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Three contrasting examples of bacterial boat-parasite relations were studied with a 

view to recognising the compounds and processes responsible for the pathogenicity of 
the causal organisms "' In the belief that only baoteria'collected"Pro® thespecific' 
disease-process 4n nn4 mals -(i. e. An vivo). _could_be_relied, on-to. hayQ.. thst.. scmplete . _ý 
armoury of virulence factors, the three bacterial species selected: Baeillun anthracis, 
Pasteurella Westin and the calla group, were all initially grown in vivo. An, 
adequate supply of such organisms was obtained, and fractionation stud es of the :. '... J 
organisms and their products for substances responsible for virulence were made--, 
possible by the use of biological assays which simulated conditions in the host'. 
Once the important constituents of the bacteria grown in vivo had been reoogniseds,;, it 
was often possible to alter the culture conditions in vitro to produce bacteria 

° having the same constituents. `'The main findings were as followas- 

Anthraxi.. -virulent. organisms. had-to have two factors (1) the capsule of 
poiygluta ao cid which prevented opsonization and (2) the extraeellular toxin, which°,. 
was a mixture of three components, and poisoned the defence phagocytes: The massive 
baeteraemia found in dying guinea pigs was not essential'for death. - An. irreversible 
state of oligaemic shock occurred while the'bacterasmia was still slights it was 

- caused by the oedema-produeing, lethal, 'toxin discovered in the blood plasma of' 

r- 
infected animals: Later the toxin was produced under special conditions intro. 

Plaim s virulent 'orgänisms collected from guinea pigs " had an easily removed 
° surface aggressin which was`active, in the usual anti-phagocytio and virulence- 

enhancing assays. It was partly. made up of-the classical protein, capsular-material- 

-Fraction Ti 
,,, 

A new toxin was discovered in the cell walls. of. disintegrated P. peatis 

--which was toxic for guinea pigs and explained their death from plague infection -. '. 
previously an anomaly. :A toxin highly lethal for mice occurred in the freely 
soluble extract or disintegrated organisms. . 

Such organisms could be dissolved and 
detoxified by means of alkali and in the futures the filtered product could be the- 
basis of an improved non-living plague vaccine for mann 

Bruce llöa at virulent organisms were initially obtained from the infected 
placenta-and foetal-of-aoäs about-to abort-as a result-of-&'ucella=abortus, ý 
infection. 'Such' organisms had'an easily removed surface aggress f and. this was. 
also present in cell wall preparations. This material could inhibit the. intracellular 
bacterioidin of PUN phagocytes and is therefore likely to be the key to virulence'in 
the ellaei, . 

In the infected pregnant cow, Ba abortus occurred in'very large 
rnýbers only within' the uterus. - This-would enable its endotoxin to produce necrosis 
of the placental union,. toxaeaia In the foetal calf* and, finallyy abortion, 

An investigation of the cause ' of the Localised Brucells' Placentitis in. the ' 
pregnant cow led to the first explanation o this meson of Bacteri Localisation 
in specific tiesuesa It was due in this. instance to the occurrence t po 1, -x- 
erythri, tol, in the placenta and foetal fluids-of the pregnant cow and allied species 
in the taxonomic Order -- Artiodacty2a. ,- 

Brythritol was found to be a growth stimulant for the three principal Prucella, 
species. It'occurs in the foetal tissues of pregnant females and in the se 
vesicles of the males in the above Order, and it is the explanation of the severe 
fulminating brucellosis peculiar to these tissues in these hosts. 

In preliminary investigations 'of host-parasite relations, -the work presented ° hers appears to justify the direct study of the active disease in infected animals, 
and the use of organisms grown in vi a 
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Zu the belief that the processes and compounds responsib]i for 

cyan, could be most reliably found by stamina argsnisss collected 

from the aätivs disease in watmwis (i. e* in VIVO), '$, rOUps of guinea ' pigs 

9era infected with 3, anthrag (paper 1) and at the height of the 

bactersaaa, sufftatent organisms und their products wer* obtained for 

biologi. osi Oki foal studies. 

'P'apers 2 and, 3 show that the anthrax bacilli gross in vin (in 

contrast to ISvita } were heavily capsulated, wholly resistant to 

phadooytosia and higblyooluble in a solution of amAmIum carbonate. No 

specific lethal toxin could be detected In the baoilll +r in the copious 

oeiauo fluid but this contained 'aggresain' which ou easily deooustrable 

in +rirulena*"eehant at and in antiphagooytio tests. A soluble anthrax 

Imunogsu was also present in the body fluids. containing the oxtraael7ular 

products. 

A quantitative biological and chanical study was made of anthrax in 

the guinea pig in ardor to find out more about the successive changes 

which Culminated in death. 

Paper 4 describes how a rapidly developing bacteraeaia could be 

dateotaä in blood smears during the final 12 hours -º the 
, period also when 

ayaptdu of iner. saing veºakneas appeared. $tMtm*vlA cold bo used to 

W+. the infection to the soruest stages of the baotsrawria. This owed 

the snimals, but there was a poW, at which the baotersomia had reached 

only 1/300th its auxin o bow which the atr. ptoay t still sterilised 

w1 40 



the Infection but' fai'leä to osvo the eniia1e because or aoMe irrevIOraiblO 

pathological change hsviaag take, place. 

The nature of the fatal syndrome was discovered. after combined, 

studies. of the xb1ooä ch try,, pbyeioloy and histopathologg of guinar 

pigs dying fxoi' anthrax (paper $). nie. eau e. of death was ssaoz4ary 

oligaemic shook, -anäý this prompted. a renewed search for a taxte prodaet 

of to anthraoia. 

A lotW anthrax toad was detected by examining th. blood plums 

and not the peritoneal oodems of dring guinea pigs (paper 6). The toxin 

produced the typical anthrax eyndroee when injected intravenously into 

guinea pies and aice; it could be noutralteeä Iith anthrax antieerua. 

Bor a time# attempts to produce the toxin, in r tro in Incubated 

infected blood and in other sush media, were uneuacoeeful. Eventually it 

Was found that toxin was produced in aserum-contaiai media during the 

, early growth period and prior to its destruction by endojenoua engem 

(Paper 7). 

Purification studies, by collesgues,, of the toxin and of the anthrax 

bacilli provided three sepsrats caapounas (z, U, =) zrhicb form" the 

toxin, and also sodims glutamate wbiah, was the main a pansat of the 

capsule. ? paper 8. shown that the mixture of the three toxin ompon eats 

aat as an antipbs cytii agSre, si* in low concentrations by directly 

harming the poIorphouuclear pbsgteytos. The poly3lutamte at the 

Capiknle was the other suthrax sgessis and it sated when in pith 

concentration bfr; tbiting opsonisation. 
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A METHOD FOR COLLECTING BACTERIA AND THEIR PRO- 
DUCTS FROM INFECTIONS IN EXPERIMENTAL ANIMALS, 
WITH SPECIAL REFERENCE TO BACILLUS ANTHRACIS. 

H. SMITH, J. KEPPIE AND J. L. STANLEY. 
From the Microbiological Research Department, Porton, nr. Salisbury, tiVilts. 
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THERE is abundant evidence that the complex metabolic activity of a pathogen 
in establishing a disease under the cultural conditions of the host's tissues is 
different from its metabolism in vitro. Thus, the change in morphology and 
colony appearance and the decrease in virulence which occurs on subeultivating 
recently isolated organisms is well known. The method of increasing the viru- lence of organisms by animal passage means that substances and processes con- 
nected with virulence are produced in vivo (possibly as a result of mutation), 
and not to any significant extent by culture in vitro. A similar conclusion can be drawn from the difficulty or impossibility of distinguishing between virulent 
and avirulent strains of certain species such as Pasteurella pestis (Wilson and 
Miles, 1948 ; Jawetz and Meyer, 1943 ; Pollitzer, 1952) by in vitro tests. Perhaps 
the most striking instances of the difference are those in which the use of living 
vaccines forms the only effective means of preventing the disease. 

It seems, therefore, that chemical extraction of organisms and their products 
obtained from infected animals would be fruitful, particularly in connection with 
studies on virulence. Chemical fractionation of body fluids containing extra- 
cellular products of an infecting organism has been done before (e. g., Cromartie, 
Watson, Bloom and Heckly, 1947). This is not so for the bacterial substance. Up to the present, organisms grown in vivo have not been obtained in large 
enough quantity and of sufficient purity for a chemical examination of their 
products and metabolism. 

This paper describes a method for collecting Bacillus anthracis and its products from infected guinea-pigs for use in a study of virulence described in the next 
paper (Smith, Keppie and Stanley, 1953). The same method has been tried 
on a small scale for the separation of products from infections with several different 
species of pathogenic bacteria. It was equally successful as regards the collection 
of bacteria free from blood cells. Briefly, the method consists of collecting the 
blood and thoracic and peritoneal exudates from infected animals and removing 
the blood cells from the bacteria and their products by differential centrifugation 

33 



472 H. SMITH, J. KEPPIE. AND J. L. STANLEY 

at loin-temperatures. The general problems - in obtaining ä sufficient quantity 
of materials and bacteria of adequate purity are as follows 

To ensure a sufficient quantity of bacteria, only those diseases which produce 
a large numberr of organisms in -accessible locations of the'host-could be studied. 
It is inevitable that only a relatively'. smäll proportion of the organisms and their 
products present in an experimental animal can be collected (10-15 per cent for 
-the anthrax infection described below). Large volumes of infected exudate 
were desirable in the thoracic and, peritoneal cavities to facilitate removal of the 
maximum amount of material. Initial infection was therefore carried' out in 
these cavities. To obtain the maximum yield of products, the largest available 
animal, e. g., a sheep, would have been the best host for the infection, but, if the 
ultimate products of chemical extractions are to be adequately tested biologically 
in. a homologous system, a species available in quantity has to be used. -' The 
guinea-pig was a successful compromise between these two requirements. The purity of extracellular products from in vivo cultures must be low, since they are grossly. contaminated, - with plasma constituents. It is hoped that 
chemical fractionation will-remove these impurities. As regards the bacteria, 
however, the possibility of obtaining them almost free of blood cells presented itself. For subsequent chemical fractionation of bacterial extracts a contami- 
nation of less than l per cent of blood-cell substance could reasonably be called 
negligible ; it would probably- be diluted out in most extraction procedures. Since the degree of contamination with blood cells was to be followed by haemo- 
cytometer counts during the differential centrifugation, the relative sizes of blood 
cells to the chains (4-8 bacilli) of anthrax organisms were estimated. Figures of 2.5-5 x for red blood cells and 8-16 x -for white blood cells were obtained. - 

This 
means that haemocytometer counts on the final product must indicate a contami- 
nation of less than 0.05 per cent for each type of cell, if the limit of purity stated 
above is to be maintained. For organisms smaller than these bacterial chains 
this figure would have to be less thän 0.005-0.001 per cent. .. 

.ý To obtain this degree of purity careful attention must be given to the details 
of the method described below,, especially those dealing with the removal -of 
supernatants from lightly packed blood cell deposits. 

- 
METHODS AND RESULTS. 

Abbreviations-red blood cell (IL, B. C. ), white blood' cell (W. B. C. ), chain of anthrax' organisms (B. C. ). 

A Method used for the Collection and Separation'of B. anthräcis and its Products from Infected Guinea-pigs. 
The experimental disease. -, ' 

One hundred guinea-pigs (800-1000 g. ) were given simultaneous intrapulmonary and 
intraperitoneal injections of 1X 108 B. anthracie spores. The strain used (N. P. ) was a non. 
proteolytic mutant of the Vollum strain obtained by Wright, Hedberg and Feinberg (1951). 

DESCRIPTION OF PLATE.. 
FiG. 1. -Apparatus for collection of supernatants and for their re-distribution into fresh 

centrifuge pots. 
Fia. 2. -The deposit after high-speed centrifugation of successive batches of material showing 

the single layer of blood cells beneath the bacteria. 
FiG. 3. -The final bacterial deposits together with the blood cells which have been removed 
- in the washing procedure. ' 
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CULTIVATION OF B. ANTHRACIS IN VIVO 473 

It was selected from a group of 10 virulent strains which were tested in preliminary experi- 
ments for their ability to produce large volumes of thoracic and peritoneal exudate. A 
dense stock suspension of heated spores was stored at 0° and was the single source of B. 

anthracis employed throughout this work. All the 100 guinea-pigs infected in this manner 
died 36-60 hr. later. As the main septicaemia begins within a few hours of death and in- 

creases hourly the body fluids were collected immediately after death. 

Collection of infected body fluids. 
The dead animal was secured on a sloping hoard with the head higher than the hind 

quarters. This allowed the exudate to drain to the bottom of the cavities and aided its 

subsequent removal. The chest was opened and the exudate (15-30 ml. ) collected in a 
syringeand expelled into centrifuge pots (250 ml. ) standing in ice. The latter had caps made 
of lint to prevent the escape of aerosol, and they contained sufficient sodium citrate to give 
a final concentration of 0.6 per cent w/v. The blood was collected after the chest had been 

opened and the lungs removed, by puncturing the heart and severing the veins and arteries. 
The blood and the peritoneal exudate were added to the thoracic exudate. Each animal 
gave 20-30 ml. of this mixture which contained 1.2-2.6 x 10" chains of anthrax bacilli 
(4-8 per chain) per ml. 

Low temperature manipulation of the material. 
As described above, the infected body fluids were cooled in ice iuunediately after collection. 

From then on all the procedures described below such as centrifugation and filtration were 
carried out at 0 3°. Fig. 1 shows an apparatus which simplified the careful removal of largo 

volumes of supernatants frone cell deposits. The material was drawn into the ice-cold 
reservoir by a slight negative pressure produced by a water pump. It could then be dis- 

pensed into fresh centrifuge pots when necessary. 

Separation of the bulk of the blood cells fron bacteria by differential centrifugation. 
The infected body fluids were processed continuously as they were collected. 'T'hree full 

centrifuge pots (250 ml. ) constituted the first batch and two pots each subsequent batch. 
First slow centrifuugatiorn. -- The initial material was centrifuged at 500 r. p. m. (60 g) for 

hr. The supernatant containing the bacteria was removed to within I in. (1-25 ecn. ) 
of the blood-cell deposit and distributed into two fresh pots (250 ml. ). The impure super- 
natant remaining was added to the next sample of initial material. The deposit of blood 
cells was discarded. 

Second slow centrifugation. -'l'he supernatant was again centrifuged at 500 r. p. m. for 
hr. Only two-thirds of the supernatant was removed to avoid disturbing the small blood- 

cell deposit. The same two pots were used for this cent-rifugation of subsequent batches. 
When all the infected fluids had been treated, the material remaining in these two pots 
(160-190 ml., B. C. count 2.3-2.7 x I0t/ml. ) constituted 10-15 per cent of the total yield. 
To avoid losing this material and to reduce its content of blood cells to the required level 
it was twice centrifuged at 500 r. p. m. for I hr. Each time almost all the supernatant was 
carefully removed from the cell deposits which were discarded. 

High speed centrifugation. --The supernatant was centrifuged at 10,000 r. p. m. (12,000 
g) for 20 min. in the sealed head of an angle centrifuge. The supernatants of plasma/exudato 
were removed but the bacteria from 100 guinea-pigs were accumulated in the same tubes. 

The cell counts recorded in Table I show the progressive removal of blood cells by this 
differential centrifugation without loss of bacteria. 

Reueoval of the remainder of the blood cells while washing the bacterial deposit. 

At the end of differential centrifugation the total bacteria were contaminated with 
1-4 per cent of R. B. C. and 0-2 per cent of W. B. C. As successive batches were centrifuged 
the blood cells did not form a layered arrangement with the bacteria as one might have 
expected, but slipped through the deposit to form a single red-cell layer at the bottom of 
the tube. Fig. 2 shows the cell deposits at this stage in the process. 

The bacteria were freed from adhering plasma/exudate by washing them three times 
with Locke's solution, and during this process the remaining blood cells were removed in the 
following manner. By the careful use of a Pasteur pipette, first on the undiluted sludge 
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TABLE I. Summary of Cell-counts during Differential Centrifugation of Infected 
Blood and Exudate. 

Bacterial chains : 
Number per ml. 

Nature of sample. (x 101). 
Initial material 1.7 (1.2-2.6) 

a. First slow centrifugation : 
Supernatant 2.0 (1.4-3.2) 
Deposit 0.3 (0.1-0.6) 

b. Second slow centrifugation : 
Supernatant 1.8 (1.3-2.5) 

Percentage contamination with 
blood cells. 

R. B. C. W. B. C. 
Large numbers Large numbers 

4(3-6) 0.6(0.4-1.0) 
Large numbers Large numbers 

1-4(0-7-3-0) 0.2 (0.00-0.4) 

c, Removal of bacteria by high speed 
centrifugation : 

Supernatant . 0.001 (0.0005-0.002) . nil nil 
These figures are a summary of haemocytometer counts for B. C., R. B. C., and W. B. C. carried 

out on 12 different batches of material ; average figures are quoted and the range is given in brackets, 

and then with the use of a little of the washing fluid, most of the bacteria could be removed 
from the red cell layer. 

, 
The bacteria were distributed into 7 tubes and the blood cells con- 

taining some adhering bacteria were collected into one tube. The material in all tubes was 
then washed with Locke's solution (approx. 30 ml. per tube). After high-speed centrifuga- 
tion as described above the supernatants were collected and more bacteria could now be 
removed from the single red layer. This procedure was repeated twice. After the final 
washing, few bacteria remained to be removed from the blood cells, which were discarded 
(see Fig. 3). 

. The counts recorded in Table II confirm the success of the washing procedure in removing 
the remaining blood cells to give the final product. 

. TABLE II. -Summary of Cell-counts during the Removal of Remaining Blood Cells 
when the Bacteria were Washed. 

Percentage contamination with Bacterial chains : blood cells. 
Number per ml. 

Nature and Volume of sample. (X 101). R. B. C. W. B. C. 
Initial material (approx. 21. ) . 0.18 (0.13-0.25) . 1.4 (0.7-3.0) 0.2 (0.06-0.4) 
Final material (225 ml. ) . 2.1 (1.7-2.4) . 0.02 (0.01-0.03) 0.02 (0.005-0.03) 
The blood-cell layer (10 ml. ) ... 0.4 (0.18-1.0) . Large numbers Large numbers 

These figures are a summary of haemocytometer counts for B. C., R. B. C., and W. B. C. carried 
out on 6 different batches of material ; average figures are quoted and the range is given in brackets. 

Treatment and total yield of plasma/exudate and bacteria. 

The, plasmalexudate collected from the high-speed centrifugation was sterilised by 
filtration. Berkfeld candles originally used have recently been replaced by " Millipore " 
filters of the Lovell Chemical Company, Watertown 72, Massachusetts, U. S. A., with excellent 
results. They are composed of cellulose acetate and are of the thickness of normal laboratory 
filter-paper ; hence there is no possibility of large scale absorption of products. To obtain 
a good filtration rate, the somewhat viscous plasma/exudate was diluted with an equal quarr. 
tity of Locke's solution. 

The bacterial sludge was immediately extracted by the methods described later. The 
three washings of the bacteria were collected separately from the plasma/exudate since they 
might contain materials washed from the surface of the bacteria. 

Table III summarizes the yield of plasmalexudate and bacteria obtained from five 
different batches of 100 guinea-pigs. The small loss of bacteria in the total discarded blood 
cell deposits is included. 
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TABLII III. - Yields of Plasma/exudate and B. anthracis Obtained from Batches of 
100 Guinea-pigs. 

Initial Recovered bacteria 
material Recovered (Volume of final 
from 100 plasma/ suspension Discarded R. B. C. / 

guinea-pigs. exudate. 225 ml. ). W. B. C. deposits. 

Loss 
(B. C. Wt. (g. ) of B. C. 
count Number dried Number as per 

1 bacterial (X 108) cent of 
X 108 of B. C. extract* Vol. 

per ml. ) (Vol. (1. ). ) per ml, obtained. (ml. ). per MI. B. C. 
Vol. (1. ). 

2.8 2.3 1.8 2.2 500 - - 2.2 1.8 1.7 1.8 400 1.0 11 
2.2 1.7 1.7 1.7 450 0.9 11 
3.0 2.5 2.2 2.1 500 1.3 13 
3.2 2.6 2.2 2.5 600 1.1 13 

* For details of preparation see next paper. 

Application of the Above Method to the Products of Other Infections. 

To test whether the method could be generally applied to obtain bacteria of sufficient 
purity, small numbers of guinea-pigs were infected with five different organisms. These 
were recently isolated strains of Streptococcus pyogenes (2 strains), Streptococcus pneumoniae, 
Staphylococcus aureus, Listsrella monoeytogenes and a virulent strain of Past. pestis. 
Dense suspensions of the first five organisms were prepared by washing off cultures on blood 
agar with Locke's solution. Past. pestis was grown on one tryptic meat agar slope, washed 
off with Locke's solution (10 ml. ) and diluted 1/100. Each suspension was injected intra- 
pulmonarily (2 ml. ) and intraperitoneally (8 ml. ) into two guinea-pigs (over 800 g. ) ; the 
Str. pneumoniae suspension was mixed with an equal amount of 2 per cent w/v hog gastric 
mucin. All the animals died in 20-24 hr. and with the exception of those infected with 
List. monocytogenes, contained large numbers of organisms in their body fluids. The thor. 
acic exudate, peritoneal exudate (washed out with Locke's solution (10 ml. ) containing 0.6 
per cent citrate) and blood were collected, and treated as described above. The cell counts 
recorded in Table IV show that blood-cell contamination is very low at the end of differential 
centrifugation. Counts were difficult on the final deposits owing to the presence of clumps 
formed on high-speed centrifugation. These counts are not included in Table IV, but they 
indicated an even lower contamination with blood cells. 

TABLE W. -Cell-counts after Differential Centrifugation of the Products Harvested 
from Other Infections in Guinea pigs. 

Organism producing the infection. 
Number (per ml. ) of cells present after differential centri- 

Organism 

Bacteria. R. B. C. 's (x 101). W. B. C. 's (x 10'). 
Str. pyogene8 (1) 8X 106 Less than 1 Less than 1 

�� 
(2) 

... 
4X 108 

��2��1 

Str. pneumoniae 1X 108 ��1� It 1 
Staph. aureua 2X 100 ,. 

1,. to I Past. pestis .3X 109 ,>.. 
3��3 

I%8t. monocytogenes 1X 10' 1 If �1 
The products (approx. 50 ml. ) were the bulked thoracic exudate, peritoneal washings and blood 

from two guinea-pigs (over 800 g. ) infected with the organism under test. 
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DISCUSSION'AND SUMMARY. 

Using B. anthracis in the guinea-pig, a method has been established for the 
separation of bacteria and their products from infections in experimental animals. 
It has been possible to collect from 100 infected guinea-pigs 1.5-2.0 g. of B. 
anthracis and 1.5-2.5 1. of body fluids containing the extracellular products of 
this organism. These quantities were sufficiently large to allow a chemical 
study of the factors involved in the virulence of B. anthracis in guinea-pigs (see 
following paper). 

This is the first time that large quantities of bacteria have been collected from 
culture in vivo. ' A high degree of freedom from blood cells has been obtained 
by a process involving only a small overall loss (10-13 per cent) of the total 
bacteria collected. The maximum contamination (0.03 per cent) with both 
types of blood cell was well below the desired limit indicated in the introduction 
to this paper. 

As regards the almost complete separation of blood cells from bacteria, this 
method has been shown to be equally effective for the body fluids obtained from 
five other infections in guinea-pigs. Since the experiments were on a small scale, 
no definite information other than the counts given in Table IV has been gained 
on the amount of material that could be obtained from these infections. 

Our thanks are due to Dr. D. W. Henderson and Prof. W. T. J. Morgan for 
encouragement, particularly in the early. stages of this work. We are also in- 
debted to Mr. T. Snape for excellent technical assistance, to our colleague Mr. 
H. T. Zwartouw for the photographs, and to the M. O. S. Animal Farm for the 
supply of guinea-pigs. 
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STUDIES on the purification and chemical identification of bacterial products have 
been related mostly to their immunising action and their serological behaviour. 
Less attention has been given to the part played by these products in the disease 
process and in causing the death of the host. This is particularly true of those 
organisms capable of producing septicaemic conditions in which no potent extra- 
cellular toxins seem to play a part. The research now undertaken is directed 
towards chemical identification of substances and processes connected with the 
virulence of organisms producing such septicaemic diseases. 

The virulence of a bacterium is best defined as its capacity to infect the host 
and establish disease. To do so the organism must overcome the defence mech- 
anisms of the host. The course of the disease is influenced by the strength of the 
latter, which may affect the metabolism of the organism. There is abundant 
evidence that the complex metabolic activity of a pathogen in establishing disease 
is different from its metabolism in vitro. The particular nutritional conditions 
of the host tissues undoubtedly play their part, but the possibility that the organ- ism reacts in some way to the challenge of the host's defence mechanisms must be borne. in mind. 

Our limited knowledge of bacterial nutrition makes it impossible at the moment 
to reproduce in vitro the conditions of growth in vivo. It seemed therefore that 
the best way of studying compounds and reactions responsible for virulence was 
to use organisms and their products isolated from infected animals in spite of 
the technical difficulties involved. This does not necessarily mean, as Bail and 
Weil suggested (1911), that there is an absolute difference between "animal 
organisms " and those grown . 

in vitro. If the compounds and reactions responsible 
for virulence in the host could be identified, it might lead to the production 
in defined media of some of the metabolic processes which occur in vivo. The 
recent preparation of the immunising antigen of Bacillus anthracis by artificial 
culture (Gladstone, 1946,1948) is encouraging in this respect. 

It was therefore decided to carry out work on the chemical basis of virulence, 
using as starting materials the bacteria and their products from infected animals. B. anthracis was chosen as the pathogen to be studied for two main reasons. In 
the first place anthrax is characterised by the presence in the host of large numbers 
of organisms, and this made it probable that the yield of bacteria would be satis- 
factory. Secondly, the extracts from the literature given below show that the 
precise chemical basis of invasiveness, killing power and immunity to the disease 
is unknown. However, sufficient biological knowledge has been gained to indi- 
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indicate the general lines of -attack on these problems and the probable 
value of materials harvested from growth in vivo. 

Reviews of the literature on the pathology and immunochemistry of B. anthracis 
and its infections are available (Sobernheim, 1913, ' 1931 ; Cromartie, Bloom and 
Watson, 1947 ; Treffers, 1947). Only the main outlines of present knowledge 

of the disease are mentioned here, and it will be seen that attention has been 
focussed on three main topics. 

Immunity to anthrax has received much attention. For nearly half a century 
following the use of live attenuated cultures by Pasteur (1881), and sterile oedema 
fluid from infected animals by Bail (1904), for successful vaccination against the 
disease, no further progress was made. Dead bacteria and various bacterial 

extracts (Gladstone, 1946) were ineffective. Gladstone (1946,1948) however 

using ad hoc methods produced an extracellular immunising antigen by in vitro 
culture, a fact which has been confirmed (Heckly and Goldwasser, 1949 ; Wright, 
Hedberg and Feinberg, 1951). This protective antigen has not yet been. connected 
by experimental evidence with any of the usual serological reactions (Watson, 
Cromartie, Bloom, Kegeles and Heckly, 1947), or with any aspect of virulence, 
although. Bail (1904) suggested its identity with the aggressin. Its chemical 
nature is unknown and it does not appear to be connected with either of the two 
known antigens of B. anthracis (Staub and Graber, 1943 ; Staub, 1949), the D- 
polyglutamic acid of Ivanovics and Bruckner (1937) or the somatic polysaccharide 
of Ivanovics (1940). ' Watson, Cromartie, Bloom, Kegeles and Heckly (1947) 
found that immunising activity was associated with the globulin fraction of rabbit 
oedema fluid. 

With regard to the ability of B. anthracis to grow in the host tissues, Bail 
and Weil (1911) found that anthrax lesions contain substances which interfere 
with host resistance. These substances were termed aggressins, and together with 
similar substances from other organisms formed the basis of the much discussed 
" aggressin theory " (see Wilson and Miles, ' 1948). Gruber and Futaki (1907) 
and Preiss (1909) suggested that these substances were associated with the forma- 
tion of the capsule, because crude ' capsular material protected the organism 
from phagoeytosis and the bactericidal action of certain body fluids. Bail and 
Weil (1911) did not think that the aggressin and the capsule were connected. 
No chemical study has progressed far enough to correlate these aggressins with 
one or more definite chemical compounds, but Watson, Cromartie, Bloom, Heckly, 
McGhee and Weissman (1947) showed that'their crude "inflammatory factor " 
inhibited completely the anthracidal substance from leucocytes and other tissue 
cells. 

Finally, the cause of the death of the host has received some attention, but 
no definite conclusions have been reached. ; The main property of the crude . " inflammatory factor " of the above workers was its ability to produce the oede- 
matous tissue damage characteristic of the, disease, but it was not grossly toxic. 
This property and its anticoagulant activity showed the difference between this 
preparation, which contained a high proportion of glutamic acid, and the D_ 
polyglutamie acid of Bacillus subtilis. - Eurich and Hewlett (1930) and Sobern- 
heim (1931) regarded the presence of a definite toxin as unproven, and some recent 
work by King and Stein (1950) supports this view. Several different workers 
agree that a marked hyperglycaemia occurs in anthrax infection (Cromartie et al,, 
1947 ;. Bloom, McGhee, Cromartie and 

_Watson, 
1947). An interference with 
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calcium metabolism is suggested as a possible cause of death by the work of Bloom 
et al. (1947). The symptoms of the disease were compared with those of calcium 
deficiency, and the protective effect of certain calcium salts was noted. Deoxy- 
genation of the blood and mechanical capillary obstruction have also been put 
forward as possible explanations, but have not yet been substantiated (Cromartie 
et al., 1947 ; Bloom et al., 1947). De Moulin (1936) noted lesions in the nervous 
system in anthrax, and attributed the symptoms of the disease and the death 
of the host to damage of this system. 

In a previous paper (Smith, Keppie and Stanley, 1953) a method is described 
for the collection and separation of B. anthracis and body fluids containing its 
extracellular products from infected guinea-pigs in quantities of 1.5-2.0 g. and 
1.5-2.51 respectively, from 100 animals. The bacteria were almost free from 
blood cells (not more than 0.03 per cent), and the quantity of these products was 
sufficient for a chemical approach to the question of virulence of B. anthracis 
in guinea-pigs. 

The sterile extracellular products, although grossly contaminated with plasma 
constituents, could be examined directly for biological properties connected with 
virulence, and undergo chemical extraction for the substances responsible for 
these biological properties. Before the same procedure could be adopted for the 
bacterial substance two questions remain to be answered. First, were these 
bacteria appreciably different from those obtained by growing the same strain 
under a variety of conditions in vitro ? Secondly, could sterile extracts containing 
nearly 100 per cent of the original bacterial substance be prepared by mild methods ? 
The work described in this paper gives an affirmative answer to both questions. 

METHODS AND RESULTS. 

In these experiments the strain of B. anthracis (N. P. ) and the breed of guinea- 
pig used were those employed in the infection from which the bacterial products 
were obtained (Smith et al., 1953). 

The Difference between B. anthracis from Infected Guinea pigs and those 
Cultivated in vitro. 

The organisms from infected guinea-pigs were shown to be different from those 
cultivated in vitro by a combination of three criteria. Two of these, morphology 
and susceptibility to phagocytosis, are well known. The behaviour of the organ- 
isms in a dilute solution of ammonium carbonate however has not been previously 
described. 

For this comparison B. anthracis was grown in vitro in four different media-tryptic meat 
broth (T. M. B. ), a modified medium of Brewer, McCullough, Mills, Roessler and Herbst (1946) 
(B. M. ), sheep serum (S. S. ), and citrated guinea-pig plasma (G. P. P. ). Using turbidity measure- 
ments as a guide, samples were taken at four different times--at the beginning, the middle 
and the end of the phase of rapid growth and at 24 hr. Table I gives the details of the pre. 
paration of these cultures. The bacteria were collected by centrifugation (12,000 g) at 0°, 
and washed with Locke's solution as described for the organisms obtained from infected 

guinea-pigs. 

Morphology and susceptibility to phagooytosis. 
Bacteria isolated from infected guinea-pigs had well-developed capsules, and 

were completely resistant to the action of guinea-pig phagocytes in the system 
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TABLE I. -Turbidity Measurements during the Growth of B. anthracis 
in Different Media. 

Time shaken at 37° (hr. ). 
Medium! ` 

0.1.2. S. 4.5. '6.7.8.9.10. " 12.24. 
T. M. B. . 0.04 0.05 0.17 0.44 0.95 1.06 1.14 1.18 - 
B. M. . 0.14 0.10 -'0.12 0.26 - 0.48 0.75 0.93 

, 
0.95 

,*0.88 
0.71 

S. S. . 0.07 ---0.08 0.22 0.35 0.53 '0.72 0`83 0.82 0.81 0.86 
G. P. P. t . 0.12 0.25 0.33 0.45 0.60 0.79 0.99 - 1.4 ---2.0 

Initial inoculum 3X 107 spores per ml. of medium. Figures are turbidity readings (-log per- 
centage transmission at wave length 610 mg. ) compared with a blank of the original medium. 

The time (hr. ) at which the four samples of cultures were taken for comparison with organisms 
grown in vivo by the methods described in the text were as follows : T. M. B. 3,31,5,24 ; B. M. 64, 
71,10,24 ; S. S. 61,8,10,24 ; G. P. P. 3,5,8,24. 

* For definition of media see text. 
f Spores previously germinated in tryptic meat broth. " 

described in the following paper (Keppie, Smith and Harris-Smith, 1953). Young 
, 

organisms from T. M. B. cultures were almost devoid of capsule and had no resis- 
tance to phagocytosis. Young organisms from the other three media had cap- 
sules which varied in width according to the medium, but were smaller than those 
of organisms from animals. Theyjalso resisted phagocytosis except for a small 
minority of cells which appeared. to be degenerate and had lost their capsule. 

It is true therefore for the strain N. P.. as for other virulent strains of B. 
anthracis that the organisms from an infected host have better-developed capsules 
and are more completely resistant to phagocytosis than are most organisms grown 
in vitro. 

The action of 0.16 per cent wfv ämmonium carbonate solution. 
B. anthracis isolated from guinea-pigs dissolve readily in ammonium carbonate 

solution. This property has been used to distinguish these organisms from the 
16 samples which were grown in vitro and collected as described above. 

The washed organisms from 20 ml. 9f culture were immediately homogenised with ice- 
cold distilled water (20-22 ml. ). This suspension (9.6 ml. ) was placed in two spectrophoto- 
meter tubes. To one tube 4 per cent w/v ammonium carbonate solution (0.4 ml. ) was added, 
and to the control the same amount of water. - 

'The 
tubes were kept at 0-3°, and at various 

time intervals turbidity readings (- log per cent transmission of light of wave length 610 
mµ. ) were taken using a distilled water blank. Any lysis of the organisms in 0.16 per cent 
w/v ammonium carbonate solution was thus detected. 

It was important that the amount of organisms treated with ammonium carbonate 
should be of the same order in all samples. Although the amounts of organisms in 20 ml. ' 
of the cultures described above were not identical ; they all produced a turbidity reading 
within the range 0.4-0.8 before the addition of ammonium carbonate. The amounts of bacteria isolated from guinea-pigs and used in five comparison experiments were selected 
so that their initial turbidity readings extended over this range. Variation of initial turbidity 
within this range did not significantly affect the degree of lysis. The figures quoted in Table II 
are the averages of the five experiments. 

Table II summarises -the results of, these experiments. In most of them there 
was a slight change in the turbidity reading of the control as the experiment 
proceeded. For the sake of brevity in presenting a. large number of comparisons 
of experiment with control, the figures quoted are the differences between the 
reading of the control, and that of the experiment expressed as a, percentage of 
the former, e. g., control 0.67, experiment 0.46, figure quoted 31 ; control 0.65, 

. 
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TABLE IT. -The Action of 0.16 per cent Ammonium Carbonate 
Solution at 00 on B. anthracis grown in vivo and in vitro. 

Sample of Time of readings (hr. ). 
B. anthracis. " 

Organisms isolated 
1.2.3.4.5.6.7.8.24. 

from guinea-pigs . 13 24 36 44 51 61 67 72 86 

1(1) 13358 16 25 35 85 
T. M. B. (2) 013457 11 15 73 

1(3) 00000024 33 
1(4) 02501444 18 

(1) 00022222 11 
BM (2) 00000000 13 

(3) 020000003 

ý(4) 

212212230 
1(1) 02455555 22 

SS (2) 00330000 24 
1(3) 000000005 

(4) 000000005 
1(1) 1445567 8" 14 

G. P. P. (2) 22244556 21 
(3) 24588888 12 
(4) 026669888 

The figures are a measure of the lysis of organisms in ammonium carbonate solution, 0 indi- 
cating no lysis ; they are the difference between the turbidity readings (- log percentage transmission 
at wave-length 610 mi. ) of the control and those of the experiment, expressed as a percentage of the 
former. 

" For details of preparation see Table I. 

experiment 0.17, figure quoted 74. All figures are the average of two or more 
experiments, and are a measure of the lysis of the organisms in the dilute 
ammonium carbonate solution. 

The rapid solution of the in vivo-grown organisms is not shown by the 16 
samples of organisms grown in vitro even by those obtained from media containing 
plasma constituents. 

Preparation of Sterile Bacterial Extracts by Mild Methods. 
In these experiments the washed B. anthracis from infected guinea-pigs 

were used. 

Attempts to remove the capsule from B. anthracis. 
The evidence that the capsule of B. anthracis is composed of polyglutamic acid 

consists solely of the fact that non-capsulated organisms produce none of this 
material. When a capsule is formed there is no reason to suppose that it con- 
sists entirely of polyglutamic acid. Indeed Tomcsik (1951) has put forward some 
evidence for the presence of polysaccharide in the capsule. A preferential removal 
of the capsule would have been of great value in these studies in view of the possi- 
ble connection of the capsule with virulence (Treffers, 1947). Following the 
publication of the work of Amies (1951) on the removal of the capsule from 
Pasteurella pestis by solution of KCNS, in which it is mentioned that the same 
method worked for Bacillus mycoides, considerable attention was devoted to this 
problem, but without success. 

34 
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The classical method of wet India ink preparations was used to indicate the 
presence of a capsule. The following substances were examined in various con- 
centrations both at room temperature and at 0° to see if they would preferentially 
remove the capsule : -KCNS, KI, NH4CNS, sodium salicylate, guanidine hydro- 
chloride, urea, ammoniacal copper sulphate, ammonium acetate, mono-, di- and 
triethanolamine, tergitol, sodium taurocholate, sodium desoxycholate, formamide, 
ethylene glycol, diethylene glycol, pyridine, ether water, chloroform water, 
dilute ammonia solutions, Na2CO3, NaOH and acetic acid. Not one had the 
desired effect. 

Although no clear-cut removal of the capsule could be effected, stained films 
of B. anthracis grown in vivo show that some capsular material tends to become 
detached from the organism. This is supported by the fact that chemical frac- 
tionation of the plasma/exudate has revealed the presence of polyglutamic acid. 
There is a distinct possibility that the three washings of the bacteria with Locke's 
solution (Smith et al., 1953) may have removed some capsular material. These 
washings have been kept separate for chemical and biological examination. 

A bacterial extract prepared by the action of 0.16 per cent wlv ammonium carbonate. 
It was noticed in the above experiments that 50 per cent aqueous pyridine and 

0.1 x ammonia solution dissolved the organisms completely at 00. This was 
not solely a pH effect since NaHCO3, Na5CO3 and NaOH solutions did not give 
the same degree of lysis. 

Concentrating on the action of the ammonium ion rather than that of pyridine, 
experiments were designed to find the lowest pH at which this ion would effect 
complete solution of the organisms. Mixtures of ammonia, ammonium carbonate 
and ammonium acetate in dilute solution were used. A 0.16 per cent w/v ammon- 
ium carbonate solution (pH 8.8) was the most satisfactory, and after the organisms 
had dissolved the pH of the solution dropped to a minimum of 8.3. Mixtures of 
ammonium carbonate and ammonium acetate with reactions below pH 8.2 did 
not dissolve the organisms. Spores were not affected. After lysis the viable 
count corresponded to the few spores present in the original suspension. 

The procedure for preparing the extract is as follows : The sludge (50 ml. ) of bacterial 
chains (3-5 x 1011) from 100 guinea-pigs was transferred in ice-cold distilled water to a bottle 
(900 ml. ) containing glass beads (100 ml. ). Ammonium carbonate solution (4 per cent w/v, 32 ml. ) was added and the bottle filled with water and shaken at 0-3° overnight. The solution 
was clarified from a slight turbidity by centrifugation at 0-3° for 15 min. at 10,000 r. p. rn. (12,000 g) in a refrigerated centrifuge. After filtering through sintered glass filters and testing 
for sterility the extract was freeze-dried. The small residue from centrifugation was re- 
extracted with 0.16 per cent w/v ammonium carbonate solution (80 ml. ). 

Table III shows the details of five routine preparations of this extract in which 
the yield of insoluble material is also given. This material, which was autoclaved 
freeze-dried and finally dried at 0.1 mm. Hg and at 60° before weighing, consisted 
of spores and bacterial debris. 

A totally unexpected advantage of this method was the sublimation of the 
ammonium carbonate during freeze-drying. Determination of ammonia as ammonium salts in 7'different freeze-dried preparations corresponded to 1-2 per cent of ammonium carbonate. This small quantity of ammonia is probably 
present as the ammonium salts of other acids. 
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TABLE III. -The Extraction of B. anthracis with Ammonium Carbonate 
Solution and by Shaking with Ballotini. 

Soluble material 

'Wt. (g. ) of 
Initial extract 

material corrected 
(from 100 for moisture Insoluble material. 

Nature of guinea-pigs), and solids of the ---- 1------N 
extract Total No. PH of Wt. (g. ) of Locke's soln. Percentage 

(vol. approx. (X 1011) filtered freeze-dried in bacterial of soluble 
800 ml. ). of B. C. extract. extract. sludge. Dry wt. (g. ). material. 

Ammonium 4.0 8.3 2.2 1.8 0-087 . 4-8 
carbonate 3.8 8.5 1.8 1.4 0.062 . 4.4 
solution 3.8 8.7 1.7 1.3 0.055 . 4.2 

(0.16 per cent 4.9 8.7 2.1 1.7 0.075 . 4.4 
w/v). 4-9 8.7 2.5 2-1 0.080 . 3.8 

4.5 7.1 1.7 1-3 0.098 . 7.5 
Ballotini 5.4 6.9 2-2 1.8 0.075 . 4.2 
extract 4.1 6.8 1.8 1-4 0.070 . 5.0 

5.1 6.7 2.0 1.6 0.061 . 3.8 

" Moisture :L oss at 0.1 mm. Hg and 60°. Vol. of sludge is 50 ml. ; the weight of the solids 
of the Locke's solution in the sludge cannot be more than 0.5 g., and is estimated to be 0 . 25 g. 

A bacterial extract prepared by shaking with ballotini at 0°. 
A more conventional method of extraction was that used by Curran and Evans 

(1942) and King and Alexander (1948). The organisms were shaken with water 
and " ballotini " Grade 12, i. e., minute glass beads with an average diameter of 
0.13 mm. (Messrs. Chance Bros., Smethwick, England). After preliminary 
experiments to find the best proportions of ballotini, distilled water and bacterial 
sludge the following procedure was used : The bacterial sludge from 100 guinea-pigs was transferred with ice-cold water 
to a bottle (1150 ml. ) containing ballotini (350 ml. ). The bottle was filled with 
distilled water and shaken 24 hr. at 0-3°, only a small air bubble being left so that 
foam (and denaturation) was reduced to a minimum. The extract, the pH of 
which hardly varied from 7.0, was treated in the same manner as the ammonium 
carbonate extract. The re-extraction of the residue was done with water (80 ml. ) 
and ballotini (35 ml. ). 

Table III includes the details of four routine preparations in which the yield 
of insoluble material (treated as described above) is quoted. This material 
consisted of spores and bacterial debris. 

Results of freezing and thawing experiments. 
By freezing the diluted bacterial sludge at -20°, then allowing it to thaw at 

room temperature and repeating the process 15-20 times, the viable count of the 
sample dropped to 102-103/m1. However, the samples after this procedure 
remained grossly turbid, and there was no hope of sterile filtration yielding a 
soluble extract containing the same high proportion of bacterial substance as 
in the previous two methods. This method was therefore abandoned. 
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DISCUSSION. 

The widely held view that organisms from an infected host differ from those 
obtained from cultures has been substantiated for B. anthracis (N. P. ) from infected 

guinea-pigs. A study of morphology and susceptibility to phagocytosis sharply 
differentiated organisms grown in vivo from those grown in broth, but not from 
those cultivated in the other three media which contained some plasma constit- 
uents. However, the rapid lysis of organisms from guinea-pigs in ammonium car- 
bonate solution was not shown by any of the organisms grown in vitro including 
those from media containing plasma constituents. This lysis, the basis of which 
is unknown, serves to underline the chemical difference between these organisms. 

After the failure of attempts to remove the capsule of B. anthracis, two methods, 
the use of ammonium carbonate solution and shaking with ballotini have been 
used to dissolve the bacterial substance with excellent results. The proportion 
of material dissolved was over 95 per cent. , 

Of the two methods, extraction with 
dilute ammonium carbonate solution was easier to carry out, and it is doubtful 
whether any gross harm was done to constituents by. a pH of 8.8-8.3 at 0-3°. 
However, the second method of extraction at pH 7.0 rules out any possible detri- 
mental effect of thesd slightly alkaline conditions. 

Future work on the chemical basis of virulence of B. anthracis in guinea-pigs 
will follow three main lines. Plasma exudate (extracellular, products) and both" 
bacterial extracts will be examined in biological tests connected with virulence. 
The crude materials will then be examined chemically to identify the substances 
responsible for particular biological activity. This involves the extension of the 
above tests into biological assays for fractionation samples. Finally, observations 
on the metabolism of B. anthracis in body fluids may be attempted together 
with its repercussions on the metabolism of the host. The following paper, 
describes the first of these investigations. 

SUMMARY. 

B. anthracis organisms harvested from infected guinea-pigs have been shown 
to be different from those grown under a variety of conditions in vitro mainly 
by their rapid lysis in ammonium carbonate solution. 

Sterile bacterial extracts of B. anthracis grown in vivo have been prepared by 
two mild methods and contain over 95 per cent of the bacterial substance. 

Our thanks are due to Mrs. P. W. Harris-Smith for carrying out the phagocytic 
tests. 

Acknowledgment is made to the Chief Scientist, Ministry of Supply, for permis- 
sion to publish this paper. 
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IN a previous paper a method is described for collecting and separating large 
quantities of Bacillus anthracis and its extracellular products (plasmalexudate) 
from infected guinea-pigs. Two sterile extracts of the intracellular material 
(ammonium carbonate extract and ballotini extract) were prepared by dissolving 
the organisms almost completely under mild conditions (Smith, Keppie and 
Stanley, 1953a, b). These crude preparations have been examined for biological 
properties connected with virulence as a preliminary to chemical fractionation 
for the compounds responsible for such activity. This paper describes the behav- 
iour of these preparations in tests for toxicity, tissue-damaging activity, aggress- 
ins, and protective antigen. Similar studies on the extracellular products have 
already been reported (Treffers, 1947), but this is not so for the intracellular pro- 
ducts of B. anthracis grown in vivo. The behaviour of the latter in the biological 
tests is therefore of special interest. 

The results are discussed in relation to anthrax in the guinea-pig. 

METHODS AND RESULTS. 

In these experiments the strain of B. anthracis (N. P. ) and the breed of guinea- 
pigs used were those employed in the infection from which the bacterial products 
were obtained (Smith et al., 1953a, b, ). Abbreviations used to describe the latter 
are P. E. (plasma exudate, ) A. C. E. (ammonium carbonate extract) and B. E. 
(ballotini extract). 

Non-toxicity of B. anthracis Product8 
Eurich and Hewlett (1930) and Sobernheim (1931) doubted the toxicity of 

anthrax products, and this was supported by the work of King and Stein (1950). 
They found that intra- and extracellular products of a moderately virulent strain 
of B. anthracis grown under various conditions in vitro were non-toxic to mice in 
the doses given. The use of extracts of infected mouse spleens gave equally 
negative results. 

In addition to using highly virulent B. anthracis harvested from infected 
guinea-pigs, a more quantitative approach to this question of toxicity was made 
in the experiments reported below. The aim was to treat guinea-pigs (500 g. ) 
with sterile bacterial extract equivalent to more bacteria than there are in a guinea- 
pig when it dies of anthrax, and with a volume of P. E. greater than 100 ml. as this 
is approximately the volume of extracellular fluid in a guinea-pig (500 g. ). 

The number of bacterial chains (4-8 bacteria) in guinea-pigs dead from anthrax was 
estimated as accurately ea possible. Six guinea-pigs were examined immediately after 
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death, and haemocytometer counts were carried out on samples of the blood, thoracic and 
peritoneal exudates, liver, spleen, lung and kidney in two cases. The latter tissues were 
weighed after being removed from the animal, ground with water and sand in a mortar to 
form a fine suspension, and then suitable dilutions of these suspensions were taken for count- ing. Table I gives the number of anthrax bacilli estimated to be present in the whole guinea- 
pig and in the main viscera. The total counts for each animal in the series were similar. 

TABLE I. An Estimate of the Number and Location of Anthrax Bacilli 
in Infected Guinea-Pigs at De-7th. 

Guinea- Blood Peritoneal and 
pig (estimated Spleen Liver Lungs Kidneys thoracic 

(500 g. ). vol. 50 nil. ). (1-25-4 g. ). (14-23 g. ). (3.5-4 g. ). (5-8 g. ). exudate. Total. 
1 2.75 0-7 0-44 1-08 - - 4.97 
2 1-54 0.92 0-40 0-27 - - 3.13 
3 1.89 0-70 0.30 0.18 0-20 . 0.66(15 ml. ) . 3-93 
4 2.75 0-93 0.52 0-40 - - 4.60 
5 3-08 0.64 0.64 0-43 - - 4.79 
6 2-73 0.88 0.56 0-12 0.11 . 0.38 (15 ml. ) . 4-78 

Figures are the total number (X 1010) of bacterial chains ( 4-8 bacilli) in each tissue as determined 
by haemocytometer counts. 

