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The fate of bacteria injected intravenously and the mechanism of their disap- 
pearance from the circulation have been studied by numerous investigators in vari- 
ous animal species. Many observations have established that: 

(a) Bacteria can be cleared from the blood very rapidly in very large numbers 
(1-4, 6-8), 

(b) The reticulo-endotbelial system (RES), of the liver and spleen principally, is 
largely responsible for removing the bacteria from the blood (1, 3, 4, 6, 8, 9), 

(c) The efficiency of clearance of some bacteria by the portal circulation can be 
high in specific instances, in the order of 40 per cent for Klebsiella in the dog (4) or 
60 per cent for Micrococcus aureus in the rabbit (10); attempts to block the RES 
with colloidal particles, such as thorotrast, have resulted in significant decreases in 
the efficiency of removal of circulating bacteria (8, 10). 

(d) The rapid clearance of injected bacteria is followed, in the case of virulent 
organism, by a second phase when the blood concentration of the microorganisms 
increases and the animal eventually dies (2, 9). 

(e) Previous immunization of the animals increases greatly the ability of the RES 
to extract both avirulent and virulent bacteria from the blood and improves its ability 
to kill the phagocytized organisms (1-4, 6, 9), 

(f) The circulating leucocytes do not seem to play an important protective role in 
the clearance of bacteria from the blood (11, 7) except in cases in which bacteria are 
enmeshed in fibrin clots or adhere to the endothelium of capillaries (12, 13) and 
hence can be removed by surface phagocytosis. 

The role played by the RES in the control of bacteriemia is therefore of primary 
importance. 

In the past few years, much has been learned about the phagocytic activity of the 
RES from experiments dealing with the kinetics of blood clearance of standardized 
suspensions of carbon from the blood by various organs of the RES (14). When car- 
bon partides of homogeneous size, about 250 A are injected intravenously, nearly 
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90 per cent of the injected material is removed by phagocytes of the liver and spleen 
and the rate of clearance follows an exponential function of the time C = Co 10 - r t  
(15). When relatively small amounts of such avidly phagocyfized colloids are in- 
jected, the clearance is very rapid and the maximal efficiency of removal by the 
Kupffer cells is of the order of 80 to 90 per cent (16). As larger amounts are injected, 
one reaches a critical dose of particles above which the rate of clearance/~ becomes 
"dose-dependent" (K ×, D -~ constant), reflecting first the decreasing efficiency of 
the phagocytes to clear the blood of larger concentrations of colloids and then the 
saturating effect of phagocytized particles on the RES (15, 16). In  this range of 
dosage above the critical concentration, the colloid clearance test may be used to 
measure the phagocytic capacity of the RES. This test was the basis for many studies 
of the phagocytic activity of the RIgS in experimental infections (17-19). I t  was shown 
that  several infectious processes are associated with a considerable increase in the 
phagocytic capacity of the RES, at  least in an early phase; later, in the case of viru- 
lent organisms or high infecting doses, the phagocytic function appears depressed. 
Other experiments have also shown that  the rate of clearance of carbon by the RES 
is greatly increased in animals treated with agents which improve natural resistance 
to infections, such as endotoxins from Gram-negative bacteria (20-23), zymosan 
(21), or B.C.G. infection (18, 24). 

Since the  behavior  of the RES  towards colloidal carbon m a y  not  necessarily 
be extended to bacter ia l  suspensions, i t  was felt  t ha t  some useful da t a  could be 
obta ined  from a quant i ta t ive  s tudy  of bacter ia l  clearance from the blood 
(Staphylococcus aureus, Esckerichia coli), with the same techniques and ap-  
proaches which had  been used for the s tudy  of phagocytosis  of colloidal par-  
ticles. 

Materials and Methods 

Animals.--The experiments were carried out on white male Swiss Webster mice weighing 
20 to 30 gin., guinea pigs weighing 400 to 600 gin., and rabbits weighing about 2 kg. 

Bacterla.--E. coli 0111 BA t and Staphylococcus aureu~, Giorgio strain ~. The bacteria were 
grown on a medium prepared as follows: 

Na3 citrate 3I-I20 0.1 gin. 
MgSO4 7H20 0.02 gin. 
Glucose 0.4 gm. 
Casein amino acids 3 2.0 gin. 
1 ~2 phosphate 1 inc. 
Distilled water to make a total of 200 ml. 
E. coli cultures were grown for 24 or 48 hours. The slower growing staphylococci were 

allowed to grow for 3 to 4 days. In preliminary experiments in mice with live E. col$, it was 
established that the clearances were similar for live and heat-killed (60°C.) bacteria. In all 
subsequent experiments, killed bacteria were used. E. coli or staphylococci were killed by 

1 Provided kindly by the Difco Laboratories, Detroit. 
From Dr. Dubos' Laboratory, The Rockefeller Institute, kindly provided by Dr. Boehme. 

s Mixed amino acids from enzymatic hydrolysis of casein N-Z amine (type B), Shef~eld 
Farms Co., Inc., New York. 
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heating at 60°C. for 20 minutes. They were washed repeatedly with 0.9 per cent NaC1 until 
the radioactivity of the supernatant was negligible and finally suspended in the saline solu- 
tion. The number of E. coli per ml. was calculated from optic density measurement at 490 
m/z, after calibration with a known suspension on which the bacterial count was carried out. 
In the case of staphylococci, the number of bacteria was not counted, but suspensions were 
prepared for injection which showed similar degree of optical density as the E. coli suspen- 
sions in order to inject comparable numbers of E. coli or staphylococci. The bacterial prepara- 
tion kept at refrigerator temperature (4°C.) were stable and could be used reliably to measure 
blood clearance of bacteria over a period of 4 to 6 weeks until decay of the isotope rendered 
measurements inaccurate. Successive bacterial preparations gave identical results. 

