standard inbred C57BL/6J mice by 13%. Thus, the initial IOP-lowering response 
we observed in mice is generally consistent with predictions based on human studies, as well as with other studies 
showing that mice have an active uveoscleral outflow pathway that influences IOP21,24.

The second physiological finding of this study is that after 14–15 weeks of treatment, the mice treated with 
latanoprost no longer exhibited the improvements observed early in the study. Relatively few studies have specif-
ically attempted to study latanoprost non-responsiveness in humans (Reviewed in55), though the phenomenon 
has been observed repeatedly. For example, Noecker et al. found that 28–35% of patients failed to achieve a 15% 
reduction in IOP after 6 months of daily latanoprost use64, and Rossetti et al. found that 4.1% of patients failed to 
achieve a 15% reduction after 1 month of daily treatment with latanoprost7. Which factors are predictive of latan-
oprost responsiveness is not clear, but likely contributors are age5, ethnicity5,65, and type of glaucoma66. Several 
hypotheses regarding the underpinnings of latanoprost non-responsiveness have been proposed, including pos-
sible differences in function or expression of PG receptors, and differences in levels of corneal esterase, an enzyme 
required for conversion of the latanoprost prodrug to its bioactive form62,67–72. Although it was beyond the scope 
of the current study to attempt to test these hypotheses, our identification of this loss in responsiveness suggests 
that the C57BL/6J strain of inbred mice would be a tractable resource for a wide variety of mechanistic studies of 
changes in responsiveness and could promote advances in how latanoprost is used in humans.

Figure 4. Effects of latanoprost and BAK treatments on iris pigmentation in C57BL/6J mice. (a) Representative 
slit lamp images of eyes for indicated treatment group after 14 weeks of treatment. (b) Mean color intensity at 14 
weeks, for indicated treatment group. Means ± SD, as determined by ANOVA with Tukey’s multi-comparison 
post-hoc test. n = 5 mice (Naïve), 5 mice (BAK), and 6 mice (Lat).
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One unexpected observation from the IOP study was that sustained latanoprost treatment seemed to not 
only result in an inability of latanoprost to decrease IOP but may actually elevate IOP (note Lat cohort at late 
time points in Fig. 1). Though corneas of all mice were clear and apparently undamaged through 14 weeks of 
treatment, it is possible that Lat treatment at a concentration designed for human eyes was in fact ultimately 
damaging to mouse eyes with sustained treatment, causing IOP to elevate. Alternatively, the effect could be the 
consequence of mice becoming hyper-responsive to handling and suffering from a stress-related elevation of IOP. 
Approximately half of the eyes in this study (across all treatment groups;17/32) had >10% higher IOP measure-
ments at week 14 compared to the base-line (see Supplemental Table 2). At week 15 most of these were closer 
to baseline, except in the Lat group which tended to remain elevated (see Supplemental Table 2). Regardless, we 
point out this pattern of IOP elevation as a curiosity that was apparent at both the 14- and 15-weeks time-points.

Our analysis of the influence of latanoprost application on the cornea identified anatomical changes. Although 
latanoprost is generally well-tolerated, previous studies in a variety of systems revealed that latanoprost formu-
lations that contain the preservative BAK can have detrimental effects on corneal cells. Among these effects are 
epithelial cytotoxicity73–75, an increase in the incidence of ocular surface disease76–78, and delays in corneal wound 
healing79. All of these effects are largely dependent on BAK75,80,73–81. Although we did not assay most of these 
parameters related to the surface in the current study, the fact that all of the corneas in all of the treatment groups 
remained clear indicates that overt surface disease is absent. Nevertheless, based on the findings of Barabino et al.,  
who also studied C57BL/6 mice treated with BAK (5 μL of 0.2 mg/mL or 0.02%, 4 times a day for 7 days), we 
suspect that treatment with solutions containing BAK likely caused sub-clinical damage to the corneal surface in 
our mice82.

Figure 5. Effects of latanoprost and BAK treatments on corneal and iridial gene expression in C57BL/6J mice. 
(a) Mean levels of Mmps2, Mmps3 and Mmps9 mRNAs in cornea after 16 weeks of treatment. (b) Mean levels of 
Tyr and Tyrp mRNAs in iris. Mean ± SD, as determined by ANOVA with Tukey’s multi-comparison post-hoc 
test. *P < 0.05. n = 5 mice (Naïve), 5 mice (BAK), and 6 mice (Lat).
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A variety of studies in humans have shown that prolonged treatment with latanoprost tends to lead to 
decreased CCT41,42,83. Our current study revealed a similar, though not statistically significant, overall trend 
toward a decrease in CCT during sustained latanoprost treatment. In our experiment, the thinning appeared 
to be driven primarily by BAK-associated reductions in thickness of the epithelium and stroma. Our analysis of 
corneal thickness yielded two unexpected findings. First, measurements of epithelial thickness were unstable; 
particularly puzzling was a significant increase in thickness in all three groups at the early time points, including 
in the Naïve cohort. Our current experiments do not distinguish whether this was an effect of age, subtle envi-
ronmental influences, or epithelial disruption. Biological influences of some of these factors have been partially 
studied in humans84, but much remains unknown. Second, the commercial preparation of latanoprost (which 
contains both latanoprost and BAK) was associated with less thinning than the BAK solution. Our current exper-
iments do not distinguish whether this was because of a slight difference between our BAK formulation and the 
proprietary commercial solution, or a biological feature of latanoprost that can mitigate thinning associated with 
BAK. Several previous studies also found that BAK on its own is more detrimental than BAK with a PG, though 
those studies primarily assessed different phenotypes75,79,85.

