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Abstract

Research with animal models of Pseudomonas aeruginosa keratitis has shown that use of a topical 

corticosteroid alone against an established infection can significantly increase the number of 

colonizing bacteria or worsen clinical disease. Moreover, retrospective analysis has suggested that 

corticosteroid use in humans is associated with an increased risk of keratitis in eyes with pre-

existing disease. Thus, while corticosteroids are often used to reduce ocular inflammation in the 

absence of infection, the risk of opportunistic infection remains a concern. However, the effect of 

corticosteroids on the intrinsic barrier function of uninfected corneas is unknown. Here, we tested 

if short-term topical corticosteroid treatment of an uninfected murine cornea would increase 

susceptibility to P. aeruginosa colonization or infection after epithelial injury. Topical prednisolone 

acetate (1 %) was administered to one eye of C57BL/6 mice three times a day for 3 days; control 

eyes were treated with sterile PBS. Prior to inoculation with a cytotoxic P. aeruginosa corneal 

isolate strain 6206, corneas were subject to superficial-injury by tissue paper blotting, or scratch-

injured followed by 12 h of healing. Previously we have shown that blotting renders mouse 

corneas susceptible to P. aeruginosa adhesion, but not infection, while 12 h healing reduces 

susceptibility to infection after scratching. Corneas were evaluated at 48 h for bacterial 

colonization and microbial keratitis (MK). To monitor impact on wound healing, corneal integrity 

was examined by fluorescein staining immediately after scarification and after 12 h healing. For 

both the tissue paper blotting and scratch-injury models, there was no significant difference in P. 
aeruginosa colonization at 48 h between corticosteroid-pretreated eyes and controls. With the 
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blotting model, one case of MK was observed in a control (PBS-pretreated) cornea; none in 

corticosteroid-pretreated corneas. With the 12 h healing model, MK occurred in 6 of 17 

corticosteroid-pretreated eyes versus 2 of 17 controls, a difference not statistically significant. 

Corticosteroid-pretreated eyes showed greater fluorescein staining 12 h after scarification injury, 

but this did not coincide with increased colonization or MK. Together, these data show that short-

term topical corticosteroid therapy on an uninfected murine cornea does not necessarily enhance 

its susceptibility to P. aeruginosa colonization or infection after injury, even when it induces 

fluorescein staining.

Keywords

Corticosteroid pretreatment; murine cornea; Pseudomonas aeruginosa; bacterial colonization; 
microbial keratitis; superficial injury; epithelial healing

1. Introduction

Microbial keratitis is a vision-threatening corneal disease most often associated with contact 

lens wear or ocular injury. Once initiated, it can continue to progress rapidly despite 

appropriate antimicrobial therapy. Pseudomonas aeruginosa is among the most common 

causes of microbial keratitis associated with contact lens wear and other predisposing 

circumstances (Chen et al., 2017; Lim et al., 2016; Noureddin et al., 2016). While P. 
aeruginosa expresses an array of virulence mechanisms that allow corneal infection after 

epithelial injury (Lee et al., 2003a; Zolfaghar et al., 2006, 2003), healthy corneas show a 

remarkable ability to resist P. aeruginosa colonization and infection (Evans and Fleiszig, 

2013). Indeed, in murine models, even large inocula of bacterial pathogens such as 

Pseudomonas aeruginosa are rapidly cleared from a healthy cornea (Augustin et al., 2011; 

Mun et al., 2009). Many factors contribute to defending the corneal epithelium against P. 
aeruginosa in vivo including; secretory IgA (Masinick et al., 1997), surfactant proteins 

(Alarcon et al., 2011), antimicrobial peptides (Augustin et al., 2011), and mucins (Fleiszig et 

al., 1994). MyD88, a key adaptor protein of innate defense signaling, also provides an 

important component of constitutive defense of the corneal epithelium, and its barrier 

function against P. aeruginosa (Metruccio et al., 2017; Reins et al., 2017; Sullivan et al., 

2015; Tam et al., 2011).

