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We investigated the effect of splenectomy on the susceptibility of rats to
intravenous or intranasal inoculation of Haemophilus influenzae, type b. The
50% lethal dose for asplenic rats inoculated either by intravenous (i.v.) (104-7) or
intranasal (i.n.) (1046) injection was similar, but significantly lower than the 50%
lethal dose value in sham-operated rats (1086 i.v. and 1090 i.n.). Mean survival
time was significantly longer for asplenic rats inoculated i.n. (49.3 h) compared to
asplenic rats inoculated i.v. (24.4 h). Similarly, sham-operated rats inoculated i.n.
survived significantly longer after i.n. challenge (mean survival time, 171.4 h) than
after i.v. challenge (34.7 h). Bacteremia was detected in 100% of asplenic rats and
in 80% of sham-operated rats. The geometric mean number of bacteria in the
blood of asplenic rats (1049 per ml) was significantly greater than in sham-
operated rats (10329 per ml). Meningitis was detected in 7 of 15 randomly sacrificed
asplenic rats, whereas none of 15 sham-operated rats had evidence of meningeal
invasion. Thus, the asplenic rat was more susceptible to experimentally induced
H. influenzae bacteremia, meningitis, and fatal sepsis and offers a biologically
relevant experimental model for investigating the role of the spleen in defense
against infection with encapsulated bacteria.

Impaired function or absence of the spleen
substantially increases human susceptibility to
bacterial sepsis (3, 4). The majority of these
infections are caused by encapsulated strains of
Streptococcus pneumoniae, Haemophilus influ-
enzae type b, or Neisseria meningitidis (3, 4, 8).
Experimental studies with laboratory animals
also have demonstrated the importance of the
spleen in affecting clearance of S. pneumoniae
(5, 10, 11, 12). In these studies, bacteria were
inoculated by intravenous (i.v.) or intraperito-
neal injections. Although these studies have con-
tributed much useful data, these models do not
simulate the pathogenesis ofS. pneumoniae sep-
sis in asplenic humans. Recently, Dickerman et
al. induced S. pneumoniae sepsis in asplenic
mice via the respiratory tract, because the path-
ogenesis of this infection more closely resembled
that occurring in humans (2).
Although S. pneumoniae account for approx-

imately 75% ofseptic episodes among individuals
with deficient splenic function, about 15% are
caused by H. influenzae b (8). The present stud-
ies were performed to investigate the role of the
spleen in host defense against H. influenzae. We
also sought to gain insight into the role of the
spleen as a determinant of bacterial invasion of
the central nervous system, since an increased

frequency of meningitis is a biologically relevant
and clinically important consequence ofH. influ-
enzae b bacteremia among individuals with
splenic deficiency. With this latter objective in
mind, we elected to induce bacteremia by in-
tranasal (i.n.) inoculation, since invasive H. in-
fluenzae b infection in humans is initiated via
the respiratory tract.

(This paper was presented in part at the So-
ciety for Pediatric Research, Atlanta, Ga., on 5
May 1979.)

MATERIALS AND METHODS
Animals. Two-month-old albino Sprague-Dawley

rats (strain COBS/CD) were purchased from Charles
River Breeding Laboratories, Inc., and maintained
under standard laboratory conditions.

Bacteria. H. influenzae b was a one-step strepto-
mycin-resistant mutant derived from strain Eag. The
source, method of storage, and characteristics of this
strain have been described (1, 7), as have the proce-
dures for its growth and quantitation (7).
Inoculation procedures. Ten days after surgery,

animals were inoculated by i.n. injection with a tech-
nique similar to that previously described (7), except
that before being given the bacterial suspension, the
rats were lightly anesthetized with ether to facilitate
instillation of the inoculum (50 Il) into the left nostril.
i.v. inoculations were made into the tail vein; the rat
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was lightly anesthetized with ether, and the desired
number of bacteria, suspended in 500 fil of phosphate-
buffered saline, was inoculated by using a tuberculin
syringe and a 26-gauge needle.

Culture methodology. Blood cultures were ob-
tained from the tail vein. The rat was placed in a
restrainer, and the tail was warmed to dilate the blood
vessels. The tip of the tail was incised by using a
scalpel blade. One hundred microliters of undiluted
blood and 100 pd of blood diluted 10' to 10-3 in chilled
phosphate-buffered saline were cultured to estimate
the number of bacteria per milliliter of blood. Cere-
brospinal fluid was obtained for cell count and culture
as was previously described (6).
Experimental procedure. To determine the effect

of splenectomy on susceptibility to either i.v. or i.n.
challenge with H. influenzae b, 168 rats were divided
into two equal groups: 84 underwent splenectomy and
84 underwent a sham operation in which the peritoneal
cavity was opened, the spleen was seen, and the peri-
toneum was closed. Forty-two asplenic and 42 sham-
operated animals were then challenged i.v. or i.n. with
varying numbers of H. influenzae b. After bacterial
challenge, the animals were observed at 12-h intervals
to determine the rate and number ofdeaths. The mean
50% lethal dose (LD50) for each group of animals was
determined by using the previously described method
of Reed and Muench (9).