The molecular consequences of latanoprost application that influence ocular anatomy and physiology remain 
incompletely understood, but in the cases of the effects on both IOP86–88 and the cornea51, they likely involve 
activation of matrix metalloproteinases, which have independently been implicated in glaucoma in multiple 
ways89,90. With respect to corneal gene transcription, we tested transcript levels of Mmp3 and Mmp9, both of 
which were previously found to be increased in the tears of PG-treated patients51 as well as in various types of 
corneal wounds91,92. In addition, in the cornea and conjunctiva of ddY mice, levels of Mmp9, but not Mmp1, were 
increased after two months of treatment with latanoprost22. Thus, we hypothesized that BAK or latanoprost might 
elevate levels of Mmp2, Mmp3, and/or Mmp9 transcripts, an outcome that might have accounted for the corneal 
thinning in this context. Our finding that BAK is associated with only a single statistically significant difference, 
a modest reduction in levels of the Mmp2 transcript, is inconsistent with a finding reported by Sharma et al. in 
rats. This group studied the influence of BAK on wounded rat corneas and found no statistical difference in Mmp2 
transcript levels91. Furthermore, our results are inconsistent with the observation that levels of the Mmp9 tran-
script increase in ddY mice after two months of treatment with latanoprost22. We presume that methodological 
differences in the studies underlie the differing outcomes; additional experiments would be necessary to test this 
possibility. In summary, our experiments did not identify any increase in levels of transcription of these candidate 
Mmps that provide insight into why sustained BAK treatment leads to corneal thinning in mice.

The final ocular phenotype we examined in the current study was iris pigmentation. Notably, this typically 
increases in humans following sustained latanoprost use2, for example 12, 23 and 11% of patients from USA, 
United Kingdom and Scandinavia after one year of treatment93, but was unaltered by our treatment regime in 
C57BL/6J mice. As with other actions of latanoprost, the mechanism leading to iris darkening is incompletely 
understood. However this side-effect is common to all of the IOP-lowering PG analogs9–11, occurs in the absence 
of BAK94, and tends to be more pronounced in eyes with certain iris colors (green-brown, yellow-brown)95. 
Interestingly, studies from Japan have shown that even in eyes with brown irises, darkening is present (up to 
60%)44,96, which is conflicting with what was observed in studies from Europe and USA. Latanoprost was previ-
ously found to stimulate both the transcription of tyrosinase, the rate-limiting catalyst of melanin synthesis in 
melanosomes, in iridial melanocytes of cynomologus monkeys, cultivated iridial melanocytes and iridial tissue 
from humans47. Increased activity of tyrosinase was detected in cultured human iridial melanocytes and human 
cell lines47. One possible, though speculative, explanation for the species-dependent difference that we observed 
in mice relates to the abundance of iris fibroblasts. These cells have been proposed to be important in mediating 
the pigment stimulating effect of latanoprost in melanocytes97, and are much more abundant in humans than in 
mice31.

Although this study uncovered previously unknown aspects of sustained latanoprost treatment in mice, it 
has caveats that warrant mention. First, our experimental design included completely random, pre-treatment 
division of mice into 3 study groups. Despite the fact that all the mice used were inbred and obtained from The 
Jackson Laboratory as part of a single shipment, the mean CCT values for the study groups by chance differed 
from the outset (compare the pre-treatment time points of each group in Fig. 2b). This peculiarity highlights the 
importance of this challenge, which is inherent to the random design approach, which we had used in an effort 
to promote robustness. Because of this result, our data are presented with and without normalization, in case the 
differing baseline values resulted in biases that skewed analyses. Second, our protocol for measuring IOP specified 
a defined window of time: 2–4 hours post-treatment. Our study did not address whether the observed changes 
in responsiveness to latanoprost might be a consequence of differing kinetic effects that might have been more 
apparent at different times post-treatment18,20,63, or other circadian periods. Third, an important methodological 
distinction complicates the direct comparison of our results to humans: both groups of time points studied (after 
1 and 2 versus 14 and 15 weeks of treatment) could be considered “early” in clinical practice, i.e., the observed 
loss of responsiveness might be considered an absence of responsiveness in humans. Fourth, we did not include 
a cohort treated with a commercial preservative-free formulation of latanoprost as a control, thus our study does 
not address the consequences of treatment with latanoprost alone. Fifth, our study utilized the Lat formulation 
used in humans and also used by other researchers in mice21,27,63. Sixth, our experimental design centered on 
average group responses, not the response of individual mice. This design was selected because the mice were 
all genetically identical, sex-matched and environment matched, and IOP measurements in mice are influenced 
by many factors that are difficult to standardize. Thus, our design did not address the possibility of individual 
non-responders, an issue that would be better addressed using outbred rather than inbred mice.

Our results also have three additional specific implications that will be of particular interest to scientists using 
mice to study glaucoma98–100. The first is that long-term treatment with latanoprost may not be sufficient to ame-
liorate glaucoma in mouse models characterized by slow neurodegeneration. Second, in mice, IOP measurements 
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involving rebound tonometry do not correlate with CCT. Among these genetically identical mice subjected to 
differing treatments, changes in IOP were not predictive of changes in CCT or vice versa. Third, for any mouse 
study in which latanoprost-treatment might be a co-variate, its main effect seems to be on IOP.

In sum, this study was designed to identify the ocular consequences of latanoprost treatment in mice on a 
schedule that mimics the application of drops in human glaucoma patients, and over a prolonged period of time. 
The results suggest that latanoprost is an efficient IOP-lowering drug for short-term, but not sustained, treatment, 
in this strain of mice, and that its sustained use might lead to mild corneal thinning (statistically insignificant 
trend) without affecting iris pigmentation in this strain of mice with dark brown irides. Our current results do not 
distinguish whether this loss of responsiveness is a feature of all laboratory mice, or might be dependent on the 
genetic background, a worthwhile question to pursue in ongoing work.

