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We have developed a model of low-inoculum Streptococcus pneumoniae infection in infant rats. We challenged
4-day-old Sprague-Dawley pups via intraperitoneal or intrapulmonary injection of S. pneumoniae serotypes 1,
3, 4, 5, 6b, 7f, 9v, 14, 19f, and 23f. To achieve bacteremia with low inocula, it was necessary to passage the
isolates in rats. Inocula of the 10 S. pneumoniae serotypes producing bacteremia in 50% or more animals
ranged from 1 to 400 CFU. Virulence was similar by intraperitoneal and intrapulmonary routes. Lung
specimens from animals challenged by the intrapulmonary route grew S. pneumoniae and demonstrated
histologic evidence of focal infection. Meningitis was detected in 20 to 50% of bacteremic animals, and mortality
invariably followed bacteremia within 24 to 48 h. This model of intrapulmonary infection uses low inocula of
S. pneumoniae and results in bacteremia, meningitis, and death in infant rats.

Invasive Streptococcus pneumoniae infection is a worldwide
problem. The pneumococcus is the most common cause of
bacterial pneumonia (3, 7, 19, 20) and is also an important
cause of otitis media, bacteremia, and meningitis (4, 15). In
response to increasing rates of penicillin-resistant pneumo-
cocci, efforts to reduce associated morbidity and mortality have
focused on the development of more efficacious antimicrobials
(6, 10, 11) and vaccines that are immunogenic in infants and
young children (8, 13, 16, 18).

Current animal models of S. pneumoniae infection are lim-
ited. The higher-numbered pneumococcal serotypes that com-
monly cause pediatric infection (e.g., serotypes 9, 14, 18, 19,
and 23) are not reliably pathogenic for mice. Also, existing
intraperitoneal models of infection do not mimic human
pathogenesis and require challenge doses of pneumococci that
are very high (e.g., 10° to 107 organisms) (1, 2, 12, 14, 17). We
sought to develop in infant rats a pulmonary infection model of
S. pneumoniae which would more closely mimic human disease
and allow for the evaluation of passive immunization against
infection with S. pneumoniae. In particular, our objectives for
this model included the production of pneumococcal infection
from low-challenge inocula of pneumococcal strains prevalent
in children in developed and underdeveloped countries, the
presence of focal (intrapulmonary) infection, and evidence of
invasive pneumococcal infection, including bacteremia, men-
ingitis, and death.

MATERIALS AND METHODS

Bacteriologic methods. Several strains of S. pneumoniae, representing sero-
types 1, 3, 4, 5, 6b, 7f, 9v, 14, 191, and 23f, were obtained from the collections of
George Siber (Dana-Farber Cancer Institute, Boston, Mass.), Gerald Schiffman
(State University of New York, Brooklyn), and David Briles (University of
Alabama, Birmingham) (Table 1). Pneumococci were identified by optochin
sensitivity and typed by quellung capsular swelling reaction. After animal pas-
sage, pneumococcal type and subtype were confirmed in the laboratory of Rich-
ard Facklam (Centers for Disease Control, Atlanta, Ga.).
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Strains were stored in either skim milk or Todd-Hewitt broth supplemented
with 0.5% yeast extract (Difco Laboratories, Detroit, Mich.) and 20% glycerol at
—70°C, and fresh subcultures were used for all experiments. Inocula for animal
challenge were prepared by growing S. pneumoniae to mid-log phase (approxi-
mately 107 CFU/ml) in 10 ml of Todd-Hewitt broth supplemented with 0.5%
yeast extract. The suspension was diluted in 0.5% low-melting-point agarose (as
an adjuvant) to a desired inoculum concentration and stored on wet ice until the
intraperitoneal or intrathoracic inoculation. The actual inoculum CFU was cal-
culated based on the dilutions made from the mid-log-phase culture.

To assess lung microbiology, 1 day after S. pneumoniae intrapulmonary chal-
lenge, lungs were dissected en bloc, in sterile fashion, from the thorax, trans-
ported in sterile glass vials, weighed, and then homogenized in a Tissue Tearor
(Biospec Products, Inc., Bartlesville, Okla.). Lung specimens were also obtained
for histologic examination; lungs were preserved via tracheal instillation of 10%
formalin immediately upon dissection.

Cultures of blood and cerebrospinal fluid were performed on 5% sheep blood
agar. Cultures of lung homogenate were performed on 5% sheep blood agar
supplemented with gentamicin to inhibit the growth of normal flora. Plates were
incubated overnight at 37°C, and colonies were counted the following morning.

