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Purroskt. Extended contact lens (CL) wear predisposes the wearer to Pseudomonas aerug-
inosa infection of the cornea, but the mechanism involved remains incompletely under-
stood. The purpose of this study was to investigate the role of the stress hormone nore-
pinephrine (NE) in the pathogenesis of CL-induced P. aeruginosa keratitis.

METHODS. A total 195 adult C57BL/6 mice were used in this study. Corneal NE content
was measured after 48 hours of sterile CL wear in mice. The effect of NE on P. aerug-
inosa adhesion and biofilm formation on the CL surface was examined in vitro. More-
over, mouse eyes were covered with P. aeruginosa-contaminated CLs, and either 500-uM
NE was topically applied or the eyes were subconjunctivally injected with 100 pg of
N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) to deplete local NE. Clinical
scores, neutrophil infiltration, proinflammatory cytokine levels, and bacterial load on
the corneas and CLs were evaluated.

Resurrs. Corneal NE content was elevated with extended CL wear in mice. In vitro, NE
promoted the adhesion and biofilm formation of P aeruginosa on the CL surface. In
mice, topical application of NE aggravated P. aeruginosa infection, accompanied with
increased clinical scores, neutrophil infiltration, proinflammatory cytokine expression,
and bacterial burden on the corneas and CLs. However, pre-depletion of local NE with
DSP-4 significantly alleviated the severity of P. aeruginosa keratitis.

Concrusions. Extended CL wear elevates corneal NE content, which promotes the patho-
genesis of CL-induced P. aeruginosa keratitis in mice. Targeting NE may provide a poten-
tial strategy for the treatment of CL-related corneal infection caused by P. aeruginosa.
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ontact lenses (CLs) have become ubiquitous medical

devices used for the correction of vision disorders in
myopic patients; however, the incidence of microbial kerati-
tis has increased due to the extended use of CLs and failure
to comply with routine lens care.!~* It has been reported that
the risk of microbial keratitis increased 10- to 15-fold with
extended CL wearing.’> The incidence has been estimated
to vary from 1.2 to 25.4 per 10,000 contact lens wearers
annually, varying with lens types and wearing time.® Among
the various CL-related microbial corneal infections, Pseu-
domonas aeruginosa is the leading cause; such infections
develop very rapidly and may lead to corneal perforation or
even vision loss.!"7~?

Catecholamines are a group of neurotransmitters that
include epinephrine, norepinephrine (NE), and dopamine,
which are released during stress response. In the eye,
NE can be detected in the tears, aqueous humor, and
cornea, although the origin remains incompletely known.
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It has been reported that NE secretion increases in hypoxic
conditions of cultured pheochromocytoma cells,!* whereas
hypoxia commonly occurs during prolonged CL wearing.>'!!
More importantly, NE can stimulate the in vitro growth of
several Gram-negative and Gram-positive bacteria, including
P. aeruginosa.'*"'* Mechanistically, studies have confirmed
that quorum sensing may mediate bacterial responses to the
stress hormone and affect bacterial virulence in the process
of infection.'®

Considering the risk of extended CL wearing and a poten-
tial relationship between NE and bacterial infection, we
hypothesized that prolonged CL wear may elevate local
NE secretion and subsequently increase susceptibility to P.
aeruginosa infections in the cornea. This study aimed to
explore the effects of extended CL wearing on corneal NE
levels and the role of NE in the occurrence of CL-related P,
aeruginosa keratitis.
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MATERIALS AND METHODS
Contact Lens Preparation

Hilafilcon B soft CLs (Bausch & Lomb, Rochester, NY,
USA) were punched using a 3.5-mm-diameter trephine and
trimmed using a microkeratome to fit mouse eyes. The
prepared lenses were washed three times with sterile normal
saline before use.