References
 1. Tham, Y. C. et al. Global prevalence of glaucoma and projections of glaucoma burden through 2040: a systematic review and meta-

analysis. Ophthalmology 121, 2081–2090, https://doi.org/10.1016/j.ophtha.2014.05.013 (2014).
 2. Alm, A. Latanoprost in the treatment of glaucoma. Clin Ophthalmol 8, 1967–1985, https://doi.org/10.2147/OPTH.S59162 (2014).
 3. LATANOPROST ophthalmic solution 0.005% [package insert], Bausch + Lomb, a division of Valeant Pharmaceuticals North 

America LLC, Bridgewater, NJ (2016).
 4. Chen, R. et al. Meta-analysis of the Efficacy and Safety of Latanoprost Monotherapy in Patients With Angle-closure Glaucoma. J 

Glaucoma 25, e134–144, https://doi.org/10.1097/ijg.0000000000000158 (2016).
 5. Ikeda, Y. et al. Latanoprost nonresponders with open-angle glaucoma in the Japanese population. Jpn J Ophthalmol 50, 153–157, 

https://doi.org/10.1007/s10384-005-0293-x (2006).
 6. Inoue, K., Setogawa, A. & Tomita, G. Nonresponders to Prostaglandin Analogs Among Normal-Tension Glaucoma Patients. J Ocul 

Pharmacol Ther 32, 90–96, https://doi.org/10.1089/jop.2015.0086 (2016).
 7. Rossetti, L. et al. An evaluation of the rate of nonresponders to latanoprost therapy. J Glaucoma 15, 238–243, https://doi.

org/10.1097/01.ijg.0000212214.18018.41 (2006).
 8. Martin, L. Clinical experience with latanoprost: a retrospective study of 153 patients. Acta Ophthalmol Scand 77, 336–339 (1999).
 9. Inoue, K. Managing adverse effects of glaucoma medications. Clin Ophthalmol 8, 903–913, https://doi.org/10.2147/OPTH.S44708 (2014).
 10. Hollo, G. The side effects of the prostaglandin analogues. Expert Opin Drug Saf 6, 45–52, https://doi.org/10.1517/14740338.6.1.45 (2007).
 11. Alm, A., Grierson, I. & Shields, M. B. Side effects associated with prostaglandin analog therapy. Survey of ophthalmology 53(Suppl 

1), S93–105, https://doi.org/10.1016/j.survophthal.2008.08.004 (2008).
 12. Stjernschantz, J. W. & From, P. G. F. 2alpha)-isopropyl ester to latanoprost: a review of the development of xalatan: the Proctor 

Lecture. Invest Ophthalmol Vis Sci 42, 1134–1145 (2001).
 13. Crawford, K. & Kaufman, P. L. Pilocarpine antagonizes prostaglandin F2 alpha-induced ocular hypotension in monkeys. Evidence 

for enhancement of Uveoscleral outflow by prostaglandin F2. alpha. Arch Ophthalmol 105, 1112–1116 (1987).
 14. Nilsson, S. F., Samuelsson, M., Bill, A. & Stjernschantz, J. Increased uveoscleral outflow as a possible mechanism of ocular 

hypotension caused by prostaglandin F2 alpha-1-isopropylester in the cynomolgus monkey. Exp Eye Res 48, 707–716 (1989).
 15. Woodward, D. F. et al. Studies on the ocular hypotensive effects of prostaglandin F2 alpha ester prodrugs and receptor selective 

prostaglandin analogs. J Ocul Pharmacol 10, 177–193 (1994).
 16. Studer, M. E., Martin, C. L. & Stiles, J. Effects of 0.005% latanoprost solution on intraocular pressure in healthy dogs and cats. Am 

J Vet Res 61, 1220–1224 (2000).
 17. Dinslage, S., McLaren, J. & Brubaker, R. Intraocular pressure in rabbits by telemetry II: effects of animal handling and drugs. Invest 

Ophthalmol Vis Sci 39, 2485–2489 (1998).
 18. Aihara, M., Lindsey, J. D. & Weinreb, R. N. Reduction of intraocular pressure in mouse eyes treated with latanoprost. Invest 

Ophthalmol Vis Sci 43, 146–150 (2002).
 19. Avila, M. Y., Carre, D. A., Stone, R. A. & Civan, M. M. Reliable measurement of mouse intraocular pressure by a servo-null 

micropipette system. Invest Ophthalmol Vis Sci 42, 1841–1846 (2001).
 20. Husain, S., Whitlock, N. A., Rice, D. S. & Crosson, C. E. Effects of latanoprost on rodent intraocular pressure. Exp Eye Res 83, 

1453–1458, https://doi.org/10.1016/j.exer.2006.08.004 (2006).
 21. Crowston, J. G., Aihara, M., Lindsey, J. D. & Weinreb, R. N. Effect of latanoprost on outflow facility in the mouse. Invest Ophthalmol 

Vis Sci 45, 2240–2245 (2004).
 22. Honda, N. et al. Effect of latanoprost on the expression of matrix metalloproteinases and tissue inhibitor of metalloproteinase 1 on 

the ocular surface. Arch Ophthalmol 128, 466–471, https://doi.org/10.1001/archophthalmol.2010.40 (2010).
 23. Abe, S., Watabe, H., Takaseki, S., Aihara, M. & Yoshitomi, T. The effects of prostaglandin analogues on intracellular Ca2 + in ciliary 

arteries of wild-type and prostanoid receptor-deficient mice. J Ocul Pharmacol Ther 29, 55–60, https://doi.org/10.1089/
jop.2011.0197 (2013).

 24. Tam, A. L., Gupta, N., Zhang, Z. & Yucel, Y. H. Latanoprost Stimulates Ocular Lymphatic Drainage: An In Vivo Nanotracer Study. 
Transl Vis Sci Technol 2, 3, https://doi.org/10.1167/tvst.2.5.3 (2013).

 25. Ota, T., Aihara, M., Saeki, T., Narumiya, S. & Araie, M. The IOP-lowering effects and mechanism of action of tafluprost in 
prostanoid receptor-deficient mice. Br J Ophthalmol 91, 673–676, https://doi.org/10.1136/bjo.2006.105585 (2007).

