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The spleen is known to be important for 
lymphopoiesis ( 1 ) , phagocytovis (2  ) , and the 
development of normal immunological de- 
fense mechanisms ( 3 ) .  That i t  has persisted 
in much the same general morphological state 
since its appearance in the primitive fishes 
(4),  implies that it has a definite survival 
advantage. The contribution of the spleen 
towards the host reticulwndothelial (RE) 
system has been studied extensively. Despite 
this, the importance of the spleen in the host 
defense against bacterial invasion remains 
controversial. Since the observation of King 
and Shumacker (5) that splenectomized pa- 
tients with congenital hemolytic anemia have 
an increased susceptibility to bacterial infec- 
tion, several reports confirming their observa- 
tion have appeared (6) .  The clinical picture 
is variable but may include fulminant bac- 
terial sepsis, purulent meningitis, dissemi- 
nated intravascular coagulation, and death 
within 24 hr. These patients appear to be at  
greatest risk 1 2  to 18 months after splenecto- 
my (7, 8). Eraklis et al. (7), in a review of 
467 splenectomized patients, described 3 
groups with remect to their susceptibility to 
bacterial infection after splenectomy. The 
very low risk group included patients 
splenectomized for trauma or idiopathic 
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thrombocytopenia. The minimal risk group 
included patients with hereditary spherocyto- 
sis and hypoplastic or aplastic anemia. The 
high risk group was comprised of patients 
with primary diseases involving their RE sys- 
tem (Gaucher’s disease, portal hypertenslion, 
thalessemia, and Wiskott-Aldrich syndrome) . 
I t  seems, from these observations, that the 
amount of RE system involvement prior to 
splenectomy will dictate, to some extent, the 
degree of risk from bacterial sepsis following 
splenectomy. The most frequent bacterial 
pathogens isolated from these patients appear 
to be the pneumococci, Haemophilus influen- 
zae, and group A streptococci (6) .  

In  contrast to these observations, others 
insist that no increase in susceptibility to 
infection follows splenectomy (8-1 5).  

Animal models designed to elucidate this 
apparent conflict have encountered similar 
differences of opinion. Splenectomized rabbits 
(16), rats (17), and humans (18) have an 
impaired antibody response following the in- 
travenous administration of he terologous 
erythrocytes. Leung et al. (19) clearly dem- 
onstrated that splenectomized rats have a 
greater mortality than do control rats follow- 
ing an intravenous challenge of Pneumococ- 
cus type 25. Furthermore, the spleen was 
found to be important for the initiation of 
the immune respoase to intravenously admin- 
istered pneumococcal vaccine. Pneumococcal 
immunization, given intravenously 6 days 
prior to splenectomy, afforded good protec- 
tion to the splenectomized rats compared to 
nonimmunized splenectomized rats. However, 
no protection was observed if the in- 
travenous immunization was initiated in the 
absence of the spleen. Neonatally splenecto- 
mized mice showed increased susceptibility to 
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early death under laboratory conditions that 
permitted exposure to much infection (20). 
Such splenic influence could not be demon- 
strated when mice, splenectomized early in 
life, were kept under ideal conditions of hus- 
bandry, which minimizes exposure to envi- 
ronmental pathogens (21,22). 

Many earlier investigators, however, have 
been unable to demonstrate a similar in- 
creased susceptibility when splenectomized 
animals were challenged by the various 
routes and with different bacteria (23-27). 

The following investigation was undertaken 
to further evaluate this critical clinical prob- 
lem. To this end, the in vitro phagocytosis of 
Pneumococcus type 3 by rat leukocytes in 
presence of serum from splenectomized rats 
was examined. 

Materials and Methods. Charles River rats 
obtained from Midcontinent Research Ani- 
mals Inc., Shawnee, KS, were used through- 
out. They were housed at 72'F and allowed 
free access to Purina rat chow and water. At 
3 months of age the rats were splenectomized 
or sham operated. Splenectomy was 
achieved through a small lateral flank in- 
cision. The abdominal wall and skin were 
closed separately with 2-0 silk and skin clips, 
respectively. For the sham operation, a liga- 
ture was placed through the greater omentum 
using a similar surgical approach. No deaths 
were recorded with this procedure. 