Measurement of Blood Clearance of P~2-Labelled Bacteria.--The animals were injected with 
heparin intravenously 10 minutes before the bacterial suspension to avoid any possibility of 
intravascular clotting or fibrin deposition on the bacteria modifying the kinetics of clearance 
by the RES. This precaution was observed although, in early experiments, no significant 
differences were observed in the blood clearances of E. coli or staphylococci in normal or hep- 
arinized mice. Mice received 0.1 ml.," guinea pigs 0.25 ml., and rabbits 0.5 ml. of a solution 
of heparin containing 1000 U.S.P. units per ml. The blood clearance of E. coli was investigated 
in mice, guinea pigs, and rabbits in the following dose range: mice 2 X l0 s to 5 X 109 bac- 
teria, guinea pigs 2.5 X 10 s to 1.5 X 109 bacteria, rabbits 1.5 X 108 to 6 )< 109 bacteria, 
per 100 gm. of body weight. The blood clearance of staphylococci was only investigated in 
mice, using doses of bacteria which were equivalent with respect to turbidity to 4 X 108 
and 2 X 109 E. coli per 100 gm. of body weight, in the range in which most of the experiments 
were carried out with this microorganism. 

The rate of clearance of P32-1abelled bacteria from the blood was measured by drawing, 
at various times, 0.05 ml. of blood with a calibrated glass pipette from the retroorbital venous 
plexus (25) in mice and guinea pigs and from the cut artery of the ear in rabbits. The blood 
was then spread on circles of filter paper about 2.5 cm. in diameter, cemented on glass slides, 
and the radioactivity measured with a Geiger-MtiUer counter keeping the geometry constant. 
The radioactivity of the injected suspension of bacteria was measured in the same way. The 
logarithms of the counts per minute in the blood samples were calculated and plotted with 
respect to time. The radioactivity of the blood decreases according to an exponential func- 
tion of the time down to about 10 per cent of the amount injected or sometimes less, and 
then the rate of clearance generally begins to slow down irrespective of the dose injected. A 
straight line can be drawn through the points down to such a concentration (Figs. 1 and 2) 
and, as in the case of the clearance of colloidal particles by the RES, its slope K which meas- 

ures the rate of clearance can be calculated from the equation: Log C1 -- Log C2 = K 
T2 -- T1 

(phagocytic index), in which C1 and C2 are the radioactivity of the blood at the times T1 
and T2. 

Measurement of Radioactivity in the Organs.--The radioactivity in the organs of mice and 
guinea pigs injected with P~2-1abelled bacteria was measured. The animals were sacrificed by 
decapitation when the radioactivity in the blood had fallen to 10 to 15 per cent of the in- 
jected amount. The liver, spleen, lungs, and kidneys were digested in 10 per cent NaOH in a 
water bath and the radioactivity measured by taking 0.1 ml. aliquot samples and spreading 
them on fi]ter paper as above. The amount recovered in each organ was expressed as per 
cent of radioactivity injected. In a few mice which received 109 E. coli per 100 gm. of body 
weight, histoautoradiography of the liver were done which showed the radioactivity to be in 
the Kupffer cells. 

Measurement of Agglutination Titer of Sera.--Measurements were made of agglutination 
titers against E. coli, of sera from normal mice, guinea pigs, and rabbits, and of sera from 
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immunized animals and from animals treated with bacterial endotoxins. Agglutination titers 
against staphylococci in normal mice sera were also measured. Serial double dilutions were 
prepared of the sera using a volume of 0.4 ml. per tube. To each tube was added an equal 
volume of a suspension containing 2 X 109 E. coli/ml, of the same heat-kiUed bacteria used 
in the clearance studies. The staphylococcal suspensions used were standardized to the same 
optical density as the N.. coli suspension. The tubes were incubated at  55°C. for 2 hours and 
then left overnight at 4°C. before reading the agglutination titer. 

Preparation of Immune Sera.--Rabbits and mice were immunized with the lipopolysac- 
charide from E. coli 0111 B4 prepared by the Difco Laboratories. Rabbits were injected intra- 
venously every day with increasing amounts of lipopolysaccharide for 10 successive days 
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FIG. 1. Blood clearance of 109 Pnqabelled live E. coli per 100 gm. of body weight in a 
normal mouse. 

starting with 5 #g. up to 100 #g., then once a week for 4 weeks with 100 #g. The animals 
were bled a week after the last injection. Two groups of 10 mice were immunized with the 
same lipopolysaccharide; each animal received 10 #g., 48 hours later I00 #g., and 100 #g. 
twice a week for 3 weeks, by intraperitoneal injections. The mice were then bled and the sera 
pooled. A strong rabbit antiserum and the pooled mouse antiserum were analyzed for anti 
E. coli aggiutinins; the agglutination titer of the mouse antiserum was 1/512 and that of the 
rabbit serum was 1/4096. These two sera were used in a quantitative study of the opsonizing 
effect of antibody on the phagocytosis of E. coli by the RES in mice. The rabbit antisera was 
further analyzed for precipitating antibodies against the purified polysaccharide by the 
Heidelberger precipitin technique (26), using a purified polysaccharide from P.. coli prepared 
by alkaline hydrolysis, kindly given to us for this purpose by Dr. Anne-Marie Stanb of the 
Pasteur Institute. This antiserum contained 90 #g. AbN/ml. Owing to the limited amount of 
mouse antiserum and its low titer, quantitative preeipitin determination could not be made, 
but the antibody content of this serum against the same purified polysaccharide was assayed 
by passive cutaneous anaphylaxis (P.C.A.) in the guinea pig (27). 0.1 ml. of this serum in- 
duced P.C.A. reactions down to a dilution of 1/50. 
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Measurement of Opsonizing Effect of Specific Antibody on Phagocytosis of E. coli by the RES. 
--These experiments were carried out in mice, who showed a normally slow blood clearance 
rate of these bacteria, using a dose of 109 E. coli per 100 gm. After the usual intravenous in- 
jection of heparin, 0.5 ml. of a suitable dilution of the rabbit or mouse antisera described 
above were injected intravenously. 10 minutes later, the P3~-labelled E. coli suspension was 
injected intravenously. The blood clearance was studied and the phagocytic index K cal- 
culated as described above in each case. The following dilution of the sera were used: in the 
case of the mouse antiserum pool 1/50, 1/100, 1/200, 1/300, 1/500, 1/1000, 1/3000, in the 
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FIG. 2. Blood clearances in two normal mice of 109 heat-killed E. coli per I00 gm. and of 