 26. Ota, T., Aihara, M., Saeki, T., Narumiya, S. & Araie, M. The effects of prostaglandin analogues on prostanoid EP1, EP2, and EP3 
receptor-deficient mice. Invest Ophthalmol Vis Sci 47, 3395–3399, https://doi.org/10.1167/iovs.06-0100 (2006).

 27. Ota, T., Aihara, M., Narumiya, S. & Araie, M. The effects of prostaglandin analogues on IOP in prostanoid FP-receptor-deficient 
mice. Invest Ophthalmol Vis Sci 46, 4159–4163, https://doi.org/10.1167/iovs.05-0494 (2005).

 28. Crowston, J. G. et al. Effect of bimatoprost on intraocular pressure in prostaglandin FP receptor knockout mice. Invest Ophthalmol 
Vis Sci 46, 4571–4577, https://doi.org/10.1167/iovs.05-0723 (2005).

 29. Johnstone, M. A. & Albert, D. M. Prostaglandin-induced hair growth. Surv Ophthalmol 47(Suppl 1), S185–202 (2002).
 30. Sasaki, S., Hozumi, Y. & Kondo, S. Influence of prostaglandin F2alpha and its analogues on hair regrowth and follicular 

melanogenesis in a murine model. Exp Dermatol 14, 323–328, https://doi.org/10.1111/j.0906-6705.2005.00270.x (2005).
 31. Anderson, M. G., Hawes, N. L., Trantow, C. M., Chang, B. & John, S. W. Iris phenotypes and pigment dispersion caused by genes 

influencing pigmentation. Pigment Cell Melanoma Res 21, 565–578, https://doi.org/10.1111/j.1755-148X.2008.00482.x (2008).
 32. Lively, G. D. et al. Genetic dependence of central corneal thickness among inbred strains of mice. Invest Ophthalmol Vis Sci 51, 

160–171, https://doi.org/10.1167/iovs.09-3429 (2010).
 33. Lively, G. D., Koehn, D., Hedberg-Buenz, A., Wang, K. & Anderson, M. G. Quantitative trait loci associated with murine central 

corneal thickness. Physiol Genomics 42, 281–286, https://doi.org/10.1152/physiolgenomics.00140.2009 (2010).
 34. Savinova, O. V. et al. Intraocular pressure in genetically distinct mice: an update and strain survey. BMC Genet 2, 12 (2001).
 35. Trantow, C. M., Hedberg-Buenz, A., Iwashita, S., Moore, S. A. & Anderson, M. G. Elevated oxidative membrane damage associated 

with genetic modifiers of Lyst-mutant phenotypes. PLoS Genet 6, e1001008, https://doi.org/10.1371/journal.pgen.1001008 (2010).
 36. Trantow, C. M. et al. Lyst mutation in mice recapitulates iris defects of human exfoliation syndrome. Invest Ophthalmol Vis Sci 50, 

1205–1214, https://doi.org/10.1167/iovs.08-2791 (2009).

http://dx.doi.org/10.1016/j.ophtha.2014.05.013
http://dx.doi.org/10.2147/OPTH.S59162
http://dx.doi.org/10.1097/ijg.0000000000000158
http://dx.doi.org/10.1007/s10384-005-0293-x
http://dx.doi.org/10.1089/jop.2015.0086
http://dx.doi.org/10.1097/01.ijg.0000212214.18018.41
http://dx.doi.org/10.1097/01.ijg.0000212214.18018.41
http://dx.doi.org/10.2147/OPTH.S44708
http://dx.doi.org/10.1517/14740338.6.1.45
http://dx.doi.org/10.1016/j.survophthal.2008.08.004
http://dx.doi.org/10.1016/j.exer.2006.08.004
http://dx.doi.org/10.1001/archophthalmol.2010.40
http://dx.doi.org/10.1089/jop.2011.0197
http://dx.doi.org/10.1089/jop.2011.0197
http://dx.doi.org/10.1167/tvst.2.5.3
http://dx.doi.org/10.1136/bjo.2006.105585
http://dx.doi.org/10.1167/iovs.06-0100
http://dx.doi.org/10.1167/iovs.05-0494
http://dx.doi.org/10.1167/iovs.05-0723
http://dx.doi.org/10.1111/j.0906-6705.2005.00270.x
http://dx.doi.org/10.1111/j.1755-148X.2008.00482.x
http://dx.doi.org/10.1167/iovs.09-3429
http://dx.doi.org/10.1152/physiolgenomics.00140.2009
http://dx.doi.org/10.1371/journal.pgen.1001008
http://dx.doi.org/10.1167/iovs.08-2791


www.nature.com/scientificreports/

1 1SCIEnTIFIC RepoRts |  (2018) 8:13088  | DOI:10.1038/s41598-018-31280-1

 37. Koehn, D., Meyer, K. J., Syed, N. A. & Anderson, M. G. Ketamine/Xylazine-Induced Corneal Damage in Mice. PLoS One 10, 
e0132804, https://doi.org/10.1371/journal.pone.0132804 (2015).

 38. Robles, V. A., Antony, B. J., Koehn, D. R., Anderson, M. G. & Garvin, M. K. 3D graph-based automated segmentation of corneal layers 
in anterior-segment optical coherence tomography images of mice. Proceedings of SPIE Medical Imaging 2014: Biomedical Applications 
in Molecular, Structural, and Functional Imaging. 90380F, http://spie.org/Publications/Proceedings/Paper/10.1117/12.2043523 (2010).

 39. Ye, J. et al. Primer-BLAST: a tool to design target-specific primers for polymerase chain reaction. BMC Bioinformatics 13, 134, 
https://doi.org/10.1186/1471-2105-13-134 (2012).

 40. Untergasser, A. et al. Primer3–new capabilities and interfaces. Nucleic Acids Res 40, e115, https://doi.org/10.1093/nar/gks596 
(2012).