Corticosteroids are a valuable therapeutic agent for treatment of ocular inflammation (Gan et 

al., 2005; Holmberg, 1953; Noble and Goa, 1998; O’Gallagher et al., 2017). However, their 

use is not without potential complications, e.g. risk of opportunistic infection, or elevated 

intraocular pressure, making judicious prescribing critical. For example, in animal models of 

P. aeruginosa keratitis, corticosteroid treatment alone significantly favored bacterial survival 

(Badenoch et al., 1985), and was associated with worse clinical disease (Gritz et al., 1990). 

Retrospective analysis of corticosteroid use in humans has also shown an association with 

infectious keratitis in eyes with pre-existing disease (Luchs et al., 1997). However, 

combining corticosteroid treatment with antibiotic therapy for established P. aeruginosa 
keratitis in a murine scarification model did not adversely impact disease resolution (Lee et 

al., 2003b). Indeed, clinical studies have shown that combined use of a corticosteroid with 
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antibiotic therapy for active bacterial keratitis may be beneficial for long-term clinical 

outcomes (Srinivasan et al., 2014; Tallab and Stone, 2016). However, other studies have not 

shown a benefit for corticosteroids (Blair et al., 2011; Bohigian and Foster, 1977). Indeed, 

for P. aeruginosa keratitis, the benefit of combining a corticosteroid and antibiotic was 

strain-dependent: corticosteroid inclusion with antibiotic was associated with more 

improvement in best-corrected visual acuity in patients with ulcers caused by invasive (exoS 
genotype) strains, and less improvement if cytotoxic (exoU genotype) strains were involved 

(Borkar et al., 2013).

It is not known, however, if corticosteroid use affects the intrinsic barrier function of the 

corneal epithelium against potentially pathogenic bacteria in the absence of prior infection. 

Since ethical considerations prevent deliberate bacterial inoculation of human subjects, this 

knowledge gap was explored using mice. Thus, healthy murine corneas were pretreated with 

topical prednisolone acetate (1 %) 3 times a day for 3 days, then subject to different forms of 

epithelial injury that partially compromise resistance to P. aeruginosa; 1) superficial injury 

by tissue-paper blotting that allows P. aeruginosa to adhere to the cornea without penetrating 

beyond the epithelial surface (Alarcon et al., 2011), and 2) corneal scarification followed by 

12 h of healing time, which allows the cornea time to re-establish resistance to infection 

(Lee et al., 2003c). Corticosteroid-pretreated eyes were compared to PBS-pretreated controls 

for fluorescein staining at 12 h, and bacterial colonization and susceptibility to P. aeruginosa 
keratitis 48 h after exposure to a cytotoxic clinical isolate. Results showed that short-term 

corticosteroid pre-treatment had minimal impact on the ability of the injured murine cornea 

to resist P. aeruginosa colonization and infection under all conditions.

2 Materials and methods

2.1 Bacteria

P. aeruginosa strain 6206 was used (Lee et al., 2003a). Bacterial inocula were prepared by 

growing bacteria on a trypticase soy agar (TSA) plate overnight for ~16 h at 37 °C, followed 

by suspension in Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich, St. Louis, 

MO) to a concentration of ~1011 colony forming units (CFU)/mL or ~108 CFU/mL An 

absorbance of 0.1 at 650 nm corresponds to ~108 CFU/mL. To confirm higher 

concentrations, inocula were diluted 1000-fold to achieve an absorbance of 0.1 at 650 nm. 

Inocula were confirmed by viable counts.

2.2 Mice

Six-week-old female C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) were used. Mice 

were anesthetized using a mixture of ketamine, xylazine, and acepromazine (50 mg, 10 mg, 

and 1 mg/Kg body weight, respectively) before each procedure. Experiments involved 

between 4 to 17 animals per group and were repeated at least twice. All procedures 

involving animals were conducted in accordance with the Association for Research in Vision 

and Ophthalmology Resolution on the Use of Animals in Research and contained within a 

protocol approved by the Animal Care and Use Committee of the University of California, 

Berkeley.
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2.3 Topical corticosteroid pretreatment

Mice were treated with 5 μL of prednisolone acetate suspension (1 %) (Alcon Laboratories, 

Fort Worth, TX) or sterile PBS, administered topically onto the surface of the right eye three 

times a day for three days.