Since it was intended to inject P. E. in volumes of 100 ml. or more, the tolerance 
of guinea-pigs (500 g. ) to the intraperitoneal injection of large volumes of normal 
guinea-pig plasma was investigated. Injection of these large volumes was carried 
out high in the flank to avoid subsequent leakage. Citrated plasma was toxic in 
the required volumes, but heparinised plasma (or plasma from defibrinated blood) 
was not toxic up to a limit of 200 ml. (see Table III). 

In the collection of B. anthracis and its products (Smith et al., 1953a) for these 
toxicity experiments, heparin (10 I. U. /ml. ) and not citrate was used as 
the anticoagulant. 

Non-toxicity of bacterial extracts. 
The bacteria were used immediately after the differential centrifugation procedure and 

removal of the final P. E. The washing with Locke's solution was omitted to avoid the danger 
of removing or destroying toxic principles by this treatment. Bacterial counts of this sludge 
showed that the total quantity of bacteria was appoximately 10 times the number estimated 
to be present in one guinea-pig (500 g. ) when it dies of anthrax. The material was divided 
into 5 parts, and after the treatments described below, each part was injected into a single 
guinea pig (500 g. ) This meant that each guinea-pig received bacterial extract equivalent 
to approximately twice the number of anthrax bacilli estimated to be present in a guinea-pig killed by anthrax It is unlikely that the error in the latter estimate is more than twofold. 

The total bacterial sludge was homogenised in distilled water (800 ml. ) and divided into 
5 parts which were treated as follows. 

(a) Filtered A. C. E. -Prepared as described previously (Smith et at., 1953b). After 
filtering, the solution (160 ml. + 40 ml. water used to wash the filter) was adjusted to pH 
7.2 with acetic acid and made isotonic by adding sodium chloride (1 g. ). 

(b) Filtered B. E. -Prepared as described previously. After filtering, the solution (160 
ml. + 40 ml. water used to wash the filter) was made isotonic by adding sodium chloride (1.4g. ) 

(e) Penicillin-treated A. C. E. -Prepared as described for (a), but instead of being filtered 
sterile, the solution (160 ml. ) was adjusted to pH 7.2, rendered isotonic and incubated at 
37° for 2 hr. with penicillin (1000 units/ml. ). 

(d) Penicillin-treated B. E. -Prepared as described for (b) and treated with penicillin 
as described for (c). 

(e) Heat- and penicillin-treated bacterial suspension. -The suspension (160 ml. ) was heated 
to 60° for 30 min., adjusted to pH 7.2, rendered isotonic and treated with penicillin as described 
for (c). 
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. 
To determine whether the bacterial extracts after any of the above treatments 

were toxic, each preparation was injected intraperitoneally into a single guinea-pig 
(500 g. ), which was kept under observation for 7 days. Table II (Exp. 1 and 2) 
summarises the results of two experiments, and it is evident that no toxin was 
demonstrable under these conditions. Preparations (c), (d) and (e) were made to 
rule out a possible loss of toxin during filtration of (a) and (b), although this was 
unlikely since the filters were of sintered glass. As (c), (d) and (e) were not wholly 
free from B. anthracis and other organisms, the appropriate guinea-pigs were 
given daily injections of oily penicillin (30,000 I. U. ) to try to prevent infection ; 
this dose of penicillin was innocuous in control animals. Although this was inade- 
quate in a few instances, it was clear that the unfiltered extracts were as non-toxic 
as those filtered. " For comparison with these toxicity experiments, guinea-pigs (500 g. ) were 
injected with the untreated live bacteria from infected guinea-pigs in quantities 
1/100 and 1/10,000 of those made into the preparations described above. These 
animals died very rapidly of anthrax infection ; the times for death to occur are 
included in Table II. 

TABLE II. -Non-Toxicity of Bacterial Extracts when Injected Alone and 
Together with P. E. 

Bacterial extracts 
Bacterial extracts alone, with solids from P. E. 

(100 ml. ). 
Exp. 1 Exp. 2 

(each extract equiv. (each extract equiv. (each extract equiv. 
Nature of material to 7.5 X 10u ' to 10.4 X 1010 to 9.9 X 1010 

injected i/p (160-200 ml. ). bacterial chains). ' bacterial chains), bacterial chains). 

No. of No. of No. of 
guinea- guinea- 

pigs. Result. pigs. Result. . guinea- 
pigs. Result. 

Filtered A. C. E. (sterile) 1 Alive 1 Alive 1 Alive 
Filtered B. E. (sterile) . 2' �1.. 1. ' 
Penicillin-treated A. C. E. 

(non-sterile) .1'" �" 
1 Died Died of ff 1 Died of 

anthrax - anthrax 6th day 
Penicillin-treated B. E. (non-. 1-�1 Died of - 1A Alive 

sterile) anthrax 
in 48 hr. 

heat- and penicillin-treated 1�1" Alive 1 Died of 
extract (non-sterile) - ' streptococcal 

infection 

Live bacteria 1/100 quan- .2" 
Died in 15 3. Died in 10, 

in 52 hr. 
.3 Died in 11 

tity in each extract and 16 hr. 11 and 12 hr. 12 and 13 hr 
Live bacteria 1110,000 quan- 1. Died in 38 hr. 4. Died in 17, , 

.4. Died in 18 
tity in each extract 18,19 and , 19,20 and 19 hr. 21 hr. 

The guinea-pigs used weighed 500 g. and were observed for 7 days. 
* The result of a single preliminary experiment with filtered B. E. is included here. 

DESCRIPTION OF PLATE. 
Tissue changes in guinea-pigs 24 hr, after intradermal injection (0.2 ml. ) of solutions (5 per cent 

w/v) of sterile anthrax products. 
FiG. 1. -P. E., adjacent to cutaneous muscle. FIG. 2. -P. E., a more superficial field. 
Fm. 3. -A. C. E. 
Fm. 4. -B. E. 
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Non-toxicity of P. E. 
Quantities equivalent to 75,100,150 and 200 ml. of undiluted P. E. were injec- 

ted into guinea-pigs (500 g. ). As described previously (Smith et al., 1953a), the 
undiluted P. E. collected had to be mixed with an equal volume of diluent to 
ensure satisfactory filtration through " Millipore " filters. Since the maximum 
volume tolerated by a guinea-pig (500 g. ) was 200 ml., the 150 ml. and 200 ml. 
quantities of undiluted P. E. were obtained in isotonic solution by diluting with 
water before filtration, freeze-drying and reconstituting. Any possible adverse 
effects of this treatment were ruled out for the 75 ml. and 100 ml. quantities by 
diluting with Locke's solution and injecting 150 ml. and 200 ml. respectively 
after filtration. 

Table III summarises the results obtained in 3 experiments with different 
batches of P. E. It includes the results of controls given normal heparinised 
guinea-pig plasma. No toxic extracellular substances were detected in the P. E. 
under these conditions. 

TABLE III. -Non-Toxicity of P. E. when Injected Alone. 

Control 
(normal heparinised plasma). 

Volume of material 
No. 

of injected (i. p� ml. ). guinea-pigs. Result. * 
200 53 alive, 2 died (let 

and 6th day) 
150 10 Alive 
100 32 alive, 1 died 

75 _ 
(7th day) 

P. E. 
(combined results on three different 

batches). 

No. of 
guinea-pigs. Result. * 

4 3 alive, 1 died 
(6th day). 

5 Alive 

*The animals were observed for 7 days. 

Non-toxicity of bacterial extracte and P. E. when injected together. 
The experiment which showed the non-toxicity of bacterial extracts when 

injected alone was repeated but instead of adding sodium chloride to make the 
preparations isotonic, the freeze-dried solids from 100 ml. undiluted P. E. were 
dissolved in solutions (a), (b), (c), (d) and (e) described above. The results of this 
experiment are included in Table If. The mixtures of products were non-toxic 
under these conditions. 

Tissue-damaging Activity of B. anthracis Products. 
Watson, Cromartie, Bloom, Heckly, McGhee and Weissman (1947) showed that 

crude oedema fluid, and a fraction of it, produced a lesion if injected intradermally 
into rabbits. The histopathology of this lesion was similar to that produced by 
B. anthracis in a similar site. Some tissue damage was produced by our products 
which, however, was not extensive or of long duration. 

Intradermal injections of 5 per cent w/v solutions (0.2 ml. ) of A. C. E., B. E. 
and P. E. (dialysed) were made in guinea-pigs. 

Macroscopically A. C. E. and B. E. produced only a trace of oedema, which quick- 
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ly faded. P. E. produced a small oedematous plaque within 24 hr., but the oedema 
and congestion were short-lived and were diminishing by 48 hr. 

,- The tissue changes are shown in Fig. 1,2,3, and 4.. The tissue reactions pro- 
duced by P. E. and the two bacterial extracts were similar, and differed only in 
degree, the P. E. reaction being the more widespread. The whole depth of the 
corium was involved, the changes being greatest in the deeper layers adjacent to 
the cutaneous muscle. No selective damage to any particular tissue was found. 

The site of the injection showed a loss of the superficial layers of the epidermis, 
leaving an accumulation of disintegrating polymorphs with a fibrinous coagulum. 
The deeper layers of the epidermis showed little change although only a thin layer 

of the epithelium remained. 'The papillary connective tissue in a small area under 
the bleb showed hyaline necrosis with a few polymorphs at the margin. Down- 

wards through the corium there was some oedema which pushed the collagen 
fibres apart. Polymorphs were widely scattered in all the spaces, but were accumu- 
lated in the clefts between fibres in the mid-zone of the corium (Fig.. 2), where a 
localised abscess may be formed. There was no evidence of destruction or frag- 
mentation of collagen (Watson et al., 1947), but some fibres showed hyaline 
change and stained deeply with eosin (Fig. 2). Oedema was greater towards the 
muscle, and there was some fibrinous coagulum in the tissue spaces. Scattered 
polymorphs were present in the oedematous tissue and some red cells were free in 
the tissue spaces (Fig. 1). Deep to the muscle there was oedema and fibrinous 
accumulation, and there the red cells were present in greater numbers and there 
were haemorrhages from damaged capillaries. 

The peak of the reaction had occurred by 24 hr. and by 48 hr. resolution had 
begun. On the 7th day healing was almost complete. 

The Aggressin Activity of B. anthracis Products. 
A. C. E., BE. and P. E. have been tested for aggressin, or the capacity to inter- 

fere with the host defence mechanisms (Bail, 1904 ; Bail and `'Veil, 1911). Tests 
for such activities as the promotion of infection by sub-lethal doses of organisms 
and interference with the phagocytic and bactericidal power of blood will be des-_ 
cribed. 

, 
The two latter tests have been developed into biological assays which 

can be used for detecting aggressin during the chemical purification of crude pro- 
ducts. 

-The activity of crude products in the tests will be described here, but the 
results of the chemical fractionation and a statistical examination of the assays 
will be given elsewhere-. 

'The promotion of B. anthracis infection in guinea pigs by B. anthracis products 
Preliminary experiments showed that 50 B. anthracis spores in gelatin-Locke 

solution (20 ml. ) were non-lethal for guinea-pigs (300-350 g. ) by the intraperitoneal 
route ;1x 104 spores by this route are needed to kill all animals. In order to 
test solutions of P. E. (2-per cent w%v), A. C. E. (1.25 per cent w/v) and B. E. (1.25 
per cent w/v) for their capacity to promote infection, 50 spores were injected with 
20 ml. of each of these solutions using groups of 5 guinea-pigs. All of these animala died, whereas no deaths occurred in 30 control animals. 

Aggressin activity was thus demonstrated in the intracellular products as well 
as in the extracellular products. The large amount of material necessary for this in vivo test makes it unsuitable as a routine assay for chemical fractionation. 
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The antiphagocytic activity of B. anthracis products. 
The A. C. E., B. E., and P. E. were examined for antiphagocytic activity in 

the following in vitro phagocytosis test. Citrate has a definite antiphagocytic 
action in this test (Allgöwer, 1947) : therefore the samples of P. E. were dialysed 
against distilled water before use. 

To fresh defibrinated guinea-pig blood (0.4 ml. ) contained in a waxed bottle (5 ml. ) gelatin. Locke solution (0.4 ml. ) containing the test material was added, and the mixture was kept 
at 37° for 30 min. A broth suspension (0.2 ml. ) of B. anthraci8 was then added. This suspen- 
sion contained ten times as many organisms in 0.2 ml. as there were polymorphs in 0-4 ml. of the blood. It was prepared by adding the correct number of spores to broth and keeping the 
mixture at 37° for 30 min. The spores had then formed small stainable diploid organisms 
which were easy to count when inside the phagocytes. The final mixture was rotated at 37° for 30 min., cooled in ice and centrifuged at 500 r. p. m. (10 min. ) and then at 2000 r. p. m. (10 min). The well-defined white cell layer was filmed and stained with Leishman's stain. Organisms in 100 phagocytes were counted, and the mean phagocytic index for the experi- 
mental sample was compared with that of the control. Several concentrations of the mat- 
erials under test were examined, and Table IV summarises the results of one of a number of 
tests carried out on each sample. The antiphagocytic activity of A. C. E., B. E. as well as P. E. is well marked. Absence of citrate (< 0.3 per cent) in the freeze-dried products was 
confirmed by the chemical method of Hargreaves, Abrahams and Vickery (1951). 

TABLE IV. Antiphagocytic and Antibactericidal Activity of 
B. anthracis Products. 

Antibactericidal test. (Figures are 
Antiphagocytic test. the viable counts in equivalent 

Mean phagocytic samples of the mixtures. ) 
Nature of Concentration index from count test material. per cent. of 100 phagocytes. Initial Final. 

Nil (control) 6.13 104 23 
5 0.8 103 48 

A. C. E. 2.5 4.29 100 55 
1.25 5.89 96 45 
0.62 

- 94 42 

Nil (control) 6.13 85 28 
5 1.32 81 65 

B. E. 2'5 5.08 89 50 
1.25 4.78 80 41 
0.62 

- 88 39 

Nil (control) 9.21 91 25 
5 7.62 91 57 
2-5 959* 95 43 

P. E. (Batch 1) 1.25 2 9 43 
0.62 - 100 33 
0.31 - 90 29 

Nil (control) 10.7 91 25 
5 5.32 90 90 
2-5 . 7 4 87 67 

(P. E. Batch 2) 1.25 
0 

10 .2 85 52 
0.62 9.93' 91 48 
0.31 - 96 41 

Whole defibrina ted guinea-pig blood was used. Details of the tests are given in th e text. 
* Figure not si gnificantly lower than the control. 

The antibactericidal activity of B. anthracis products. 
This test was carried out as described for the anti-phagocytic test, except that the number 

of germinated B. anthraci8 spores added was one-tenth of the number of polymorphe in the 
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blood, and rotation of the final mixture was continued for 1i hr. Immediately after adding 
the organisms and before rotation at 37°, a sample was taken from each waxed bottle. After 
appropriate dilution in gelatin-Locke, a measured volume was spread on 4 nutrient agar 
plates for a viable count. The same procedure was repeated after rotation in the hot room, 
but 6 plates were used for each sample The bactericidal action of defibrinated guinea-pig 
blood, which reduced the viable count of the control to a low figure, was inhibited by A. C. E., 
B. E. and the two citrate-free samples of P. E.; the greater the aggressin activity of the test 
material, the higher was the final viable count. 

Table IV includes typical results which demonstrate anti-bactericidal activity 
in A. C. E. and B. E. as well as in P. E. 

The nature of the bactericidal action of defibrinated guinea-pig blood. 
It could be shown that normal guinea-pig serum had no bactericidal action 

on broth cultures of B. anthracis. The presence of an anthracidal substance in 
leucocytes (Bloom, Watson, Cromartie and Freed, 1947) suggested the possibility 
that secretion of such a substance by the white cells might occur after the bacilli 
were added (see also Bail and Weil, 1911). This was disproved by determining 
the fate of all the organisms used in phagocytosis tests. These were carried out 
without the addition of any experimental material. After 30 min. rotation at 
37°, samples were taken for viable and phagocytic counts as described before. 

. Rotation was continued and further samples were taken at 60 min. and 90 min. 
Table V gives the results obtained in several experiments. These show that the 
sum of the organisms remaining viable and the number phagocytosed equalled 
the number of organisms initially added. This means that under these conditions 
there is no extracellular bactericidal activity. 

TABLE V. -Nature of the Action of Defibrinated Guinea-Pig Blood 
on B. anthracis from Broth Culture. 
Distribution of bacteria after incubation for the time interval stated. 

Number of 30 min. -` 60 min. 90 min 
organisms 

added to the Phago- Phago- Phago- 
Exp. system. Viable +cytosed =Total Viable +cytosed =Total Viable +eytosed Total 

1 6.0 . '- --. 3.7 2.5 6.2 . 3.8 2.5 6.3 2 9.2 . 4.9 3.8 8.7 
. 3.6 5.7 9.3 . 3.3 6.1 9.4 

3 9.9 
' . 7.0 2.9 9.9 . 4.9 5.0 9.9 . 3.5 5.6 9.1 4 . 2.3 . 1.3 0.7 2.0 .---. 1.1 0.9 2.0 

Figures are the total count (X 106) in the mixture (I ml. ). 
The ratio of organisms to phagocytes in this mixture is approximately 10 : 1. 

It is possible that the viable counts after the action of the blood were reduced by the number of polymorphs present, since these may each have contained one viable organism which gave rise to a colony in the viable count. Application of this correction does not affect the main conclusion, that there' is no extensive 
extra-cellular bactericidal activity. 

These results were confirmed in a smaller number of experiments using the 
conditions of the bactericidal test. 



PROPERTIES OF B. ANTHRACIS GROWN IN VIVO 493 

The Immunising Activity of B. anthracis Products. 
The literature already reviewed (Smith et al., 1953b) clearly shows that extra- 

cellular products of B. anthraci8 whether produced in vivo or by special conditions 
in vitro contain a protective antigen. Attempts to detect such an antigen in 
extracts of bacteria grown in vitro have been unsuccessful, but preparations from 
bacteria grown in vivo have not so far been examined. The results of active 
immunisation experiments on A. C. E. and B. E. are therefore of special interest. 

P. E., A. C. E. and B. E. were examined for their power to produce active immu- 
nity in the fcllowing test. Guinea-pigs (300-350 g. ) were given 3 subcutaneous 
injections (1 ml. ) of the test material at 7-day intervals. One week after the last 
injection the animals were challenged with 1000 L. D. of B. anthracis spores. 
Deaths were recorded up to 10 days. This test is now used as a biological assay 
of the protective antigen in the chemical fractionation of P. E. Full details of this 
fractionation and of the biological assay, especially the statistical treatment of 
data, will be published elsewhere. 

Activity of P. E. 
Several batches of freeze-dried P. E. have been tested for their immunising 

power in guinea-pigs with similar results. The combined results show that with 
concentrations (per cent) of 4,1,0.5 and 0.025 the number of survivors was 10/10 
35138, -11/15 and 3/15 respectively. It must be noted that a4 per cent solution of 
freeze-dried P. E. is approximately equivalent to undiluted P. E. collected from 
guinea-pigs ; approximately 1 /3rd of the dry solids are the sodium citrate and 
salts of the Locke's solution added during harvesting. 

Further experiments have shown that P. E. does not lose appreciable immunis- 
ing activity on freeze-drying and does not confer passive immunity ; it also protects 
rabbits against a B. anthracis infection. When examined separately, both the 
blood plasma and the cavity exudate from infected guinea-pigs have immunising 
activity. 

Inactivity of A. C. E. and B. E. 
The following solutions, 3 per cent w/v A. C. E., 2.5 per cent w/v A. C. E. (differ- 

ent batch) and 3 per cent w/v B. E. gave no protection to 5,4 and 4 guinea- 
pigs respectively in the test for protective antigen. The quantity of bacterial 
extract used for one guinea-pig in these experiments was derived from the bac- 
teria removed from approximately 100 ml. of P. E. in the harvesting procedure 
(Smith et al., 1953a). This quantity of P. E. by virtue of its content of extracellu- 
lar antigen would immunise 150 guinea-pigs. Tests have shown that treatment 
with ammonium carbonate or shaking with ballotini does not affect the protective 
activity of P. E. 

The results obtained with these bacterial extracts show that the intracellular 
products of B. anthracis grown in vivo are as devoid of immunising activity as are 
similar in vitro preparations. This further confirms the essentially extracellular 
nature of the immunising antigen of B. anthracis. 

There was a possibility that the immunising antigen was in high concentration 
at the surface of the cell, and was removed by the Locke's solution when the 
bacteria were washed. This was excluded by examination of the activity of the 
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three individual wash solutions. Activity was only apparent in the first washing, 
and this was no more than that accounted for by the presence of P. E. 

Connection between the protective antigen, and the`aggressin of P. E. 

The fractions of P. E. resulting from purification studies have been tested in' 

parallel for protective antigen and for aggressin by means of the tests described 

earlier. In samples from three different types of fractionation, preliminary results 
have shown an interesting correlation worth, mentioning here between protective 
antigen and aggressin. The results are summarised in Table VI. 

TABLE VI. -Relative Activity of P. E. Fractions in Tests for 
Protective Antigen and Aggressins. 

Lowest active concentration* (per cent) 

Type of Antiphagocytic Antibactericidal 
fractionation. Fraction. Immunising test. test. test. 

Cohn/Edsall plasma 
j10.2 0.17 0.17 

fractionation 2 0.2 0.5 0.5 
3 Inactive at 1.6 Inactive at 1.5 Inactive at 1.5 

r10.2 
.-0.17 0.5 

Ammonium sulphate "2., 0.8 0.5 1.5 
3 Inactive at 1.6 Inactive at 4-5 Inactive at 4.5 

A combination of 1 0.2 No test 0.26 
barium acetate 2 0.05 0.06 

and ethanol 3 1.6 � 1.6 
* The volume of solutions used and other details of these tests are as described in the text ; figures 

in the table are concentrations of solutions used as test material. 

The samples tested were not pure materials, and therefore the possibility 
remains that two different substances are responsible for each activity. However, 
the correlation up to the present is noteworthy, and is supported by the finding 
that a sample of purified protective antigen produced in artificial cultures (Strange 
and Belton, 1953 ; personal communication) had aggressin activity in both tests. 

DISCUSSION. 

The evidence given in the first part of this paper strongly indicates the absence 
of any well-defined endo- or exotoxin in the materials from a B. anthracis infec- 
tion in guinea-pigs. This supports earlier work (Eurich and Hewlett, 1930 ; 
Sobernheim, 1931 ; King and Stein, 1950) using materials prepared by culture in 
vitro. Gross toxicity is almost certainly ruled out by our experiments. The 
quantities of materials injected into a single guinea-pig were unusually large, and 
the methods of preparing the extracts were very mild. An absence of gross 
toxicity might be expected in view of the large numbers of bacilli present in 
the guinea-pig at death, which suggests that the toxicity per organism cannot be 
large, or the host would probably die before so many could be produced. 

The important, inference to be drawn from these toxicity experiments is that 
the killing power of B. anthracis is associated mainly with the growth of the or- 
ganism in the tissues of the host, rather than with any particularly active endo- 
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or exotoxin. The rapid death produced by the relatively small initial dose of 
live organisms described in the toxicity experiments shows the importance of 
this growth. There are two essentials for rapid growth in the host tissues, a 
satisfactory nutritional medium (Bacon, Burrows and Yates, 1951), and the produc- 
tion by the organisms of substances which combat the normal host defence mech- 
anisms. At the moment, therefore, it is thought that the most important chemi- 
cal substances to study in connection with the virulence of B. anthracis in guinea- 
pigs are the aggressins. They are present in the intra- and extracellular products 
of the organism, and work is in progress on the fractionation of these crude mater- 
ials for the compounds responsible for activity. It is relevant to mention here 
that Sterne (1937), on the basis of observations on the virulence and immunising 
power of B. anthracis variants, suggested that virulence was perhaps determined 
by two factors. One was connected with the capsule of the organism, but the 
other was extracellular and was also responsible for immunising power. The 
results described above support this theory Both intra- and extracellular aggres- 
sins are present and evidence from chemical fractionation connects an extracellular 
aggressin with the protective antigen. 

Once the organisms can grow abundantly, the death of the host could result 
either from the combined action of a number of relatively weak or slowly acting 
harmful effects, or through the host's tissues being deprived of essential nutrients 
by the metabolic activity of the organism. 

A number of the effects of infection mentioned in the literature (some of which 
have been noticed in this work with guinea-pigs) could be harmful. A slight 
tissue-damaging factor has been demonstrated in this and other work (Sobernheim, 
1931 ; Watson et al., 1947). The abnormalities of the blood in the terminal 
phases such as the slight haemolysis, the increased red cell fragility, the delayed 
clotting and the agglutination of red cells must result from the action of some 
as yet undefined harmful product of B. anthracis. The possibility that calcium 
metabolism is interfered with has been suggested by Bloom, McGhee, Cromartie 
and Watson (1947), and de Moulin (1936) has drawn attention to evidence of dam- 
age to the tissues of the nervous system. In this connection it is important to 
bear in mind that weakly toxic materials-e. g., the lecithinase of McGaughey and 
Chu (1948)-may be fixed on the host tissues as soon as they are formed, and 
would not be detected in the products harvested. 

It should be feasible in connection with the second of these possibilities to 
determine whether the bacilli deprive the host of essential materials by studying 
the rate at which these organisms remove physiological essentials from the fluids 
of the host. 

In connection with anthrax in the guinea-pig, it is important to decide whether 
the final septicaemia, which appears to coincide with the period of greatest distress 
in the animal, is essential to cause death. In view of the reports in the literature 
(Cromartie, Bloom and Watson, 1947 ; Bloom, McGhee, Cromartie and Watson, 
1947) that death from anthrax occurs in some species without a marked septicae- 
mia, blood films were examined from approximately 200 guinea-pigs dying from 
the form of experimental anthrax used in this work. In every case the blood con- 
tained large numbers of bacilli. The counts made on the blood of the six animals 
described earlier in this paper are additional evidence that a marked septicaemia 
precedes death in the guinea-pig. This is supported by the fact that the total 
yield of bacteria collected from successive batches of 100 guinea-pigs (Smith et al., 
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1953a) is a remarkably constant amount. Further work is necessary to examine 
the suggestion that guinea-pigs treated differently from those under discussion 
may die from anthrax in the absence of a marked septicaemia. 

Study of the virulence of B. ' anthracis in guinea-pigs is being continued on 
the lines indicated in this discussion. 

SUMMARY. 

As a preliminary to chemical fractionation, products of B. anthracis harvested 
from infected guinea-pigs have been examined in various biological tests connected 
with virulence. 

Large quantities of intra-' and extracellular products were non-toxic when 
injected intraperitoneally. 

Intra- and extracellular products contain aggressins as shown by their ability 
to promote infection by sub-lethal doses of B. anthracis and to interfere with 
phagocytosis. 

Extracellular products produced active immunity to anthrax in guinea-pigs 
but intracellular products did not. Evidence is presented that an extracellular 
äggressin and the protective antigen may be the same substance. 

We are indebted to Dr. Joan Ross for the histological report and for the 
photographs. Our thanks are also due to Mr. T. Snape for excellent technical 
assistance. Acknowledgement is made to the Chief Scientist, Ministry of Supply; 
for permission to publish this paper. 
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Bacillus anthracis and its products have been obtained from infected guinea- 
pigs in sufficient quantity for chemical extraction (Smith, Keppie and Stanley, 
1953a). It has been suggested that the examination of this type of in vivo- 
produced material might be the best way of identifying the chemical compounds 
and processes responsible for the virulence of this and other pathogenic organisms (Smith, Keppie and Stanley, 1953b). An immediate approach to the identification 
of the chemical basis of the invasiveness of the organism was made. Agressins 
were easily demonstrated in extracts of the organisms (Smith et al., 1953b) and 
extracellularly in the body fluids of the infected guinea-pigs (Keppie, Smith and Harris-Smith 1953). These two crude products are being chemically fractionated 
for agressins (Smith and Zwartouw, 1954; Smith, Zwartouw and Gallop, 1954). 

Unfortunately, in so far as the cause of death in anthrax is concerned, the 
literature (see Smith et al., 1953b) had little to offer other than speculation. Neither the general nature of the lethal effect on the host nor even the products or 
processes of the organism mainly responsible for the characteristic symptoms of the disease were known. No study of the chemical basis of this aspect of patho- 
genicity was therefore possible until the nature of the fatal syndrome was estab- lished and the substance causing it recognised. Work leading to the solution of this problem, already briefly reported (Smith and Keppie, 1954 ; Smith, Keppie, 
Ross and Stanley, 1954), is described in more detail here and in two subsequent 
papers. 

Up to the present, no lethal endo- or exotoxin has been found in in vitro cultures 
of B. anthracis (Eurich and Hewlett, 1930; Sobernheim, 1931 ; King and Stein, 
1950), and our first attempt to demonstrate a lethal factor in the products of the 
Organism growing in vivo was unsuccessful. Large quantities of a mixture of five parts thoracic exudate and one part plasma from guinea-pigs dying of anthrax 
were not lethal when injected intraperitoneally into guinea-pigs. The result was the same when bacterial extracts were injected equivalent to an amount of bacteria 
twice that estimated to be present in a guinea-pig when it dies of anthrax (Keppie 
et al., 1953). These preparations, although n-lethal, did produce the mild 
oedematous skin reaction already associated with such material (Sobernheim 
1931 ; Cromartie Watson, Bloom and Heckly, 1947; Watson, Cromartie, Bloom, 
Heckly, McGhee and Weissman, 1947). It was pointed out that this lack of gross toxicity and the fact that very large numbers of B. anthracis grew in the blood of 
guinea-pigs before they died meant that death was due to harmful effects which 
were weak relative to the number of organisms producing them. 
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Such effects already suggested in the literature are that the massive bacteraemia 
might block the capillaries of the host, produce a fatal anoxaemia or a deficiency 

of essential nutrients. To assess the importance of such hypotheses it was 
essential to know whether the bacteraemia had to reach its possible maximum 
before death from anthrax followed. It is generally agreed that a pronounced 
bacteraemia is a usual feature in death from anthrax in many species, and we have 
found it invariably so in our work with guinea-pigs. However, a few reports 
state that partly immune guinea-pigs (Sterne 1953, private communication) and 
some animals of other species (Bloom; McGhee, Cromartie and Watson, 1947 ; 
Stockman, 1911) die of anthrax with only a slight bacteraemia. Such reports 
were the exception to the general rule and were in the main incidental to other 
studies. A thorough investigation of the significance of the final bacteraemia in 
the death of guinea-pigs seemed necessary. 

This paper is mainly concerned with the bacteraemia, but observations have 
been made on the significance of obvious changes in the blood of guinea-pigs 
dying of anthrax (Keppie et al., 1953) and on the validity of two previous hypotheses 
(Bloom et al., 1947; de Moulin, 1936) on the cause of death. Opportunity has 
also been taken to analyse the distribution of organisms in the tissues of the host 
at different stages in the final bacteraemia. 

EXPERIMENTAL. 

The Relationship between the Degree of Bacteraemia and Death 
from Anthrax. 

The plan was to use therapeutic measures calculated to terminate the final bacteraemia 
abruptly at known progressive stages in its development. The subsequent fate of the 
guinea-pigs would indicate the earliest stage at which irreparable damage to the host had-- 
occurred. 

The infection. The strain of B. anthraci8 (N. P. ) and the breed of guinea-pigs (700 g. ' 
50) used were the same as in previous work (Smith et at., 1953a), but here an intradermal 

injection (2 x 103 spores) was used. The animals died between the 3rd and 5th days after 
injection. 

The final bacteraemia. -In the 12 hr. preceding death, the number of organisms in the 
blood rose from approximately 3X 105 chains per ml. to 1X 100 chains per ml. The pro- 
gress, of this final bacteraemia could be followed conveniently by microscopic examination 
of blood films from the ear. _ 

One flat loopful (area enclosed by loop 2 sq. mm. ) of blood 
was spread over 1 sq. cm. and stained with methylene blue. Examination of 50-100 fields 
(magnification x 600) gave the average number of bacterial chains per field. In 15 compari- 
sons of this method of counting with haemocytometer counts of the organisms, the relation- 
ship with the absolute count was obtained (I chain per field = 1.5 X 10' per ml, of blood) 
and the error of maximum scatter was within 1 50 per cent. After the degree of bacteraemia 
had been determined in this manner the survival time of the guinea-pig subsequent to the 
making of the blood film was noted. In Table I, the results given in the 2 left-hand columns - 
show that the degree of bacteraemia is closely related to the period of survival ; each survival 
time given is the average of observations on 10-15 animals in 6 experiments. 

Termination of the bacteraemia : subsequent fate of the guinea-pigs. --A rapid method for terminating the bacteraemia was essential, and a number of therapeutic agents were tested for this purpose. Hyper-immune anthrax antiserum prepared in the horse (30 ml. ), - chlortetracycline (25 mg. ), oxytetracycline (20 mg. ) and chloramphenicol (100 mg. ), failed to stop the rapidly developing bacteraemia. Penicillin was toxic for guinea-pigs at a dosage 
which was adequately bacteriostatic. Streptomycin, however, proved very effective and was non-toxic for guinea-pigs. The dosage used was an initial injection of 80 mg. (half 
given subcutaneously and half intraperitoneally), followed 6 hr. later by a further 40 rng, subcutaneously. Thereafter daily doses of 25 mg. dihydrostreptomycin cerate were giver, 
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TABLE I. The Relationship between the Degrees of Anthrax Bacteraemia in 
Guinea-pigs and the Time to Death. The Results of Streptomycin Treatment. 

Infected guinea-pigs. Streptomycin-treated guinea-pigs. t 

Organisms in blood. Hours until death. Hours until death. 

No. per No. per ml. Standard Number dead. Standard 
field. * X 10-'(± 50%). Average. deviation. Number treated. Average. deviation. 
1/80 0.2 12.7 0.6 0/2 -- 1/40 0.4 11.5 0.7 0/6 -- 1/20 0.8 9.5 1.2 2/12 -- 1/10 1.5 8.5 1.7 1/12 -- 1/5 3.0 8.1 1.3 11/20 -- 

1/2 7.5 6.9 1.0 36/37 43 15 
1 15 6.1 0.8 19/19 39 12 
2 30 4.9 1.1 16/16 36 12 
4 60 4.4 0.7 9/9 24 8 
8 120 3.6 1.0 14/14 17 6 

16 240 2.4 0.5 12/12 10 4 
32 480 1.5 0.5 .. 7/7 62 
64 960 Death - --- 

* Films prepared as described in the text and stained with methylene blue, magnification X 600. 
Numbers refer to chains. 

t See text for details of streptomycin treatment. 
$ Average of 10-15 animals in 6 experiments. 

intramuscularly. The antibiotic rapidly terminated the infection. Multiplication of the 
organisms had ceased within 1-1} hr., by which time they were disintegrating; after 5-7 
hr. no bacilli remained in the blood. This applied even in animals treated approximately 
4 hr. before they would otherwise have died. At times later than this, only 50-75 per cent 
of the animals could be freed from infection. The fate of animals treated with antibiotic 
at selected stages of the developing bacteraemia was noted, together with the time of death, 
if this occurred, Throughout the experiments, detailed observations were made only on 
animals freed from active infection. 

The results of six experiments are summarised in the right-hand columns of 
Table I. Removal of the infection with streptomycin saved the guinea-pigs, 
provided the bacteraemia had not increased beyond ca. 3X 106 chains/ml. of 
blood. All guinea-pigs with a bacteraemia greater than this critical value died 
although they were free from active infection. The time interval (6-72 hr. ) 
between antibiotic treatment and death was much longer than that which would have elapsed had the bacteraemia not been stopped ; it decreased regularly as 
the level of bacteraemia at which the animals were treated increased. 

Observations on Two Recorded Hypotheses on the Cause of Death. 
The study of the bacteraemia and the effective use of streptomycin to control 

it provided an opportunity to investigate previous hypotheses on the cause of death. ' 

Interference with calcium metabolism. 
Bloom et al. (1947) compared the symptoms of anthrax in rabbits (lassitude, 

drowsiness and excessive response to stimuli) with those of calcium deficiency, 
and noted the work of Weinstein (1938) who protected mice against anthrax by 

X 
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injections of parathyroid extract. 'They showed A hat injections of calcium 
gluconate and laevulinate would to some extent protect rabbits against anthrax. 
The calcium salts and the parathyroid extract of Weinstein were given from the 
time of challenge onwards ; their effect may have been on the initial invasion 

rather than on the killing power of the organism. Govaerts (1951) and Renaux 
(1952) noted the adverse effect on the virulence of B. anthracis when calcium salts 
were present in cultures in vitro. 

In our work with guinea-pigs, no excessive response to stimuli was apparent. 
Administration of large quantities of calcium borogluconate (1 g. every 12 hr. ) 

and parathyroid extract (0.5 mg. ) separately or together, did not save life ; further- 

more it did not prolong the survival time of guinea-pigs (4 for each treatment) 

given streptomycin at a time immediately beyond the critical level of bacteraemia 

which predetermined the death of the animals 1-3 days later. The results of 
these experiments suggest that any action of the calcium or the parathyroid 
injections of Bloom et al. (1947) and Weinstein (1938) was not directed against 
the killing mechanism of the organism. 

An attack on the central nervous system. 
de Moulin (1936) reported that lesions occurred in the central nervous system 

of guinea-pigs infected with B. anthracis. He attributed the symptoms of anthrax 
and the death of the host to damage of this system. Our colleague Dr. Joan AT. 
Ross has examined the histopathology of the tissues of guinea-pigs dying of 
untreated anthrax, and of those in which active infection had been stopped by 
streptomycin injection after the critical. point in the bacteraemia. She could not 
detect the changes in the central nervous system described by de Moulin. 

The Significance of the More Obvious Changes in the Blood of 
Guinea pigs Dying of Anthrax. 

Following earlier work (Sobernheim, 1931 ; Bloom et as., 1947), Keppie et al. 
(1953), noted abnormalities in the blood of guinea-pigs dying from untreated 
anthrax. It was suggested that these abnormalities might have some bearing on 
the cause of death: Therefore a study was made of the R. B. C. agglutination, the 
slight haemolysis, the increased red-cell fragility, and the delayed clotting which 
occurs, with a view to deciding whether such abnormalities were present in the " blood at the critical point' of the bacteraemia or at the death of guinea-pigs freed 
from infection by streptomycin treatment 1-3 days previously. The general 
conclusion from this work was that such changes in the blood only occurred very 
late in the untreated disease and were not of primary importance. A summary 
of the results is given below. 

_ 
Observations were made on individual samples of heart blood from at least five animals. 

Haemolysis. -The blood of guinea-pigs dead from untreated anthrax was 10-20 
.- per cent haemolysed. This is a late phenomenon. Blood from animals approx- 

imately 6 and 1l hr. before death from untreated anthrax was 1 per cent and 1-3 
per cent haemolysed respectively. Animals dead after the streptomycin treatment 
described above had blood which was less than 1 per cent haemolysed. 

Red cell fragility. -In the usual R. B. C. fragility test the concentration Of NaC1 solution in which haemolysis first occurs with cells from normal guinea-pigs 
is 0.40-0.45 per, cent. The same concentration was necessary with the R, B"C. 
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from untreated animals approximately 6 hr. before death. This also applied to 
cells from animals treated with streptomycin at a time beyond which their lives 
could be saved. In fact, the only slight change in sensitivity was observed with 
cells from animals dead of untreated anthrax ; here an NaC1 concentration of 
0.45-0.52 per cent gave first evidence of haemolysis. 

Red cell agglutination. -The R. B. C. of guinea-pigs which had died from 
untreated anthrax were distorted and agglutinated in large masses. Agglutination 
occurs very late, commencing about 3 hr. before death. No agglutination had 
occurred in guinea-pigs about 6 hr. before death from untreated anthrax, or in 
those animals dying 1-3 days after removal of the infection with antibiotic. 

Increased clotting time. 
The fact that the blood of animals infected with B. anthracis clots poorly is 

well known (Bloom et al., 1947) and this was readily confirmed in guinea-pigs. 
Blood (2 ml. ) obtained by cardiac puncture was expelled immediately into a small 
tube at 37° in a water bath. The time for clotting was taken from the moment 
the blood first entered the syringe. Sixteen samples of normal blood clotted 
in 4-8 min. Samples of blood from 10 guinea-pigs dying from untreated anthrax 
clotted in 60,24,18,10,23,6,37,14,7 and 10 min.; some of the clots were 
incomplete. Samples of blood from 5 guinea-pigs dying 1-3 days after removal 
of the infection with streptomycin clotted in 13,14,17,15 and 14 min., which is 
slightly slower than for normal blood. 

Watson et al. (1947) found their crude "inflammatory factor" from rabbit 
oedema fluid had an anti-coagulant activity. We have been unable to find any 
pronounced anti-coagulant activity in the crude intra- and extracellular products 
of B. anthracis growing in vivo (Smith et al., 1953a, b) or in purified fractions from 
them (Smith and Zwartouw, 1954 ; Smith et al., 1954). The recalcification test 
of Foster (1941) was used, but citrated guinea-pig plasma was substituted for the 
sheep plasma. In a test in which heparin (0.0006 per cent) was active the following 
materials were inactive : dialysed plasma exudate (4 per cent), as well as the 
purified polyglutamic acid (1 per cent) and the highly active aggressin fraction 
(1 per cent) from it ; ballotini bacterial extract (4 per cent) ; ammonium carbonate 
bacterial extract (4 per cent) and the following fractions from it, diffusate (1 per 
cent), purified polyglutamic acid (1 per cent), protein fractions (I per cent), and 
purified polysaccharide (1 per cent). 

The Distribution of B. anthracis in the Tissues of Guiuea pigs 
during the Final Bacteraemia. 

In these experiments the object was to determine if any particular tissue or 
organ harboured organisms in such selectively high numbers as to suggest a site 
for toxic action. 

The organisms in the blood and major organs of the body were counted in 
tissue samples from groups of five guinea-pigs infected as described above and 
representative of the following three stages of the bacteraemia : pre-critical point 
when the blood contained 0.8-3 X 106 chains per ml.; post-critical point when the 
blood contained 4-15 X 106 chains per ml.; and at death. Suspensions for 
haemocytometer counts were prepared from spleen, liver, kidney, lung, skin and 
muscle by griinding the tissue with sand and water. Table II shows the relative 
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distribution of anthrax bacilli in these tissues. The numbers found in the muscle, 
the skin lesion, and the oedema of the primary lesion which extended into the 

peritoneal cavity were too low to be of any significance and are omitted from 

Table II. The total number in the guinea-pigs at death agrees with that obtained 

previously (Keppie et at., 1953) for guinea-pigs infected by a different route. The 

most striking fact about the distribution of organisms is that at the critical point 
in the bacteraemia, the bacilli are concentrated in the spleen which contains over 
half the total number of organisms in the host ; at death most of the organisms 
are in the blood stream. 

TABLE II. -Distribution of B. anthracis in the Tissues of Guinea pigs (700 g. ) 
during the "Final 

Bac teraemia. 
Stage of 

bacteraemia 
at which samples Blood 

were taken. * (Est. 40 ml. ). Spleen. Lung. Liver. Kidney. Total. 
(1 1.0 4.5 . 0.9 . 0.8 . 0.1- . 7.3 

Pre-critical point 2 0.4 . 3.6 " 0.6 . 0.3 . 0.1 . 5.0 
(approx. 9 hr. 3 0.4 . 2.2 . 0.2 . 0.1 . 0.1 " 3.0 
from death) 4 1.1 . 4.3 . 1.0 . 1.4 . 0.2 8.0 

5 1.4 2.8 . 0.9 . 0.3 , 
Pr, nil . 5.4 

3.1 9.7 5.5 . 0.2 . 0.4 " 18.9 
Post-critical point 1.7 " 10 1.6 . 0.1 . 1.2 . 14.6 

(approx. 6 hr. 3 3.3 . 14 2.5 . 2.3 . 0.2 . 22.3 
from death) 4 -1.7 . 13 5.2 . 2.9 . 0.2 . 23.0 

5 4.6 . 15 0.1 1.0 . 0.1 . 20.8 

(1 440 
,. - 

110 . 25 7 . 13 . 595 - 
2 . 200 70 . 20 " 45 3. 338 

At death ." 3 . 260 , -, 40 8 4 - 13 . 325 
4 360 64 6 " 37 2. 469 
5 440 96 . 37 . -44 6 623 

* See text for details of these stages in the bacteraemia. Figures quoted are the total number 
(X 10-8) of bacterial chains (4-8 bacilli) in each tissue as determined b y haemocytometer counts. 

DISCUSSION. 
In guinea-pigs a bacteraemia is intimately associated with death from anthrax, 

but in fact the death of the guinea-pig is determined when the bacterial invasion 
- was still only. about 1 /300th of its possible maximum. This is experimental 

proof in a species which normally dies with a massive bacteraemia of a situation 
which was suspected on 'more limited observation in other species (Bloom et al., 
1947 ; Stockman, 1911).. In small-scale experiments, we have been able to 
confirm the observation of Sterne (1953) that partially immune guinea-pigs may 
die after infection with B. anthracis with a mild degree of bacteraemia comparable 
to that existing at the critical point described above. There is a remarkably 
constant relationship between the increasing degree of bacteraemia and the 
decreasing period of survival in untreated guinea-pigs. This fact coupled with 
the quite large variation in the time to death after infection indicates that the 
animals are equally susceptible to the final killing stage of the disease but vary 
more in their ability to combat the initial infection. The relationship between 
the degree of bacteraemia and the extent of pathological damage is emphasised 
by the behaviour of animals treated with streptomycin. Any delay in chemo- 
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therapy subsequent to the critical point in the bacteraemia is reflected in a 
proportionally diminished survival time. 

These experiments render untenable the hypotheses that death from anthrax 
is due to overwhelming numbers of organisms blocking the capillaries of the host 
or producing a deficiency in it of 02 or essential nutrients (e. g., glucose). Experi- 
ments reported here also shed doubt on the hypotheses of Bloom et al. (1947) 
and of de Moulin (1937) on the cause of death from anthrax. Furthermore, the 
more obvious changes in the blood of dying animals noted in previous work 
(Sobernheim, 1931 ; Bloom et al., 1947 ; Keppie et al., 1953) are terminal effects 
in untreated anthrax and largely disappear in those guinea-pigs dying of anthrax 
but free from infection as a result of streptomycin treatment. Hence a renewed 
search was made for the nature of the fatal syndrome, and in view of the relatively 
low level of bacteraemia which sealed the fate of a guinea-pig, for a toxic product 
of the organism which would produce this syndrome. Two subsequent papers 
describe the results of these investigations. 

An analysis of the distribution of organisms in the host during the final 
bacteraemia had some bearing on the problem. It showed that at the critical 
point the spleen appeared to be fulfilling its function as part of the reticulo- 
endothelial system in removing large numbers of bacteria from the blood during 
the earlier period of active proliferation and spread. At this stage of the bacter- 
aemia over half the total organisms were concentrated in the spleen. However, 
the figures for guinea-pigs at death showed that the spleen was unable to cope with 
the bacteraemia and soon the blood contained the majority of the organisms. 
The death of the host accompanies this final overflow. It is obvious, therefore, 
that any search for harmful effects or products of B. anthracis in vivo should pay 
particular attention to the blood and to the spleen. 

SUMMARY. 

A bacteraemia is intimately associated with death from anthrax in the guinea- 
pig. The fate of the animal is determined at a time when the bacterial proliferation 
in the blood is still only about 1 /300th of the maximum obtaining at death. This 
finding renders untenable a number of hypotheses on the cause of death from 
anthrax which depend on the presence of a massive bacteraemia. 

Evidence is presented against hypotheses of Bloom et al. (1947) and de Moulin 
(1936) on the cause of death from anthrax. Several abnormalities in the blood 
which were noted in previous work have been shown to be secondary side-effects. 

An analysis of the distribution of organisms in guinea-pigs in the final phase of 
anthrax has focussed attention on the blood and spleen as possible sites for the 
production of harmful products. 

Acknowledgment is made to the Chief Scientist, Ministry of Supply, for 
permission to publish this paper. 
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TIE work described in the previous paper (Keppie, Smith and Harris-Smith, 
1955) led to renewed search for a toxic substance produced by Bacillus anthraci8 
in vivo. An insight into the probable nature of this factor was provided by the 
identification of the basis for the pathological syndrome which led to death. This 
was achieved by analyses of the blood, histological examinations and clinical 
observations on infected guinea-pigs. 

The phase of the disease selected for these observations was the final 10 hours 
of the infection. The major pathological changes were expected to occur during 
this time because studies of the bacteraemia (Keppie et al., 1955) had shown that 
the fate of infected animals was not decided until some 8 hours before death. 
Previous workers (Singer, 1927 ; CaifaIeanu, Combiesco and Stamatesco, 1930 ; 
Bloom, McGhee, Cromartie and Watson, 1947) made observations throughout the 
duration of the disease, commencing at the time of initial infection. Their 
inconclusive results may be due in part at least to their having paid insufficient 
attention to this all-important final phase of the disease. 

This paper describes the data which accumulated from numerous observations 
on infected guinea-pigs and how they fitted together to establish that "secondary 
shock " plays a major role in the death of guinea-pigs from anthrax. 

In this paper, the term " secondary shock " (Cappell, 1951 ; Best and Taylor, 
1950 ; Sodeman, 1950) means the pathological state involving circulatory failure 
which can be broadly summarised as " the general response of the body to injury " 
(Green and Stoner, 1954). Although the syndrome cannot be defined precisely, 
it is recognisable by the composite physiological disturbances which comprise it. 
Characteristic changes occur in the circulation, in the blood chemistry and in the 
distribution of the body fluids (Mellanby, 1954). The adjective "secondary" was 
chosen in preference to a more specific term such as haemorrhagic, traumatic, 
oligaemic burn, post-operative etc., because the nature of the injury in anthrax 
was incompletely understood. 

METHODS. 
The breed of guinea-pig and the strain (N. P. ) of B. anthracis were the same as those used 

in previous work (Smith, Keppie and Stanley, 1953a, b; Keppie et as., 1955). 

The stages of the disease studied. 
Guinea-pigs (700 ± 50 g. ) were infected intradermally with 2X 109 B. anthraci8 spores 

and the bacteraemia was followed during the final 10 hr. of the disease as described in the 
previous paper (Keppie et al., 1955). 

24§ 

0$ 
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Diagram Showing the Stages of Anthrax in Guinea-pigs which were Studied. 
Untreated A (9) . - -ý B (6) i--- C (1.5) ---- --ý-D (death). 
anthrax. , 

fit 

Streptomycin ' Streptomycin 

Streptomycin- X Y 
treated 
anthrax (Recovering (Dying 2 days 

when sacri- -j! later). 
ficed 2 days 
later) 

Stages of the final bacteraemia were determined by bacterial counts of the blood as described 
by Keppie et al. (1955). Figures in parenthesis are the average time (hr. ) to death. 