 41. Maruyama, Y., Mori, K., Ikeda, Y., Ueno, M. & Kinoshita, S. Effects of long-term topical prostaglandin therapy on central corneal 
thickness. J Ocul Pharmacol Ther 30, 440–444, https://doi.org/10.1089/jop.2013.0196 (2014).

 42. Zhong, Y., Shen, X., Yu, J., Tan, H. & Cheng, Y. The comparison of the effects of latanoprost, travoprost, and bimatoprost on central 
corneal thickness. Cornea 30, 861–864, https://doi.org/10.1097/ICO.0b013e3182000c27 (2011).

 43. Hatanaka, M., Vessani, R. M., Elias, I. R., Morita, C. & Susanna, R. Jr. The effect of prostaglandin analogs and prostamide on central 
corneal thickness. J Ocul Pharmacol Ther 25, 51–53, https://doi.org/10.1089/jop.2007.0125 (2009).

 44. Grierson, I., Jonsson, M. & Cracknell, K. Latanoprost and pigmentation. Jpn J Ophthalmol 48, 602–612, https://doi.org/10.1007/
s10384-004-0110-y (2004).

 45. Prota, G., Vincensi, M. R., Napolitano, A., Selen, G. & Stjernschantz, J. Latanoprost stimulates eumelanogenesis in iridial 
melanocytes of cynomolgus monkeys. Pigment Cell Res 13, 147–150 (2000).

 46. Stjernschantz, J., Ocklind, A., Wentzel, P., Lake, S. & Hu, D. N. Latanoprost-induced increase of tyrosinase transcription in iridial 
melanocytes. Acta Ophthalmol Scand 78, 618–622 (2000).

 47. Stjernschantz, J. W., Albert, D. M., Hu, D. N., Drago, F. & Wistrand, P. J. Mechanism and clinical significance of prostaglandin-
induced iris pigmentation. Surv Ophthalmol 47(Suppl 1), S162–175 (2002).

 48. Lindsey, J. D., Jones, H. L., Hewitt, E. G., Angert, M. & Weinreb, R. N. Induction of tyrosinase gene transcription in human iris 
organ cultures exposed to latanoprost. Arch Ophthalmol 119, 853–860 (2001).

 49. Kashiwagi, K., Tsukamoto, K., Suzuki, M. & Tsukahara, S. Effects of isopropyl unoprostone and latanoprost on melanogenesis in 
mouse epidermal melanocytes. J Glaucoma 11, 57–64 (2002).

 50. Helin-Toiviainen, M. et al. Conjunctival matrix metalloproteinases and their inhibitors in glaucoma patients. Acta Ophthalmol 93, 
165–171, https://doi.org/10.1111/aos.12550 (2015).

 51. Lopilly Park, H. Y., Kim, J. H., Lee, K. M. & Park, C. K. Effect of prostaglandin analogues on tear proteomics and expression of 
cytokines and matrix metalloproteinases in the conjunctiva and cornea. Exp Eye Res 94, 13–21, https://doi.org/10.1016/j.
exer.2011.10.017 (2012).

 52. Pradhan, Z. S. et al. Prostaglandin agonist effect on matrix metalloproteinase aqueous levels in glaucoma patients. Can J 
Ophthalmol 50, 6–10, https://doi.org/10.1016/j.jcjo.2014.10.006 (2015).

 53. Yamada, H., Yoneda, M., Gosho, M., Kato, T. & Zako, M. Bimatoprost, latanoprost, and tafluprost induce differential expression of 
matrix metalloproteinases and tissue inhibitor of metalloproteinases. BMC Ophthalmol 16, 26, https://doi.org/10.1186/s12886-
016-0202-8 (2016).

 54. Chen, W. et al. Corneal alterations induced by topical application of commercial latanoprost, travoprost and bimatoprost in rabbit. 
PLoS One 9, e89205, https://doi.org/10.1371/journal.pone.0089205 (2014).

 55. Digiuni, M., Fogagnolo, P. & Rossetti, L. A review of the use of latanoprost for glaucoma since its launch. Expert Opin Pharmacother 
13, 723–745, https://doi.org/10.1517/14656566.2012.662219 (2012).

 56. Aptel, F., Cucherat, M. & Denis, P. Efficacy and tolerability of prostaglandin analogs: a meta-analysis of randomized controlled 
clinical trials. J Glaucoma 17, 667–673, https://doi.org/10.1097/IJG.0b013e3181666557 (2008).

 57. van der Valk, R. et al. Intraocular pressure-lowering effects of all commonly used glaucoma drugs: a meta-analysis of randomized 
clinical trials. Ophthalmology 112, 1177–1185, https://doi.org/10.1016/j.ophtha.2005.01.042 (2005).

 58. Johnson, T. V., Fan, S., Zhan, G., Camras, C. B. & Toris, C. B. Efficacy and mechanisms of intraocular pressure reduction with 
latanoprost and timolol in participants with ocular hypertension: a comparison of 1 and 6 weeks of treatment. J Glaucoma 19, 
356–364, https://doi.org/10.1097/IJG.0b013e3181d12dd8 (2010).

 59. Faridi, U. A. et al. Comparative study of three prostaglandin analogues in the treatment of newly diagnosed cases of ocular hypertension, 
open-angle and normal tension glaucoma. Clin Exp Ophthalmol 38, 678–682, https://doi.org/10.1111/j.1442-9071.2010.02305.x (2010).

 60. Ang, A., Reddy, M. A., Shepstone, L. & Broadway, D. C. Long term effect of latanoprost on intraocular pressure in normal tension 
glaucoma. Br J Ophthalmol 88, 630–634 (2004).

 61. Lim, K. S. et al. Mechanism of action of bimatoprost, latanoprost, and travoprost in healthy subjects. A crossover study. 
Ophthalmology 115, 790–795 e794, https://doi.org/10.1016/j.ophtha.2007.07.002 (2008).