In Vitro Co-Culture of Bacteria and Contact Lenses

P, aeruginosa (ATCC 19660) was cultured in Luria-Bertani
(LB) broth and diluted before use. P. aeruginosa adhesion
to and biofilm formation on the CLs was evaluated as previ-
ously described.'®'” Briefly, the CL was inoculated with 10
CFU P, aeruginosa and incubated with 500-uM NE (Grand
Pharma, Wuhan, China) or PBS in serum-containing SAPI
media for 48 hours at 37°C. Subsequently, each contact lens
(n = 6 per group) was collected to evaluate the number of
viable bacteria and biofilm formation.

Mouse Model of Contact Lens-Induced P,
aeruginosa Keratitis

The 195 adult C57BL/6 mice (Vital River Laboratory Animal
Technology Co., Ltd, Beijing, China) used in this study were
maintained in the animal facility of the Shandong Eye Insti-
tute. All animal experiments were approved by the ethics
committee of the Shandong Eye Institute and carried out in
accordance with the guidelines of the ARVO Statement for
the Use of Laboratory Animals in Ophthalmic and Vision
Research. Each experiment was repeated three times. Only
the right eye of each mouse was used.

For the mouse model of CL wearing, two sterile lenses
were placed onto the mouse eye in a stacked fashion. The
eyelid was then sutured in a half-open position to prevent
the CL from falling out and to keep the eye half open.'® The
sham control mice received only the half-eyelid suture and
no CL, and normal mice without a suture or CL served as
control group (n = 5 per group). After 48 hours, the mouse
corneas were harvested for the detection of NE.

For the mouse model of CL-related corneal infection, the
induction method was modified as previously described.!®
In brief, 10° CFU/ml of bacteria were inoculated onto
the CL surface and incubated for 24 hours at 37°C."°
Each mouse cornea was blotted 20 times with single-ply
tissue paper (Kimwipes; Kimberly-Clark, Irving, TX, USA)
before a contaminated CL was applied. Exogenous NE
(500 pM) or PBS was topically applied six times within
24 hours of the CL placement (n = 15 per group), or each
cornea was subconjunctivally injected with selective neuro-
toxin N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-
4, 20 mg/ml; Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA) to deplete local NE or normal saline as vehicle control
at 12 hours before the CL placement (n = 10 per group).°
After 48 hours, six worn CLs were randomly collected
for each group to evaluate the number of viable bacteria
(n = 3 per group) and biofilm formation (n = 3 per group).
Mouse eyes were observed by slit-lamp microscopy to grade
disease severity according to the established scale.?!

Quantification of Bacterial Load on Mouse
Corneas and Contact Lenses

In vitro cultured CLs, mouse infected corneas, and worn
CLs were harvested, washed, and homogenized in 500 pl
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normal sterile saline. After homogenization, the samples
were replated onto LB agar in triplicate after serial 1:10 dilu-
tion. The viable bacteria were counted after overnight incu-
bation at 37°C.?

Evaluation of Biofilm Formation on Contact
Lenses

CLs cultured in vitro or worn by the mice were collected,
washed, and fixed in 2.5% glutaraldehyde for 1 hour.
The samples were stained with 50 mg/mL fluorescein
isothiocyanate-conjugated concanavalin A (FITC-ConA) for
20 minutes and 5-pg/mL propidium ijodide (PI; Sigma-
Aldrich, St. Louis, MO, USA) for 15 minutes, as previously
described, with a slight modification.”® The biofilm forma-
tion was observed using a confocal laser scanning micro-
scope (Carl Zeiss Meditec, Oberkochen, Germany). FITC-
ConA bound to the polysaccharide of the biofilm to emit
green fluorescence, and the PI bound to the DNA of dead
bacteria to emit red fluorescence. Finally, three-dimensional
images were reconstructed with Imaris software (Bitplane,
South Windsor, CT, USA).

