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Intraperitoneal injections of 250 mg of ampicillin per kg every 6 h for 30 h
sterilized the blood and cerebrospinal fluid of infant rats infected with either a ,8-
lactamase-containing strain ofHaemophilus influenzae type b or a strain lack-
ing the enzyme. However, a single injection of 100 mg/kg sterilized the blood and
cerebrospinal fluid of significantly fewer of those rats infected with the ,3-
lactamase-producing strain. The results suggest that resistance of /8-lactamase-
containing strains of H. influenzae in vivo may be inoculum dependent, as
demonstrated previously in vitro. The infant rat model appears suited for the
quantitative delineation of the effect of ,B-lactamase on the treatment of H.
influenzae bacteremia and meningitis with (3-lactamase antibiotics.

Since 1973, Haemophilus influenzae b strains
resistant to ampicillin have been isolated from
patients in many parts of the world (2-4, 14,
15). Their resistance has been found to be due to
a triethylene melamine (TEM) ,8-lactamase (6).
The TEM 84-lactamase, which is a cell-bound,
periplasmic, noninducible, plasmid-mediated
enzyme, inhibitable by cloxacillin but not p-
chloromercuribenzoate (PCMB), has been the
,B3lactamase most often found in Enterobac-
teriaceae (6).

Single gram-negative bacilli exhibit high-
level resistance to antibiotics hydrolyzed by the
TEM (8-lactamase, provided that the outer
membrane of the bacillus also retards entry of
the antibiotic. If the antibiotic enters freely, its
minimal inhibitory concentration is only mod-
erately elevated when the bacillus acquires the
enzyme. Large inocula of bacilli containing the
,8-lactamase, however, are highly resistant in
tests because they manage conjointly to hydro-
lyze all of the unreplenished antibiotic in the
test tube. A conspicuous example of this has
been the effect of the TEM (-lactamase, which
does hydrolyze cephalothin, on the susceptibil-
ity to cephalothin of Escherichia coli, whose
outer membrane is relatively permeable to
cephalothin (5). TEM-containing E. coli com-
monly are susceptible or intermediate to ceph-
alothin when treated, but can be resistant if

t Present address: Department of Medicine, Miriam
Hospital and Brown University School of Medicine, Provi-
dence, RI 02906.

large inocula are used (7). TEM-containing H.
influenzae b provide a similar example, be-
cause their outer membrane is unusually
permeable to ampicillin (6). The in vivo corre-
lates of this phenomenon would be difficult to
elaborate by clinical experimentation, since
neither the inoculum nor the antibiotic replen-
ishment rate can be readily determined in the
tissues of the infected patient. Ampicillin ther-
apy has failed to cure patients with meningitis
due to ampicillin-resistant H. influenzae b, but
may not always have failed (13), and its efficacy
for infections other than meningitis is unknown
(6).
The purpose of the studies presented here

was to explore the use of an animal model for
relating the in vitro and in vivo effects of ampi-
cillin, or of other 3lactam antibiotics, on H.
influenzae b with and without the (3-lactamase.
A majority of infant rats challenged intranas-
ally with 107 H. influenzae b have been shown
to develop, within 24 h, a bacteremia that per-
sists for 6 or more days, with 104 to 105 bacteria
per ml of blood. Most bacteremic infant rats,
and all ofthose with 104 or more H. influenzae b
per ml of blood, develop meningitis with leuko-
cytes and H. influenzae b in their cerebrospinal
fluid (CSF) as early as 18 h after challenge.
CSF bacterial counts reach 105 to 106/ml by 48 h
and persist at this magnitude for a week or
more, although the mortality of this experi-
mental meningitis, untreated, is only about
10% (8, 11).
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(This work was presented in part at the 16th
Interscience Conference on Antimicrobial
Agents and Chemotherapy, October 1976.)