2.4 Tissue paper blotting murine model

Prior to each experiment, murine corneas were checked for health and integrity. Mice were 

then randomly assigned to one of two study groups; topical prednisolone acetate pre-

treatment followed by tissue paper blotting of the cornea, or topical PBS pre-treatment 

followed by tissue paper blotting. Immediately after pre-treatments concluded, mice were 

anesthetized, corticosteroid treated eyes were rinsed once with PBS, and each cornea blotted 

3 times with 1-ply tissue paper (Kimwipe; Kimberly-Clark, Irving, TX) as previously 

described (Alarcon et al., 2011). Pretreated eyes were then challenged with 5 μL of P. 
aeruginosa suspension containing ~1011 CFU/mL (~5 × 108 CFU/eye). Mice were evaluated 

with a slitlamp after 12, 24, and 48 h for evidence of visible pathology, with the identity of 

groups masked from the observer. A diagnosis of microbial keratitis was made by a 

clinically-trained observer, with the aid of a slit-lamp microscope, and was based on the 

presence of corneal opacity (Beisel et al., 1983; Lee et al., 2003b). At 48 h, eyes were 

enucleated, transferred to a glass homogenizer using sterile tweezers, and homogenized in 1 

mL PBS containing Triton X-100 (0.25% vol./vol.) to prevent bacterial clumping. The 

number of viable bacteria per eye was determined by viable counts of the homogenate using 

TSA plates.

2.5 Scarification and healing murine model

Murine corneas were checked for health and assigned to one of two treatment groups; 

topical prednisolone acetate treatment or PBS control. Immediately after pre-treatments 

concluded, mice were anesthetized, corticosteroid treated eyes were rinsed once with PBS 

then 3 parallel 1 mm wounds incised on the central cornea with a sterile 25-gauge needle 

(Lee et al., 2003a). Corneas were allowed to heal for 12 h, then challenged with 5 μL of P. 
aeruginosa suspension containing ~108 CFU/mL (~5 × 105 CFU/eye). Mice were monitored 

at 12, 24, and 48 h after bacterial challenge for evidence of disease pathology. The diagnosis 

of microbial keratitis was made based on detection of corneal opacity (as described above). 

At 48 h, eyes were harvested and homogenized for viable counting of bacteria on TSA 

plates. Using the same experimental protocol, but prior to bacterial inoculation, corneal 

epithelial integrity was examined using 1 μL sodium fluorescein (fluorescein sodium 

ophthalmic strips, HUB Pharmaceuticals LLC). Fluorescein staining was evaluated using a 

slit-lamp with a cobalt blue light and a yellow filter, immediately after scarification and after 

12 h of healing.

2.6 Statistical analysis

The number of viable bacteria recovered per eye was determined and expressed as a median 

for each group. The significance of difference between groups was determined using Mann-

Whitney U test. The Chi-square test was used to determine if the incidence of P. aeruginosa 
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keratitis was significantly different between groups. P < 0.05 was considered significant, and 

Prism software (GraphPad, La Jolla, CA) was used for analysis.

3. Results

3.1 Effects of corticosteroid pretreatment on corneal susceptibility to P. aeruginosa 
colonization and keratitis in a superficial injury model

Corneas were treated with topical prednisolone acetate (1 %) three times per day for 3 days 

then superficially-injured (tissue paper blotted) before bacterial inoculation. Those corneas 

showed a median P. aeruginosa colonization at 48 h similar to PBS-pretreated, blotted 

controls (Fig. 1) (P > 0.05, Mann-Whitney U test). Indeed, an absence of bacterial 

colonization was observed for some mice in both the control and corticosteroid treated 

groups (overall bacterial clearance > 99.99 % of the original inoculum). Only one cornea 

developed an infection, and it was a control that was not corticosteroid-pretreated (shown in 

Fig. 1). All other corneas in both the control and corticosteroid-pretreated groups remained 

clear for the entire 48 h follow-up period despite having been superficially-injured by 

blotting and subsequently challenged with P. aeruginosa. Thus, the incidence of microbial 

keratitis was not significantly different between the groups (P = 1.0, Chi-square test).