Observations were made at the following successive stages of the bacteraemia ; they 
have been assigned letters, which will be used for the sake of brevity in presenting the tabular 
material. The Figure represents diagrammatically the following stages ; 

A: immediately before the critical point of the bacteraemia when the blood had 0.2- 
1.0 X 106 chains per ml. and when, in the absence of streptomycin treatment, 
death would ensue in approximately 9 hr. 

B: shortly after the critical point, when there were 4-30 x 106 chains per mi., and 
when death would occur in approximately 6 hr. 

C: at an advanced stage when the blood contained 2.5-6 X 108 chains per ml. and 
death would occur in about 1} hr. 

D: a few observations were made on animals immediately after death had occurred, or in the case of dynamic observations (e. g., blood pressure) within I hr. of death. 

Supplementary studies were made on the following guinea-pigs after removing the infec. 
tion by treatment with streptomycin as described in the previous paper (Keppie et al., 1955) 

X: guinea-pigs treated with streptomycin at stage A above and observed or sacrificed for sampling 2 days later when recovering from the disease. 
- 

Y: guinea-pigs treated with streptomycin at stage B above and observed or sampled 
approximately 2 days later when they were dying free from active infection. 

Experimental Procedures. 

All observations and blood analyses were carried out on 5-20 animals. Quantitative 
results are shown as the mean (M) and standard deviation (S. D. ) of the individual results. These observations were compared with those on a similar number of control animals. For 
comparison with the guinea-pigs of categories X and Y described above, control animals received the same dose of streptomycin as the experimental guinea-pigs. 

All blood samples were taken by cardiac puncture under light ether anaesthesia. Analysis 
of whole blood samples from infected guinea-pigs was corrected for the B. anthracis organisms present. This was done by combining haemocytometer bacterial counts of the experimental 
sample with the appropriate analysis of known suspensions of B. anthracis. The organisms in 'these suspensions had been separated in a pure form from guinea-pig body fluids by a method of Smith et al. (1953a). Prior to plasma analysis the R. B. C. were removed by centrifuging at 500 r. p. m. for 10 min. followed by 2000 r. p. m. for 20 min. ; samples were then sterilised by centrifuging at 8000 r. p. m. for 10 min. to remove most of the organisms, and filtering through " Millipore " filters (Lovell Chemical, Co., Massachusetts). Filtration 

Ap 
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was carried out in conditions where evaporation was negligible. The filters did not absorb 
materials from solution, and they left normal plasma unaltered in composition. However, 
all samples of plasma from normal animals were centrifuged and filtered for comparison 
with the infected samples. 

Blood volume. -The blood volume of guinea-pigs was determined by a modification of 
the method described by Chaplin (1954) using R. B. C. labelled with P. It was desirable 
to use homologous labelled R. B. C. for the reason discussed later. 

A sample of blood (2 ml. ) was collected for labelling from normal animals and each infected 
guinea-pig on the day prior to the onset of the final bacteraemia. Two µC of 82P were added 
to each sample of blood and the mixture allowed to stand overnight at room temperature. 
Next day the blood was rotated at 37° for 1 hr. and the activated cells were separated from 
the plasma by centrifugation and washed thrice in 3 per cent plasma-saline. Immediately 
before they were required the cells were re-suspended to 2 ml. in the plasma-saline. Using 
local anaesthesia, 1 ml. of blood was removed from the jugular vein of the appropriate 
animal and replaced by 1 nil. of the suspension of labelled cells. After 15 min. heart blood 
was collected. The apparent blood volume of normal and infected guinea-pigs was obtained 
by comparing the radioactivity of the final heart blood with that of a 1/30 dilution of the 
original sample of labelled cells in normal guinea-pig blood. Concentrated nitric acid (8 ml. ) 
was used to ash the blood samples (2 ml. ), and their radio-activity was measured in the 
Veall liquid counter (Veall, 1948). 

Blood pressure. -Using local anaesthesia the carotid artery of infected and normal guinea- 
pigs was cannulated with a polythene tube and a connection made to a mercury manometer 
through heparinised saline. The mean value of the pressure during the first 3 min. was determined. 

- Bleeding volume. -This was taken as the maximum volume of blood obtainable from 
uncomplicated cardiac-puncture. 

Haematocrit. -Heparinised blood was centrifuged (2000 r. p. m. ) for } hr. in Wintrobe 
tubes. 

Haemoglobin determination. -By the method of Clegg and King (1942). 
Whole blood and plasma N. -By the Kjeldahl method. The whole blood value was 

corrected for the bacteria present, and the plasma value for a slight haemolysis (0-3 per 
cent) that had occurred. A haemolysis value of 1 per cent meant that a haemoglobin colour intensity equal to that of the plasma could be produced by diluting 1 part of whole normal blood with 99 parts of water, and that approximately 25 mg. of red blood cell protein was 
present in 100 ml. of plasma. 

Plasma N. P. N. -The total nitrogen in the supernatant after precipitating a sample 
with trichloracetic acid (8 per cent). Plasma protein N. -The difference between the total N and N. P. N. 

Plasma glucose. -By the method of Hagedorn and Jensen (1923). 
Body temperature. -The rectal temperature taken with a mercury thermometer after 3 min. in situ. 
Sludged blood. -The flow of blood in the conjunctival vessels was observed by direct 

microscopical examination as described by Knisely, Bloch, Eliot and Warner (1947). 
Phosphoru8 analysis. -_13y the method of Fiske and SubbaRow (1925). Total acid-soluble P and P as inorganic phosphate was determined after precipitation with trichloracetic acid (8 per cent w/v) for 10 min. at 0°. Blood lipoid phosphorus was determined by the method 

of Randles and Knudson (1922). 
Electrolyte analysis. -Heparinised blood was collected and centrifuged under oil. Chloride-by the method of King and Bain (1951). Bicarbonate-by the method of 

van Slyke (1922). A slight degree of haemolysis in some samples masked the phenol red indicator. This was therefore replaced by a mixture of bromothymol blue (0-2 ml. ) and thymol blue (0.1 ml. ). Plasm4 from control animals was treated similarly. Sodium-by 
the method of King (1951). Potassium and magnesium-we are grateful to Mr. L. C. Thomas 
and his colleagues of the Chemical Defence Experimental Establishment, Porton, Wilts. for 
these analyses (Table V) carried out by emission spectroscopy. Calcium-by the method of 
Peters and van Slyke (1932). 

Plasma urea. -By the method of Harrison (1943) using prior aeration as described by 
van Slyke and Cullen (1916). 

Plaerna phosphatase analyses. -Alkaline, acid, and formolised acid phosphatase deter- 
minations were made by the methods of King (1951). 

, 
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RESULTS. 

Observations and Blood Analyses Relating to, Secondary Shock in 
Guinea-pigs Dying of Anthrax. 

The observations on, and blood analyses of guinea-pigs in the terminal phases 
of anthrax are described below under headings associated with secondary shock. 

Clinical appearance. 
Prior to the critical stage of the bacteraemia, infected guinea-pigs show no 

recognisable symptoms, but subsequently, the animals become increasingly 
weaker until death occurs quietly and almost imperceptibly. Marked loss of 
muscle tone is evident which eventually causes the animal to sink to the floor with 
legs extended. Breathing is characterised by forced inspiratory movement and it 
becomes increasingly shallow and slow. 

Loss of blood volume. 
An important feature of secondary shock is a reduced circulating blood volume 

(Sodeman, 1950 ;' Lovatt Evans, 1952). Table I indicates clearly that there is a 
definite decrease in blood volume in the terminal phase of anthrax infection, and 
that the decrease is of the order of 25 per cent approximately 1J hr. before death. 
The values, however, can only be taken as a reasonable estimate of blood volume 
for the following reason. 

Determination of haemoglobin on the blood taken from the jugular vein before 
injecting the labelled cells and on the final heart blood showed that a fall in haemo- 
globin content occurred when the radioactive cells were circulating. This loss 
of haemoglobin indicated the disappearance of red blood cells from the circulation 
during the crucial 15 min. period. There is the possibility that radioactive cells 
were removed in this manner, which would affect the accuracy of the method for 
blood volume. The loss of haemoglobin occurred in control animals to the extent 
of 2-10 per cent, with a tendency to be larger if heterologous blood was used. In 
infected animals, use of homologous labelled blood gave losses of 2-10 per cent in 
the majority of cases. Use of heterologous labelled blood tended to give higher 
haemoglobin losses, sometimes as high as 20 per cent. Only results from experi- 
ments in which the haemoglobin loss was less than 10 per cent have been recorded 
in Table I. 

TABLE I. -Blood Volume, Bleeding Volume and Blood Pressure of Guinea pigs 
(700 ± 50 g. ) during the Final Bacteraemia of Anthtrax. 

Guinea-pigs at progressive stages in 
the final baeteraemia * 

Control 
Nature of test. animals. A. B. C. D. 

Blood volume (ml. ) " 
{S 

D. . 

39 
9 

38 
9 

30 29 22t9 

Bleeding volume (ml. ) ýS. 20 17 13 7 
S. D. 221.5 1.5 

Blood pressure (mm, Hg. ) {M 
D. 

100 84 
10 

56 29 23 
9 12 8 

w For details of these stages see text.. Five to 20 guinea-pigs in each group. 
t The blood volumes of these guinea-pigs are perhaps less reliable than the remainder, since the labelled red blood cells circulated only 5-10 min. before the animal died. 
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Reduced bleeding volume. 
A number of workers (e. g., Tabor and Rosenthal, 1947) have used the maximum 

amount of blood obtainable by bleeding to exhaustion as a measure of the circulat- 
ing blood volume ; it is much reduced in secondary shock. Table I shows that 
a large and progressive reduction of bleeding volume occurs in the terminal phases 
of untreated anthrax. 

Lowered blood pressure. 
A fall in blood pressure is a criterion of shock (Sodeman, 1950 ; Lovatt Evans, 

1952). The results given in Table I show the dramatic fall in blood pressure in the 
last 8 hr. of untreated anthrax. 

Haemoconcentration. 
In secondary shock loss of plasma from the circulation leads to haemoconcen- 

tration, whereas haemorrhage leads to haemodilution (Sodeman, 1950; Magee 
and Spector, 1951-52). The results of haemoglobin, haematocrit and blood and 
plasma N determinations on different batches of animals shown in Table II agree 

TABLE II. Evidence for Haemoconcentration in Guinea pigs during 
the Terminal Phases of Anthrax. 

Guinea-pigs after 
removing the 

Guinea-pigs at progressive stages Strepto- infection with 
in the final bacteraemia. * mycin. streptomycin. * 

treated r-ý--- Blood analysis. t Controls. A. B. C. controls. X. Y. 

Haematocrit M. 41 44 49 48 . 44 46 50 { 
S. D. . 3.1 . 3-0 5.5 2.6 . 4-8 . 6.2 6.4 

Haemoglobin concen. rii . 15-6 . 16.8 17-9 18-9 - -- tration (per cent w/v) S. D. . 1.4 
. 1.0 1-7 1.3 - -- 

Total blood N. (g. per fM . 2.97 . 3.02 3.20 3-03 . 2.94 . 3.07 3.13 
100 mI. ). S. D. . 0.10 . 0.18 0.15 0.09 . 0.09 . 0-19 0.13 

Total plasma N. (g. per fM. 0.78 0.59 0.58 0.61 
. . 0.77 . 0.55 0.56 

100 ml. ) .. 1 S. D. . 0-02 0-07 0-07 0.07 . 0.05 . 0.01 0.05 

* For details of these stages see text. 
t Each different analysis was done on separate batches of from 5 to 20 guinea-pigs. 

in indicating a 10-20 per cent haemoconcentration in guinea-pigs dying of treated 
(Y) and untreated (C) anthrax, and also in those animals immediately beyond the 
critical point in the bacteraemia. There are indications that haemoconcentration 
is not so marked in guinea-pigs before the critical point in the bacteraemia (A), 
and in those saved by streptomycin treatment (X). The fact that haemocon- 
centration is not markedly greater at stage C in the bacteraemia than at stage B 
may be accounted for by haemorrhage in the terminal phases, and perhaps more 
by sludging of the R. B. C. (see later) which are consequently trapped in the tissues. 

Presence of oedema and haemorrhage. 
The loss of circulating blood volume occurring in secondary shock is due to 

haemorrhage, loss of plasma to the site of the bum or injury, or trapping and 
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pooling in the peripheral circulation (Sodeman, 1950; Grant, 1954; Courtice, 
1954). In untreated guinea-pigs, haemorrhage and oedema occurred at the 
injection site on the flank, and also retroperitoneally around lymph nodes in the 

. 
lumbar region. This macroscopic oedema had increased greatly in those guinea- 
pigs dying free from infection two days after administration of streptomycin. 

The loss of plasma proteins to the tissues was adequately confirmed by plasma 
protein nitrogen analyses. Values for plasma protein N (mg. per 100 ml. ) for 

stages A, B and C in the bacteraemia 'were 539 (S. D. 72), 519 (S. D. 78) and 517 

, 
(S. D. 45) respectively, compared with 745 (S. D. 21) for control animals. Similarly, 

streptomycin-treated animals X and Y had plasma protein N values (mg. per 
100 ml. ) of 480 (S. D. 41) and 404 (S. D. 69) respectively, compared with 731 
(S. D. 57) for control animals. 

Fall in body temperature. - 
In secondary shock there is decreased metabolism leading to diminished 

energy production, and one sign of this is a fall in body temperature (Stoner, 
Threlfall and Green, 1952). The average rectal temperature of guinea-pigs (20) 
dying from untreated anthrax fell from 37.2° to 31.1° during the final 6 hr. of the 
disease. Similar experiments on animals dying after streptomycin treatment 
(Y guinea-pigs) showed that the fall was 33.3°-26.6° in the final 10 hr. of life. 

Interference in carbohydrate metabolism. 
Secondary shock is accompanied by a serious interference in carbohydrate 

metabolism associated with the lowered metabolic rate and body temperature 
(Stoner et al., 1952). A rise in plasma glucose levels occurs followed by a terminal 
drop. 

, 
In infected guinea-pigs, plasma-glucose analyses revealed a reduction of 

glucose levels in the later stages of the disease. Figures (mg. per 100 ml. plasma) 
of 167 (S. D. 17), 189 (S. D. 24), 135 (S. D. 26) and 51 (S. D. 10) were obtained at 
stages A, B, C and D in the bacteraemia, compared with 158 (S. D. 8) obtained 
on control animals which, like the infected animals, had been fasting 24 hr. , In 
another study our colleague D. W. Tempest has confirmed that a hyperglycaemia 
occurs earlier during the blood invasion ; he obtained values of 212 (S. D. 4) in 
infected guinea-pigs approximately. 12 hr. ' before death. In interpreting - the 
results of glucose analyses on the plasma of animals infected with B. anthracis, the 
rise in glucose levels can be considered as indicative of pathological damage. The 
terminal drop in glucose levels must be in part due to the fact that this substance 
is used by the growing organisms in the rapidly developing bacteraemia, but the 
low glucose value at death is undoubtedly significant. 

Sludged blood and prolonged clotting time. 
The well known delay in the clotting of the blood of animals infected with B. anthraci8 (Bloom et al., 1947) has been confirmed in our work with guinea-pigs 

(see previous paper). This abnormality in the blood, together with the in vivo 
sludging (Knisely, Eliot and Bloch, 1945) of the blood of infected guinea-pigs 
which we have observed 3-4 hr. from death, are also symptoms of secondary shock (Sodeman, 1950: Knisely et al., 1947). 
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Phosphate metabolism. 
The inorganic phosphate content of plasma rises in secondary shock (Magee 

and Spector, 1951-2). The total and organic phosphorus content of the R. B. C. 
also rises (Allison, Cole, Holmes and Root, 1947). The results of P analyses on the 
blood of animals dying of untreated and streptomycin-treated anthrax shown in 
Table III are identical with those found in secondary shock. 

TABLE III. Phosphorus Content (mg. per 100 ml. ) of Whole Blood and Plasma of 
Guinea pigs Dying of A nthrax Compared with thzt of Normal Guinea pigs and 
Guinea-pigs given Streptomycin. 

Guinea-pigs after 
Stages of the removing the 

bacteraemia in Strepto- infection with 
untreated anthrax. * mycin- streptomycin. * 

treated e 
Type of analysis. Controls. A. B. C. controls. X. Y. 

Whole blood : 
Total P Al I 33.9 . 40.0 41.5 43.3 34.6 . 40.2 47.2 

. S. D. . 1.2 . 3.1 2.3 2.4 . "1.8 . 5.4 1.8 

Acid sol P M . 27.0 . 32.1 33.6 34.1 . 27.9 . 32.1 38.7 
. 

f 
S. D" 1.1 2.0 2.2 2.3 "1.4 4.2 1.0 

Inorganic P M { 4.1 
." 

5.9 6.5 10.0 . 5.3 " 6.7 15.4 
S. D. . 0.5 . 1.2 0.6 1.7 " 1.0 " 1.7 2.7 

Lipoid P.. " 
ýM 7.0 " 8.6 8.8 9.2 . 7-5 . 9.0 10.0 

S. D. 0.6 0.5 0.7 0.8 0.3 0-6 0.7 

Plasma : 
Total P. IM 5.6 . 9.7 9.3 12.9 . 8.0 . 

10.8 20.9 
S. D. 0.2 . 2.1 1.0 1-4 . 

0-9 . 1.6 2.5 

Acid sol P M 4.4 . 8.0 7.9 12.1 . 6.8 . 8.4 17.8 
. 

{ 
S. D. . 0-3 . 1.5 1.0 1.6 . 1.1 . 1.6 3.1 

Inorganic P IM 4.6 " 7.9 8.0 11.9 . 5.8 . 8.2 17.6 
S. D. 0-4 1-4 1-2 ' 1.4 1.2 1.4 3.3 

* For details of these stages see text. 5-20 animals per group. 

Disturbance in electrolyte balance. 
A disturbance in electrolyte balance occurs in shock. The pH of the plasma 

falls, as does the content of Na and' HCO3. The plasma K and Mg content rise, 
but changes in Ca and Cl concentrations are somewhat inconsistent (Magee and 
Spector, 1951-2 ; Root, Allison, Cole, Holmes, Walcott and Gregerson, 1947). 
The results recorded in Table IV show that there is a large disturbance in electrolyte 
balance in the terminal phases of untreated anthrax. The changes in the concen- 
trations of electrolytes are in agreement with those obtained in shock. Plasma 
Ca, Mg and K rose and C1 and HCO3 levels decreased as the anthrax bacteraemia 
progressed. The pH of the plasma dropped at the end of the bacteraemia. The 
change in Na concentration was not consistent. At the early stages (A and B) in 
the bacteraemia the Na content was reduced. Application of a t-test to the 
analyses of the plasma at these stages and to those of plasma from control animals 
showed that this reduction was highly significant (P =<2 per cent for analyses 
at stage A, <1 per cent for analyses at stage B, and < 0.1 per cent for a combin- 
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TABLE IV. Plasma Analyses for Chloride, Bicarbonate, Sodium, Potassium, 
Calcium and Magnesium on Guinea-pigs during the Final Stages of Untreated 
Anthrax. 

(Figures are mg. per 100 ml. plasma. ) 
Stages in the final bacteraemia 

of untreated anthrax. * 
Plasma 
analysis. Controls. 

r- A 
A. B. C. 

M 376 361 359 345 
Cl S. D. 5 57 11 

fM 145 129.113 83 
HCO8 is - 15 16 24 13 

M 324 310 313 332 
Na , S. D. 8 14 8 19 

M" 15.7 15.5 16.2 26.4 
H {S. 

D. 2.5 1.8 2.4 3.9 
_ 

M 13.0 12.3 15.2 21.8" 
Ca ý 

S. D. 0.5 0.5 2.2 7.5 

Mg M 2.6 { 2-1 2-5 5.7 
- S. D. 1.1 0.5 0.5 1-4 

w For details of these stages see text, 5-20 animals per group. 

ation of both). At a later stage (C) of the bacteraemia no significant reduction of 
the Na content could be detected in numerous determinations ; in fact there was a 
tendency for it to rise slightly. The reason for this is not clear. 

Evidence of. acute renal failure. 
Secondary shock leads to damage of kidney tissue and renal failure (for 

references see Green, Whitely and Eglin, 1951; Dible, -1953). The gradual 
development of uraemia was shown by analyses of plasma N. P. N. and urea 
(Table V) in guinea-pigs at all the various stages of anthrax described above. At 
9 and 6 hr. before death from untreated anthrax (stages A and B) they showed 
little evidence of uraemia. Their, plasma N. P. N. and urea values were only 

TABLE V. -N. P. N. and Urea, Analyses of the Plasma as Indication of Renal 
Failure in Guinea-pigs Dying of Treated and Untreated Anthrax. 

(Figures are mg. per 100 ml. plasma. ) 
Guinea-pigs at progressive Guinea-pigs after 

stages in the final removing the 
bacteraemia of untreated Strepto- infection with 

anthrax. * mycin- streptomycin. * 
treated 

Plasma analysis. Controls. A. B. C. t controls. X. Y 
.t ýnZ 35.8 51.2 58.3 91.7 38.0 N P N 68.5 185 

. . . S. D. . 3.6 8.7 10.7 10.5 5.0 23.4 15 

Urea ýi ý 53.6 67.6 - 77.3 115 47.6 97.8 284 
S. D. 7.1 15.2 7-8 12 7.0 33.7 44 
* For details of these stages see text, 5-20 animals per grou p. 
t The urine of these animals contained much protein. 
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30-50 per cent above the normal values. At about 11 hr. before death (stage C) 
the rise in these values had become significant. Acute renal failure occurred in animals treated with streptomycin, but dying 
2-3 days later although free from infection (stage Y). In these animals anuria 
developed. Streptomycin-treated control animals when allowed to drink at will 
produced 25-35 ml. of urine daily (10 animals). The infected guinea-pigs produced 
an average 6.5 ml. of urine (27 animals) on the day following the streptomycin 
injection ; this average fell to 3 ml. on the next day (14 animals). Daily subcu- 
taneous or intraperitoneal injection of saline (30 ml. ) produced no significant 
change in the volume of urine passed. Calcium (7.5 (S. D. 0.9)) and P as inorganic 
phosphate (17.6 (S. D. 3.3)) analyses (mg. per 100 ml. ) on the plasma of type Y 
animals were also characteristic of renal failure. Animals which were saved by 
early treatment with streptomycin (type X), developed some degree of anuria but 
within a week or so could excrete normal quantities of urine. Fourteen animals 
of this type passed a daily average of 10,9,16,22 and 30 ml. of urine on the Ist 
2nd, 3rd, 6th and 12th day after the termination of the infection with streptomycin. 

In animals dying after streptomycin treatment, the question arose whether 
the renal failure could seriously affect a guinea-pig in such a short time as 2-3 days. 
Our colleague J. Widdicombe tied off the ureters of 18 guinea-pigs (700 g. ). These 
animals died in 2.5 (2), 3 (3), 3.5 (10), 4 (2) and 4.5 (1) days after the ureters were 
blocked ; the number dying in each time interval is given in brackets, and it will 
be noted that the average survival time after this operation is not dissimilar from 
that of type Y guinea-pigs. The plasma of these dying guinea-pigs contained 
protein N 720 (S. D. 41) ; N. P. N. 341 (S. D. 21) ; and urea 611 (S. D. 41) mg. per, 
100 ml. 

The indication of renal failure in guinea-pigs infected with B. anthracis given 
by the plasma analysis led to a study of the histopathology of the kidneys of both 
treated and untreated animals. Our colleague Dr. Joan M. Ross describes this 
study in a following paper. In brief, tubular damage was found similar to that 
characterising a number of conditions (e. g., " traumatic uraemia ", " crush 
syndrome ") which give rise to anuria, and have as a common feature a disturbance 
of the general circulation. The degree of damage at the various stages of the 
disease agreed with the plasma chemistry described above. 

Plasma phosphatase analyses on guinea pigs dying of anthrax ; the connection with 
kidney damage. 

The high plasma inorganic phosphate content of infected guinea-pigs prompted 
a determination of plasma phosphatase levels. The alkaline phosphatase values 
in Table VI show that the content of this enzyme in plasma increased as the bacter- 
aemia progressed and was extremely high approximately 1I hr. before death. The 
connection of the high alkaline phosphatase figures with death and the parallelism 
with the evidence of renal failure was shown by analyses on the streptomycin- 
treated animals. Animals dying after streptomycin treatment (type Y) had 
high plasma alkaline phosphatase levels, whereas the plasma of those saved by the 
antibiotic had a relatively low enzyme content when sacrificed 2 days after 
treatment. 

These exceptionally high alkaline phosphatase values merited further invest- 
igation. The liver was not apparently the source of the enzyme, for there was no 
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TABLE -VI. -Plasma Acid and Alkaline Phosphatase Estimations on Guinea-pigs' 
Dying of Treated and Untreated Anthrax. 

(Figures are the phosphatase units of King (1951) per 100 ml. plasma. ) 

Guinea-pigs at progressive Guinea-pigs after 
stages in the final removing the 

bacteraemia of untreated Strepto- infection with 
anthrax. * mycin- streptomycin. * 

treated 'ý--ý 
Controls. A. B. C. controls. X. Y. 

Plasma analysis : 
Alkaline phosphatase 

M; 6.3 " 21 34 191 6.4 . 15 42 
S. D. 2.4 4.4 13 40 2.3 3-7 12 

Acid phosphatase 
M 5-3 6-6 6.0 7.6 10-9 7-5 20 

S. D. 0.8 1.0 2.6 1-7 2-6 2.8 3-0 

Formalised acid phos- 
M 3.1 4.0 4.1 4.0 . 5.8 . 3.4 17 

phatase 
S. D. . 0.6 ", 0-8 0-4 0.6 . 1.1 

. 0.9 .. 3.0 

Urine analysis :--- -- 
"" 

Alkaline phosphatase 
M Nil - 1756 {S"D. 

., --- 469 -- 
* For details of these stages we text. 

evidence of obstructive jaundice or of gross histological damage, and tests on the 
various types of plasma for bilirubin (Haslewood and King, 1937), thymol 
turbidity (Maclagan, 1944) and gold number (MTaclagan, 1946) showed no abnorm- 
ality. No significant amount of alkaline phosphatase could be detected in 
extracts of B. anthraci8 grown in vivo, or, in in vitro-grown culture filtrates. 
However, the high concentration found in the urine of infected guinea-pigs (see 
Table VI) suggested. that the kidney might be a source of the enzyme. Sub- 
sequently Dr. Joan M. Ross confirmed that the kidneys of infected guinea-pigs 
showed marked loss of this enzyme. -. 

High plasma levels of alkaline phosphatase and loss of this enzyme from the 
kidney have not been generally recognised as features of shock. A few authors 
(McManus, 1950; Berg, Levinson and Wang, 1951 ; Berg and Levinson, 1952) 
have noted a loss of alkaline phosphatase from the kidney in shock cases, but until' 
now no plasma enzyme determinations have been carried out. Recently Dr. 
H. B. Stoner (private communication) has shown that ischaemic shock in rabbits 
results in a raised plasma alkaline phosphatase content. It is possible that some 
of the alkaline phosphatase of the plasma comes from tissues other than the kidney, 
which must, however, be one source of the enzyme. 

The abnormally high formalised acid phosphatase content of the plasma 'of 
guinea-pigs dying two days after removing the infection with streptomycin is 
interesting. This was not investigated further, although it is not improbable that 
the kidney is also the source of this enzyme. 

DISCUSSION. 

A quantitative comparison of the results obtained in experimental anthrax in 
the guinea-pig with those obtained in fatal cases of secondary shock (for definition 
see introduction) shows that this pathological state occurs in the terminal phases 
of anthrax and is the major cause of death. In this comparison it will be apparent 
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that two types of death have been indicated by our results. The animals dying 
7-8 hr. after the critical point in the bacteraemia of untreated anthrax are in a 
state of shock, whereas in those animals treated with streptomycin just after the 
critical point and dying two days later, renal failure which results from shock 
plays a large part. In untreated animals, the rapid and progressive fall in bleeding 
volume (60-70 per cent), in blood pressure, in body temperature and in plasma 
glucose parallels the situation in fatal shock as do the disturbances in phosphate, 
and other plasma electrolytes (Stoner et al., 1952 ; Tabor and Rosenthal, 1947). 
The streptomycin-treated animals showed anuria, high levels of plasma urea, 
N. P. N. and inorganic phosphate, low plasma Ca, and the histological changes in 
the kidney which characterise the fatal acute renal failure found in cases of " crush 
syndrome ", " traumatic anuria ", etc. (Dible, 1953). The significance of these 
data in relation to the cause of death is emphasised by the corresponding more 
normal observations from animals (X) which recovered when streptomycin had 
been given prior to the critical point of the bacteraemia. 

It is of interest to consider the disturbance which primarily leads to the 
development of the secondary shock. Oligaemia, commonly accepted as one of 
the most important factors in shock, clearly occurs in guinea-pigs dying of 
untreated anthrax. The bleeding volumes suggest that a gross reduction of 
circulating blood volume occurs, but estimates of this reduction by the labelled 
red cell method indicate that II hr. before death it is 25 per cent, and that probably 
a further decrease occurs in the interval before death. Experiments on normal 
guinea-pigs have shown that the deaths following the removal of 35,45 and 55 
per cent of the blood volume were respectively 30,50 and 100 per cent of the 
animals. These figures agree with statements that a loss of blood volume greater 
than 30 per cent is dangerous (Grant, 1954 ; Scott, 1954). Our figures for infected 
guinea-pigs approach these levels, but we cannot be sure that they are reached 
at death. Oligaemia appears to be largely responsible for the fatal state of shock, 
but the possibility that other metabolic disturbances contribute to this state is not 
ruled out. 

It seems that in shock, alkaline phosphatase is set free from the kidney and 
perhaps from other tissues. The effect of these phosphatases on the phos- 
phorylated intermediate metabolites of carbohydrate utilisation might be worthy 
of investigation, in view of the extensive interference in carbohydrate metabolism 
which occurs in shock (Stoner et al., 1952). 

Anthrax in many species has long been recognised as producing oedema and 
haemorrhage (Sobernheim, 1931). This loss of fluid from the circulation, if 
sufficient, will inevitably result in secondary shock. The delayed clotting of 
the blood and the interference in carbohydrate metabolism involving primary 
hyperglycaemia and terminal hypoglycaemia which are regularly found in anthrax 
(Cromartie, Bloom and Watson 1947; Bloom et al., 1947) are general features of 
secondary shock as is also the clinical picture of increasing weakness and collapse. 
In their study of the blood chemistry of rabbits infected with B. anthracis, Bloom 
et al. reported little relating to shock apart from noting terminal rise of plasma 
N. P. N. We believe that this was due to their study of the disease throughout its 
length, rather than in the last 8-12 hr., when the symptoms would mainly be 
apparent. 

Clinical evidence suggests that shock may play a role in a number of other 
infections, in which the cause of death remains obscure, e. g., cholera (Napier, 1951). 
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. However, that this pathological state does occur in man and in experimental 
animals has not been demonstrated by detailed biochemical and physiological 
studies comparable to those carried out on the classical types of shock. A study 
of other diseases along these lines might be fruitful. Thus some of the symptoms, 
of shock follow the injection of certain bacterial toxins, such as those of the gas 
gangrene group (Berg et al., 1951 ; Berg and Levinson, 1952 ; Miles and Niven, 
1950). Thomas (1954) has reviewed the work of Delaunay and others on the 
physiological disturbances produced by injection of the phosphorus-containing 
polysaccharide-protein-lipid complexes which constitute the endotoxins of the 
Gram-negative bacilli. They produce the clinical signs of shock, together with 
interference in carbohydrate metabolism, early disappearance of liver glycogen, 
and increase in blood inorganic phosphate, found in our work with guinea-pigs and 
in classical traumatic shock. Recently, Wattenberg, Eisberg, Wisseman and 
Smadel (1955) have produced fatal vascular disturbances in mice with rickettsial 
toxins. 

The recognition of secondary shock as the pathological syndrome of anthrax 
started a search for an oedema-forming product of the pathogen responsible for the 
increased capillary permeability and the oligaemia 'of the host. This led to the 
demonstration of the specific lethal factor of B. anthracis already reported briefly 
(Smith and Keppie, 1954) and to be described in another paper. 

These observations have been made solely with one strain, (N. P. ) of B. anthracis 
in the guinea-pig It is hoped to extend this work to test other strains and animal 
species. 

SU11 MARY. 

A combination of studies on blood chemistry, physiology and histopathology 
have shown that a state of secondary shock occurs in anthrax in the guinea-pig 
and that it is the major cause of death. This finding is compatible with many 
previous observations on the pathology of anthrax. The identification of the 
pathological syndrome indicated the probable nature of the lethal factor produced 
by B. anthracis. 

Our thanks are due to Professor G. R. Cameron, Dr. J. M. Barnes, Dr. H. B; 
Stoner and Dr. W. G. Spector for their . 

help on the subject of shock. We are 
indebted to Mr. R. C. Hale for assistance in manipulations. Acknowledgment is 
made to the Chief Scientist, Ministry of Supply, for permission to publish. 
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IN previous work (Smith, Keppie and Stanley, 1953a ; 1953b ; Keppie, Smith 

and Harris-Smith, 1953) we were unable to kill guinea-pigs with products of 
B. anthracis grown in vivo. Thus, a mixture of plasma (approximately 1 part) and 

peritoneal and thoracic exudate (approximately 5 parts) was collected from 

guinea-pigs dying of anthrax. It was found that large volumes of this plasma- 

exudate mixture and extracts of the organisms from it were non-lethal when 
injected intraperitoneally in guinea-pigs. Intradermal injections of the plasma- 

exudate did however produce the small oedematous lesion characteristic of such 
material (Sobernheim, 1931; Watson, Cromartie, Bloom, Heckly, McGhee and 
Weissman, 1947). It was concluded that the products of B. anthracis growing 
in vivo were not markedly toxic. This agreed with the fact that large numbers of 
the organism (ca 1X lOs chains per ml. ) grew in the blood of a guinea-pig before 
death. It was suggested that death followed the action of harmful effects which 
were weak relative to the number of organisms producing them and that, one such 
effect might be oedema production. 

Identification of secondary shock as the major factor in death of guinea-pigs 
from anthrax (Smith, Keppie, Stanley and Harris-Smith, 1955) focussed attention 
on this oedema-producing factor as the primary harmful product of B. anthracis. 
It could produce the vascular damage which leads to secondary shock. The 
distribution and activity of this factor in the tissues of guinea-pigs dying of anthrax 
were therefore re-examined. '-. 

This paper describes the investigation leading to the demonstration of a specific 
lethal toxin produced by B. anthracis. Some properties of the toxin are described 
together with proof of its specificity. The pathological changes produced by the 
toxin in guinea-pigs have been studied and a connection has been established 
between the toxin and protective antigens of B. anthracis (Keppie et at., 1953 ; 
Wright, Hedberg and Slein, 1954; Belton and Strange, 1954). Summaries of 
some of this work have already been published (Smith and Keppie, 1954 ; Smith, 
Keppie, Ross and Stanley, 1954a). 

METHODS. 

Collection of Body Fluids and Tissue Extracts. 

When a supply of exudate was required the thoracic and peritoneal cavities of guinea-pigs 
(700 g. ± 25 g. ) were infected with B. anthraci8 (strain N. P. ) as previously described (Smith 
et al., 1953a). If the aim was to achieve maximum invasion of the bloodstream and not the 
production of exudate in the cavities, inoculation was intradermal (Keppie, Smith and Harris. 
Smith, 1955). 
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Plasma. -Immediately the animals died, heart blood (8-10 ml. ) was collected and heparin- 
ised (10 Lu. per ml. ). After centrifugation the plasma was filtered through " Millipore " 
filters (Smith et al., 1953a). All manipulations were carried out at 0-4°. 

Thoracic exudate. -Treated as the plasma. It contained on the average 20 per cent blood. 
Peritoneal exudate. -Contained practically no blood. 
Lysed red cells. -One volume of packed red cells lysed with two volumes of water and 

filtered. 
Urine. -Collected from several animals, pooled and filtered. 
Spleen extract. -Ten spleens from infected guinea-pigs were ground with sand and 

extracted with saline (10 ml. ). The extract was then centrifuged and filtered. 
Extracts of in vivo-grown B. anthracis. -The organisms separated from three 100 ml. 

samples of plasma were treated thus : they were suspended, unwashed, in water (15 ml. ). 
Streptomycin (1000 µg. ) was added to one portion (A) which then stood overnight at 0°. 
A second portion (B) was similarly treated with streptomycin and shaken overnight at 0° 

with half its own volume of small glass beads (" ballotini "). In contrast to samples A and B, 

which were not filtered before assay in animals, a sample C was mixed with " ballotini ", 

shaken overnight, and filtered through " Millipore " filters. Finally, NaCI was added to all 
samples to isotonicity. 

Biological Assays. 
Skin test for oedema-producing activity. -Materials and saline dilutions of them were injected 

intradermally in volumes of 0.2 ml. into shaven guinea-pigs. After 1S hr. the diameter of the 
oedematous area and the thickness of the skin-fold were measured. In recording the results, 
a lesion having a fold-thickness of 8 mm. and a diameter of 40 mm. is given as 8: 40. 

Test for lethality. -Mice (18-22 g. ) were injected intravenously. Volumes greater than 
0.5 ml. were given in two injections separated by a few hr. Guinea-pigs (250 ± 25 g. ) were 
injected in the saphenous vein using a local anaesthetic. Volumes greater than 5 ml. were 
given in two spaced injections. If the volume to be injected was more than 10 ml. for guinea- 
pigs or 1 ml. for mice, the plasma was freeze-dried, reconstituted and injected at twice the . 
original concentration. All samples were centrifuged to remove gross particles. Results are 
reported as deaths (numerator) occurring in groups (denominator) of animals darin 7 days' 
observation. 

Chemical and Haematological Investigations. 
The analytical and other methods used for diagnosing shock in guinea-pigs have been 

described by Smith et al. (1955). 

RESULTS. 

The Distribution of Oedema-producing Factor in Infected Guinea pigs. 
Table I summarises the results of skin tests for oedema-producing activity in 

body fluids and tissue extracts of guinea-pigs dying of anthrax. The values are 
the average from at least two similar experiments. The factor is found mainly 

TABLE I. The Distribution of an Oedema producing Factor in Guinea pigs 
Dying from Anthrax. 

Quantity 
equivalent 

to one [Skin lesion (0.2m1. )] 
guinea-pig 

(700 g. ). Material. (ml. ) U'ndil. 1/3.1/9. 1/27.1/81. 
Plasma 

. 18 9: 40 7: 30 6: 25 5: 20 4: 15 
Peritoneal exudate . 10 6: 20 Nil Nil Nil Nil 
Thoracic exudate . 15 6: 30 5: 20 5: 15 Nil Nil 
Urine 

.5 Nil - -- Extracts of spleen 1 5: 30 4 15 Nil Nil Nil 
Lysed R. B. C. 50 Nil -- -- Bacterial extracts "3 A 4: I5 Nil Nil - -- 

B 4: 15 Nil Nil - -- 
C 4: 15 Nil Nil - -- 
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in the plasma and it is predominantly an extracellular product of the organism 
since extracts of the organisms, prepared by methods which had no effect on the 
oedema-producing activity of the plasma, had negligible action. 

The activity of plasma collected at progressive stages in the final bacteraemia 
(Keppie et al., 1955) increased with the bacterial count. Lesions in size 3: 10, 
5: 15,6 : 25,8 : 30 and 10 : 40 were obtained in the intradermal test with plasma 
of guinea-pigs containing 0-01,, 1-5,6,24 and 100 X 107 bacterial chains per ml. 
of blood respectively. 

The Lethal Effect of the Plasma of Guinea-pigs Dying of Anthrax. 

The plasma containing the oedema-producing factor was tested for toxicity in 

mice and guinea-pigs. Control animals received the appropriate volumes of normal 
guinea-pig plasma with the addition of an amount of lysed red cells equivalent to 
the 10-15 per cent haemolysis usual in the plasma of guinea-pigs dead from 

anthrax. 

TABLE II. -The Lethal Effect of the Plasma of Guinea pigs dying of Anthrax. 
Mice. Guinea-pigs. 

" 
Intravenous. - Intraperitoneal. Intravenous. 

Vol. Toxic Normal Toxic Normal Vol. Toxic* Normal 
(ml. ). plasma. plasma. plasma, plasma. (ml). plasma, plasma. 
1.0 148/150 0/15 "11/16 015 10 12112 2/27 
0.5 64/75 0/5'. 8/15 0/5 6- 6/10 013 

-0.215 11/50 0/5 1/15 0/5 3 1(6 

Deaths occurring later than the first 12 hr. after injection. 

Table II summarises the results with numerous batches of plasma from infected 
guinea-pigs ;a lethal effect is clearly demonstrated. The approximate LD50 of 
the plasma for mice and guinea-pigs was 0- 

, 
35 ml. and 5 ml. respectively. A higher 

death rate and a shorter survival time show that the plasma was more active when 
given intravenously than by the intraperitoneal route which had been used in 
previous studies (Keppie et al., 1953). 

- No mice were killed when batches of 5 were injected intravenously with anthrax 
peritoneal exudate (1 ml. ), thoracic exudate (I ml. ), splenic extract (0.5 ml. ) and 
the three bacterial extracts (1 ml. ). 

The Specificity of the Oedema Production and Lethal Effect. 
It was important to establish that the toxic effects of the plasma were directly 

attributable to B. anthracis. The specificity was proved when anthrax antiserum 
neutralised both the lethal activity and the power to evoke local oedema. 'Two 
types of anthrax antiserum were used ; (1) hyper-immune horse serum prepared 
against the non-capsulated avirulent " Sterne " strain of B. anthracis ; (2) hyper- 
immune guinea-pig serum against the virulent N. P. strain of B. anthracis. The 
guinea-pigs had been primarily immunised with in vivo-produced protective 
antigen (Smith, Zwartouw and Gallop, 1954b) or by means of an aborted infection 
with strain N. P. Normal serum from horse or guinea-pigs did not have any 
neutralising effect. 
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TABLE III. -Specific Neutralisation of the Oedema Production and Lethal Effect. 
Mice. 

Skin-test 
Material. (undiluted Intravenous. Intraperitoneal 

plasma*). 1 ml. 0.5 ml. 1 ml. 0.5 ml. 
A. Toxic plasma 
B. A -}- normal horse serumt 

10 : 40 
1035 

25125 
10 10 

23125 
11 15 

11 /15 8/15 

C. A+ horse anthrax antiserumt Nil 
/ 

0/15 
/ 

0/15 0/15 0/15 
D. A+ normal guinea-pig plasma$ . 10: 40 3 /3 3 /3 -- E. A+ guinea-pig anthrax anti. 

serums Nil 0 /9 0 /3 - 

* Mean of similar results from three batches. 
f One-third to one-half the volume of the plasma. 
$ One-fifth the volume of the plasma. 

The results (Table III) of such neutralisation tests on a number of batches of 
toxic plasma show the complete specificity of the reaction in mouse toxicity tests 
and in the skin test. Neutralisation of the lethal action of the plasma could also 
be demonstrated in guinea-pigs. However, the quantitative aspect of these latter 
tests was marred by the death of some of the guinea-pigs given neutralised plasma 
intravenously. The deaths, arising seemingly from a peculiar sensitivity of guinea- 
pigs to the plasma, occurred immediately after injection or in a few cases within 
the succeeding 12 hr. The degree to which anthrax plasma was troublesome in this 
respect varied from batch to batch. Two out of seven batches proved to be 
unusable, but valid evidence of specific neutralisation was obtained with the 
remaining batches. Guinea-pigs were given toxic plasma (10 ml. ) plus either 
normal plasma (2 ml. ) or antiserum (2 ml. ). Out of 18 animals given the unneutra- 
lised plasma 6 died within 12 hr. and the remainder from 1-4 days after injection. 
In contrast, out of 21 animals given neutralised plasma, 7 died within 12 hr. and 
the remainder survived. The deaths occurring after 12 hr. in groups of 10 animals 
given a test dose of 6 ml. plasma were 6 with unneutralised material and none 
after neutralisation. 

The nature of the non-specific rapidly-acting substance in the toxic plasma 
which is lethal to guinea-pigs is unknown, but it is non-dialysable and is 
without effect in mice. In fact, 2-ml. amounts of the two batches of neutralised 
plasma which were unusable in guinea-pigs, when given intravenously to mice 
proved harmless. 

Some Properties of the Toxic Plasma. 
The method of collection and separation of the'toxic plasma was varied to see 

if there was any gross loss of activity in the method described above. However, the 
following treatments designed to stop the action of bacteria and of enzymes 
produced no significant difference in the skin reaction of the toxic plasma or in its 
lethality to mice : (1) the blood was collected quickly into ice-cold containers 
containing heparin ; the blood cells and bacteria were removed quickly by centri- 
fugation and the plasma filtered immediately at 0°; (2) the same as (1) with the 
addition of streptomycin (80 , ug. /ml. ) to the infected blood ; (3) the same as (1) 
with the addition of NaF (0.01 M) to the infected blood ; (4) the same as (1) with 
the addition of both streptomycin and NaF. 
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TABLE IV. -Stability of the Toxic Plasma at 0° and after Freeze-drying. 
Mouse 

Skin test. lethality 
Storage "- r -ý test. 

Treatment (wk. ). Undil. 1 /3. - 119. 1(27. 1 /81. 1 ml. 
0 8: 40 728 527 6: 18 4: 15 20/20 
3 737 625 520 5: 15 tr. 8X15 

Fluid at 0° 6 6: 35 5: 25 4: 15 Nil Nil 4110 
11 6: 25 5: 16 tr. Nil Nil 1/15 

0 9: 32 725 622 617 4: 15 10 (10 
Freeze-dried 3 840 628 523 520 4: 15 5 /5 
- at 0° 6 940 6: 27 

' 
420 517 3: 15 5 /5 

11 12: 40 10: 30 6: 27 7: 20 5: 18 515 

Stability during . storage. 
Table IV summarises toxicity tests carried out during a period of 11 weeks on 

batches of toxic plasma which were stored at 0° as fluids (4 batches), and also in 
the dried form (6 batches). Whereas the toxicity of the fluid plasma diminished 
steadily, that of the dried plasma was satisfactorily preserved. The addition of 
NaF (0.01-0.04 br) to the fluid plasma did not prevent deterioration. 

When the toxic plasma was stored in the fluid state a precipitate which was 
inactive in the biological tests separated slowly at 0°, and rapidly at 20-37°. A 
similar precipitate remained insoluble when the freeze-dried material was recon- 
stituted. These precipitates were removed before the tests shown in Table IV 
were made. 

Heat lability. 
When two batches of toxic plasma were heated at 60° for 30 min. they com- 

pletely lost both their power to produce oedema and their lethality to mice. At 
37° a slower loss of toxicity occurred. A typical batch of toxic plasma such as the 
control material in Table IV was incubated at 37°. After 4 hr. 1 ml. killed only. 
4/5 mice and in the skin test the lesions at the respective dilutions noted in Table 
IV were reduced to 6: 35,5 : 28,4 -. 25,4 : 17 and 0. After 8 hr., 0/5 mice were 
killed by I ml. and the skin reactions were correspondingly 'reduced, being 5: 25, 
0,0,0,0, respectively. A similar result was obtained with a second batch of toxic 
plasma. Even more rapid detoxification occurred if the plasma was incubated at 37° after it had been separated from the blood cells but still contained large 
numbers of B. anthracis. Each of two batches of toxic plasma after 4 hr. under 
these conditions completely lost its ability to kill mice or to produce oedema. 

Effect of aeration and shaking. 
No loss of toxicity was detected when batches of plasma were shaken vigorously 

in thin layers at W. for 24 hr. 
, 

Tice oedema-producing activity of the toxin. 
Examination of the oedematous wheal which slowly developed over a period of 

. 24 hr. after intradermal injections' showed that the toxin caused vascular damage 
leading to oedema and haemorrhage. These changes could clearly be seen by the 
. naked eye in the deeper vascular area of the corium. No break occurred in the 
surface of the skin and within 7 days all trace of the reaction had disappeared. 
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Microscopically, changes were found in the whole thickness of the skin down 
to the cutaneous muscle. No specific damage appeared to be produced in the 
collagen fibres or in muscle. After 24 hr. the collagen fibres were separated by 
oedema fluid. Tissue cells and fibroblasts, etc. were swollen. Scattered poly- 
morphonuclear leucocytes were present most frequently in the deeper layers just 
superficial to the cutaneous muscle. Extravasation of red cells occurred and 
appeared to be related to the formation of mural thrombi in the venules of the 
plexus of vessels in the deep layers of the corium. This relationship was more 
clearly seen when a relatively deep intradermal injection was given. Fibrin 
formation in the tissue spaces was associated with the extravasation of red cells. 
Stability of the toxic plasma at "various pH levels. 

It was essential for chemical fractionation to know the pH range over which 
the toxin could be considered stable. Samples of toxic plasma (pH 7.5) were 
adjusted to pH 5,6,9 and 10 and left for varying periods at 0°. They were then 
readjusted to pH 7.5 and their tissue-damaging activity and lethality in mice 
compared with those of a control sample. Table V summarises the results of two 
such experiments on different batches of toxin. It is obvious that any departure 
from pH 7-8 results in loss of activity which is most marked at pH 5 and 10. 

TABLE V. Effect of Changing the pH of Toxic Plasma. 
Duration of . Skin test. Mouse 

exposure lethality 
P11 (hr. ). Undil. 1/3. 1/9. 1/27. 1181. test: 1 ml. 7.5 Control 9: 42 8: 28 5: 25 4: 18 4: 12 29 /29 

5 3 745 635 430 325 tr. 8/11 
24 7: 40 6: 27 426 4: 18 11 

7/10 
48 635 5: 25 418 410 Nil 1/14 

6 3 842 728 522 518 tr. 7 /8 
24 842 727 625 517 8/10 

9 
48 842 7: 27 5: 21 4: 17 8/10 

3 843 727 520 5: 15 8/10 
24 845 725 520 415 8/10 

10 
48 745 626 420 415 Nil 4/10 

3 740 7: 25 5: 18 420 tr. 4/10 
24 8: 35 6: 22 - 4: 15 tr. Nil 5/10 
48 7: 35 5: 22 4: 12 3/10 

Ultrafiltration and dialysis. 
When two batches of toxic plasma were ultrafiltered through a collodion 

membrane, the filtrates failed to cause oedema or kill mice. Toxic plasma was also 
dialysed against distilled water for 3-4 days at 00. No significant loss of toxicity 
was revealed by skin tests or mouse tests on the dialysates which had been made 
isotonic with NaCl. However, if dialysis was made against distilled water whose 
pH (5-6) had not been adjusted to 7.5, a considerable loss of toxicity occurred. 
Fractionation of the toxic plasma. 