MATERIALS AND METHODS

Sprague-Dawley strain COBS/CD rats obtained
from Charles River Laboratory, Inc., Wilmingtn,
Mass., were used for these studies and were similar
to those used prevously (8, 11). The strains of H.
influenzae b were strain Eagan, previously de-
scribed (1), and strain Simpkin. Strain Simpkin was
obtained from the CSF ofa child with meningitis. It
was found to produce p-lactamas, as indicated by
the chromogenic cephalosorin assay (12), which
was performed by Ray Arthur of the Department of
Laboratory Medicine, Johns Hopkins Hospital, Bal-
timore, Md. Strain Simpkin had an ampicillin
minimal inhibitory concentration (MIC) of 120 p&g
ml, when measured by tube dilution in Trypticase
soy broth enriched with 5% Fildes (BBL, Cockeys-
ville, Md.) and supplement B (Difco Laboratories,
Detroit, Mich.) at an inoculum size of 10' bacteria
per ml. Strain Eagan did not produce ,-lacamase
and had an MIC of 0.5 ,ug/ml. The storage methods
and media used for growing these bacteria, the
techniques of intranasal inoculation and of blood
and CSF sampling, and quantitation of bacteria
have been described (10, 11).

Five-day-old rats were inoculated intranaally
either with the strain ofH. influenzae b that had a
p-lactamase or with the one that did not. On days 2
and 5 thereafter, their blood was cultured to identify
which of the rats were bacteremic. On day 5, each
was given either intraperitoneal sodium ampicillin
(Omnipen, Wyeth) in the doses indicated or an
equivalent volume of saline. Finally, on day 7, the
rats were sacrificed, samples oftheir blood and CSF
were cultured, and their CSF leukocytes were
counted. In one experiment, meningitic rats were
sacrificed at intervals of 5, 15, 30, 60, 110, 140, and

240 main after intraperitoneal injection of 100 mg of
ampicillin per kg in order to determine blood and
CSF concentrations of ampicillin. 1he ampicillin
concentration was measured by agar diffsion using
Sarcina lutea as the test orga.

RESULTS

Table 1 shows the results of treatment with
250 mg of ampicillin per kg intraperitoneally
every 6 h for 30 h. All but one of the untreated
rats had positive blood cultures, and all had
positive CSF cultures. Bacterial counts in blood
and in CSF of untreated rats infected with the
stain that had the 3-lactamase or with the
strain that lacked it were simil indicating
similar infectivity for the two strains. None of
the treated rats had positive cultures from
blood or CSF. All ofthe treated rats had leuko-
cytes in the CSF, indicating that they had had

meningitis. Treated rats, however, had signifi-
cantly fewer cells (P < 0.01) than untreated.
Table 2 shows the results oftreatment with a

single intraperitoneal ampicillin iqjection of
100 mg/kg. All untreated control rats had posi-
tive blood and CSF cultures and, as previously,
a significantly greater pleocytosis than the
treated rats. At this lower dose, some of the
treated rats also had positive blood and CSF
cultures. Significantly more of the treated rats
infected with the ,-1lactamacontaining
strain ofH. influenzae b had positive blood an

CSF cultures than did treated rats infeed

with the strain lacking the enzyme (P < 0.01).
Six isolates from CSF and three each from
blood drawn at 5 and 7 days, from rats infected

with the -1lacamasen ining strain, still
had the enzyme when retested for it.

TABLz 1. Treatment of infected infant rats with 250 mg ofampicillin per kg every 6 h for 30 h
Day 1 Day 5 Day 7

Blood CSF

No. of No. of No. of
naul ~~infant rats Irate
"& (intraperito- rats with m*cm noof with m cm nofMean no. of leu-

oiH neal dose ever P veetrc-anno -ofbacmteria/mie(ange)'f kojesmstrain ofH bacteria/ml (range)- tive (range)l(ane
inflwue b) 6 h for3 h) tive iv e (range)

cul- cul-
tures tures

Without ,- Saline 6 4 10i56 106' 2163
lacta- (4 x 10-1.4 x 10') (7.6 x 10a-5 x 10 (140-4,800)
mass

Ampicillin, 10 0 0 0 0 613
260 mg/kg (44040)

Withp- Saline 5 5 -1" 6 1(5. 2482.
lacta- (2.7 x 10a-1.7 x 10') (5 x 10'-6 x 10') (420-12,000)
mmas