Animal model. Outbred virus-free Sprague-Dawley rats were obtained from
Charles River Laboratories, Wilmington, Mass.). Pregnant female rats were

TABLE 1. S. pneumoniae strains used and inocula
producing 50 to 90% bacteremia

Inoculum (CFU/rat) producing
50 to 90% bacteremia

Serotype Strain”
Before passage After passage
1 L8-2006.RS 2 X 107 1
3 GSc-3.RS 2 X 107 0.5
4 BG-7395.RS 1% 10* 4
5 DBL-3.RS 2 X 10° 5
6b GSc-6B.RS 2 %107 5
7t GSc-7F.RS 1% 10* 400
Ov AC-107.RS 1% 10° 20
14 EF-16565.RS 3 x10° 5
19f L8-2013.RS 2 X 10° 50
23f D109-18.RS 3 x10° 1

“ Serotype 1, 4, 5, 9v, 14, 191, and 23f originated from the laboratory of D. E.
Briles (University of Alabama, Birmingham); the other strains originated from
the laboratory of G. R. Siber (Dana-Farber Cancer Institute, Boston, Mass.)
(original gifts of G. Schiffman [State University of New York, Brooklyn]). “RS”
indicates that the strain was animal passaged in our laboratory.
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TABLE 2. Day 7 mortality rates after challenge
with S. pneumoniae types 6b and 23f

Day 7 mortality rate (no. dead/group of 8)

Serotype 6b inoculum Serotype 23f inoculum

Route

(CFU/rat) (CFU/rat)
0.01 0.1 1.0 0.2 2.0 20
Intraperitoneal 0 2 4 2 4 7
Intrapulmonary 0 2 3 2 7 8

allowed to deliver in our animal housing units. On day 4 of life, infant pups from
all litters were randomly redistributed so that each mother had 10 to 12 pups.

Intraperitoneal inoculation with S. pneumoniae was performed to passage the
bacteria in an attempt to increase virulence. The abdomen of each 4-day-old pup
was prepared with 70% isopropyl alcohol, and a 0.10-ml inoculum in agarose was
injected intraperitoneally via a 27-gauge needle.

Intrathoracic inoculations were performed in the following fashion. The right
chest of each 4-day-old pup was prepared with alcohol, and a 0.025-ml inoculum
was injected transthoracically into the mid-right lung via a 29-gauge needle on an
insulin syringe. The depth of injection was controlled by a small hemostat clipped
3 mm from the needle bevel.

Bacteremia was assessed 1, 2, and 3 days after inoculation. The distal dorsal
tail vein of each unanesthetized pup was cleansed with 70% alcohol and punc-
tured with a sterile lancet, and 0.01 ml of blood was spread on 5% sheep’s blood
agar. The presence or absence of growth of S. pneumoniae was recorded for each
day after incubation. Cerebrospinal cultures were obtained 1, 2, and 3 days after
inoculation. Pups were held with the head flexed, the occipital area was cleansed
with 70% alcohol, and puncture of the cisterna magna was performed with a
27-gauge needle. Approximately 0.10 ml of cerebrospinal fluid was spread on
plates containing supplemented brain heart infusion agar. The presence or ab-
sence of growth of S. pneumoniae was recorded for each day after incubation.
During the inoculation and culture procedures, pups were kept warm under a
40-W light source. Mortality was assessed for 7 days after inoculation. Experi-
mental procedures for use with animals were reviewed and approved by the
Children’s Hospital Animal Care and Use Committee and were in keeping with
the guidelines of the National Institutes of Health.

RESULTS

Animal passage of bacterial isolates. Recovery of an isolate
of S. pneumoniae from a rat pup bacteremic after intraperito-
neal inoculation was considered animal passage. Passage of an
isolate after intraperitoneal inoculation uniformly resulted in
increased virulence (Table 1). Before passage, inocula re-
quired to produce 50 to 90% bacteremia ranged from 10° to
107 organisms. After animal passage, inocula required to pro-
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duce 50 to 90% bacteremia ranged from 1 to 400 organisms for
serotypes 1, 3, 4, 5, 6b, 7f, 9v, 14, 19f, and 23f.

Intraperitoneal versus intrapulmonary bacterial challenge.
Mortality was assessed after intraperitoneal and intrapulmo-
nary S. pneumoniae challenge (Table 2). Seven-day mortality
rates were similar for both challenge routes among all 10
serotypes tested. Death invariably followed the detection of
bacteremia within 24 h.

Rate of acquisition of bacteremia. The rate of acquisition of
bacteremia was recorded after both intraperitoneal and in-
trapulmonary inoculation with S. pneumoniae serotype 6B.
Mortality was assessed as well. Bacteremia with type 6b was
acquired at the same rate regardless of challenge route, al-
though mortality occurred 4 to 6 h later after intrapulmonary
inoculation than after intraperitoneal inoculation (Table 3).

Intrapulmonary inoculation. Twelve pups were challenged
with intrapulmonary injections of 0.5% agarose alone. No ad-
verse effects were noted; on day 7 postinoculation, all pups
were thriving. Histologic sections of lung demonstrated no
pathology except occasional minimal hemorrhage at the site of
the needle puncture.

Serotypes 1, 3, 4, 5, 6b, 7f, 9v, 14, 191, and 23f were used as
intrapulmonary challenge inocula. Histologic sections of lung
from representative low- and high-numbered serotype (1, 6b,
14, 19f, 23f)-challenged animals demonstrated polymorphonu-
clear and leukocyte infiltration at the site of lung puncture and
patchy infiltrative consolidation of lung parenchyma (Fig. 1).
Lung homogenate cultures from representative low- and high-
numbered serotypes demonstrated growth of corresponding S.
pneumoniae types from 10° to 10® CFU/g of lung tissue follow-
ing challenge inoculation of 1 to 10® organisms. Lung his-
tology was normal and lung homogenate cultures were ster-
ile in rats that received intraperitoneal inoculation with S.
pneumoniae.