Many attempts have been made to fractionate the toxic plasma using a low 
temperature, barium acetate/ethanol method by means of which polyglutamic 
acid, and a protective antigen/agressin fraction were separated from plasma 
exudate (Smith et al. 1954b). All were unsuccessful and resulted in a marked loss 
of toxin. Remnants of tissue-damaging activity were however always found in the 
one fraction that contained the agressin and protective antigen. 

36 
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Table VI summarises the results of one fractionation. Results of assays for 
agressin and protective antigen (Keppie et al., 1953) are not included because they 
were similar'to those already reported for plasma/exudate (Smith et al., 1954b). 

The Relation of Toxin to Protective Antigen and Capsular Substance. 

The demonstration of a specific lethal factor in the plasma of guinea-pigs 
dying of anthrax raised the question of its relation to a now well-established 
protective antigen (Keppie et at., 1953 ; Wright et at., 1954 ; Belton and Strange, 
1954) and to the capsular substance of B. anthracis. Whereas the toxin kills mice and guinea-pigs and forms a large oedematous 
lesion in the skin of the guinea-pig, the protective antigen produced in vitro by 
Belton and Strange (1954) is non-lethal and produces no skin reaction. Thus, 4 
rabbits were unharmed by the intravenous injection of 50 ml. of antigenic filtrate 

, prepared by our colleague F. C. Belton from cultures of the N. P. and Sterne 
strains. Even when tenfold ultraconcentrates of these filtrates were prepared, they 
proved harmless to mice (1 ml. intravenously) and provoked no reaction in guinea- 
pigs (0.2 ml. intradermally). 

The following evidence shows that the toxin and the protective antigen are 
related. 

(1) Hyper-immune serum prepared in the horse (Belton and Strange, 1954) 
against the protective antigen obtained from in vitro-grown cultures of a non- 
capsulated avirulent strain of B. anthracis both inhibits the production of oedema 
by toxic guinea-pig plasma and abolishes its killing power. In three tests, successive 
batches of toxic plasma (0.2 ml. ) produced their oedematous skin reaction when 
mixed with normal horse serum (0.1 ml. ), but not when mixed with the antiserum 
(0.1 ml. ) described above. In two tests the intravenous injection of mice with 1.0 
and 0.5 ml. amounts of toxic plasma killed respectively 10/10 and 10/15 animals. 
The same amounts of toxic plasma mixed with j' vol. of normal horse serum killed 
10/10 and 11/15 mice respectively. No mice died when antiserum was used. 
Adequate controls were included. 

(2) Our colleagues, D. W. Henderson and F. C. Belton (personal communica- 
tion) have shown that the serum of rabbits, monkeys and humans which have been 
immunised with the in vitro-prepared protective antigen specifically inhibits the 
oedematous reaction produced in the skin of the rabbit by the toxic plasma. 
Further, they have shown that if hyperimmune horse serum is mixed with excess 
of the protective antigen prepared in vitro, it no longer neutralises the tissue- 
damaging activity of the plasma. 

(3) The fractionation described above shows that the remnants of the tissue- 
damaging activity and the protective antigen appear in the same fraction. 

In contrast, toxin and capsular substance appear to be unrelated. Thus, 
firstly, the two horse anthrax antisera described above which neutralise the toxin 
were derived from the Sterne uncapsulated strain of B. anthracis. Further, pure 
sodium polyglutamate (34 and 80 mg. ) produced by B. anthracis in vivo (Smith 
et at., 1954b) and the 5 per cent ethanol/2 per cent barium acetate fraction of the 
toxic guinea-pig plasma which contains 50-60 per cent of this material (Table VI), 
were non-lethal for guinea-pigs and mice respectively. No tissue-damaging activity 
in the skin of guinea-pigs was shown by either preparation. 
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Relation of Oedema Factor to Lethal Factor. 

Results from the parallel assay of material in both the skin test and the mouse 
lethal test have agreed. This agreement was clearly shown by the tests for toxin 

in the several body fluids of infected animals, by the parallel diminution in the two 

effects during adverse conditions of storage of toxic plasma, and by the neutralisa- 
tion of both reactions with specific antisera. 

This latter point is demonstrated in Table VII which shows that for each 
antiserum the amount required to neutralise 1 ml. of toxic plasma was the same 
whichever effect-was used as indicator. 

TABLE VII. -Comparison of Neutralising Power of Anthrax Antisera in the 
Skin and Mouse-lethality Tests. 

Skin test: 
neutralising dose Mouse lethality test: 

equivalent to protecting dose for 
I ml. toxin. 1 ml. toxin. 

Antiserum. 
Hyper-immune 

horse H. 430 
("Sterne" vaccine) . 0.03* 0.03t 

Hyperimmune 
horse H. 25 
(in vitro antigen) . 0.1 0.05 

Hyper-immune 
guinea-pig I 
(strain N. P. ) 0.08 0 0S ' 

Hyper-immune 
guinea-pig II 
(strain N. P. ) .. 0.08 0.08 

Hyper-immune 
guinea-pig III 
(strain N. P. ) 0.13 0.13 

" Amount required for complete neutralisation: partial effect with 25 per cent less serum, 
t Amount required for complete protection of group : partial effect with 50 per cent less serum. 
The three guinoa-pig sera were obtained by successive bleedings from a group of animals during a 

course of immunisation. 

Death of Guinea-pigs in Secondary*Shock after the Injection of Toxin. 
Guinea-pigs were injected intravenously with toxic plasma (10 ml. ) and 1-3 

days later the dying animals were examined by methods described previously 
(Smith et at., 1955) with a view to establishing the cause of death. The specificity 
of these observations was assured by comparing the results with those obtained 
from control animals which had received toxic plasma (10 ml. ) neutralised with 
antiserum and sacrificed at the same time. Observations were made only on 
animals dying subsequent to the first 24 hr. after injection, because of the peculiar 
sensitivity of the guinea-pig to the plasma which led sometimes to early non- 
specific death. 

The following results were obtained using 5-10 animals for each observation : 
Clinical signs. -These were not recognisable until the final 12 hr. and they 

closely resembled those of anthrax infection. The animals exhibited general 
weakness, gradually sinking towards the floor of the cage, with neck extended 
and hind legs outstretched. Breathing was rapid and shallow and the blood 
circulation in the ears was feeble. 



ANTHRAX TOXIN IN VIVO 469 

Reduced bleeding volume. -Direct heart puncture in dying guinea-pigs yielded 
3.3 (S. D. 0.8) ml. of anoxic blood, whereas control animals readily yielded 9.3 
(S. D. 0.5) ml. of normal blood. Reduced blood volume and blood pressure was 
therefore suggested in the dying animals. 

Temperature. -The mean value in control guinea-pigs was 38° (S. D. 6.5). 
After the injection of toxin, the temperature remained slightly subnormal (32-35°) 
until the rapid fall during the final 6 hr. The value at death was 27° (S. D. 2). 

Presence of oedema. -There was colourless subcutaneous oedema ventrally at 
the neck and chest and an exudate in the pleural cavities. A comparison of the 
plasma protein N value with that of control animals (Table VIII) confirmed the 
loss of protein from the blood. 

Blood haemoglobin values (per cent w/v). -The values for the toxaemic (6.9, 
S. D. 1.1) and control animals (9.0, S. D. 3.0) were much lower than those occurring 
in uninjected animals (15.6, S. D. 1.4). The reason for this is not clear, but it may 
be due to agglutination of red cells leading to their removal from the circulation. 
Agglutination of guinea-pig and mouse red cells by toxic plasma can be demon- 
strated in vitro : the neutralised plasma acts similarly. 

Interference with phosphate metabolism. -The plasma inorganic phosphate 
value in toxaemic guinea-pigs is significantly raised (Table VIII) as in secondary 
shock. 

Disturbance of electrolyte balance. -Table VIII shows that the plasma K and 
Mg values of the toxaemic animals are greater than those of controls. The 
respective Na values do not differ, a finding corresponding to that in anthrax 
infection (Smith et al., 1955). 

Renal failure. -The results in Table VIII indicate uraemia together with an 
abnormally high level of plasma alkaline phosphatase such as occurred in guinea- 
pigs dying of anthrax although, freed from active infection by treatment with 
streptomycin (Smith et al., 1955). The toxaemic animals also developed anuria. 

TABLE VIII. -Toxaemia in Guinea-pigs : Plasma Analysis. 

Analysis 
(mg. /100 MI. ): 

"`Guinea-pigs (250 g. ) intravenously injected 

with 10 ml. 

Toxic plasma 
(dying). 

493 (53.0) 
22-5( 9.5) 

283 (12.3) 
40.7 (13.5) 

3.8 ( 1.2) 
192 (32.5) 
347 (44.4) 

Neutralised 
toxic plasma 
(sacrificed). 

695 (47.0) 
6-6( 1.0) 

281 (15.3) 
22-4( 4.0) 

2-6( 0.7) 
40-9(10-7) 
57 (14.0) 

Protein N 493 (53.0) Tn rg" P. 22-5( 9.5) 
Na * 283 (12.3) 
K 
mg 40-7 (13-5) 
N. P. N. 

3.8 ( 1.2) 
192 (32.5) 

Urea 347 (44.4) 
Alkaline phosphatase 

(units of King 100 ml. ) 
. 59 (14.5) 16 ( 3.0) 

* Results quoted are the mean from groups of 5-10 guinea-pigs, and the standard deviations are 
given in brackets. 

The microscopical changes found in the kidneys were of the same type as those 
previously recognised in infected guinea-pigs (group Y), which had died in shock 
despite streptomycin therapy (Smith et al., 1955; Ross, 1955). The tubular 
changes were however uniformly less severe. 
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In animals dying 24-26 hr. after the injection of a lethal dose of toxin the only 
lesion might be an increased affinity of the cells lining the first convoluted tubules 
for acid dyes such as eosin. This was associated with some degree of pyknosis of 
the nuclei. The brush border of the cells of the first part of the nephron was frayed 

and this was clearly seen in the descending loop of Henle in preparations stained 
by the periodic acid Schiff method. The Schiff-positive material lay fragmented 
in the lumen of the tubule, and in some kidneys the lumen of the descending loop 

of Henle was full of it. Casts in the second part of the nephron were also Schiff- 

positive. In the descending loop of Henle, occasionally cells showed loss of nuclear 
staining. This was particularly so in one animal which survived for 72 hr. 

- In controls given neutralised toxin the changes in the kidneys were minimal 
and few casts could be found. 

Preparations were made to ' show the distribution of alkaline phosphatase. 
The Schiff-positive brush border of the first part of the nephron is the site of this 
enzyme in the kidney of normal guinea-pigs. In animals dying from toxin a 
diminution of alkaline phosphatase throughout the first part of the nephron was 
demonstrated, and in some instances patches of the cortex gave no reaction. In 
the descending loop of Henle the positive reaction was given by the material 
within the tubule and casts in the second part of the nephron or in the collecting 
tubules contained the enzyme. 

In controls given neutralised toxin there was a slight reduction of the alkaline 
phosphatase in the brush border of the first part of the nephron. Casts giving a 
positive reaction for alkaline phosphatase occurred in the second part of the n ephron 
and in the collecting tubules in some of these animals. 

An examination of the suprarenal glands showed that the toxin caused small 
extravasations of the blood in the medulla and in the inner part of the cortex. 
Such haemorrhages did not occur in controls given neutralised toxin. 

It is clear from these findings that the injection of anthrax toxin causes the 
death of guinea-pigs in secondary shock with its accompanying renal failure. 

Attempted Treatment of Anthrax in Guinea pigs beyond the Critical Point 
of the Bacteraemia. 

When it was established that B. anthracis formed a toxin which produced fatal 
shock in guinea-pigs some attempts were made to counteract these effects with 
therapeutic measures. 
- Small numbers (8-12) of infected animals whose blood contained 8-90 X 108 
chains of B. anthracis per ml., and which, therefore, could not be saved by the 
injection of antibiotic alone (Keppie et al., 1955), were given additional treatment 
as follows : control animals ; anthrax antiserum sufficient to neutralise any 
circulating toxin ; antiserum together with saline therapy and warmth as used in 
the treatment of shock (1 illican, Tabor and Rosenthal, 1952). The percentages 
of survivors in each group are respectively 0,8 and 33. The survival rate was poor 
in the animals given both antitoxin and treatment for shock but it was significantly 
greater than in the controls. It was not thought profitable to continue attempts to 
cure animals at such a late stage in the disease. 

DISCUSSION. 

'The evidence presented shows that the `oedema-producing and lethal factor, 
present in the plasma of guinea-pigs dying of anthrax is a specific product of the 
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growth of B. anthracis and leads to the death of the host. This finding was only 
made possible, by using the host as the culture medium for the organism. In view of the large number of organisms (1 X 109 chains per ml. of blood) 
growing in a guinea-pig before it dies, it might be expected that either the potency 
of the toxin was low or that small amounts of it were elaborated per organism. 
The fact that a lethal dose was contained in a relatively large amount of plasma 
supports this conjecture. Studies on toxin purification now in progress are expected 
to reveal potency on a weight basis. All evidence indicates that the two toxic 
effects-oedema production and lethal action-are caused by the same substance. 
Skin tests have frequently demonstrated a slight tissue-damaging activity in 
exudates from animals infected with B. anthracis (Sobernheim, 1931 ; Watson 
et at., 1947), and also in cultures when the medium consisted of serum (Nordberg, 
1951). Such tests detect' low concentrations of toxin in contrast to the lethality 
test in which only materials containing a much higher concentration can kill mice 
and guinea-pigs. The finding that only the plasma of infected guinea-pigs contains 
a lethal concentration of toxin, explains the previous failures of others and ourselves 
to demonstrate lethal activity in exudates and exudate/plasma mixtures. 

Recently Evans and Shoesmith (1954) have described a product' from old 
cultures of B. anthracis which causes a skin lesion entirely different in nature from 
our characteristic oedematous reaction. This product has yet to be shown to be 
lethal or specifically related to anthrax infection. 

A close relationship has been established between the specific toxin and non- 
toxic protective antigens of B. anthracis. On the other hand, it has been-proved 
that the toxicity of plasma is unrelated either to the capsule of B. anthracis or to 
polyglutamic acid. These findings are at variance with those of Watson et at. 
(1947) who related their " inflammatory factor " with polyglutamic acid and 
not with the protective antigen which they found in another fraction of rabbit 
exudates. 

The ability of the toxin to produce oedema agrees with the finding that guinea- 
pigs dying of anthrax do so in a state of shock where oligaemia results from vascular 
damage. That 

-the toxin is directly responsible for the host's death in anthrax 
is confirmed by our study of the pathological changes in guinea-pigs following the 
injection of a lethal dose of toxin. 

SUMMARY. 

B. anthracis produces a toxin in vivo which is responsible for the death of the 
host. 

The toxin is found mainly in the plasma of guinea-pigs dying of anthrax. It produces oedema in the skin, and kills mice and guinea-pigs when injected 
intravenously. 

Oedema production and lethal effect are due to the same toxic substance. Both 
effects are specifically neutralised by anthrax antiserum. The toxin appears to be in no way connected with the capsular substance of B. anthracis or with polyglutamic acid. There is a close relationship between it 
and non-toxic protective antigens. 

The cause of death in guinea-pigs dying after injections of the anthrax toxin is 
secondary shock. The syndrome is identical with that occurring in anthrax, 
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SUMMARY: A lethal oedema-producing toxin has been made in vitro in serum 
cultures of Bacillus anthracis which is identical with the toxin originally recognized 
in vivo. Toxin is produced by the attenuated immunogenic Sterne strain as well as 
by the virulent N. P. strain. Previous non-recognition of the toxin in cultures was 
due to its early appearance and rapid disappearance under ordinary growth con- 
ditions. A toxin-destroying mechanism was demonstrable in organisms from 
cultures grown for more than a few hours. Attempts to maintain the toxin concen- 
tration or to increase it by addition of various nutrilites to batch culture failed; 
only by continuous culture have the organisms been kept in their toxigenic growth 
phase. Traces of the toxin appear in cultures in Cryptic meat broth; these are in- 
creased by the addition of large molecular constituents of serum which appear to 
play an important role in toxin production. 

Until recently the product of Bacillus anthracis which is responsible for death 
in anthrax was unknown. No lethal endo- or exotoxin had been found in 

cultures of the organism in vitro (Eurich & Hewlett, 1930; Sobernheim, 1931; 
King & Stein, 1950). As a result of working with organisms grown in vivo 
rather than with those from artificial culture, Smith, Keppie & Stanley (1955) 
showed that B. anthracis does form a specific lethal oedema-producing exo- 
toxin. It was found in the plasma of guinea-pigs dying of anthrax. Although 
the characteristics of the toxin were clearly established it was not demonstra- 
ted in cultures in vitro until some time had elapsed. The failures to detect the 
toxin, under these conditions was due to its exceptionally early appearance 
followed by its rapid disappearance, which meant that toxin was only detect- 
able during a very short period, at an unusually early stage of the culture. The 
present paper describes the production of the toxin in vitro, also its properties 
and attempts to improve its yield and to prolong its activity under various 
culture conditions. 

METHODS 

Organisms used. The virulent N. P. strain of Bacillus anthracis and the at- 
tenuated Sterne and H. M. strains were used. 

Guinea pig blood and serum. Blood was removed from guinea pigs by cardiac 
puncture and collected into heparin (10 i. u. /ml. ) or immediately defibrinated, 
under as aseptic conditions as possible. After removing the blood cells, the 
plasma contained a small amount of haemoglobin and was used for toxin pro- 
duction within 2 days of its collection. 

Anthrax toxin produced in guinea pigs. This was obtained as described by 
Smith et al. (1955). 
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Albumin I (Armour). This was Fraction V of bovine plasma prepared by 

the Cohn & Edsall separation. It was not especially purified and formed a 
brown solution. 

Albumin II. This was a special sample of bovine albumin which showed no 
evidence of heterogeneity when examined electrophoretically or in the 

ultracentrifuge. 
y-Globulin. This was Fraction II of bovine plasma prepared by the Cohn & 

Edsall separation, and supplied by L. Light and Co. 
Guinea-pig haemoglobin. Well washed guinea-pig red blood corpuscles were 

haemolysed with distilled water; after centrifugation the solution was freeze 
dried. - 

Bovine and sheep haemoglobin. " Prepared as described for guinea-pig haemo- 

globin. 
Estimation of bacterial grout h. The number of bacterial chains (2-8 bacilli) jml. 

of culture was obtained from the average number of chains/ microscope field 

of a standard film (Keppie, Smith & Harris-Smith, 1955); 1 chain/field was 
equivalent to 1.5 x 107 chains/ml. (± 50%). In -media consisting of mainly 
tryptic meat digest, Bacillus anthracis grew in longer chains than in plasma. 
For this reason an estimate of bacterial growth was obtained from the extinc- 
tion of light by the turbid solutions, measured in an EEL spectrophotometer. 
Appropriate blanks were used in these estimations, and in Table 6 the readings 
of the EEL spectrophotometer are quoted as measures of bacterial growth. 

Assay of toxin in culture filtrates. The skin test for oedema production de- 
scribed by Smith et at. (1955) was used for routine assay of samples of culture 
which had been filtered sterile through Millipore membranes. The average 
result of duplicate assays are recorded here in the manner described by these 
authors, i. e. 8: 40 indicates a lesion of skin-fold thickness 8 mm. and diameter 
40 mm. Tests for lethality in mice and guinea pigs were carried out as de- 
scribed by Smith et at. (1955). - 

ý'" 
RESULTS 

Production of toxin from the virulent N. P. strain of Bacillus anthracis 
The initial experiments were related to the fact that toxin appeared in the 
blood of guinea pigs dying of anthrax when the bacterial count was c. Ix 10'' 
chains/ml. and the animal was c. 7 hr. from death (Smith et al. 1955). 1 In 
preliminary experiments, heparinized or defibrinated guinea-pig blood (9 ml. ) 
was inoculated with a suspension (1 ml., 8x 108 spores) of Bacillus anthracis 
strain N. P. spores in tryptic meat digest, which had been incubated at 87° for 
80 min. to germinate the spores. The mixtures were shaken at 37° in 'a War- 
burg bath at 120 strokes/min. with air containing 20% (v/v) CO., continu- 
ously passing over them. Samples tested by the skin-assay showed that the 
toxin concentration was maximal at 4 hr. (size of skin lesion 8 : 35-10: 40) and had disappeared by 7-8 hr. after the start of inoculation. 

Further experiments soon established that serum could be used as effectively 
as whole blood; also that the maximum concentration of toxin and its subse- 
quent rapid disappearance were not greatly affected by varying the following 
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conditions of cultivation: the presence or absence of heparin; rate of shaking 
or aeration; temperatures of 28°, 34° or 37°; different batches of guinea-pig 
blood or serum. In all cases, as soon as a certain amount of growth had 
occurred (count c. 5-10 x 107 fully developed chains/ml. ) the toxin concentra- 
tion was maximal and then rapidly disappeared (at counts greater than 
1-2 x 108 chains/ml. ). The size of the initial inoculum was somewhat critical 
if a high maximal concentration of toxin was to be obtained. The results in 
the upper part of Table 1 show that an inoculum size lower than the optimal 
resulted in a slightly less rapid appearance and disappearance of the toxin, but 
the maximal toxin concentration was not as high as that obtained with the 
optimal size of inoculum. A large inoculum resulted in a very rapid appear- 
ance and disappearance of the toxin. The optimal inoculum size and the con- 
ditions of culture described in Table 1 were used for the production of toxin 
for all subsequent work. 

Production of toxin by the virulent non-capsulated immunogenic 
Sterne strain of Bacillus anthracis 

The data in the lower part of Table 1 show that toxin was produced by the 
Sterne strain of Bacillus anthracis. The pattern of early appearance and rapid 
disappearance of toxin and the existence of an optimal inoculum size for 
maximal toxin production was the same as for the virulent strain. The cap- 
sulated attenuated H. M. strain of B. anthracis did not produce demonstrable 
toxin when tested under the conditions in Table 1. 

Toxin concentrations similar to those quoted in Table 1 were obtained when 
the N. P. or the Sterne strains were grown for short periods in human, calf or 
sheep serum under the conditions described in Table 1. 

A comparison of the properties of the anthrax toxin prepared in vitro 
and in vivo 

The toxins formed in vitro by the N. P. and Sterne strains of Bacillus an- 
thracis were compared with that produced by the N. P. strain in vivo. The 
results shown in Table 1 demonstrate the difficulty of obtaining cultures at the 
peak of toxin production. For the following tests, cultures were taken at 
15-30 min. intervals between 8.5 and 4.5 hr. after the start of incubation. Only 
in this way could toxin be obtained which approached in potency that in- 
variably present in the plasma of guinea pigs dying of anthrax. When, in 
addition to the optimal conditions outlined in Table 1, cultures were grown in 
an atmosphere of 20% (v/v) CO2 in air, the filtrates contained on the average 
slightly more toxin than those grown in air without added CO2. The use of 
CO2 appeared to some extent to broaden duration of the toxin peak, thus 
making it easier to obtain samples of maximum toxicity. Carbon dioxide+air 
was used whenever filtrates of maximum toxicity were required. On average, 
the Sterne strain of B. anthracis produced slightly higher concentrations of 
toxin than did the N. P. strain. 

Oedema Production. In the standard skin test for oedema production lesions 
of 7-10: 85-40 were obtained after injecting toxic filtrates from N. P. and 
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Sterne strains of Bacillus anthracis. The lesions formed by toxin produced in 

vivo were 8-10: 40-45. The null point (Smith et at. 1956) of the toxin prepared 
in vivo was at a dilution of 1/256; the corresponding dilutions for toxic fil- 
trates from the Sterne and N. P. strains were 1/256 and 1/128, respectively. 

Lethality to mice and guinea pigs. Results of lethality tests on toxic filtrates 
from subcultures of N. P. and Sterne strains of Bacillus anthracis are shown in 
Table 2. 

Table 2. The lethality of Bacillus anthracis toxic filtrates for mice and 
guinea pigs and its specific neutralization 

Antiserum (i) was prepared by hyperimmunizing horses with living avirulent B. anthracis 
spores; 1/5 of volume of toxic filtrate was added. 

Antiserum (ii) was prepared by hyperimmunizing horses with the immunizing antigen of 
Belton & Strange (1954); 1/5 of volume of toxic filtrate was added. 

Toxic filtrates came from cultures in air containing 20 % (v/v) CO'. 
All injections made intravenously, and for guinea pigs, freeze-dried material was used at 

double the original strength. 
Guinea pigs' (deaths/ 

Skin Mice's (deaths/no. injected) no. injected) 
lesion 

Sample 0.2 nil. 1.5 ml. 1 ml. 0.5 ml. 20 ml. 10 ml. 
Toxin from N. P. strain 

Alonet 7: 38 37/46 24/41 0/10 7/9 
, 

113 
With antiserum (i) Nil 0/5 -- 0/2 - With antiserum (ii) Nil 0/5 -- -- 

Toxin from Sterne strain 
Alonet 8: 40 24/29 57/73 11/15 9/9 9/15 
With antiserum (i) Nil 0/14 0(24 - 0/5 - 
With antiserum (ii) Nil 0/10 0/10 - - 

* For comparison, the approx. L. D. 50 of the anthrax toxin produced in vivo for the 
mouse and the guinea pig was 0.4 ml. and a ml. respectively (Smith et at. 1955). 

t When normal horse serum (1/5 volume of toxic filtrate) was mixed with the toxic filtrates 
it did not affect either lethality or oedema production. 

Specific neutralization by antiserum. The anthrax toxin produced in vivo was 
specifically neutralized by the serum of horses hyperimmunized against an- 
thrax by using live avirulent Bacillus anthracis spores (Sterne strain) or a 
non-toxic immunizing antigen produced in vitro by our colleagues Messrs 
Belton & Strange (1954). Similarly, the oedema production and lethality of 
toxic filtrates from cultures of N. P. and Sterne strains of B. anthracis were 
also neutralized by these two types of antiserum (see Table 2. ) 

Specific precipitation in Ouchterlony plates. Toxin produced in vivo formed a 
maximum of three precipitation lines when examined in a standard Ouchterlony 
diffusion system against either of the two sera described above (Stanley & 
Smith, personal communication). When compared on the same Ouchterlony 
plate with the toxin formed in vivo, toxin filtrates from cultures of N. P. 
and Sterne strains of Bacillus anthracis when concentrated fivefold, formed 
identical lines against both types of antiserum. 

Presence of at least two components forming a synergic mixture. The anthrax 
toxin produced in vivo could be separated by ultracentrifugation into two 
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components-Factor I (deposit) and Factor II (supernatant fluid) (Smith 

et al.; 19,56). When injected alone, Factor I had a much lower activity than the 

original toxin and Factor II (when free from Factor I) was devoid of activity; 

mixed together, they formed a fully toxic mixture., Our colleague Mr J. L. 

Stanley ultracentrifuged the toxic culture filtrates from both strains of 
Bacillus anthracis as described' by Smith et al. 1956; after one ültracentri- 

fugation for 16 hr. the unwashed deposit (Factor I) was separated from 

the supernatant fluid (Factor II approx. 8 ml. ) and dissolved in saline 
(8 ml. ). The results of skin tests for synergic 'action between these two 
factors and with the respective components of the toxin prepared in vivo 
are shown in Table 3. It is clear that Factors I and II are present in the toxin 

prepared in vitro. 

Table 8. Synergic action of Factors I and 11 from the toxic filtrates of Bacillus 

anthracis produced in vitro with each other and with Factors I and 11 from 
toxin produced in vivo. 

Skin tests for toxin 

Ultracentrifugal fractions 
injected alone -,, 

Unwashed supernatant Synergic mixtures of 
Strain of Bacillus deposit Factor 1 (0.1 ml. ) +Factor II (0.1 ml. )', 

anthracis from which 
toxic filtrate Factor I+ Factor 11 in vitro I in vitro I- in vivo I 
` prepared (0.1 ml. ) (0.1 ml. ) in vitro II in vivo lI in vitro II 

In vitro +. 
Strain N. P. 8: 24 Nil 11: 30 9: 40 10: 40 
Strain Sterne 9: 85 Nil 11: 40 

, 
11: 38 10: 35 

In vivo] .., 
Strain N. P. 9: 82. Nil, 

These crude preparations of Factor I inevitably contain some Factor II which accounts 
for the relatively high inherent activity. Factor 11 can be freed from I by ultraeentrifugation. 

t For method of preparation see Smith et al. 1956., 

Production of active immunity. Anthrax toxin prepared in vivo will actively 
immunize guinea pigs against subsequent infection with Bacillus anthracis. 
A 1/8 or 1/16 dilution of it will protect c. 50% of the animals in the test for 
immunizing activity described by Smith & Gallop (1956). A similar degree of 
protection in this test was obtained from 114 and 1 116 dilutions of toxic filtrates 
from 4 to 41 hr. cultures of the N. P. and Sterne strains, respectively. After 
7 hr. growth, when the culture filtrates were no longer toxic, they could still 
immunize although less effectively. Thus, an undiluted filtrate from 'a late 
culture of N. P. strain and a 1/2 dilution of a similar filtrate from Sterne strain 
protected 50% of the animals. This partial deterioration parallels the behaviour 
of the in vivo toxin when treated with various chemical reagents; it rapidly 
loses its toxicity but retains some ability to immunize. 

Selective inhibition of toxin synthesis by 2-thiouracil. Tempest & Smith (1957) 
showed that in. vivo 2"thiouracil interfered with toxin production by Bacillus 
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anthracis without significantly affecting its rate of growth. This antimetabolite 
had a similar action on toxin production by both N. P. and Sterne strains 
in vitro (Table 4). 

Table 4. The effect of 2 thiouracil on toxin synthesis in vitro by 
Bacillus anthracis 

Medium and conditions (optimal inoculum) of incubation as described in Table 1. The num- 
ber of bacterial chains/ ml. in the growing culture at the different times was not significantly 
different in control and experimental samples. 

Duration of incubation 

8.5 hr 4.5 hr. 6 hr. 
Skin reaction 

Medium Organism 
Control Sterne 6: 37 7: 42 Nil 

+thiouracil (0.1 %) Sterne 4: 21 4: 20 tr 

Control N. P. 6: 82 6: 35 Nil 
+th, iouracil (0.1 %) N. P. 5: 80 5: 27 Nil 

The toxin-destroying act ion of Bacillus anthracis 
The effect of bacterial population on toxin production. The results in Table 1 

show that toxin production and destruction were related to the number of 
bacteria in the culture. As soon as a critical amount of growth had occurred 
(c-'5-10 x 10' fully developed chains/ml. ), the amount of toxin was maximal 
and at greater amounts of growth it rapidly disappeared. This was confirmed 
by the following experiment. When non-toxic, 6-7 hr. cultures of the N. P. 
or Sterne strains of Bacillus anthracis were centrifuged and - the deposited 
organisms resuspended in the same volume of medium (1 vol. tryptic meat 
broth +9 vo]. plasma), no toxin appeared on incubating this relatively high 
concentration of organisms. On the other hand, toxin was produced when the 
medium was inoculated with these organisms, when the inoculum was de- 
creased to that normally used for toxin production. Thus, after 2-2.5 hr. of 
incubation, the toxin gave skin tests of 7-9: 35-40. The toxin soon disappeared 
on further incubation, as the number of bacteria increased. 

The toxin-destroying mechanism in organisms from cultures aged 7 hr. or more. 
It seemed likely that organisms found in the older cultures of Bacillus anthracis 
(N. P. and Sterne strains) could destroy their own toxin. Extracts of organisms 
from 2.5,7 and 12 hr. cultures and the non-toxic filtrates from 7 and 12 hr. 
cultures were tested for their ability to destroy toxin when incubated with it 
(see Table 5). In contrast to toxigenic organisms from 2.5 hr. cultures, organ- 
isms from 7 and 12 hr. cultures contained a toxin-destroying mechanism which 
appeared to be essentially intracellular; at 7 hr. it was not present in the cul- 
ture medium to any appreciable extent, but by 12 hr. it was clearly demon- 
strable, probably due to lysis of some organisms. This apparent change in the 
organisms between 2.5 and 7 hr. was supported by a difference in their infra- 
red spectra; these examinations were made by our colleague Dr K. Norris 
to whom we are indebted. 
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Table 5. The toxin-destroying mechanism in organisms from late samples 
of cultures of Bacillus anthracis (stra ins N. P. and Sterne) 

Skin lesions produced by the 
mixtures (0.4 ml. ) after 2 hr. 

incubation at 370 

Mixture Strain N. P. Sterne strains 
Sterile toxin* (1 vol. ) mixed with 1 vol of: 
Saline 7: 33 7: 32 
Streptomycin solution (2000 u. /ml. ) 7: 35 7: 33 
Extractt of organisms from 2.5 hr. culture$ 7: 29 7: 31 
Non-toxic filtrate from 7 hr. culture 7: 85 8: 31 
Extract of organisms from 7 hr. culture Nil Nil 
Non toxic filtrate from 12 hr. culture Nil Nil 
Extract of organisms from 12 hr. culture Nil Nil 

(a) Soluble (filtered sterile) Nil Nil 
(c) Insoluble Nil Nil 

* Toxic filtrates from 8}-4 hr. cultures under conditions as in Table 1. 
t Bacterial extracts were prepared by shaking in a Mickle shaker with ballotini beads 

for }-} hr. No organisms could be cultured from the disintegrates but streptomycin 
(2000 units per ml. ) was added as a precaution since the turbid whole extracts could not 
be filtered sterile. The concentration of organisms used was equal (on the basis of turbidity) 
to the concentration in a normal 7 hr. culture prepared under the conditions described in 
Table 1. 

$ Conditions of culture as described in Table 1. 

Attempts to increase yields of toxin and prolong its life in cultures 
Quasi-continuous culture. Cultures (24 ml. ) of both the N. P. and Sterne 

strains of Bacillus anthracis were incubated for 4 hr. at 37° under the optimal 
conditions described in Table 1, i. e. until toxin production was near its peak. 
Half (12 ml. ) of the culture was then removed for assay and the medium re- 
plenished over the next hour by the addition, at 10 min. intervals, of six 2 ml. 
portions of warm medium. After 5 hr. of incubation, half (12 ml. ) the culture 
was again removed and the same mode of addition of fresh medium repeated. 
The whole process was continued until the 8th hr. of incubation. The bacterial 
count of all samples of both strains did not depart significantly from, 107 
bacterial chains/ml. At 4,5,6,7 and 8 hr. after the start of incubation the 
sizes of the skin lesions in the assay for toxin were 6: 37,6: 36,6: 37,6: 44 and 
6: 42 for the N. P. culture and 7: 42,7: 40,7: 41,7: 46 and 8: 47 for the Sterne 
culture. A comparison of these results with those given in Table 1 shows that 
when fresh medium was continually added and the bacterial count retained 
approximately the same by occasional removal of culture, then the high 
content of toxin which ngxmally disappeared quickly in these cultures was 
maintained. 

Batch culture. Apart from the application of this quasi-continuous culture 
system, we were not able to maintain peak toxicity or significantly to increase 
toxin concentration in the standard type of culture where the bacterial popula- tion was continually increasing. Attempts in this direction are described below. 
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(1) Added nutrients. The following four mixtures of amino acids, purine/ 

pyrimidines and vitamins produced no significant difference from the control 
culture when added either alone (at the concentrations given in brackets and 
at 1/10,1/50 and 1/500 of these concentrations) or when mixed together. 

A. Glycine (20 MM), DL-alanine (2 MM), DL-valine (0.4 MM), DL-leucine 
(1 MM), DL-isoleucine (1 MM), DL-proline (1 mM), hydroxyproline (1 mm) 
DL-serine (2 MM), DL-threonine (0.4 MU), DL-norleucine (1 mm). 

,. 
B. L-cystine (0.4 MM), DL-methionine (0.4 MM), DL-aspartic acid (1 mM), 

DL-glutamic acid (2 MM), DL-lysine (1 MM), L-arginine (1 MM), L-histidine 
(0.4 MM), DL-phenylalanine (1 MM), DL-tyrosine (1 MM), DL-tryptophane 
(0.2 mM). 

C. Thiamin (2, uM), riboflavine (2 
, u1), nicotinamide (10 µM), Ca panto- 

thenate (2 /tit), pyridoxine (4µM) choline chloride (40 µaß), inositol (200 pm), 
biotin (2 

, um) pimelic acid (200 j im), folic acid (1 pM) p-aminobenzoic acid 
(10 pM). 

D. Adenine (100 pm), guanine (100 
, um), xanthine (100 µas), hypoxanthine 

(100 fiM), cytosine (100 #m), thymine (100 pM), uracil (100, uM), glutamine 
(1000 QCM), haemin (80 µM). 

The work of Tempest & Smith (1957), on the metabolic background to the 
production of the anthrax toxin in vivo, suggested that addition of coenzyme i 
(0.0025%), coenzyme zi (0.0025%), uracil (0.1%), or nicotinamide (0.1%) 
might increase toxin production. The addition of nicotinamide and uracil did 
slightly increase toxin production but this increase was hardly significant. 

(2) Constant pH value. The anthrax toxin is sensitive to changes in pH 
value (Smith, et al. 1955). The pHI value of cultures did not fall outside the 
range 7.4-7.8 during 8 hr., and no change in the toxin production and destruc- 
tion pattern was obtained by adding sodium phosphate to maintain a constant 
p11 value. The addition of sodium bicarbonate (0.5 and 0.1 %) retarded the 
growth rate somewhat so that toxin was maintained for a slightly longer 
period. 

(3) Oxidizing and reducing substances. DIr J. L. Stanley and Dr H. Smith 
(personal communication) have found that Factor 1 of the anthrax toxin is 

sensitive to oxidation and reduction. Addition of cystine (0.1 and 0.01 %), 

cysteine (1,0.1 and 0.01%) and KIO3 (0.1%) with a view to counteracting any 
oxidizing or reducing action of the organism, produced no significant change 
from normal. Anaerobic culture resulted in some toxin production of the 
same pattern as that in normal culture, but possibly slower. 

(4) Miscellaneous. Addition of egg-yolk broth (1/5 vol. ), arachis oil con- 
taining cholesterol (1/5 vol. ), soya-bean meal containing trypsin inhibitor 
(0.5 %), and charcoal (0.1%) produced no significant change from the normal 
pattern. 

The influence on toxin production of high molecular weight components of serum 
The experiments described above gave no clue as to the function of serum 

and tryptic meat digest medium in producing the right nutritional conditions 
for toxin production. The effectiveness of the added mixtures of smaller 
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molecular nutrilites suggested that it was the larger molecular components of 

serum which were important in toxin production. ' The following experiments 

support this view and also indicate the part played by tryptic meat broth. 

When serum alone was used in the standard procedure, toxin production and 
disappearance was delayed but the maximal content was not significantly lower 

than when the normal mixture of serum and 10 % tryptic meat digest was used; 
the function of tryptic meat digest seemed to be to accelerate growth (see top 

of Table 6). Tryptic meat digest in the standard medium can be replaced by 

its ultrafiltrate without affecting toxin production or growth (see Table 6), 

showing that it is the small molecular components which are important. On 

the other hand, toxin was not produced on a medium of tryptic meat digest 

or its ultrafiltrate+the ultrafiltrate of serum, although normal growth of the 

organism occurred. Hence the large molecular weight components of serum 
appeared to be most important in toxin production. 

Production of small amounts of toxin in tryptic meat broth; the influence of 
serum and other material of high molecular weight 

Only the Sterne strain of Bacillus anthracis regularly produced a small 
amount of toxin in tryptic meat digest (see Table 6). The N. P. strain produced 
a similar quantity only in certain batches of tryptic meat digest. 'A significant 
increase in toxin production was brought about by the addition of serum 
(20%, v/v; see Table 6), but the amount of toxin was not equal to that in 
the normal mixture of serum and 10 % (v/v) tryptic meat digest even when the 
proportion of serum was increased to 50 %. 

The nature of the high molecular weight components in serum which may 
be of importance is not dear. Addition of a sample of albumin which had not 
been specially purified, 'significantly increased toxin production but a pure 
sample of albumin and a sample of y-globulin did not. The impure sample of 
albumin was brown and its absorption at 410 ma indicated the presence of 
haemoglobin. The addition of guinea-pig haemoglobin (not specially purified) 
increased toxin production but no more than the impure sample of albumin or 
serum. ýA fivefold decrease of the haemoglobin concentration did not signifi- 
cantly change the effect. Horse and bovine haemoglobin acted similarly, but 
haemoglobin could not be replaced by haematin or iron salts. 

At no time in this work with media composed mainly of tryptic meat digest, 
did the concentration of toxin reach that obtained during growth in the con- 
ventional mixture, of serum with 10 % (v/v) of tryptic meat i broth. The 
rather low concentrations of toxin obtained were however maintained in the 
presence of far higher bacterial propulations than in the conventional mix- 
ture (see Table 6). 

DISCUSSION 

The toxin'responsible for death from -anthrax has now been produced in vitro 
from a virulent strain and from an attenuated immunogenic strain of Bacillus 
anthracis growing in a mixture of serum +tryptic meat digest. The toxin ap- 
pears identical with that found in vivo, and cultures of the Sterne strain have a 
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maximum toxin content approximately equal to that produced in vivo. The 
toxicity of cultures of the virulent strain is J-1 that of toxic plasma. 

The early appearance and rapid disappearance; of the toxin in artificial 
culture probably explains the failure of earlier workers to demonstrate it. 
In culture, Bacillus anthracis organisms change rapidly from toxin producers 
to toxin destroyers as the result of the production of an intracellular toxin- 
destroying enzyme system. This change occurs when the bacterial population 
increases beyond a critical concentration. The appearance of this enzyme was 
prevented by continuous culture in a mixture of serum+tryptic meat digest 
where the population and nutritional conditions remained more or less con- 
stant; under these conditions, the maximum toxin content of the culture was 
maintained. Hence, the concentration of toxin does appear to cause the 
change of organisms from toxin producers to destroyers; the change may be due 
to a nutritional deficiency. Continuous culture is not unlike the conditions 
which exist in vivo, where any depletion of plasma constituents would be 
replaced by compensatory mechanisms. One important difference however, is 
that the bacterial population in vivo increases to c. 1x 109 chains/ml. blood, 
at which concentration complete destruction of the toxin would have occurred 
in vitro. The compensatory mechanisms of the host appears to be able to 
supply the correct nutritional environment for a toxigenic bacterial popula- 
tion in excess of that supported by normal serum in artificial culture. 

We have been unable to identify in detail the nutritional requirements for 
toxin production and maintenance. The addition of many nutrilites and the 
use of various stabilizing procedures have not increased the maximal yield of 
toxin or prevented its destruction. The large molecular components of serum 
play an important part in toxin production, and it is interesting to speculate 
whether these components protect the toxin against the action of the toxin- 
destroying system by acting as competitive enzyme substrates, or whether 
they provide essential large molecular intermediates for toxin production. 

The formation of toxin by the avirulent uncapsulated Sterne strain of 
Bacillus anthracis fits in with our views on the virulence of this organism and 
on immunity to anthrax. Virulence is due to at least two factors: the toxin and 
a capsule which contains polyglutamic acid (Smith, Zwartouw & Harris- 
Smith, 1956). Both factors must be present for full virulence; they both act 
as aggressins and later in the disease the accumulation of toxin proves fatal 
to the host. The toxin is the complete natural antigen for stimulating active 
immunity to anthrax. The Sterne organism lacks a capsule and is therefore 
almost avirulent, but it is a well-known immunogenic strain, either as a 
spore vaccine or in the form of a filtrate of cultures grown under special con- 
ditions (Belton & Strange, 1954). This strain should therefore produce the 
toxin in suitable cultures, and this has now been observed. On the other hand, 
the HM strain is heavily capsulated but since it lacks the capacity to form 
significant quantities of toxin it is an attenuated strain and non-immunogenic. - 

Now that the in vitro production of the anthrax toxin in serum has been 
achieved, it should be possible to succeed also with simpler media. The forma- 
tion of a trace of toxin in tryptic meat digest, which can be increased by the 
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addition of impure serum albumin or haemoglobin is encouraging in this 
respect. Furthermore, a product closely connected with the anthrax toxin has 
already been prepared in a chemically defined; medium (Wright, Hedberg & 
Slein, 1954; Belton & Strange, 1954). It isa non-toxic protective antigen, 
which on injection leads to the production of antitoxin capable of neutral- 
izing the anthrax toxin from in vivo (Smith, et al. 1955) or in vitro (see above) 
sources; it also forms common precipitin lines with the toxin in serological 
diffusion plate analysis (Mr J. L. Stanley and Dr H. Smith, personal com- 
munication) and will, to some extent, replace factors I and II in the tests for 
oedema production and lethality (Smith et at. 1956). 

Our thanks are due to Mr H. Courtney and Mr J. Ilayton for excellent technical 
assistance. 
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THE earlier literature (see Smith and Keppie, 1955) indicated that at least two 
factors were involved in the aggressin action of Bacillus anthracis ; one was extra- 
cellular and related to the immunizing activity of certain strains and the other 
appeared to be connected with the capsule. Work described in the present series 
of papers (reviewed Smith, 1958) has shown this broadly to be true and has 

established the nature of the compounds involved. The extra-cellular, oedema- 
forming, lethal toxin of B. anthracis (Smith, Keppie and Stanley, 1955) which is 
the basis of immunity to anthrax (Stanley and Smith, 1963) has an aggressin 
action in the early stages of infection (Smith, Zwartouw and Harris-Smith, 1956). 
This toxin consisted of three components-factors I, II and III-which were 
purified and chemically investigated ; they were neither lethal nor oedema-pro- 
ducing when injected singly but fully toxic when injected together (Smith, 
Tempest, Stanley, Harris-Smith and Gallop, 1956; Thorne, Molnar and Strange, 
1960; Stanley, Sargeant and Smith, 1960; Sargeant, Stanley and Smith, 1960 ; 
Stanley and Smith, 1961 ; Smith and Stanley, 1962; Stanley and Smith, 1963). 

The capsule of B. anthracis contains polyglutamie acid (Tomscik, 1956). 
Samples of this material showing no evidence of heterogeneity were isolated from 
B. anthracis. grown in vivo, and from the body-fluids of infected guinea-pigs 
(Zwartouw and Smith, 1956; Smith, Zwartouw and Harris-Smith, 1956) ; it was 
neither toxic nor immunogenic (Smith and Gallop, 1956). This paper describes 
the aggressin activity of a toxic mixture of the three recently purified factors of the 
toxin and of sodium polyglutamate, i. e. their ability to enhance the virulence in 
vivo of an otherwise ineffective dose of B. anthracis, to interfere with the phago- 
cytosis of phagocytosis-sensitive B. anthracis, and to interfere with the bactericidal 
action of horse serum and extracts of guinea-pig leucocytes on B. anthracis. 
Furthermore evidence is presented which indicates that when the toxin and poly- 
glutamic acid interfere with phagocytosis of B. anthracis-which is perhaps the 
main defence against this organism-they do so by differing mechanisms. 

In addition to the toxin and capsular polyglutamic acid, Smith, Zwartouw 
and Harris-Smith (1956) showed that a third aggressin might contribute to the 
overall activity. An impure lipoprotein fraction (Protein A) obtained from 
B. anthracis grown in vivo, (a) rendered B. anthraci s more resistant to phagocytosis, 
(b) was absent from a non-capsulated avirulent strain of B. anthracis and (c) was 
non-immunogenic. This material was obtained from extracts of whole capsulated 
organisms. It was not therefore possible to assess its importance in the overall 
aggressin activity, because it was not known whether the active material was 
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hidden in the soma, or present in the capsule or on the surface, where it could act 
effectively. This paper, summarizes unsuccessful attempts to demonstrate 
Protein A in the capsule and hence leaves the question of its importance as an 
aggressin undecided. 

MATERIALS AND METHODS 

Sodium polyglutamate from B. anthracis grown in vivo. -The two samples described by 
Zwartouw and Smith (1956) were used ; they were obtained from the cellular substance and 
from the body-fluids of infected guinea-pigs, but only one set of results is recorded below, 
since they behaved identically. 

The mixture of purified factors I, II and III of the anthrax toxin. -The final preparations of 
factors I, II and III were described by Stanley and Smith (1961), Smith and Stanley (1962) 
and Stanley and Smith (1963). Concentrated solutions of the factors were mixed in the 
proportions factor I 4µg., factor II 40 pg. and factor III 8 ug. (these are the amounts of 
material which form a mixture fully lethal for mice ; Stanley and Smith, 1961 ; Smith and 
Stanley, 1962) and dilutions of this mixture were examined immediately in the tests for 
aggressins. 

Protein A from B. anthracis grown in vivo. -This was described by Smith, Zwartouw 
and Harris-Smith (1956). 

Tests for aggreaeins 
Ability to enhance the virulence of B. anthraeis (Pasteur II) in guinea-pigs. -This test was 

described by Smith and Gallop (1956). The concentration of material in the highest dilution 
(0.2 ml. ) showing activity has been quoted. 

Antiphagocytic activity 
Two tests were used in this work, utilising the polymorphs of normal guinea-pig blood 

(PMN), and phagocytosis--sensitive B. anthracia (spores of strain NP incubated in tryptic 
meat broth for 20 min. at 37°). These tests were based on : Viable counts of the numbers of bacteria surviving phagocyto8i8 by treated and untreated 
phagocytes. -This was the standard assay for antiphagocytic activity described by Smith and 
Gallop (1956), which had been used in preference to the following test for the routine examina- 
tion of fractionation samples (Smith and Gallop, 1966; Smith, Zwartouw and Harris. 
Smith, 1956). 

The phagocytic-index of treated and untreated phagocytes. -This test was described by 
Keppie, Smith and Harris-Smith (1953). In control samples the guinea-pig phagocytes 
ingested the organisms and the mean phagocytic-index was usually 8-10. Addition of 
aggressin decreased the phagocytic-index and the statistical treatment (by our colleague Mr. 
S. Peto) of results (100 phagocytes counted for each determination of mean phagocytic-index) 
from more than 50 experiments showed that a difference of 1.5 or more in the mean phago- 
cytic-index was significant. 

