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Moxifloxacin is a new 8-methoxyquinolone with high activity against gram-positive bacteria, including pen-
icillin-resistant pneumococci. In an experimental meningitis model, we studied the pharmacokinetics of moxi-
floxacin in infected and uninfected rabbits and evaluated the antibiotic efficacies of moxifloxacin, ceftriaxone,
and vancomycin against a penicillin-resistant Streptococcus pneumoniae strain (penicillin, ceftriaxone, vanco-
mycin, and moxifloxacin MICs were 1, 0.5, 0.5, and 0.125 pg/ml, respectively). Moxifloxacin entered cerebro-
spinal fluid (CSF) readily, with peak values within 15 to 30 min after bolus intravenous infusion and with a
mean percent penetration into normal and purulent CSF of approximately 50 and 80%, respectively. The bac-
tericidal effect of moxifloxacin was concentration dependent, and regrowth was seen only when the concentra-
tion of moxifloxacin in CSF was below the minimal bactericidal concentration. All antibiotic-treated groups
(moxifloxacin given in two doses of 40 mg/kg of body weight, moxifloxacin in two 20-mg/kg doses, ceftriaxone
in one 125-mg/kg dose, and vancomycin in two 20-mg/kg doses) had significantly higher reductions in CSF bac-
terial concentration than the untreated group (P < 0.05). Moxifloxacin was as effective as vancomycin and
ceftriaxone in reducing bacterial counts at all time points tested (3, 5, 10, and 24 h). Moreover, moxifloxacin
given in two 40-mg/kg doses resulted in a significantly higher reduction in CSF bacterial concentration (in log,,
CFU per milliliter) than vancomycin within 3 h after the start of antibiotic treatment (3.49 [2.94 to 4.78] versus
2.50 [0.30 to 3.05]; P < 0.05). These results indicate that moxifloxacin could be useful in the treatment of

meningitis, including penicillin-resistant pneumococcal meningitis.

Penicillin-resistant pneumococci (PRP) have become an in-
creasing problem worldwide. High prevalences of PRP have
been reported in the United States, Spain, South Africa, South
Korea, and many other countries (31). Penicillin resistance is
followed by reduced susceptibility to other B-lactams (1). In-
deed, failure has been reported in the treatment of meningitis
with extended-spectrum cephalosporins, which are usually rec-
ommended for treatment of meningitis with unknown etiology
(12).

New quinolones (e.g., levofloxacin, temafloxacin, trovafloxa-
cin, Win 57273, clinafloxacin) have increased activity against
gram-positive bacteria. These drugs enter the cerebrospinal
fluid (CSF) readily because of their lipophilicity (23) and have
been shown to be effective in the treatment of experimental
meningitis caused by pneumococcal strains, independently of
the strains’ penicillin susceptibilities (8, 13, 18, 21).

Moxifloxacin is a new quinolone {1-cyclopropyl-7-[(S,S)-2,8-
diazabicyclo[4.3.0]non-8-yl]-6-fluoro-8-methoxy-1,4-dihydro-4-
oxo-3-quinoline} with high activity against gram-positive bac-
teria, including pneumococci (MIC at which 50% of isolates
are inhibited [MIC;,] and MIC,,, 0.12 and 0.25 pg/ml, respec-
tively) (4, 33). In this study, we evaluated moxifloxacin phar-
macokinetics, including penetration of CSF, with normal as
well as inflamed meninges in rabbits. Furthermore, we studied
the efficacies of different dosing regimens of moxifloxacin in
the treatment of experimental meningitis in rabbits caused by
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PRP, and compared moxifloxacin with ceftriaxone and vanco-
mycin, which are considered the treatment of choice for this
type of meningitis.

