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Abstract

Purpose: To evaluate the effects of different drug-delivery techniques for levofloxacin (LVFX) in ocular
penetration and the prevention of endophthalmitis using an aphakic rabbit model with posterior capsule rupture
(PCR).

Methods: LVFX was administered to aphakic rabbit eyes with or without PCR using eye drops (EDs), sub-
conjunctival injection (SCI), or intracameral (IC) injection. The concentration of the drug in the vitreous and
aqueous humors was estimated at 2h after injection. In another study, aphakic rabbit eyes with PCR were
inoculated with Enterococcus faecalis, immediately followed by 0.5% LVEX ED, 0.5% moxifloxacin (MFLX)
ED, LVEX IC (500 ng/0.1mL), or IC saline. EDs were administered 0, 3, and 6h after surgery. Changes
on electroretinography (ERG) and intraocular bacterial growth were determined sequentially until 48 h after
inoculation.

Results: The concentrations of LVFX at 2 h after IC were higher in the aqueous humor and the vitreous cavity
of eyes with or without PCR, compared with EDs or SCI. Eyes treated with LVFX ED, MFLX ED, or IC saline
showed a significantly greater reduction in b-wave amplitude on ERG at 48 h compared with eyes treated with
LVEX IC. The number of bacteria recovered from the vitreous humor in eyes treated with IC LVFX at 48 h was
significantly less than from eyes that received other treatments.

Conclusion: The LVFX IC was effective at suppressing endophthalmitis caused by E. faecalis in eyes with a
PCR.

chamber to the posterior chamber is a key event in the pro-
gression of postoperative endophthalmitis; in the posterior
segment, severe retinal damages may result. Rupture of the
posterior capsule during surgery leads to a si§niﬁcantly higher
incidence of postoperative endophthalmitis®” because aqueous

Introduction

B ACTERIAL ENDOPHTHALMITIS is one of the most severe
and sight-threatening complications of cataract surgery.
The incidence of postoperative endophthalmitis has decreased

(from 0.20% to 0.04%),"* mainly because of the introduction
of new surgical techniques.> However, an invariably sight-
threatening infection is often resolved with substantial visual
loss, and prophylaxis for endophthalmitis should be consid-
ered, given its pathogenesis. The external bacterial flora
probably enters the anterior chamber through the surgical
wound; in fact, contamination of the anterior chamber at the
end of surgery has been noted in as many as 5.7%-21.1% of
cases. ™’ Moreover, bacterial migration from the anterior

humor contaminants can readily access the vitreous cavity.
Several procedures have been attempted to reduce bacterial
contamination of the eye and to prevent endophthalmitis.'®
Some reports have shown that intracameral (IC) antibiotics
are effective in the prevention of endophthalmitis.''"'* Along
with IC antibiotics, antibiotic eye drops (EDs) may be used
to prevent endophthalmitis. Generally, topical antibiotics
are administered immediately after surgery and on the fol-
lowing day as postoperative prophylaxis for endophthalmitis.
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Wallin ez al." reported that starting topical antibiotic admin-
istration on the day after surgery rather than on the day of
surgery was associated with an increased risk of en-
dophthalmitis. These results suggest that bacteria proliferate
and express virulence factors as early as 1 day after surgery.
Indeed, we previously reported that immediate postoperative
prophylaxis using a moxifloxacin (MFLX) ophthalmic solu-
tion reduced the risk of Enterococcus faecalis-caused en-
dophthalmitis in a rabbit model.'* Further, Colleaux and
Hamilton'®> demonstrated that prophylactic subconjunctival
antibiotic injections at the conclusion of cataract surgery de-
creased the incidence of postoperative endophthalmitis.

Thus, antibiotic administration at the end of cataract
surgery could be effective for the prevention of en-
dophthalmitis. However, little is known about the efficacy of
antibiotics in eyes with posterior capsule rupture (PCR),
which is a major risk factor for endophthalmitis. Moreover,
the penetration of antibiotics using different drug-delivery
techniques into the anterior or posterior segment of eyes
with or without a ruptured posterior capsule has not been
well documented.

This study was designed to investigate the pharmacoki-
netics of levofloxacin (LVFX) in the anterior chamber or
vitreous cavity after the use of various drug-delivery tech-
niques and the efficacy of antibiotics for the prophylaxis of
postoperative endophthalmitis in eyes with PCR.