Dilutions of the materials were examined in these tests and in Table I the lowest con- 
centration of materials (in the total test-mixture of 1 ml. ) showing significant activity, has 
been quoted. 

Anti-bactericidal activity 
Two tests have been used utilising the bactericidal properties of normal horse serum and of 

extracts of guinea-pig white blood cells. Serum. -Freeze-dried horse serum was reconstituted and diluted so that 90 per cent of 
the test inoculum was killed in the control tubes under the following conditions. 

Mixtures of the diluted serum (0-4 ml. ) and of the dilutions of the test substance (0-4 ml. 
in Locke) were made in screwcap bottles (5 ml. ). After standing 30 min. at room tempera- 
ture a suspension (0.2 ml. ) of newly germinated anthrax spores (strain NP, incubated in 
tryptic meat broth for 20 min. at 37° and subsequently diluted to 3x 105 per ml. in gelatin. 
Locke) was added. Viable counts of the control samples and test mixtures were made 
immediately, and after rotation for 3 hr. at 37°. Active materials completely interfered with 
the bactericidal activity and the lowest concentration of material (in the total test-mixture, 
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1 ml. ) showing significant activity (i. e. double the percentages of surviving organisms relative 
to the control samples) has been quoted in Table I. 

White blood-cell extract. -Large guinea-pigs (800 g. ) received intraperitoneally 2 per cent 
wlv wheat starch (15 ml. ). After 18 hr., the animals were killed and their peritoneal cavities 
were washed out with 0-5 per cent gelatin-saline (50 ml. per animal) containing heparin (3 
I. U. per ml. ). The WBC were collected by centrifugation, washed three times with gelatin) 
saline, suspended in water (2-5 X 108 per ml. ) and frozen (-70°) and thawed (room tempera- 
te) three times. This suspension of disintegrated white blood cells was used in the same 
way as described for horse serum, and the results have been quoted similarly. 

RESULTS 

The aggressin activity of the mixture of factors I, II and III of the anthrax toxin and 
of sodium polyglutamate 

The results in Table I show that both the toxin-mixture and the sodium 
polyglutamate have the following biological activities. They enhance the 
virulence of B. anthracis in vivo, they are antiphagocytic, and they are anti- 
bactericidal towards both horse serum and extracts of guinea-pig white blood 
cells. Similar results were obtained in all the antiphagocytic and anti-bactericidal 
tests, if the virulent N. P. strain of B. anthracis was replaced by the avirulent 
Sterne strain. 

TABLE I. -Aggre8sin Activity of Mixtures of the Three Factors of 
the Anthrax Toxin and of Sodium Polyglutamate' 

Lowest active concentration (per cent w/v) 

Toxin-mixture 

factor factor factor Sodium 
Test for aggressin'" I II III polyglutamate 

Virulence enhancing activity 0.025 0.25 0.05 2.0 
in vivo 

Anti-phagocytic activity in 
guinea-pig blood 
1. Viable count of un. 0-003 0.03 0.006 0"8 

phagocytosed organisms 
2. Phagocytic-index 0-003 0.03 0.006 0.9 

Antibactericidal activity 
1. Horse serum 0.001 0.01 0.002 0.03 
2. Extract of guinea-pig 0.001 0.01 0.002 0.03 

white blood-cells 

" For details of the tests-see Methods. 

On a weight basis, the toxin mixture was the more active, but in vivo the poly- 
glutamate may play as large a role in invasion, as the toxin, since it is concentrated 
around the organism as a capsule and not-as is the toxin-dispersed in the 
surrounding environment. 

The mode of action of the toxin mixture and of sodium Polyglutamate in preventing 
phagocytosis 

The toxin mixture and sodium polyglutamate inhibited phagocytosis by different mechanisms. 
The disabling of phagocytes by the toxin mixture. -The mixture of the three factors of the anthrax toxin, but not sodium polyglutamate, exerted a direct 
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harmful effect on the phagocytes which persisted after removal of the toxin 
mixture. The following experiments were based on the tests for antiphagocytic 
activity. 

Gelatin-Locke (0.4 ml. ) containing the toxic mixture or sodium polygluta- 
mate was added to fresh defibrinated guinea-pig blood (0.4 ml. ) and the mixture 
was rotated at 37° for 1 hr. The mixture was cooled to 0-2° and the blood cells 
removed by centrifugation (2000 r. p. m., 17 cm. radius, 15 min. ) and washed twice 
at 0-2° with gelatin-Locke (2 X5 ml. ). The cell deposits (ca. 0-2 ml. ) were 
made up to 0-6 ml. with gelatin-Locke (0.4 ml. )-in Table II it will be seen that 
one control tube contained the aggressin throughout the subsequent phago- 
cytosis ; it was added at this stage-and fresh serum (0-2 ml. ) from defibrinated 
blood was added. After rotating at 37° for I hr. the suspension of cells (0.8 ml. ) 
was used as the mixture of blood and experimental sample in both tests for 
antiphagocytic activity (see Methods). The aggressins were tested at concen- 
trations equal to, or slightly above the minimal active concentrations indicated 
in Table I. The results shown in Table II clearly indicate the harmful effect of 

TABLE II. The Disabling of Guinea-pig Phagocytes by a Mixture of the Three 
Factors of the Anthrax Toxin but not by Sodium Polyglutamate 

Phagocytosis testst 

Treatment* of Average per 
phagocytes (vol : cent of 

0.8 ml. in pretreatment, Mean organisms 
Aggressin 1.0 ml. in final phagocytic- surviving 

(w/v per cent in 04 ml. ) phagocytosis) index phagocytosis 
Toxin mixture 

Factor I (0.008) Control 10-7 39 
Factor II (0.08) Pretreatment with ag- _8.4 

58 
gressin 

Factor III (0.016) Aggressin present during 5.8 63 

Sodium polyglutamate (2.0) 
phagocytosis 

Control 10.8 39 
Pretreatment with ag- 10.4 39 

gressin 
Aggressin present during 9.3 74 

phagocytosis 

These results are the average of 2-4 similar experiments. * For details of pretreatment see methods. t For details of these two separate tests see methods. A difference of 1.5 or more in mean 
phagocytic index was significant ; and also a difference 10-15 in average percentage of the organisms 
surviving phagocytosis (Smith and Gallop, 1956). 

the toxin-mixture on the phagocytes and the innocuous nature of sodium poly- 
glutamate. Similar results were obtained if the virulent NP strain of B. anthracis 
in these tests was replaced by the aviruient Sterne strain. 

The increased resistance to phagocytosis of B. anthracis (strain NP) after treatment 
with sodium polyglutamate 

B. anthracis (strain NP) was treated with sodium polyglutamate or with the 
toxin mixture at 0-2°; after removal of the aggressin the organisms were tested 
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_ý 
TABLE III. Increase in Phagocytosis-resistance of B. anthracis (strain NP) 

when treated with Sodium Polyglutamate but not the Toxin Mixture 
Pretreatment of B. anthracis 

r- A Average (per cent) of organisms 
Cone. (per ----"+ 

cent) in Unwashed organisms 
contact Washed organisms 

with (a) 
organisms (a) (b) corrected* (b) 

Sample at 0-2° control expt (b-a) control control expt (b-a) 

Sodium poly. 1.0 27 46 19 32 43 54 11 
- glutamate - 
Toxin mixture 

Factor I. 0.008 
Factor II 0.08 49 50 1 49 51 43 -8 
Factor III . 0.016 

The results are the average of 3-5 similar experiments. 
The details of the test involving the determination of phagocytosis-resistance of B. anthracis 

after pretreatment with the aggressin and its subsequent removal, were described by Smith, Zwartouw 
and Harris-Smith (1956). 

* For details of this correction see Smith, Zwartouw and Harris-Smith (1956). 

for resistance to phagocytosis. The details of the test were the same as those 
described by Smith, Zwartouw and Harris-Smith (1956) and the results are given 
in Table III. Sodium polyglutamate, but not the toxin mixture, appeared to be 
adsorbed on the surface of organisms of strain NP rendering them more resistant 
to phagocytosis. In these tests with strain NP, the preliminary growth (I hr. ) 
of the organism in serum (see Smith, Zwartouw and Harris-Smith, 1956) was 
important. Organisms grown in tryptic meat broth show no significant ability 
to add on the protective coat of sodium polyglutamate. A precursor to the 
capsule might be necessary for adsorption of the polyglutamic acid. The absence' 
of this precursor might explain the fact that the non-capsulated avirulent Sterne 
strain of B. anthracis could not be pretreated with sodium polyglutamate as 
described above. 

The anti-opsonic effect of sodium polyglutamate. -The aggressin effect of the poly- 
glutamate appeared to be the prevention of opsonization by normal serum. This conclusion was reached from tests in which the materials were used to 
interfere with the preliminary opsonization of B. anthracis (strain NP) by normal 
guinea-pig serum prior to phagocytosis of the washed organisms by serum-free 
WBC. Interference with opsonization resulted in a reduced phagocytic index. 
The details of the test were as follows : --Spores of the " NP " strain were in- 
cubated at 37° in tryptic meat broth for 20 min. and then cooled to 0-2° : the 
mixture which was kept at 0-2° for 1 hr. for opsonization, consisted of a suspension 
(0.3 ml. ) of the organisms (number =X 30 the number of PMN to be added later), 
a solution (0.3 ml. ) of the material in gelatin-Locke, and a batch of guinea-pig serum 
(0.6 ml. ) which had been found to be suitable for opsonization : the organisms 
were washed twice in gelatin-Locke (4 ml. ) and resuspended in (0.45 ml. ). The 
mixture for the phagocytosis-stage was the suspension (0.3 ml. ) of treated organ- 
isms, a suspension (0.3 ml. ) of guinea-pig WBC which has been washed free from 
serum with gelatin-Locke (0.15 ml. ) : it was rotated in waxed tubes for 45 min. 
after which time stained films were prepared from the buffy layer. 

In two experiments with two different batches of sodium polyglutamate, 
organisms which had been opsonized in the presence of this material (1 per cent 
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w/v-in the total volume-1.2 ml. -used for opsonization) produced-on sub- 
sequent phagocytosis-mean phagocytic indices of 9.3 and 5.0 compared with 
corresponding indices in control samples of 11.9 and 10.8 respectively. 

Unsuccessful attempts to demonstrate the presence of Protein A in the Capsule of 
B. anthracis grown in vivo 

A rabbit received intravenously, successive doses of protein A over approx. 
2 months until samples of its serum formed a specific precipitate with a solution 
of protein A. This antiserum to protein A was used in two series of experiments. 

A suspension of B. anthracis grown in vivo was not agglutinated by this rabbit 
anti-serum to protein A but it was by a rabbit serum containing antibody to 
polyglutamic acid. Furthermore, the antiserum to protein A would not produce 
in the capsule of B. anthracis any precipitinogen patterns observable with the 
phase contrast microscope and similar to those formed by a serum containing 
antibody to polyglutamic acid (Tomseik, 1956; confirmed by us). 

Hence, there is still no evidence that protein A is a surface or capsular product 
of B. anthracis and therefore an effective aggressin of this pathogen. 

DISCUSSION 

The main host defence mechanisms against anthrax appear to be phagocytosis 
(Adami, 1909), and extracellular lysis by an anthracidal substance present in the 
serum of some species and found in certain leucocyte extracts (Cromartie, Bloom 
and Watson, 1947 ; Bloom, Watson, Cromartie and Freed, 1947). Their relative 
importance no doubt varies from species to species of host. The two main aggres- 
sins produced by B. anthracis-the extracellular toxin and capsular polyglutamic 
acid-have been shown to cause interference with both these defence mechanisms 
and also to enhance the virulence of B. anthracis in vivo. It was gratifying that a 
mixture of the three purified factors of the anthrax toxin prepared in vitro, had 
all the facets of the aggressin activity of the impure toxin and of its components 
produced in vivo (Smith, Keppie and Stanley, 1955; Smith and Gallop, 1956; 
Smith, Zwartouw and Harris-Smith, 1956). The immunizing activity of the 
components of the toxin (Stanley and Smith, 1963) emphasizes their aggressin 
activity since the protection of animals against anthrax appears to rely on the 
ability of the antibodies to abort the infection at the very early, i. e. the invasive 
stage of the disease. (Cromartie, Bloom and Watson, 1947 ; Cromartie, Watson, 
Bloom and Heckly, 1947. ) 

The contrasting modes of action of the toxin and sodium polyglutamate in 
inhibiting phagocytosis fit in with their location in the diseased host. The toxin 
is excreted by the bacteria and dispersed widely in the body-fluids of the host ; it is active as an aggressin at low concentration and has been shown to have a directly harmful effect on the phagocytes. On the other hand, sodium polygluta- 
mate is concentrated around the organisms as a capsule. This will compensate for the fact that it is not as active-on a weight basis-as are the mixed compo- 
nents of the toxin, and accords well with its probable role in preventing phagocyto- 
sis by inhibiting opsonization. 

There is circumstantial evidence that polyglutamic acid is not the only com- 
ponent of the anthrax capsule. First, Tomscik (1956) pointed out the immuno- 
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logical difference between capsulated B. anthracis containing polyglutamic acid 
and cultures of uncapsulated B. subtilis containing a slime of polyglutamic acid. 
The former will produce polypeptide antibody in a rabbit, the latter will not, 
although the polypeptide from B. subtilis is precipitable by the antiserum pre- 
pared from B. anthracis. Tomscik (1956) suggested that in B. anthracis the cap- 
sular polypeptide may form a protein complex. Second, Kent, Record and Wallis 
(1957) showed that ordinary diffusive forces would preclude the retention in the 
capsule of massive amounts of polyglutamic acid as isolated. To stay in the 
capsule, either the natural polyglutamic acid must be of much larger molecular 
size or it must be constrained in some way perhaps by electrostatic forces and, 
hydrogen bonding between it and the cell surface and/or by some protein frame- 
work. Third, Smith and Gallop (unpublished observations) have been unable 
to remove the capsule of B. anthracis by an enzyme preparation known to hydro- 
lyse the sodium polyglutamate isolated from B. anthracis grown in vivo. 

It would have been gratifying if we could have obtained some evidence that 
protein A (Smith, Zwartouw and Harris-Smith, 1956) was also in the capsule of 
B. anthracis, but we have been unable to do so. Hence, the relevance of the 
activity of protein A in aggressin-assays to the overall aggressin activity of the 
intact organism in vivo is still unknown. 

SUMMARY 

Both the mixture of factors I, II and III of the anthrax toxin and capsular 
sodium polyglutamate enhanced the virulence of B. anthracis in vivo, interfered 
with the phagocytosis of B. anthracis by guinea-pig phagocytes, and inhibited the 
bactericidal activity of horse serum and extracts of guinea pig white blood-cells. 

On a weight basis, the toxin mixture was more active in these tests than capsu- 
lar sodium polyglutamate and this accords with the respective location of the two 
aggressins in B. anthracis infection. 

The inhibition of phagocytosis produced by the toxin mixture results from its 
direct harmful effect on the phagocytes whereas the polyglutamate acts by in- 
hibiting the opsonization of organisms by normal serum. 

The relevance of the aggressin activity of protein A (Smith, Zwartouw and Harris-Smith, 1956) to the overall aggressin activity of B. anthracis in vivo is 
unknown, since the protein could not be proved to be on the surface or in the 
capsule. 
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SMITH, Keppie, Stanley and Harris-Smith (1955) showed that in guinea-pigs 
the terminal phase of anthrax was accompained by a state of secondary shock 
which was the major cause of death, and which became irreversible approx. 
8 hr. before death. After this time, removal of almost all of the infecting 
organisms by treatment with streptomycin did not save the animals. This 
conclusion was reached from examinations on the blood chemistry, physiology 
and histopathology of animals during the last 9 hr. of life. Most of these examina- 
tions were made however, earlier than 11 hr. from death, and later examinations, 
especially those made a few minutes from death were judged of little value be- 
cause of a number of complicating factors, e. g. the difficulty, during the 30 min. 
preceding death, of deciding from clinical evidence the exact stage reached by the 
animals being examined ; the difficulty of withdrawing an adequate or representa- 
tive sample of blood for haematocrit determination or cell-count because of the 
marked circulatory failure and the sludging of blood, which could lead to the 
trapping of blood cells in the smaller vessels ; the rapidity with which non-specific 
terminal changes such as the onset of respiratory failure and acute anoxia were', 
taking place ; and the possibility of the metabolic activity of an enormous patho- 
gen population in the failing host having a deceptive influence on blood-analysis. 

Recently Nordberg, Schmiterlow and Hansen (1961) described observations 
on the terminal phase of anthrax in the rabbit. They concentrated on the 
oxygen content of the arterial blood, especially in animals showing clinical 
evidence of having reached a pre-agonal stage (i. e. 2-5 min. from death). They 
recorded no observations of blood-volume, blood-pressure or plasma analysis 
indicative of shock, but the presence of oedema, haemorrhage, and the terminal 
drop in body temperature suggested that a state of shock was present in the in- 
fected rabbits as in guinea-pigs. Haemolysis, which in guinea-pigs was not 
considered important since it occurred only during the final 11 hr. in infected 
animals, and was absent in those dying after streptomycin therapy (Keppie, 
Smith and Harris-Smith, 1955 ; Smith et at., 1955), appeared to occur earlier in 
rabbits. 

The main point of the paper of Nordberg et at. (1961) was the phenomenally 
low oxygen concentrations in the samples of arterial blood taken from dying 
animals. Half an hour from death, the oxygen content of the blood of infected 
animals was not substantially below that of normal animals (although for unknown 
reasons, the figures of 9.0 and 11.6 vol. per cent respectively were below the oxygen 
content 18-20 vol. per cent usually considered normal for blood). The apparent 
oxygen content 18 min. from death (4.8 vol. per cent) was lower than that' (ca 
5 vol. per cent normally considered rapidly lethal (Lovatt Evans, 1952 ; Altland, 
Mickelson and Hyman, 1957), and also that (6.1 vol. per cent) found by Nordberg 



THE TERMINAL PHASE OF ANTHRAX 685 

et al. (1961) in dying asphyxiated rabbits. However, the infected animals sur- 
vived until in the pre-agonal phase (which was still 2-5 min. from death) there 
appeared to be practically no oxygen (0.1-0.2 vol. per cent) left in the arterial 
blood. Despite the anomalous fact that animals survived with apparent blood 
oxygen contents far below those normally considered insufficient to sustain life, 
Nordberg et al. (1961) considered the determined oxygen contents of the blood 
samples to be those originally in equilibrium with the tissues, to be significant in 
death of animals from anthrax, and not to be due to metabolic uptake of oxygen by the pathogen. 

It is the purpose of this communication to suggest that insufficient control 
experiments were done to preclude the possibility that the low oxygen contents 
recorded in the blood of infected animals were terminal side effects, which were 
insignificant in death of animals from anthrax, and due to deoxygenation of the 
blood samples by a rapid consumption of oxygen by a large population of B. 
anthracis. The effect of this consumption would have been negligible when the 
oxygenation of the blood by the lungs was unimpaired but could have become 
very apparent (a) in vivo in the last few minutes of life when the anoxia normally 
associated' with terminal shock (Wiggers, 1950) was rapidly increasing and when 
the circulatory and respiratory failure was preventing adequate oxygenation of 
the blood ; (b) during the removal of the analytical samples which probably took 
some time due to a low blood pressure ; (c) before and during the initial stages of 
the analytical determination of oxygen. The following calculations support this 
suggestion. If the bacterial population in the blood of rabbits (stated by Nord- 
berg et al., 1961 and confirmed by us to be heavily infected) reached the high 
level attained in guinea-pigs (approx. 1x 109 bacterial chains -4 mg. dry weight 
per ml. -Keppie et al., 1955) and had been increasing at approx. the same rate 
(2-fold increase in approx. 1 hr. ), a reasonable figure for the oxygen consumption 
per min. by the final bacterial population would have been 0.033 ml. per ml. of 
infected blood (based on a Q02, i. e., al/mg. dry wt. /hr. for a Gram negative bacillus 
of 500-Herbert, 1958). The normal resting oxygen consumption of rabbits 
and guinea-pigs is 1.3 ml. -1.9 ml. (Richards and Collison, 1928; Harvey, 1959) 
per min. per 100 g. -body wt. (i. e. per 6-7 ml. blood. ) This is 7-8 times the amount 
that might be needed by the pathogen population at its terminal level. On the 
other hand, when aeration of the blood by the lungs was impaired or stopped, 
a rapid deoxygenation of the blood (e. g. in 6 min., 6X0.033 ml. of oxygen per 
ml. of blood would be consumed, i. e. 20 vol. per cent, the normal content of 02 
in arterial blood) by the pathogen could have occurred, as it does in a continuous 
culture vessel when the oxygen supply is cut off (Dr. D. Herbert, private 
communication). 

Nordberg et al. (1961) showed that in vitro, B. anthracis consumed a large 
amount of oxygen from blood but considered that this had no relevance to the 
low oxygen concentrations recorded on the blood samples from infected animals for the following reason. The oxygen concentrations in the blood of animals dying from infection with Pasteurella multocida and Streptococcus pyogenes were 
not strikingly low, whereas in vitro, in the presence of blood, these organisms 
consumed about the same amount of oxygen as B. anthracis. However, no figures were provided for (a) the bacterial count in the blood of animals dying 
from each of the three infections; (b) the rate of multiplication of the 3 bacteria 
in vivo ; (c) the oxygen consumption by the 3 organisms growing in vitro in the 
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presence of, blood, relative to the bacterial counts and rates of growth. This 
, 

comparison with the other infections could only have been relevant if the bacterial 
content (strictly the weight of metabolizing bacterial-protoplasm) and its rate 
of multiplication in the blood of the dying animals was known, was reasonably 
constant from animal to animal, and was the same for the 3 infections (if their 
oxygen consumptions at this population and rate of growth were the same). 
A useful check would have been the determination of oxygen in the blood of the 
rabbits, which had been treated with penicillin and were dying in the absence of a 
large bacterial population in the blood (Nordberg et at., 1961 ; cf. guinea-pigs 
treated with streptomycin-Smith et at., 1955) ; unfortunately no observations 
were recorded on these animals. In conclusion, we would emphasize our belief 
that, although acute terminal anoxia occurs in animals about to die from anthrax 
as one feature of the shock syndrome, measurements of the degree of anoxia made 
at such a terminal phase add little to our understanding of the primary lethal 
effect. 

We are indebted to Dr. H. B. Stoner and Dr. D. Herbert for their help in 
preparing this communication. 
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Studies on the purification and chemical identification of bacterial pro- 
ducts have been related mostly to their immunizing action and their, 
serological behaviour. ' Less attention has been given to the part played 
by these products in the disease process and in causing the death of the 
host. This is particularly true of the organisms capable of producing . bacteraemic conditions in which no potent extracellular toxins seem to 
play a part. Bacillus anthracis is an organism of this kind, and the work 
described here aims at identifying chemically the substances and pro- 
cesses involved in its pathogenicity. 

A pathogenic organism must first establish itself in a host and secondly 
produce disease, which may be fatal-as anthrax is in the guinea-pig. 
The chemical substances and processes responsible for pathogenicity 
can therefore be divided into two classes, which may or may not be 
connected. First there are the so-called aggressins which combat the 
defence mechanisms of the host and allow the organism to grow freely 
in the host's tissues. In anthrax, as in other bacteraemic diseases, a very 
large number of organisms must grow in the host before it dies. The 
harmful effect attributable to each organism is therefore low. This em- 
phasizes the importance in any study of the overall pathogenicity of 
such an organism of the aggressins which help it to grow to such large 
numbers in the host. The second class of compounds or processes are 
those which operate to kill the host when the body defences have been, 
overcome. In the work to be described attention has been given to both 
these aspects' of pathogenicity. ' 

When establishing itself in the host, the bacterium will undoubtedly 
be affected by the particular nutritional conditions in the host's tissues. 
The possibility that the bacterium' reacts in some way to the challenge 
of the defence mechanisms must also be borne in mind. ' There, is 
abundant evidence that the complex metabolic activity of a pathogen 
under the cultural conditions of the host's tissues is different from its 
metabolism in vitro. Evidence for this is seen, for example, in the change 
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in morphology and colony appearance and the decrease in virulence 
which frequently occurs when recently isolated organisms are sub- 
cultured. Further, the fact that the pathogenicity of an organism can 
frequently be increased by animal passage implies that substances and 
processes connected with pathogenicity are produced in vivo (possibly 
as a'result of mutation or selection of virulent types) and not to any 
significant extent by culture in vitro. A similar conclusion can be drawn 
from the difficulty or impossibility of distinguishing between virulent 
and avirulent strains of certain species such as Pasteurella pestis (Wilson 
& Miles, 1946, p. 775; Jawetz & Meyer, 1943) by in vitro tests. Perhaps, 
however, the most striking instances of the difference between culture 
in vitro and in vivo are those in which the use of living vaccines form 
the only effective means of preventing the disease. 

,:,, 
To be certain therefore that the organism is producing all the com- 

pounds and processes involved in pathogenicity, the growth conditions 
which exist in vivo are essential, but our limited knowledge of bacterial 
nutrition makes it impossible for the present to reproduce these in vitro. 
It seemed then that the best way of studying compounds and reactions 
responsible for pathogenicity was to use organisms and their products 
isolated from infected animals. This does not necessarily mean that 
there is an absolute difference between `animal organisms' and those 
grown in vitro. If the compounds and reactions responsible for patho- 
genicity in the host could be identified, it might lead to the production 
in defined media of some of the metabolic processes which occur in viva. 
The work of Gladstone (1946,1948) in producing the immunizing anti- 
gen of B. anthracis in artificial culture, which has been extended by 
Wright, Hedberg & Slein (1954) and Belton & Strange (1954), is en- 
couraging in this respect. 

In our present study on the chemical basis of pathogenicity, bacteria 
and their products from infected animals have been the starting 
materials. B. anthracis was chosen as the pathogen to be studied for 
two main reasons: first, anthrax is characterized by the presence in 
the host of large numbers of organisms which made it probable that 
the yield of bacteria would be satisfactory; secondly, the majority of 
chemical studies of B. anthracis have been made with organisms grown 
in vitro. Until now, the only progress made has been on the chemical 
basis of immunity to the disease (Strange & Belton, 1954). Although 
much, was known about the aggressive activity of B. anthracis, only 
very scanty knowledge has accumulated about the chemical compounds 
responsible for it. Even less was known about the killing power of 
B. anthracis. Neither the general nature of the lethal effect on the host 
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nor even the products or processes of the organism mainly responsible 
for the characteristic and spectacular symptoms of the disease were 
known. No study of the chemical basis of this aspect of pathogenicity 
has therefore been possible. However, sufficient knowledge has been 
gained in the biological field to indicate the general lines of attack on 
these problems and to encourage the use of organisms and their products 
produced in vivo. 

Reviews of the literature on the pathology and immunochemistry of 
B. anthracis and its infections are available (Sobernheim, ° 1913,1931; 
Cromartie, Bloom & Watson, 1947; Treffers, 1947). These show that 
attention has been focused mainly on three aspects of the subject, 
namely, immunity to the disease, invasiveness of the organism, and 
speculations about the cause of death. 

The problem of immunity to anthrax has received much attention, 
and although we are primarily concerned here with pathogenicity, 

a discussion of the immunity processes adds to our understanding of 
the disease. - For nearly half a century after the introduction of a vaccine 
consisting of living attenuated cultures by Pasteur (1881), "and sterile 
oedema fluid from infected animals by Bail (1904), no further progress 
was made. Dead bacteria and, various bacterial extracts (Gladstone, 
1946) were ineffective. Gladstone (1946,1948), however, using ad hoc 
methods, produced an extracellular immunizing antigen by in vitro 
culture. This protective antigen has not yet been shown to react in any 
of the usual types of in vitro serological tests (Watson, Cromartie, 
Bloom, Kegeles & Heckly, 1947 a), or to be associated specifically with 
the virulence ofthe organism. Recently Gladstone's work has been 
extended by Wright et at. (1954), who prepared the protective antigen 
in a purely synthetic medium. Belton & Strange (1954) have modified 
Wright's medium to give better yields of the antigen. 

With regard to the ability of B. anthracis to grow in the host tissues, 
Bail & Weil (1911) found that anthrax lesions contain substances which 
interfere with host resistance. They called them aggressins, and since 
other organisms produced similar substances they developed the much 
discussed `aggressin theory' of invasion (see Wilson & Miles, 1946, 
p. 1068). Both phagocytosis (Adami, 1909) and extracellular lysis by 
an anthracidal substance that appears in the serum of some species and in leucocyte extracts (Bloom, Watson, Cromartie & Freed, 1947a) 
constitute the main, defence mechanisms of the host. Their relative 
importance no doubt varies from species to species. Bail & Weil (1911) 
found that a combination of serum and leucocytes had the highest 
bactericidal activity, and it was this activity that the aggressins inhibited. 
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Little is known about the chemical nature of these aggressins. Gruber 
& Futaki (1907) and Preisz (1909) suggested that they were associated 
with the capsule because crude capsular material protected the or- 
ganisms from phagocytosis and anthracidal substance. It seems that the 
capsule is of importance in pathogenicity because all pathogenic strains 
have capsules (Bail, 1915a, b, c; Sterne, 1937). Clearly, however, other 
factors are involved because capsulated non-pathogenic strains are known 
to exist (Sterne, 1937). Furthermore, resistance to phagocytosis is not 
of unique importance, because in general capsulated attenuated strains 
are resistant to phagocytosis in vivo and in vitro (Sterne, 1954, private 
communication). Bail & Weil (1911) did not think that the aggressin and 
the capsule were related. Capsulated, phagocytosis-resistant strains 
and phagocytosis-sensitive uncapsulated organisms are susceptible to 
anthracidal substance in vitro. They observed that extracts from anthrax 
lesions interfered with this but that extracts of capsulated organisms did 

not. Watson, Cromartie, Bloom, Heckly, McGhee & Weissman (1947b) 

showed that their crude' inflammatory factor' isolated from oedema fluid 

of infected rabbits inhibited anthracidal substance. It seems therefore 
that at least two factors are involved in invasiveness : one connected with 
the capsule and the other an extracellular product. Sterne (1937) sug- 
gested that this extracellular product might be connected with the im- 

munizing activity of the organism. 
The cause of death of the host has received some attention but no 

definite conclusions have resulted from work in the past. A difficulty in 
this field has been that no lethal endo- or exotoxin has been found in 

cultures of the organism (Eurich & Hewlett, 1930; Sobernheim, '1931; 
King & Stein, 1950). A slight tissue-damaging activity has been found 
by many workers in extracts of infected tissue (Sobernheim, 1931; 
Watson et al. 1947b). These extracts when injected into the skin pro- 
duced small oedematous lesions which soon healed. Production of 
oedema is not confined to capsulated virulent strains of B. anthracis. 
Uncapsulated variants also produce oedema (Stamatin & Stamatin, 
1936). Enzymes produced by B. anthracis which might be connected 
with this activity are collagenases, gelatinases, proteinases and lecithinases 
(Evans & Wardlaw, 1953; McGaughey & Chu, 1948; Gladstone, 1946, 
1948). Recently Evans & Shoesmith (1954) have described a skin reac- 
tion in the rabbit which rapidly follows injection of concentrates of old 
cultures of B. anthracis. However, they did not study the specificity of 
this reaction or whether the preparation was lethal. Its relationship to 
the pathogenicity of B. anthracis has yet to be established. 

In view of the apparent absence of toxin many speculations have been 
9 M$V 
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made on possible causes of death. The intense bacteraemia present in 

the typical death from anthrax prompted the suggestion that deoxygena- 

tion of the blood or capillary obstruction might cause death (Vaughan & 
Novy, 1902; Zinsser & Bayne-Jones, 1939). Reports that a few animals 
of some species die without a marked bacteraemia (Bloom, McGhee, 
Cromartie & Watson, 1947 b; Stockman, 1911) are evidence against this 
suggestion. - Several different workers agree that ýa marked , hyper- 

glycaemia occurs in anthrax (Singer, 1927; Caifaleanu, Combiesco & 
Stamatesco, 1930; Bloom et al. 1947b), but no explanation for this has 
been offered. An interference with calcium metabolism was suggested 
as a possible cause of death by Bloom et al. (1947 b). The symptoms of 
the disease were compared with those of calcium deficiency, the work 
of Weinstein (1938) on the protective effect of parathyroid hormone on 
anthrax was noted; and the protective effect of certain calcium salts was 
demonstrated. 

-Both the calcium salts and the parathyroid extract were 
given from the time of challenge onwards, and the effect may have been 
on the initial invasion rather than on the killing power of the organism. 
It is relevant to point out that Govaerts (1951) and Renaux (1952) noted 
the adverse effect on the pathogenicity of, B., anthracis when calcium 
salts were added to cultures.. De Moulin (1936) reported lesions in the 
nervous system and attributed the symptoms of anthrax and the death 
of the host to damage of this system. The authors are not aware of any 
confirmation of de Moulin's work. 

Purely chemical studies of B. anthracis have mostly been carried out 
with organisms grown in vitro. Apart from vague mention of 'nucleo- 
proteins' as precipitates formed by the addition of acetic acid (Ivanovics 
& Erdös, 1937; Grabar & Staub, 1944) the only chemical substances 
which have been studied in extracts of B. anthracis are D-polyglutamic" 
acid and the somatic polysaccharide.. 

Following earlier work by Tomcsik & Szongott (1933) and Ivanovics 
& Erdfis (1937), Ivanovics & Bruckner (1937) isolated D-polyglutamic 
acid and proved its general constitution. The more intimate structure of 
the compound, mainly the question of whether a links or y links, ' or 
a mixture of both, join the glutamic acid residues is still in dispute 
(Hanby & Rydon, 1946; Bruckner, Kovacs & Denes, 1953). Previous 
work suggests, but does not prove, a connexion between the polyglutamic 
acid of B. anthracis and its invasiveness. The capsule is connected with 
invasiveness, and _ polyglutamic acid almost certainly occurs - in, the 
capsule since non-capsulated strains do not produce it. On the other 
hand, there is no evidence that the capsule of B. anthracis is composed 
entirely of polyglutamic acid. The capsular material of Gruber & Futaki 
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(1907) and Preisz (1909) undoubtedly contained polyglutamic acid, as 
did the `inflammatory factor' of Watson et al. (1947b), but these pre- 
parations were almost certainly impure. We are unaware of purified 
polyglutamic acid of B. anthracis having been tested for aggressin 
activity, although the behaviour of the polyglutamic acid of B. subtilis 
(Watson et al. 1947b) suggested that it would have such activity. 
Because the capsule and polyglutamic acid can be produced by non- 
pathogenic strains, they are clearly not the only factors involved in 
pathogenicity. It is possible that different polyglutamic acids are pro- 
duced by pathogenic and non-pathogenic strains. Thorne, Gomez & 
Housewright (1952) and Thorne, Gomez, Blind & Housewright (1953) 
have shown that pathogenic strains of B. anthracis need CO2 for poly- 
glutamic acid production, whereas non-pathogenic strains do not. 

The polysaccharide of B. anthracis first isolated by Ivanovics (1940) 
was a polymer of galactose and glucosamine containing acetyl groups. 
It was not clear whether the 10 % of peptide material that remained 
was part of the molecule or not. This polysaccharide, although sero- 
logically active, has not been shown in any way to be associated with 
pathogenicity, and capsulated pathogenic strains and uncapsulated non- 
pathogenic strains produce the same polysaccharide (Ivanovics, 1940). 
It Appears to be part of the cell wall which projects into the capsule 
(Chu, 1953; Tomcsik, 1951), the polyglutamic acid filling the space 
between the projections. Ivanovics & Horvath (1953a, b) dispute this 
structure of the capsule. 

_ 
Neither the polyglutamic acid nor the polysaccharide is connected 

with the protective antigen (Staub & Grabar, 1943; Staub, 1949). Watson 
et al. (1947a) found that the immunizing activity was associated with 
a globulin fraction of rabbit oedema: fluid and the activity was destroyed 
by heat and trypsin. Strange & Belton (1954) in purifying the protective 
antigen produced in vitro have found that it is a protein or closely 
associated with one. 

THE COLLECTION OF BACILLUS ANTHRACIS FROM 
GUINEA-PIGS 

As earlier studies had not revealed the compounds or chemical processes 
responsible for the pathogenicity of B. anthracis, the use of organisms 
grown in vivo seemed advisable, and the first question to be decided was 
whether sufficient material of adequate purity for chemical investigation 
could be obtained from infected animals. Fractionation of body fluids 
containing extracellular products of an infecting organism had been 
done before (e. g. Watson et al. 1947a), but there had been no studies of 

9-2 
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bacterial substance so produced. Until now organisms grown in vivo 
had not been obtained in large enough quantity and of sufficient purity 
for chemical examination and for a study of their metabolism. 

Smith, Keppie & Stanley (1953 a) have established a method for 
collecting and separating B. anthracis and body fluids containing its 
extracellular products from infected guinea-pigs. Large guinea-pigs 
were infected intraperitoneally and intrapulmonarily with B. anthracis 
(strain N. P. ). At death, the thoracic and peritoneal exudate (approx. 
5 parts) and the plasma (approx. 1 part) were collected and mixed. By 
differential centrifugation at 00, the body fluids and the bacteria were 
separated from the blood cells. It was possible to collect from 100 in- 
fected guinea-pigs 1.5-2.0 g. of dry B. anthracis and 1.5-2.51. of body 
fluids containing the extracellular products of this organism., These 
quantities were sufficiently large to allow a chemical study of the factors 
involved in the 'pathogenicity of B. anthracis in guinea-pigs., A high 
degree of freedom from blood cells was obtained by a process involving 
only a small overall loss (10-13 %) of the total bacteria present in the 
harvested material.. Relative counts of blood cells to bacteria, together 
with a knowledge of their relative size, showed that the bacteria were 
contaminated with less than 1% (w/w) of blood-cell substance; for the 
purposes of this calculation the specific gravity of blood and bacterial 
cells was considered equal. This contamination with blood-cell sub- 
stance could be considered negligible and would be diluted out in most 
extraction procedures. 

The guinea-pig was used as the host for this infection and for all 
further work on pathogenicity. It was a compromise between two 
requirements. From the point of view of obtaining the maximum yield 
of products, a large animal such as a sheep would have been the best 
host for the infection. But if the ultimate products of chemical extrac- 
tion were to be adequately tested for properties connected with patho- 
genicity, in a homologous system, a species that could be tested in large 
numbers had to be used. 

Although grossly contaminated with plasma constituents, the sterile 
extracellular products could be examined directly for biological pro- 
perties connected with pathogenicity and could undergo chemical ex- 
traction for the substances responsible for these biological properties. * 
Before the same procedure was adopted for the bacterial substance two 
questions had to be answered. First, were these bacteria appreciably 
different from those obtained by growing the same strain in vitro? 
Secondly, could extracts containing nearly all of the original bacterial 
substance be made by methods which would result in the minimum 
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alteration of the cell constituents? Smith, Keppie & Stanley (1953b) 
described work which gave an affirmative answer to both questions. 

The widely held view that organisms from an infected host differ from 
those obtained from cultures was substantiated for B. anthracis (strain 
N. P. ) from infected guinea-pigs. A study of morphology and suscepti- 
bility to phagocytosis sharply differentiated organisms grown in vivo 
from those grown in tryptic meat broth. This same differentiation was 
not so sharp for those cultured in three other media: sheep serum, 
guinea-pig plasma and the medium of Belton & Strange (1954). How- 
ever, organisms from guinea-pigs rapidly lysed in ammonium carbonate 
solution (0.16 % w/v) at 0°. This rapid lysis was not shown by any of 
the organisms grown in vitro, including those from media containing 
plasma constituents. The action of ammonium carbonate, the basis of 
which is unknown, serves to underline the chemical difference between 
the two types of organism. 

A method of removing the capsule without damaging the bacterial 
cell would have been of great value in investigating the part that the 
capsule plays in pathogenicity. Many attempts were made to do this 
but without success. After this failure, two methods were used to 
dissolve the bacterial substance-namely, the use of ammonium car- 
bonate solution, and shaking with `ballotini' (small glass beads). The 
proportion of material dissolved was over 95 %. Of the two methods, 
extraction with dilute ammonium carbonate solution was the easier, and 
it is doubtful whether any gross harm was done to constituents by a 
pH of 8.8-8.3 at 0-3°. However, the second method of extraction at 
pH 7 rules out any possible detrimental effect of these slightly alkaline 
conditions. 

The technical difficulties of obtaining bacteria and their products 
from in vivo sources had thus been solved. These materials were now 
used in this study of the chemical basis of the pathogenicity of B. anthracis. 

THE NATURE OF THE AGGRESSINS 
It is proposed first to describe how far work on the invasiveness of this 
organism has progressed. Plasma/exudate representing the extracellular 
products and the two bacterial extracts were examined in biological 
tests for aggressin activity. The crude materials proved active in these 
tests and therefore they were extracted chemically for the substances 
responsible. Similar studies on the extracellular products of B. anthracis 
have already been reviewed (Treffers, 1947), but we still lacked in- 
formation about the intracellular products, whose behaviour was there- 
fore of special interest. 
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Three types of test, were used to 
- 
demonstrate aggressin activity 

(Keppie, Smith & Harris-Smith, 1953): (1) Enhancement of the effect 

of a sublethal dose of B. anthracis (strain N. P. ) given intraperitoneally 

to guinea-pigs. (2) Reduction of, the phagocytic index in a- normal 
in vitro phagocytosis test involving whole guinea-pig blood and broth- 

grown B. anthracis (strain N. P. ). (3) Reduction of the bactericidal effect 
of whole guinea-pig blood-an effect which was proved to be due to 

phagocytosis and not to extracellular lysis because no anthracidal sub- 
stance was demonstrable in guinea-pig serum.. 

Plasma/exudate (2 % w/v, citrate free), ammonium-carbonate bacterial 

extract (1.25 % w/v), and `ballotini', bacterial extract (1.25 % w/v) caused 
a 200-fold enhancement of virulence. In the second form of test, final 

concentrations of about 1.25 % w/v, of each preparation caused signi- 
ficant reductions in the phagocytic index. Similarly, the three products 
at a final concentration of approximately 0.6 % w/v reduced the bacteri. 

cidal activity of guinea-pig whole blood in the third type of experiment. 
This bactericidal test proved the most convenient of the three tests and 
has been used for following the fractionation of the crude aggressins. 
The concentrations of the fractions quoted in Table 1 are the lowest 
final concentration in the mixture (Keppie et at. 1953) which produced 
a significant inhibition of the bactericidal activity. A modified viru- 
lence-enhancing test has also been used at intervals to check the aggressin 
content of fractions. For this purpose an attenuated strain, `Pasteur II', 
was kindly provided by Miss R. Jordan of the Sir William Dunn School 
of Pathology, Oxford. In the absence of added aggressin, the intradermal 
injection (0.2 ml. ) of doses of 0.2 x 108,108 and 105 spores killed 15/16, 
2/16 and 0/16 guinea-pigs (350 g. ) respectively. The addition of fractions 
with aggressin activity enhanced the killing power of the lower doses. 
For the sake of brevity in the succeeding section of this paper concen- 
trations of fractions have been described as active if they gave death- 
rates in adequate batches of guinea-pigs of 75 and 25 % or over, when 
injected with 0.2 x 108 and los spores respectively. Tests with fractions 
described as inactive gave results indistinguishable from control groups. 

Smith & Zwartouw (1954; and unpublished work), have fractionated 
the intracellular material of B. anthracis grown in vivo. The ammonium 
carbonate extract was used because it was easier to prepare than the 
ballotini extract and because no significant difference in aggressin activity 
of the two types of extract could be detected. 

In summary the method of fractionation was as follows.. After pre- 
liminary dialysis, a barium acetate/ethanol fractionation gave four main 
fractions thus: I% w/y barium acetate at pH 7, protein; ethanol added 
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to 5 Y. v/v, crude polyglutamic acid; ethanol added to 33 Y. v/v, protein; 
supernatant, polysaccharide. The polyglutamic acid and the poly- 
saccharide were purified and satisfied electrophoretic, ultracentrifugal 
and other tests for homogeneity. This is the first time that the poly- 
saccharide of B. anthracis has been subjected to such studies. The 
analyses of the sample differed somewhat from that quoted by Ivanovics 
(1940). Two special points of interest emerge. According to the pro- 
portion of hexosamine (37 %), the acetyl figure (14.7 %) was about 1J 
times that required for N-acetyl hexosamine, and approximately 4% of 
amino-acid residues appear to be combined in the polysaccharide. After 
removing some insoluble material from a solution of the first freeze- 
dried fraction, the addition of 1% w/v barium acetate precipitated an 
active essentially protein fraction (N 12-13 %, carbohydrate residues 
1-3 %, P 0.2 %) which was free of polyglutamic acid. The aggressin 
activity of these defined fractions are given in Table 1. 

. Table 1. Fractionation of the intracellular and extracellular aggressins 
of Bacillus anthracis grown in vivo 

Fraction 
A. Intracellular material: 

Ditiusate 
Polyglutamic acid 
Polysaccharide 
Protein ppt. by 1% barium acetate 

B. Extracellular products: 
Diffusate 
Polyglutamic acid 
2% barium acetate/10 % ethanol fraction 
2% barium acetate/20 % ethanol fraction 
Soluble 

Antibactericidal* Virulence 
activity enhancingt activity 

Inactive 2"S % Inactive 2 
Active 2-1 % Active I 
Inactive 2.5 % Inactive I% 
Active 0.05 % Active 0.2 

Inactive 1.6 %- 
Active 2-1 % Active 1-0-5 % 
Active 0.03 % Active 0.08 % 
Active 0.2-01 %- 
Inactive 2 Y. Inactive 2 

* The concentrations (% w/v) quoted are those in the final mixture of guinea-pig blood 
and aggressin in the bactericidal test described by Keppie et al. (1953). 

t Details of the test are given in the text; the concentrations (% w/v) quoted as active 
are those 0.2 nil. of which substantially enhance the virulence of an intradermal sublethal dose of B. anthracis (Pasteur II) in guinea-pigs. 

'Smith & Gallop (Smith, Zwartouw & Gallop, 1954c; Smith & 
Gallop, unpublished work) have fractionated the plasma/exudate 
(i. e. the body fluids of infected guinea-pigs) for the extracellular aggres- 
sins of B. anthracis. The essential details of this fractionation have been 
described. After dialysis, barium acetate (2 % w/v) and ethanol added 
to 5 Y. v/v precipitated a fraction (1 % yield) composed largely of 
polyglutamic acid. This was purified and satisfied ultracentrifugal, 
electrophoretic and other tests for homogeneity. Raising the ethanol 
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concentration to, IO% v/v produced a small highly active essentially 

protein fraction (yield 1 %, N 13.2 %, carbohydrate residues . 
1.5 %, P 

less than 0.1 %). The addition of 20 % ethanol removed practically all 
the remaining activity and the bulk of the plasma protein (yield 35 %) 

remained in solution. The aggressin activity of these fractions is given 

. in Table 1. 
Chemical fractionation of both intracellular and extracellular, pro- 

ducts has been made difficult by the fact that the freeze-drying of solu- 
tions of active fractions produced solids which were incompletely 

soluble. Furthermore, insoluble material produced by this treatment 

was usually intensely active in the antibactericidal test (often at con- 
centrations of less than 0.01 % w/v) and also, if obtained from the 

extracellular material, in the protective antigenicity test. This was a 
relatively specific phenomenon, since other insoluble materials did not 
have such activity.. All the activities quoted in Table 1 are of soluble 
materials; any slight amount of insoluble material had been removed 
by centrifugation. This behaviour of the active fractions is probably 
due to the presence of lipid which has been found in both intra- and 
extra-cellular products and which to some extent explains their N contents 
which were low for true proteins. Recently, freeze-drying has been 
dispensed with throughout the work, and this has largely prevented the 
appearance of these insoluble materials. The fractionations described 

above have been further improved through the introduction by Zwar- 
touw of an ion-exchange resin to remove barium ions from precipitates. 

From the results summarized in Table 1 it is apparent that B. anthracis 
produces at least three aggressins when growing in vivo. Of the three, 
polyglutamic acid shows activity only in high concentration (1 % w/v). 
However, in view of its concentration in the capsule around the organism 
it probably exerts a considerable effect in preventing phagocytosis. The 
two other aggressins produced by the organism are more powerful on a 
weight basis than polyglutamic acid, and are both present in essentially 
lipoprotein fractions. Their behaviour in two biological tests suggests, 
however, that they are different compounds. First, the well-known pro- 
tective antigen of B. anthracis is directly connected with the extracellular 
aggressin but not with the intracellular material. Secondly, the intra- 
cellular material is connected with anticomplementary activity, which 
is not found in the fraction containing the extracellular aggressin. 

By active-immunity test in guinea-pigs Keppie et al. (1953) demon- 
strated the well-known antigen of B. anthracis in the plasmalexudate. 
Fractionation of the plasma/exudate showed a parallelism between the 
aggressin and the protective antigen (Smith et al. 1954c), the important 
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fraction showing activity at a concentration of 0.025 % w/v in the test 
for protective antigen. The existence of this parallelism was supported 
by the fact that the purified antigen of Strange & Belton (1954), pro- 
duced in vitro, had aggressin activity. In contrast, both the crude intra- 
cellular material and the purified aggressin (0.8 % w/v) therefrom were 
inactive in the protective antigen test. In addition, Keppie, Smith & 
Harris-Smith (unpublished) have shown that, whereas plasma/exudate 
(1 % w/v) had no anticomplementary activity in a test for such activity 
involving sheep cells, guinea-pigcomplement and anti-serum, the bacterial 
extracts (1 % w/v) were active. The extracellular aggressin (1 %w/v) was not 
anticomplementary in this test, but the intracellular aggressin (0.4 and 
0.1 % w/v) was highly active. No other fraction of the intracellular 
material showed anticomplementary activity at concentrations of 1 Y. w/v 
or, above. Polyglutamic acid (1 %) showed no activity in both anti- 
complementary and protective-antigen tests. 

It should be emphasized that ultracentrifugal and electrophoretic 
evidence shows that both aggressin fractions are impure. It is not 
known whether the lipid or any other moiety is essential for activity. 
Investigations into the mode of action of these aggressins have been 
started, and preliminary observations suggest that the extracellular 
aggressin causes damage to the phagocytes which persists after washing 
the cells. Polyglutamic acid must be present with the phagocytes and 
organisms to prevent phagocytosis. The possibility that the intracellular 
material increases the growth or resistance to phagocytosis of the test 
organism in the aggressin assays is being investigated. 