MATERIALS AND METHODS

Test organisms. Strain 1 (1395) was a penicillin-resistant Streptococcus pneu-
moniae type 9V strain originally isolated from the CSF of a 78-year-old female.
Strain 2 (3058) was a penicillin-susceptible S. pneumoniae type 9V strain, kindly
provided by Terry O’Reilly, Novartis, Basel, Switzerland. Enhancement of viru-
lence was performed by inoculation of the two strains into mouse peritoneum.
Infected peritoneal fluid was cultured for 24 h on 5% blood agar plates; then the
bacteria were suspended in sterile beef broth with 10% glycerol (Statens Serum
Institut), and aliquots were kept at —80°C. For in vivo and in vitro experiments,
the frozen organisms were thawed and then grown on blood agar plates for 24 h,
and then colonies were suspended in beef broth to an optical density of 0.35 at
540 nm and incubated for 1 h. The test organism was diluted in sterile beef broth
to a final concentration of 1 X 10° to 2 X 10° CFU/ml, as confirmed by quan-
titative cultures, and 0.2 ml was used for intracisternal inoculation. Strain 2 was
a CO,-dependent strain, so if not mentioned otherwise, incubation was per-
formed in 5% CO..

Antimicrobial agents. Moxifloxacin was provided by Bayer AG, Wuppertal,
Germany. Stock solutions were made by dissolving the drug in sterile water to a
final concentration of 5 mg/ml. Ceftriaxone (catalog no. C-5793) and vancomycin
(catalog no. V-2002), (both from Sigma Chemical Co., St. Louis, Mo.) were
dissolved in sterile water to final concentrations of 40 and 5 mg/ml, respectively.
Antibiotics were administered intravenously as infusions over 15 to 30 min.

Susceptibility testing. MICs and minimal bactericidal concentrations (MBCs)
of moxifloxacin, ceftriaxone, vancomycin, and penicillin were determined by a
standard microdilution method (17). Briefly, the MIC of each antibiotic was
determined in Mueller-Hinton broth supplemented with 5% sheep blood with an
inoculum of 10° CFU/ml, and the antibiotic was added in twofold dilutions from
16 to 0.0313 pg/ml. Microtiter plates (microwell plates 262170; Nunc, Roskilde,
Denmark) were incubated in 5% CO, at 37°C for 20 h. The MICs were the
lowest concentrations where no visible growth was observed. The MBCs were
determined by plating 50 I from each microtiter well without visible growth and
50 pl from controls on 5% blood agar for another 24 h of incubation. The MBC
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was defined as the lowest concentration that reduced the CFU of the inoculum
by at least 99.9%.

Time-kill experiments. The test organisms were diluted to ~1 X 10° CFU/ml
in 20 ml of sterile beef broth and were placed in 50-ml flasks. After 1 h of
incubation to ensure the presence of the growth phase, the organisms were
challenged with antibiotics at twofold dilutions from 32 to 0.5 times the MIC and
were placed on a shaker at 37°C in ambient air or 5% CO, (strain 1 or 2, re-
spectively). Bacterial titers were determined after —1, 0, 1/2, 1, 2, and 4 h by
plating 10-fold serial dilutions on 5% blood agar. Samples of 20 pl were plated
to detect the lower detection level (50 CFU/ml). Experiments with all combina-
tions of strains and drugs were performed in triplicate.

Determination of antibiotic concentrations in blood and CSF. Antibiotic con-
centrations in CSF and serum were determined by a disc diffusion bioassay using
Klebsiella pneumoniae (ATCC 10031) for measuring the concentrations of moxi-
floxacin and ceftriaxone. A cup-plate bioassay method using Micrococcus luteus
(ATCC 9341) was used for the bioassay of vancomycin. Lower detection limits
were 0.1, 0.2, and 0.6 pg/ml for moxifloxacin, ceftriaxone, and vancomycin,
respectively. The inter- and intra-assay variation coefficients for the standard
concentrations tested were less than 10% for all antibiotics.