3.2 Effects of corticosteroid pretreatment on corneal susceptibility to P. aeruginosa 
colonization and keratitis in the scarification-12 h epithelial healing injury model

In the next experiments, murine corneas were corticosteroid-pretreated as before, but rather 

than being blotted they were instead scarified and allowed to heal for 12 h before bacterial 

inoculation. Previously we showed that corneas allowed to heal for ~ 12 h after scarification 

regained their resistance to MK despite residual fluorescein staining (Lee et al., 2003c). The 

results showed a trend towards corticosteroid-pretreatment enhancing susceptibility to MK 

compared to controls (6 of 17 versus 2 of 17, respectively by 48 h) (Fig. 2), This difference 

was not statistically significant (P = 0.22, Chi-square test). Interestingly, bacterial 

colonization was significantly higher in the corticosteroid-pretreated eyes (P = 0.02, Mann-

Whitney U test), correlating with the MK rates. For eyes remaining healthy, bacterial 

colonization levels were similar for the two treatment groups, with bacterial clearance being 

> 99 % of the original inoculum in both instances.

3.3 Corticosteroid-pretreatment increases corneal fluorescein staining in the 12 h healing 
model.

Fluorescein staining was used to evaluate the impact of corticosteroid-pretreatment on 

corneal integrity of some of the healing scratch-injured corneas. After 12 h of healing, only 

2 of 10 control group (PBS-pretreated) eyes showed fluorescein staining, compared to 7 of 

11 eyes in the corticosteroid-pretreated group (P = 0.04, Chi-square test) showing 

corticosteroid-pretreatment could reduce epithelial healing after scarification injury. Fig. 3 

shows the typical appearance of scarification and fluorescein staining at the time of injury 

(Figs 3A and 3B), and examples of absence (Fig. 3C) and presence (Fig. 3D) of staining 48 

h after corticosteroid pretreatment.
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In the same experiment, eyes were inoculated with P. aeruginosa (same method as Fig. 2). 

After 48 h, a single case of MK occurred in each group (Fig. 4); both were eyes that had 

displayed residual fluorescein staining after the 12 h healing period. Mirroring this lack of 

difference in MK susceptibility, there was also no significant difference in bacterial 

colonization rates between corticosteroid-pretreated eyes and controls (P = 0.41, Mann-

Whitney U test).

4. Discussion

Topical corticosteroids are often used in the treatment of ocular disorders, their powerful 

anti-inflammatory and immunosuppressive effects being of considerable benefit in 

facilitating disease resolution. However, a continuing concern with corticosteroid use is the 

risk of opportunistic infection. In this study, two in vivo murine models were used to 

examine the impact of short-term corticosteroid pretreatment on corneal susceptibility to P. 

aeruginosa colonization and infection after injury. Results from both models indicated that 3 

days pretreatment of the murine cornea with topical prednisolone (1 %) three times a day, 

did not significantly impact the susceptibility of injured corneas to P. aeruginosa 

colonization or microbial keratitis. While corticosteroid pretreatment increased the incidence 

of corneal epithelial fluorescein staining at 12 h after scarification injury, that did not 

correlate with susceptibility to P. aeruginosa infection, consistent with our previous work 

showing that fluorescein staining does not necessarily predict infection risk (Lee et al., 

2003c).

Both of the in vivo models we used offer some degree of corneal vulnerability to P. 

aeruginosa: 1) The tissue paper blotting model induces superficial epithelial injury and 

fluorescein staining, allowing increased bacterial adhesion, but without enabling bacteria to 

traverse the epithelium or subsequent infection (Alarcon et al., 2011). The scarification-

healing model involves deep corneal injury using a needle followed by healing time (12 h) to 

allow re-epithelialization and almost full recovery of resistance to fluorescein staining and 

infection (see Lee et al., 2003c for histological, and other validation of this model). While 

epithelial defenses mediating corneal resistance to P. aeruginosa infection in these models 

remain to be fully determined, our previous work with uninjured and superficially-injured 

murine corneas has shown defenses against infection involve surfactant proteins (Mun et al., 

2009), antimicrobial peptides (Augustin et al., 2011; Tam et al., 2012), the innate defense 

signaling adaptor protein, MyD88 (Tam et al., 2011), and MyD88-dependent receptors 

(TLR4, TLR5, IL-1R) from corneal epithelial and dendritic cells (Metruccio et al., 2017). 