The results of these fractionations support the views expressed earlier 
in the examination of the literature-namely, that invasiveness and 
virulence are connected with capsular substance and an extracellular 
factor, both of which must be present for full effectiveness. To these 
a further cellular aggressin may now have to be added. 

THE CAUSE OF DEATH IN ANTHRAX 
The body of biological information available on the invasiveness of 
B. anthracis allowed an immediate approach to the chemical fractiona- 
tion and identification of aggressins. Unfortunately, the literature upon 
the cause of death in anthrax had little to offer other than speculation. 
Our main effort, therefore, in this connexion was directed to establishing 
the nature of the fatal syndrome and in recognizing the substance 
causing it. This was essential before chemical work could begin. 

Our first attempt to demonstrate a lethal factor in the products of 
B. anthracis growing in vivo was unsuccessful. Large quantities of a 
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mixture of 5 parts thoracic exudate and 1 part plasma from guinea-pigs 
dying of anthrax were not lethal when injected intraperitoneally into 

guinea-pigs. The result was the same when bacterial extracts were in= 
jected equivalent to an amount of bacteria twice that estimated to be 
present in a guinea-pig when it dies of anthrax (Keppie et al. 1953). 
These preparations, although non-lethal, produced the weak oedematous 
skin reaction already associated with such materials. 

This lack of -toxicity 
led to consideration of the hypotheses pro- 

pounded in the literature that a massive bacteraemia blocked- the 
capillaries or produced a deficiency of oxygen or essential nutrients 
(e. g. ' glucose). _To -assess the importance of such hypotheses it, was 
essential to know whether the bacteraemia had to reach its possible 
maximum before death from anthrax followed. It is generally agreed 
that a pronounced bacteraemia is a usual feature in death from anthrax 
in many species, and we have found it invariably so in our work, with 
guinea-pigs.. However, a few repor ts state that partly immune guinea- 
pigs (Sterne, 1953, private communication) and some animals of other 
species (Bloom et al. 1947b; Stockman; -1911) die of anthrax with only 
a slight bacteraemia. Such reports were the exception to the general 
rule and were in the main incidental to other studies. A thorough investi. 
gation of the significance of the final bacteraemia in the death of guinea- 
pigs seemed necessary (Keppie, Smith & Harris-Smith, 1955).. 

Guinea-pigs (700 g. ) were infected intradermally with B. " anthracis 
(strain N. P. ). On the third day and in the 12 hr. preceding death, the 
number of organisms in the blood rose from approximately 3x 105 to 
1x 100 chains/ml. The progress of this final bacteraemia, could i be 
followed quickly and conveniently, by, microscopic examination of 
stained blood films from the ear. These . films, were prepared . in 'a 
standard manner (one loopful over I sq. cm. ) and the average number of 
organisms in' one field was counted (magnification x 600). In fifteen, 
comparisons with haemocytometer counts of the bacteria the relation- 
ship with the absolute count was obtained and the error of the maxi- 
mum scatter was within ± 50 %. In Table 2 the results given in the two 
left-hand columns show that the degree of bacteraemia is closely related 
to the period of survival; each survival time is the average of observations 
on 10-15 animals in six experiments. - 

The next step was to use antibiotic therapy in an attempt to terminate 
the bacteraemia' abruptly at progressive 'stages' in its development, in 
order to detect the earliest stage at which damage to the host was such as 
to cause eventual death. Streptomycin in the dosage described in Table 2 
proved effective for ' this ' purposes and non-toxic to guinea-pigs. It 
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rapidly terminated the infection. Multiplication of the organisms ceased 
within 1-1 J hr., and the organisms were then disintegrating; after 5-7 hr. 
no bacilli remained free in the blood. This applied even in animals 
treated approximately 4 hr. before they would otherwise have died. 
At times later than this only 50-75 % of the animals could be freed 
from infection. 

Table 2. 
, 
The relationship between the degree of anthrax bacteraemia in 

guinea-pigs and the time interval to death. The results of streptomycin 
treatment 

Infected animals 

Organisms in blood 

No. per No. per ml. x 106 
&eld" (f 50 %) 
1180 0.2 
1/40 04 

=1/20 0.8 
1110 1.5 
115 3-0 
1J2 

2 
4 
g. 

16. 
32 
64 

Hours until death 

Standard 
Average deviation 

12.7 0.6 
11.5 0.7 
9.5 1.2 
8.5 1.7 
8.1 1.3 

7.5 6.9 1.0 
15 6.1 0.8 
30 4.9 1.1 
60 4.4 0.7 

120 3.6 1.0 
240 2.4 0.5 
480 1.5 0.5 
960 death - 

Streptomycin-treated anmalst 

Number Hour until death 
dead/ 

Number Standard 
treated Average deviation 

0/2 - - 
0/6 - - 
2/12 - - 
1/12 - - 

11/20 - - 
36/37 43 15 
19/19 39 12 
16/16 36 12 
9/9 24 8 

14/14 17 6 
12/12 10 4 
7/7 6 2 

* Films stained with methylene blue, magnification x 600. 
t Streptomycin 40 mg. i/p, and 40 mg. s/c " followed 6-8 hr. later by 40 mg. s/c. together 

with 25 mg. streptomycin Gerate i/m every 24 hr. 

The right-hand columns of Table 2 show that removal of the infection 
by streptomycin would save guinea-pigs, provided the bacteraemia had 
not increased beyond c. 3x 106 chains/ml. of blood. All guinea-pigs 
having a bacteraemia greater than this critical value died 1-3 days later 
although free from infection. Such experiments showed conclusively 
that in guinea-pigs a bacteraemia was intimately associated with death 
from anthrax, but in fact the death of the guinea-pig was determined 
when the bacterial invasion was still only about nth of its possible 
maximum. This finding seems to render untenable the hypothesis that 
death from anthrax is due to the bacteria blocking the capillaries or 
producing a deficiency in the host of O$ or essential nutrients (e. g. 
glucose). 

At this stage in the work short investigations were made into the 
validity of earlier recorded hypotheses on the cause of death from 
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anthrax. First, it is recalled that the objection we offered to the sug- 

gestion that the bacteraemia produced a fatal disturbance in calcium 
metabolism (Bloom et al. 1947b) was the fact that the protective action 
of calcium and parathyroid injections might be ascribed to their effect 
on the initial invasion. In our experiments, administration of large, 

quantities of calcium borogluconate and of parathyroid extract separately 
or together did not save or prolong the survival time of guinea-pigs 
given streptomycin at a time immediately beyond the level of bacteraemia 

which predetermined death of the animals 1-3 days later. It seems 
therefore that the action of the calcium and parathryoid injections was 
not on the killing mechanism of the organism. Secondly, we have 
failed to find support for, de Moulin's hypothesis that fatal damage 

occurs in the central nervous system. Our colleague Dr Joan M. Ross 
has made histological examinations of the central nervous system, the 
liver, the spleen, the lungs, the suprarenals, the pancreas, the bone- 

marrow and the kidneys of guinea-pigs dying of untreated anthrax, 
and of those in which active infection has been stopped by streptomycin 
injection after the critical point in the bacteraemia. The only significant 
changes occurred in the kidneys of these animals, and these will be 
described later. The changes described by de Moulin in the central 
nervous system were not detected. 

The discovery that an early stage of bacteraemia predetermined death 
in the guinea-pig suggested a renewed search for the toxic substance 
produced by B. anthracis in vivo. An insight into the probable biological 
nature of this factor was provided by the identification of the hitherto 
unknown pathological syndrome leading to death. This was achieved by 
carrying out extensive chemical analyses of the blood, and by histological 
examinations and clinical observations on infected guinea-pigs. 

The phase of the disease selected for these observations was the final 
10 hr. of the infection. The major pathological changes were expected 
to occur during this time because the studies on the bacteraemia had 
shown that the fate of infected animals was not decided until some 8 hr. 
before beath. Previous workers in this field (Singer, 1927; Caifaleanu 
et al. 1930; Bloom et al. 1947b) made observations throughout the 
duration of the disease commencing at the time of the initial infection. 

'The inconclusive results they recorded may be due, in part at least, to 
their having paid insufficient attention to this important final phase in 
the disease. 

Guinea-pigs were examined at the following progressive stages in the 
final bacteraemia: (1) Immediately before the critical point of the 
bacteraemia when the blood had 0.2-1 x 106 chains/ml. and where, in 
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the absence of treatment, death would ensue in approximately 9 hr. 
(2) Shortly after the critical point when there were 4-30 x 106 chains/ml. 
and death would occur in approximately 6 hr. (3) At an advanced stage 
when the blood contained 2.5-6 x 101 chains/ml. and death would occur 
in about 1J hr. (4) A few observations were made on animals within 
J hr. from death or immediately after this had occurred. - Supplementary 
studies were made on guinea-pigs treated with streptomycin at stage 
(2) above; as recorded earlier such animals would die about 2 days later 
free from active infection. Normal animals treated with streptomycin 
were also examined. In addition, animals treated with streptomycin at 
stage (1) were killed and examined 2 days later. In retrospect, it is 
evident to us that it was the chemical analysis of the organism-free 
plasma of these streptomycin-treated animals that first materially assisted 
the diagnosis of the pathological state. They were of special importance 
in the demonstration of renal failure which is discussed below. 

The data which accumulated (Smith, Keppie, Ross & Stanley, 1054a; 
Smith, Keppie & Stanley, 1954b) from diverse assays carried out on 
5-20 animals at each of these stages of the disease fitted together to 
establish that secondary shock (Sodeman, 1950; Cappell, 1951; Lovatt 
Evans, 1952) plays a major role in the death of guinea-pigs from anthrax. 
It is only possible here to give a brief summary of these observations 
under headings associated with shock. The reader must consult references 
appended to each heading for information on their significance. 

In the analysis of whole blood, corrections were made for the bacteria 
present (Smith et al. 1953a).. Samples of plasma for analysis were 
filtered through `Millipore filters' (Lovell Chemical Company, Massa- 
chusetts) which left normal plasma unaltered in composition. Details 
of experimental methods will be found elsewhere (Smith et al. 1954b). 
They gave results with control animals which were within the normal 
range of each analysis. 
1 (1) Reduced blood volume and reduced bleeding volume (Sodeman, 
1950; Cappell, 1951; Lovatt Evans, 1952; Tabor & Rosenthal, 1947). 
Estimates of the blood volume by means of red corpuscles labelled with 
radioactive phosphorus indicated a 25-40 % reduction of the circulating 
blood volume in guinea-pigs within 1J hr. of death from untreated 
anthrax. The maximum amount of blood obtainable from similar 
animals by cardiac puncture was 33 % of that obtainable from normal 
control animals. 

(2) Reduced blood pressure (Sodeman, 1950; Cappell, 1951; Lovatt 
Evans, 1952). Direct cannulation of the carotid artery under local 
anaesthesia showed the blood pressure to be 85,56,39 and 18 % of the 
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normal value at approximately 9,6,11 and I hr. respectively before 
death from untreated anthrax. ' "d-"" . -- .., 

(3) Haemo-concentration. In secondary shock, loss of plasma from 
the circulation leads to haemo-concentration, 

- whereas haemorrhage 

results in haemodilution. In conditions where haemorrhage accom- 
panies loss of plasma, the results obtained from examination of the 
blood reflect the summation of the two effects (Sodeman, 1950; Cappell,, 
1951; Lovatt Evans, 1952; Scott, 1954; Bull, 1954). Results derived 

-from determinations of haemoglobin, haematocrit and blood nitrogen 
on untreated guinea-pigs showed that haemoconcentration was - 10, 

. 15-20 and 15-20 %, at approximately 9,6 and 1I hr. respectively before 
death: 

, 
This haemoconcentration 'persisted in the guinea-pigs whose 

death was delayed for 1-3 days by streptomycin therapy:.. 
(4) Presence of oedema and haemorrhage., Oedema and haemorrhage 

occur in anthrax infection in guinea-pigs as in other species (Sobernheim, 
1931). Plasma protein nitrogen was reduced 25,30 and 30 % in guinea- 
pigs approximately 9,6, and 1I hr. " respectively before death from un- 
treated anthrax and a 45 % reduction occurred in animals dying 1-3 days 
after treatment with streptomycin. 

` (5) Fall in body temperature (Sodeman, =1950; Tabor &Rosenthal, 
1947; Stoner, ' Threlfall & Green, 1952). The rectal: temperatures of, 
guinea-pigs dropped from 99 to 88° F. during the final 6 hr. of infection 
and from 90 to 80° F. in streptomycin-treated animals in the » 10 hr. 
preceding death. - ... r_.. - (6) Interference with phosphate metabolism (Magee & Spector, 1951-2; 
Allison, Cole, Holmes & Root, 1947;, Root, Allison, Cole, Holmes, 
Walcott & Gregerson, 1947)., Plasma inorganic phosphate increased to 
170,175 and 250 Y 

. 
'of the normal value in guinea-pigs at 9,6 and 1. hr. 

respectively before death from untreated anthrax; The value in animals 
saved by streptomycin treatment did not significantly change in the 
following 2 days, but in those treated later in the infection and which 
eventually died the plasma inorganic phosphate had increased to 300 % 
of the normal value. -o 

(7) Disturbance in electrolyte balance. There is agreement in the 
literature that a disturbance in electrolyte balance occurs in shock. The 
pH of the plasma falls as does its content of Nat and HCO$ .ý The' 
plasma K+ and Mg` content rise, but changes in Cat+ and C17- con- 
centrations are somewhat inconsistent (Sodeman, 1950; Magee 

-& Spector, 1951-2; Root et al. 1947; Rosenthal, 1943). Determinations 
on the plasma of guinea-pigs approximately 9 and 6 hr. before death 
from untreated anthrax showed that the Nay' content was reduced, by 
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4% at the terminal stage, the scatter of the plasma Na' values was 
wide but many determinations indicated that a slight rise to normal 
values occurred. Plasma bicarbonate showed a 10,20 and 40 % reduc- 
tion, and plasma chloride a 3,4 and 7% reduction at the respective 
stages. The pH of the plasma dropped towards the end of the bacteraemia. 
No significant change was detected in the plasma Mg++ and Ca+' before 
the critical point of the infection, but these elements increased as the 
bacteraemia progressed and were 220 and 170 Y. respectively of the 
normal values about 11 hr. before death. About 11 hr. before death, 
a 70 % increase in K+ was shown, but a slight haemolysis (approximately 
1.5 % of the red cells) might have accounted for some of this increase. 

(8) Sludged blood and increased clotting time (Sodeman, 1950; 
Kniseley, Block, Eliot & Warner, 1947). In untreated infected guinea- 
pigs sludging of the blood began 3-4 hr. before death and was marked 
in the last hour. The well-known delay in the clotting of the blood of 
animals infected with B. anthracis (Bloom et al. 1947b) was also noted. 

(9) Interference with carbohydrate metabolism (Stoner et al. 1952; 
Green & Stoner, 1954). There was a rise of 30 % in the plasma glucose 
in the early part of the bacteraemia and a reduction of 65 Y. in animals 
at death. This confirms previous work (Bloom et al. 1947b), which 
showed interference with carbohydrate metabolism in anthrax, for 
which no explanation could then be found. 
= (10) Evidence of acute renal failure. It is well known that secondary 
shock leads to damage of kidney tissue and renal failure (for references 
see Green, Stoner, Whiteley & Elgin, 1951). The gradual development 
of uraemia was shown by analyses of plasma non-protein nitrogen 
(N. P. N. ) and urea on guinea-pigs at all the various stages of anthrax 
described above. At 9 and 6 hr. before death from untreated anthrax 
the guinea-pigs showed a little evidence of uraemia. Their plasma N. P. N. 
and urea values were 30-50 % above the normal values (36 (S. D. 3.6) 
and 54 (s. D. 7.1) mg. /100 ml. ) respectively. At about If hr. before 
death these values had risen to 92 (s. D. 10) and 115 (s. D. 12) mg. /100 ml. 
respectively. This indication of renal damage was more pronounced in 
animals which were treated with streptomycin but which died 2 days 
later free from infection. In these animals anuria developed. Thus, the 
daily urine (5 ml, per animal) was low during the 2 days before death, 
even if a daily injection of saline (30 ml. ) was given. Control animals 
produced 30 ml. of urine daily. Plasma N. P. N. and urea values for the 
dying animals were 185 (s. D. 15) and 284 (s. D. 43) mg. /100 ml. re- 
spectively. The animals which were given early treatment with strepto- 
mycin and were recovering when they were killed 2 days later, had 
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plasma N. P. N. and urea values of 68 (s. D. 23) and 98 (s. D. 37) mg. / 100 ml. 
respectively. Similarly treated animals which were allowed to recover 
developed some degree of, anuria but within 5-7 days could again 
excrete normal quantities of urine. 

The histopathology of the kidneys of these streptomycin-treated and 
untreated animals has been described'(Smith et al. 1954 a). Tubular 
damage was found similar to that characterizing a number of conditions 
(e. g. `traumatic uraemia', `crush syndrome') which give rise to anuria 
and have as 'a common feature a disturbance of the general circulation 
(Hadfield, 1953). The tubular damage was most marked in the guinea- 
pigs which died either from untreated anthrax or after delayed treatment 
with streptomycin. It was relatively slight at approximately 9 and 6 hr. 
before death in untreated animals and had not significantly increased in 
the guinea-pigs that would have been saved by streptomycin but were 
killed 2 days later. 

(11) Loss of alkaline phosphatase from the kidney. Abnormally high 
alkaline phosphatase values in the blood and urine of guinea-pigs within 
11 hr. from death in untreated anthrax led to the histological demon- 
stration of a loss of this enzyme from the kidney (Smith et al. 1954a). 
This finding has not been generally recognized as being a feature of 
shock. However, a similar loss of alkaline phosphatase from the 
kidney has been described by McManus (1952) in traumatic anuria and 
by Berg, Levinson & Wang (1951), and Berg & Levinson (1952) in the 
shock produced in dogs by the toxin of Clostridium welchil. 

It was this accumulated evidence that led to the diagnosis of severe 
secondary shock in the terminal phase of anthrax. Shock could play an 
important role in a number of other infections in which the cause of 
death remains obscure. Some of the symptoms of shock have been shown 
to follow the injection of certain bacterial toxins such as those of the 
gas-gangrene group (Berg et al. 1951; Berg & Levinson, 1952; Miles & 
Niven, 1950), staphylococcal toxin (Miles & Niven, 1950) and the endo- 
toxins of. the Gram-negative bacilli (Miles & Niven, 1950; Thomas, 
1954). Detailed study of the chemico-pathology of these and other 
diseases by the methods used here for anthrax might be fruitful. 

THE SPECIFIC LETHAL FACTOR PRODUCED IN VIVO, By', ',, 
BACILLUS ANTHRACIS 

Since secondary shock plays an important role in the death of guinea- 
pigs from anthrax, an oedema-producing factor responsible for- the 
oligaemia of the host should be found in the products of the pathogen. _ , 
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There were signs that such a factor was present. Crude plasma/exudate 
(Keppie et al. 1953) produced a small, transient, oedematous plaque in 
the skin of guinea-pigs as had many similar preparations in the past 
(Sobernheim, 1931; Watson'et al. 1947b). The distribution and activity 
of this factor in the tissues of guinea-pigs dying of anthrax was re- 
examined and it was found to occur mainly in the plasma. 

The intradermal injection of filtered heparinized plasma (0.2 ml. ) 
from guinea-pigs dying of anthrax produced an extensive area of oedema 
and congestion in the skin of normal guinea-pigs. The average diameter 
of this lesion was 40-45 mm., and a positive skin reaction still resulted 
from a dilution of 1 in 81 of the material. Filtered urine from the same 
guinea-pigs produced no skin reaction and peritoneal exudate only a 
slight reaction. Thoracic exudate which contained about 20 % of blood 
gave only a moderate reaction which disappeared at a dilution of 1 in 27. 
The plasma/exudate used in our earlier work was composed largely of 
exudate, and the reason for its low activity was therefore obvious. 
Extracts of the spleens from dying guinea-pigs were also tested because 
an analysis had shown that at the critical point of the bacteraemia half 
the total organisms in the body were to be found in this organ. There- 
fore the possibility of selective action of a lethal factor at this site had 
to be considered. However, only a trace of oedema-producing activity 
was found in concentrated extracts which also were non-lethal for mice. 

Skin tests on samples of plasma taken at intervals during the final 
bacteraemia showed that the tissue-damaging activity increased regularly 
with the increase in the number of organisms in the blood. The oedema- 
producing activity of this guinea-pig plasma was not affected by mixing 
with half its volume of normal horse serum but was completely neutra- 
lized by anthrax antiserum prepared in the horse (Smith & Keppie, 
1954; Smith et al. 1954a). The specificity of the reaction was therefore 
established. 

The possibility of there being a' specific lethal factor in the plasma 
undiluted with exudate was investigated. These experiments have been 
reported briefly (Smith & Keppie, 1954; Smith et al. 1954a). The plasma 
killed mice and guinea-pigs when injected intravenously and intra- 
peritoneally. The specificity of the lethal effect was established when it 
was completely neutralized by horse anthrax-antiserum but was un- 
affected by normal horse serum. The approximate LD 50 of the toxic 
plasma for mice (22 g. ) and guinea-pigs (250 g. ) was 0.4 and 5 ml. re- 
spectively by the intravenous route. A higher death-rate and a shorter 
survival time indicated that the plasma was more lethal when given 
intravenously than by the intraperitoneal route. Animals dying in these 
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experiments showed collapse with subnormal temperatures together 

with oedema and nephrosis similar to the infected animals.. It is hoped 

to carry out a more detailed investigation of the pathology of these 

animals in the near future. 

_- Much effort was directed towards demonstrating the oedema-pro- 
ducing activity and the lethal factor in the bacteria grown in vivo (Smith 

et al. 1953 a). A suspension of organisms from large quantities of toxic 

plasma was (1) mixed with streptomycin, (2) shaken with `ballotini' and 
streptomycin, and (3) shaken with `ballotini' and the extract sterilized 
by filtration. A negligible skin reaction and no lethal effect on mice was 
shown by these preparations; the activity of toxic plasma was unchanged 
by any of these treatments. It seems therefore that the specific lethal 
factor is essentially extracellular. '`-- 

These findings now laid open the possibility of examining the chemical 
basis of-the killing power of B. anthracis because the product of the 
organism responsible for it had been demonstrated and was available 
for chemical fractionation. Only preliminary investigations of the lethal 
factor were made before the preparation of this paper, but certain facts 
have emerged. 

So far our studies indicate that the oedema-producing substance and 
the lethal factor in the toxic plasma are identical. In addition, it. appears 
to be connected with the protective antigen of B. anthracis and therefore 
with the extracellular aggressin. The evidence for these relationships 
has been reported (Smith et al. 1954a) and is briefly as follows. The 
protective antigen produced in vitro by Belton & Strange (1954) was 
not toxic or oedema-producing. However, the lethal and oedema- 
producing properties of the toxic guinea-pig plasma were completely 
neutralized by an antiserum to this material produced in vitro. Finally, 
fractionation of the toxic plasma by the method already described for 
plasma/exudate gave the oedema-producing activity in the . fraction 
which contained the aggressin and protective antigen; it was present in 
no other fraction. 

As with the protective antigen and the extracellular aggressin, the 
lethal factor does not appear to be connected either with the capsule of 
the organism or with polyglutamic acid. First, two types ' of horse 
anthrax-antiserum neutralized the lethal factor (Smith & Keppie, 1954; 
Smith et al. 1954a); and both of these sera were derived from the `Sterne' 
uncapsulated strain of B. anthracis. Secondly, both pure and crude 
polyglutamic acid produced by B. anthracis in vivo were non-toxic to 
guinea-pigs and mice and did not give a skin reaction (Smith et al. 1954 a). 

A possible explanation of these results is that the protective antigen 
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is a `toxoid' form of the lethal factor. The toxic and skin-reacting 
properties of the lethal factor are unstable. They survive freeze-drying but 
are destroyed by standing at 0° for 12 weeks, heating to 60° for half an 
hour, or incubation at 37°for 8 hr. The activitylargelydisappears when the 
pH is adjusted to 5 or 10 and in the barium acetate/ethanol fractionation 
already described. 

CONCLUSIONS 
The overall pathogenicity of Bacillus anthracis is the result of the pro- 
duction within the host of an armoury of different substances which may 
be interconnected. The present, work has demonstrated at least three 
important substances, all with aggressive activity, and one of them 
responsible for the death of the host. Some progress has been made 
towards identifying them, but their exact effect in the aggressin assays 
has yet to be investigated. Two of the aggressins are intracellular, and 
one of these, polyglutamic acid, occurs in the capsule whose connexion 
with pathogenicity is recognized; the other occurs in an impure lipo- 
protein fraction and its relation to the capsule is unknown. The third 
aggressin is produced extracellularly and is connected with the specific 
lethal factor, which in anthrax leads to the death of the host in secondary 
shock. The successful demonstration of a lethal product of B. anthracis, 
following the many failures from the use of in vitro cultures, is the direct 
result of using the products of the organism growing in vivo for the 
study of its pathogenicity. Now that the biological nature of the lethal 
factor has been established, the production of it in vitro may become 
possible. As the factors responsible for the development of classical 
secondary shock are a matter of conjecture, the isolation of this specific 
lethal factor of B. anthracis may prove of value in the general study of 
shock. It is more easily defined than are the substances already thought 
to be implicated, since its lethal activity can be neutralized with specific 
antiserum. 

It seems that a strain is only fully pathogenic when all the substances 
of the anthrax armoury are produced. The absence of one may result 
in a strain becoming relatively non-pathogenic, although its capacity 
to produce the others is unimpaired. The metabolism of the pathogen 
within the host which enables it to produce these substances is there- 
fore a subject of interest. Consequently Smith and Tempest have begun 
a study of the nutrition of B. anthracis when growing in the blood of 
guinea pigs during the final bacteraemia of the disease. 
" These observations have been made solely with one strain (N. P. ) of 

B. anthracis in the guinea-pig. It is hoped to extend this work to test 
other strains and animal species. 



148 H. SMITH AND J. KEPPIE 

We are indebted to Dr D. W. Henderson and Prof. W. T. J. Morgan for en- 
couragement when this approach to the problem of pathogenicity was first suggested 
and for their continued interest. Our thanks are also due to Prof. G. R. Cameron, 
Prof. E. J. King, Dr H. B. Stoner and Dr W. G. Spector for their help on the subject 
of 'shock', and to our colleagues at The Microbiological Research Department, 
H. T. Zwartouw, J. L. Stanley, Mrs P. W. Harris-Smith and R. C. Gallop, for their 
contributions to this work. 

Acknowledgement is made to the Chief Scientist, Ministry of Supply, for per- 
mission to publish this communication. 

REFERENCES 

ADAM!, G. F. (1909). Inflammation. London: Macmillan and Co. 
ALLISON, J. B., COLE, W. H., HOLMES, J. H. & RooT, W. S. (1947). The effect of 

haemorrhage and muscle trauma upon the blood-phosphate of dogs. Amer. J. 
Physiol. 149,422. 

BAIL, 0. (1904). Untersuchungen über natürliche und künstliche Milzbrandimmunitiit. 
XI. Erster Bericht über Milzbrandschutzimpfungen an Schafen. Zbl. Bakt. 37, 
270. 

BAIL, 0. (1915 a). Veränderungen der Bakterien im Tierkorper. IX. Über die 
- Korrelation zwischen Kapselbildung, Sporenbildung, und Infektiosität des 
Milzbrandbacillus. Zbl. Bakt. 75,159. 

BAIL, 0. (1915b). VeränderungenvonBakterienimTierkorper. XI. Untersuchungen 
über kapsellosen Milzbrand. Zbl. Bakt. 76,38. 

BAn., 0. (1915c). Veränderungen von Bakterien imTierkorper. XII. Abschwächungs-' 
versuche am Milzbrandbacillus bei 42°. Zbl. Bakt. 76,330. 

BAIL, 0. & WEIL, E. (1911). Beiträge zum Studium der Milzbrandinfektion. Arch. 
Hyg., Berl., 73,218. - 

BELTON, F. & STRANGE, R. E. (1954). Studies on a protective antigen produced 
in vitro from Bacillus anthracis: medium and methods of production. Brit. J. 
exp. Path. 35,144. 

BERG, M., LEVINSON, S. A. (1952). Alkaline phosphatase activity of the kidney. 
- Arch. Path. 53,179. 

BERG, M., LEVINSON, S. A. & WANG, K. J. (1951). Effect of experimental shock 
induced by Clostridium perfringens toxin on the kidneys of dogs. Arch. Path. 51, 
137. 

BLOOM, W. L., WATSON, D. W., CROMARTIE, W. J. & FREED, M. (1947 a). Studies on 
infection with Bacillus anthracis. 1V. Preparation and characterization of an 
anthracidal substance from various animal tissues. J. infect. Dis. 80,41.. 

BLOOM, W. L., McGuEE, W. J., CROMARTIE, W. J. & WATSON, D. W. (1947b). 
Studies on infection with Bacillus anthracis. VI. Physiological changes in 
experimental animals during the course of infection with B. anthracis. J. infect. 
Dis. 80,137. 

BuLL, J. P. (1954). Shock caused by burns and its treatment. Brit. med. Bull. 10,9. 
BRUCKNER, V., KovACS, J. & DENES, G. (1953). Structure of poly-D-glutamic acid 

isolated from capsulated strains of B. anthracis. Nature, Lond., 172,508. ,- 
CAIFALEANU, A., CoMBIESco, D. & STAMATESCO, S. (1930). Les valeurs du Sucre 

sanguin et du glycogene hepatique au cours de 1'infection charbonneuse , expdrimentale. C. R. Soc. Biol., Paris, 104,1151. 
CAPPELL, D. F. (1951). Muir's Textbook of Pathology, p. 42. London: Edmund 

Arnold and Co. 
Ci-tu, H. P. (1953). Cytochemical structure of Bacillus anthracis with special reference 

to its cell wall. Proc. 6th Congr. Int. Microbiol., Rome. 



PATHOGENICITY OF BACILLUS ANTFIRACIS 149 

CROMARTIE, W. J., BLOOM, W. L. & WATSON, D. W. (1947). Studies on infection 

with Bacillus anthracis. A histopathological study of skin lesions produced by 
B. anthracis in susceptible and resistant animal species. J. infect. Dis. 80,1. 

EuRIcH, F. W. & HEwz. arr, R. T. (1930). A System of Bacteriology, 5, chap. 10. 
London: Medical Research Council. 

EVANS, D. G. & SHoEsrrrH, V. G. (1954). Production of toxin by Bacillus anthracis. 
Lancet, no. 266, p. 136. 

EVANS, D. G. & WARDLAw, A. C. (1953). Gelatinase and collagenase production 
by certain species of Bacillus. J. gen. Microbial. 8,481. 

GLADSTONE, G. P. (1946). Immunity to anthrax. Protective antigen present in 
cell-free culture filtrates. Brit. J. exp. Path. 27,394. 

GLADSTONE, G. P. (1948). Immunity to anthrax. Production of the cell-free 
protective antigen in cellophane sacs. Brit. J. exp. Path. 29,379. 

GOVAERTS, A (1951). Influence du calcium sur l'attenuation du bacille du charbon 
par la methode de Pasteur. Ann. Inst. Pasteur, 81,424. 

GRABAR, P. & STAUB, A. M. (1944). Recherches immunochimiques sur la bact6ridie 
charbonneuse. II. Les fractions proteidiques du liquide d'cedeme charbonneux 
et des extraits de B. Anthracis. Ann. Inst. Pasteur, 70,129. 

GREEN, H. N. & STONER, H. B. (1954). Effects of injury on carbohydrate metabolism 
and energy transformation. Brit. med. Bull. 10,38. 

GREEN, H. N., STONER, H. B., WHITELY, H. J. & ELGIN, D. (1951). A case of 
traumatic uraemia. Brit. J. Surg. 39,80. 

GRUBER, M. & FUTAIG, K. (1907). Über die Resistenz gegen Milzbrand und über 
die Herkunft der milzbrandfeindlichen Stoffe. Med. Wschr. 54,249. 

HAD FIELD, G. (1953). Recent Advances in Pathology, 6th ed., p. 281. London: 
J. and A. Churchill Ltd. 

HANBY, W. E. & RYDON, H. N. (1946). The capsular substance of Bacillus anthracis. 
Biochem. J. 40,297. 

IvANOVIcs, G. (1940). Untersuchungen über das Polysaccharid der Milzbrandbazillen. 
Z. ImmunForsch. 97,402. 

IVANOVICS, G. & BRUCKNER, V. (1937). Die chemische Struktur der Kapselsubstanz 
des Milzbrandbazillus und der serologisch identischen spezifischen Substanz 
des Bazillus mesentericus. Z. ImmunForsch. 90,304. 

IVANOVICS, G. & ERDÖS, L. (1937). Ein Beitrag zum Wesen der Kapselsubstanz des 
Milzbrandbazillus. Z. ImmunForsch. 90,5. 

IVANOVICS, G. & HORVATH, S. (1953 a). The structure of the capsule of B. megatherium. 
Acta physiol. hung. 4,175. 

IVANOVICS, G. & HORVATH, S. (1953 b). On. the chemical structure of the capsule of 
B. anthracis and B. megatherium. Acta physiol. hung. 4,401. 

JAWETZ, E. & MEYER, K. F. (1943). Avirulent strains of Pasteurellapestis. J. infect. 
Dis. 73,124. 

KEPPIE, J., SMITH, H. & HARRIS-SMrrH, PATRICIA W. (1953). The chemical basis 
of the virulence of Bacillus anthracis. II. Some biological properties of bacterial 
products. Brit. J. exp. Path. 34,486. 

KEPPIE, J., SMITH, H. & HARRIS-SMITH, PATRICIA W. (1955). The chemical basis of 
the virulence of Bacillus anthracis. III. The role of the terminal bacteraemia 
in death of guinea-pigs from anthrax. Brit. J. exp. Path. (in the Press). 

KING, H. K. & STEIN, J. H. (1950). The non-toxicity of Bacillus anthracis cell 
material J. gen. Microbiol. 4,48. 

KNISELY, M. H., BLOCK, E. H., ELIOT, T. S. & WARNER, L. (1947). Sludged blood. 
Science, 106,431. 

LOVATi EVANS, C. (1952). Principles of Human Physiology, p. 669. London: J. and 
A. Churchill Ltd. 



ISO : -Al. SMITH AND J. KEPPIE 

McGAUGHSY, C. A. & Gm, H. P. (1948). The egg-yolk reaction of aerobic sporing 
bacilli. J. gen. Microbiol. 2,334. 

McMANus, J. F. A. (1952). Medical Diseases of the Kidney. London. 
MAGEE, P. N. & SPECTOR, W. G. (1951-2). Body water and electrolytes in acute 

anhydraemia. Proc. Roy. Soc. B, 139,584. i. - 
Mans, A., A. & NrVEN, J. S. F. (1950). The enhancement of infection during 

shock produced by bacterial toxins and other agents. Brit. J. exp. Path. 
31,73.1-- --`. ' ", 

DE MouLns, F. W. K. (1936). An investigation on the cause of death by apoplexy in 
cases of anthrax. Ned-Ind. blad. Diergeneesk, 48,126. '"'"-, 

PASTEUR, L. (1881). De 1'attenuation des virus et de leur retour ä la virulence. 
C. R. Acad. Sci., ' Paris, 92,429. 

PREIsz, H. (1909).. Experimentelle Studien über Virulenz, Empfänglichkeit und 
Immunität beim Milzbrand. Zbl. Bakt. 49,341. "-t, 

RENAux, E. (1952). Culture de Bacillus Anthracis en milieu calcique et en milieu 
. oxalate. Ann. Inst. Pasteur, 83,38. '-ýý", -_'' I- `'- 

Roar, W. S., ALLISON, J. B., COLE, W. H., HOLMES, J. H., WALCOTr, W. V. & 
GREGERSON, M. I. (1947). Disturbances in the chemistry and in the acid-base 
balance of the blood of dogs in haemorrhagic and traumatic shock. Amer. J. 
Physiol. 149,52. I-: 1, - 11 RosENTHAL, S.. M. (1943). Experimental chemotherapy of burns and shock. 
III. Effects of systemic therapy on early mortality. Rep. Pub. Hlth U. S. A. 58, 
513.,; 

ScoTrr, R. B. (1954), Blood transfusion and the effects on injury. Brit. med. Bull. 
10,22. -I- "I .. -s 

SINGER, E. (1927). Milzbrandstudien. Z. ImmunForsch. 54,144. 
SMITH, H. & KEPPIE, J. (1954). Observations on experimental anthrax: demonstra- 

tion of a specific lethal factor produced in vivo by Bacillus anthracis. Nature, 
Lond., 173,869. 

Saumes, H., KEPPIE, J. & STANLEY, J. L. (1953 a). A method for collecting bacteria and 
their products from infections in experimental animals, with special reference 
to Bacillus anthracis.. Brit. J. exp. Path. 34,471. 

SMITH, H., KEPPIE, J., & STANLEY, J. L. (1953 b). The chemical basis of the virulence 
of Bacillus anthracis. I. Properties of bacteria grdwn in vivo and preparation 
of extracts. Brit. J. exp. Path. 34,477. 

SMrru, H. & ZwARTOUw, H. T. (1954). Fractionation of the intracellular material 
of Bacillus anthracis grown in vivo; the polysaccharide and polyglutamic acid. 
Biochem. J. 56, viii. ". 

SMrrn, H., KEPPIE, J., Ross, JOAN M. & STANLEY, J. L. (1954a).. Observations on 
' the cause of death in experimental anthrax. Lancet, ii, 474. 
Six, H., KEPPIE, J. & STANLEY, J. L. (1954b). The chemical basis of the virulence 

of Bacillus anthracis. IV. Secondary shock as the major factor in death of 
guinea-pigs from anthrax. Brit. J. exp. Path. (in the Press). 

Smrrx, H., ZwART0uw, H. T. & GALLOP, R. C. (1954 c), The nature of the aggressins 
produced by Bacillus anthracis growing in vivo. Biochem. J. 56, ix. ... SoBERNIIEim, G. (1913). Handbuch der Pathogenen Mikroorganismen, 2nd ed. p. 583. 

", Jena: Gustav Fischer. 
SOBERNHEIM, G. (1931). Handbuch der Pathogenen Mikroorganismen, 3, ' part 2, 

p. 1041. Jena: Gustav Fischer, Urban and Schwarzenberg. 
SODEMAN, W. A. (1950).. Pathologic Physiology, p. 36. London: W. G. Saunders 

and Co. 
STAMATIN, N. & STAMATIN, L. (1936). Le pouvoir immunisant des souches acapsulo. 

genes de Bacillus anthracis. - C. R. Soc. Biol., Paris, 122,491. 



PATHOGENICITY OF BACILLUS ANTHRACIS 151 

STAUB, A. M. (1949). Recherches immunochimiques sur la bact6ridie charbonneuse. 
VIII. Action de divers serums normaux on anticharbonneux sur le pouvoir 
vaccinant des filtrats de culture (plasma culture filtrate) de Gladstone. Ann. 
Inst. Pasteur, 76,331. 

STAUB, A. M. & GRABAR, P. (1943). Recherches immunochimiques sur la bacteridie 
charbonneuse. Röte de la capsule dans l'immunisation anticharbonneuse. 
C. R. Soc. Biol., Paris, 137,623. 

STERNE, M. (1937). Variation in Bacillus anthracis. Onderstepoort J. vet. Sci. 8,271. 
STOCKMAN, S. (1911). The epizootology of anthrax. J. comp. Path. 24,97. 
STONER, H. B., THRELFALL, C. T. & GREEN, H. N. (1952). Studies on the mechanism 

of shock. Carbohydrate metabolism in nucleotide and ischäemic shock. 
Brit. J. exp. Path. 33,131. 

STRANGE, R. E. & BELTON, F. C. '(1954). Studies on a protective antigen produced 
in vitro from Bacillus anthracis: purification and chemistry of the antigen. 
Brit. J. exp. Path. 35,153. 

TABOR, H. & ROSENTHAL, S. M. (1947). Body temperature and oxygen consumption 
in traumatic shock and haemorrhage in mice. Amer. J. Physiol. 149,449. 

THOMAS, L. (1954). The physiological disturbances produced by endotoxins. Ann. 
Rev. Physiol. 16,467. 

THORNE, C. B., GoMEz, C. G., BLIND, G. R. & HousEwRIGirr, R. D. (1953). 
Synthesis of glutamic acid and glutamyl polypeptide by Bacillus anthracis. 
III. Factors affecting peptide production in synthetic liquid media. J. Bact. 
65,472. 

THORNE, C. B., GoiEz, C. G. & HousEwRIGHT, R. D. (1952). Synthesis of glutamic 
acid and glutamyl polypeptide by Bacillus anthracis. II. The effect of carbon 
dioxide on peptide production on solid media. J. Bact. 63,363. 

TOMCSIK, J. (1951). Complex structure of the bacterial capsule in the genus Bacillus. 
Experientia, 7,460. 

TOMCsIK, J. & SzoNGoTr (1933). Über ein spezifisches Protein der Kapsel des 
Milzbrandbazillus. Z. ImmunForsch. 78,86. 

TREFFERS, H. P. (1947). Immunochemistry. Ann. Rev. Microbiol. 1,263. 
VAUGHAN, V. C. & Now, F. G. (1902). Cellular Toxins, 4th ed. New York: Lea 

Brothers and Co. 
WATSON, D. W., CROMARTEE, W. J., BLOOM, W. L., KEGELES, G. & HECKLY, R. J. 

(1947x). Studies on infection with Bacillus anthracis. III. Chemical and' 
immunological properties of the protective antigen in crude extracts of skin 
lesions of B. anthracis. J. infect. Dis. 80,28. 

WATSON, D. W., CROMARTIE, W. J., BLOOM, W. L., HECKLY, R. J., McGHEE, W. J. & 
WEISSMATZ, N. (19471'). Studies on infection with Bacillus anthracis. V. The 
isolation of an inflammatory factor from crude extracts of lesions of B. anthracis 
infection and its biological and chemical relationship to glutamyl polypeptide. 
J. infect. Dis. 80,121. 

WEINSTEIN, L. (1938). The prophylaxis of experimental anthrax infection with various 
hormone preparations. Yale J. Biol. Med. 11,369. 

WILSON, G. S. & MILES, A. A. (1946). Topley & Wilson's Principles of Bacteriology 
and Immunity, 3rd ed. London: Edward Arnold and Co. 

WRIGHT, G. C., HEDBERG, M. A. & SLEIN, J. B. (1954). Studies on immunity in 
anthrax. III. Elaboration of protective antigen in a chemically defined, non- 
protein medium. J. Immunol. 72,263. 

ZINSSER, H. & BAYNE-JONES, S. (1939). A Textbook of Bacteriology. New York: 
D. Appleton Century Co. Inc. 



lb 'c cal Sad* of . the Miralerns of 

awsi 
At Ueº oo3D iencemeat ät' this study more Information on the virulet e 

L. Mstid was ayaflabla from the literature t ban bad been the aase with 

antI*O 'Thus, it w" known that a "Srom virulent strains When Wected 

into mica quiok3y bsoam* aepsu]ated &M were then phagOoytosix-resistant; 
? raction' 2 o» a protein ooaponont of the Capsules was partly responsible 
for the Oºntiphag , iß and 1j unoganio activities of The death 

of mice from plague could be explained by the occurrence in the organisms 

of a classical ondotodn vbich was 'htsb y toxic for mice but harimless in 

; Pig* - althov h 'this species was highs. ' susceptible to fatal, infootion�° 

Two jrnov bona ' nrero maid t , 1) eats a organisms %e 'e collected from 

Oing 6uizAnpigi'after having grawa In jLn 2) fractionation procedures' 

r4re f* owoa by tostinß the proäuots in ag zGin tests iny, 
. tEg =d also 

in taxiaity and immfty teats in both xneawpigs and zicc. 
Tha method u ;, d to obtain the orgwAsms from the peritoneai h315 

Of large groups of Sruineg pigs is described in paper it. In quays for 

ag6re5sin (similar to those described previously for B. ' ant1ssoiei the 

$Upernatants from peritoneal Washing8 wrero clight2,7 actite dUO to thwtr 

Content of easily displaced surface components of the organisms. When the 

arPrA were disintegrated, the freely soluble c7toplasm Was sushi ,Y 
active but the cell wal. a,, r. the moat axiphagacytie and virulence-' 

a +' The presence of FI in the above crude products only partIr 

explo4zsS their +stLvities 
Ill marked contrast to B. anthrac1 . the p3. " ua toxin was not to =& 

up ,w 



+uctrao6lI4ar2y in heavily heated body f'luids, p but was coined to the 

b&oterta" cells and fr. 3y released from tbes only after the ? ja. of ultra 

6+010 vavea (paps 12). ` the resulting extract inn highly toxic for mit, 

and the ""souse toxin" could be oonsiderubly purifiad by obromatography- 
'h. disintegrated groom, tlis proved toxic for gin "iga im 

nunbera wall ugh to explain what the infection proved fatal in this 

*psaies� fte "guinea pig toxin" was a synersio aixtw e of two oorponuwts 

º 'ý 'iah ooourre In the resiäae of oeU w" and the othw (probab17 

the 'mouso toxin") gooarred uiul, y in the exxtract. 
Ihe* Pill srgaanisas, groin i itrg Armre disintigratod, $iai1 ' 

tosio tr"U=4 Wo" obt lneds 

Wf=%Mi* Alai MAI 4 dial With 41mica , signs Of heýmorr} io shook and 

aroas Ieaous congestio* as du i fevted fir. 

Äaduwýr U! pUpo 'l acimes gars better aatvs faauaitj than 

iIleä vaeciawe, and beo a the iaaunogenicity of vaeoines was not whour 

+ by their souteAt or fraction I, disintegrate& organises ($ro n 

vex s baramineä in iamunity tests in 8uimaapigs sad eia (SW 13). 

the erogen tot' guinea s occurred is the **U -*&U residue,, stiere" 

the extract was the mori i nageav frsotion for aiaw. 

Lotter� the csf"wa1 rosidues frc* two str&tns of i ort s 6rmnt 

AIM Vero also ahmen capable of a. tii. ly 3 slag ! aº pip. The 

resiättS ; met tUa imlent , ureic when dissolved with alkali could be the 

baate of a noon. o4a t . lterat V&+*isw r s=». 

qw 4 so 



REPRINTED FROM THE 

'BRITISH JOURNAL OF EXPERIMENTAL PATHOLOGY, 

VOL. XLI, No. 5, OCTOBER, 1960. 

PRINTED FOR 

H. K. LEWIS & Co. Ltd., 

136, GOWER STREET, LONDON, W. C. Z. 

BY 

ADLARD & SON, LTD., BARTHOLOMEW PRESS, DORKING. 



452 

THE CHEMICAL BASIS OF THE VIRULENCE OF 
PASTEURELLA PESTIS 

1. THE ISOLATION AND THE AGGRESSIVE PROPERTIES OF PAST. PESTIS 
AND ITS PRODUCTS FROM INFECTED GUINEA-PIGS 

H. SMITH, J. KEPPIE, E. C. COCKING AND K. WITT 
From the Microbiological Research Establishment, Porton, Nr. Salisbury, Wiltshire 

Received for publication February 11,1960 

THIS paper and those to follow will describe attempts to identify the compounds 
responsible for the virulence and immunogenicity of Pasteurella pestis. Two 
departures have been made from most previous studies on Past. pestis. First, we 
have fractionated Past. pestis isolated directly from guinea-pigs dying of plague. 
Second, our basis for chemical fractionation has been biological assays for aggres- 
sins, toxins and immunogens in guinea-pigs as well as mice. We have not con- 
centrated on apparent serological entities which, either are not connected with 
. virulence or so far have only been shown to be associated with virulence by a 
study of variants. Some reasons for this approach are as follows. 

A puzzling feature of previous studies on the toxicity of Past. pestis was the 
lack of relationship between the susceptibility of guinea-pigs to the infection and 
to the so-called toxin (Jawetz and Meyer, 1943 ; Englesberg and Levy, 1954 ; 
Ajl, Reedal, Durrum and Warren, 1955; Schar and Meyer, 1956). Although 
this toxin was lethal for mice it was not so for guinea-pigs (Schar and Meyer, 
1956; Schar and Thal, 1955) whereas the two hosts were equally susceptible to 
plague infection (Jawetz and Meyer, 1943; Pollitzer, 1954). This anomaly 
suggested that in plague, either guinea-pigs are killed by a toxin different from 
that killing mice or the " toxin ", previously isolated, is a degraded form of a 
native toxin that kills both species. To remove the anomaly it was essential to 
obtain a preparation from Past. pestis which would kill guinea-pigs, and such 
material seemed most likely to be found in organisms (and their extracellular 
products) obtained from guinea-pigs dying of plague. 

In vaccination studies on plague, a similar anomalous situation existed which 
indicated that the currently accepted chemical basis for immunity to plague was 
as insecure as that for toxicity. It was generally accepted that live attenuated 
vaccines immunized guinea-pigs as well as mice but dead vaccines (without 
artificial adjuvant) were relatively ineffective for guinea-pigs although adequate 
for mice (Girard, 1955; Spivack, Foster, Larson, Chen, Bakes and Meyer, 1958). 
Therefore either the essential immunogen for guinea-pigs was different from that 
for mice and found only during the growth in vivo of living vaccines, or there was 
a common protective antigen for both species which was so degraded during the 
preparation of vaccines as to be capable only of protecting mice. There is 
evidence for these suggestions in previous work on the fractionation of Past. pestis for the protective antigen(s). The preparation which has been claimed as the 
principal antigen for immunizing against plague is Fraction 1 (for brief details of 
nomenclature see Burrows and Bacon (1958)), a non-toxic component of the 
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envelope obtained from saline extracts of acetone dried Past. pestis by Baker, 
Somner, Foster, Meyer and Meyer (1952). This preparation immunized mice 
adequately but it is revealing to compare the immunogenicity in mice of Fraction 1 
and other fractions with that of the whole killed organisms (Baker et al., 1952). 
The initial saline extraction produced a gross loss of activity ; the extract and 
the residue antigen protected mice but neither had the activity per mg. of the 
original bacteria. Furthermore, the purest Fraction 1 (crystalline Fraction 1B) 
isolated in O'8 per cent yield had no more activity per mg. than the original bacteria 
and if anything had less activity than Fraction 1A isolated in 3.5 per cent yield 
but containing some carbohydrate. Hence even in mice Fraction 1 as isolated 
did not account for more than a small proportion of the protective activity of 
dead Past. pestis, and therefore the possibility of Fraction 1 being one of a number 
of protective antigens or a fragment of the native antigen is at once apparent. 
In guinea-pigs, Fraction 1, like dead bacteria, had little effect unless injected with 
an adjuvant. The " residue antigen" had some protective effect for guinea-pigs 
as well as for mice and appeared to contain a residual amount of the native 
antigen(s). In view of the shortcomings of the above preparations, organisms 
grown in vivo were investigated for protective antigens which would immunize 
guinea-pigs without adjuvants and mice; more effectively than isolated Fraction 1. 

