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Moxalactam (LY127935) is a 1-oxa-,8-lactam which was active in vitro against
the majority of 128 strains of gram-negative enteric bacilli isolated from meningitis
in neonates. Pharmacokinetics and bacteriological efficacy of LY127935 were
studied in a lapin meningitis model. The average penetration of this investiga-
tional oxa-cephalosporin into cerebrospinal fluid of infected rabbits was 23%
compared with 25% for netilmicin and 11% for ampicillin. The cerebrospinal fluid
concentrations of LY127935 produced median bactericidal titers of 1:64 to 1:128
against five coliform organisms (two Escherichia coli Kl strains, Klebsiella
pneumoniae, Salmonella saint-paul, and Citrobacter diversus) used in these
experiments compared with median titers of 1:2 to 1:8 for netilmicin and 1:2 to 1:
4 for ampicilhin. LY127935 was statistically significantly more effective than
netilmicin or ampicillin in reducing cerebrospinal fluid bacterial colony counts
and in sterilizing cerebrospinal fluid of experimentally infected rabbits. These
results suggest that LY127935 has theoretical advantages over netilmicin and
ampicillin for therapy of gram-negative bacillary meningitis.

The mortality rate of gram-negative bacillary
meningitis in newborn infants is from 15 to 30%,
and sequelae are found in approximately one-
third of survivors. Results from the two Neo-
natal Meningitis Cooperative Studies indicate
that neither lumbar intrathecal nor intraventric-
ular gentamicin administration combined with
systemic therapy has a beneficial effect on out-
come from coliform meningitis when compared
with results with systemic antimicrobial therapy
alone (8) (G. H. McCracken, Jr. et al., manu-
script in preparation). Moreover, an increasing
percentage of Escherichia coli isolated from the
cerebrospinal fluid (CSF) of newborns are re-
sistant to ampicillin, which combined with gen-
tamicin represents the currently recommended
initial therapeutic regimen for neonatal bacterial
meningitis.
Moxalactam (LY127935), a new 1-oxa-,f-lac-

tam, is active in vitro against gram-negative
organisms including indole-positive Proteus spe-
cies, Serratia, and to a limited extent Pseudo-
monas aeruginosa (9). Pharmacokinetic and
safety data in adults suggest that this agent is
well tolerated and safe (R. Kammer, personal
communication). There is presently very little
information on clinical efficacy.
The purpose of this study was to compare the

pharmacokinetics and bacteriological efficacy of
LY127935 to those of netilmicin and ampicillin

in the lapin meningitis model (1, 4, 7, 10-12, 16)
with five strains of gram-negative bacteria iso-
lated from the CSF of neonates with purulent
meningitis.

MATERIALS AND METHODS
Susceptibility studies. In vitro susceptibilities of

128 gram-negative enteric bacilli to LY127935, netil-
micin, and ampicillin were determined by an agar
dilution method with Mueller-Hinton agar and an
inoculum of approximately 5 x 104 colony-forming
units (CFU) delivered by the Steers-Foltz replicating
device in a volume of 0.001 to 0.002 ml (6, 15). The
minimum inhibitory concentration (MIC) was defined
as the smallest concentration of antibiotic that in-
hibited visible growth on agar after 16 to 18 h of
incubation at 37°C. The test organisms were isolated
from the CSF of newborn infants with bacterial men-
ingitis who had been enrolled in the first and second
Neonatal Meningitis Cooperative Studies. They in-
cluded the following strains: 91 E. coli (60 K1), 9
Enterobacter, 8 Salmonella, 7 Citrobacter diversus,
6 Klebsiella pneumoniae, and 7 miscellaneous coli-
form organisms.

Five of these organisms were selected for use in the
lapin meningitis model. They were two E. coli Kl
strains (one ampicillin susceptible and one resistant)
and one each of a K. pneumoniae, C. diversus, and
Salmonella saint-paul. The MICs and minimum bac-
tericidal concentrations (MBCs) for these five strains
were determined in Mueller-Hinton broth by serial
twofold dilutions with an inoculum of approximately
5 x 105 CFU/ml. The MBC was taken as the lowest
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concentration of drug producing 99.9% bacterial killing
determined on eosin-methylene blue agar by quanti-
tative subcultures of each tube containing no visible
growth (MIC).
CSF titers. Bacteriostatic and bactericidal titers in

CSF against each strain causing meningitis were de-
termined by a microtiter technique with serial twofold
dilutions in Mueller-Hinton broth and an inoculum of
approximately 5 x 105 CFU/ml.
Rabbit model. New Zealand White male rabbits

(2 to 3 kg) were prepared by the method described by
Dacey and Sande (4). Quincke spinal needles (3.5 x 25
gauge) mounted to the frame's geared introducer were
advanced without trauma into the cistema magna of
the immobilized rabbits.