Protein binding. The protein binding of moxifloxacin was determined for a
range of concentrations by an ultrafiltration method as previously described (10).
Briefly, the fluids (human serum, rabbit serum, sterile beef broth, and sterile
water) were incubated in ambient air at 37°C for 2 h. After the pH was adjusted
to 7.0 to 7.5 with HCI, moxifloxacin was added in concentrations of 5, 10, 20, and
40 pg/ml, and the mixtures were incubated for 2 h. Half of the samples were
centrifuged at 3,000 X g for 20 min in tubes with filters with a cutoff at approx-
imately 30 kDa (Centricon 30, catalog no. 4208; Amicon, Beverly, Mass.), with
subsequent determination of concentrations of moxifloxacin in broth, serum,
water, or ultrafiltrates.

Meningitis model. The experimental protocols were approved by the Danish
committee for inspection of animal experiments. A modification of the model
originally described by Dacey and Sande was used (3). New Zealand White
rabbits weighing approximately 2.5 kg were anesthetized with 0.5 mg of mida-
zolam (F. Hoffmann-La Roche AG, Basel, Switzerland)/kg of body weight given
subcutaneously and a combination of fentanyl and fluanisone (0.35 ml/kg given
intramuscularly; Janssen Pharmaceutica N.V., Beerse, Belgium), and a dental
acrylic helmet containing a half turnbuckle was attached to the skull of each
rabbit. Ten hours later, the rabbits were reanesthetized with ethyl carbamate
(1.75 g/kg given subcutaneously; Fluka Kemi AG, Buchs, Switzerland) and pen-
tobarbital (10 mg/kg; Nykomed, Roskilde, Denmark) and were immobilized in a
stereotaxic frame. A 25-gauge spinal needle was introduced into the cisterna
magna for the inoculation of 0.2 ml of bacterial suspension and repetitive CSF
sampling. The rate of removal of CSF did not exceed the rate of CSF formation,
which is approximately 0.4 ml/h (26). Blood samples were taken from a central
ear artery. After tests for bacterial concentration, CSF and blood samples were
centrifuged, and supernatants were immediately stored at —80°C for subsequent
analysis. The lowest detectable bacterial concentration was 50 CFU/ml.

Antibiotic treatment. (i) Treatment. Antibiotics were given intravenously into
a central ear vein, and therapy was started approximately 10 h after inoculation.

(ii) Pharmacokinetics of moxifloxacin. Three different doses (10, 20, and 40
mg/kg) were tested in uninfected (n = 2, 2, and 2, respectively) and infected (n =
3, 8, and 9, respectively) rabbits. CSF and blood samples were taken from
uninfected rabbits at 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, and 5 h after dosing. In
infected rabbits CSF and blood samples were taken at 0, 0.5, 1.5, 3, and 5 h after
antibiotic challenge.

(iii) Pharmacodynamics of moxifloxacin in penicillin-resistant pneumococcal
meningitis. Three different dosing intervals with the same total dose of moxi-
floxacin were compared: one dose of 40 mg/kg (n = 3), two doses of 20 mg/kg
given 5 h apart (n = 8), and four doses of 10 mg/kg given 2 1/2 h apart (n = 3).

Two different total doses of moxifloxacin administered with the same dosing
intervals were compared: two doses of 40 mg/kg given 5 h apart (n = 6) and two
doses of 20 mg/kg given 5 h apart (n = 8). CSF and blood samples were taken at
0,0.5, 1.5, 3, 5, 6, 10, and 24 h after the start of antibiotic treatment. Additional
CSF and blood samples were taken from rabbits given four doses at 2.5, 7.5, and
8.5 h.

(iv) Efficacy of moxifloxacin, ceftriaxone, and vancomycin in penicillin-resis-
tant pneumococcal meningitis. Two moxifloxacin dosing regimens, consisting of
two doses of 40 mg/kg 5 h apart (n = 6) and two doses of 20 mg/kg 5 h apart (n =
8), were compared to ceftriaxone (one dose of 125 mg/kg [n = 5]) and vanco-
mycin (two doses of 20 mg/kg 5 h apart [z = 5]). Six untreated rabbits were
reserved as a control group. CSF and blood samples were taken at 0, 0.5, 1.5, 3,
5, 6, 10, and 24 h after the start of antibiotic treatment.