Materials and Methods
Antibiotics and bacteria

A 0.5% LVFX ophthalmic solution (Cravit; Santen
Pharmaceutical, Co., Ltd., Osaka, Japan) and 0.5% MFLX
ophthalmic solution (Vigamox; Alcon Japan Ltd., Tokyo,
Japan) were purchased from their respective manufacturers.
The laboratory strain of E. faecalis OG1S, which produces a
secretory protease, was used.'® The minimum inhibitory
concentrations (MICs) of LVFX and MFLX against OG1S
were 2.0 and 0.5 pg/mL, respectively. The bacteria were
grown in brain heart infusion (Difco Laboratories, Detroit,
MI) broth for 18h at 37°C and then washed twice with
sterile physiological saline and resuspended in sterile
physiological saline. The concentration of bacteria in the
suspension was determined spectrophotometrically and then
adjusted to ~2x10° colony-forming units/mL (CFU/mL)
with sterile physiological saline.

Animals

Female Japanese albino rabbits, weighing 2 kg each (Ki-
tayama Labes Co. Ltd., Nagano, Japan), were maintained in
accordance with Institutional Animal Care and Use Com-
mittee guidelines and the Association for Research in Vision
and Ophthalmology Statement for the Use of Laboratory
Animals in Ophthalmic and Vision Research. All procedures
involving rabbits were approved by the Committee of Ani-
mal Experimentation, Ehime University School of Medicine
(Matsuyama, Japan).

The rabbits were anesthetized with an intramuscular in-
jection of an equal mixture of 5% ketamine (Ketalar intra-
muscular, 500 mg; Sankyo Co., Ltd., Tokyo, Japan) and 2%
xylazine (Selactar; Bayer Ltd., Tokyo, Japan) at 1 mL/kg for
all procedures. The rabbits were euthanized with an over-
dose of pentobarbital sodium.
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Lensectomy

A lensectomy was performed on both eyes as described
previously.'® A clear corneal incision was performed, and
the lens was extracted with a Phacompo Phacoemulsificator
(Santen Pharmaceutical Co., Ltd.) using balanced salt so-
lution (BSS plus; Alcon, Fort Worth, TX) for irrigation, and
the incision was sutured with 10-0 nylon. Intentional rupture
of the lens capsule was made in some cases using phaco tips.

Intraocular penetration of LVFX

After lensectomy with or without intentional rupture of
the posterior capsule, a single dose of 0.5% LVEX oph-
thalmic solution was administered as ED (50 pL), a sub-
conjunctival injection (SCI; 100puL), or an IC injection
(100 pL). The pharmacokinetics of LVFX were then in-
vestigated. The eyes (n=5 per group) were enucleated O or
2 h after the lensectomy. The aqueous humor was collected
with a 23-gauge needle. The eyeball was rinsed in sterile
saline, immediately dipped in liquid nitrogen, and frozen.
The regions from the corneal limbus to the posterior seg-
ment of the frozen eyes were dissected and separated into 3
equal parts using a razor. After dissection, only the vitreous
humor was collected to avoid contamination with other
tissues, weighed, and stored at —80°C. The concentrations
of LVFX in the aqueous and vitreous humors were deter-
mined by high-performance liquid chromatography (HPLC).
Briefly, for the assay of LVFX, internal standard (lome-
floxacin) and 0.2% acetic acid solution were added to the
sample, and the mixture was extracted by solid-phase ex-
traction (Oasis MAX; Waters Corporation, Milford, MA).
The extract was injected into an HPLC system equipped
with an analytical column (ACQUITY UPLC BEH Phenyl
1.7pum, 100x2.1mm i.d.; Waters Corporation) and the
fluorescence intensity of LVFX was detected. The concen-
trations in the aqueous humor (pg/mL) and vitreous humor
(ng/g) were calculated using a calibration curve.