Fifteen to eighteen hours after intracisternal inoc-
ulation of 2 x 104 to 2 x 106 organisms, CSF was
purulent and contained from 3 x 103 to 2.5 x 109 CFU/
ml. For each test organism the course of meningitis
was observed in four to nine untreated animals until
death occurred between 18 to 64 h after inoculation.
Blood cultures taken before therapy were sterile ex-
cept in animals inoculated with S. saint-paul.

Antimicrobial therapy. Each antimicrobial agent
was dissolved in 54 ml of 0.9% NaCl and administered
intravenously over a 9-h period with a constant infu-
sion pump (Holter, model 907) via a femoral venous
catheter. During therapy the rabbits were kept lightly
anesthetized and then sacrificed by intravenous ad-
ministration of pentobarbital.
The dosage ofeach antibiotic was based on attaining

serum concentrations that were within the therapeutic
range for humans. The following dosages were used:
LY127935, 25 mg/kg (loading dose) followed by 25
mg/kg per h; netilmicin, 5 mg/kg (loading dose) fol-
lowed by 2 mg/kg per h; and ampicillin, 70 mg/kg
(loading dose) followed by 70 mg/kg per h. Nine
noninfected rabbits received either LY127935 (five
animals) or netilmicin (four animals) to determine
penetration of drug into CSF. Sixty-one rabbits with
experimental gram-negative bacillary meningitis were
treated (24 animals with LY127935, 5 animals with
LY127935 plus netilmicin, 5 animals with LY127935
plus ampicillin, 17 animals with netilmicin, and 10
animals with ampicillin).

Serial blood (0.5 ml) and CSF samples (0.5 ml) were
collected at 0, 3, 6, and 9 h of therapy. CSF was
immediately cultured quantitatively on eosin-methyl-
ene blue agar. Serum and CSF were kept frozen at
-20°C until antibiotic assays and antibacterial titers
were performed (within 1 to 4 days of collection).

Anatibiotic assay. Concentrations of antibiotic
were measured by an agar disk diffusion microbioassay
method with E. coli ATCC 10536 for LY127935, Ba-
cillus subtilis (Difco Laboratories, 0453-36) for netil-
micin, and Sarcina lutea ATCC 9341 for ampicillin.
Serum and CSF from untreated healthy and infected
rabbits did not inhibit the assay organisms. Standards
and serum samples were diluted in 100% normal rabbit
serum for the LY127935 assay, in 25% rabbit serum-
phosphate buffer (pH 7.9) for the netilmicin assay, and
in phosphate buffer (pH 6.0) for the ampicillin assay.
Standards and CSF samples were diluted in phosphate
buffer (pH 6.0 for LY127935 and ampicillin, pH 7.9 for
netilnicin). Selection of the diluents used in each
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assay was based on the diffusion characteristics of the
antibiotics in agar; in every assay the standards and
test specimens for each drug were prepared identically.

Analysis of data. The percentage of penetration
of antibiotic into the CSF was defined as CSF concen-
tration/serum concentration x 100.

Statistical analysis on paired observations was done
by Student's t test. Results of therapy were compared
by Dunnett's test (5).

RESULTS

Susceptibility studies. The combination of
ampicillin and gentamicin is currently recom-
mended for initial therapy of neonatal meningi-
tis. The concentrations required to inhibit 50
and 90%, respectively, of strains were 0.06 and
0.5 ,Ag of LY127935 per ml, 0.4 and 2.5 ,ig of
gentamicin per ml, and 2.5 and >20 ig of ampi-
cillin per ml. The nine strains that had LY127935
MICs of >0.5 jug/ml were three E. coli Kl, two
Pseudomonas, two Flavobacterium meningo-
septicum, one C. diversus, and one Salmonella.
The MICs and MBCs ofLY127935, netilmicin,

and ampicillin of the five strains used to produce
meningitis in rabbits are presented for each set
of experiments (see Fig. 3 to 7).
Drug penetration into CSF. Concentra-

tions of antibiotics in serum and CSF for the
different animal experiments are presented in
Table 1. The mean values for each drug were
similar for all studies, although there was con-
siderable animal-to-animal variation, as indi-
cated by the large standard deviations.
The penetration of drug into CSF of unin-

fected healthy rabbits ranged from 0.9 to 2.3%
(mean, 1.4%) for LY127935 and from 1.7 to 11.8%
(mean, 6.1%) for netilmicin.
Figure 1 shows the LY127935 concentrations