Pharmacokinetic and pharmacodynamic parameters. The time course of
moxifloxacin concentrations in CSF and serum was evaluated for each rabbit.
The concentration curves followed one-compartment distribution. The following
parameters were determined: C,,,,, the maximum concentration measured in
CSF or blood, usually within 30 min after injection; ¢,,, the elimination half-life
in CSF or serum, estimated by the expression —log;, 2/8, where B is the slope of
the elimination regression line (log,, concentration versus time); AUC, the area
under the concentration-time curve, calculated by the trapezoidal rule; and
T-mBes the time the concentration curve exceeded the MBC, estimated by linear
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TABLE 1. MICs and MBCs for the two S. pneumoniae
type 9V strains used in the meningitis model

Strain 1 (1395) Strain 2 (3058)

Agent MIC MBC MIC MBC
(ng/ml) (ng/ml) (ng/ml) (ng/ml)
Penicillin 1 1 =0.031 =0.031
Ceftriaxone 0.5 1 =0.031 =0.031
Vancomycin 0.5 0.5 0.5 0.5

Moxifloxacin 0.125 0:25 0.125 0.25

regression. For pharmacodynamic considerations, C,,,,, AUC, and T- g Were
correlated to colony counts in CSF conducted during the same time span.

Efficacy of moxifloxacin in meningitis caused by a penicillin-susceptible strain.
Rabbits with meningitis caused by a penicillin-susceptible strain (strain 2) were
treated with two doses of 40 mg of moxifloxacin/kg (n = 3).

Statistical analysis. All results are provided as means = standard deviations,
except bacterial concentrations, which are provided as medians (between mini-
mum and maximum). Comparisons between two groups were performed by the
nonparametric Mann-Whitney test. Comparisons among three or more groups
were performed by the nonparametric Kruskal-Wallis test. When groups tested
significantly different, a subsequent Dunn’s multiple-comparisons test was per-
formed among groups. Correlations were calculated by the nonparametric Spear-
man rank correlation test. A value of P <0.05 was considered significant.

RESULTS

In vitro susceptibility. The MICs and MBCs of moxifloxacin,
ceftriaxone, vancomycin, and penicillin for strains 1 and 2 are
provided in Table 1.

Protein binding of moxifloxacin. The protein binding of moxi-
floxacin in human and rabbit sera was 54% =+ 14% and 24% =+
5%, respectively; in beef broth it was 33%, and in water it was
0%. We found no correlation between degree of protein bind-
ing and antibiotic concentration.

Time-kill experiments. Figure 1 shows the time-kill curves
of moxifloxacin, vancomycin, and ceftriaxone for strain 1. The
data are expressed as log,, CFU per milliliter. The kill rates were
dependent on concentrations when moxifloxacin was studied,
in contrast to vancomycin and ceftriaxone, which showed no
additional efficacy at concentrations above 16 times the MIC.
The time-kill curves for strain 2 (data not shown) were com-
parable with the time-kill curves for strain 1.