Immunofluorescence Staining

Mouse eyes were embedded in Tissue-Tek O.C.T. compound
(Sakura Finetek, Alphen aan den Rijn, the Netherlands) and
cut into sections 7 pm thick. The samples were stained
with the rat anti-mouse Ly6G antibody (Abcam, Cambridge,
UK) overnight at 4°C and then subsequently incubated
in FITC-conjugated goat anti-rat IgG (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA) for 2 hours, as previ-
ously described.?* All slides were examined using fluores-
cence microscopy after counterstaining with 4',6-diamidino-
2-phenylindole (Vector Laboratories, Burlingame, CA, USA).

ELISA

Mouse corneas were homogenized in 100 pL of PBS with a
TissueLyser (QIAGEN, Hilden, Germany). All samples were
centrifuged, and an aliquot of each homogenized super-
natant was assayed in triplicate following the manufacturer’s
instructions, including NE (Cloud Clone, Wuhan, China);
myeloperoxidase (MPO), IL-18, and IL-6 (Meilian, Shanghai,
China); and TNF-«a (Proteintech, Wuhan, China).

Statistical Analysis

Statistical analysis was performed using Student’s #-test and
one-way ANOVA with GraphPad Prism 5.0 (GraphPad Soft-
ware, La Jolla, CA, USA). All of the data in this study were
obtained from at least three independent experiments and
are expressed as mean =+ standard error of the mean (SEM).
P < 0.05 was considered statistically significant.

RESULTS

Extended Contact Lens Wear Elevated Corneal
Norepinephrine Content

The mouse corneas were collected after 48 hours of sterile
CL wearing for NE measurement. Five corneas were pooled
for each sample. As shown in Figure 1, NE content in mouse
corneas with CLs was increased by 2.2-fold when compared
with either the normal control mice (P < 0.001) or the sham
control mice with only half-eyelid sutures (P < 0.001). The
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Figure 1. Extended contact lens wearing caused elevated levels
of corneal norepinephrine. Shown is the measurement of corneal
NE with ELISA after 48 hours of half-eyelid suture with or without
contact lens wear in mice (P < 0.001, n = 5).

NE content showed no significant change in the mice with
only half-eyelid sutures when compared with the normal
control mice (P = 0.465). The results suggest that corneal
NE content was elevated with prolonged wearing of CLs,
but not with the half-eyelid sutures only.

Norepinephrine Enhanced P. aeruginosa
Adhesion and Biofilm Formation on the Contact
Lens Surface In Vitro

To determine the direct effects of NE on bacterial adhesion
and biofilm formation, P. aeruginosa was inoculated in vitro
onto the surface of CLs, which were treated for 48 hours
with either 500-uM NE or PBS as a vehicle control. The
adhered bacteria were recovered and quantified using plat-
ing and colony counting. The biofilm formation was moni-
tored by confocal microscopy after treatment with FITC-
ConA or PI. Three CLs were pooled for each sample. The
results showed that NE increased the number of adhered
bacteria on the CLs nearly twofold when compared with the
PBS control (Fig. 2A). Moreover, the density and architec-
ture of the formed biofilms were markedly enhanced, with
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extensive coverage of extracellular polysaccharide across the
surface of the clumped bacteria (Fig. 2B).

Norepinephrine Increased the Severity of
Keratitis Induced by Contact Lenses
Contaminated with P. aeruginosa

Mouse eyes were covered with CLs contaminated with P,
aeruginosa as shown in Figure 3A. The mice were treated
with topically applied 500-uM NE or PBS six times within 24
hours of CL placement. Slit-lamp microscopic examination
showed obvious corneal opacification after 24 hours which
spread to the entire cornea at 72 hours in the mice who
received topical NE (Fig. 3B). In contrast, the control mice
exhibited a slower progression, as indicated by the clinical
scores (Fig. 3C). The bacterial burden of infected corneas
after 48 hours showed a greater than fivefold increase in the
NE-treated mice compared with the control mice (Fig. 3D).
Moreover, the biofilm on CLs removed from NE-treated eyes
covered a larger area and had fewer dead bacteria (red
fluorescence with PI staining) compared with the control
group (Fig. 3E), a finding that was further confirmed by
direct plating and colony counting of the recovered bacteria
(Fig. 3F). This suggests that NE promotes the progression of
CL-induced P. aeruginosa keratitis and enhances its severity.

