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This study was conducted to determine whether the age of the host influences the pathogenesis and
therapeutic outcome of drug-treated Pseudomonas aeruginosa keratitis. Young (3- to 5-month-old) and old (1.5-
to 3-year-old) rabbits were intrastromally infected with P. aeruginosa ATCC 27853. Sixteen hours later,
rabbits in both age subpopulations were divided into three groups and treated topically as follows: group 1,
phosphate-buffered saline; group 2, 0.3% ciprofloxacin; and group 3, 0.3% ciprofioxacin, 1.0% prednisolone,
and 0.03% flurbiprofen. Drops were given every 15 min for 1 h and then every 30 min for 9 h. At 27 h
postinfection, ocular pathology was graded with a slit lamp examination (SLE) scoring system. Aqueous humor
was collected for ciprofloxacin quantitation, and corneas were harvested for bacterial enumeration and
estimation of polymorphonuclear leukocytes. Young rabbits had more severe inflammation and pathology than
old rabbits. At 27 h postinfection, SLE scores and polymorphonuclear leukocyte numbers were significantly
higher for young rabbits than old rabbits (P < 0.02), regardless of treatment. Prednisolone and flurbiprofen
significantly reduced SLE scores in both age groups (P < 0.03) without affecting the antimicrobial efficacy of

ciprofloxacin.

While conducting a previous study investigating the con-
current administration of ciprofloxacin (7.5 mg/ml) and pred-
nisolone (10 mg/ml) for the therapy of experimental Pseudo-
monas aeruginosa keratitis (6), we noticed that, all other
factors being equal, older rabbits appeared to develop less
severe pathology compared with younger rabbits, whether
the infection was treated or not. If, in fact, age is a factor in
the development of corneal pathology resulting from P.
aeruginosa infection, this variable could contribute to the
inconsistencies seen in the results of animal studies on the
use of combinations of antibiotics and anti-inflammatory
agents for the therapy of bacterial keratitis (4, 6, 11). To test
this theory, we designed a study involving young and old
rabbits infected and treated identically to determine the
influence of age on disease characteristics and the response
to treatment regimens.

MATERIALS AND METHODS

Experimental Pseudomonas aeruginosa keratitis. Twenty-
four New Zealand White rabbits were used in this study.
Twelve of these rabbits, a subpopulation designated as
young rabbits, were between 3 to 5 months of age and
weighed 1.74 + 0.10 kg (mean * standard error of the mean
[SEM]). The remaining 12 rabbits, the subpopulation desig-
nated as old rabbits, were between the ages of 1.5 and 3
years of age and weighed 4.00 = 0.21 kg. The terms young
and old were arbitrarily chosen; however, the young rabbits
were sexually immature, whereas the old rabbits were re-
tired breeders. All rabbits were anesthetized with a subcu-
taneous injection of a 1:5 mixture of xylazine (100 mg/ml;
Miles, Shawnee, Kans.) and ketamine hydrochloride (100
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mg/ml; Aveco, Fort Dodge, Iowa). Topical corneal anesthe-
sia was achieved by instilling a drop of proparacaine hydro-
chloride (0.5%, Ophthaine; Squibb, Princeton, N.J.). Each
eye then received an intrastromal injection, as previously
described (12), of 10 ul of tryptic soy broth (Difco, Detroit,
Mich.), containing 10° CFU of logarithmic-phase P. aerugi-
nosa ATCC 27853. This strain has a minimum inhibitory
concentration for ciprofloxacin of 0.24 pg/ml. Because the
infections were to be stopped at a relatively early stage (i.e.,
before significant stromal edema and stromal infiltrate-oc-
cluded vision), both eyes of the rabbits were infected.

Slit lamp examination (SLE). Eyes were examined with a
slit lamp biomicroscope (Topcon SL-5D; Tokyo, Japan)
prior to infection, before the initiation of therapy (16 h
postinfection), and immediately before sacrifice (27 h postin-
fection). The scoring system has been previously described
(6, 8). Briefly, scores of 0 (absent) to 4 (severe) were
assigned to seven parameters: conjunctival injection, con-
junctival chemosis, iritis (cell and flare), fibrin in the anterior
chamber, hypopyon, stromal infiltrate, and stromal edema.
The sum of the scores from each of the seven parameters
reflects the degree of inflammation observed. A normal eye
has a score of 0. The highest possible score is 28. At no point
in this study were the infections allowed to progress beyond
a score of 20.