Pharmacokinetics of moxifloxacin. Table 2 shows pharma-
cokinetic parameters of moxifloxacin in the CSF of rabbits with
and without meningitis. Moxifloxacin entered the CSF readily
in rabbits with and without meningitis, reaching C,,,, within 30
min after the start of therapy. C,,,, values in CSF, measured
after 30 min, were approximately twice as high in infected
rabbits as in uninfected rabbits for low doses (10 mg/kg), but
C.ax Values were similar for higher doses (20 and 40 mg/kg).
Coax Values (in micrograms per milliliter) in sera of infected
versus uninfected animals were as follows: 1.70 £ 0.37 versus
1.99 = 0.08 with 10 mg/kg, 5.05 = 1.02 versus 4.92 = 0.69 with
20 mg/kg, and 10.28 = 1.03 versus 10.26 = 0.42 with 40 mg/kg.
The t,,, in CSF was approximately twice as long in infected
rabbits as in uninfected rabbits given high doses (20 and 40
mg/kg), but ¢, , values were similar with doses of 10 mg/kg. The
t,,, in serum (in hours) was longer for infected than for unin-
fected animals (1.50 = 0.30 versus 1.20 = 0.07 with 10 mg/kg,
2.21 = 0.24 versus 1.66 = 0.11 with 20 mg/kg, and 2.66 = 0.50
versus 1.70 * 0.04 with 40 mg/kg, respectively). Accumulation
of moxifloxacin in CSF occurred with a higher C, . after the
second dose than after the first dose. The mean percent pen-
etration into CSF, calculated as the AUC in CSF relative to the
AUC in serum, was 78% = 9% and 50% = 2% for rabbits with
and without meningitis, respectively. The mean concentration

max
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FIG. 1. In vitro time-kill curves with a penicillin-resistant S. pneumoniae
strain. Antibiotic concentrations are shown as multiples of the MIC for the
strain. The lower limit of detection of bacteria was 1.7 log;, CFU/ml.
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in CSF relative to the concentration in serum was 81% * 29%
and 51% = 12% for rabbits with and without meningitis, re-
spectively.

Pharmacokinetics of vancomycin and ceftriaxone. The C,,
(expressed in micrograms per milliliter) of ceftriaxone in CSF
was 9.79 + 2.24, and that of vancomycin was 1.96 = 0.76 after
the first dose and 2.62 = 1.54 after the second dose. The C,
of ceftriaxone in blood was 218.0 = 2.24, and that of vanco-
mycin was 36.5 = 8.28 after the first dose and 62.73 = 77.62
after the second dose. t,,, values in blood and CSF were 1.8
and 6.9 h, respectively, for ceftriaxone and 0.92 and 5.7 h,
respectively, for vancomycin. The concentrations of both drugs
in the CSF were above their respective MBCs during the whole
study. The mean penetration into CSF, calculated as the AUC
in CSF relative to the AUC in serum, was 30% * 11% and
19% = 4% for ceftriaxone and vancomycin, respectively.

Pharmacodynamics of moxifloxacin in animals with menin-
gitis caused by a penicillin-resistant pneumococcal strain. Fig-
ure 2 shows the concentration of moxifloxacin in CSF, as well
as the concentration of bacteria in CSF, for different dosing
regimens.

(i) Influence of different dosing intervals for the same total
dose. When 40 mg/kg was given as a single dose, the median
concentration of bacteria in CSF was never under the detec-
tion limit, and indeed, regrowth was seen between 10 and 24 h,
whereas all measured concentrations of bacteria in CSF re-
mained under the detection limit when two 20-mg/kg doses or
four 10-mg/kg doses were given.

(ii) Influence of different total doses administered with the
same dosing intervals. Two 40-mg/kg doses resulted in a sig-
nificantly higher reduction in the median concentration of bac-
teria in CSF (expressed as log,, CFU per milliliter) than two
20-mg/kg doses at 3 h (3.49 [2.94 to 4.78] versus 2.65 [2.00 to
3.14]; P = 0.0027 by the Mann-Whitney test), at 5 h (4.29 [3.78
to 4.85] versus 3.28 [2.70 to 3.48]; P = 0.0007), and at 10 h (4.94
[4.54 to 5.42] versus 4.09 [3.21 to 4.96]; P = 0.0152) after the
start of antibiotic therapy. This indicates that bacterial killing
in vivo is dependent on the concentration of moxifloxacin as
detected in vitro.