a dose of heat-killed staphylococci equivalent to 4 X 10 s E. coli per 100 gm. with respect 
to optic density measurement. 

case of the rabbit antiserum 1/500, 1/5000, 1/7500, 1/10000, 1/20000; each dilution was 
injected into 3 to 12 mice. 

Treatment with Bacterial Endotoxins.--The purified lipopolysaccharides used in these 
experiments were prepared and kindly given to us for these studies by Dr. Maurice Landy. 
The lipopolysaccharides used were prepared from Salmonella typhosa (lot B12), Serratia mar- 
cescens, Salmonella typhimurium, mouse red cell, and mouse lung. The clearance of p3~_ 
labelled 109 E. coli per 100 gm. body weight was investigated in mice treated with various 
doses schedules of these lipopolysaccharides intraperitoneally. 12 mice received 25 /zg. of 
S. typhosa endotoxin and the blood clearance of E. coli was investigated in groups of these 
mice after 3 hours, 10 hours, 24 hours, and 6 days. Other groups of mice received repeated 
injections of the various endotoxins used and the clearance of E. coli was tested after i0 days. 
The following dosage schedule was usually employed: 10 #g. followed by 100/zg. every 48 



32 BLOOD CLEARANCE O]F BACTERIA 

hours for 3 doses. Some of the mice which had received this treatment were bled on the lOth 
day and the power of the serum to transfer opsonizing capacity for E. coli was investigated; 
0.5 ml. of these sera was injected intravenously into new mice 10 minutes before the usual 
dose of P32-1abelled bacteria, 109/100 gin. and the clearance investigated. 

Competition Effect of Injected Carbon Particles on the Phagocytosis of E. coli by the RES.-- 
To verify that the bacteria investigated were phagocytized by the RES by the same process 
as inert carbon particles, the competitive effect of the phagocytosis of carbon particles on the 
clearance of E. coll was investigated. Studies on the phagocytic function of the RES have 
shown that colloidal particles present in suitable amounts can interfere with the phagocytosis 
by the RES of other particles by a phenomenon of competition (15, 28). This is manifested 
by a sharp change in the rate of clearance of the suspension investigated as soon as the com- 
peting colloid in injected. These experiments were carried out in mice with P3~-labelled E. 
coli, 109/100 gin.; after enough samples had been obtained to draw the clearance curve, 16 
mg. of carbon per 100 gin. (14) were injected intravenously and the rate of clearance of E. 
coli measured again. The competitive effect exerted by the carbon particles is measured by 
the ratio of the rates of clearance K1 over Ks before and after the injection of carbon. 

RESULTS 

Blood Clearance of E. coli and Staphylococci.--When P32-1abelled E. coli or 
staphylococci are injected intravenously,  the blood radioac t iv i ty  measuring 
the number  of bacter ia  decreases according to an exponential  function of the 
t ime down to a concentrat ion of 10 per cent or less; then, the rate  of clearance 
becomes progressively smaller. This has been observed for E. coli in mice, guinea 
pigs, and rabbits  and for staphylococci in mice. The  curves in Figs. 1 and 2 
represent the results of typical  experiments in mice. These bacteria  are there- 
fore cleared from the blood as a homogeneous suspension, bu t  there seems to 
be a small number  of microorganisms which are removed with a lesser degree 
of efficiency than the general populat ion of E. coll. The kinetics of blood clear- 
ance of bacter ia  follow the same laws as the clearances of colloidal suspensions 
of carbon (14), iron oxide (15), or denatured proteins (16) by  the RES.  The 

same e q u a t i o n : - - L o g  Cj --  Log C2 = K,  describing these clearances can be 
T 2 -  T1 

used in the case of bacterial  clearances, in which K referred to as the "phago-  
cytic index," measures the rate  of clearance of the substra te  used. 

Several other impor tan t  points  have to be considered: (a) what  are the ele- 
ments  of the RES which phagocytize the bacter ia ;  (b) what  determines the  
efficiency with which they are phagocyt ized;  (c) what  is the effect of the number  
of bacter ia  upon the rate  of clearance; does the blood clearance of E. coli become 
dose-dependent  above a certain concentrat ion as in the case of other  RES  
clearances. If  one compares the rate  of clearances of similar doses of E. coli in 
mice, guinea pigs, and rabbits  (Table I, Fig. 3) and relate these results with the 
an t ibody  ti ters in the sera of these animals, the following conclusions can be 
drawn. The  rate  of clearance of E. coli in mice is slow, wi thout  considerable 
variat ions in a range of dosage from 2 X 1@/100 gm. to 5 X 109/100 gm., K = 
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TABLE I 
Rate of Clearance from the Blood of P3~-Labdled E. coli in Mice, Guinea Pigs, and Rabbits, 

and Agglutination Titer of the Sera 

Agglutination titers 
E. col i  (pooled serum from 5 I E. coil heat-killed Live 

mice) 

Mice 

109/100 gm. 