Prevention of experimental E. faecalis-induced
endophthalmitis

After lensectomy with intentional rupture of the posterior
capsule, 0.1 mL of OG1S strain was inoculated into the anterior
chamber using a blunt needle on a 1-mL tuberculin syringe. The
rabbits were then divided into 4 groups and treated with 0.5%
LVEX ED, 0.5% MFLX ED, IC LVFX, or IC saline. In the
LVEX or MFLX ED group, 0.5% LVFX or 0.5% MFLX ED
(50 uL) was administered 0, 3, and 6 h after surgery. The IC
injection of 0.5% LVFX or saline (100 pL) was performed at the
end of surgery in the IC LVFX and saline groups, respectively.
The course of infection in the eyes of each group was monitored
using clinical scores, electroretinography (ERG), and the quan-
tification of bacteria recovered from samples collected as de-
scribed previously.'® Animals in which the study drug was not
administered correctly or a sample was not collected accurately
were excluded from the analysis.

Statistical analysis

Differences between the 2 groups were analyzed using
Student’s #-test. The Tukey—Kramer test was used for mul-
tiple comparisons. A P value of <0.05 was considered to
indicate statistical significance.
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Results
Intraocular penetration of LVFX

The concentrations of LVFX 2 h after the application of ED
or SCI were measured and compared. In the aqueous humor of
eyes treated with ED, the concentration of LVFX in the eyes
without capsule rupture was higher than in the eyes with
capsule rupture, although the difference was not statistically
significant (P=0.18; Fig. 1). LVEX in the SCI group could
similarly penetrate to the aqueous humor in eyes with or
without capsule rupture (P=0.87; Fig. 1). The LVFX con-
centration in the ED group was significantly higher in the
aqueous humor in eyes without capsule rupture than in the SCI
group (P<0.05; Fig. 1). The LVEX concentration in the ED
group, but not in the SCI group, could exceed the MIC against
OGIS. In each part of the vitreous body, the LVEX concen-
tration in the SCI group was significantly higher in eyes with
or without PCR than in the ED group, except in the posterior
vitreous (Fig. 1). No difference in LVFX concentration was
found in eyes with and without rupture in the ED or SCI group
(Fig. 1). However, the LVFX concentration in neither the ED
nor the SCI group reached the MIC against OGI1S in the
vitreous.
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Next, we examined LVFX penetration in eyes treated
with an IC injection of LVFX. In the aqueous humor, the
LVEX concentration in eyes with or without capsule rupture
was decreased from 0 to 2h (P <0.05; Fig. 2). In each part
of the vitreous, the LVFX concentration in eyes with rupture
was higher than in eyes without rupture, although the dif-
ferences were not statistically significant. The vitreous
sustained high LVFX concentrations that greatly exceeded
the MIC of OGIS for 2h.

Prevention of endophthalmitis

The eyes were examined at the designated times to
assess their intraocular inflammation scores (Fig. 3). The
mean scores in the IC LVFX group were significantly
lower than those in the IC saline group at 12, 24, and
48h (12h: P<0.05; 24 and 48 h: P<0.001). There were
significant differences in the intraocular inflammation
scores between the IC LVFX group and ED group
(LVFX and MFLX) at 48h (P<0.001). The intraocular
inflammation score in the MFLX ED group at 24 h was
also significantly lower than that in the IC saline group
(P<0.001).

= Anterior vitreous
350 o

L2

250 1 ‘

200

150

100

Concentration (ng/g)

50 T |

., m 1

rup- rup+ rup- rup+

ED SCI

Posterior vitreous

350
300
250
200
150
100
50 .
o I E

rup+

Concentration (ng/g)

rup- rup- rup+

ED SCI

Concentrations of LVFX in the aqueous and trisected vitreous (mean + standard deviation, n=15) at 2 h after a single

instillation of ED or SCI. *P <0.05 **P <0.01. ED, eye drop; SCI, subconjunctival injection; rup, rupture. —, minus; +, positive.



336

Aqueous humor
1800 %

1600

1400

* %

1200
1000 -
800
600

400 -
o m
0

rup- rup-

Concentration (ug/ml)

rup+ rup+

Oh 2h

Equatorial vitreous
180
160
140

120

100

80

60

40

20 .
0

rup+

Oh 2h

Concentration (ug/g)

rup-

rup- rup+

UDA ET AL.