The aggressive action of Past. pestis must at least in part be antiphagocytic 
since it is generally agreed that in successful protection phagocytosis is seen as a 
major defence against invasion (Jawetz and Meyer, 1944). Cell free serum from 
normal and even hyperimmune animals possess little bactericidal action against 
virulent or avirulent Past. pestis (Jawetz and Meyer, 1944). In vivo, virulent- 
but not avirulent Past. pestis-rapidly acquire resistance to phagocytosis (Burrows 
and Bacon, 1954; Fukui, Lawton, Janssen and Surgalla, 1957). The chemical 
basis for this resistance which in vivo is accompanied by capsulation is not clear. 
Fraction I or some complex containing it probably contributes to the phagocytosis- 
resistance of capsulated organisms since free Fraction 1 has an antiphagocytic 
action (Chen and Meyer, 1954) but in view of the work of Burrows and Bacon 
(1956a, 1956b) compounds containing Fraction 1 do not appear to be the sole 
antiphagocytic substances. These workers prepared in a simple medium in vitro, 
phagocytosis-resistant Past. pestis with no visible capsule from a number of 
mutants including one apparently incapable of producing Fraction 1 (Burrows, 
1957). The resistance-only acquired by virulent strains-was associated with 
the presence in the culture liquid of two precipitinogens V and W. These com- 
ponents were detected serologically in diffusion plates but their direct responsibility 
for resistance to phagocytosis has not been proven. The culture filtrate contain- 
ing them did not inhibit the phagocytic action of PMN's whereas a phagocytosis 
inhibiting substance was produced in vivo (Burrows and Bacon, 1954) and by in 
vitro culture of virulent Past. pestis in mouse peritoneal fluid or whole blood 
(Burrows and Bacon, 1956a). Chemical extraction for substances showing 
antiphagocytic activity of organisms grown in vivo and their extracellular products 
in the host fluids should help to clarify these problems. 

This paper describes the collection from infected guinea pigs of Past. pestis in 
sufficient quantity and of adequate purity for chemical work, also a mild method 
for the extraction of these organisms, and the aggressive activity of the various 
bacterial products. The toxicity and immunogenicity of these products will be 
dealt with in future publications. 

33 
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MATERIALS AND METHODS 

Strains of Past. pestis 
Unless otherwise stated, the virulent L37 and the avirulent Tjiwidej (TS) strains were 

used throughout this work. 

Assays for ability to inhibit phagocytosis of Past. pestis 
With guinea-pig leucocytes. -The viable count (on tryptic meat agar containing 5 per cent 

peptic sheep blood) of a suspension of Past. pe8ti8 (Tjiwidej grown on tryptic meat agar 
28°, 18 hr. ) was determined before and after its phagocytosis by cells of defibrinated guinea. 
pig blood in the presence and absence of dilutions of the materials under test. The lowest 
dilution of these was noted which significantly increased the final viable count over that of 
control samples. This test, which will detect 2-3-fold differences in activity has been described 
previously (Keppie, Smith and Harris-Smith, 1953; Smith and Gallop, 1956). In the absence 
of the WBCs neither plasma nor serum from guinea-pigs reduced the viable count in a similar 
test. 

With mouse leucocytes. -Using Past. pestis (Tjiwidej) and mouse blood (heparin 10 I. U. /ml. ) 
the phagocytic index was determined after rotating a bacteria /PAIN mixture (15: 1) for 1 hr. 
at 37° under conditions as described by Keppie et al. (1953) in work with anthrax. Dilutions 
of the materials under test, produced a decrease in the phagocytic index compared with 
control samples and the lowest dilution which produced a significant difference was noted. 
The assay would detect 2-3-fold differences in activity. 

Assay of ability to enhance the virulence of Past. pestis for guinea-pigs 
A small quantity (0.6 ml. containing 120 viable organisms) of Past. pestis (L37 ; grown 

on tryptic meat agar, 37°, 1S hr. ) in gelatin-Locke's diluent was mixed with dilutions (5-4 ml. ) 
of the test material in gelatin-Locke's. After standing for 1 hr. at room temperature the 
mixture (0.5 ml. containing approx. 10 Past. pestis) was injected intradermally into guinea- 
pigs (300-400 g. ). The time between injection and death of the guinea-pigs was noted as 
also was the lowest dilution of the material producing a significant reduction in the mean 
survival time of controls. Animals were observed for 8-14 days. We are indebted to our 
colleague Air. S. Peto for the statistical analysis. 

Serological precipitation in gel-diffusion plates 
The technique and system of wells were as described by Burrows and Bacon (1956b, 1958) 

but the gel contained sodium azide (0.25 per cent) as preservative. Unless otherwise stated, 
the results quoted are those obtained by diffusion at 0-2°. This low temperature was used 
to ensure as far as possible that no enzymic degradation occurred on the plates. It also 
produced sharper and more distinct lines than corresponding experiments at room tempera. 
ture or 37°. Two antisera were used. 

Unabsorbed antiserum (L. R. ). -Rabbits received intravenously, at approx. weekly intervals 
the following doses : acetone dried Past. pestis (Tjiwidej) 0-25 and 1 mg.; acetone dried 
L37, in vivo grown 1,5,10 and 20 mg.; living Tjiwidej 10°, 109,109 and 2X 109; and 
finally living L37,105,107,108 and 108 given i. v. followed by 109 and 8 doses of 1010 given 
s. c. Serum was taken from the rabbits 7 days later and was stored at -20° with 0.01 per 
cent merthiolate as preservative. 

Absorbed antiserum (L. R. A. ). -For detecting only virulence-antigens, serum L. R. (1 ml. ) 
-was absorbed with the avirulent Tjiwidej strain (50 mg. of acetone dried organisms) as described by Burrows and Bacon (1956a). 

RESULTS 
Isolation of Past. pestis from infected guinea pigs 

The process already described for isolating Bacillus anthracis from infected 
guinea-pigs (Smith, Keppie and Stanley, 1953) was modified to cope with the fact 
that when the guinea-pigs died of plague, the majority of the available organisms 
were in the peritoneal and thoracic cavities (rather than in the blood) and were 
mixed with only a relatively small amount of a highly viscous haemorrhagic 
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exudate. To remove the majority of the organisms and to dilute the exudate 
sufficiently to allow of efficient differential centrifugation of the blood cells, the 
peritoneum and thorax were washed out with a large volume of heparinized saline. 
Unlike the experiments on anthrax, no attempt was made to collect undiluted 
exudate or whole blood unless it was specially required. 

Infecting and collecting procedure. -Four hundred large guinea-pigs (at least 
800 g. ) were injected with Past. pestis, strain L37 grown at 28° for 32 hr. in xylose- 
casein hydrolysate (Druett, Robinson, Henderson, Packman and Peacock, 1956) 
with shaking. Each animal was given 3.5 x 108 organisms both intrapul- 
monarily and intraperitoneally. Death of almost all the animals occurred in 
36-50 hr. Immediately after death, cold heparinized saline (2 units/ml. ) was 
introduced into the thorax (25 ml. ) and abdomen (50 ml. ) The animals were then 
placed on shelves in a perspex safety cabinet, fitted with a forced draught air 
filtration system. After gentle massage, the animals were slit open along the 
ventral line and turned over to allow the suspension of Past. pestis to accumulate 
on the sloping floor of the cabinet. 

Differential centrifugation. -Subsequent operations were done at 0-2° and a 
similar apparatus to that described by Smith, Keppie and Stanley (1953) was 
used to remove supernatants from centrifuged deposits and for the transfer of 
liquids. 

The suspension of bacteria (approx. 1X 109 in exudate diluted with saline) 
was collected into centrifuge pots (250 ml. ) and centrifuged at 500 rpm (60 g) for 
30 min. The supernatants were removed to within J in. of the blood cell deposit 
and Past. pestis was collected from pooled supernatants by centrifuging for 45 min. 
at 18,000 rpm in the batch bowl (No. 1600-capacity 1600 ml. ) of the Spinco 
ultracentrifuge (Model L). All the organisms from 400 guinea-pigs were collected 
in 2 bowls which were used alternately. Samples of the pooled supernatants 
(saline/exudate 20-25 1. from 400 guinea-pigs) were filtered through Millipore 
filters and kept at -20° or freeze dried. For special purposes small quantities of 
exudate undiluted with saline were collected, freed from bacteria and blood cells 
by centrifugation, and filtered sterile. 

The organisms were resuspended in the bowls by rotating them after adding 
saline (700-800 ml. ) and stainless steel ball bearings. Almost all the remaining 
blood cells were removed from the suspension by centrifuging it (in 4X 250 ml. 
pots) at 500 rpm (60 g) for 30 min. After the supernatant was removed to -- in. 
from the blood cell deposit, the latter was washed with saline (700-800 ml. ) and 
again deposited by centrifuging at 500 rpm (60 g) for 30 min. The 2 supernatant 
suspensions were mixed and centrifuged for 1 hr. at 18,000 rpm in the batch bowl 
of the Spinco ultracentrifuge. Samples of the supernatant (saline wash, approx. 
3 1. from 2 bowls i. e. from 400 guinea-pigs) were filtered through Millipore filters 
and kept at -20° or freeze dried. Sometimes, if the original exudate was much 
haemolysed, an additional washing of the organisms with saline (1600 ml. ) was 
done to remove more haemoglobin. The organisms were suspended as above 
(100-150 ml. water for each bowl) and were then ready for extraction with ultra- 
sonic waves. In 5 experiments yields of 1.2,1.4,1.6,1.7 and 1.4 X 1013 Past. 
pestis, equivalent to approx. 4.8,5.6,6.4,6.8 and 5.6 g. dry weight respectively, 
were obtained from 400 guinea-pigs. Counts on the suspension prior to final 
centrifugation showed the contamination with WBCs and RBCs was less than 
0.025 per cent. 
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Extraction of Past. pestis with ultrasonic waves. -The slurry of organisms 
(40-50 ml. 5-7 x 1010 per ml. ) collected as described above was treated with the 
MSE/Mullard ultrasonic disintegrator (20 kc. /s. ; 60 watts, probe end ratio 9: 1). 
A special all-glass, jacketted container (approx. 60 ml. ) was employed (Fig. ). The 
thick slurry was gently stirred with a magnetic stirrer and maintained at +3° by 
circulating an ethylene glycol/water mixture maintained at -}-1° through the 
jacket with a Stuart Turner pump. As a safety precaution a thick rubber pad 
was sealed with tape to the probe and to the container ; and the whole operation 
was conducted in a safety cabinet. Microscopical examination showed that under 
these conditions, practically no Past. pestis organisms remained intact after 

M. S. E. ULTRASONIC DISINTEGRATOR 

STAINLESS STEEL PROBE 

F 

RUBBER SEAL 

GLASS JACKETTED CONTAINER 

SLURRY OF PAST. PESTIS 

ETHYLENE GLYCOL MIXTURE + 10 
MAGNET 

MAGNETIC STIRRER 

Fia. -A diagram of the apparatus used for extraction of Past. pestis with ultrasonic waves. 

30 min. After treatment, the slurry was diluted with water to a volume equivalent to 1X 1010 organisms (approx. 4 mg. dry weight) per ml. and centrifuged at 10,000 rpm for 45 min. 
The supernatant-the ultrasonic extract (US) constituted approx. 70 per cent by weight of the original organism ; it was filtered through Millipore filters. 
The deposit-the ultrasonic residue (R) consituted approx. 30 per cent by 

weight of the original organism ; it was washed twice with water (vol. equal to that of the original diluted slurry) and centrifuged at 10,000 rpm for 45 min. 
after each washing. At a concentration =1X 1010 Past. pestis per ml. R was 
used in 3 forms (a) suspended in saline, (b) as (a) but the few remaining Past. 
pestis were killed by heating the suspension to 60° for 1 hr., (c) in solution ; over 95 per cent of R could be dissolved and the remaining Past. pestis killed by a short treatment with alkali as will be described in a later paper. 
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Serological precipitation of the products of Past. pestis grown in vivo 
The following preparations were examined on serological diffusion plates 

against unabsorbed and absorbed antisera. 
Whole organisms. -These were examined for us by our colleagues 31. J. 

Crumpton and D. A. L. Davies by placing a suspension of live or acetone dried 
organisms (Crumpton and Davies, 1956) in the antigen wells. Not only did they 
examine the strain (L37) which has been used throughout this work, but also the 
virulent RIP6, Yokohama and Shasta strains which were grown in vivo and isolated 
in small quantity. The usual spectrum of precipitation lines (Crumpton and 
Davies, 1956) was obtained against unabsorbed serum. Against absorbed serum 
all strains showed a total of 4 lines, 2 of which corresponded to the V and W lines 
of Burrows and Bacon (1956a). Crumpton and Davies showed that the 2 extra 
lines (called X and Y) were also present in virulent Past. pestis grown in 11 hr. 
shake cultures (Crumpton and Davies, 1956) but not in 40 hr. cultures. In some 
samples examined in this work only 3 lines were apparent but closer examination 
showed 1 line to be obscured beneath a stronger one. 

US-Against unabsorbed serum, the usual spectrum of precipitation lines 
(Crumpton and Davies, 1956) was obtained ; Fraction 1 (antigen 3) was present 
but not antigen 4. Against absorbed serum, only 3 lines were usually apparent 
2 of which corresponded to the V and W lines of Burrows and Bacon (1956a) and 
the V line was the stronger. 

R-Three lines were produced against unabsorbed serum and one of these was 
common with a line produced by Fraction 1. With absorbed serum only one 
major line occurred. The results with this material are described more fully in a 
subsequent paper (Keppie, Cocking, Witt and Smith, 1960). 

Saline/exudate. 
-Against unabsorbed antiserum, undiluted exudate formed the 

usual complex spectrum of precipitation lines (Crumpton and Davies, 1956) but 
much fainter than that formed by an ultrasonic extract of its original bacterial 
content. Against absorbed serum, only one line-the W line-was formed. It 
appeared that the substance responsible for the W line was mainly an extracellular 
product since the line formed by the saline/exudate was stronger (approx. 2-3 
times) than the W line formed by an ultrasonic extract of the original bacterial 
content. These results were confirmed with undiluted exudate from infected 
guinea-pigs. 

Saline wash. Against unabsorbed antiserum this material, when concentrated, 
formed only a very weak spectrum of lines. It formed only a trace of the W line 
against absorbed antiserum but produced a weak V line possibly as a result of 
washing a surface component from the organisms. 

The aggressive activity of products from Past. pestis grown in vivo 
The Table summarizes the results of numerous assays for virulence enhancing, 

and antiphagocytic activity with different batches of saline/exudate from infected 
guinea-pigs, and also US and R derived from Past. pestis isolated therefrom. 
All these crude products had aggressive activity especially R which was mainly 
cell wall material. In addition, Fraction 1 was active in these antiphagocytic 
tests with guinea-pig blood (0.02 per cent active) and mouse blood (0.01 per cent 
active). 
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TABLE. -Virulence-enhancing and Antiphagocytic Activities of Products from 
Past. pestis grown in vivo 

Material from Antiphagocytic activities against 
Paßt. Pesos Virulence enhancing 

grown in vivo activity Guinea-pig cells Mouse cells 
Saline/exudate Inactive undiluted Active undiluted* Trace of activity undiluted. * 
Us Active undiluted Active undiluted. 11 11 
R (in solution) 11 11 

Active 1/27 Active 1/4. 

The results are the average of several similar results on 2-3 batches of material. 

* The activity in the saline/exudate was confirmed by examining undiluted exudate and plasma 
collected separately from guinea-pigs. 

DISCUSSION AND SUMMARY 

Past. pestis (strain L37) has been obtained from guinea-pigs dying of plague in 
sufficient quantity (4.8-6.8 g. from 400 guinea-pigs) and of adequate purity for 
chemical work on the basis of its virulence and immunogenicity in guinea-pigs and' 
mice. Large quantities of saline washings from the thorax and peritoneum of the 
infected guinea-pigs have been collected to provide the extracellular products of 
Past. pestis and the easily removed surface components. The organisms have 
been extracted with ultrasonic waves ; approx. 70 per cent. of each organism 
dissolved leaving a residue of predominantly cell wall material. 

The products of Past. pestis grown in vivo have aggressive activity because 
they enhance the virulence of Past. pestis for guinea-pigs and inhibit the phago- 
cytosis of Past. pestis by leucocytes from the guinea-pig and mouse. The anti- 
phagocytic activity of these materials must be due to their content of Fraction 1, 
at least to some extent, since we have confirmed the antiphagocytic activity of 
this fraction reported by Chen and Meyer (1954). Chemical extraction of the 
crude materials may reveal further bases for the aggressive activity, especially as 
they contain in addition to Fraction 1, the compounds forming the V and W 
precipitin lines, which also have been implicated in resistance to phagocytosis. 
Any connection between the compounds responsible for aggressive activity and 
those having immunogenic and toxic activity will also be investigated in future 
chemical extractions. 

In addition to V and W, 2 further precipitinogens X and Y detectable with 
antiserum adsorbed with avirulent organisms, were produced by virulent organisms 
in vivo and under certain conditions in vitro. The relative importance of these 
materials in determining virulence may become clear as chemical fractionation 
proceeds. 
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THIS paper describes the toxicity of products, obtained first from Past. pestis 
grown in vivo (Smith, Keppie, Cocking and Witt, 1960) and then from organisms 
produced in vitro. These products killed guinea-pigs as well as mice and provided 
a reasonable explanation for the death of guinea-pigs from plague. Additional 

studies are described-including fractionation-which give some insight into the 

nature and interrelationship of the toxic products. Some of this work has been 

reported briefly elsewhere (Keppie, Smith and Cocking, 1957 ; Cocking and 
Smith, 1958). 

MATERIALS AND METHODS 

Extracellular products of Past. pestis grown in vivo. -The plasma of guinea-pigs newly dead 
from plague was collected as described by Smith, Keppie and Stanley (1955) for the plasma 
of anthrax-infected guinea-pigs. Undiluted thoracic and peritoneal exudate, saline exudate, 
and the saline washes of the organisms from these exudates were obtained as described 

previously (Smith et at., 1960). 
Ultrasonic extract (US) and residue (R) of Past. pestis grown in vivo. -These were prepared 

as described previously (Smith et al., 1960). 
US and R, at concentrations equivalent to 1x 1010 organisms per ml., contained respec- 

tively approx. 3 and 1 mg. of Past. pestis material per ml. For some experiments, a solution 
of R was prepared by treating it with alkali (Keppie, Cocking, Witt and Smith, 1960). 

Extracts and residues prepared by treating Past. pestis grown in vitro with ultrasonic 
waves. -These were prepared from the virulent strain L. 37 and the avirulent Tjiwidej 
strain of Past. pestis grown for 24 hr. at 28° and 37° in the medium of Davies (1956) and 
a modification of that of Higuchi and Carlin (1957) (Keppie et at., 1960). The extracts and 
suspensions of the residues were used at concentrations equivalent to 1x 1010 organisms 
per ml. 

Lipopolysaccharide of Past. pestis (Tjiwidej). -We are indebted to our colleague Dr. 
D. A. L. Davies for this material. 

Purified " mouse toxin " from culture in vitro. -We are indebted to our colleague Dr. A. P. 
MacLennan for this material (approx. LD, for mice-0.2 ug. by intravenous injection). 

Chromatography on diethylamino ethyl-cellulose (DEAE-C), (Peterson and Sober, 1956). - Before use, DEAE-C (Eastman Kodak Ltd. ) was regenerated with 1.0 it NaOH and equi- 
librated with 0-02 m tris (hydroxy methyl) amino-methane hydrochloride (THA3M-HC1) 
buffer at pH 7.5. Freeze dried US (200 mg. ) in 0-02 ns THAAI-HCl buffer (3 ml. ) at pH 7-5 
was added to a column (glass, 1-5 cm. diam. ) of DEAE-C (3 g. ) and stepwise eluted (flow-rate 
60 ml. 115 min. ) with buffers of constant pH (7.5) but increasing molarity (0-1 ns, 0-2 m and 
0-5 nz, THAM-HCl) ; all work was done at + V. As a measure of eluted material the 
extinction of light (280 my) by fractions (2 ml. ) was determined in a Unicam Spectrophoto- 
meter (} cm. cell). 

Chromatography on hydroxylapatite (HA ; Tiselius, Hjerten and Levin, 1956). -HA was 
prepared as described by Tiselius et at. (1956) except that the final product was stored 

* Present address : Dept. of Botany, The University, Nottingham. 
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at room temperature in 0.01 nr phosphate buffer at pH 6.8. Chromatography on columns 
of HA (3 g. ) was similar to that using DEAE-C and the loading is described in the text. 
The columns were eluted (flow rate 60 ml. /hr. ) stepwise with phosphate buffers (0.01 M, 
0.1 M and 0.2 M) of constant pH (6.8). 

Concentration of toxic fractions by dialysis against carbouax (poly-ethylene glycol. 20 M). - Since the toxicity of some fractions was destroyed by freeze drying, samples from chromato- 
graphic columns were concentrated by the method of Kohn (1959). No leakage of carbowax 
through the Visking dialysis tubing could be detected either from optical density measure- 
ments at 280 mµ or from estimations of the intensity of pink colour produced when aqueous 
carbowax reacts with A. R. H2SO4 (diluted with 1/6th of its volume of water). 

Serological precipitation in gel diffusion plates. -The technique and antisera used were described previously (Smith et at., 1960). 

Toxicity tests 
Lethality for mice (20-22 g. ). -Mice were injected intravenously and observed for 7 days. 
Lethality for guinea-pigs (250 g. ± 25 g. ). -Guinea-pigs were injected intravenously by 

the method of Smith, Keppie and Stanley (1955) and observed for 7 days. 
Production of oedema. -The shaven flanks of guinea-pigs (500 g. ) or rats (350 g) were injected with dilutions of the material (0.2 ml. ). After 18 hr. the highest dilution of the 

material still producing oedematous reaction was noted. 

Bacterial counts on infected tieaue, blood and peritoneal washes. 
Blood and other infected fluids were suitably diluted and their content of Past. pesti8 was 

counted by haemocytometer. Weighed amounts of the several infected tissues were finely 
ground with sand and saline in a mortar, and the bacterial content for each organ was 
similarly calculated from haemocytometer counts. When viable counts were done, these 
approximated closely to the direct counts. 

EXPERIMENTAL 

Evidence that No Purely Extracellular Toxin was Produced In Vivo 
Blood, containing 1-5 x 109 organisms per ml. was collected from guinea-pigs 

dying from plague. It was cooled, and the blood cells and bacteria immediately 
removed from the plasma. The plasma did not kill guinea-pigs (10 ml. injected 
intravenously) and was only weakly lethal for mice (LD5O approx. 0.5 ml. given 
i. v. ). This slight toxicity was probably due to liberation of intracellular toxin 
since it was small in comparison with that of an appropriate extract of the 
organisms originally present (see below), and was much increased (LDba approx. 
0.05 ml. ) either by delaying the original collection of blood until 1 hr. after death 
or by storing the plasma unfiltered at 0°. 

Neither the peritoneal and thoracic exudates nor the saline exudate or saline 
wash of the Past. pestis obtained from infected guinea-pigs contained significant 
amounts of toxin in comparison with that found in the disintegrated organisms. 

The lethality for guinea pigs and mice of fractions R and US from Past. pestis 
grown in vivo 

Table I shows the results of toxicity tests with whole organisms, grown in 
vivo, and with corresponding US and R fractions. The toxicity of R for mice 
was approx. 10 per cent of that of whole organisms and was low compared with 
that of US ; the latter was 2-4 times more toxic than the whole organisms. 
R (LD5 pprox. 15.0 X 1010 organisms) was about half as toxic for guinea-pigs 
as US LD50 pprox. 7.5 X 1010 organisms). These separate toxicities of R and 
US for guinea-pigs did not account for that of the intact organisms (LD50 approx. 
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2x 1010). However mixtures of R and US appeared to show some synergic 

action and as a result approx. 50 per cent of the toxicity of whole organisms 

could be recovered. Thus :ý guinea-pigs died from doses of US +R each 

equivalent to 5X 1010 organisms and 2/ died from doses equivalent to 3x 1010 
Past. pesti8. Further evidence is given 

later for the possibility of synergic action 
between fractions of US and R. 

I 

TABLE I. -The Lethality for Guinea-pigs and Mice of Past. pestis Grown In Vivo 

and its Products Obtained after Treatment with Ultrasonic Waves 
, 

Deaths 
Number injected 

Guinea-pigs Mice 

.5 
le I. 

e 
ý°ý 0 . c, cý --0000 

Organisms j' -26 
18 1 

26 18 T6 

tiS 
6 10 20 
6 12 16 3 

L7 
ei - 

20 20 13 9 0 0 
20 20 20 26 20 20 

20 68 70 24 
- 20 f 104 68 

R 

(a) Untreat©dj 
620--555 10 13 64 
6 14 3555 10 13 13 15 

(b) In solution after 540810 
treatment with 6 15 9_- 10 10 10 

alkalit 

Quantities relate to the number (x 1010) organisms injected or from which the product was obtained. 
t The suspension of organisms (or R) was injected with 0.02 mg. /ml. streptomycin. Alice received 4 mg. strepto. 

mycin subcutaneously prior to injection of organisms and 4 mg. later in the day, and thereafter 4 mg. per day for 
1 week. Guinea-pigs received 80 mg. streptomycin subcutaneously prior to injection of organisms, 40 mg. later in 
the day and thereafter streptomycin cerate (0.02 g. intramuscularly) daily for 1 week. It is impossible to say that 
no growth or metabolism of the organisms took place before their destruction by the streptomycin. However deaths 
occurred within 2 days of injection and postmortems on dead animals showed the latter died in the absence of 
infection. 

$ See Keppie et al., 1960. 

Rapid destruction of toxicity for mice but not that for guinea-pigs by a short alkaline 
treatment 

Treatment with alkali rapidly reduced the toxicity of R for mice (Table I). 
Similarly, the LD50 of US and whole organisms for mice was raised to 0.1 ml. by 
treatment with x/10 NaOH at 18° for 5 min. followed by adjusting the pH to 
9.2 with glycine. On the other hand, the toxicity of R, US or whole organisms 
for guinea-pigs was not reduced by a similar treatment with alkali. 

The number of Past. pestis organisms present in guinea-pigs and mice when dying 
from plague 

The results in Table I indicate that sufficient toxin to kill a guinea-pig (250 g. ) 
can be obtained from 2.5 X 101° Past. pestis organisms. If the demonstration of 
this toxicity was to provide a reasonable explanation of death of guinea-pigs from 
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plague, guinea-pigs dying from infection should contain or have contained at least 
2.5 X 1010 organisms. The following experiments indicated that this was so. 

Guinea-pigs (250 g. ) were infected either intraperitoneally or subcutaneously 
with Past. pestis (L. 37,1 X 108 organisms). When dying 4-7 days later they 
were killed and the plague bacilli in the major tissues were counted. The results 
shown in Table II (which accord well with similar results using larger guinea-pigs) 
indicated that the guinea-pigs contained at least 6-16 X 1010 Past. pestis. 

TABLE II. -Number and Distribution of Past. pestis in Guinea pigs 
Dying from Plague 

Bacterial content (x 1010) of tissues of 
dying guinea-pigs (250 g. ) 

Infected Infected 
intraperitoneally subcutaneously 

(1) (2) (1) (2) 
Blood 1.3 1.5 0.9 2.4 
Peritoneum 4.8 8.0 0.5 0.6 
Liver 0.9 5.2 2.2 1.9 
Spleen 

. 0.7 0.8 2.6 0.4 
Lungs 0.1 0.4 0.4 0.3 
Kidneys 

. 0.1 0.2 0.1 0.1 

Total (x 1010) 7.9 16.1 6.7 5-7 

Similar budgets for Past. pestis in mice dying from plague showed that they 
contained at least 5-7 X 109 organisms-a number which was adequate for 
providing more than one lethal dose of the mouse toxin (Table I). 

Pathological changes produced in guinea-pigs and mice by plague infection, and by 
toxic products of Past. pestis grown in vivo 

Guinea-pigs and mice died from plague with the clinical signs of shock. When 
either species was injected intravenously with a lethal dose of US or R from 
Past. pestis grown in vivo they became ill within a few hours and died with the 
clinical signs of shock usually within 24 hr. and always within 48 hr. At post- 
mortem, both infected and toxic animals showed congestion of the blood vessels 
and some oedema but there was no widespread and extensive oedema comparable 
to that found in anthrax and in infection with say Clostridium oedematiens. 

We have not carried out an extensive chemical investigation into the nature 
of the shock syndrome in infected and toxaemic animals, comparable to the study 
of anthrax (Smith, Keppie, Stanley and Harris-Smith, 1955). Our colleague Dr. M. Lancaster has made the following observations on the histo-pathology which 
showed that lesions in infected and toxaemic animals were similar, and although 
oedema was slight, general venous congestion was marked and probably contri- buted to the shock syndrome. The only other major pathological change was 
scattered focal necrosis in the liver. 

Infection in guinea pigs 
The subcutaneous injection of a lethal dose of strain L. 37 results in general 

venous congestion (particularly of the mesenteric vessels), some exudation into 
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the body-cavities, and visceral lesions in the liver, spleen, adrenals and intestines. 
The liver has small foci of necrosis, and histological examination of these reveals 
well-marked centrilobular fatty change, capillary congestion, and scattered 
micro-abscesses which consist of bacteria surrounded by necrosis and polymorph 
infiltration. The Kupffer cells are crowded with organisms. The irregular 
staining of organisms in some of the clumps indicates lysis. The bright pink 
adrenals are found to have general capillary congestion with haemorrhages in the 
cortex, while the cells of the mid cortical zone show hydroptic changes, vacuo- 
lation, necrosis, and some overall diminution of cortical 

, 
lipid. The adrenal 

changes are found in animals prior to death and are the first visceral lesions to 
appear. The spleen is congested and contains a variable number of bacteria, 
also foci of necrosis and inflammatory cell infiltration. The kidneys show slight 
tubular damage-however the staining for alkaline phosphatase is normal. No 
damage was found in the myocardium or in the CNS. 

Toxaemia in guinea-pigs 
In guinea-pigs, the changes produced by the intravenous injection of the toxic 

extract (US) are similar to those following infection. 
Venous congestion is marked both in the mesentery and intestines, and the 

other main changes are found in the liver, adrenals, and lung. The liver is 
congested, and shows early centralobular fatty change, loss of cell basophilia, 
and loss of glycogen. Eosinophilic cytoplasmic inclusions are found. They are 
circular, vary in size, and stain positively with PAS, with Masson trichrome and 
Phostox. These inclusions appear to be similar to those found in some types of 
hepatitis, and probably represent the passage of plasma into the damaged liver 
cells (Nairn, Chadwick and McEntegart, 1958). Scattered single necrotic cells 
are found, often with surrounding nuclear debris ; however the guinea-pig does 
not show the necrotic foci and polymorph infiltration seen in mice. The changes 
in the adrenals, kidneys, and CNS are as described under " Infection ". The 
intestines may show small submucosal haemorrhages, and there are often massive 
haemorrhages into the lumen of the stomach and intestines. 

Toxaemia and infection in mice 
The lesions resulting from injecting mice with US were similar to those caused by infection and also to the findings of earlier workers (Schar and Meyer, 1956). 

Briefly the liver showed scattered micro-abscesses with variable leucocyte- 
infiltration but no inclusion bodies. The adrenals only showed slight congestion 
and the tubular damage in the kidneys was slight. 

Toxaemia in rats 
In rats, US also produced lesions similar to those found in mice. In addition, however, the damaged liver cells occasionally contained cytoplasmic inclusions as in guinea-pigs. 

Preliminary Fractionation of US 
To economise in material expended on toxicity tests, US was fractionated 

and at first tested only in mice. When some success had been achieved, fractions 
which were limited in quantity were examined for toxicity in a few guinea-pigs. 
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Chromatography on DEAE-C : synergic action of fractions in toxicity for guinea-pigs 
US (430 ml. ) was dialysed against distilled water (15 1. ) at 40 overnight and 

freeze dried. Freeze dried US (200 mg. - approx. 60 ml. original extract) was 
chromatographed on DEAE-C as described in " Methods ". The Fig. summarises 

Molarity of eluting buffer (THAM-HCI) at pH 7.5 
0.1 M10.2 M10.5m 

0 m N 

cd 

C 
N 

C. ) 
0. 

1 

Fraction cuts 

Number of samples (2 ml. ) 

Fractions 
Original US 

(200 mg. ) ABCD 
Measures of mouse toxin 16,000$ Neglig. 750 8,750 5,000 
Measuret of protein con- 450 66 19 15 330 

tent 

* The LD., of the mouse toxin was determined and the number of LD50 in the total fraction was 
calculated ; this figure is quoted. The results are representative of numerous assays (involving in 
all 25-50 mice for each dilution of each fraction) on the same fractions from several chromatograms. 

t The extinction of light at 280 mu was measured at a suitable dilution (see " methods ") and 
multiplied by the dilutions involved to give the quoted figures for the whole fraction. 

$ Before dialysis and freeze drying the figure was 24,000. 

FIG. --Chromatography of US on DEAE-C ; mouse toxicity of fractions. 

the results of chromatography in which 4 fractions (A, B, C and D) were collected 
and the total recovery of toxin was satisfactory. Toxicity was concentrated in 
fraction C which had an approx. LD60 for a mouse of 0.73 pg. as compared with 
12.5 ug. for freeze dried US (assuming that the same relationship between optical 

k density and dry weight existed for both mtaerials). Practically all the original 
nucleic acid was present in fraction D. Serological precipitation on plates showed 
the envelope antigen of Baker, Somner, Foster, Meyer and Meyer (1952) and other 
antigens to be present in all fractions, but V and \V antigens were concentrated 
in fractions from the leading edges of the 0.2 M and 0.5 M THAM-HC1 elution 
peaks respectively. 
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Fractions A, B, C and D were now tested for toxicity in guinea-pigs. Five 

batches (200 mg. ) freeze dried US (= approx. 300 ml. original extract and approx. 
30-40 LD50 of toxin for guinea-pigs-see Table I) were chromatographed as 
above. Before injection individual fractions were bulked and concentrated by 
dialysis against carbowax. All four fractions were non-toxic for guinea-pigs when 
injected alone in large amount (see Table III). After preliminary tests had shown 
that a mixture of all 4 fractions was toxic for guinea-pigs and titration of this 

mixture had indicated a satisfactory recovery of total guinea-pig toxin, various 
mixtures of 2 fractions were tested for toxicity (see Table III). Fraction A 

contained one component of an apparently synergic mixture, and fractions C 

and D the other. As might be expected, fraction B appeared to contain a little 

of both components. 
As noted above, amounts of R and US which were non-toxic when injected 

alone, were toxic if injected together. If US was in turn replaced by each of 
the 4 fractions described above, only the mixture with fraction A was toxic (see 
Table III). This indicated that R contained an excess of the component of the 
guinea-pig toxin which in US fractionates into fractions C and D. 

Purification of the mouse toxin by chromatography on HA 

Chromatography of fraction C on HA removed the envelope antigen selectively 
from the mouse toxin possibly because separation of proteins on HA is less 
dependent on differences in isoelectic points than is chromatography on DEAE-C 
(Tiselius, et al., 1956). 

Fraction C (from dialysed and freeze dried US 200 mg. ) from the DEAE-C 
column was diluted with water until the THAM-HC1 was 0.04 ivt and added to a 
column of HA (3 g. ). After elution with 0.01 M, 0.1 M, and 0.2 M phosphate 
buffer at pH 6.8 as described in " Methods ", all the mouse toxin was present in 
the one elution peak removed by the 0.1 M buffer. The envelope antigen and 
other antigens had been largely removed by elution with 0.01 M buffer and other 
non-toxic antigens remained on the column to be removed by the 0.2 ivi buffer. 

The fraction rich in mouse toxin was almost free of envelope antigen (when 
compared on gel diffusion plates with fraction C) ; toxicity assays and light 
absorption measurements at 280 m, u indicated that a fourfold concentration of 
mouse toxin (relative to fraction C) had been achieved, and that its LDbo for a 
mouse was approx. 0.2 µg. (assuming the same relationship between optical 
density and dry weight as existed for freeze dried US). In two experiments, 
three successive portions of fraction C from a DEAE-C column were chromato- 
graphed separately on HA (3 g. ). These experiments indicated that an even 
greater purification of the mouse toxin could be obtained with a lower column 
loading, and that rechromatography on HA of the active fraction removed 
further small amounts of envelope antigen. 

The fractions from HA containing mouse toxin formed in serological diffusion 
plates against plague antiserum, one main line and two faint ones. The main 
line in these plates was associated with mouse toxicity since it was also formed by 
a purified sample of mouse toxin from Past. pe8tis grown in vitro (see " Methods ") 
and was not formed by samples rendered relatively non-toxic by treatment with 
alkali. The most purified samples produced in a guinea-pig an antiserum which 
did not precipitate the envelope antigen and formed only one serological precipi- 
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tation line with US, and the purified preparations of mouse toxin from in vivo 
and in vitro sources. 

In toxicity tests in guinea-pigs comparable to those shown in Table III o 
purified mouse toxin'(like"its parent fraction C) did not kill guinea-pig when rb 
injected alone at the high dosage (Table III) but did so (5. Eat the low dosage 
when mixed with fraction A. Furthermore when an amount = 5-10,000 mouse 
LD50 was mixed with a solution of R (- 5X 1010 Past. pestis) the mixture killed 
guinea-pigs (2y. L In contrast, if our purified mouse toxin from in vivo sources was 
replaced in the latter mixture by purified mouse toxin from in vitro sources 
(20,000 mouse LDbo) no guinea-pigs died. (ý ) 

`3 

TABLE III. Toxicity of Mixtures of Fractions from US for Guinea pigs 
Number dead 

Proportion of Number in batch 

yield injected* 

Injection solutions (per cent) ABCD 

Each fraction alone 50 
o 
2 

0 
2 

0 
2 

0 
2 

25 
0 
1 

0 
I 

0 
1 

Mixtures of fraction A with each of other fractions 10 
0j' 2 

2 
4 
4 

Mixtures of fraction B with each of other fractions 10 
0 
2 _ 

2 
4 

0 
2 

Mixtures of fraction C with each of other fractions 10 
2 
2 

2 
4 -' 

0 
2 

Mixtures of fraction D with each of other fractions 10 
4 
4 

0 
2 

0 
2 - 

Mixtures of residue$ R. in solution (__ 2x 1010 Past. 10 2000 
pestis) with each fraction 2222 

* Derived from US = 30-40 guinea-pig LD., (see Table I). 
j If the proportion of fraction B was increased to 25 per cent, then the mixture with A killed 

guinea-pigs 
(2) 

2 
$ This amount of residue was much smaller than that required to kill guinea-pigs when injected 

alone (see Table I). 

Oedema production in Guinea pigs and Rats by the Toxic Products from Past. pestis 
Grown In Vivo and by Purified " Mouse Toxin " from Culture In Vitro 

Table IV shows the results of tests for oedema production in rats and guinea- 
pigs using US, R, and the 2 preparations of purified mouse toxin ; the minimal 
reactive doses have been quoted in terms of approx. LD60 for mice and guinea- 
pigs. 

US and R produced oedematous lesions in rats and mice but in agreement 
with the mild oedema in infected and toxaemic animals previously noted, their 
reactions were less marked than that formed by comparable amounts (based on 
LD50 for mice and guinea-pigs) of crude anthrax toxin. The results in Table IV 
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show that the ability of US and R to produce oedema in rats and guinea-pigs 
paralleled their respective toxicity for guinea-pigs rather than their toxicities for 
mice. These results are supported by the fact that the ability of mixtures of 
US and R or whole organisms (with streptomycin) to produce oedema in rats and 
guinea-pigs was not reduced by the short treatment with alkali which is described 
above and which destroys the toxicity for mice but not that for guinea-pigs. 

The tests for oedema production in guinea-pigs showed a difference between 
the two forms of mouse toxin (i. e. from in vivo and in vitro sources) and between 
them and US. The minimal reacting dose of the mouse toxin from in vitro 
source was more toxic (15 x) for mice than the corresponding dose of the mouse 
toxin from in vivo sources ; this latter dose was in turn 10 times more toxic for 
mice than the minimal reacting dose of US. 

TABLE IV. -Oedema Production in Guinea-pigs and Rats by the Toxic Products 
from Past. pestis Grown In Vivo and Purified " Mouse Toxin " from Culture 
In Vitro 

Minimal reacting doses in test for production 
of oedemas in 

Guinea-pigs Rats 

As approx. As approx. As approx. As approx. No. LD, 0 No. LD50 No. LD50 No. LD, o Material for guinea-pigs for mice for guinea-pigs for mice 
US 0.003 10 0.003 10 
R (solution) 0-002 0.03 0.002 3 
Purified mouse toxin (in vivo) - 100 - 10 
Purified mouse toxin (in vitro) - 1500 - 10 

w For details of tests see 11 methods ". 

Demonstration of Toxicity for Guinea-pigs and Nice in Products 
of Past. pestis grown In Vitro 

A virulent (L. 37) and an avirulent strain (Tjiwidej) of Past. pestis were grown 
under a variety of conditions in vitro and extracted by treating them with ultra- 
sonic waves (see " Methods "). Only the soluble extracts were examined for 
toxicity and the results are shown in Table V. A guinea-pig toxin as well as a 
mouse toxin was produced under these conditions. When an extract of Past. 
pestis (Tjiwidej) was fractionated on DEAE-C as described for US similar elution 
peaks were obtained and there were indications of a similar synergic effect between 
fractions in toxicity tests with guinea-pigs. 

DISCUSSION 
In vivo, Past. pestis does not appear to produce an extracellular toxin compar- 

able with that elaborated by Bacillus anthracis. On the other hand, it has been 
shown that products of the organisms (grown in vivo or in vitro) obtained by 
ultrasonic disintegration are toxic for guinea-pigs as well as mice. The yield of toxin was such as to provide a reasonable explanation for death of both species 
as a result of infection, because at death, infected animals had a bacterial popu- lation greater than that necessary to provide one lethal dose of toxin. Since 
only a trace of free toxin could be detected in freshly collected and processed body fluids, this explanation for death would hold only if the toxin was liberated 
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in vivo and then immediately fixed by tissues as in the case of some clostridial 
toxins. 

When injected with toxic preparations, guinea-pigs and mice died with the 
clinical signs of shock (as did infected animals) but there was no extensive oedema 
comparable to that occurring in anthrax. Furthermore, in intradermal skin tests 
for oedema the toxic products of Past. pestis were less active than samples of the 
anthrax toxin of comparable lethality for mice and guinea-pigs. The question 
arises therefore whether the shock syndrome is due to a gross leakage of plasma 
fluid (Schar and Meyer, 1956) or to some other cause, e. g. pooling of peripheral 
blood, etc. 

TABLE V. -Toxicity for Guinea pigs and Mice of Ultrasonic 
Extracts of Past. pestis Grown In Vitro 

Culture from which ultrasonic 
extract made 

Mice Guinea-pig 
Growth (ml. )* (")* 

temperature 
Strain (°) Medium 0.005 0.0025 0.00125 15 10 5 

Virulent 

L37 28 Davies (1956) 
10 10 13 
10 r 13 _ 

76 
7 10 

28 Higuchi and 11 50 1 32 
Carlin (1957) 16 84 1 34 

At irulent 

Tjiwidej 28 Davies (1956) 13 11 2 
16 14 10 - 

4 
4 

37 
10 23 7 11 41 
10 28 13 12 12 

28 Higuchi and 83- 1 1_ 
Carlin (1957) 16 6 1 2 

* Strength of ultrasonic extract =1X 1010 Paßt. pe8tis per ml. 
An experiment with live organisms and streptomycin comparable to that shown in the first line 

of Table I but using Tjiwidej organisms, showed the LD, of whole organisms for gu inea-pigs (250 g. ) 
and mice were approx. 2x 1010 and 1x 108 respectively. 

The nature of the native toxin or toxins is still unknown. When organisms 
were disrupted with ultrasonic waves, the toxicity for mice and guinea-pigs was 
divided between the soluble extract and the residue-which was largely cell wall 
material and contained practically no intact organisms. The toxicity for mice 
was predominantly in the extract while some remained with the residue, but in 
contrast the toxicity for guinea-pigs was only slightly more in the extract than in 
the residue. This raises the question of whether the toxins demonstrated were 
incomplete portions of a larger complex occurring in the intact organisms. There 
are some indications that this might be so from the results of budgets for toxicity 
in the initial extraction of Past. pestis (Table I) and during the fractionation 
of the ultrasonic extract. 

The mouse toxin was more potent when liberated in the ultrasonic extract 
than when fixed in intact organisms (see Table I). The fraction containing the 
mouse toxin from organisms grown in vivo was at least as potent as previous 

34 
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preparations obtained from Past, pestis grown in vitro (Ajl, Reedal, Durrum and 
Warren, 1955; Ajl, Rust, Hunter, Woebbe and Bent, 1958 ; Spivack and Karber, 
1958 ; Pillemer and Robbins, 1949). The two types were serologically related but 

not identical. Thus, the purified preparation from in vivo source, formed more 
oedema in the skin of a guinea-pig than a comparable dose (based on mouse 
LD50) of the material from in vitro sources. Again, our preparation killed guinea- 
pigs when mixed with the ultrasonic residue, It, whereas the one from artificial 
culture did not. It appears therefore that the former contained a residual 
ability to be toxic for guinea-pigs whereas the latter did not. 

The sum of the separate toxicities of the ultrasonic extract and residue for 

guinea-pigs did not account for the toxicity of the whole organisms (Table I). 
This anomaly was explained by the fact that guinea-pig toxicity appeared to be 
due t© synergic action of at least two components. These were present in the 
crude products after treatment of Past. pesos with ultrasonic waves but may have 
been a single complex in the intact organism. When the ultrasonic extract was 
fractionated on DEAE-C columns the components of the synergic mixture were 

, separated. One was in a fraction devoid of mouse toxicity whereas the other was 
present in fractions with high mouse toxicities. Although both components were 
impure, the results might suggest that the mouse toxin is a component of the 
guinea-pig. toxin. However, this appears to be ruled out by the fact that the 
residue (in solution after treatment with alkali which destroys the residual mouse 
toxicity) could replace in the synergic mixtures the fractions containing the mouse 
toxin. ° The residue (R) contained predominantly one component (see Table IV) 
of the synergic mixture but it also contained some of the other component since 
it was toxic when injected alone in large amount (= 20 X 1010 Past. pestis). 

It is possible that the guinea-pig toxin or one component of it contained in its 
structure the lipopolysaccharide isolated by Davies (1956) after degrading the 
products of Past. pestis with hot phenol. This polysaccharide was toxic to guinea- 
pigs but its toxicity (LD50 approx. 2 mg. i. v. after treatment with alkali as described 
for R) per se did not account for the toxicity of R (LDbo approx. 15 mg. ; lipo- 
polysaccharide content approx. 2.6 per cent-see Keppie, Cocking, Witt and 
Smith, 1960). Furthermore the polysaccharide (0.1 mg. ) did not replace any 
component of the toxic mixtures described in Table IV. 

The nature of the components of the guinea-pig toxin and their possible 
connection with the mouse toxin can only be ascertained by further chemical 
purification. It may be that an even milder extraction of Past. pestis than the 
present treatment with ultrasonic waves will yield a more complete toxin with the 
synergic components combined. 

SUMMARY 

An explanation for the death of guinea-pigs from plague has been provided 
by the preparation of products which kill a guinea-pig from numbers of Past. 
pestis which are less than those present in a guinea-pig when it died of plague. 

The toxic products which also killed mice, were first obtained from Past. pestis 
grown in vivo by treatment with ultrasonic waves. Toxicity was divided between 
the soluble extract and residue. 

Material toxic for mice was predominantly in the extract and was considerably 
purified by chromatography first on diethylamino ethyl cellulose (DEAE-C) and 
then on hydroxyl apatite (HA) which selectively removed envelope antigen. 
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The toxicity for guinea-pigs was due to a mixture of two components which 
were unequally divided between the residue (mainly cell wall material) and the 
extract. These components were separated from the extract by chromatography 
on DEAE-C but as yet, are of unknown constitution. 

The possibility exists that the products as prepared and fractionated were 
fragments of a more complete toxin. 

Similar products were obtained from Past. pestis grown in vitro. 
Toxaemic animals died with the clinical signs of shock as did infected animals. 

The formation of oedema by the products was not sufficiently large to indicate 
that this was the primary cause of the shock but general venous congestion and 
liver damage might contribute to the latter. 

Our thanks are due to Mr. R. Blake and Mr. G. Wilkins for excellent technical 
assistance. 
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ONE reason for examining Past. pestis (and its products) from infected guinea 
pigs was to identify the compounds responsible for the immunizing power of 
living avirulent Past. pestis for guinea pigs, because this was greater than the 
protection afforded by any of the products hitherto isolated from culture in vitro 
(Smith, Keppie, Cocking and Witt, 1960). In addition, an explanation was sought 
for the inability of Fraction I (Baker, Sumner, Foster, Meyer and Meyer, 1952)- 
the currently accepted basis for immunogenicity in mice-to account for the total 
immunizing activity of whole (dead) organisms for that species (Smith, et al., 
1960). 

This paper describes the properties of an immunogenic product obtained from 
Past. pestis which immunized guinea pigs as well as mice. The product was first 
obtained from Past. pestis grown in vivo. Later a similar material was found in 
Past. pestis grown in vitro and experiments are described which prepare the way for the use of preparations containing this product in an improved non-living 
vaccine against plague. A preliminary report of some of the work has already 
appeared (Keppie, Cocking and Smith, 1958). 