(iii) Pharmacodynamic parameters. Table 2 shows phar-
macodynamic parameters of moxifloxacin in CSF. Changes in
log,, CFU per milliliter (» = 20) in CSF correlated signifi-
cantly with the AUC from 0 to 3 h (AUC,_;) (P = 0.0002),
AUC,_s (P =0.009), and C,, at3and 5 h (P = 0.002 and P =

max

TABLE 2. Pharmacokinetics and pharmacodynamics of moxifloxacin in CSF of rabbits with and
without penicillin-resistant pneumococcal meningitis®

Dose of 0-3h 0-5h 0-10 h 0-24 h
ose of. thy (h)

moxifloxacin 1 e AUC Co AUC o AUC Co” AUCT Togpe (h)
With meningitis

10 mg/kg X 4 1.14 =020 2.46 =0.33¢  3.02+1.03 3.04 =1.70° 7.67 =2.6 417 +=1.15 20.76 =222 4.17 =1.15 39.87 = 1.81 22.75*0.35

20 mg/kg X 2 259 £ 0.18 2.87 =043 533+094 287*+043 7.68+140 6.28 151 21.67 124 6.28 £1.51 3492 +334 2234 +1.57

40 mg/kg X 1 2.62+0.18 7.06 =139 1255+ 1.16 7.06 =139 18.02*1.78 7.06* 139 2248 *1.99 7.06* 1.39 2847 =255 1856 = 0.38

40 mg/kg X 2 829 +=0.93 33.09 =232 829 *+0.93 6236+ 9.51 24
No meningitis

10 mg/kg 1.10 = 0.07 1.28 £ 0.07 1.88 = 0.16 1.28 = 0.07 225*023 ND ND ND ND ND

20 mg/kg 1.37 £ 0.07 3.50 = 0.36 514 +0.24 350*+0.36 621 £0.20 ND ND ND ND ND

40 mg/kg 1.35£0.07 7.06 = 0.96 9.79 = 0.15 7.06 =0.96 11.94 +0.03 ND ND ND ND ND

“ All data are means = standard deviations. Concentrations were above the MBC during the first 10 h after the start of antibiotic therapy. ND, not detected.

® Measured in micrograms per milliliter.

< Expressed as micrograms times hours per milliliter.
4 Peak after 0.5 h.

¢ Peak after 3 h.

/ After two doses of 10 mg/kg.
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FIG. 2. Median concentrations of bacteria in CSF and mean concentrations of antibiotics in CSF after the start of antibiotic therapy for experimental meningitis
caused by a penicillin-resistant S. pneumoniae strain. Antibiotics were given as intravenous bolus infusions. The following differences were significant (P < 0.05): two
40-mg/kg doses of moxifloxacin versus vancomycin at 3 h; two 40-mg/kg doses of moxifloxacin versus two 20-mg/kg doses of moxifloxacin at 3, 5, and 10 h; all antibiotic
groups versus the untreated control group. The lower limit of detection of bacteria was 1.7 log,, CFU/ml.
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TABLE 3. Number of rabbits with CSF bacterial concentrations
under the detection limit at various time points

No. of rabbits with sterile (obtained)

Agent and dose CSF (n) at:
3h 5h 10 h 24h
None (untreated) 0(5) 0 (4) 0(1) ND*

Ceftriaxone, 125 mg/kg X 1 2(5) 3(5) 4(5) 4(4)
Vancomycin, 20 mg/kg X 2 0(5) 0(5) 2(3) 3(3)

Moxifloxacin
20 mg/kg X 2 0(8) 0(8) 1(6) 50)
40 mg/kg X 2 1(9) 309) 6 (6) 5(5)

“ ND, not detected. All rabbits were either dead or euthanized.

0.02, respectively). AUC, 5, AUC,_s, and AUC,_,, (n = 17)
correlated significantly with C,,, at 3, 5 and 10 h (P < 0.0001,
P = 0.0002, and P = 0.046, respectively), and AUC, ,, (n =
15) correlated significantly with 7\ at 24 h (P < 0.0001).