in 98 concurrent serum and CSF specimens from
34 rabbits with meningitis. The penetration of
LY127935 into CSF can be estimated by the
position of each point in relation to the diagonal
percentage lines. The average penetration of
LY127935 was 23%, while that of netilmicin was
25%. By contrast, the average penetration of
ampicillin was 11%. The percentage of penetra-
tion increased over the 9-h period because of
increased concentrations of drug in CSF rather
than lower concentrations in serum. The mean
percentages at 3 and 9 h, respectively, were 19.9
and 25.3% for LY127935 (P < 0.001), 20.5 and
30.6% for netilmicin (P < 0.001), and 10.4 and
11.2% for ampicillin (P < 0.582).
CSF titers. The median bacteriostatic and

bacterial titers in CSF against the five pathogens
in the animal experiments are shown in Table 1.
The median bactericidal titers for LY127935
were 1:64 or 1:128 compared with 1:2 to 1:8 for
netilmicin and 1:2 or 1:4 for ampicillin. There
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FIG. 1. Concentrations ofLY127935 inpaired CSF-serum samples from 34 infected rabbits. Thepenetration
of LY127935 into CSF can be estimated by the position of each point in relation to the diagonal percentage
lines.

was a direct correlation between concentration
of LY127935 in CSF, the in vitro MBC for the
test strains, and the CSF bactericidal titer (Fig.
2); the average bactericidal titer of LY127935 in
CSF was 1:64.
Bacteriological efficacy. The mean changes

in the bacterial colony counts in CSF (Alog1o
bacteria per milliliter) after 9 h of therapy are
shown for the different animal studies (Table 1
and Fig. 3 to 7). All 27 untreated, infected rab-
bits showed stable or increasing CSF bacterial
counts ranging from 0 to 2.4 logs. These animals

died 18 to 64 h after inoculation. The initial CSF
bacterial counts in the 88 infected rabbits ranged
from 3.5 to 9.4 logio CFU/ml. The mean initial
CSF counts for each pathogen were the follow-
ing: 4.8 logio CFU/ml for E. coli Kl (ampicillin
resistant), 5.0 log1o CFU/ml for E. coli Kl (am-
picillin susceptible), 4.5 logio CFU/ml for C.
diversus, 5.6 log1o CFU/ml for K. pneumoniae,
and 7.3 logio CFU/ml for S. saint-paul.
The change in bacterial colony counts in CSF

of 61 treated rabbits and the median bactericidal
titers at 3, 6, and 9 h of therapy are presented in
Fig. 3 to 7. All antibiotic regimens produced
bactericidal activity against the infecting path-
ogens, and the decrease in CSF bacterial concen-
trations ranged from 1.1 to 5.9 log1o. LY127935
therapy produced a ignificantly (P < 0.05)
greater decrease in CSF bacterial counts com-

pared with those observed with netilmicin ther-
apy in animals infected with E. coli Kl (ampi-
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FIG. 2. Bactericidal titers in relation to concentra-
tions ofLY127935 in 61 CSF specimens obtained from
rabbits with experimental meningitis. The infecting
strauis and their in vitro MBCs are shown in the box.

cillin resistant), C. diversus, K.pneumoniae, and
S. saint-paul and with those with ampicillin
therapy in E. coli Kl (ampicillin susceptible)
and S. saint-paul meningitis. The combination
of LY127935 and netilmicin in E. coli Ki (am-
picillia resistant) and ofLY127935 and ampicillin
in E. coli Kl (ampicillin susceptible) meningitis
resulted in only slightly larger reductions in bac-
terial counts than observed with LY alone.
There was a rough correlation between the
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FIG. 3. Results of antimicrobial therapy in ani-

mals with E. coli.K1 (ampicillin resistant) meningitis.
The change in concentrations of bacteria in CSF is

shown in relation to the CSF bactericidal titers at 3,

6, and 9 h oftherapy. Ratios in parentheses represent
the number ofanimals with sterile CSF after therapy
to the total treated. (A) LY127935: MIC, 0.125 pg/ml;
MBC, 0.25 pg/ml. (B) Netilmicin: MIC, 0.63 pg/ml;
MBC, 1.25 pg/ml. (C) LY127935 plus netilmicin.
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FIG. 4. Results of antimicrobial therapy in ani-

mals with E. coli Ki (ampicillin susceptible) menin-

gitis. See legend to Fig. 3 for further description. (A)

LY127935: MIC, 0.5 pg/mi; MBC, 0.5E g/mi. (B) Am-

picillin: MIC, 2.5 pg/mi; MBC, 2.5 ug/mi. (C)