MyD88-dependent factors likely include antimicrobials and cytokine signaling (Metruccio et 

al., 2017; Redfern et al., 2011; Reins et al., 2017; Sullivan et al., 2015). Indeed, a recent 

study showed a role for keratin-derived antimicrobial peptides, whose upregulation is TLR4-

dependent, in defending the murine cornea against bacterial colonization and helping to 

mediate ocular clearance of bacteria (Chan et al., 2018). Blotting also removes surface 

epithelial cells, and permeabilizes the remaining surface layer (Jolly et al., 2017). EGTA 

treatment of blotted corneal epithelia allows subsequent P. aeruginosa traversal (Alarcon et 

al., 2011; Sullivan et al., 2015) suggesting the involvement of Ca2+-dependent defenses (e.g. 

epithelial tight junctions, surfactant proteins). Additional factors are also likely to be 

involved in the re-establishment of corneal epithelial defense against P. aeruginosa at 12 h 
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after scarification (Lee et al., 2003c), including cell types with defensive and woundhealing 

functions, e.g. neutrophils, macrophages and myofibroblasts (Ljubimov and Saghizadeh, 

2015).

Considering the scope of known constitutive and upregulated innate defenses protecting the 

injured murine cornea, and breadth of actions of topical corticosteroids (inhibition of 

inflammatory mediator synthesis, suppression of phagocyte degranulation, the inhibition of 

immune cell proliferation etc.), it was surprising that corticosteroid pretreatment had very 

little impact on bacterial colonization and susceptibility to P. aeruginosa infection in the 

injury models used in this study. This may reflect independence of one or more constitutive 

or upregulated innate defenses from corticosteroid inhibition, and if might relate to the 

parameters of treatment used. Indeed, given the observed trend towards increased MK in 

corticosteroid-pretreated eyes in the 12 h healing model in some of our experiments, it 

would be of value to extend the duration of treatment in future studies, and if an impact is 

found, evaluate factors involved, e.g. cytokines, antimicrobial peptides, resident or 

infiltrating cells.

The number of bacteria remaining in the eye 48 h post-inoculation was greatly reduced from 

initial inocula in both injury models, suggesting bacterial clearance of 99 % or greater. 

These results were consistent with our previous studies using “null-infection” murine 

models with healthy corneas (Augustin et al., 2011; Mun et al., 2009). The lack of a 

difference between the two groups suggested that corticosteroid-pretreatment did not impact 

tear fluid-mediated clearance. Factors that impact bacterial clearance in healthy corneas 

include; soluble mucins (Fleiszig et al., 1994), surfactant proteins (Mun et al., 2009; Ni et 

al., 2005), secretory IgA (Masinick et al., 1997), tear-derived antimicrobial peptides 

(McDermott, 2013), and tear effects on corneal epithelial defenses, e.g. expression of 

antimicrobials (Mun et al., 2011), alterations in microRNA expression (Mun et al., 2013). 

Since the present study involved injured corneas rather than healthy eyes, different factors 

might be at play in successful clearance of bacteria and our results suggest that key players 

are insensitive to inhibition by corticosteroids.

Scratched corneas showed more residual fluorescein staining at 12 h when pretreated with 

corticosteroids, consistent with the well known effects of topical corticosteroids in delaying 

wound healing in various animal models corneal epithelia (Barba et al., 2000; Kadmiel et al., 

2016; Petroutsos et al., 1982). Multiple mechanisms are likely to be involved, including 

reduced cell migration. Why these corticosteroid-mediated effects on wound healing did not 

significantly increase susceptibility to P. aeruginosa colonization or keratitis is unclear. 

However, it suggests that the lack of barrier function corresponding with the increased 

residual fluorescein staining were counterbalanced by defenses against bacteria that are 

insensitive to corticosteroid inhibition, at least with the treatment regimen used in this study.

