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Reduction in host resistance probably is necessary for staphylococcal infec- 
tion to occur. For example, extraordinarily large numbers of pathogenic 
staphylococci must be injected into most normal tissues and anlm~.ls to induce 
even an insignificant infection (2). On the other hand, inoculation of small 
numbers of staphylococci with a foreign body such as a silk suture (3), or into 
non-specifically inflamed or necrotic skin can lead to infection of varying 
severity. In  addition, staphylococcal infection in man is most troublesome 
when it occurs in persons with severe systemic or cutaneous disease such as ex- 
foliative dermatitis or diabetes mellitus (4). 

Bacterial endotoxin has pronounced effects upon host resistance to infection, 
in addition to many other biological activities (5). Studies were done, therefore, 
to evaluate the influence of endotoxin upon staphylococcal infection and, as 
reported here, the toxin produced a striking increase in the infectivity of the 
microorganism in rabbit skin. The enhancement of staphylococcal infection was 
evident only for a brief period after inject!on of toxin and was attributed to the 
effect of endotoxin upon leukocytes. The lesion produced by staphylococci in 
endotoxin-prepared rabbits was attributed to elaboration by the organism of 
alpha hemolysin. 

Materials and Methods 

Endotoxins.--Two types of purified lipopolysacchadde endotoxin were used. One was derived 
from Shigdlaflexneri, type Z (6) and the other was derived from Escherichia coli and obtained 
commercially (Difco Laboratories, Detroit). Each endotoxin produced a monophasic fever of 
0.5 to 1.0°C. when 0.01 ~g. was injected intravenously into normal rabbits. The endotoxin 
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solutions were prepared in 0.85 per cent NaC1 and the volume of inoculum was maintained at 
0.I to 0.2 ml, 

Staphylococcus.--A coagulase-positive, hemolytic Staphylococcus aureus, bacteriophage type 
80/81 (Lafferty strain), described previously (7), was used throughout the experiments. The 
stock strain was cultured in trypticase soy broth overnight, and the concentration of staphylo- 
cocci at the conclusion of its growth was about 109 organisms per ml. The staphylococcus cul- 
ture was centrifuged at 4°C. for 30 minutes at 2500 R.P.M. The supernatant was discarded and 
the bacteria were resuspended in 0.85 per cent NaC1 for inoculation. A coagulase-negative, 
non-hemolytic Staphylococcus albus was also used and prepared in exactly the same fashion. 

Rabbits.--Albino rabbits, weighing approximately 3000 gm. were used. At the termination 
of each experiment the animals were sacrificed, and no rabbit was used for more than one 
experiment. 

For purposes of intracutaneous inoculation the rabbits' backs and sides were shaved prior 
to the experiment. 

Serum.--Rabbit blood was obtained by cardiac aspiration using sterile precautions and 
allowed to clot at room temperature. The serum was stored at 4°C. after separation from the 
clotted blood. 

Preparation of Alpha Toxin.--The coagulase-positive hemolytic Staphylococcus aureus was 
grown in brain-heart infusion broth with increased CO2 tension for 4 days as described before 
(7). The culture was filtered through a Seitz filter and the filtrate, containing high alpha 
hemolysin activity (7), was stored at 4°C. 

Immunization with Staphylococcal Alpha Hemolysin.--Staphylococcus aureus culture filtrate 
obtained as described above, was toxoided with 1 per cent formalin (1). This was emulsified 
with Freund's adjuvant (Difco), and injected subcutaneously into rabbits at weekly intervals 
for 3 to 4 weeks. 1 week to 10 days after the last injection the rabbits were bled to obtain the 
antiserum, in the same way as described above, and the anti-alpha hemolysin titers were 6 to 8 
units, when assayed in comparison with an NIH standard (3). 

Peritoneal Exudate.--5 ml. of an overnight broth culture of Staphylococcus aureus was in- 
jected with 45 ml. of saline intraperitoneally. The rabbits died within 18 hours. Their abdomens 
were greatly distended with fluid and the entire bowel was dilated. No bowel perforations 
were noted. The peritoneal surface was relatively clean, but the peritoneal fluid was abundant 
and purulent. 

The peritoneal exudate was Seitz-filtered and the filtrate was used almost immediately. 
Staphylococcus aureus was the only bacterium isolated from the exudate prior to filtration. 

Endotoxin-Tolerant Rabbits.--Rabbits were injected intravenously with E. coli endotoxin for 
9 consecutive days in increasing dosages ranging from 10 to 75 #g. Rectal temperatures were 
taken at 30 minute intervals for 6 hours on the 1st and 10th days after injection of 10 #g. of 
the toxin to demonstrate the development of tolerance to the pyrogenicity of the endotoxin as 
characterized by a lengthening of the lag period, decrease in pyrogenlc response, and elimina- 
tion of the secondary temperature elevation (5). 