?hagocytic index K 

Yiean values. 

2 X 1~/ 
100 gin. 

0.015 
0.011 
0.010 
0.012 

0.012 

58 mice 
0.015 

0.0154440.005 

s x lov 
100 gin. 

0.013 
0.013 
0.013 
0.011 
0.016 

0.013 

iovi~ 
gin. 

0.016 
0.010 
0.018 
0.023 

0.016 

1/16444, 1/8444, 
1/8444, 1/8444, 
1/4+ 

Guinea pigs 

Phagocytic index K 

Mean values. 

2.5 X 10~/100 gm. 

0.040 
0.029 
0.057 
0.055 
0.024 

0.041 

1.5 X 10g/100 gin. 

0.028 
0.025 
0.038 
0.037 

0.032 

1/16+, 1/16+, 
1/16444, 1/32444, 
1/32-4-, 1/32444 

Rabbits 

Phagocytic index K 

1.5 X 108/100 
gin. 

0.370 
0.460 
0.230 
0.420 

6 X 1ovtoo 
gin. 

0.380 
0.240 
0.300 

3 t o 6 X  10V 
100 gin. 

0.066 
0.056 
0.055 
0.070 

Mean values. . 0.370 0.307 0.061 

1/128444, 1/128444, 
1/64+, 1/64-4-, 
1/32+, 1/32444 

0.013. Cont ra ry  to this, the rates of clearance of the same bacteria,  1.5 X 108 
to 6 X 108/100 gm. is ve ry  rapid  in rabbits ,  K is greater  than  0.300. Correspond- 
ingly, the  agglut inat ion t i ters against  E. coli are 1/4 to 1/8 in normal  mouse sera 
and 1/32 to 1/64 in normal  rabbi t  sera. Guinea pigs show a rate  of clearance of E. 
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coli which is intermediate between what  is observed in mice and rabbits, and 
the agglutination titers of guinea pigs sera range between 1/16 and 1/32. I t  

seems therefore that  the most important  factor to consider in the clearance 
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Fro. 3. Average blood clearances of P824abelled heat-killed E. coli in mice, guinea pigs 
and rabbits. 

A, rabbits 1.5 to 6 X 10 s E. vdi/ lO0 gm. K = 0.30 
B, guinea pigs 2.5 X l0 s to 1.5 X 109/100 gm. K = 0.037 
C, mice 2 X I0 s to 5 X 109/100 gin. K = 0.013 

of E .  coli is the level of antibodies which, unless present in adequate amount ,  
is insufficient to opsonize the bacteria properly and becomes rate limiting. 

If a relatively small number of E.  coli are injected intravenously into normal 
rabbits, when the level of antibodies is sufficient to properly opsonize the bacteria, 
the rates of clearances vary from K = 0.240 to K = 0.460 and the clearances are 
predominantly effected by the liver Kupffer cells. These values of K are of the same 
order of magnitude as those reported for the clearances of avidly phagocytized sus- 
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pensions (16) by the liver which are removed with an efficiency of about 80 per cent 
in one passage through this organ. Therefore, well opsonized E. coli are phagocytized 
by the rabbit 's  liver with an extremely high efficiency, in the order of 80 per cent. 
If larger doses are injected, 3 to 6 X 109/100 gin., the phagocytes can no longer re- 
move the greater number of bacteria as efficiently, and the value of K drops to an 
average of 0.061 (Table I). In  normal mice, the rate of clearance is slow, K = 0.015 4- 
0.005 in an average of 58 mice injected with 109 E. coli/lO0 gm.; the bacteria are 
phagocytized by the liver and spleen of the mouse with a low degree of efficiency. 
Since the maximum clearance rate in mice is an average of K --- 0.400 for colloids 
removed, with a maximum degree of efficiency by the liver Kupffer ceils (16), the 
E. coli are phagocytized by the RES of the liver and spleen of the normal mouse 
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FIG. 4. Percentage of the injected radioactivity recovered in the organs of normal mice 
injected with 109 P3~-labelled E. coli/lO0 gin. or with an amount of P32-1abelled staphylo- 
cocci equivalent to 4 X l0 s E. coli/lO0 gin. with respect to optic density measurement. 

with a degree of efficiency no greater than 3 per cent in one passage through these 
organs. This low efficiency remains constant in the dose range of 2 × 10 s to 5 × 109 
E. coli/lO0 gin., as the antibody level is still the rate limiting factor. Under these con- 
ditions, the rate-decreasing effect of large numbers of bacteria cannot be demon- 
strated in mice as it  was in the rabbit for the dose of 5 X 109 E. coli/lO0 gin. However, 
if a sufficient amount of antibody is injected so that  it  is no longer the rate-limiting 
factor, the effect of the number of bacteria decreasing the clearance rate can be ob- 
served (Table IV). 

In  this experiment,  the mice were injected with 0.5 ml. of 1/50 di lut ion of 
the mouse ant i  E. coli polysaccharide serum, an amount  sufficient, as will be 
demonstra ted ,  to opsonize the bacter ia  adequately.  When  1.5 X 108 to 1 X 109 
E. coli were injected, the ra te  of clearance was maximum and not  l imited b y  
the amount  of an t ibody;  when 5 X 109 bacter ia  per  100 gm. are injected, the 
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clearance becomes dose-dependent as in the case of a sufficient amount of 
avidly phagocytized colloidal particles (15). (Table V). 

The experiments affords a comparison of the maximum clearance rates of 
well opsonized E. coli in rabbits and mice. The maximum clearance rate in mice 
(Tables IV and V) is smaller than 0.200, while in rabbits it is about 0.340, indi- 
cating that all other factors being equal, antibody levels, number of bacteria, 
the mouse's liver is not as efficient a filter for bacteria, than the rabbit's liver. 