 62. Toris, C. B., Gabelt, B. T. & Kaufman, P. L. Update on the mechanism of action of topical prostaglandins for intraocular pressure 
reduction. Surv Ophthalmol 53(Suppl 1), S107–120, https://doi.org/10.1016/j.survophthal.2008.08.010 (2008).

 63. Ota, T., Murata, H., Sugimoto, E., Aihara, M. & Araie, M. Prostaglandin analogues and mouse intraocular pressure: effects of 
tafluprost, latanoprost, travoprost, and unoprostone, considering 24-hour variation. Invest Ophthalmol Vis Sci 46, 2006–2011, 
https://doi.org/10.1167/iovs.04-1527 (2005).

 64. Noecker, R. S. et al. A six-month randomized clinical trial comparing the intraocular pressure-lowering efficacy of bimatoprost and 
latanoprost in patients with ocular hypertension or glaucoma. Am J Ophthalmol 135, 55–63 (2003).

 65. Hedman, K. & Larsson, L. I. The effect of latanoprost compared with timolol in African-American, Asian, Caucasian, and Mexican 
open-angle glaucoma or ocular hypertensive patients. Surv Ophthalmol 47(Suppl 1), S77–89 (2002).

 66. Strungaru, M. H., Dinu, I. & Walter, M. A. Genotype-phenotype correlations in Axenfeld-Rieger malformation and glaucoma 
patients with FOXC1 and PITX2 mutations. Invest Ophthalmol Vis Sci 48, 228–237, https://doi.org/10.1167/iovs.06-0472 (2007).

 67. Doucette, L. P. & Walter, M. A. Prostaglandins in the eye: Function, expression, and roles in glaucoma. Ophthalmic Genet, 1–9, 
https://doi.org/10.3109/13816810.2016.1164193 (2016).

 68. Gao, L. C. et al. Influence of PTGS1, PTGFR, and MRP4 genetic variants on intraocular pressure response to latanoprost in Chinese 
primary open-angle glaucoma patients. Eur J Clin Pharmacol 71, 43–50, https://doi.org/10.1007/s00228-014-1769-8 (2015).

 69. McCarty, C. A., Berg, R., Patchett, R., Wilke, R. A. & Burmester, J. K. Lack of association between polymorphisms in the prostaglandin 
F2alpha receptor and solute carrier organic anion transporter family 2A1 genes and intraocular pressure response to prostaglandin 
analogs. Ophthalmic Genet 33, 74–76, https://doi.org/10.3109/13816810.2011.628357 (2012).

 70. Sakurai, M., Higashide, T., Ohkubo, S., Takeda, H. & Sugiyama, K. Association between genetic polymorphisms of the prostaglandin 
F2alpha receptor gene, and response to latanoprost in patients with glaucoma and ocular hypertension. Br J Ohthalmol 98, 469–473, 
https://doi.org/10.1136/bjophthalmol-2013-304267 (2014).

 71. Sakurai, M., Higashide, T., Takahashi, M. & Sugiyama, K. Association between genetic polymorphisms of the prostaglandin F2alpha 
receptor gene and response to latanoprost. Ophthalmology 114, 1039–1045, https://doi.org/10.1016/j.ophtha.2007.03.025 (2007).

 72. Ussa, F. et al. Association between SNPs of Metalloproteinases and Prostaglandin F2alpha Receptor Genes and Latanoprost 
Response in Open-Angle Glaucoma. Ophthalmology 122, 1040–1048.e1044, https://doi.org/10.1016/j.ophtha.2014.12.038 (2015).

 73. Tripathi, B. J., Tripathi, R. C. & Kolli, S. P. Cytotoxicity of ophthalmic preservatives on human corneal epithelium. Lens Eye Toxic 
Res 9, 361–375 (1992).

http://dx.doi.org/10.1371/journal.pone.0132804
http://spie.org/Publications/Proceedings/Paper/10.1117/12.2043523
http://dx.doi.org/10.1186/1471-2105-13-134
http://dx.doi.org/10.1093/nar/gks596
http://dx.doi.org/10.1089/jop.2013.0196
http://dx.doi.org/10.1097/ICO.0b013e3182000c27
http://dx.doi.org/10.1089/jop.2007.0125
http://dx.doi.org/10.1007/s10384-004-0110-y
http://dx.doi.org/10.1007/s10384-004-0110-y
http://dx.doi.org/10.1111/aos.12550
http://dx.doi.org/10.1016/j.exer.2011.10.017
http://dx.doi.org/10.1016/j.exer.2011.10.017
http://dx.doi.org/10.1016/j.jcjo.2014.10.006
http://dx.doi.org/10.1186/s12886-016-0202-8
http://dx.doi.org/10.1186/s12886-016-0202-8
http://dx.doi.org/10.1371/journal.pone.0089205
http://dx.doi.org/10.1517/14656566.2012.662219
http://dx.doi.org/10.1097/IJG.0b013e3181666557
http://dx.doi.org/10.1016/j.ophtha.2005.01.042
http://dx.doi.org/10.1097/IJG.0b013e3181d12dd8
http://dx.doi.org/10.1111/j.1442-9071.2010.02305.x
http://dx.doi.org/10.1016/j.ophtha.2007.07.002
http://dx.doi.org/10.1016/j.survophthal.2008.08.010
http://dx.doi.org/10.1167/iovs.04-1527
http://dx.doi.org/10.1167/iovs.06-0472
http://dx.doi.org/10.3109/13816810.2016.1164193
http://dx.doi.org/10.1007/s00228-014-1769-8
http://dx.doi.org/10.3109/13816810.2011.628357
http://dx.doi.org/10.1136/bjophthalmol-2013-304267
http://dx.doi.org/10.1016/j.ophtha.2007.03.025
http://dx.doi.org/10.1016/j.ophtha.2014.12.038


www.nature.com/scientificreports/

1 2SCIEnTIFIC RepoRts |  (2018) 8:13088  | DOI:10.1038/s41598-018-31280-1

 74. Hakkarainen, J. J. et al. Acute cytotoxic effects of marketed ophthalmic formulations on human corneal epithelial cells. Int J Pharm 
511, 73–78, https://doi.org/10.1016/j.ijpharm.2016.06.135 (2016).