Antibiotic efficacy in meningitis caused by a penicillin-re-
sistant pneumococcal strain. CSF bacterial concentrations
(log,o, CFU per milliliter) are shown in Fig. 2. No significant
differences in median bacterial concentrations were observed
among groups at the start of antibiotic therapy (P > 0.05 by the
Kruskal-Wallis test). Groups treated with antibiotics (two 20-
mg/kg doses of moxifloxacin, two 40-mg/kg doses of moxifloxa-
cin, one 125-mg/kg dose of ceftriaxone, or two 20-mg/kg doses
of vancomycin) had significantly higher reductions in median
bacterial concentration than the untreated group at 3 and 5 h
after the start of antibiotic therapy (P < 0.05 by the Mann-
Whitney test). At 10 h most of the rabbits in the untreated
group were either dead or euthanized. Moxifloxacin (two 20-
mg/kg doses or two 40-mg/kg doses) was as effective in reduc-
ing CSF bacterial concentrations as vancomycin and ceftriax-
one at 3, 5, 10, and 24 h. Furthermore, two 40-mg/kg doses of
moxifloxacin initially resulted in a significantly higher reduc-
tion in median CSF bacterial concentration (measured in log,
CFU per milliliter) than vancomycin at 3 h (3.49 [2.94 to 4.78]
versus 2.50 [0.30 to 3.05]; P = 0.02 by the Kruskal-Wallis test;
P < 0.05 by Dunn’s multiple-comparison test). Indeed, this was
the only group with CSF bacterial concentrations under the
detection limit for all rabbits after 10 h (Table 3). No regrowth
was seen in any of these antibiotic-treated groups, and all had
sterile CSF after 24 h of therapy.

Efficacy of moxifloxacin in meningitis caused by a penicillin-
susceptible pneumococcal strain. The concentrations of bac-
teria and of moxifloxacin in CSF for rabbits with meningitis
caused by a penicillin-susceptible pneumococcal strain, who
were treated with two 40-mg/kg doses of moxifloxacin, 5 h
apart, are shown in Fig. 3. As expected, no significant differ-
ences were observed when the efficacies of moxifloxacin for
treatment of strains 1 and 2 were compared, as confirmed both
by time-kill experiments and in the meningitis model (P > 0.05).

DISCUSSION

Bacterial meningitis remains a serious disease associated
with high mortality and morbidity. In pneumococcal meningi-
tis, the mortality rate reaches as high as 20 to 30%, with neu-
rological sequelae in up to 50% of survivors (7, 24, 32). In addi-
tion, reduced susceptibility of pneumococcal strains to penicillin
and other B-lactams (e.g., extended-spectrum cephalosporins)
has become an increasing problem, which requires new strat-
egies for antibiotic treatment of pneumococcal meningitis.

In the present study, we tested moxifloxacin, a new 8-meth-

ANTIMICROB. AGENTS CHEMOTHER.

oxyquinolone, in a model of experimental pneumococcal men-
ingitis caused by a penicillin-resistant strain. The drug enters
CSF readily through both inflamed and noninflamed menin-
ges, with similar C,,, values within 15 to 30 min, in contrast to
vancomycin, which enters uninfected CSF poorly. The penetra-
tion of moxifloxacin into purulent CSF relative to serum was
approximately 80%, which is comparable with that of fleroxa-
cin (5) but two- to fourfold better than those of other quino-
lones (ciprofloxacin, ofloxacin, levofloxacin, temafloxacin,
trovafloxacin, and clinafloxacin), studied for treatment of
experimental meningitis in rabbits (18, 21, 23).

The protein binding of moxifloxacin in human serum was
approximately 54%, which is higher than previously reported
(approximately 30%) (33). This may be due to differences in
methods.