Kidney Inoculation.--Rabbits were anesthetized with intravenous sodium pentothal (3.5 
ml. of a 10 per cent solution). Their backs were shaved and cleansed with merthiolate and 
alcohol. Sterile drapes and instruments were used. A 2 inch incision was made below the costo- 
vertebral angle and 3~ inch lateral to the vertebral column. The kidney was easily exposed by 
blunt dissection of muscle and fascia and could be inoculated directly. In some experiments, 
both kidneys were exposed and inoculated. Attempts were made to make the inoculation into 
the cortex of the kidney by inserting the needle parallel to the kidneys' longitudinal axis. The 
quantity of the inoculum was never greater than 0.2 ml. Mter 24 hours the animals were sacri- 
ficed and the kidneys removed aseptically. Each kidney was homogenized in 20 ml. 0.85 per 
cent NaC1 in a Virtis "45" homogenizer at 50,000 R.P.M. at 0°C. for 10 minutes. Bacterial 
counts from the bomogenates were then done by the agar pour plate method. 
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RESULTS 

Effect of Intradermal Endotoxin upon Staphylococcal Skin Infection.--Endo- 
toxin in relatively large dosage can produce inflammation when inoculated 
intradermally. In view of the effects of non-specific inflammation of rabbit skin 
upon infectivity of pathogenic staphylococci, described previously (2), experi- 
ments were done to investigate the effects of endotoxin upon infectivity of 
staphylococci. 

10 #g. (0.1 ml.) of E. coli endotoxin was injected intradermaUy into rabbit skin and im- 
mediately, 2 hours, 4 hours, or 12 hours later 0.1 ml. of the phage type 80/81 staphylococcus 
w a s  injected into the endotoxin-prepared skin. 5 separate sites of the rabbit skin were injected 
with endotoxin and into 4 of these 109, 108, 107, and 10 n staphylococci were inoculated, respec- 
tively. The remaining endotoxin-prepared area was used as a control. Similarly, the same dos- 
ages of staphylococci were injected into normal skin on the opposite side of the rabbits as con- 
trol. 3 animals were treated in the same way and the experiment was repeated several times. 
Similar experiments were performed using 500 #g. of Skigella flexneri endotoxin and the same 
dosages of staphylococci. 

The rabbit skin inoculated with endotoxin only showed slight pallor at 24 
hours but no other change. In most experiments the skin inoculated with 
staphylococci only showed small furuncles at the sites injected with 109 and 108 
bacteria but there was slight erythema at the sites injected with fewer staphylo- 
cocci. At the skin sites prepared with endotoxin and injected immediately or 2 
hours later with staphylococci extensive hemorrhagic necrosis was observed at 
24 hours but was apparent within 6 hours after injection of the bacteria (Figs. 
1 and 2). In areas of skin prepared with endotoxin, but injected 4 or more hours 
later with staphylococci, there were no differences from the lesions in skin in- 
oculated with staphylococci only. 

In other experiments similar hemorrhagic and necrotic lesions were induced 
when staphylococci were inoculated into the "normal" skin of rabbits injected 
intradermally with endotoxin. Such lesions, however, were never seen in ani- 
mals not inoculated with endotoxin. 

The severity of the reaction produced with endotoxin and staphylococci was 
dependent to a degree upon the dosage of bacteria inoculated. Although hemor- 
rhagic and necrotic lesions could be induced with as few as 106 bacteria these 
were less severe than with inocula containing larger numbers of staphylococci. 

Additional experiments were performed to evaluate the effect of endotoxin 
dosage upon the skin infection with staphylococci. E. coli endotoxin, varying 
in dosage between 1 and 50 ~g. was injected intradermally into different groups 
of rabbits, and these areas were inoculated immediately with staphylococci as 
described in the preceding experiment. Similar experiments were done using 
Shigella endotoxin in dosage varying from 10 to 500 #g. The hemorrhagic, 
necrotic reaction produced in endotoxin-prepared skin injected with staphylo- 
cocci was marked with a dosage of Shigella endotoxin of 250 ~g. or more. Less 
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endotoxin than this resulted in progressively less severe reactions, indicating 
dependency upon the amount  of endotoxin injected. 

Effect of Intravenous Endotoxin upon Intradermal Inoculation of Staphylo- 
cocci.--As shown in the experiments described above intradermal injection of 
endotoxin frequently resulted in an effect upon staphylococcal infection induced 
by injection of bacteria at  a site distant to the inoculation of endotoxin. This 
systemic effect of intradermal endotoxin suggested that  a similar reaction to 
staphylococcal skin infection might be elicited by  intravenous injection of endo- 
toxin. To evaluate this possibility the following experiments were done. 

Groups of rabbits were injected intravenously with 10 I~g. E. coli endotoxin and were in- 
jected into the skin immediately thereafter with 109, 108, 107 and 106 Staphylococcus auras. 
Similar groups of rabbits were injected intravenously with doses of E. coli endotoxin varying 
between 1 and 100 #g. before intradermal inoculation of staphylococci. With each group of 
rabbits studied, a comparable group of rabbits to serve as control was given 0.85 per cent 
NaC1 intravenously prior to the injection of staphylococci. In previous experiments it had 
been found that within the dosage range of endotoxin used in these studies the animals always 
survived without effects other than development of fever and transient leukopenia. 

In  these studies, E. coli endotoxin given in dosages of 10 #g. or more produced 
severe hemorrhagic, necrotic reactions at  the sites of injection of staphylococci 
in the same way as endotoxin injected intradermally. Below these dosages of 
endotoxin, however, no such reactions were observed and the lesions resulting 
from injection of staphylococci evolved in no way differently than lesions pro- 
duced in rabbits not given endotoxin; small furuncles appeared at the site 
of inoculation of 109 and 1@ bacteria. As few as 106 or 106 staphylococci injected 
intradermally into animals given endotoxin, however, produced hemorrhagic, 
necrotic reactions. 