Preparation of Pneumococcus type 3. A 
Pneumococcus type 3 was maintained at 4" 
on Todd-Hewitt slants. Every 3-4 weeks the 
organism was passaged through mice to en- 
sure virulence and encapsulation. New slants 
were inoculated with pneumococcus after the 
purity and type were determined. Pneumo- 
cocci were prepared by an overnight incu- 
bation in Todd-Hewitt broth in a water-bath 
shaker at 3 7". The bacteria were collected by 
centrifugation for 10 min at  17OOg and re- 
suspended in the appropriate dilutions to 
provide 5-10 X lo6 organisms/ml in the sta- 
tionary growth phase. 

Serum samples. Blood was obtained from 
rats 5 days and 3 months after splenectomy 
or sham operation and allowed to clot. The 
sera obtained were used immediately, and 
then stored in small aliquots at -70' for 

future testing . 
Polymorpkonuclear leukocyte phagocyto- 

sis. Phagocytic studies of rat leukocytes wme 
determined by the Maalge method (28) with 
the modifications described by Cohn and 
Morse (29) and Hirsch and Strauss (30). 

Rat peripheral leukocytes were prepared 
by heavy molecular weight dextran- 
sedimentation (Dextran Type 500, Sigma 
Chemical Co., St. Louis, MO) of heparinized 
blood. Blood (10 ml) containing 1 mg of 
heparin was mixed with 3 ml of 6% dextran 
in saline and incubated at room temperature 
for 30 min. The plasma containing leu- 
kocytes, platelets, and few erythrocytes was 
withdrawn. The leukocytes were centrifuged 
at  200g and washed with heparinized saline. 
The leukocytes were centrifuged, washed 
again, and resuspended in Hanks' balanced 
salt solution (HBSS, Microbiological Ass., 
Bethesda, Md) to give a concentration of 10 
x lo6 cells/ml. 

Phagocytic tests were done in 13 X 75-mm 
Falcon plastic tubes (Falcon Plastics, Divi- 
sion of Bio-Quest Oxnard). Each tube con- 
tained 0.5 ml of leukocyte suspension, 0.1 ml 
of bacterial suspension, 0.1 ml of serum, and 
0.3 ml of HBSS. Each assay included the 
serum from splenectomized rats and control 
leukocytes and control serum and control leu- 
kocytes. The tubes for assay of phagocytosis 
were incubated at  37" on a Lab Tech Tilter. 
Aliquots (0.1 ml) were removed at  0, 10, 30, 
60, and 90 min. The time zero sample rep- 
resents the actual number of bacteria added. 
Viable bacteria were quantitated by a stan- 
dard dilution plate technique. In this assay, 
phagocytosis was completed by 60 min. The 
additional samples at  10, 30, and 90 min 
were done to observe the kinetics of phagocy- 
tosis and confirm any abnormality observed 
a t  60 min. A sample is tested at  90 min to 
ensure that the bacteria are not multiplying 
when the assay is terminated. 

Pneumococcat immunization. Overnight 
cultures of pneumococci (growth in Todd- 
Hewitt media enriched with sheep blood) 
were killed by adding formalin to a concen- 
tration of 0.5%. These were maintained a t  
room temperature for 72 hr. The suspension 
was centrifuged at  1700g and resuspended in 
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FIG. 1. Percentage phagocytosis of splenectomized 
rats: Percentage phagocytosis of pneumococcus by 
leukocytes using serum from rats splenectomized 5 
days or 3 months previously; the percentage phago- 
cytosis was calculated as the number of viable ex- 
tracellular bacteria remaining in the control assay at  
60 min divided by the number of viable extracellular 
bacteria remaining in the test assay (X10) .  
Sham/3 mfonths post splx.; mean, 23.2 2 SE, 7.1; 6 
months sham/3 months sham; mean, 22.4  -t 
SE 7.6. 

the appropriate dilutions to contain los bac- 
teriaJm1. This suspension (0.1 ml) was in- 
jected intravenously or subcutaneously. The 
sera were harvested 14 days after immuniza- 
tion and stored in aliquots at -70" for future 
testing. 