An intravenous bolus infusion of 10 mg of moxifloxacin/kg in
uninfected rabbits equals an oral intake of 400 to 600 mg in
humans, as determined by C,,,,, values in serum (15, 27). With
higher doses, the CSF ¢,,, was twice as long in rabbits with
meningitis as in uninfected rabbits. Previous studies suggest an
active efflux transport system of quinolones across the blood-
brain barrier (19, 20). Our results indicate that an impairment
of this active transport system could occur during meningitis.
Several factors are involved in drug transportation through the
blood-brain barrier (e.g., protein binding, lipophilicity, organic
anion and cation transport) (25). P-glycoprotein has been
shown to be an active pump for lipophilic drugs present at the
luminal surface of the brain capillary epithelial cells (6). Fur-
thermore, studies on transintestinal (2) or renal (11) elimina-
tion suggest that P-glycoprotein is partially involved in the
transport of quinolones. But whether moxifloxacin is a sub-
strate for P-glycoprotein is, to our knowledge, not known at
present.

Therapy with moxifloxacin, given in two 20-mg/kg doses or
two 40-mg/kg doses, was as effective as therapy with ceftriax-
one or vancomycin in reducing CSF bacterial concentrations in
our study. Moreover, moxifloxacin reduced CSF bacterial con-
centrations to a significantly greater extent within 3 h than
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FIG. 3. Median concentration of bacteria and mean concentration of moxi-
floxacin in CSF in a model of experimental meningitis (n = 3) caused by a
penicillin-susceptible S. pneumoniae strain. The lower limit of detection of bac-
teria was 1.7 log,, CFU/ml.
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vancomycin. This is in accordance with the findings of experi-
ments with clinafloxacin (8) and CP-99,219, which also provide
evidence of the superiority of quinolones, when combined with
dexamethasone, over vancomycin (21).

Previous studies of the bactericidal effects of different dosing
regimens of B-lactams in experimental pneumococcal menin-
gitis have only in part investigated the influence of the various
pharmacodynamic parameters (e.g., AUC, C,, ... T-muce) (22,
28-30). It has been concluded that the bactericidal effect of
B-lactams is dependent on the duration of therapy and con-
centrations above 8 to 10 times the MBC, whereas different
dosing intervals with the same total dose showed no difference.
A recent study of the pharmacodynamics of ceftriaxone in
cephalosporin-resistant pneumococcal meningitis (16) con-
firms our previous findings in the mouse peritonitis model that
the bactericidal effect of B-lactams is concentration indepen-
dent and that the most important parameter is T-ypc (vic)
(9). Here, we found that moxifloxacin exhibits rapid concen-
tration-dependent killing of PRP in vivo, and, as previously
reported, in vitro (4, 14), even at concentrations above 16 times
the MBC.

We found no correlation between changes in log,, CFU per
milliliter in CSF and pharmacodynamic parameters after 24 h
of therapy, because nearly all the animals at that time had CSF
bacterial concentrations under the detection limit. But when
we dosed two or four times, a total dose of 40 mg/kg was
enough to eradicate bacteria from the CSF (at least to re-
duce them to below the detection limit) after 24 h of therapy,
whereas regrowth was seen after a single dose. Indeed, this was
the group with the lowest AUC and T g, indicating that not
only the C,,,, in CSF, but also the 7_ g or the AUC is of
importance in therapy with quinolones. In addition, no re-
growth was seen when the concentration of moxifloxacin ex-
ceeded the MBC. Assuming that the penetration of the CSF by
moxifloxacin is similar in humans and rabbits and that the #,,,
is 5 to 10 times longer in humans than in rabbits (27), we
suggest that an initial high loading dose of moxifloxacin, with a
dosing regimen of one to two times a day to keep the AUC
high and the drug concentration above the MBC, would be an
appropriate strategy in the treatment of pneumococcal men-
ingitis. This has to be confirmed in pharmacokinetic studies of
humans with meningitis.

In conclusion, the present study showed that moxifloxacin
was highly effective in the treatment of both penicillin-resistant
and -susceptible pneumococcal meningitis in rabbits. The pen-
etration into infected and uninfected CSF was rapid and very
high. The bactericidal effect of moxifloxacin was concentration
dependent, and no regrowth was seen when the concentration
was above the MBC. These results indicate that moxifloxacin
could be useful in the treatment of bacterial meningitis in
humans and that it merits clinical trials.
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