Mechanism by Which Staphylococci Produce Dermonecrosis in Endotoxin- 
Prepared Rabbits.--The mechanisms involved in the interaction between 
endotoxin and staphylococci producing severe hemorrhagic and necrotic lesions 
were investigated to determine whether or not the same reaction could be 
elicited with culture filtrates of staphylococci, with heat-killed bacteria, with 
snbnecrotic doses of alpha hemolysin, with exudate from staphylococcal peri- 
tonitis, or with non-pathogenic staphylococci. 

A group of 6 rabbits was injected intracutaneously in 5 sites, as before, with 10 lzg. E. coli 
endotoxin, and immediately thereafter a non-hemolytic, coagulase-negative staphylococcus 
was inoculated into 4 of the endotoximprepared areas in doses of 108, 107, 106, and 10 s bacteria, 
respectively. At the same time the same dosages of the staphylococci were inoculated into 
normal skin of the same animals. Another group of rabbits was injected with the same quan- 
tity of endotoxin but injected with the coagulase-positive staphylococcus used in previous 
experiments. 

The animals injected with endotoxin and coagulase-positive, hemolytic 
staphylococci developed the same hemorrhagic, necrotic reactions seen before, 
whereas the non-pathogenic, coagulase-negative, non-hemolytic staphylococcus 
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produced no such reaction, and small areas of erythema only were seen with 
inocula of 10 8 and l0 T bacteria. These areas did not differ from the lesions seen 
from injection of the staphylococci into normal rabbit skin. 

From this experiment, therefore, it appeared clear that pathogenic staphylo- 
cocci were required to produce the hemorrhagic, necrotic reaction in the skin 
of endotoxin-prepaxed rabbits. 

The similarity of the hemorrhagic, necrotic lesions developing after inocula- 
tion of pathogenic staphylococci into the skin of endotoxin-prepared rabbits to 
the dermonecrosis resulting from the intracutaneous injection of alpha hemoly- 
sin of staphylococcal culture filtrate suggested that endotoxin may be poten- 
tiating the action of alpha hemolysin produced by the injected staphylococci. 
In order to evaluate this possibility the following experiment was performed. 

Staphylococcus culture filtrate containing potent alpha hemolysin and 
dermonecrotic activity was injected into rabbit skin immediately after prepara- 
tion with 10 #g. E. coli endotoxin. The alpha hemolysin was diluted 1:10, 
1:100, and 1:1000 with 0.85 per cent NaC1 and each dilution was inoculated 
separately into endotoxin-prepared skin and into normal skin. Two groups of 3 
rabbits were treated in this way. 

The sterile culture filtrate containing alpha hemolysin activity produced 
dermonecrosis in normal skin of all rabbits when diluted 1:10, but when diluted 
1:100 produced dermonecrosis in only 50 per cent of animals, and when diluted 
1:1000 produced only erythema in normal skin. 

There were no differences in the skin lesions produced by alpha hemolysin 
when inoculated into normal skin or into rabbits immediately after preparation 
of skin with endotoxin. Similar experiments were done in which the alpha 
hemolysin was injected 30, 60, and 90 minutes after preparation of skin with 
endotoxin and still no effect of the endotoxin upon the reaction to the alpha 
hemolysin was demonstrable. It was concluded, therefore, that the reaction, 
produced in rabbit skin prepared with endotoxin, to pathogenic staphylococci 
was not attributable to a potentiation of the dermonecrotic effects of sterile 
culture filtrate containing alpha hemolysin. 

Other experiments were performed to determine if the endotoxin potentiated 
some extracellular toxin other than the alpha hemolysin produced by the 
pathogenic staphylococcus in vlvo. To evaluate this, sterile, clarified peritoneal 
exudate from rabbits with staphylococcal peritonitis was injected in varying 
dilution into endotoxin-prepared rabbit skin but did not result in discernible 
differences from the lesions induced by such sterile exudate when injected into 
normal rabbit skin. 

The possibility that endotoxin may interact with some constituent of the 
bacterial cell of the pathogenic staphylococcus to produce dermonecrosis was 
investigated by injecting heat-killed, washed staphylococci into rabbit skin 
prepared with endotoxin, but no detectable necrosis of skin was seen. 

From these experiments, therefore, it was concluded that pathogenic, viable 
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staphylococci were required to produce hemorrhagic, necrotic lesions in rabbit 
skin prepared with bacterial endotoxin. This suggested, furthermore, that endo- 
toxin may have enabled accelerated multiplication of the staphylococcus pro- 
ducing infection and that production of excess alpha hemolysin by the staphylo- 
cocci could be responsible for the dermonecrosis. Histopathological study of the 
lesions in rabbit skin prepared with 10 #g. E. coli endotoxin and immediately 
inoculated with 107 pathogenic bacteria seemed to confirm these conclusions. 
Biopsy of such lesions at 6, 12, and 24 hours showed necrosis in skin injected 
with endotoxin and staphylococci, and in the area of necrosis at 6 hours no 
leukocytic response was visible but there were masses of unphagocytosed 
staphylococci. This area was sharply demarcated from the remainder of the 
skin by a surrounding wall of polymorphonuclear leukocytes. In the skin in- 
jected with endotoxin alone or staphylococci alone, a mild inflammatory poly- 
morphonuclear response was visible at 6 hours and no staphylococci were visible 
in the tissues. At 12 and 24 hours the skin inoculated with 107 staphylococci 
only revealed beginning abscess formation with many leukocytes but few bac- 
teria. A similar picture was seen at 12 and 24 hours in the skin injected with 
endotoxin and staphylococci although the area of necrosis and abscess forma- 
tion was much more intense and extensive (Figs. 3 to 6). From these observa- 
tions, therefore, it seems certain that endotoxin injected into rabbit skin or 
injected intravenously enables accelerated multiplication of pathogenic staph- 
ylococci. I t  then seems not at all unlikely that production of alpha hemolysin 
by the staphylococci was responsible for the extensive dermonecrosis. 