LY127935 plus ampicillin.
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FIG. 5. Results of antimicrobial therapy in ani-
mals with C. diversus meningitis. See legend to Fig.
3 for further description. (A) LY127935: MIC, 0.25 pg/
ml; MBC, 0.25 pg/ml. (B) Netilmicin: MIC, 0.63 pgl
ml; MBC, 0.63 pg/ml.
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FIG. 6. Results of antimicrobial therapy in ani-
mals with K pneumoniae meningitis. See legend to
Fig. 3 for further description. (A)LY127935: MIC,
0.125 pg/ml; MBC, 0.125pg/ml. (B) Netilmicin: MIC,
0.32 pg/ml; MBC, 0.32 pg/ml.
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FIG. 7. Results of antimicrobial therapy in ani-
mals with S. saint-paul meningitis. See legend to Fig.
3 for further description. (A) LY127935: MIC, 0.25pg/
ml; MBC, 0.25 pg/ml. (B) Ampicillin: MIC, 1.25 pg/
ml; MBC, 2.5 pg/ml. (C) Netilmicin: MIC, 0.63pg/ml;
MBC, 1.25 pg/ml.

change in CSF bacterial counts and the CSF
bactericidal activity against the pathogen.
CSF cultures were sterile after 9 h of therapy

in 15 of 24 LY127935-treated (63%), 2 of 17
netilmicin-treated (12%), and 1 of 10 ampicillin-
treated (10%) animals. The rate of CSF sterili-
zation produced by LY127935 was significantly
(P < 0.01) greater than that by netilmicin or
ampicillin.

DISCUSSION
Because of the excellent in vitro activity of

LY127935 against gram-negative enteric bacilli
isolated from CSF of neonates, we initiated this
study of the pharmacokinetics and bacteriologi-
cal efficacy of LY127935 in experimentally pro-
duced meningitis in rabbits. Netilmicin, a syn-
thetic derivative of sisomicin, was chosen for
study because, compared with gentamicin, it has
greater in vivo CSF bactericidal activity in rab-
bits (12) and less nephrotoxicity in rats (2).
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The average concentrations of LY127935 in
CSF were approximately 23% of those in con-
current serum specimens. This penetration is
substantially greater than has been demon-
strated for the other ,B-lactam antibiotics (1, 11),
including ampicillin, in the present study. The
greatly enhanced penetration of LY127935 into
CSF of infected rabbits compared with that in
control animals (1.4%) may be explained in part
by increased permeability through inflamed me-
ninges and by reversible depression of the sat-
urable choroid plexus efflux transport system
(14). It is also possible that the significantly
increased penetration of LY127935 and netilmi-
cin during constant intravenous infusion over 9
h resulted from achieving concentrations in CSF
that exceeded the transport maximum of the
choroid plexus "pump" (13, 14).
The CSF bactericidal activity of the three

drugs tested was a product of both the in vitro
MBCs for the pathogens and the concentrations
of drug achieved in CSF. In general, the larger
bactericidal titers were associated with greater
reductions in bacterial colony counts and with
sterilization ofCSF after 9 h oftherapy. Infected
animals treated with LY127935 demonstrated a
significantly greater reduction in CSF bacterial
concentrations during therapy compared with
animals treated with netilmicin or ampicillin.
Additionally, CSF cultures from 63% of
LY127935-treated animals were sterile after 9 h
of therapy compared to 12 and 10%, respectively,
for netilmicin-treated and ampicillin-treated an-
imals. Although we were able to show synergism
by an in vitro "kill-curve" technique for
LY127935 plus netilmicin and for LY127935 plus
ampicillin against ampicillin-resistant and -sus-
ceptible E. coli strains, respectively, this effect
could not be demonstrated by comparing bac-
terial concentrations and bactericidal activity in
CSF of infected rabbits treated with combina-
tion therapy versus LY127935 alone.
These experiments in rabbits suggest that

LY127935 has theoretical advantages over netil-
micin and ampicillin for therapy of coliform
meningitis in newborn infants. However, extrap-
olation of the data to meningitis in neonates
must be done with care because formation and
circulation of CSF differ in humans and rabbits
(3). Furthernore, meningitis in humans usually
occurs from hematogenous infection, and peri-
vascular involvement is prominent. Experimen-
tal meningitis in rabbits was produced by direct
instillation of bacteria into the cisterna magna,
and infection usually localized to the meninges
and CSF space. We are presently investigating
the pharnacokinetics of LY127935 in newborn
infants and, depending on the results, may un-
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dertake evaluation of the efficacy and safety of
LY127935 in a third Neonatal Meningitis Coop-
erative Study.
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