Norepinephrine Aggravated Corneal
Inflammatory Responses

Neutrophil infiltration and proinflammatory factor expres-
sion were measured at 24 hours after CL placement and NE
application. Immunofluorescence staining with anti-Ly6G
antibody disclosed that neutrophils infiltrated into the full
thickness of the corneal stroma, compared with anterior
stromal infiltration in the vehicle control corneas (Fig. 4A).
The enhanced neutrophil infiltration was accompanied by
increased MPO activity (Fig. 4B) and levels of proinflamma-
tory factors such as TNF-«, IL-18, and IL-6 (Figs. 4C—4E) in
the NE-treated mouse corneas.

Local Norepinephrine Depletion Alleviated the
Severity of P. aeruginosa Keratitis

Based on the observed effect of NE on P. aeruginosa kerati-
tis, we further investigated whether or not local NE depletion

Ctrl

Ficure 2. Norepinephrine promoted P, aeruginosa adhesion and biofilm formation on contact lenses. P. aeruginosa was inoculated on the
contact lenses and treated with 500-uM NE or PBS as vehicle control for 48 hours. (A) Quantification of the adhered viable bacteria with
direct plating and colony counting ("P = 0.048, n = 3). (B) Representative images of biofilm formation on the contact lens after the staining

with FITC-ConA (green) and propidium iodide (red).
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Ficure 3. Norepinephrine accelerated P. aeruginosa infection in the cornea during contact lens wear. (A) Schematic diagram of P. aeruginosa
infection by the contaminated contact lens. Briefly, after preincubation with 10> CFU/ml P. aeruginosa for 24 hours, the contact lens was
placed onto a mouse eye followed by the topical application of NE or PBS as vehicle control. (B) Representative images of slit-lamp
microscopy and (C) clinical scores after 24, 48, and 72 hours of contact lens wear ('P = 0.020, 0.020, and 0.005, respectively; n = 5). (D)
Quantification of corneal bacterial burden with direct plating and colony counting (P = 0.019, n = 5). (E) Representative images of biofilm
formation on the contact lens after the staining with FITC-ConA (green) and propidium iodide (red). (F) Quantification of the adhered viable
bacteria on the contact lens with direct plating and colony counting P = 0.036, n = 3).
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Ficure 5. Local norepinephrine depletion reduced the severity of P. aeruginosa keratitis. Mice were injected subconjunctivally with DSP-4
12 hours before contaminated contact lens wear. (A) Representative images of slit-lamp microscopy, and (B) clinical scores after 24, 48, and
72 hours of contact lens wear. (C) Quantification of corneal bacterial burden with direct plating and colony counting P < 0.001, n = 5).
(D) Representative images of biofilm formation on the contact lens. (E) Quantification of the adhered viable bacteria on the contact lens

with direct plating and colony counting (*"P < 0.001, n = 3).

could alleviate the disease severity in mice. The mice were
subconjunctivally injected with the selective neurotoxin
DSP-4 or normal saline before placement of contaminated
CLs. After 12 hours of DSP-4 pretreatment, the corneal NE
content decreased about 38% as compared with the control
mice (108 pg/mg vs. 165 pg/mg). Slit-lamp microscopy
examination showed aggravated corneal opacification in
the control mice, whereas mouse corneas pretreated with
DSP-4 showed gradual recovery of transparency within 72
hours after CL placement (Fig. 5A). Similarly, the clinical
scores confirmed that DSP-4 pretreatment significantly alle-
viated the severity from 48 to 72 hours after CL placement
(Fig. 5B). Moreover, the corneal bacterial burden showed a
70% reduction in the DSP-4-treated mice as compared with
the controls after 48 hours (Fig. 5C). The biofilms on the
CLs removed from the DSP-4-treated eyes exhibited smaller
coverage areas and fewer viable bacteria compared with the
control group (Fig. 5D), as confirmed by direct plating and
colony counting of recovered bacteria (Fig. SE). These find-
ings indicated that local depletion of NE with DSP-4 alle-
viated the severity of CL-induced P. aeruginosa infection in
the cornea.