 75. Pellinen, P. et al. The cytotoxic effects of preserved and preservative-free prostaglandin analogs on human corneal and conjunctival 
epithelium in vitro and the distribution of benzalkonium chloride homologs in ocular surface tissues in vivo. Curr Eye Res 37, 
145–154, https://doi.org/10.3109/02713683.2011.626909 (2012).

 76. Leung, E. W., Medeiros, F. A. & Weinreb, R. N. Prevalence of ocular surface disease in glaucoma patients. J Glaucoma 17, 350–355, 
https://doi.org/10.1097/IJG.0b013e31815c5f4f (2008).

 77. Stewart, W. C., Stewart, J. A. & Nelson, L. A. Ocular surface disease in patients with ocular hypertension and glaucoma. Curr Eye 
Res 36, 391–398, https://doi.org/10.3109/02713683.2011.562340 (2011).

 78. Actis, A. G. & Rolle, T. Ocular surface alterations and topical antiglaucomatous therapy: a review. Open Ophthalmol J 8, 67–72, 
https://doi.org/10.2174/1874364101408010067 (2014).

 79. Pinheiro, R., Panfil, C., Schrage, N. & Dutescu, R. M. The Impact of Glaucoma Medications on Corneal Wound Healing. J 
Glaucoma 25, 122–127, https://doi.org/10.1097/IJG.0000000000000279 (2016).

 80. Liang, H., Pauly, A., Riancho, L., Baudouin, C. & Brignole-Baudouin, F. Toxicological evaluation of preservative-containing and 
preservative-free topical prostaglandin analogues on a three-dimensional-reconstituted corneal epithelium system. Br J 
Ophthalmol 95, 869–875, https://doi.org/10.1136/bjo.2010.189449 (2011).

 81. Walimbe, T., Chelerkar, V., Bhagat, P., Joshi, A. & Raut, A. Effect of benzalkonium chloride-free latanoprost ophthalmic solution 
on ocular surface in patients with glaucoma. Clin Ophthalmol 10, 821–827, https://doi.org/10.2147/OPTH.S102976 (2016).

 82. Barabino, S., Antonelli, S., Cimbolini, N., Mauro, V. & Bouzin, M. The effect of preservatives and antiglaucoma treatments on the 
ocular surface of mice with dry eye. Invest Ophthalmol Vis Sci 55, 6499–6504, https://doi.org/10.1167/iovs.14-14548 (2014).

 83. Schrems, W. A. et al. The Effect of Long-term Antiglaucomatous Drug Administration on Central Corneal Thickness. J Glaucoma 
25, 274–280, https://doi.org/10.1097/IJG.0000000000000190 (2016).

 84. Belovay, G. W. & Goldberg, I. The thick and thin of the central corneal thickness in glaucoma. Eye (Lond). https://doi.org/10.1038/
s41433-018-0033-3 (2018).

 85. Hamard, P. et al. In vitro effects of preserved and unpreserved antiglaucoma drugs on apoptotic marker expression by human 
trabecular cells. Graefes Arch Clin Exp Ophthalmol 241, 1037–1043, https://doi.org/10.1007/s00417-003-0777-7 (2003).

 86. Husain, S., Yates, P. W. & Crosson, C. E. Latanoprost-induced changes in rat intraocular pressure: direct or indirect? J Ocul 
Pharmacol Ther 24, 367–372, https://doi.org/10.1089/jop.2008.0042 (2008).

 87. Oh, D. J. et al. Analysis of expression of matrix metalloproteinases and tissue inhibitors of metalloproteinases in human ciliary 
body after latanoprost. Invest Ophthalmol Vis Sci 47, 953–963, https://doi.org/10.1167/iovs.05-0516 (2006).

 88. Ooi, Y. H., Oh, D. J. & Rhee, D. J. Effect of bimatoprost, latanoprost, and unoprostone on matrix metalloproteinases and their 
inhibitors in human ciliary body smooth muscle cells. Invest Ophthalmol Vis Sci 50, 5259–5265, https://doi.org/10.1167/iovs.08-
3356 (2009).

 89. De Groef, L., Van Hove, I., Dekeyster, E., Stalmans, I. & Moons, L. MMPs in the neuroretina and optic nerve: modulators of 
glaucoma pathogenesis and repair? Invest Ophthalmol Vis Sci 55, 1953–1964, https://doi.org/10.1167/iovs.13-13630 (2014).

 90. Singh, M. & Tyagi, S. C. Metalloproteinases as mediators of inflammation and the eyes: molecular genetic underpinnings governing 
ocular pathophysiology. Int J Ophthalmol 10, 1308–1318, https://doi.org/10.18240/ijo.2017.08.20 (2017).

 91. Sharma, C. et al. Effect of fluoroquinolones on the expression of matrix metalloproteinase in debrided cornea of rats. Toxicol Mech 
Methods 21, 6–12, https://doi.org/10.3109/15376516.2010.529183 (2011).

 92. Garrana, R. M., Zieske, J. D., Assouline, M. & Gipson, I. K. Matrix metalloproteinases in epithelia from human recurrent corneal 
erosion. Invest Ophthalmol Vis Sci 40, 1266–1270 (1999).

 93. Wistrand, P. J., Stjernschantz, J. & Olsson, K. The incidence and time-course of latanoprost-induced iridial pigmentation as a 
function of eye color. Surv Ophthalmol 41(Suppl 2), S129–138 (1997).

 94. Swymer, C. & Neville, M. W. Tafluprost: the first preservative-free prostaglandin to treat open-angle glaucoma and ocular 
hypertension. Ann Pharmacother 46, 1506–1510, https://doi.org/10.1345/aph.1R229 (2012).