Bioassay for ciprofloxacin concentration. Immediately after
the rabbits were sacrificed, the eyes were proptosed and any
mucopurulent discharge was removed with a sterile Dacron
swab. The eyes were then rinsed with sterile phosphate-
buffered saline (PBS), and aqueous humor was collected by
anterior chamber paracentesis from two rabbits (four eyes)
in each of the three treatment groups within both age
subpopulations. Ciprofloxacin was quantitated in aqueous
humor by a bioassay (7).

Quantitation of viable bacteria per cornea. Corneas were
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aseptically excised at the corneoscleral limbus and homog-
enized as previously described (12). Aliquots (0.5 ml) of the
homogenates were serially diluted 1:10 in sterile PBS, and
0.1 ml of each dilution was plated in triplicate onto tryptic
soy agar (Difco). All agar plates were incubated for 48 h at
37°C, and CFU were counted in a masked fashion. All
colony counts were expressed as base 10 logarithms.

Estimation of corneal PMN. The number of polymorpho-
nuclear leukocytes (PMN) in corneal tissue was estimated by
quantitating myeloperoxidase activity in an assay similar to
that described by Williams et al. (17). Corneal homogenates
used for quantitation of CFU per cornea were further
homogenized in the presence of hexadecyltrimethylammo-
nium bromide (Sigma Chemical Co., St. Louis, Mo.) at a
final concentration of 0.5%. Tissue debris was removed from
the homogenate by centrifugation (40,000 x g for 15 min),
and 0.1 ml of the supernatant was mixed with 2.9 ml of
potassium phosphate buffer (50 mM, pH 6.0) containing
o-dianisidine dihydrochloride (16.7 mg/100 ml; Sigma) and
hydrogen peroxide (0.0005%). The change in optical density
with time at 460 nm was measured every 12 s with a system
2600 recording spectrophotometer (Gilford Instrument Lab-
oratories, Oberlin, Ohio) for 15 min at room temperature.
One unit of myeloperoxidase activity was equivalent to
approximately 100,000 PMN. The lowest detectable myelo-
peroxidase activity was 0.01 U, which is equivalent to
approximately 1,000 PMN. For corneas with less than 0.01
U, a value of 0 PMN per cornea was used to calculate the
average number of PMN per group. PMN determinations are
expressed as the log base 10 number of PMN per cornea.

Experimental design. Therapy was initiated at 16 h after
inoculation. Twelve young and 12 old rabbits were used.
Within the age subpopulations, rabbits were randomly as-
signed to one of three treatment groups (four rabbits [eight
eyes] per group). In both young and old rabbits, group 1 was
treated with PBS (pH 7.2), group 2 was treated with topical
drops of 0.3% ciprofloxacin hydrochloride (Ciloxan; Alcon
Laboratories, Fort Worth, Tex.), and group 3 was treated
with 0.3% ciprofloxacin, 1.0% prednisolone acetate (Pred
Forte; Allergan Pharmaceuticals, Hormigueros, Puerto Rico),
and 0.03% flurbiprofen sodium (Ocufen; Allergan Pharma-
ceuticals). The ciprofloxacin was applied first, and then the
prednisolone and flurbiprofen drops were added at 5-min
intervals thereafter. All drops were administered every 15
min during the first hour of treatment, and then every 30 min
for an additional 9 h. One hour after the final treatment (27 h
postinfection), all eyes were examined, the rabbits were
sacrificed and corneas and aqueous humor were collected.

Statistical analysis of data. Results were analyzed by
means of the Statistical Analysis Systems (13). Analysis of
variance was performed on the base 10 logarithm of the
number of colonies, PMN per cornea, and concentration of
ciprofloxacin per eye expressed as micrograms of drug per
milliliter of aqueous humor. Where analysis of variance
indicated significant differences, ¢ tests between the least-
squares mean from each treatment group were conducted.
Comparisons between treatment groups were also con-
ducted by specific contrast statements (13). For slit lamp
scores, a nonparametric one-way analysis of variance
(Kruskal-Wallis test) was used. For comparison among
groups in this analysis, Wilcoxon scores were used.