0 
0 
. J  
m 

0 
d 

Z 

=,: 

O3 
k- 
Z 

0 
0 

0 

3.0 

2.8 

2.6 

K._L' = o-oJ___.L 
K z 0 .004  

=2.7 

io ;,o 3o ,~o ~o 6o M,NUTES 

E. COLI 109/100 ~ .  
.,~ CARBON 6~j~'l. O0~j,m. 

3.0 

2.8 

2.6 

" • •  
K I . = 0.014 

" ~ ~ , ,  K 2 0 . 0 0 7  
~ = 2  

I0 20 30 40 50 60 MINUTES 

Fro. 5. Competition exerted by the injection of carbon particles, 16 rag./100 gin. of body 
weight on the phagocytosis of P32-1abelled E. coli by the RES in mice. 

This relatively poorer efficiency of the mouse liver had already been observed 
in the case of avidly phagocytized particles by Dobson (29, 30) and is attributed 
to the greater speed of blood flow in the liver of this small animal, which makes 
contacts between the macrophages and the material to be phagocytized more 
difficult. 

In Table II  and Figs. 2 and 4, the blood clearances of staphylococci and of 
E. coli are compared in mice. Staphylococci injected in equivalent amounts 
are cleared from the blood much faster than E. coli. The rates observed are of 
the same order of magnitude as the maximum rates observed in the mouse for 
E. coli (Table V, Fig. 2). Mice sera show an agglutinin titer against staphylo- 
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cocci of 1/32; this level of antibody may be responsible for good opsonization. 
However, it is not possible to establish whether antibody is really required for 
efficient phagocytosis of staphylococci, since the rate of phagocytosis in normal 
mice is already maximum and cannot be improved upon by more antibody, as 
in the case of E. coll. 

To verify whether bacteria and colloidal particles, such as carbon, are phago- 
cytized by the same mechanism, by the same cells of the RES, the competitive 
effect of carbon particles on the phagocytosis of E. coli was investigated. This 
phenomenon of competition had been observed when two colloids, such as 
carbon or iron oxide particles, that  are phagocytized by the RES with corn- 

TABLE II  
Rate of Clearance from the Blood and Distribution in the Organs of P~-Labdled 

Staphylococci in Mice 

Phagocytic index K 

0.176 
0.072 
0.220 
0.138 
0.162 
o.11o~ 
o.16ot 

Mean agglutination fiter 

1/32 

Recovery of injected amount 

Liver 

~er c~pst 

70* 

Spleen 

p~ c ~ t  

2* 

* Results of analysis made on combined organs of 4 mice. 
These two mice were injected with 5 times the dose used in the preceding animals with- 

out significant change in rates. 

parable avidity, are both present in the circulation in suitable amounts (28). 
The results presented in Fig. 5 illustrate that as soon as 16 rag. of carbon are 
injected, the rate of clearance of E. coli (109 bacteria/100 gin.) decreases, the 
ratio of the values of K before and after the injection of the carbon suspension 
K1 
K-~ measures the degree of interference exerted by the carbon particles on the 

phagocytosis of E. coll. 

The P~-labelled E. coli or staphylococci injected intravenously in mice are phago- 
cytized for the largest part by the reficulo-endothelial cells of the liver and spleen 
(Tables I I  and I I I ,  Fig. 3), a small amount, about 5 per cent, is found in the lungs and 
traces in the kidneys. However, the respective amounts phagocytized by the liver or 
the spleen for a given dose vary with the rate of clearance of the bacteria, that is, with 
the efficiency with which they can be extracted in one passage by the principal filtering 
organs, the liver and the spleen. Well opsonized, or otherwise easily phagocytized 
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bacteria can be removed with great efficiency by the liver; therefore, because of its 
predominantly large circulation, this organ becomes the main filter for such bacteria. 
In the case of bacteria which are not avidly phagocytized, such as poorly opsonized E. 
coli in normal mice, the share removed by the spleen phagocytes increases considerably 
at  the expense of the liver. The spleen, because of its slower circulation and better 
chances of contact between bacteria and macrophages, is a more efficient filter for 
bacteria which are less avidly phagocytized. I t  is interesting to note that this differ- 

TABLE I I I  
Distribution of the Radioactivity in the Organs of Mice and Guinea Pigs Injected with p32_ 

Labelled E. coli 

Mice Guinea pigs* 

g. coli heat-killed 1L coli live E. call heat-kiUed 

109/100 gm. 109/100 gm. 2.5 X 108/100 gm. 

Mean values.. . 

Liver Spleen [ Lung 
I 

55 27.5 [ 3.7 
I 

44 20.5 ' 9 
43 18 5.5 
28.5 21.6 3.2 
37 20 7.2 
50 31 3 
33 29 2.4 
45 37 3.8 
62 16 3 
58 20 4 
54 29 7 

46 24.5 ] 4.7 
F 

Kidneys 

1.3 
1.5 
2.5 
1 
1.9 
4.1 
1 
1 

3 

1.5 

Liver Spleen [ 
38.5 21 
42 3 3 ]  
45 15 

42 

Liver 

72.5 
Spleen 

16 
Lung Kidneys 

5 2 

Values refer to percentage of radioactivity injected. 
Mice were sacrificed when level of radioactivity in the blood reached about 10 per cent 

of the injected amount. 
* Results of analysis made on combined organs of 2 guinea pigs. 

ence in behavior between the liver and spleen has been observed already in the study 
of phagocytosis of colloidal particles (15, 30). I t  is generally found that unstable, 
avidly phagocytized colloids have almost exclusively a liver clearance, if injected in 
small amounts; while well stabilized colloids are removed in greater amounts by the 
spleen and bone marrow. 