That  the alpha hemolysin produced by staphylococci inoculated into endo- 
toxin-prepared rabbits was responsible for the hemorrhagic, necrotic reaction 
was confirmed in the following studies. 

Two rabbits were immunized against alpha hemolysin by passive transfer of 
15 ml. serum from animals immunized with alpha hemolysin toxoid. Another 
2 rabbits were given 15 ml. of normal non-immune rabbit serum as control. 
24 hours later these 4 animals were challenged with endotoxin and pathogenic 
staphylococci as described in the preceding experiment. 

Animals passively immunized with rabbit serum containing antitoxin to 
staphylococcal alpha hemolysin failed to develop hemorrhagic, necrotic reac- 
tions, but the animals given normal serum containing no antitoxin developed 
such lesions in the same way as before. 

An additional experiment was performed in which a group of 3 rabbits was 
immunized with alpha hemolysin toxoid and after 4 weeks, during which the 
animals had received 3 weekly injections of toxoid in adjuvant, they had anti-  
alpha hemolysin titers of between 6 and 8 units per ml. serum. At the comple- 
tion of immunization the animals were resistant to the dermonecrotic effects of 
the culture filtrate containing alpha hemolysin. The rabbits were then injected 
intracutaneously into 2 sites with 10 ~g. E. coli endotoxin. Immediately there- 
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after 10 7 and 10 6 staphylococci were injected into the endotoxin-prepared skin 
and into normal skin. At the same time the same inoculations were made in a 
group of non-immune rabbits. 

The non-immune animals developed the same hemorrhagic, necrotic reac- 
tions as described above in endotoxin-prepared skin injected with pathogenic 
staphylococci, while the immune animals did not develop such lesions. 

From these studies, therefore, it was cbncluded that endotoxin influenced 
rabbit skin to enable accelerated multiplication of viable pathogenic staphylo- 
cocci and that the resulting dermonecrosis was attributable to production of 
alpha hemolysin by the infecting bacteria. 

Mechanism by Which Endotoxin Enables Accelerated Multiplication of Patho- 
genic Staphylococci in Rabbit Skin.--As described in the preceding experiments 
the influence of endotoxin inoculated intracutaneously or intravenously upon 
the infectivity of pathogenic staphylococci was strictly limited to the 2 to 3 
hour period after the endotoxin was injected. This critical interval suggested 
that the effect of endotoxin probably was attributable to some briefly active 
biological effect of the toxin and was probably unassociated with inflammation. 
Soon after endotoxin was injected intradermally a mild inflammatory reaction 
might develop locally, characterized by vascular dilatation or constriction and 
some leukocytic infiltration, but there was no reason to suspect that this in- 
flammation was responsible for the change in infectivity of staphylococci, since, 
in other experiments (2), it had been shown that non-specific inflammation pro- 
duced in a variety of other ways failed to influence staphylococcal infection to 
the same degree as did endotoxin. Furthermore, the ability of intravenous endo- 
toxin to affect the infectivity of staphylococci in rabbit skin to the same degree 
as intracutaneous endotoxin excluded inflammation as a factor responsible for 
its effects. 

The short period of time during which endotoxin exerted an effect upon 
cutaneous staphylococcal infection suggested that an interruption of natural 
mechanisms of host defense might be involved. It  seemed likely that one of two 
possible mechanisms might be responsible, including the effect of endotoxin 
upon leukocytes and its effect upon blood vessels. Furthermore, the similarity 
between the effects of the interaction of staphylococci and endotoxin to the 
effects of adrenalin upon endotoxin-prepared skin of rabbits (8) suggested that 
the interference with cutaneous blood flow might be the mechanism involved. 
To evaluate these possibilities the following experiments were done. 

Ten rabbits were given 0.5 mg. dibenamine intravenously 30 minutes prior to injection of 
g. coli endotoxin and pathogenic staphylococci into the skin, as described in previous experi- 
ments. 2 additional rabbits were treated in the same way with dibenamine but given staphylo- 
cocci intracutaneously without preparation with endotoxin. Another 2 rabbits were given, 
in the usual way, 10 #g. endotoxin intracutaneously and immediately thereafter the staphylo- 
cocci in dosage of 107, 10 e, and 105 bacteria were injected into the endotoxin-prepared skin, as 
in the other animals of the experiment, and as done before. 
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No differences were detected in the hemorrhagic, necrotic reaction of skin 
treated with endotoxin and staphylococci in the rabbits given dibenamine when 
compared to the control animals not given dibenamine. There was no effect of 
the dibenamine upon the staphylococcal lesions in the control animals. Similar 
experiments were performed in which animals were given 5 mg. chlorpromazine 

intravenously, 30 minutes before injection of endotoxin and staphylococci, and 
there was no effect upon the dermonecrotic reaction. 