RESULTS

SLE and PMN. All eyes were normal (SLE score = 0)
prior to bacterial inoculation. At 16 h postinfection (before
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TABLE 1. SLE scores

SLE score®

Young Oold
15.75 £ 1.01 11.12 = 0.45
16.87 + 1.11¢ 11.12 * 1.007
12.25 + 0.98° 8.87 + 0.90°

Treatment?

Group?®

1 PBS

2 0.3% ciprofloxacin

3 0.3% ciprofloxacin, 1.0%
prednisolone acetate,
0.03% flurbiprofen

“ Each group consisted of four young (3- to S-month-old) and four old (1.5-
to 3-year-old) rabbits (eight eyes in each group).

® Drops were administered every 15 min for 1 h and then every 30 min for
9h.

¢ SLE scores (SLE mean * SEM) at 27 h postinfection. Scores of young
rabbits were significantly higher (P < 0.002) than scores of old rabbits for all
groups.

4 Not significantly different from same age rabbits in group 1 (P > 0.25).

¢ Significantly different from groups 1 and 2 of same-age rabbits (P < 0.001
for young rabbits; P < 0.03 for old rabbits).

treatment), the young rabbits did not have significantly
greater corneal pathology compared with the old rabbits
(mean SLE score, 5.63 + 0.34 for young rabbits versus 4.96
+ (.24 for old rabbits; P = 0.08).

At 27 h postinfection (after treatment), all three groups of
young rabbits had significantly greater SLE scores and
numbers of PMN compared with the corresponding groups
of old rabbits, regardless of treatment (Tables 1 and 2). In
both young and old rabbits, the groups receiving the com-
bined steroid-anti-inflammatory-antibiotic treatment (group
3) had significantly lower SLE scores than the groups
receiving PBS (group 1) or antibiotic alone (group 2) (Table
1); SLE scores in groups 1 and 2 were not significantly
different from each other at either age.

Viable bacteria per cornea. Age did not affect bacterial
growth; the numbers of viable bacteria in PBS-treated young
and old corneas were not significantly different (Table 3). All
eyes treated with ciprofloxacin, regardless of age or treat-
ment group, had significantly fewer bacteria than the PBS-
treated eyes. All of the eyes from young rabbits treated with
0.3% ciprofloxacin, 1.0% prednisolone, and 0.03% flurbi-
profen (group 3) were essentially sterile; i.e., fewer than 10
P. aeruginosa cells were recovered from corneal homoge-
nates, whereas none of the similarly treated eyes of the old
rabbits were sterile. Of the 16 eyes in group 2 (0.3%
ciprofloxacin) 7 eyes of young rabbits and 6 eyes of old
rabbits were sterile.

TABLE 2. Estimated numbers of corneal PMN

Corneal PMN¢
Group® Treatment?
Young Old
1 PBS 5.04 £0.73 1.30 +0.85
2 0.3% ciprofloxacin 5.41 + 0.08% 2.55 + 1.00°
3 0.3% ciprofloxacin, 1.0% 4.65 = 0.67° 2.03 = 1.00¢

prednisolone acetate,
0.03% flurbiprofen

4 Each group consisted of four young (3- to 5-month-old) and four old (1.5-
to 3-year-old) rabbits (eight eyes in each group).

® Drops were administered every 15 min for 1 h and then every 30 min for
9h.

¢ Corneal PMN at 27 h postinfection expressed as log base 10 mean + SEM.
Young rabbits had significantly greater numbers of PMN than old rabbits (P <
0.02).

4 Not significantly different from group 1 of same age rabbits (P > 0.35).
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TABLE 3. Viable bacteria per cornea

CFU/cornea®
Group?® Treatment?
Young Oold
1 PBS 7.40 = 0.12¢ 7.52 + 0.05
2 0.3% ciprofloxacin 0.06 *+ 0.06° 0.45 * 0.16°

3 0.3% ciprofloxacin, 1.0%  0.00 = 0.00° 1.46 + 0.21°%
prednisolone acetate,

0.03% flurbiprofen

¢ Each group consist:d of four young (3- to 5-month-old) and four old (1.5-
to 3-year-old) rabbits (eight eyes in each group).

® Drops were administered every 15 min for 1 h and then every 30 min for
9h.