Interestingly, inclusion of the fluorescein staining step prior to bacterial inoculation (Fig. 4) 

correlated with lower bacterial recovery in both the control and corticosteroid-pretreatment 

groups compared to experiments in which fluorescein was not used (Fig. 2), despite the 

otherwise identical experimental protocol. It also removed the trend for increased 
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susceptibility to MK with corticosteroid pretreatment. Mechanisms for this observation 

would be of interest to explore in future studies.

In conclusion, the data presented in this report show that short-term corticosteroid use in 

healthy murine corneas does not necessarily affect subsequent susceptibility to P. aeruginosa 

colonization or keratitis under conditions of superficial injury or during healing after 

scarification - even though it can hinder the resolution of fluorescein staining. Thus, short-

term corticosteroid use does not necessarily present a risk of opportunistic bacterial infection 

for a murine cornea not already infected. Whether this applies to other corticosteroids, 

different treatment regimens, other microbes, in the context of underlying diseases, and is 

also true for human corneas, remains to be explored.
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Highlights

• Short-term pretreatment of a healthy murine cornea with a topical 

corticosteroid did not significantly increase susceptibility to P. aeruginosa 
colonization or infection after injury.

• Short-term pretreatment of healthy murine corneas with a topical 

corticosteroid was associated with increased incidence of corneal fluorescein 

staining 12 h after scarification injury, but this did not coincide with greater 

susceptibility to P. aeruginosa colonization or infection.
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Figure 1. 
Viable bacteria recovered from mouse eyes at 48 h post-challenge with P. aeruginosa strain 

6206 (~5 × 108 CFU/eye, dashed line). Prior to inoculation, one eye from each mouse was 

pretreated with topical prednisolone acetate 1 % (or PBS control) for three times a day for 3 

days, followed by blotting injury. The horizontal line represents the median number of P. 
aeruginosa recovered for each group. Differences between groups were not significant (P > 

0.05, Mann-Whitney U test). The asterisk indicates a case of microbial keratitis in a PBS-

pretreated, blotted control cornea (Group 1), slit-lamp photo-documentation of which is 

shown (left). A representative image of a corticosteroid-pretreated, blotted cornea without 

disease (Group 2) is also shown (right).
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Figure 2. 
Viable bacteria recovered from mouse eyes at 48 h post-challenge with P. aeruginosa strain 

6206 (~5 × 105 CFU/eye, dashed line). Prior to inoculation, one eye from each mouse was 

pretreated with topical prednisolone acetate 1 % (or PBS control) for three times a day for 3 

days, followed by scarification injury with 12 h of epithelial healing. The horizontal line 

represents the median number of P. aeruginosa recovered for each group. The difference 

between groups was significant (P = 0.02, Mann-Whitney U test). The asterisks indicate 

cases of microbial keratitis.
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Figure 3. 
Slit-lamp evaluation of the murine cornea immediately after scarification and after 12 h 

epithelial healing. Prior to scarification, the eye was treated with topical prednisolone acetate 

1 % three times a day for 3 days. (A) Immediately after scarification, three wounds visible 

under white light, (B) the same wounds after addition of 1 μL sodium fluorescein, (C) a 

representative example of negative fluorescein staining 12 h after injury (an artifact of light 

reflection was present para-centrally), (D) a representative example of positive fluorescein 

staining 12 h after-injury (white arrows).
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Figure 4. 
Viable bacteria recovered from mouse eyes at 48 h post-challenge with P. aeruginosa strain 

6206 (~5 × 105 CFU/eye, dashed line). Prior to inoculation, one eye from each mouse was 

pretreated with topical prednisolone acetate 1 % (or PBS control) for three times a day for 3 

days, followed by scarification injury with 12 h of epithelial healing. In these experiments, 

both groups were also tested for fluorescein staining immediately after scarification and after 

12 h of healing, and before bacterial inoculation. The horizontal line represents the median 

number of P. aeruginosa recovered for each group. The difference between groups was not 

significant (P = 0.41, Mann-Whitney U test). Asterisks indicate cases of microbial keratitis.
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