Ampicillin, 7 0 0 0 0 437
_________ 250 mg/kg (250740)

a Values for ranges include only positive cultures.
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TABLz 2. Treatment of infected rats with a single 100-mg/kg dose of ampicillin

Day 1 Day 5 Day 7

Blood CSF

No. of No. of No. of
(inbmnasal infant rats rate
(intraenaat Geometric mean no. of Geometric mean no. of
sriofH neal dose every Porl- bacteria/mi (range)" Po51 bacteria/ml (range)- kocytes/ml

inflenzc b)6 h for 30 h) tive tive (range)influenzaeb) ~cul- culi-
tures tures

Without fl- Saline 9 9 10.4 9 10'" 2,735
lacta- (9 x 102-1.7 x 105) (5 x 102-5 x 105)
mase

Ampicillin, 100 29 7 10'." 5 10I 573
mg/kg (2 x 10'-2.3 x 10') (102-5 x 10') (80-3,040)

With (3- Saline 14 14 10'."s 14 10".2 1,453
lacta- (10'-1.4 x 10') (7 x 103-5 x 10') (140-4,800)
mas

Ampicilln, 100 62 38 1O".' 30 10"4 827
mg/kg (7 x 102-5 x 104) (4 x 103-5 x 10') (110-3,680)

a Values for ranges include only positive cultures.
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FIG. 1. Serum and CSF concentrations ofampicillin in infant rtts with H. influenzae b meningitis.

In a separate experiment, concentrations of
ampicillin in blood and CSF were measured at
intervals of time after a single intraperitoneal
ampicillin dose of 100 mg/kg. As shown (Fig. 1),
CSF concentrations were about one-tenth to
one-twentieth of those in sernm. Peak serum
and CSF ampicillin concentrations were 290
and 27 ,ug/ml, respectively, and the serum half-
life was 56 min.

DISCUSSION

The following studies explored the use of an
animal model for relating the in vitro and in
vivo effects of ampicillin on bacteremia and

meningitis caused by H. influenzae b that
either contained or lacked 8S-lactamase. Ide-
ally, such a model should simulate, as closely
as possible, the disease as it occurs in humans.
It should also display both treatment success
and failure within a pharmacologically reason-
able dosage range so that the critical variables
can be discriminated. The results of these stud-
ies indicate the suitability for these purposes of
the infant rat model. The sequential occurrence
of nasopharyngeal colonization and bacteremia
and the appearance of positive CSF cultures
and pleocytosis resemble human infection. The
range ofbacterial counts and the range ofampi-
cillin concentrations in the CSF are also similar
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to those reported inH. influenzae meningitis in
humans (14).
The present studies indicate that ampicillin

was sometimes effective in sterilizing the blood
and CSF in infant rats with meningitis caused
by 8-lactamase-containing H. influenzae. It
was possible to establish for the model an ampi-
cillin treatment dosage that sterilized blood
and CSF of all rats. However, with limiting
amounts of antibiotic, the blood and CSF of
significantly fewer rats infected with the (-
lactamase-containing strain were sterilized
than was the case for rats infected with the
strain lacking the enzyme. It has previously
been shown that the MIC of ampicillin in vitro
for strains of TEM-containing H. influenzae
rises steeply as the inoculum tested is increased
above 5 x 104 colony-forming units/ml (6). Bac-
terial counts in the blood and CSF of untreated
rats in these studies ranged above and below
this value, making it at least plausible that the
excess of treatment failures with the ,B-lacta-
mase-containing strain occurred in the animals
with the higher counts at the time of treat-
ment. It was not, however, possible to deter-
mine this here, since only one CSF tap per
infant rat has been technically possible. These
observations are also consistent with the favor-
able responses to ampicillin observed in some
children with meningitis caused by (3-lacta-
mase-containing H. influenzae (13).

ACKNOWLEDGMENTS

We thank Robert Kapko, Lee Chao, and Elaine Gilleece
for expert technical assistance; P. S. Lietman and J. J.
Lipsky for valuable advice; J. A. Winkelstein for critical
review of the manuscript; and Nancy Croghan and Mar-
garet McLaughlin for secretarial assistance.