¢ CFU per cornea at 27 h postinfection expressed as log base 10 mean +
SEM.

4 Not significantly different from group 1 of old rabbits (P = 0.5).

¢ Significantly less than group 1 (P < 0.0001).

/ Not significantly greater than corresponding group in young rabbits (P =
0.12).

& Significantly greater than corresponding group in young rabbits (P <
0.01).

Ciprofloxacin concentrations in aqueous humor. Ciproflox-
acin concentrations in aqueous humor were similar in young
and old rabbits in both groups 2 and 3 (Table 4). In rabbits of
both ages, the groups receiving antibiotic plus steroid-anti-
inflammatory therapy (group 3) had ciprofloxacin concentra-
tions higher than those receiving the antibiotic alone (group
2).

DISCUSSION

As P. aeruginosa multiplies and spreads within the
stroma, an acute host inflammatory response ensues. The
severity of this acute inflammatory response depends upon
the virulence of the organism and the immune status of the
host (1). Highly virulent organisms such as P. aeruginosa
evoke a pronounced host response. In the immunosup-
pressed host, the hallmarks of ocular inflammation are
relatively reduced (10). Because of a decrease in the non-
specific resistance mechanisms in geriatric patients, the
signs and symptoms of infection can be less obvious (2). In
this study, the SLE scores and corneal PMN numbers of
young rabbits, presumably as a result of a more vigorous
inflammatory response, were consistently higher than the
scores for the older rabbits in the corresponding treatment
groups.

The ocular damage in Pseudomonas keratitis depends to a
large degree on the action of proteases (3, 9, 16). Three

TABLE 4. Ciprofloxacin concentrations in aqueous humor
27 h postinfection

Ciprofloxacin concn (pg/ml)

Group® Treatment®
Young Oold
1 PBS None None
2 0.3% ciprofloxacin 1.73 £ 0.36° 1.33 £ 0.11
3 0.3% ciprofloxacin, 1.0% 3.11 + 0.46¢ 4.00 = 0.43

prednisolone acetate,
0.03% flurbiprofen

“ Each group consisted of four young (3- to 5-month-old) and four old (1.5-
to 3-year-old) rabbits (eight eyes in each group).
® Drops were administered every 15 min for 1 h and then every 30 min for

¢ Not significantly different from similarly treated old rabbits (P = 0.5).
4 Not significantly different from similarly treated old rabbits (P = 0.1).
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sources of proteases could contribute to the tissue destruc-
tion seen during P. aeruginosa keratitis: the bacteria, stro-
mal fibroblasts, and degranulating PMN. P. aeruginosa
alkaline protease and elastase are capable of degrading
stromal proteoglycans (16). These enzymes could also acti-
vate an endogenous matrix metalloproteinase, MMP-2. This
type I collagenase is expressed by stromal fibroblasts in
normal corneas in an inactive proenzyme form. Recently,
Matsumoto et al. (9) reported the ability of alkaline protease
and elastase to activate MMP-2.

The lysosomal enzymes of PMN (collagenase and cathep-
sins) contribute to corneal degradation (3). Preventing the
influx of PMN into the P. aeruginosa-infected cornea with
anti-inflammatory drugs appears to be an attractive adjunct
therapy. This is true provided the bactericidal activity of the
concurrently administered antibiotic is not compromised.
The regimen that was associated with the least amount of
pathology together with the fewest viable bacteria recovered
from the cornea involved treatment with ciprofloxacin in
addition to prednisolone and flurbiprofen (group 3). Cipro-
floxacin efficiently eliminated 6 to 7 log units of P. aerugi-
nosa from the cornea, and prednisolone and flurbiprofen
reduced the amount of tissue damage from the host inflam-
matory response.

Cell-mediated immunity, humoral immunity, and nonspe-
cific immune mechanisms decrease in functional capacity
with age (5, 14, 15). Hazlett et al. (5) isolated PMN and
macrophages from P. aeruginosa-infected mouse corneas
and peripheral blood of uninoculated mice and noticed an
impaired phagocytic function in cells of aged animals versus
young adults. A loss in the functional capacity of PMN and
macrophages of old rabbits could explain the lower number
of corneal PMN in old rabbits during Pseudomonas keratitis.
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