In a separate experiment, the effect of splenectomy
on susceptibility to bacteremia and meningitis was
investigated in 40 asplenic and 40 sham-operated rats
inoculated i.n. with approximately 106 H. influenzae
b. Blood cultures were obtained 4, 12, 18, 20, 24, 48,
and 72 h after inoculation from randomly selected
groups of five asplenic and five sham-operated rats.
Also, at 24, 48, and 72 h, five asplenic and five sham-
operated rats were randomly selected and sacrificed to
determine the presence or absence of meningitis.

RESULTS
Effect of splenectomy on mortality, LDS)0,

and survival time after i.v. or i.n. inocula-
tion with H. influenzae b. There was a signif-
icantly higher mortality in asplenic rats after
either i.v. or i.n. inoculation of >104 H. influ-
enzae b (Table 1). Overall, the case fatality rate
in asplenic rats was significantly greater (P <
0.0001). Irrespective of the challenge route, the
calculated mean LD50 was about 10,000 times
less for asplenic than for sham-operated rats.
However, survival time, defined as the interval
from bacterial inoculation to time of recorded
death, was significantly longer in rats challenged
by the i.n. as compared to the iv. route (Fig. 1).
Mean survival time was 24.4 (standard devia-
tion, + 13.9) h after i.v. challenge of asplenic
rats, compared to 49.3 (+ 22.4) h in asplenic rats
inoculated in. (P< 0.01). In sham-operated rats,
iv.-noculated rats survived a mean of 34.7
(+ 32) h as compared to 171.4 (± 46.8) h after
in. challenge (P < 0.001).
Effect of splenectomy on susceptibility to

bacterial invasion of the bloodstream and
meninges. Asplenic rats developed blood-
stream infection earlier and with significantly
greater numbers of bacteria than did sham-op-
erated rats (Fig. 2). Meningitis in asplenic rats,
evidenced by positive cerebrospinal fluid cul-
tures and increased cerebrospinal fluid granulo-
cytes, was present in one of five rats 24 h after
inoculation, two of five rats at 48 h, and four of
five rats at 72 h. In contrast, none of the sham-
operated rats developed meningitis.

DISCUSSION
These studies show the asplenic rats to be

significantly more susceptible to experimentally
induced H. influenza b bacteremia, meningitis,
and fatal sepsis than rats possessing a spleen.
Although several studies have documented the
enhanced susceptibility of asplenic laboratory
animals to S. pneumoniae infection (5, 10. 12),
altered susceptibility to other species of encap-
sulated bacteria has not been convincingly doc-
umented. In the present studies, splenectomy
reduced the LD50 of H. influenza b in the rat

TABLE 1. Effect of splenectomy on mortality of rats
inoculated by iL. or i.n. injection with varying

inocula ofH. influenza
Intravenous Intranasal

Variable Sham- Sham- Signifi-As- As- cance'
plncoper- plenic oper-pleniic ated p ated

No. of bac-
teria inoc-
ulated
2 x 109 7/7b 6/7 7/7 2/7 <0.05
2 x 10' 6/7 2/7 5/7 2/7 <0.05
2 x 107 7/7 0/7 5/7 1/7 <0.001
2 x 106 2/7 0/7 6/7 1/7 <0.05
2 x 105 7/7 1/7 4/7 0/7 <0.001
2 x 104 1/7 0/7 0/7 1/7 >0.1

LD50 104-6 108-6 104.7 109-0
aCompares mortality (from both i.v. and i.n. inocula) in

asplenic versus sham-operated rats. Total, <0.0001.
bTotal number dead/total number inoculated.
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FIG. 1. Number of deaths in asplenic and sham-
operated rats after either i.v. or i.n. challenge. No
deaths occurred after day 9.

Voi: 27, 1980



874 MOXON, GOLDTHORN, AND SCHWARTZ

1 104

i 10

UNDETECTBEI I -

10 20 30 40 50 60 70 80

HOURS AFTER INOCULATMON

FIG. 2. Magnitude of bacteremia in asplenic and
sham-operated rats after intranasal inoculation of
H. influenza type b. A, Asplenic rats with meningitis;
0, asplenic rats without meningitis; 0, sham-oper-
ated rats without meningitis.

by > logloAo organisms, after either i.v. or i.n.
inoculation. Thus, mortality rate was dependent
upon the presence or absence of the spleen
rather than the route of bacterial inoculation.
Nonetheless, the time interval between inocula-
tion and death was significantly longer in rats
challenged by the i.n. compared to the i.v. route.
This latter finding suggests some potential dif-
ficulties in interpreting experimental studies of
the normal and asplenic host as they might
relate to humans infected with encapsulated
bacteria. Previous studies, such as those of Ellis
and Smith (3), have emphasized the dual role of
the spleen to act both as a biological filter and
to enhance opsonization by synthesis of "early"
antibody. However, these events were demon-
strable only after i.v. administration of orga-
nisms or particulate antigen.
For the most part, natural infections involve

spread of bacteria from epithelial tissues to the
bloodstream. Under these circumstances, the ev-
olution of bacteremia and the fate of intravas-
cular bacteria are determined in part by host
and microbial factors which influence the repli-
cation, removal, and bloodstream entry of bac-
teria from extravascular sites. The present stud-
ies indicate substantial differences in the time
course of bacteremia after i.n. as opposed to i.v.