The Effect of Antibody on the Clearance of E. coli from the e lood . - -When  suit- 
able dilutions of ant i- l ipopolysaccharide rabbi t  or mouse an t ibody  are injected 
into mice, the rates of clearance of Pa2-1abelled E. coli from the blood is ac- 
celerated. A quant i ta t ive  s tudy  was carried out  with both antisera to investi-  
gate the relationship between the level of an t ibody  and the efficiency with 
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which bacteria are phagocytized by  the RES and to establish what  is the 
amount  of ant ibody required to opsonize the bacteria adequately. The results 
of these experiments are presented in Table IV and Figs. 6 and 7. If  the rates 

TABLE IV 
Opsonizing E ffevt of Mouse and Rabbit Antibodies against E. coli Lipopolysaccharide 
Phagocytosis of P3S-labelled E. coli by the RES in mice, measured by the phagocytic 

index K for the dose of E. coli 109/100 gin. 

Rabbit  antiserum 

Antiserum dilutio 
injected., n 

AbN injected pg . . . .  

Phagocytic in- 
dex K 

Mean values.. • 

1/500 

0.09 

0.170 
0.170 
0.204 
0.230 

0.193 

l/S000 

0.009 

0.060 
0.130 
0.098 
0.116 
0.170 
0.175 
0.154 
0.136 

0.130 

1/7soo 

0.006 

0.122 
0.100 
0.088 
0.092 
0.087 
0.104 
0.110 
0.072 
0.096 

0.096 

i/toooo 

0.0045 

0.063 
0.042 
0.033 
0.073 
0.086 
0.072 
0.080 
0.055 
0.094 
0.072 
0.059 
0.068 

0.066 

1/20000 

0.0022 

0.042 
0. 047 
0.025 
0.025 
0.027 
0.044 
0.028 
0.046 

0.036 

Controls 
58 mice 

0.015-4-0.005 

0.015 

Mouse antiserum 

Antiserum dilution 
injected . . . . . . . . .  

Phagocytic in- 
dex K 

Mean values... 

1/50 

0.118 
0.164 
0.160 
0.158 

0.150 

1/100 

0.114 
0.158 
0.164 
0.230 
0.107 

0.155 

1/200 

0.156 
0.174 
0.144 

0.158 

1/300 

0.102 
0.110 
0.115 
0.106 

O. 108 

1/500 

0.085 
0.057 
0.077 
0.068 

0.072 

1/1000 

0.027 
I 0.061 

0.041 
0.030 

I 0.031 

0.038 

1/3ooo 

0.015 
0.022 
0.021 

0.019 

of clearance, K, of E.  coli are plotted as ordinate and the amount  of ant ibody 
injected as abscissa, the experimental points fall on a straight line showing that  
there is a direct relationship between the amount  of antibody present and the 
efficiency of phagocytosis of the bacteria, until an excess of ant ibody is present 
and the rate of clearance reaches a maximum which cannot be improved upon. 
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When the curves are ext rapola ted  down to zero an t ibody  injected, they  cross 
the  ordinate  axis a t  precisely the value of K observed in control  mice injected 
with the same number  of E. coll. 

TABLE V 

Effect of the No. of Baaeria on the Clearance of Wall Opsonized E. coli from the Blood of Mice 
When Antibody Levd Is Not the Rate-Limiting Factor 

Phagocytic index K 

Mean values . . . . . . . . . . . . . . .  

1.5 X I0' 

0.168 
0.154 
0.180 

O. 170 

Dose E. coll/lO0 f ia t ,  

3 X l0 s 10g 

0.142 0.118 
0.150 0.154 

0.160 
0.158 

0.146 0.150 

5 X 10J 

0.070 
0.070 
O. 074 
0.090 

O. 076 

0.20 

0.16 

0.12 

0.08 

0.04 

K 

j ao .  AbN INJECTED 

0.005 0.01 0.09 
i 

o:5 

INJECTED DILUTION 
AGGLUTINATION TITER 

FIG. 6. Effect of rabbit antibody against E. coli lipopolysaccharide injected intravenously 
in mice (0.5 ml.) on the rate of clearance of E. cdi from the blood by the RES measured 
by the phagocytic index K for the dose of 109 bacteria per 100 gm. 

In  the case of rabbi t  ant ibody,  the amount  of an t ibody  was recorded in micro- 
grams of an t ibody  ni trogen (AbN) precipi table by  the specific polysaccharide,  

and also in terms of In jec ted  di lut ion 
Agglut ina t ion  t i ter  ' to compare the opsonizing effect of 
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antibody with its agglutinating properties. With this antiserum, an amount of 
antibody 0.005 ~g. AbN in the whole mouse is sufficient to opsonize the bacteria 
to ensure a rapid clearance, and0.01 #g. AbN only is sufficient to cause almost 
maximal opsonization. Opsonization by antibody is a more sensitive process 
than agglutination, since lower dilution than the agglutination titer causes 
good opsonization of E. coli for phagocytosis by the RES. 

Identical results were obtained with mouse antiserum against E. coli lipo- 
polysaccharide. A direct relationship is again observed between the antibody 
level and the rate of phagocytosis until an excess of antibody is reached. 

0.20 

0.16 

0.12 

0,08 

O.O4 

K 
I 2 5 

INJECTED DILUTION 
AGGLUT!NATION TITER 

Fro. 7. Effect of mouse antibody against E. coli lipopolysaccharide injected intravenously 
in mice (0.5 ml.) on the rate of clearance of E. coli from the blood by the RES, measured 
by the phagocytic index K for the dose of 109 bacteria per 100 gm. 

A comparison of the opsonizing efficiency of rabbit and mouse antibodies 
shows that mouse antibodies seem to be somewhat less efficient than rabbit 
antibodies, as compared with their respective agglutination titers. However, 
not much emphasis can be placed upon this difference, as it is based upon a 
difference in agglutination titer of one tube dilution. 