Results. As illustrated in Fig. 1, serum 
from rats which were tested 3 months after 
splenectomy showed a marked deficiency of 
phagocytosis of type 3 Pneumococcus when 
compared to serum from age-matched sham- 
operated control rats [mean 23.2 * 7.1 
(SE)]. A deficiency was observed when the 
sera from splenectomized rats were tested 
with leukocytes from control rats, but no 
phagocytic defect was observed when normal 
rat sera were tested with leukocytes from 
splenectomized rats. When tested on different 
days, phagocytosis using the sera from con- 
trol rats was similar (percentage phagocyto- 
sis: mean 99.6 -+. 0.59). Heat-inactivated 
serum failed to support phagocytosis. 

In contrast to the rats tested 3 months 
after splenectomy, serum samples from rats 
examined 5 days after splenectomy had a 

TAELE I. I n  Tritro Phagocytosis of Pneumococci 
Using Immune and Nonimmune Rat  Sera and 

Normal Rat  Leukocytes. 

Phagocytosis" 
Serum source (%> 

Sham/splx 
Sham/splx ivi 
Sham/splx scI 
Splx/splx ivi 

Sham ivi/splx ivi 
Sham sc,/splx sci 

Splx/splx sci 

50 
50 
118 
100 
200 
35 
82 

'' Percentage phagocytosis is calculated as the 
ratio of number of bacteria remaining in  control 
serum divided by the number of bacteria remain- 
ing i n  test serum multiplied by 100. Ratios were 
calculated from 6 groups of 5 animals: sham; 
splx; sham mi; sham iv i ;  splx sci; and splx ivi. 
Abbreviations : splx F splenectomized ; ivi = intra- 
venously immunized; and sci =I subcutaneously im- 
munized. 

normal capacity to promote phagocytosis of 
pneumococcus. Serum from normal 6-month- 
old animals was much more effective than 
serum from normal 3-month-old rats whether 
tested with leukocytes from a 3- or 6-month- 
old rat. 

Table I compares the effects of specific 
intravenous and subcutaneous immunization 
on the capaicty to phagocytize pneumococcus 
in vitro. Splenectomized rats, injected in- 
travenously, showed no improvement of their 
phagocytic defect compared to nonimmune 
sham-operated rats or splenectomized nonim- 
munized rats. Furthermore, this deficiency 
became more pronounced when these same 
rats were compared to the sham rats which 
had been immunized intravenously. 

In  contrast to the above observations, 
splenectomized rats which had been immu- 
nized subcutaneously, showed improved ca- 
pacity to phagocytize pneumococcus. Most 
significant was the marked improvement 
when splenectomized rats immunized subcu- 
taneously were compared to the nonimmu- 
nized splenectomized rats. 

Discussion. To date, epidemiological analy- 
sis of splenectomized children and animal ex- 
periments designed to examine the effects of 
splenectomy on the host's defense mecha- 
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nisms, although suggesting vulnerability to 
pneumococcus and other organisms, have 
been inconclusive. These discrepancies may, 
in part, be due to the different organisms 
studied, to the various routes of administering 
the bacterial challenge and to comparing 
children with different diseases splenecto- 
mized at  different ages. 

The spleen is known to be important for 
the initiation of an antibody response to the 
intravenous administration of particulate an- 
tigen ( 17-18, 3 1) and for efficient clearing of 
certain bacteria from the circulation in the 
absence of opsonins (2).  

Ellis and Smith (6) have reviewed the 
evidence that the spleen has a primary role 
in clearing intravenously administered partic- 
ulate antigen in the absence of specific anti- 
body. In  contrast to the spleen, the liver is 
relatively inefficient in clearing particulate 
antigens in the absence of specific opsonins. 
When opsonic factors are available, the liver, 
and not the spleen, is of primary importance 
in the host’s ability to clear that antigen from 
the circulation. 