Anterior vitreous

Concentration (ug/g)
o0
=

rup-

. -

rup- rup+ rup+

Oh 2h

Posterior vitreous

Concentration (ug/g)
o0
a

rup+

Oh 2h

rup- rup- rup+

FIG. 2. Concentrations of LVFX in the aqueous and trisected vitreous (mean * standard deviation, n=5) at 0 and 2 h after
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FIG. 3. Intraocular inflammation scores at the specified

times after surgery and the induction of Enterococcus fae-
calis endophthalmitis. The data are the means = standard
deviations (n=7-9). *P<0.05; **P<0.001. MLFX, moxi-
floxacin; LVFX, levofloxacin.

The retinal responsiveness of eyes infected with E. fae-
calis was determined by ERG (Fig. 4). Retinal function from
24 to 48 h was significantly greater in the IC LVFX group
than in the IC saline (24 h: P<0.05; 48 h: P<0.001), LVFX
ED (24h: P<0.01; 48h: P<0.001), and MFLX ED (48 h:
P<0.001) groups, except in comparison to the MFLX ED
group at 24 h. There was no significant difference in retinal
responsiveness between the IC saline and ED groups (LVEX
and MFLX) from 24 to 48 h.

There was no significant difference in viable bacteria re-
covered from the anterior chamber among the 4 groups. In the
vitreous, bacterial growth in the IC LVFX group (5.1%1.1
log;o CFU/mL) was significantly reduced compared with that
in the IC saline (8.3£0.5 log;, CFU/mL; P<0.001), LVEX
ED (8.7+0.9 log,y, CFU/mL; P<0.001), and MFLX ED
(8.910.7 log;o CFU/mL; P<0.001) groups (Fig. 5).

Discussion

Postoperative endophthalmitis is a severe complication of
cataract surgery; however, it may be effectively prevented
using antibiotics. Immediate postoperative antibiotic ad-
ministration is essential to improve bacterial killing and
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FIG. 4. Effects of antibiotics on electroretinographic
measurements of retinal responsiveness at the specified
times after surgery and the induction of E. faecalis en-
dophthalmitis. The data are the means * standard deviations
(n=7-9). *P<0.05; **P<0.01; ***P<0.001.

prevent infection by blocking the rapid penetration of patho-
gens from the anterior chamber to the vitreous. Rupture of the
posterior capsule can induce bacterial translocation from the
anterior chamber to the vitreous. Some investigators have re-
ported that cataract surgery without PCR does not allow sub-
stances in the aqueous humor to move into the vitreous humor
because the posterior capsule!”™" and anterior vitreous mem-
brane®® form a firm barrier. Thus, ocular penetration by post-
operative antibiotics could differ between eyes with and
without PCR. Because fluoroquinolone EDs have broad
spectra of action and excellent ocular penetration, they are
widely used for the postoperative prophylaxis of en-
dophthalmitis.?' In our study, ocular penetration with different
drug-delivery methods was compared using a 0.5% LVEX
ophthalmic solution, which is widely used for surgical pro-
phylaxis in Japan. This ophthalmic solution does not contain
preservatives (e.g., boric acid and benzalkonium chloride) and
the IC injection of LVFX was nontoxic in terms of the clinical

Anterior chamber
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toxicity score, corneal thickness, and cell viability.”* Although
it is difficult to exactly compare drug penetration between ED
and SCIs because of differences in the amount of drug ad-
ministered (ED, 50 pL; SCI 100 pL), LVEX ED can penetrate
the aqueous humor more efficiently than SCI. In contrast, the
LVEX concentration following SCI in the vitreous was higher
than that following ED delivery. This confirms previous data
that show that a potential barrier to ED is diffusion through the
cornea, and subconjunctival routes could use the permeability
of the sclera to penetrate the posterior segment.”>~>® Although
not statistically significant, the LVFX concentration following
ED delivery in the aqueous humor of eyes with PCR was lower
than that in eyes without rupture. It is likely that the drug in the
aqueous humor of eyes with PCR diffused to the posterior
segment and therefore did not maintain a high concentration in
the aqueous humor. In contrast, drug penetration with SCI
would not be expected to be influenced by PCR because the
drug could permeate through the sclera. The concentration of
LVFX with ED or SCI at 2h after administration was much
lower than the MIC of E. faecalis (2 pg/mL). Because the 0.5%
MFLX ophthalmic solution could penetrate the anterior
chamber better than other fluoroquinolones,”®=" it may pene-
trate the vitreous in eyes with rupture. In our study, the IC
injection of LVEX resulted in a high concentration of LVFX in
the aqueous humor and vitreous of eyes with or without PCR.
Although not statistically significant, LVFX could better pen-
etrate the vitreous of eyes with rupture versus those without
rupture following IC injection. This indicates that IC injection
could be effective at inhibiting the proliferation of bacteria that
translocate through the PCR to the vitreous cavity.