The possibility that cortisone might inactivate the effect of endotoxin upon 
cutaneous staphylococcal infection was investigated by treatment of a group 
of rabbits with 10 mg. cortisone injected intramuscularly for 3 days prior to 
injection of endotoxin and staphylococci. Rather than inactivating the effect of 
endotoxin upon staphylococcal infection of rabbit skin the cortisone treatment 
exaggerated the hemorrhagic, necrotic reaction. In addition, cortisone treatment 
of control rabbits given only endotoxin intracutaneously resulted in slightly 
hemorrhagic, erythematous, and indurated lesions at the site of endotoxin in 
the same way as previously described by Thomas (9). 

The influence of intracutaneous endotoxin upon infiltration of intravenous 
Evan's  blue dye into the endotoxin-prepared skin was re-evaluated and, as re- 
ported by others (10), the area injected with endotoxin remained pale in con- 
trast to the diffuse blue discoloration of the animal's skin, indicating impaired 
permeability or interference with vascularity at the site of endotoxin injec- 
tion. No apparent differences were observed, however, between the diffuse 
generalized bluish coloration of rabbit skin following intravenous injection of 
Evan's  blue dye and endotoxin, when compared with animals given Evan's  
blue dye alone. 

Rabbits were given 10 lag. E. coli endotoxin intracutaneously into 5 different sites and then 
temperature and blood leukocyte counts were examined at one-half hour intervals. No fever 
or leukopenia was apparent. Similar experiments were performed following intravenous injec- 
tion of 10 lag. E. coli endotoxin into a group of 3 rabbits, and, as expected, they developed a 
typical febrile response and transient leukopenia (Text-fig. 1). 

To determine if acquired tolerance or resistance to the pyrogenic action of 
endotoxin inhibited the enhancement of staphylococcal skin infection in endo- 
toxin-prepared animals, the following experiment was done. 

Three rabbits were made tolerant to 10 lag. E. ¢oli endotoxin, as described in Methods. The 
tolerant rabbits and 3 normal rabbits were injected intracutaneously with 10 #g. endotoxin 
in 2 separate sites and immediately thereafter 0.1 ml. of the pathogenic staphylococcus in a 
dosage of 10 6 organisms was injected into 1 of the endotoxin-prepared sites and into normal 
skin on the opposite side of the animals. 

No hemorrhagic, necrotic reactions were observed at the site of endotoxin 
and staphylococcus injection in the endotoxin-tolerant rabbits, whereas such 
reactions were observed in similar sites in the control animals, indicating that 
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acquired tolerance or resistance to the  pyrogenic i ty  of endotoxin was associated 
with inact ivat ion of the effect of endotoxin upon staphylococcal  infection of 
r abb i t  skin. 

Effect of Intravenous Injection of Endotoxin upon Experimental Staphylococcal 
Infection of Rabbit K / d n e y . - - T o  determine if endotoxin exerted an effect upon 
staphylococcal  infection in other  tissues than  skin and to obta in  quant i ta t ive  
information as to the ab i l i ty  of endotoxin to enable accelerated growth of 
s taphylococci  in vivo the following experiment  was performed. 
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TExT-FIG. 1. Comparison of the leukopenia (O) and febrile (0)  response of a group of 
rabbits to a single intravenous injection of 10 Izg. E. col$ endotoxin, showing that this effect 
on leukocytes was limited to the first 4 hours after injection. 

Five groups of 4 rabbits were given injections into their kidneys as described in Methods. 
In the first group, 2 of the animals were injected in one kidney with l0 #g. E. ¢oli endotoxin 
mixed with 108 pathogenic staphylococci and the opposite kidney was injected with endotoxin 
alone. In the other 2 rabbits of the first group, staphylococci were inoculated into one kidney 
and saline was injected into the other. In subsequent experiments 2 animals in each group were 
injected into one kidney with staphylococci in a dosage of between 1500 and 4500 bacteria 
mixed with 10 #g. endotoxin and the opposite kidney was either not injected at all or injected 
with sterile saline. The other 2 rabbits in each group were injected into one kidney with 1500 
or 4500 bacteria in sterile saline and the opposite kidney was not injected or injected only with 
sterile saline. Mter 18 or 24 hours the animals were sacrificed and the kidneys removed asep- 
tically. Each kidney was homogenized in 5 ml. 0.85 per cent NaCI and then diluted for agar 
pour plate cultures to quantitate the number of bacteria. In addition, prior to homogeni- 
zation the kidneys were bisected for gross examination and small sections taken for histopath- 
ological study. 

Wi th  the largest  inocula (10 s) of s taphylococci  mixed with endotoxin hemor- 
rhagic and enlarged kidneys  were occasionally produced.  Histopathological ly ,  
the  k idneys  injected with endotoxin and staphylococci  showed tubu la r  de- 
generat ion and casts as well as medul la ry  hemorrhage,  and focal necrosis, 
The kidneys  inoculated with endotoxin alone showed no abnormal i t ies  in the  
gross or histologically a t  24 hours, and  kidneys inoculated with staphylococci  
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alone showed in one instance a single small focal abscess in the kidney. Quanti- 
tative cultures of the kidneys showed no growth of staphylococci unless the 
bacteria had been directly inoculated into the organ, except when 10 8 bacteria 
were injected, and then the opposite kidney occasionally grew staphylococci 
as well. With smaller inocula the kidneys not injected with staphylococci were 
always sterile on culture. Comparison of the bacterial counts from kidneys 
inoculated with endotoxin and staphylococci, with kidneys inoculated with 
staphylococci only showed the former to contain between 0 and 4 logs more 
bacteria, with an average difference in numbers of bacteria of 10 2 . This finding 
supports the suggestion that endotoxin enables accelerated multiplication of 
staphylococci in vivo. 