Because of the small amount of mouse antiserum available and of its low 
antibody content, measurement of antibody by the quantitative precipitin 
technique was not done. However, the antiserum was assayed for antibody 
against the purified polysaccharide by passive cutaneous anaphylaxis in the 
guinea pig P.C.A. (31). The average lowest dilution which induced this re- 
action was 1/50. The amount of antibody nitrogen of the serum can be esti- 
mated with the help of data obtained by Dr. Ovary on the sensitivity of this 
reaction for mouse antibody. Using mouse antiovalbumin of known antibody 
content, Dr. Ovary (31) reported the lowest amount of mouse antibody which 
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induces P.C.A. to be between 0.14 and 0.23 #g. AbN/ml.  On the basis of this 
estimation, the anti-polysaccharide serum would contain about 9 #g. AbN/ml.  
The amount of mouse antibody which causes maximal opsonization of E.  coli 

9 X 0 . 5  
would be 200 - 0.02 #g. AbN which is somewhat more than, but of the 

same order of magnitude, as the amount of rabbit antibody required for the 
same effect. 

In other experiments, it was verified that E.  coli could be also well opsonized 
for phagocytosis by the RES by incubation with antibody in  vitro. The treated 

TABLE VI 
Effect of Endotoxin on the Rate of Clearance of E. coli from lhe Blood as Measured by 

for 10 9 Bacteria/lO0 gm. 

Endotoxin treatment No. of animals Phagocytic Agglutination 
index K tlter 

mean ~aJ~$ 

0.015-4-0.005 I/4 to 1/8 
vg.[animal 

58 control mice 
S. typhosa 

25 

10 and 100 X 3 
0.5 ml. serum transfer 

Serratia marcescens 
10and100X3 
0.5 ml. serum transfer 

S. typhi murium 
10 and 100X 2 

Mouse polysaccharide 
10andl00X 3 

the Pha ocytic Index K 

Time after 1st 
endotoxin 
injection 

3 hrs. 
10 " 
24 " 
6 days 

10 " 

10 days 

1 wk. 

10 days 

3 mice  

2 " 

3 " 

4 " 
12 " 
4 " 

4 mice  

2 " 

4 mice 

5 mice 

0.02 
0.016 
0.02 
0.037 
0.110 
0.057 

0.130 
0.093 

0.058 

0.015 

1/64 

bacteria were injected after washing with saline. This technique allowed the 
opsonizing effect to be demonstrated with considerably smaller amounts of 
antibody than required when injected intravenously in the whole animal. 

The Effect of Endotoxin on the Phagocytosis of  E .  coli in  M i c e . - - B e c a u s e  of 
the remarkable increase in natural resistance to infection caused by treatment 
with endotoxins from Gram-negative bacteria (22-24) and of the stimulating 
effect of these endotoxins on the RES (20, 21), it seemed of interest to investi- 
gate the effect of these lipopolysaccharides on the phagocytosis of E.  coli in 
mice using several different endotoxins. The results of these experiments are 
presented in Table VI and Fig. 8. Following treatment with 25 #g. of S. typhi  

endotoxin, no significant change in the blood clearance of E.  coli is observed at 



B. BENACERRAF, M. M. SEBESTYEN~ AND S. SCHLOSSM.AN 43 

3 hours, 10 hours, or 24 hours; on the 6th day there is a moderate increase in 
the rate of clearance. If a prolonged treatment is used, 10/~g. followed by 100 

oE LIJ 

o o i.u 

I00 

J 

5O // 

II CONTROLS 4 S. T YPHOSA 
ENDOTOXIN 

J LIVER 

~ SPLEEN 

--]LUNG 
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o o .J 
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a 
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I'-- 
rO 
tl.I 

h 
0 
(.9 
0 
,.J 

2.0 

1.8 

1.6 

1.4 

1.2 

1.0 

E. C O L I  2 x. IO s / 200",~. 

t ~ C O N T R O  L MICE 
/ ENDOTOXlN ~ K=O. OI5 
/ K=o.I,o 

Io I 

I 0 20 30 40 50 MINUTES 
FiG. 8. Effect of prolonged treatment with S. typhi endotoxin on the rate of clearance of 

PSi-labelled E. coli from the blood of mice by the phagocytes of the RES E. coli 109/100 gin. 
Endotoxin 10/4g. then, starting 48 hours later, 100/zg. every 2 days for 3 doses. 

#g. every 48 hours for 3 doses, a considerable increase in the rate of clearance is 
observed. As expected, with the increase in the rates of clearance of E. coli, 
there was also a change in the distribution of the phagocytized bacteria; the 
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liver in the fast clearing animals became the principal organ of clearance at the 
expense of the spleen (Fig. 8). 

Similar results were obtained with endotoxins from Serratia marcescens and 
S. typhimurium, but lipopolysaccharides from mouse lungs and red cells were 
totally inactive. The increase ill the rate of phagocytosis of E. coli caused by 
treatment with these bacterial endotoxins cannot be explained by the greater 
phagocytic activity of the RES which results also from such a treatment (20, 
21); it is determined by an increase of the level of anti E. coli antibodies which 
is the rate-limiting factor in this system. Intravenous injections of serum from 
endotoxin-treated mice into normal mice transfer to these animals the ability 
to clear E. coli from the blood at a faster rate. 