 95. Alm, A., Schoenfelder, J. & McDermott, J. A 5-year, multicenter, open-label, safety study of adjunctive latanoprost therapy for 
glaucoma. Arch Ophthalmol 122, 957–965, https://doi.org/10.1001/archopht.122.7.957 (2004).

 96. Chiba, T. et al. Comparison of iridial pigmentation between latanoprost and isopropyl unoprostone: a long term prospective 
comparative study. Br J Ophthalmol 87, 956–959 (2003).

 97. Smith-Thomas, L. et al. Latanoprost-induced pigmentation in human iridial melanocytes is fibroblast dependent. Exp Eye Res 78, 
973–985, https://doi.org/10.1016/j.exer.2003.12.003 (2004).

 98. Fernandes, K. A. et al. Using genetic mouse models to gain insight into glaucoma: Past results and future possibilities. Exp Eye Res 
141, 42–56, https://doi.org/10.1016/j.exer.2015.06.019 (2015).

 99. John, S. W., Anderson, M. G. & Smith, R. S. Mouse genetics: a tool to help unlock the mechanisms of glaucoma. J Glaucoma 8, 
400–412 (1999).

 100. Anderson, M. G., Meyer, K. J., Hedberg-Buenz, A. & Fingert, J. H. Update on Animal Models of Exfoliation Syndrome. J Glaucoma. 
https://doi.org/10.1097/IJG.0000000000000911 (2018).

Acknowledgements
We would like to thank Carly Lewis and Hannah Mercer for helping with the long-term treatments, Drs. Demelza 
Koehn and Kacie Meyer for assistance in designing some of the primers, and Dr. Johannes Ledolter for helpful 
discussions. This work was supported by US Dept. of Veterans Affairs, RR&D (I01RX001481), and National 
Institutes of Health, NEI (R01EY017673) grants to MGA. Additional support was provided by NIH/NEI Center 
Support Grant P30EY025580 (University of Iowa); US Dept. of Veterans Affairs, RR&D IK2 RX002003 (Dr. 
Dutca); US Dept. of Veterans Affairs, Veterans Health Administration, Office of Research and Development, 
Clinical Sciences Research EPID-006-15S (Dr. Galor); R01EY026174 (Dr. Galor); NIH Center Core Grant 
P30EY014801 (University of Miami); and Research to Prevent Blindness Unrestricted Grant (University 
of Miami). The contents do not represent the views of the U.S. Department of Veterans Affairs or the U.S. 
Government.

Author Contributions
L.M. Dutca participated in the design of the experiments, collected experimental data, and spearheaded the 
writing of the manuscript. D. Rudd participated in the design of the experiments and collected experimental data. 
V. Robles and M.K. Garvin developed and performed the automated segmentation of the CCT images. A. Galor 
participated in the design of the experiments. All authors contributed to the writing of the manuscript. M.G. 
Anderson collected experimental data and oversaw all aspects of this project.

http://dx.doi.org/10.1016/j.ijpharm.2016.06.135
http://dx.doi.org/10.3109/02713683.2011.626909
http://dx.doi.org/10.1097/IJG.0b013e31815c5f4f
http://dx.doi.org/10.3109/02713683.2011.562340
http://dx.doi.org/10.2174/1874364101408010067
http://dx.doi.org/10.1097/IJG.0000000000000279
http://dx.doi.org/10.1136/bjo.2010.189449
http://dx.doi.org/10.2147/OPTH.S102976
http://dx.doi.org/10.1167/iovs.14-14548
http://dx.doi.org/10.1097/IJG.0000000000000190
http://dx.doi.org/10.1038/s41433-018-0033-3
http://dx.doi.org/10.1038/s41433-018-0033-3
http://dx.doi.org/10.1007/s00417-003-0777-7
http://dx.doi.org/10.1089/jop.2008.0042
http://dx.doi.org/10.1167/iovs.05-0516
http://dx.doi.org/10.1167/iovs.08-3356
http://dx.doi.org/10.1167/iovs.08-3356
http://dx.doi.org/10.1167/iovs.13-13630
http://dx.doi.org/10.18240/ijo.2017.08.20
http://dx.doi.org/10.3109/15376516.2010.529183
http://dx.doi.org/10.1345/aph.1R229
http://dx.doi.org/10.1001/archopht.122.7.957
http://dx.doi.org/10.1016/j.exer.2003.12.003
http://dx.doi.org/10.1016/j.exer.2015.06.019
http://dx.doi.org/10.1097/IJG.0000000000000911


www.nature.com/scientificreports/

13SCIEnTIFIC RepoRts |  (2018) 8:13088  | DOI:10.1038/s41598-018-31280-1

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-31280-1.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-31280-1
http://creativecommons.org/licenses/by/4.0/

	Effects of sustained daily latanoprost application on anterior chamber anatomy and physiology in mice

	Methods

	Mice. 
	Measurement of IOP. 
	Measurement of CCT. 
	Automated segmentation of CCT images. 
	Slit-lamp examination. 
	Tissue collection, RNA extraction, and RT-PCR. 

	Results

	Treatment with latanoprost lowers IOP in the short, but not long term. 
	Long-term treatment with BAK consistently leads to significant thinning of the cornea. 
	Sustained treatment with BAK or latanoprost does not change iris pigmentation. 
	Long-term treatment with BAK and latanoprost do not cause changes in the expression of matrix metalloprotease or pigment-re ...

	Discussion

	Acknowledgements

	Figure 1 Effects of latanoprost and BAK treatments on IOP in C57BL/6J mice.
	Figure 2 Effects of latanoprost and BAK treatments on the CCT in C57BL/6J mice.
	Figure 3 Effects of latanoprost and BAK treatments on the thickness of the epithelium and stromal layers of the central cornea in C57BL/6J mice.
	Figure 4 Effects of latanoprost and BAK treatments on iris pigmentation in C57BL/6J mice.
	Figure 5 Effects of latanoprost and BAK treatments on corneal and iridial gene expression in C57BL/6J mice.