DiscusSsION

CL-induced microbial corneal infections, especially P. aerug-
inosa keratitis, remain a challenge in clinical practice. The
exact mechanism of host response to susceptibility to P,
aeruginosa infection is still unclear. In the present study,
we confirmed significant elevation of corneal NE content
in mouse eyes after wearing CLs for as long as 48 hours.
In turn, elevated NE promoted bacterial growth and biofilm
formation on the CLs in vitro. More importantly, contam-
inated CLs aggravated the severity of P aeruginosa infec-

tion in mice. Conversely, local depletion of NE alleviated and
even reversed the progression and severity of keratitis. These
findings reveal a novel mechanism of CL-induced P. aerugi-
nosa Keratitis, which could provide a potential target for the
clinical prevention and management of such infections.

Overnight use of CLs has been reported to be the predom-
inant risk factor for microbial keratitis.>*> Previous stud-
ies focused on the impact of hypoxia and hypercapnia on
conjunctival flora or homeostasis of the ocular surface. In
this study, we found that corneal NE content was elevated
over twofold after 48 hours of CL wear, which may be caused
by either hypoxia, similar to the response of pheochromocy-
toma cells under hypoxic conditions,'° or by microlesions of
the ocular surface, which are commonly detected in patients
with overnight wearing of CLs.

The pathogenesis of P. aeruginosa keratitis relies on the
microbe-host interactions, where P. aeruginosa can sense
the host response signal, thereby enhancing virulence and
affecting the occurrence, process, and outcome of infec-
tions.?*~® Among various signals, the stress hormone NE
could facilitate the growth, virulence, motility, and attach-
ment of P. aeruginosa through the las quorum-sensing path-
way.!> Our study confirmed that exogenous NE aggravated
the severity of CL-related P. aeruginosa keratitis, and local
depletion of NE with DSP-4 alleviated the phenotype in
mice. Furthermore, the direct effects of NE on P. aeruginosa
growth and biofilm formation on the CLs were confirmed
through in vitro experiments, which indicated that commen-
sal P aeruginosa in the conjunctiva could be activated
through the elevated NE level caused by the extended wear-
ing of CLs, contributing to the onset of microbial keratitis.
The elevation of host NE content may serve as an impor-
tant link between extended CL wearing and P. aeruginosa
susceptibility.
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In our study, however, the phenomenon of extended CL
wear promoting corneal NE secretion and P aeruginosa
infection was only demonstrated in the corneas of mice.
NE concentration has also been studied in corneas of other
species. The concentration of NE in human corneas has been
measured as 9.78 = 3.75 pmol/g in the epithelium, 2.95
£ 1.02 pmol/g in the stroma, and 15.22 + 4.99 pmol/g in
the endothelium, whereas in rabbit corneas the measure-
ments were 238.96 + 54.59 pmol/g, 48.17 + 7.80 pmol/g,
and 525.36 + 71.57 pmol/g, respectively.”® There is still
a way to go before being able to apply the current find-
ings to actual clinical practice. Tears are the only accessi-
ble sample from humans after extended wearing of CLs, but
the inevitable increase of tear secretion during collection
will dilute the concentration of NE. Therefore, further study
should be performed on the clinical relevance of corneal NE
content and microbial infection.

In summary, our results showed that opportunistic
pathogenic P. aeruginosa utilized the host hormone NE to
trigger the onset of keratitis in a mouse model with extended
CL wearing. Targeting the elevated NE may be a potential
strategy for preventing CL-induced P. aeruginosa infection
in the cornea.
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