Sequelae of intrapulmonary inoculation with S. pneumoniae.
Using rat passaged S. pneumoniae, intrapulmonary challenge
with low inocula resulted in bacteremia, meningitis, and death
(Table 4). Again, bacteremia was invariably followed by death
of the animals. Table 1 shows data summarizing the inocula
that produced 50 to 90% bacteremia for 10 serotypes. We
found that the inoculum (CFU per rat) required to produce
bacteremia in 90% of animals was 1 logarithm higher than that
required to produce bacteremia in 50% of animals (data not
shown).

FIG. 1. Hematoxylin-eosin stain preparation of lung sections (magnification, X200). (A) Congestion and infiltration of inflammatory cells, including neutrophils
seen within a small bronchiole; (B) normal lung after intrapulmonary injection with 0.5% low-melting-point agarose.
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TABLE 3. Acquisition of bacteremia after inoculation
with 4 CFU of serotype 6b”

No. of animals with bacteremia/no. alive

Route (mortality rate)

4h 6h 12h 20 h 24 h 30 h 36 h

Intraperitoneal 1/6 1/6  6/6  4/4 (2/6) 2/2(4/6) — (6/6)
Intrapulmonary 0/6 1/6  5/6 5/6 4/5 (1/6) 12 (4/6) 0/1 (5/6)

“ Acquisition of bacteremia was similar for both routes of infection; all bac-
teremic animals subsequently died. The mortality rate is indicated in parentheses
(no. of deaths/total no. of animals).

DISCUSSION

We have developed a reliable model of low-inoculum .
pneumoniae intrapulmonary infection in infant rats. We were
able to reduce the bacterial challenge, compared to initial high
inocula used, necessary to produce bacteremia by animal pas-
sage of our strains. This effect has been noted in other models
of bacterial infection (5, 9), but not to the magnitude that we
achieved. Although we are unsure of the mechanism, the
markedly increased virulence of the S. pneumoniae serotypes in
our model after animal passage seems to be unique to passage
in the infant rat.

Low-inoculum challenge doses of animal-passaged bacteria
produced bacteremia and death after both intraperitoneal and
intrapulmonary injection; virulence was similar regardless of
route. In addition, the rates at which bacteremia was acquired
after inoculation were similar for both routes, demonstrating
that the intrapulmonary route was a reliable method of inoc-
ulation of low-challenge doses of S. pneumoniae. Uniformly,
the inoculum that produced 90% bacteremia was 10-fold
higher than that necessary to produce 50% bacteremia.

Although a reliable method of achieving bacteremia, intra-
peritoneal inoculation does not produce a focal infection site
that is typical for S. pneumoniae. In contrast, intrapulmonary
inoculation produced pulmonary inflammation and consolida-
tion seen in histologic sections, and lung homogenate cultures
grew the challenge serotypes of S. pneumoniae. Cultures of the
lungs were obtained 24 h after S. pneumoniae challenge, when,
based on our experience, most animals were bacteremic. We
presume that bacteremia was a result of pneumonia, since high
numbers of pneumococci (e.g., 10° to 10%) were recovered
from the lung, indicating replication of bacteria within the lung

TABLE 4. Intrapulmonary injection with low inocula results
in bacteremia, meningitis, and death”

Day 1 Day 7

mortality rate
(no. dead/total)

Sero-  Inoculum
type  (CFU/rat)

No. of bacteremic ~ No. of rats with

rats/total meningitis/total
1 1 3/4 3/4 3/4
10 4/4 4/4 4/4
6b 1 4/12 1/12 4/12
10 11/12 2/12 12/12
9v 20 8/9 (3 dead) 5/9 11/12
14 5 2/4 2/4 2/4
50 3/3 (1 dead) 3/3 4/4
19f 5 2/4 0/4 2/4
10 5/12 2/12 7/12
23f 0.2 4/8 2/8 4/8
2 4/8 2/8 7/8

“ Representative data from experiments using low- and high-numbered sero-
types.
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parenchyma and bronchioles. The intrapulmonary inoculation
therefore produced not only pneumonia but also the sequelae
of pneumococcal infection, i.e., bacteremia, meningitis, and
death, more closely replicating disease in humans than the
intraperitoneal inoculation.

For all serotypes tested, we demonstrated that low-inoculum
intrapulmonary challenges of S. pneumoniae produced reliable
bacteremia, meningitis, and death. We feel that this model of
S. pneumoniae infection in infant rats will be useful for the
study of the pathophysiology of pneumococcal infections and
for evaluating the protective capacity of immunization with
antipneumococcal antibodies, including antibodies to the cap-
sular polysaccharides and the common proteins such as pneu-
molysin, surface protein A, and the 37-kDa surface adhesin
protein.
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