challenge.
Our data may provide some insight into the

increased susceptibility of the asplenic host to
meningeal invasion. In humans with deficient or

absent splenic function, bacterial meningitis due
to encapsulated bacteria occurs with substan-
tially increased frequency when compared to
attack rates for the normal population (13). In
the rat model of H. influenzae b meningitis, the
magnitude of bacteremia appears to be a key
determinant of meningeal invasion (6). In the
present studies there were, on the average, 10

times more viable H. influenzae organisms in
the blood of asplenic compared to sham-oper-
ated rats. Meningitis occurred in 47% of asplenic
rats, but in none of the rats with intact spleens.
Thus, the occurrence of meningitis appears to
be directly related to the higher bacterial counts
observed in the blood of the asplenic rats. How-
ever, it is also possible that the spleen plays
some indirect role in facilitating removal of bac-
teria from the central nervous system, perhaps
through production of opsonins or other factors
which stimulate bacterial phagocytosis in the
central nervous system.

In conclusion, although caution must be ex-
ercised in extrapolating these findings to infec-
tions in humans, i.n. inoculation of rats with H.
influenza appears to offer a biologically rele-
vant experimental model for investigating the
antibacterial defenses of the asplenic host to
encapsulated bacteria.

ACKNOWLEDGMENTS

We thank Walter Hughes and Jerry Winkelstein for helpful
comments, Karen Vaughn and David Sevadalian for technical
assistance, and Nancy Martin for secretarial assistance.

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. Dickerman, J. D., E. Bolton, J. A. Coil, B. J. Chalmer,
and G. J. Jakab. 1979. The protective effect of pro-
phylactic penicillin on splenectomized mice exposed to
an aerosolized suspension of type III Streptococcus
pneumoniae. Blood 53:498-503.

3. Ellis, E. F., and R. T. Smith. 1966. The role of the spleen
in immunity: with special reference to the post-splenec-
tomy problem in infants. Pediatrics 37:111-119.

4. Eraklis, A. J., S. V. Kevy, L. K. Diamond, and R.
Cross. 1967. Hazard of overwhelming infection after
splenectomy in childhood. N. Engl. J. Med. 276:1225-
1229.

5. Leung, L. S., G. J. Szal, and R. H. Drachman. 1972.
Increased susceptibility of splenectomized rats to infec-
tion with Diplococcus pneumoniae. J. Infect. Dis. 126:
507-513.

6. Moxon, E. R., and P. T. Ostrow. 1977. Haemophilus
influenza in infant rats. The role of bacteremia in the
pathogenesis of the age-dependent inflammatory re-
sponses in cerebrospinal fluid. J. Infect. Dis. 135:303-
305.

7. Moxon, E. R., A. L. Smith, D. R. Averill, and D. H.
Smith. 1974. Haemophilus influenza meningitis in
infant rats after intranasal inoculation. J. Infect. Dis.
129:154-162.

8. Pearson, H. A., R. T. O'Brien, L. S. McIntosh, and G.
T. Aspnes. The spleen, asplenia and overwhelming
pneumococcal infection, p. 9-16. In J. B. Robbins, R. E.
Horton, and R. M. Krause, Proceedings of symposium,
New Approaches for Inducing Natural Immunity to
Pyogenic Organisms, publication no. 74-553. U.S. De-
partment of Health, Education and Welfare, Washing-
ton, D.C.

9. Reed, L. J., and H. Muench. 1938. A simple method of
estimating fifty per-cent end points. Am. J. Hyg. 27:
493-497.

10. Rothberg, H., and L. A. Corallo. 1959. Influence of

ol -I ,.- ..-

INFECT. IMMUN.

A
A a

A

OA*

0 0

00

0

0 0



H. INFLUENZAE b INFECTION IN RATS 875

splenectomy on resistance to pneumococcal infection in
rats. Proc. Soc. Exp. Biol. Med. 100:220-222.

11. Schulkind, M. L., E. F. Ellis, and R. T. Smith. 1967.
Effect of antibody upon clearance of I'25 labelled pneu-
mococci by the spleen and liver. Pediatr. Res. 1:178-
184.

12. Shinefield, H. R., C. R. Steinberg, and D. Kaye. 1966.
Effect of splenectomy on the susceptibility of mice
inoculated with Diplococcuspneumoniae. J. Exp. Med.
123:777-794.

13. Singer, D. B. 1973. Post-splenectomy sepsis. Perspect.
Pediatr. Pathol. 1:285-311.

VOL. 27, 1980