DISCUSSION 

There are innumerable examples of the profound effects of changes in non- 
specific resistance upon experimental and naturally occurring infection. Specifi- 
cally, it is now clear that staphylococcal infection occurs more frequently and 
is of greater severity in persons with certain types of associated diseases in which 
decreases in non-specific resistance are known to be present (4). The increased 
frequency of such infection in surgical wounds, in patients with exfoliative 
dermatitis and at the site of intravenous catheters documents these situations 
as predisposing causes of staphylococcal infection (4). Furthermore, Elek (3) 
has shown precisely the importance of retained foreign bodies in human skin in 
locally increasing the infectivity of staphylococci. 

The implication of experimental inflammation as a local factor influencing 
the infectivity of staphylococci has been investigated (2), and although non- 
necrotic inflammatory reactions of rabbit skin have been shown to increase 
susceptibility to staphylococcal infection, the magnitude of the change is not 
great. The way in which inflammation increases the infectivity of staphylococci 
and other microorganisms, however, is not known. Necrotic tissue also is more 
susceptible to infection by staphylococci (1), and this is not surprising, as one 
might anticipate that such tissue would not demonstrate the usual mechanism 
of non-specific resistance. In addition to the local effects of inflammation and 
necrosis upon infectivity of staphylococci it also is known that nutritional, 
hormonal, and other influences may adversely affect the resistance of experi- 
mental animals and human beings to staphylococcal infection. 

The mechanisms of "natural" resistance to staphylococcal infection are not 
particularly well understood. Furthermore, the role of acquired resistance in 
staphylococcal infections has been thought to be of low order or non-existent, 
but may be considerable in certain instances (1). It is likely, however, that 
phagocytosis is the principal means by which invasion by the staphylococcus 
is controlled (11). If this is true, an impairment of phagocytic function might 
be expected to decrease resistance to infection, and improvement in phagocytic 
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function might be expected to improve resistance to infection by the staphylo- 
coccus. 

In a previous study of infection in necrotic burns by staphylococci it was 
shown that antibody neutralization of the alpha hemolysin produced by the 
microorganism was associated with control of infection (1). Of particular inter- 
est in those experiments was the observation that when the staphylococcal toxin 
was not neutralized leukocytic infiltration into the infected necrotic burn was 
absent. On the other hand, neutralization of the toxin with serum antibody was 
associated with intense leukocytic infiltration into the necrotic burn inoculated 
with staphylococci. This suggested that the production of alpha hemolysin by 
the multiplying microorganisms lysed the leukocytes, thereby further interfer- 
ing with the capacity of the animal to control the infection. This was suggested 
again by the limitation of the infection to the necrotic tissue and contiguous 
areas by extensive leukocytic infiltration at the margin of the lesion. From these 
studies, therefore, it was possible to indicate that, provided the opportunity 
for initiation of bacterial multiplication by induction of necrosis, the elabora- 
tion of alpha hemolysin potentiated the infection by destroying the polymorpho- 
nuclear leukocytes migrating into the area of bacterial growth. It seems likely, 
therefore, that one of the important mechanisms of host injury in staphylococcal 
infection is the extracellular toxin of the bacteria and that the toxin potentiates 
the infection by destroying one of the essential mechanisms of resistance; the 
phagocyte. That alpha hemolysin does, indeed, destroy polymorphonuclear 
leukocytes has recently been confirmed in our laboratory in some unpublished 
observations. 

Recognition of the mechanisms involved in the studies described above is 
essential to an understanding of the events described in this publication. For 
example, it has been shown here that intradermal inoculation of staphylococci 
into the endotoxin-prepared rabbit results in hemorrhagic and necrotic lesions 
not dissimilar to the lesions produced by staphylococci inoculated into necrotic 
burns. Furthermore, inoculation of the microorganism into endotoxin-prepared 
animals is associated with accelerated bacterial multiplication, the lesions pro- 
duced are necrotic, there are no leukocytes found initially in the area of bacterial 
multiplication, only pathogenic staphylococci will induce the lesions, and the 
infection can be controlled by antitoxic immunity. In the endotoxin-prepared 
rabbit, therefore, the mechanism by which the staphylococci produce host in- 
jury appears to be the same as in infections induced in necrotic burns. This 
further suggests the importance of the extracellular toxin of the microorganism 
in the pathogenesis of at least certain types of staphylococcal infection. 

A crude culture filtrate containing potent alpha hemolytic and dermonecrotic 
activity was used in the experiments described here. It is possible that other 
antigens elaborated by the staphylococcus during growth could be responsible 
for the injurious effects of staphylococcal infection in endotoxin-prepared tab- 
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bits, but in more recent studies using an immunochemically purified toxin the 
importance of the alpha hemolysin in the pathogenesis of this infection seems 
established. 

The way by which endotoxin prepares the rabbit so that it is more susceptible 
to staphylococcal infection is not as clear as the probable mechanism by which 
the staphylococcus produces host injury. Endotoxin has a variety of biological 
effects in the rabbit and other species of animals (5). Among the effects of endo- 
toxin that might be incriminated as possible causes of decreased resistance to 
staphylococcal infection are: (a) its ability to cause inflammation, (b) its effect 
upon vascular reactivity, (c) its effect upon leukocytes, and (d) its effect upon 
humoral substances involved in host resistance. 