Previous studies have shown the efficacy of antibiotics for
preventing endophthalmitis in animal models. Kowalski
et al.** demonstrated that ofloxacin and MFLX were more
effective at preventing endophthalmitis than non-
fluoroquinolone antibacterial agents in phakic rabbit eyes in
which the anterior chambers were inoculated with Staphy-
lococcus aureus. The SCI of a combination of triamcinolone
and ciprofloxacin hydrochloride was useful for preventin
endophthalmitis caused by S. aureus in phakic rabbit eyes.>
Moreover, IC MFLX was effective in preventing en-
dophthalmitis in a phakic rabbit model after an S. aureus
intravitreal challenge.** However, these animal models may
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differ from actual postoperative endophthalmitis, where there
is an anatomical barrier between the anterior chamber and
vitreous cavity. Our model was established by inoculating
pathogens into the anterior chamber with PCR after lensect-
omy, similar to an actual endophthalmitis case, especially
those occurring after surgical complications (e.g., rupture). In
this study, E. faecalis was used to create a model of en-
dophthalmitis. Although E. faecalis is rarely a causative agent
of clinical endophthalmitis, it can rapidly induce postopera-
tive endophthalmitis, often within 2-4 days, and can cause
substantial vision loss upon infection.™ " Indeed, patients
with E. faecalis-related endophthalmitis had the worst visual
outcome in the Endophthalmitis Vitrectomy Study.*®

We found that the IC injection of LVFX significantly re-
duced inflammation scores and bacterial counts in the vitreous
humor and maintained retinal function in our aphakic rabbit
model, compared with LVFX ED, MFLX ED, and IC saline
treatment. These results indicate that the IC injection of an-
tibiotics could be effective for preventing endophthalmitis in
cataract surgery with PCR. We used E. faecalis, for which the
MICs of MFLX and LVFX are 0.5 and 2.0 pg/mL, respec-
tively. The MICs of MFLX against ocular isolates, including
staphylococci and streptococci, were lower than those of
LVEX and gatiﬂoxacin.”’40 Thus, MFLX ED could be more
effective in preventing endophthalmitis. Indeed, MFLX ED
reduced the inflammation scores significantly at 24h com-
pared with IC saline. Because EDs were not administered
from 6h after surgery in this study, EDs could not inhibit
bacterial growth in the anterior chamber or vitreous at 24 or
48 h. However, even EDs using MFLX could be less effective
in preventing endophthalmitis in eyes with PCR because of
reduced penetration to the vitreous and the existence of drug-
resistant bacteria. We did not check the effect of IC MFLX for
preventing endophthalmitis because we would like to reduce
numbers of animal for experiment. Since IC MFLX can
penetrate not only to the aqueous humor but also the vitreous
in aphakic rabbit eyes,*' it could be effective in preventing
experimental endophthalmitis in complex phacoemulsifica-
tion surgery. Moreover Matsuura et al. demonstrated that IC
MFLX administration in clinical study decreased the risk for
endophthalmitis by 3-fold. Thus, IC MFLX could prevent
endophthalmitis in our model as well as IC LVFX.**

The results of our study should be interpreted with care,
considering its limitations. First, this study was conducted in
a rabbit model with experimentally induced E. faecalis en-
dophthalmitis. Although this closely resembles the clinical
situation, it is not identical to it. Second, the formulations of
MFLX and LVFX used in vivo were the same as those used
in clinical practice. Thus, the effective intraocular concen-
trations in this animal model may exceed those achieved in
humans, considering the differences in eye size.

In conclusion, the results of this study indicate that the IC
injection of antibiotics is effective in preventing en-
dophthalmitis in complex phacoemulsification surgery
compared with antibiotic ED. Prospective clinical studies
are needed to confirm the potency, efficacy, and safety of IC
injections for the prevention and treatment of bacterial en-
dophthalmitis.
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