Our studies demonstrate that sera from 
young rats, tested 5 days after splenectomy 
show normal in vitro phagocytosis of pneu- 
mococci when compared to young sham- 
operated rats. This 5-day interval between 
splenectomy and testing would not appear to 
be of sufficient duration for the preexisting 
pneumococcal opsonins to be catabolized. 
Furthermore, without specific immunization, 
the sham-operated rats would not produce 
significantly greater quantities of pneumococ- 
cal opsonins over the 5-day interval. It is, 
therefore, not unexpected that sera of young 
splenectomized and young control rats are 
equal in their ability to support phagocytosis 
of pneumococci in vitro. That the serum op- 
sonins for pneumococci increase significantly 
with age was demonstrated by comparing 
normal 3- and 6-month-old rats. Serum from 
the older rats had a much greater capacity to 
enhance in vitro phagocytosis of pneumococ- 
ci compared to the younger rats. In  these 
young animals, where pneumococcal opsonins 
are relatively deficient, the primary defense 
against an intravenous challenge of pneumo- 
coccus would reside in the spleen. In  support 

of this was the finding that young rats, chal- 
lenged intravenously 5 days after splenecto- 
my, are deficient in their ability to clear 
pneumococci from the circulation (32). Fur- 
thermore, Leung ct al. (19) have clearly 
demonstrated that young rats have a greatly 
increased susceptibility to an intravenous 
challenge of Pneumococcus type 2 5 adminis- 
tered soon after splenectomy. 

Sutliff and Finland (33) found that chil- 
dren, during the first 2 years of life have 
deficient antipneumococcal immunity as com- 
pared to older children and adults. It is dur- 
ing this critical period of immunological de- 
velopment, when antipneumococcal anti- 
bodies are relatively deficient, that removal 
of the spleen would leave the young patient 
most vulnerable to pneumococcal sepsis. I t  
would appear that the vulnerability of the 
young splenectomized host to pneumococcal 
bacteremia would be attributable not only to 
a serum opsonic deficiency incurred as a re- 
sult of splenectomy, but, in addition, would 
be attributable to the inability of the liver to 
compensate for the loss of the spleen in the 
absence of significant antipneumococcal anti- 
body. In  support of this was the finding that, 
when pneumococci were opsonized prior to 
intravenous injection, the splenectomized rats 
cleared the pneumococci normally (3  2 ) . Un- 
der these experimental conditions the liver 
could effectively clear the preopsonized bac- 
teria in the absence of the spleen. The spleen 
therefore, in the absence of pneumococcal 
opsonins, is the primary host defense 
mechanism against that organism. In  contrast 
to the rats tested 5 days after splenectomy, 
sera from rats examined 3 months after 
splenectomy were found deficient in support- 
ing phagocytosis in V ~ ~ P O .  That this deficien- 
cy was attributable to a defect of serum anld 
not of neutrophil function was demonstrated. 
Serum from normal rats supported phagocy- 
tosis by neutrophils from splenectomized rats 
normally. This serum deficiency was clearly 
attributable to an impairment of the splenec- 
tomized rats and not to enhanced phagocyto- 
sis by control rats, since the number of bac- 
teria phagocytozed using control sera was 
similar (mean 995,800 t 650). Further 
definition of this serum deficiency will re- 
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quire studies of both specific, and nonspe- 
cific immunoglobulins in the deficient sera. 
The role of nonantibdy serum factors could 
be defined with studies using agammaglobu- 
linemic rat serum. Whether other bacteria in 
addition to Pneumococcus type I11 are affect- 
ed by the deficiency is a critical question. 
Techniques to study Haemophilus influm- 
zae are being develox>ed since the use of 
chocolate agar pour plates has not given ac- 
curate viable bacterial counts. 