A peculiar feature of the effect of endotoxin upon staphylococcal infection in 
these experiments is its short duration. I t  was impossible to demonstrate an 
enhancement of staphylococcal infection when more than 4 hours lapsed be- 
tween injection of endotoxin and injection of staphylococci. Dubos and Schaed- 
ler (12) made similar observations in studying the effect of endotoxin upon lethal 
staphylococcal infection and upon accelerated bacterial multiplication in the 
viscera of mice. This critical period after injection of endotoxin leads to the 
probability that the effect of endotoxin upon blood vessels or leukocytes is most 
likely involved in changing the susceptibilty of animals to staphylococcal 
infection. 

Depending upon the dose of endotoxin given to an animal either vasocon- 
striction or vasodilatation may be observed (5). In addition, endotoxin is known 
to sensitize blood vessels to the action of adrenalin (8). Many of these actions 
of the toxin can be inhibited by chlorpromazine or dibenamine (8), but in the 
experiments reported here it was not possible to influence the effect of endotoxin 
upon staphylococcal infection with these drugs. Although this finding suggests 
that the vascular effects of endotoxin characterized by vasodilatation and vaso- 
constriction may not be responsible for changing the infectivity of staphylo- 
cocci, it does not exclude them as possibilities. Further studies will be required 
to better understand this relationship. The wide effects described by Dubos and 
Schaedler (12) upon the multiplication and lethal effects of staphylococci in 
mice, however, are not readily explained by the effects of endotoxin upon 
blood vessel constriction, but are better explained by an effect of endotoxin 
upon some other function involved in host resistance. 

The close time relationship between the effects of endotoxin upon leukocytes 
and upon staphylococcal infection suggests that impaired diapedesis or phago- 
cytic activity of white blood cells may be responsible for the effect of the toxin 
upon staphylococcal infection. There are conflicting reports on the effect of 
endotoxin upon diapedesis and phagocytosis by leukocytes, but Cohn and Morse 
(13) have recently shown that under certain circumstances the toxin may 
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enhance phagocytic function in vitro. Delaunay el al. (14) reported, however, 
that endotoxin may interfere with leukocyte diapedesis, and Fekety (15) has 
recently been able to confirm this effect of endotoxin upon leukocytes using the 
glass window technique described by Rebuck (16). Furthermore, Fekety has 
been able to show an impairment of leukocyte diapedesis with the same doses 
of endotoxin required in this report to enhance staphylococcal infection of 
rabbit skin. It  seems likely, therefore, from the indirect evidence available, 
that endotoxin enhances the infectivity of staphylococci by interfering with 
normal leukocytic function. 

Endotoxin has been shown to change the surface activity of leukocytes, as 
illustrated by the adherence of white blood cells to each other and to vascular 
endothelium (17), but whether or not this action of endotoxin could be re- 
sponsible for impaired diapedesis is not known. The failure of Evan's blue dye 
to infiltrate an area of endotoxin-prepared skin suggests a general imperme- 
ability of blood vessel walls to protein and it is possible that the impaired 
migration of white blood cells into extravascular tissues is attributabIe to 
alterations in vascular function as well as to an alteration in leukocytes. What- 
ever the mechanism is by which endotoxin transiently influences the infectivity 
of staphylococci, however, it is clear that induction of tolerance to the pyrogenic 
action of endotoxin in rabbits is associated with a nullification of the toxin's 
effect upon the microorganism's infectivity. 

It  is unlikely that the mild inflammatory reaction elicited by endotoxin 
inoculated into rabbit skin is responsible for the toxin's profound effect upon 
staphylococcal infection, as inflammation of a comparable degree produced 
with several other agents fails to increase similarly the infectivity of the bac- 
teria (2). 

Condie, Zak, and Good (18) have reported an increase in the severity of 
pneumococcal infection in mice by prior injection of endotoxin, and Dubos 
and Schaedler (12) have shown a similar effect upon other microorganisms. The 
full extent of the influence of endotoxin in producing a transient increase in the 
infectivity of a variety of types of bacteria, however, has not been elucidated. 
It would be of interest if this effect of the toxin could serve to better define the 
mechanisms of host resistance in infection and the mechanisms of host injury 
induced by other microorganisms. 

SD'~RY 

Intracutaneous and intravenous injection of pyrogenic, non-lethal doses of 
bacterial endotoxin were found to increase the infectivity of pathogenic but 
not non-pathogenic staphylococci in rabbit skin. The increased infectivity of 
the microorganism was characterized by accelerated multiplication at the site 
of inoculation and by the production of necrosis and hemorrhage locally. Histo- 
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logically, the infection of skin in endotoxin-prepared animals was characterized 
by necrosis, masses of bacteria, but absence of leukocytic infiltration into the 
area of bacterial growth. 

The infectivity of staphylococci in skin of endotoxin-prepared rabbits could 
be controlled by antibody to the alpha hemolysin of the microorganism. 

The effect of endotoxin upon staphylococcal infection was demonstrable 
only within 4 hours after injection of the endotoxin. I t  could not be prevented 
with chlorpromazine or dibenamine and was closely related to the effect of 
endotoxin upon leukocytes. 

I t  was suggested that the effect of endotoxin upon leukocytes was probably 
responsible for its influence upon staphylococcal infection. 