DISCUSSION 

A study of the blood clearance of bacteria in mice, guinea pigs and rabbits, 
using heat-killed P3~-labelled E. coli as a model, has shown that these bacteria 
are phagocytized by the RES as are colloidal suspensions, such as carbon (14) 
or denatured proteins (16). The blood concentration decreases according to an 
exponential function of the time and the rates of clearance are determined by 
the avidity with which the bacteria are phagocytized and by the number of 
bacteria injected, provided a sufficiently large number of bacteria are injected 
to saturate the clearing mechanism. As in the case of colloidal particles, the 
respective amounts phagocytized by the liver and spleen (15) depend upon the 
rates of clearance; the liver, because of its large blood supply, is the principal 
filter for readily phagocytized bacteria, while the splenic phagocytes are more 
efficient in the removal of less easily phagocytized bacteria. The avidity with 
which/~, coli can be extracted from the blood by the RE cells of the liver and 
spleen has been shown to be dependent upon the antibody level which in normal 
mice is the rate-limiting factor. This is in agreement with the recent observa- 
tions of Howard and Wardlow (32) on the ability of the perfused rat liver to 
phagocytize E. coli. These investigators found that the rat removed E. coli 
very inefficiently unless normal serum was added to the perfusate and concluded 
that there are three factors in serum which facilitate the phagocytosis of bac- 
teria: specific antibody, complement, and another heat-labile factor devoid of 
any great specificity. In the present study, the influence of complement could 
not be investigated, but the opsonizing effect of specific antibody on phago- 
cytosis of E. coli was measured. The efficiency with which E. coli can be phago- 
cytized by the RES is a linear function of the amount of antibody present. The 
amount of antibody required to opsonize bacteria optimally to insure clearance 
from the blood at the maximum rate in the mouse is very small, about 0.01 to 
0.02/~g. AbN. 

The rate of phagocytosis of E. coli in normal mice is slow; under these con- 
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ditions, is the small amount of antibodies detected in the serum by agglutinin 
titration necessary for phagocytosis to take place? This cannot be answered 
with certainty from the data available. However, some insight may be ob- 
tained from a study with germ-free mice in which the rate of clearance of p3~_ 
labelled E. coli from the blood was found to be significantly smaller than in 
control mice, mean value of K --- 0.0067 (35), while the ability of the RES to 
clear carbon was normal. I t  would appear that as far as E. coli is concerned, 
phagocytosis by the RES is very inefficient in the absence of antibodies. The 
results obtained with E. coli do not necessarily apply to all bacteria, and it is 
conceivable that some bacterial species do not require antibodies for phago- 
cytosis, if the nature of their surface allows them to be attracted by and to 
stick to the phagocytes' cell membrane. 

The enhanced ability manifested by endotoxin-treated mice to phagocytize 
E. coli is shown as well by normal mice receiving serum from endotoxin-treated 
mice and therefore it is believed to be related to the increase in antibody titers 
which the sera of these animals possess, although one cannot exclude the pos- 
sibility that one may be dealing with non-specific opsonins in such sera. The 
effect of endotoxin treatment on the rate of clearance of E. coli was obtained 
with lipopolysaccharides from various bacterial species, Salmonella typhi, 
Salmonella typhimurium, Serratia marcescens. In the case of S. typhi, this effect 
and the increased antibody titer against E. coli might be explained on the basis 
of known immunological cross-reactivity between some strains of E. coli and 
S. typhi (33); in the case of Serratia marcescens, it is more difficult to explain 
unless some further cross-reactivities with E. coli are postulated, which is the 
same as saying that antibodies with low specificity exist in the serum. 

What is the role of the serological response observed in the increased re- 
sistance of mice treated with bacterial endotoxins? I t  must be stressed that a 
prolonged administration of big doses is required to obtain a significant in- 
crease in antibody titers and in rates of clearance, whereas increased resistance 
to infections can be demonstrable after one small dose of endotoxin (22, 23). 
I t  seems unlikely therefore that the increased antibody titers could alone ex- 
plain this phenomenon. The enhancement of resistance by endotoxins may 
indeed depend upon the ability of the macrophages to kill the phagocytized 
bacteria, which is a definitive requirement for a favorable outcome of any in- 
fection. The evidence indicates that serological and cellular factors contribute 
to an integrated antibacterial defense. Rowley observed that macrophages are 
unable to kill phagocytized E. coli in the absence of a heat-stable serum factor, 
presumed to be antibody (34). 

The unfavorable outcome of an infectious process depends upon the events 
which follow the initial clearance of bacteria from the blood, when the number 
of bacteria increases in the circulation in spite of the various defense mecha- 
nisms. The present study has not been concerned with that phase of the problem 
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which must be investigated with other techniques than those used in these 
experiments. 

SUMMARY 

1. The clearance of P~2-1abelled heat-killed E. coli and staphylococci from 
the blood follows an exponential function of the time, and the bacteria are 
phagocytized principally by the RES of the liver and spleen. 

2. The rates of clearance of equivalent number of E. coli from the blood is 
rapid in rabbits and slow in mice and appears to be related to the level of anti- 
bodies in the serum of these animals. 

3. Unlike E. coli, staphylococci are cleared rapidly and efficiently by the 
RES from the blood of mice which have a sufficient level of serum antibody 
against these bacteria. 

4. The numbers of bacteria, phagocytized by the liver or the spleen respec- 
tively, depend upon the rate of clearance and the extent of opsonization of the 
bacteria. Rapidly cleared, well opsonized E. coli are removed almost exclusively 
by the liver, while less efficiently phagocytized bacteria are also cleared by the 
spleen in large numbers. 

5. The rate of clearance of E. coli and the efficiency with which they are 
phagocyted by the RES in mice have been shown to be directly related to the 
level of antibody in the serum. 

6. Treatment of mice with S. typhi or Serratia marcescens endotoxins in- 
creases the rate of clearance of E. coli from the blood and the level of antibody 
against E. coli in the serum. The enhanced clearance of E. coli can be trans- 
ferred to normal mice by the serum of endotoxin-treated mice. 
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