During the second 3 months of life, it 
appears that the normal rat spontaneously 
develops serum factors necessary for enhanc- 
ing the in vitro phagocytosis of pneumococ- 
cus. This was evidenced by the finding that 
serum frobm 6-month-old rats was far superior 
in opsonizing pneumococci than was serum 
from 3-month-old rats. The immunologic ac- 
tivation may be the result of exposure to 
pneumococci in the environment or possibly 
from immunization by cross reacting polysac- 
charide antigens (34, 35). The spleen then 
would appear to be important for the de- 
velopment of this ‘Lnatural” immunity to 
pneumococci . 

Experiments presented here, designed 
to compare the effects of intravenous and 
subcutaneous immunization of splenecto- 
mized rats, support the evidence that the 
spleen is crucial in initiating an antibody 
response to intravenously administered 
particulate antigens ( 1 7 ,  18, 31). Intra- 
venous immunization of sdenectomized 
hosts had no apparent beneficial effect on the 
capacity of serum to promote in vitro phago- 
cytosis. This finding is in agreement with the 
work of Leung et a,?. (19)? who were clearly 
able to demonstrate that intravenous immuni- 
zation of splenectomized rats with killed 
pneumococci offered no increased protection 
for a subsequent intravenous challenge of via- 
ble organisms. However, splenectomized rats, 
immunized subcutaneously, produced serum 
factors capable of enhancing the in vitro 
phagocytosis of pneumococci. Indeed, serum 
from splenectomized rats, immunized subcu- 
taneously, phagocytized pneumococci as 
effectively as did nmimmunized control rats. 

There now exists sufficient experimental 
evidence to indicate that the material 

presented here is relevant to the clinical 
problem of splenectomy in children. Baker et 
al. (36) have shown IgM to be the primary 
immunoglobulin formed in response to pneu- 
mococcal antigen. Michael and Rosen (37 )  
have demonstrated that the bactericidal and 
opsonizing properties of macrog;lobulins 
(IgM) are superior to those of IgG. Young 
children have low levels of circulatory IgM 
and are deficient in pneumococcal antibodies 
( 18). Furthermore, splenectomized children 
have even lower levels of serum IgM com- 
pared to normal children. These factors 
would support the clinical observations that 
young children, with low levels of serum IgM 
and deficiencies of specific antipneumococ- 
cal antibodies are most susceptible to over- 
whelming sepsis by this organism in the first 
18 months after splenectomy. It is during 
this period, in the absence of a functional 
spleen and inadequate serum opsonins to sup- 
port the liver in its compensation, that the 
spleen seems most impo’rtant. If the individu- 
al can survive this critical period, then he 
may develop specific opsonins perhaps as a 
result of oral and respiratory tract immuniza- 
tion, to provide the necessary serum opsonins 
for efficient phagocytosis by the liver. Pre- 
liminary evidence in splenectomized patients 
supports this hypothesis (38). If splenectomy 
is to be undertaken in children, particularly 
children under 2 years of age who have a 
high risk of sepsis, specific immunizatioin of 
these patients with pneumococci and Haemo- 
philus influenzae might reduce their over- 
whelming susceptibility to fatal infection by 
these organisms. Efforts to provide effective 
vaccines against organisms of mu1 tiple spec- 
ificities seem warranted. 

Summary. Splenectomy is frequently un- 
dertaken in patients as an adjunct to the 
medical treatment of clinical problems or 
subsequent to traumatic rupture. Several re- 
ports of an increased incidence of pneumo- 
cwcal sepsis in these patients have been 
made. In  contrast, others insist that no sig- 
nificant increase in susceptibility to infection 
follows splenectomy. Using an in vitro assay 
of pneumococcal phagocytosis by leukocytes, 
rats were found to have a serum deficiency of 
phagocytosis, 3 months after splenectomy. 
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Specific subcutaneous immunization of these 
splenectomized rats diminished the defect. 
No such improvement was seen, however, fol- 
lowing intravenous immunization. It is sug- 
gested that subcutaneous immunization to 
pneumococcus or other antigens may offer a 
safe method of reducing the risk of bacterial 
sepsis in splenectomized patients. 

We thank Sue Buron and Jim Wicks for their 
excellent technical assistance. 
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