The implications of these findings in the pathogenesis of staphylococcal in- 
fection are discussed. 

BIBLIOGRAPHY 

1. Goshi, K., Cluff, L. E., and Johnson, J. E., 3rd, Studies on the pathogenesis of 
staphylococcal infection. III. The effect of tissue necrosis and antitoxie im- 
munity, J. Exp. Med., 1961, 113, 259. 

2. Goshi, K., Cluff, L. E., Johnson, J. E., 3rd, and Conti, C. R., Jr., Studies on the 
pathogenesis of staphylococcal infection. II. The effect of non-specific inflam- 
mation, J. Exp. Med., 1961, 113, 249. 

3. Elek, S. E., Experimental staphylococcal infection in the skin of normal man, Ann. 
New York Acad. Sc., 1956-57, 65, 85. 

4. Minchew, B. H., and Cluff, L. E., Studies on the epidemiology of staphylococcal 
infection. I. Infection in hospitalized patients, J. Chronic Dis., in press. 

5. Bennett, I. L., Jr., and Cluff, L. E., Bacterial pyrogens, Pharmacol. Rev., 1957, 
9, 427. 

6. Cluff, L. E., Immunochemical study of a bacterial endotoxin: Shigella flexneri 
type Z, J. Exp. Med., 1954, 100, 391. 

7. Johnson, J. E., 3rd, Cluff, L. E., and Goshi, K., Studies on the pathogenesis of 
staphylococcal infections. I. The effect of repeated skin infections, J. Exp. Med., 
1961, 113, 235. 

8. Thomas, L., The role of epinephrine in the reactions produced by the endotoxins 
of Gram-negative bacteria. I. Hemorrhagic necrosis produced by epinephrine 
in the skin of endotoxin-treated rabbits, J. Exp. Med., 1956, 104, 865. 

9. Thomas, L., and Good, R. A., The effect of cortisone on the Shwartzman reaction. 
The production of lesions resembling the dermal and generalized Shwartzman 
reaction by a single injection of bacterial toxin in cortisone-treated rabbits, 
J. Exp. Med., 1952, 95, 409. 

10. Thomas, L., and Stetson, C. A., Jr., Inhibition of local Shwartzman phenomenon 
by local application of bromobenzene and other solvents, Proc. Soc. Exp. Biol. 
and Med., 1948, 69,409. 

11. Wood, W. B., Jr., Phagocytosis, with particular reference to encapsulated bac- 
teria, Bact. Rev., 1960, 9.4, 41. 



C. R. CONTI~ L. E. CLITFF~ AND E. P. SCHEDER 859 

12. Dubos, R. J., and Schaedler, R. W., Reversible changes in the susceptibility of 
mice to bacterial infections, J..Exp. Med., 1956, 104, 53. 

13. Cohn, Z. A., and Morse, S. I., Functional and metabolic properties of poly- 
morphonuclear leucocytes. II. The influence of a lipopolysaccharide endotoxin, 
J. Exp. Med., 1960, 111,689. 

14. Delaunay, A., Lebrun, J., Delaunay, M., and Faucquier, E., Le mode d'acfion 
des endotoxines bact6riennes: les traubles vaso-mateurs chez les animaux in- 
toxiques et leurs cons6quences, J. Physiol., 1948, 40, 80. 

15. Fekety, F. R., personal communication. 
16. Rebuck, J. W., and Crowley, J. H., A method of studying leukocyte functions in 

vivo, Ann. New York Acad. Sc., 1955, 59, 757. 
17. Berthrong, M., and Cluff, L. E., Studies of the effect of bacterial endotoxins on 

rabbit leucocytes. I., J. Exp. Med., 1953, 98, 331. 
18. Condie, R. M., Zak, S. J., and Good, R. A., Effect of meningococcal endotoxin 

on resistance to bacterial infection and the immune response of rabbits, Fed. 
Proc., 1955, 14, 459. 



850 PATHOGENESIS OF STAPHYLOCOCCAL INFECTION 

EXPLANATION OF PLATES 

P ~ T ~  85 

FIG. 1. Hemorrhagic necrosis induced by intradern~l injection into rabbits of l0 ~g. 
/~. coli endotoxin with 106, 10 ~, l08, and l09 pathogenic staphylococci, and the slight 
pallor induced with endotoxin alone (lower le~t). 

FIG. 2. Lesio~ induced in rabbit skin injected with 109, 108, 10 ~, and 10 e pathogenic 
staphylococci showing small abscesses only at  the site o5 inoculation of 109 and 108 
bacteria. 
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(Conti eta/. : Pathogenesis of staphylococcal infection) 



PLATE 86 

Microscopic sections of skin removed 6 hours after injection and stained with hema- 
toxylin-eosin. 

FIG. 3. Skin injected with ]07 pathogenic staphylococci. × 350. 
FIG. 4. Skin injected with 10 #g E. coil endotoxin. X 350. 
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(Conti et al.: Pathogenesis of staphylococcal infection) 



PLATE 87 

FIGS. 5 and 6. Skin injectedwith 10 ~g. E. coli endotoxinand 107 pathogenic staphylo- 
cocci, showing necrosis, masses of bacteria, absence of leukocyte infiltration ill the area 
of bacterial growth, and marked leukocyte infiltration at margin of lesions. Fig. 5, 
× 150 and Fig. 6, X 350. 
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