This work was supported by grant 1 RO1 NS 122554-01
from the National Institute of Neurological and Communi-
cative Disorders and Stroke and by the Hospital for Con-
sumptives of Maryland (Eudowood), Baltimore, Md.

LITERATURE CITED
1. Anderson, P., R. B. Johnston, and D. H. Smith. 1972.

Human serum activities against Haemophilus influ-
enzae type b. J. Clin. Invest. 51:31-38.

2. Center for Disease Control. 1974. Ampicillin-resistant
Haemophilus influenzae meningitis-Maryland,
Georgia. Morbid. Mortal. Weekly Rep. 23(9):77-78.

3. Clyme, A. B., and I. A. Harper. 1974. Ampicillin-resist-
ant Haemophilus influenzae meningitis. Lancet
1:453-454.

4. Kahn, W., S. Ross, W. Rodriguez, G. Controni, and A.
K. Saz. 1974. Haemophilus influenzae type b resistant
to ampicillin. J. Am. Med. Assoc. 229:298-301.

5. Medeiros, A. A., R. L. Kent, and T. F. O'Brien. 1974.
Characterization and prevalence of the different
mechanisms of resistance to beta-lactam antibiotics
in clinical isolates of Escherichia coli. Antimicrob.
Agents Chemother. 6:791-801.

6. Medeirps, A. A., and T. F. O'Brien. 1975. Ampicillin-
resistant Haemophilus influenzae type b possessing a
TEM-type ,B-lactamase but little permeability barrier
to ampicillin. Lancet 1:716-718.

7. Medeiros, A. A., and T. F. O'Brien. 1973. Mechanisms
of resistance of cephalosporins in ampicillin-resistant
Escherichia coli. J. Infect. Dis. 128(Suppl.):S335-
S340.

8. Moxon, E. R. 1974. An Animal model for experimental
meningitis in infant rats, p. 76-80. In J. B. Robbins,
R. E. Horton, and R. M. Krause (ed.), Proceedings
of the symposium on new approaches for inducing
natural immunity to pyrogenic organisms. Depart-
ment of Health, Education and Welfare (NIH) 74-
553. U.S. Government Printing Office, Washington,
D.C.

9. Moxon, E. R., M. P. Glode, A. Sutton, and J. B. Rob-
bins. 1977. The infant rat as a model of bacterial
meningitis: studies onHaemophilus influenzae type b
and E. coli, K-1, meningitis. J. Infect. Dis., in press.

10. Moxon, E. R., and P. T. Ostrow. 1977. Haemophilus
influenzae meningitis in infant rats. The role of bac-
teremia in the pathogenesis of the age-dependent
inflammatory responses. J. Infect. Dis. 135:303-307.

11. Moxon, E. R., A. L. Smith, D. R. Averill, and D. H.
Smith. 1974. Haemophilus influenzae meningitis in
infant rats after intranasal inoculation. J. Infect.
Dis. 129:154.

12. O'Callaghan, C. H., A. Morris, S. M. Kirby, and A. H.
Shingler. 1972. Novel method for detection of(-lacta-
mase by using a chromogenic cephalosporin sub-
strate. Antimicrob. Agents Chemother. 1:283-288.

13. Overturf, G. D., J. Wilkins, J. M. Leedom, D. Ivler, and
A. Mathies. 1975. Susceptibility of Haemophilus in-
fluenzae, type b, to ampicillin at Los Angeles County/
University of Southern California Medical Center. J.
Pediatr. 87:297-300.

14. Tabler, L. H., M. D. Yow, and F. G. Nieberg. 1967. The
penetration of broad-spectrum antibiotics into the
cerebrospinal fluid. Ann. N. Y. Acad. Sci. 145:473-
481.

15. Thomas, W. J., J. W. McReynolds, C. R. Mack, and D.
W. Bailey. 1974. Ampicillin-resistant Haemophilus
influenzae meningitis. Lancet 1:313.

16. Tomeh, M. O., S. E. Starr, J. E. McGowan, Jr., P. M.
Terry, and A. J. Nahmias. 1974. Ampicillin-resistant
Haemophilus influenzae type b infection. J. Am. Med.
Assoc. 229:295-297.

ANTIMICROB. AGENTS CHEMOTHER.