MATERIALS AND METHODS 
Past. pestis (strain L37) grown in vivo 

This was obtained as previously described, (Smith, et at., 1960). A suspension of organisms 
(1 X 1010 per ml. ) was used and all Past. pestis were killed by treatment with alkali as described later, or by heating to 600 for 1 hr. To provide other and possibly milder methods 
of killing whole Past. pestis for tests of immunogenicity in mice and guinea pigs (see Table I) 
the immunizing doses were made as follows : Dose 1. The suspension was injected with 0.02 mg. /rni. streptomycin ; guinea pigs and mice received 40 mg. and 3 mg. of streptomycin 
respectively on each of 4 successive days. Dose 2. Suspension treated for 24 hr. at 18° with hexyl resorcinol (0.0002 per cent w/v) ; tests in mice and on plates showed complete sterility 
of this material. Control animals (20) receiving doses 1 and 2 without the organisms, all 
succumbed to subsequent challenge in the active immunity test. 

Extract (US) and Residue (R) obtained from Past. pestis grown in vivo by treatment u ith 
ultrasonic waves. -These were obtained as previously described (Smith et al., 1960) and used 
at initial concentrations (approx. 3 mg. per ml. for US and approx. 1 mg. per ml. for R) 
equivalent to 1X 1010 Past. pestis per ml. US was filtered sterile ; if R was not dissolved in 
alkali it was sterilized by heating to 60° for 1 hr. 

Residue (left after treatment with ultrasonic waves) from Past. pestis (strains Tjiwidej and L37) 
grown in vitro. --The medium of Davies (1956) was inoculated with Past. peetis strains Tjiwidej or L37 (1 X 10, per ml. ) and shaken in Thompson bottles (250 ml. per bottle) 
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at 37° for 22-24 hr. Organisms were removed from the culture (7-8 1.; count 8-9 
x 109 organisms per ml. ) by centrifuging for 45 min. at 18,000 r. p. m. in the Spinco ultracentri- 

fuge at 0-2°, and washed once with saline (1600 ml. ). The bacterial deposit was suspended in 
distilled water (approx. 300 ml. ) and aliquots (500 ml. ) of the suspension (approx. 2X 1011 
Past. pesti8 per ml. ) were treated with ultrasonic waves for 30 min. at 0-2° as previously 
described (Smith, et al., 1960) for Past. pestis grown in vivo. The treated material (300 ml. ) 
was diluted to 2 1. with distilled water and centrifuged at 10,000 g. for 45 min. at 0-4°. 

The soluble material was removed and the residue washed once with distilled water (600 
ml. ) and finally suspended in sufficient saline (approx. 300 ml. ) so that the suspension of 
residue was equivalent to 2x 1011 Past. pestis per ml. before extraction with ultrasonic 
waves. The suspension was heated to 60° for 1 hr. to kill remaining Past. pestis and diluted 
to a concentration equivalent to 1x 1010 Past. pestis per ml. (approx. 1 mg. dry wt. per ml. ) 
as required for use. 

Test for immunizing activity in guinea pigs and mice. -Two subcutaneous injections of the 
material under test were given to guinea pigs (450 g. ± 50) or to mice (20 g. ± 2) with an 
interval of two weeks between doses. One week after the final dose, virulent Past. pesti8 
(strain L37) was given subcutaneously as a challenge ; guinea pigs received 1x 104 organisms 
(approx. 100 LDS, ) and mice 1X 103 (approx. 100 LD6o). The animals were observed for 21 
days and the number of survivors noted. 

In a few experiments (see Table IV) the virulent strains Shasta, li1. P. 6,139L and 1%123 
were used for challenge ; we are indebted to Dr. T. W. Burrows for these strains. 

Samples of Fraction I. -Three samples were tested. Sample 1 (purified) and sample 2 
(crude) were kindly supplied by Dr. K. F. Meyer (via our colleague Dr. Burrows). Sample 3- 
another purified specimen was produced by our colleague Dr. D. A. L. Davies. 

Serological precipitation in gels. -The techniques and antisera used have been described 
(Smith et al., 1960). 

Analytical Methode 
Ultracentrifugation (in Spinco Model L machine with a synthetic boundary cell) and electro. 

phoresi8 (Spinco Series 10 machine). -`Ve are indebted to our colleagues Mr. K. Cammack and 
Mr. K. Grinstead for these examinations. 

Nitrogen. -By the Kjeldahl and Dumas methods. 
Pho8phoru8. -By the method of Fiske and Subbarow (1925). 
Oluco8amine. -By a modification (Boas, 1953) of the Elson-Morgan method. 
Lipopolysaccharide. -By the heptose reaction with H2SO4-cysteine (Dische, 1953) using 

the lipopolysaccharide of Davies (1956) as standard. 
Total reducing Bugara. -By the method of Somogyi (1952). 
Sugars (cale. as glucose). -By the benzidine method of Pridham and Jones (1954). 
Lipid. -This was weighed after extracting it from the material with chloroform Imethamol 

as described by WVeibull (1957) and purifying it by the method of Folch, Lees and Sloan- 
Stanley, (1954). 

Nucleic acid. -By the extinction of light (260 mµ. ) in a Unicam Spectrophotometer. 

RESULTS 

Products from Past. pestis Grown in vivo 
Preliminary experiments showed that products of Past. pestis found extra- 

cellularly in exudates did not immunize mice and guinea pigs effectively. Hence 
attention was focussed on the organisms as a source of protective antigens. 

Immunizing activity for guinea pigs and mice of the ultrasonic residue (R) 
Active immunity tests with a suspension of R indicated clearly immunizing 

activity of this preparation for guinea pigs and mice (Line la Table I). Although 
R showed some toxicity in mice and guinea pigs when prepared under the conditions described in the previous paper, and injected intravenously (see Table I Cocking, 
Keppie, Witt and Smith, 1960), this toxicity was negligible under the conditions 
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of the test for immunizing activity, and in relation to the amounts of R shown 
to be active. Thus R=0.5 x 1010 and 5X 1010 organisms, did not kill any of 
50 mice or guinea pigs respectively when injected subcutaneously. 

TABLE I. -Immunizing Activity of R Compared with US and Whole Past. pestis 
grown in vivo 

Survivors 
Number in group 

Material 

I. Ultrasonic residue (R) 
(a) Heated to 600 1 hr. ; 

insoluble 

(b) Heated to 60° and then 
dissolved in alkali 

(c) Unheated then dissolved 
in alkali 

2. Ultrasonic extract (US) 
(a) Filtered sterile . 

(b) Treated with alkali as (c) 
abovet 

3. Whole organisms 
(a) Heated to 60° 1 hr. 

(b) Treated with alkali as in 
(c) above$ 

Guinea pigs Mice 

5* 1.0 0.33 0.1 0.03 0.1* 0.03 0.01 0.003 

29 36 4 16 .. 41 9 23 5 
30 49ý 10 30 

1 
59I 20 80 20 

22 18 16 .. 47 .. 7 .. 
25 

1 
22 25 

1 
90 40 

9 26 28 11 21 6 2 2 
10 

1 
30 30` 30 

1 
30I 20 20 20 

Toxic 
4 2 53 .. 

Toxic 6 18 13 

40 40 20 40 i 19 26 
Toxic 

Not tested .. 
15 18 12 

-6 16 20 
1 

20ý 20 

Toxic 

9 84 4 Toxic 10 15 16 ý 
20 20 20 20 11 19 20 

15 11 10 7 18 15 10 
- 

9 

20 20 20 20 19 20I YO 

Toxic 
(c) Treated with streptomy. .. 

19 17 14 131 Toxic 16 15 121 

cin and hexylresor. 20 20 20 20I 17 19 20 

cinol§ 
* Figures indicate the number of organisms (x 1010) or equivalent amount of product in each of 

2 doses given s/c 2 weeks apaert. 
t US treated with an equal volume of 0.2x NaOH for 5 min. at 18° followed by addition of glycine 

as described in text. 
$ Whole organisms treated as described in the text for R. Under these conditions approx. 20 per 

cent of the bacterial substance remained undissolved. The suspension was free from live Past. peens 
and was not centrifuged and filtered before injection. 

§ See methods. 
Vertical lines indicate approx. concentration producing at least 50 per cent protection 

Alkali used to dissolve R without loss of immunizing activity 
R (- 40 X 1010 Past. pestis) was mixed with 0.1 N NaOH (10 ml. ) at 18°. 

After 5 min. solid glycine (approx. 450 mg. ) was added until the pH was 9.2 and 
the final volume was adjusted with water to 40 ml. The slightly turbid solution 
was clarified by centrifugation (10,000 g. for 30 min. at 4° ; insoluble material 
3-4 per cent of R) and was shown by culture and the injection of mice to be free 

of living Past. pestis. Table I shows at line lb the results of immunity tests with 
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R when it was dissolved in alkali after heating to 60° for 1 hr. and at line lc, 
the results when heating was omitted. Comparison of these results with those in 
line la of Table I shows that the immunizing activity of R for guinea pigs was 
increased by dissoving it in alkali and the activity in mice was not significantly 
altered by this treatment. The immunizing activity of R for guinea pigs did not 
drop significantly even after treatment with alkali for several hours under these 

conditions. " For chemical and serological analysis a more concentrated solution (approx. 
0.4 - 0.5 per cent w/v) of R was prepared by treating it (= 40 x 1010 Past. 

pestis) with 0.1 N NaOH (10 ml. ) as described above but not diluting with water 
after the addition of glycine. 

Comparison of the immunizing activity of R with that of US and of whole Past. pestis 
A comparison of the results of immunity tests in guinea pigs with R, US and 

sterile preparations of the whole organisms (Table I) showed that the activity of 
R largely accounted for that of the whole organisms and that US contained negligi- 
ble activity. The toxicity for guinea pigs of US and the whole organisms (Cocking 
et at., 1960) did not interfere with the immunity tests since no deaths occurred 
with either preparation during the immunization course of 2 subcutaneous injec- 
tions spaced 2 weeks apart. 

In mice, the US and the heated preparation of whole organisms were so toxic 
that immunizing activity -could only be compared at low dosage. However, the 
toxicity of these preparations for mice could be substantially reduced by treatment 
with alkali (Cocking et at., 1960) and this enabled the immunizing activity of the 
various preparations to be compared also at higher concentrations. The results 
in Table I show that although R had appreciable immunizing activity for mice, 
the activity of US was greater than that of R for this species. It is also evident 
(Table I) that treatment of whole organisms and US with alkali destroyed to some 
extent their immunizing activity for mice but not so rapidly as their toxicity for 
this species. 

Properties of the immunogenic residue (R) obtained from Past. pestis grown in vivo 
R was insoluble in water and saline at pH7 but could be dissolved by treatment 

with alkali as described previously and held in solution at pH 9.2 in 0.1 N NaOH- 
0.6 N glycine buffer. The material tended to come out of this solution as the pH 
was reduced and below pH7 it was precipitated. 

Analysis. -Table II shows the analysis of a sample of the immunogenic 
complex prepared by dialysing its solution until free of salt and freeze drying ; 
it contained protein, lipid and carbohydrate. Almost identical results were obtained 
by analysing R before dissolving it by treatment with alkali. Paper chromato- 
graphy after acid hydrolysis of R indicated the presence of all the usual amino 
acids, glucosamine, glucose and the heptose which had been found in the poly- 
saccharide of Davies (1956). 

Ultracentrifugation and electrophoresis. -In the ultracentrifuge a small amount 
of R appeared to sediment rapidly to the bottom of the cell but the rest sedimented 
as a single peak (Fig. 1a) with S=4.3-4.7 (assuming aV of 0.76) ; the peak spread 
rapidly indicating high polydispersity. On electrophoresis, R showed one major 
and one minor component (see Fig. lb) with similar mobilities (the approx. 
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TABLE II. -Analysis of Immunogenic Residue (R) 

Analysis Per cent 
N 10.9(K), 11.7(D) 
Lipid 24.1 
P. 0.9 
Ash 0.2 
Glucosamine* 1.9 
Reducing sugars (as glucose)t 2.8 
Sugars detected by benzidine (as glucose)$ 1.8 
Lipopolysaccharide 2.8 
Nucleic acid derivatives None detectable 

Material dried in vacuo over P505 to constant weight. 
K= Kjeldahl method. D= Dumas method. 
" After hydrolysis with 6N HCl for 3 hr. 100°. 

After hydrolysis with 6x HCl for 18 hr. at 100° ; corrected for reducing action of glucosaminc. 
Similar results from a less drastic hydrolysis. 

$ After hydrolysis with 6N HCl for 18 hr. at 100°. 

mobility of the major component was -6-7 X 10-6 cm. /sec. /volt/cm. ). The behav- 
iour of R in the ultracentrifuge and on electrophoresis was not significantly altered 
by heating it to 600 for 1 hr. before dissolving it in alkali, by prolonging the alkaline 
treatment to 17 hr., or by washing R with alkaline buffers prior to solution in 
0.1 N NaOH. 

Serological precipitation in gel diffusion plates. -A solution (0.4-0.5 per cent) 
of R in 0.1 N NaOH/0.6 N glycine buffer at pH 9.2 was prepared as described above. 
This concentrated solution formed 3 lines in serological precipitation plates 
against antiserum prepared against Past. pestis organisms (serum L. R. ). One line 
was common with that formed by Fraction I and subsequent titrations indicated 
0.2-0.4 per cent of Fraction I in R (assuming " free " and " combined " Fraction I 
reacted similarly). The other two lines (A and B) were common with 2 lines formed 
by a suspension of the lipopolysaccharide of Davies (1956). Against an antiserum 
(L. R. A. ) adsorbed with avirulent organisms the solution of R formed one line, 
which was not common with those formed by the V and W antigens of Burrows 
and Bacon (1956). 

An antiserum prepared in guinea pigs by injection of a solution of R formed 
two lines (corresponding with A and B above) when diffused against R but did 
not precipitate a solution of " free " Fraction I. 

Immunogenic Residues from Past. pestis Grown in vitro 
When the virulent L37 and the avirulent immunogenic Tjiwidej strains of 

Past. pestis were grown at 37° and immediately extracted with ultrasonic waves 
(see " Methods "), residues were obtained which, like the product obtained from 
Past. pestis grown in vivo, immunized both guinea pigs and mice (Table III). 

Although somewhat less effective for protecting guinea pigs than R from 
in vivo organisms (cf. Table I line la with Table III) the residue obtained from 
Tjiwidej strain was investigated as the potential basis for a non-living vaccine 
against plague. The results shown in Table IV indicate that this residue protects 
mice and guinea pigs against challenge with several virulent strains of Past. pestis 
which were different from the L37 used routinely in this work. 
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TABLE III. Immunizing Activity for Guinea Pigs and Mice of Residues Left After 
Ultrasonic Extraction of a Virulent L37 and an Avirulent Immunogenic 
Tjiwidej Strain of Past. pestis Grown in vitro 

Survivors 
Number in group 

Guinea-pigs Mice 
Strain from which i---- --- r- --- A --, 
residue} prepared 5* 1 0.1 0.1* 0.03 0.01 

Virulent L37 grown at 37° 8 13 7 23 .. 10 
10 15 15 30I 40 

Avirulent Tjiwidej grown at 37° 46 30 16 33 8 19 
65,70 65 60ý 20 60 

* Figures indicate the number of organisms (X 1010) from which the product in each of 2 doses 
(given sic 2 weeks apart) was obtained. 

t Prepared as described in " Materials and Methods " and injected as a suspension after beating 
to 60° for 1 hr. 

Vertical lines indicate approx. dose which produced at least 50 per cent protection. 

TABLE IV. Protection of Guinea Pigs and Mice Against Challenge From Several 
Virulent Strains of Past. pestis by the Immunogenic Product from Past. pestis 
(Strain Tjiwidej) Grown In Vitro 

Survivors 
Number in group 

Guinea-pigs Mice 
Strain used for r----A---ý r--_-A. _ý 

challengej' Nil 5"0* 1.0 Nil 0.2* 0.04 
MP6 168073 

10 10 10 10 10 10 

139L 0 10 6167 
10 10 10 10 10 10 

Shasta .oa60as io io io io io io 
M23 0 10 10 054 

10 10 10 10 10 10 

" Figures indicate the number of organisms (x 1010) or equivalent amount of product in each of 2 doses given s. c. 2 weeks apart. 
t Numbers used for challenge were for guinea-pigs 7X 105 organisms and for mice 1x lot 

organisms ; otherwise the test for immunogenicity was the same as described in " Methods ". 

Comparison of the immunogenicity of the products obtained from Past. pestis grown 
in vivo and in vitro with that of Fraction I 

The results in Table V show that Fraction I injected without adjuvant had 
negligible immunizing activity in guinea pigs. and approx. 3-6 1Cg. was needed to 
protect 50 per cent of mice in the assay for immunizing activity. The corresponding 
protective dose for mice of 4 of our preparations (see Tables I and IV) are given 
below with their Fraction I content in brackets ; the latter was estimated by 
serological precipitation in diffusion plates on the assumption that " free " and "° combined " Fraction I react similarly. Past. pestis organisms grown in vivo 10 ug. 
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TABLE V. The Immunogenicity of 3 Samples of Fraction I for Mice and Guinea Pigs 
Survivors 

Number injected 
Guinea-pigs 

Sample 120* 40 12 4µg. 
14 84 2 

20 20 20 19 

27 62 3 
20 20 20 20 

33 23 1 
20 18 20 20 

Mice 

630.7 0.2µg. 
19 182 
20I 20 20 20 

8323 
20 20 20 26 

12 14 64 
20 20 20 20 

* Figures indicate amount (pg. ) injected s/c in each of 2 immunizing doses. 

(2-3 per cent) ;R 100 pg. (0.4 per cent) ; US 10 pg. (2 per cent) ; residue from 
Past. pestis grown in vitro, 100 pg. (0.9 per cent). Hence the protective activity 
of all preparations for mice were much greater than that warranted by their content 
of Fraction I. 

DISCUSSION 

A product has now been obtained from Past. pestis which effectively immunizes 
guinea pigs, and accounts for the immunizing activity in this species of intact 
Past. pestis organisms isolated directly from infected guinea pigs. The product 
was present in the residue left after treating Past. pestis grown in vivo with ultra- 
sonic waves. This residue also immunized mice against infection with Past. pestis, 
but was less active in this respect than the material dissolved by the action of 
ultrasonic waves ; the latter did not immunize guinea pigs. 

The immunizing activity of the residue or the extract for mice could not be 
explained by their estimated content of Fraction I. We have confirmed that the 
latter injected without adjuvant produced no significant protection of guinea pigs. 
None of our preparations induced immunological paralysis such as. that reported 
by Spivack, Foster, Larson, Chen, Baker and Meyer (1958), after injecting large 
amounts of Fraction I into guinea pigs. The residue, immunogenic for guinea pigs and mice, contained lipid, carbo- 
hydrate (including the lipopolysaccharide of Davies. 1956) and protein (including 
" combined " Fraction I) but no nucleic acid. We suggest that this residue is an 
important part of a cell wall complex of Past. pestis to which Fraction I (and possi- 
bly the virulence antigens) are attached firmly near the cell wall and loosely in the 
body of the envelope. This cell wall complex with the attached envelope can be 
regarded as the best antigenic material for the protection of all species. If it is 
split by autolysis, acetone drying, and to a lesser extent by washing or treatment 
with ultrasonic waves, then the fragments lose protective power. This loss may 
be more apparent in some species than others. Thus, the residue from ultrasonic 
treatment contains a relatively large fragment which retains high immunogenicity 
for guinea pigs but only to a low degree for mice. The extract contains smaller 
fragments-ineffective for guinea pigs-but collectively more effective for immu- 
nizing mice than one of them, namely Fraction I. In fact, it appears that Fraction 
I is an ill-defined fragment of a more complete antigen. Thus, whole organisms 
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and various products therefrom have greater immunizing activity for mice than is 

warranted by their content of Fraction I. Furthermore this antigen was originally 
isolated in 2 forms, fraction IA and IB ; IA, but not IB, contained carbohydrate 
and if anything IA had a greater immunizing activity for mice than IB (Baker 

et at., 1952). 
It is not yet known whether the residue left after extraction of Past. pestis 

with ultrasonic waves is a single complex since it has only been examined in 

solution after treatment with alkali. This treatment did not destroy the immuno- 

genicity for guinea pigs but it was relatively drastic and may have hydrolysed 
some linkages. However, the solution of the residues thus obtained revealed no 
gross heterogeneity in the ultracentrifuge, and showed only 2 components in the 
electrophoresis apparatus. On serological precipitation in gel diffusion plates, 
against unabsorbed rabbit antiserum to live Past. pestis, a concentrated solution 
of the residue formed only 3 lines in contrast to the multiplicity of lines formed 
by the soluble extract or whole organisms. , It appears at present, that the compounds responsible for immunogenicity in 
guinea pigs are not the same as those responsible for toxicity. Thus, the residue 
did not contain as much of the toxicity of the original organisms, as did the 
extract (Cocking et at., 1960), which however failed to protect guinea pigs. 

The results with products from organisms grown in vivo suggested that the 
development of an efficient non-toxic, sterile, vaccine was possible if corresponding 
immunogenic products could be obtained from Past. pestis grown in vitro. This 
now having been achieved, the next obvious step will be to experiment with 
alkali treated residue, combinations of it with alkali treated extract, and with 
alkali extracted whole organisms. A vaccine may thus be obtained which is 
effective in immunizing guinea pigs, mice and maybe man. 

SUMMARY 

A product has been obtained from Past. pestis which immunized guinea pigs 
and accounted for the immunizing activity in this species of killed Past. pestis 
isolated directly from infected guinea pigs. 

The product was a relatively non-toxic residue-cell-wall material containing 
lipid, carbohydrate and protein-left after extraction of Past. pestis with ultra- 
sonic waves. 

The residue also immunized mice but was less active in this respect than the 
extract ; the latter did not immunize guinea pigs. 

The immunizing activities for mice and guinea pigs of both residue and extract 
could not be satisfactorily explained on the basis of their estimated content of Fraction I. 

EXPLANATION OF PLATE 
Fia. 1. -Ultracentrifuge and electrophoresis diagrams on the immunogenic complex. 

R (0.4-0.5 per cent w/v) was examined in 0.1 x NaOH /0.6 x glycine buffer at pH 9.2. 
(a) Ultracentrifuge diagrams after 2 (1) and 18 (2) min. at 100,000 g. in a synthetic boundary cell. 
(b) Electrophoresis diagram after 1 hr. in a field strength of 4.73 volt/cm. and a current of 12 mA ; ascending limb ; migration from left to right (anode). 
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It is suggested that the immunogenic residue is a relatively large fragment of 
a native cell wall-envelope complex which may be the best immunogen for all 
species. 

The immunogenic product, first recognized in Past. pestis grown in vivo was 
later demonstrated in 2 strains of Past. pestis grown in vitro. 

Various approaches now suggest themselves for the development of a sterile, 
non-toxic, vaccine which might be effective in immunizing man. 

Our thanks are due to Mr. R. Blake and to Mr. G. Wilkins for excellent technical 
assistance. 
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THIS paper and others to follow in the series will describe attempts to identify 
chemically some of the mechanisms by which Brucella abortus causes contagious 
abortion in cattle and to see how far any important finding applies to other species 
of Brucella. In cattle, brucellosis is a disease of the sexually mature animal ; 
young animals are relatively resistant. There are two phases of the disease, a slow 
invasion of the adult tissue producing the chronic, relatively mild disease which 
is also found in non-ungulates, and the dramatic overwhelming infection of the 
placenta and foetus in pregnant animals. Three aspects of bovine brucellosis were 
chosen for study. These are discussed briefly below but the literature on brucellosis 
is not reviewed since this has been done elsewhere (Larson and Soule, 1950 ; 
Stableforth, 1959). 

Brucellosis is an intracellular disease and the ability of virulent strains of 
Br. abortus to survive and multiply within phagocytic and epithelioid cells appears 
to be a major factor in the invasiveness of this relatively feeble pathogen for adult 
tissue. It follows, that it is important to learn of the mechanism by which Br. 
abortus resists the cellular environment which is so destructive of other pathogens 
(e. g. Bacillus anthracis, Pasteurella pestis) and attempts will be made to identify 
the chemical basis of this special form of host parasite relationship. 

In brucellosis of pregnant cows, the predilection of Br. abortus for foetal rather 
than adult tissue is well known (Stableforth, 1959). General pathological findings 
indicate an especially heavy infection in the foetal cotyledons, the chorion and 
the purulent foetal fluids (Smith, 1919 ; Payne, 1959). The cause of the predilec- 
tion is a major unknown factor in the pathology of contagious abortion since once 
a heavy growth of the pathogen has occurred in these foetal tissues the well known 
endotoxin of Br. abortus could cause the characteristic abortion (Huddleson, 1953 ; 
Rudler and Thomas, 1960). Although the lack of immunity mechanisms probably has some effect, this cannot be the main reason for foetal infection, otherwise 
most pathogens would attack foetal tissue in the same way as Br. abortus and this 
is not so. A more specific basis for the preferential growth of the pathogen seems likely and attempts will be made to identify this. 

Finally we are interested in the chemical basis of immunity to brucellosis (for 
review of immunogenic preparations see Stableforth, 1959). The best vaccines 
are live avirulent strains of Br. abortus ; non-living vaccines are ineffective unless 

* Present address : Department of Microbiology, Washington University, St. Louis, U. S. A. 
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injected with adjuvant when some protection is afforded, which is however. less 
than that produced by live preparations. Extracts of Br. abortus have been 
described which immunize guinea-pigs and mice and precipitate with various 
antisera. The degree of purity of these preparations is vague as is their relevance 
to immunity in cattle. Attempts will be made to obtain more precise information 
on the nature of the immunogenic product of Br. abortus and whether it is, in any 
way connected with the chemical basis for intracellular growth. Any findings might 
then be extended to vaccination against infections with Br. melitensis (where at 
present a live avirulent vaccine is more effective than any non-living preparation) 
and Br. suis (where at present there is no effective live or dead vaccine). 

Our approach to some of these problems has been that which proved successful 
in similar studies of B. anthracis and Past. pestis (Smith, 1958 ; 1960). The fluids 
and tissues of an infected host and extracts of the organisms isolated from them 
were examined for compounds responsible for the pathological effects of the infec- 
tion.. These compounds were then purified either directly or after they had been 
demonstrated in cultures, in vitro. 

This paper describes a quantitative survey for Br. abortus in the tissues of 
pregnant cows when they were about to abort 2-3 weeks after experimental infec- 
tion with virulent Br. abortus. The survey fully confirmed the existence of a heavy 
infection in the cotyledon tissue, the chorion and the purulent foetal fluids. It 
underlined the importance of an investigation of the peculiar localization of the 
organisms and indicated the source of sufficient Br. abortus grown in vivo for chemical 
examination. The remainder of the paper describes the separation of Br. abortus 
from the infected bovine tissues. In this work Br. abortus had to be freed from 
their intracellular habitat and we were guided more by the work of Segal and Bloch 
(1956), who separated intracellular Mycobacterium tuberculosis from infected 
mouse lungs, than by our previous work on the separation of the extracellular 
B. anthracis and Past. pestis from infected body fluids. 

METHODS 

Infection of pregnant cows and collection of infected tissue8 
Through the kindness of the Director of the Agriculture Research Council's Field Station 

at Compton, Berks, pregnant cows were obtained which had been entirely free from contact 
with Br. abortu8 infection. When 5-6 months pregnant, the cows were infected with Br. 
abortu8 (strain 544,1 X 1012, intravenously) ; the organisms were grown for 48 hr. on tryptic 
meat agar, suspended in 10 per cent broth-saline and stored at 0° for 3 days until a viable 
count was known (on tryptic meat agar containing 5 per cent Fildes digest peptic sheep blood). 
The animal was observed hourly from the 17th day after infection until abortion was imminent 
(3-4 weeks). It was then promptly killed and the intact uterus removed and placed on a tray which was designed to enable all the foetal fluids to be drained off and collected. The 
uterus was dissected and the necrotic foetal cotyledons were separated from the maternal 
cotyledons. All the following foetal tissues were collected : cotyledons, allantoic and 
amniotic fluid (usually mixed), chorion, and foetal oedema fluid (found in thoracic and 
peritoneal cavities). The entire maternal cotyledon tissue was also removed but only 
weighed aliquots were taken of the rest of the relevant foetal and adult tissues. If the 
tissues were not examined immediately, they were stored at --20°. 

Estimation of numbers of Br. abortus in infected tissues 
The number of organisms in each tissue was estimated from counts of stained films of a known aliquot of the tissue which had been macerated in an overhead macerator (Townsend, Mercer and Co. ). The films were prepared in a standard manner as follows. One loopful 
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of a suitably diluted macerate was spread on a slide over a circular area of 1 cm. diameter. 
The film was dried and stained by a modification of the Ziehl Neelson method (10 per cent 
carbol fuchsin 3 min., wash ; 0.5 per cent acetic acid 5 sec. ; wash 2 min. ;2 per cent methyl- 
ene blue 30 sec. ). The method was standardized against Helber chamber counts of a culture 
of Br. abortua. Using aX6 eyepiece and ax 95 oil immersion objective, and counting at least 50 fields from at least two separate films of the material, an average count of 30 organisms 
per field was =_ 1x 109 (± 50 per cent) organisms per ml. 

Separation of Br. abortus from infected foetal cotyledon tissue and purulent foetal fluids 
Br. abortus was separated from foetal cotyledon tissue (0.5-1 kg. ), the purulent amniotic (0.5-1 1. ) and allantoic (3-4 1. ) fluids, and the calf oedema fluid (200-500 ml. ). The fluids were centrifuged for 40 min. at 18,000 rpm in the batch Rotor of the Spinco 

Ultracentrifuge at 0-3°. The supernatants were filtered through Millipore, and kept at 
-20° until they were examined for the extracellular or easily removed surface products of Br. abortua. Br. abortus was obtained from the centrifugal deposit (100-300 ml. ) by a process 
summarized in the Fig. 

Infected foetal cotyledon tissue was macerated 4 times for 1 min. in an overhead macerator (Townsend, Mercer and Co. ) in a safety cabinet. The macerate was centrifuged at 0-3° 
for 30 min. at 2000 rpm in the International Model PR I centrifuge. A cotyledon extract (200-300 mi. ) was removed and treated as described for the foetal fluids (see above). Br. 
abortua was obtained from the centrifugal deposit (CM ; 300-700 ml. ) by a process summarized in the Fig. 

The separation summarized in the Fig. resulted in the final preparation of Br. abortus 
grown in vivo and the sucrose wash (SW) which was filtered through Millipore. 

RESULTS 
A Survey for Br. abortus in the Tissues of 5 Pregnant Cows which were about to 

Abort after Experimental Infection with Br. Abortus 
The results shown in the Table clearly indicate that the fulminating infection 

was confined within the uterus and was almost entirely in the foetal cotyledons, 
fluids and chorion ; these tissues contained respectively 60-85 per cent, 1-25 
per cent, and 2-8 per cent of the total organisms found in the mother and foetus. 
Viable counts done on these tissues indicated 30-50 per cent of the total organisms 
were viable. 

Separation of Br. abortus and its Products from Foetal Cotyledons and Fluids 
Filtered foetal fluids were collected in quantity (see above) from each cow. They contained the extracellular or easily removed surface products of Br. abortus 

grown in vivo ; there was no evidence of large scale lysis of Br. abortus in vivo from a comparison of the few serological precipitation lines (for details see later 
paper) produced by high concentrations of these fluids with the multiplicity of 
lines produced by extracts of Br. abortus. The Table shows that the foetal cotyledon tissue and fluids contained 3-14 X 
1013 Br. abortus = approx. 1.4-6.6 g. of dry organisms (by comparison with the 
dry weight of known numbers of water washed Br. abortus grown in vitro ;1 mg. 
2.1 X 1010 cells). Considering the intracellular habitat of the pathogen, the process 
summarized in the Fig. was efficient for the separation of Br. abortus from these 
sources. A good yield (40-80 per cent) of organisms was obtained and the great bulk of the contaminating host cellular debris was removed. Nevertheless the 
final product was not free from fine tissue debris ; although practically no debris 
could be observed microscopically in stained films of the final product, electron 
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microscopy revealed contaminating tissue debris which was similar to that seen 
on electron micrographs of the final product from normal cotyledon tissue which 
had been subjected to the same process as that described above for infected tissue. 
The following evidence indicated that the final preparation contained approx. 
1 part organisms to 4 parts tissue debris. Five water washed preparations con- 
tained 4.7,4.9,5.1,4.6 and 3.7 X 109' organisms per mg. of dry preparation 
(60°, 0.1 mm. Hg., P205). A comparison of the average of these figures (4.6 X 109 

First treatment Recycle 

CM (300-700 ml. ) : remacerated x3 for 1 min. 
A. 30 ml. mixed with 170 ml. 0.25 M sucrose 

(buffered with 0.02 at phosphate to pH 7.3) 
Centrifuged 600 rpm, 5 min. 

- ý' Deposit (Dl) : introduced at 
point A (add approx. 170 ml. 
fresh sucrose buffer). 

SUPERNATANT 
B. Added to 15 ml. amounts of P (100-300 ml. ) 

Mix 
Centrifuged 600 rpm, 5 min. 

Deposit (D2) : introduced at 
point B. 

4, 
C. SUPERNATANT 

Centrifuged (1) 1000 rpm, 5 min. 
(2)1700 
(3) 1700 � 

Between (1) and (2) and (3) supernatant was 
not removed but the centrifuge pot was 
inverted slowly x 6. After (3) the super- 
natant was removed carefully to not less than 

in. from the deposit. 

Deposit (D3) introduced at 
point C. 

4, 
SUPERNATANT 

Centrifuged 2000 rpm for 1 hr. 

Supernatant DEPOSIT DEPOSIT Supernatant 
(Sucrose wash / (Sucrose wash 

SW) 
\ 

// 
SW) 

Final preparation of Br. abortua 
(Suspended in Locke solution, 100 ml. ) 

FiG, -Separation of Br. abortua from foetal cotyledon macerate (CAI) and the pus (P) from 
foetal fluids. 

All centrifugations were done at 0-3° in the refrigerated International Centrifuge Model FRl 
(with 200-220 ml. pots) except the final centrifugation which was done in Model S. R. 3 with not 
more than 400 ml. in each centrifuge pot (stainless steel cans with screw caps-for safety). 

* The deposits obtained at these stages after the recycle were discarded. 
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TABU 
. -Distribution of Br. abortus in the Tissues of an Infected Pregnant Cow 

when Abortion was Imminent 
Approx. total number (X 1012) of 

Br. abortus per tissue in cows 

Tissue 
Foetal tiaaue or fluid 

Cotyledon (placenta) 
Allantoie fluid 
Amniotic fluid 
Chorion 
Oedema fluid 
Spleen 
Kidney 
Liver 
Lung 
Stomach contents 
Brain 

II III IV 

63 90 140 23 27 

0.4 0.9 3.7 7.9 1.2 

5.6 2.1 9.9 0.6 3.3 
0.9 - 1.4 -- 

In no cow did the contents of Br. abortus in 
each of these foetal tissues exceed 0.1 x 1018. 

Adult tissue 
Cotyledon (placenta)* 
Uterine mucosa 
Spleen 
Kidney 
Liver 
Lung 
Iliac lymph gland 
Thoracic lymph gland 
Udder 
Muscle 

4.4 11 13 2.4 5.1 

--3.0 2.4 0.4 

In no cow did the contents of Br. abortu8 in 
each of these maternal tissues exceed 
0.1X1012. 

* It was impossible to separate completely all the foetal tissue from the maternal cotyledons. 

per mg. ) with the corresponding figure (2.1 x 1010 per mg. ) for uncontaminated 
Br. abortu8 grown in vitro indicated the preparations obtained from infected tissue 
contained approx. 22 per cent w/w of Br. abortus. The degree of contamination 
with tissue debris could be reduced by further differential centrifugation but only 
at the expense of a much lower final yield of organisms. 

Removal of Tissue Debris from Br. abortus by Treatment with Trypsin 

The suspension of the final deposit of Br. abortus grown in vivo (100 ml. -see Fig. ) was mixed with m/15 phosphate buffer at pH 8.0 (260 ml. ) and heated to 37°. 
Freshly prepared trypsin solution (crystalline trypsin-Armour Laboratories- 
1 per cent w/vin m/15 phosphate buffer at pH 8-0; 40 ml., 37°) was added and the 
mixture was rotated at 37° for 1 hr. After centrifuging the mixture at 1750 g. 
for 30 min., the supernatant was removed leaving a deposit consisting of a brown 
layer above a grey layer. The brown layer contained tissue debris and hardly any 
Br. abortus ; it could be removed easily from the grey layer by a Pasteur pipette 
with a little M/15 phosphate buffer for washing. The grey layer which contained 
the organisms was washed once with rt/15 phosphate buffer (pH8) and once with 
water; any slight amount of residual brown layer was removed after each washing (centrifuged at 1750 g. for 30 min. ). The first supernatant and the subsequent 
washings were rendered sterile by filtration through Millipore and reserved for 
biological testing. 
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In several experiments, 60-80 per cent of the original Br. abortus was recovered 
in the final grey deposit which after washing x3 with water contained 1.8-2.5 X 
1010 organisms per mg. dry weight. These figures agreed with the corresponding 
figure for uncontaminat3d Br. abortus grown in vitro (2.1 x 1010 =1 mg. ) and 
indicated that the Br. abort us grown in vivo had been freed from contaminating 
tissue by the treatment with trypsin. This treatment may have removed some 
components of Br. abortus but it had no dramatic effect on the organism since 
adequate tests showed that the total count and the viability of a suspension of 
Br. abortus were not reduced by the treatment. 

Extraction of Br. abortus Grown In Vivo 
The final preparation of organisms or the trypsin treated final preparation was 

suspended in Locke solution (Ca++ omitted ; vol. to give 3x 1011 organisms per 
ml. ) and centrifuged at 0-2° for 30 min. at 10,000 rpm in the angle head of the 
M. S. E. centrifuge (Model " Angle 13 "). The sludge of organisms was treated 
twice in the Hughes Press (Hughes, 1951) which for reasons of safety was surrounded 
by cotton wool and placed in a plastic bag. Locke solution was added (vol. to give 
a suspension =3x 1011 organisms per ml. ) and the suspension centrifuged as 
described above. The supernatant was filtered through Millipore. The deposit 
(washed x 3) was suspended in Locke solution (vol. to give a suspension =3x 
1011 organisms per ml. ) and sterilised either by heating to 60° for 1 hr. or by treat- 
ment with ultraviolet light (a thin layer, subjected to a Hanovia Bactericidal 
Ultraviolet unit, 0.25A 15 watts, at 8 cm. distance until sterility tests were satis- 
factory-approx. 2 hr. ). 

Hence in this work the following products were obtained from Br. abortus 
grown in vivo.; extracellular or easily removed surface products in allantoic and 
amniotic fluid, foetal oedema fluid, foetal cotyledon extract, and sucrose buffer 
(S`V-see Fig. ) used in separation of organisms ; cellular products-Hughes Press 
extracts and residues from the final preparation of Br. abortus before and after 
removing the tissue contamination with trypsin ; the latter treatment may have 
also removed or destroyed some bacterial products. 

DISCUSSION AND SUMMARY 

A survey of the numbers of Br. abortus in the tissues of 5 experimentally 
infected pregnant cows, when abortion was imminent, has shown that the fulminat- 
ing infection was almost entirely confined to the foetal cotyledons, fluids and 
chorion which contained respectively 60-85 per cent, 1-25 per cent and 2-8 per 
cent of the total organisms (3-14 x 1013) found in the mother and foetus. This 
survey underlined that a major unknown factor in the pathology of contagious 
abortion was the chemical basis for this predilection of Br. abortus for foetal tissue, 
and indicated that the heavily infected tissues were a rich source of Br. abortus 
grown in vivo which were needed for a study of the chemical basis of the intra- 
cellular growth and immunogenicity of Br. abortus. 

By differential centrifugation of macerates of infected tissue and pus, 40-80 
per cent of the Br. abortus (3-14 X 1013 = approx. 1.4-6.6 g. ) was concentrated 
in a preparation containing 1 part of bacteria to 4 parts of tissue debris. This 
tissue debris could be removed by treatment with trypsin. The organisms were 
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extracted in the Hughes Press either before or after removing the tissue debris. 
with trypsin. 

These bacterial extracts and residues and the extracellular or easily removed 
surface products found in the infected foetal fluids and washing, will be examined 
in biological tests and extracted for important products responsible for patho- 
genicity and immunogenicity. 

We are indebted to our colleague Dr. J. S. Paterson of Allington Farm, Porton 
for help with the collection of infected bovine tissues, and to our colleague Mr. 
R. B. FitzGeorge for work on treatment of organisms with trypsin. 
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Brucella abortus grown in vitro has been extracted by various procedures to 

yield products which immunized guinea-pigs against brucellosis (Huddleson, 
1943 ; Live, Sperling and Stubbs, 1945 ; Paterson, Pirie and Stableforth, 1947 ; 
Larson, 1949 ; reviewed by Elberg and Silverman, 1950, and Stableforth, 1959). 
Although the general chemical nature of these products is known (Paterson et al., 
1947; cf. a similar product from Brucetla melitensis ; Miles and Pirie, 1939a, 
1939b, 1939c), they were heterogeneous and hence the chemical nature of the 
immunogenic moiety is unknown. One of the objectives of our work on Br. 

abortus was to obtain more precise information about the nature of its immuno- 

gens (Smith, Keppie, Pearce, Fuller and Williams, 1961). Since a living vaccine 
had proved superior to dead preparations (Stableforth, 1959), we first examined 
the products of Br. abortus grown in vivo, and then looked for the same type of 
products in culture in vitro. 

This paper describes the presence of immunogenic material in crude cell wall 
preparations of Br. abortus grown in vivo and in vitro, but more particularly, 
it emphasises the liberation of some immunogenic material into the external 
environment. Some filtered foetal-fluids from infected pregnant cows were 
protective, and a similar activity was found in filtrates of cultures of Br. abortus 
in a complex medium and in a synthetic medium. This latter finding will greatly 
facilitate the purification of the immunogenic fraction. 

The paper also describes the examination of these materials for their abilities 
to produce precipitation lines with rabbit antisera in serological diffusion plates 
(cf. Olitzki, 1958; Sulitzeanu, 1958; Carriere, Roux and Serre, 1958), to interfere 

with the bactericidal action of normal bovine serum on Br. abortus and to provoke 
allergic reactions. 

MATERIALS AND METHODS 

Products from Br. abortus (strain 544) grown in vivo 
These were prepared from infected pregnant cows as described in a previous paper 

(Smith et al., 1981). The extracellular, or easily removed surface-products were found in 
the mixed allantoic/amniotic fluids, foetal oedema-fluid, and foetal cotyledon-extract. The 
intracellular constituents were mainly to be found in the Hughes Press residue and extract 
from the organisms. These materials were examined both before and after the removal of 
tissue contamination with trypsin. All the cellular products were obtained from suspensions 
having a total count of 3x 1011 Br. abortus per ml. (__ approx. 14 mg. per ml. organisms and 
7 mg. solid per nil. of extract or residue). 
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Products from Br. abortus (544) grown in vitro 
(1) In the medium of Sterne (Sterne, 1958). -Conical flasks (1 1. ), containing the medium 

(50 ml. ) were inoculated with Br. abortu8 (strain 544,3 x 10' per ml. ) from a seed culture 
grown in the same medium. The flasks were filled with 5 per cent COa/oxygen, stoppered 
with sterile rubber bungs and shaken (stroke 1 inch, 100 strokes per min. ) at 37° for 3 days. 
The cultures contained approx. 1x 1012 organisms per ml. and each flask was checked for 
purity. The organisms were collected in the batch bowl of the Spinco Ultracentrifuge 
(18,000 r. p. m., 45 min. ). The supernatant was filtered through Millipore and stored at -20° 
as culture filtrate. After being washed three times in Locke's solution (vol. = to original 
vol. of culture, and the same centrifugation as before) the sludge of organisms was ready for 
extraction by the Hughes Press. This was carried out and the products sterilized as described 
for the organisms grown in vivo (Smith et al. 1981) ; the concentrations of the Hughes Press 
extract, and of the suspension of Hughes Press residue, were related to an original content 
of 3X 1011 organisms per ml. (i. e. ca. 14 mg. organisms, and ca. 7 mg. each of extract and 
residue per ml. ). 

(2) In the synthetic medium of Rode, Oglesby and Schuhardt (1950). Br. abortus (544) was 
grown in this medium and the products were obtained in the same manner as that described 
for the medium of Sterne, except that 5 per cent CO, /air was used ; the inoculum was 
5X 108 per ml., the growth was for 4 days and the final concentration of organisms was 
2-4 X 1010 ml. Culture filtrate was obtained and sterilised. Hughes extract and residue 
were prepared relative to the standard count of 3X 1011 organisms per ml. 

TH4M-bufera (pH 7.3) 
Tris-hydroxy-methyl amino methane HCl was dissolved in water at 0.5 M, 0.2 M, 0.1 M 

and 0.005 M strengths and the pH was adjusted to 7.3 with NaOH or HCl. 

Fractionation on diethylaminoethylcellulose (Peterson and Sober, 1956) columns 
Diethylaminoethyl (DEAE) cellulose (Kodak Ltd., 50 g. ) was mixed with twice its wet 

volume of 0.1 x NaOH. After 21 hr. the supernatant was poured off and the cellulose was 
washed with 0.005 x THAM buffer (pH 7.3) until the pH of the sludge was 7.3. The material 
(amount specified in text) was dialysed for at least 2 days, with twice daily changes, against 
at least 10 times its volume of THAM buffer (pH 7.3) and then applied to a column (5 cm .2 
X 10 cm, long) of DEAE cellulose (5 g. ). The column was eluted (flow rate ca. 1 ml. per 

min-) stepwise with 120 ml. amounts of 0.005 M, 0.1 M, 0.2 M and 0.5 M THA31 buffers (pH 
7.3). 

Concentration of solutions 
This was done by dialysis against concentrated carbowax solutions, subsequent to dialysis 

against saline to reduce high THAM concentrations. 

Teets for immunising activity in guinea-pigs 
Guinea-pigs and mice, were used for these tests with a long interval between immunising 

dose and challenge to minimise non-specific effects. 
Guinea-pigs (400 g. ± 50). -They were given two subcutaneous does of the test substance, 

spaced 2 weeks apart :8 weeks later the animals were challenged with 5x 109 viable 
Br. abortu8 (544) given intramuscularly. After 4 weeks, the number of Br. abortu8 in the 
spleen of each guinea-pig was determined by homogenising the spleen in 10 per cent broth- 
saline (10 ml. ), plating serial dilutions on tryptic digest agar (containing 5 per cent peptic 
digest of sheep blood), and counting the colonies after 3-4 days incubation at 37° in 5 per cent 
C02/air. Under these conditions, ca. 90 per cent of control animals had spleen counts of 
5X 10'-107 and in eleven experiments, only 13 of 170 animals had spleen counts of less than 
IX 104. In immune animals, the spleens were uninfected or their counts were lower than 
those of the control animals. The immunising activity of various concentrations of test 
substances has been assessed as the ratio of the number of animals with spleen counts less 
than 1X 104 to the total number in the group (cf. de Ropp, 1945). In several tests with the 
live S19 vaccine (one dose of 1.6 X 1010 organisms) this ratio was 8/10-10/10 (cf. Stableforth, 
1959). In this work, a test substance has been called inactive when the ratio was less than 
30 per cent of the group. 

47 
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Mice. -The method of Hoskins, Stevens and Howell (1959) was used. Mice (18-21 g. ) 
received two subcutaneous doses of the test substance, spaced two weeks apart : five weeks 
later, treatment with cortisone (3 subcutaneous doses of 3 mg. on alternate days) preceded a 
challenge of 2x 108 viable Br. abortus given intraperitoneally ca. 3 hr. after the last dose of 
cortisone. Mouse deaths were recorded for 3 weeks. In twelve experiments, only 9 of 220 
control mice survived. The immunising activity of various concentrations of test substances 
has been assessed from the proportion of mice surviving. A test substance has been called 
inactive when this ratio was less than 30 per cent. 

Teat for antibactericidal activity 
Bovine serum is highly bactericidal for Br. abortua. Freeze-dried serum was reconstituted 

and diluted to the highest dilution which would still kill 90 per cent of the Br. abortus in 
control tubes under the following conditions. 

The serum dilution (0.4 ml. ) and dilutions (in Locke) of the test materials (0.4 ml. ) were 
mixed. After standing 30 min. at room temperature, a suspension (0.2 ml. ) of Br. abortua 
(strain 544 ;1X 10°; , Helber chamber counts ; organisms grown on nutrient agar over- 
night at 37° in 5 per cent CO5/air) in 10 per cent broth-saline was added. Viable counts 
were made on control and experimental samples immediately and after rotation for 3 hr. at 
37°. At high concentrations, active materials almost completely removed the bactericidal 
activity of the serum ;" their antibactericidal activities have been quoted as the highest 
dilution which doubled the percentage of organisms surviving relative to the control samples. 

Teat for the provocation of delayed hypersensitivity 
Intradermal injection (0.2 ml. ) of the materials were given in the shaved flanks of guinea. 

pigs (400 +_ 50 g. ) which three weeks previously had been infected intramuscularly with Br. abortua (strain 544,1 X 10°). Positive reactions (12-30 mm. diameter ; red firm areas 
sometimes with a central pale zone of necrosis) were observed 24-48 hr. after injection. The 
activities of materials were quoted as the minimal amount producing a positive reaction ; 
control injections on uninfected guinea-pigs were negative. 

Rabbit antiserum against live Br. abortus 
Antisera which precipitated antigens of Br. abortus could not be produced in rabbits by 

injecting dead acetone dried Br. abortus but only by using live virulent organisms. 
Rabbits received intravenously 104 live Br. abortus (strain 544) on days 1,3 and 5,10" on days 26,28 and 30,108 on days 54,56 and 58,108 on day 96,10° on day 98,106 on day 124, 

109 on day 126,108 on day 154 and 10° on day 156 (doses of more than 10° organisms were toxic). The increase in precipitating power of the antisera was followed by observations 
on samples taken during the immunisation. The best rabbits were selected and five days 
after the last injection these rabbits were bled ; serum was collected and stored at -20° until required. 

Serological precipitation in gels 
The gel (gelatin 10 g., agar 10 g., NaCl 9 g. per 1. ) was cleared with bentonite and supercel 

and contained 0.1 per cent NaN' as preservative. A hexagonal pattern of antigen wells (7 mm. diam., vol. approx. 0.1 ml. ) around the serum well (15 mm. diam., vol. 0.3 ml. ) was 
used. The plates were held at room temperature and precipitation lines observed after 1-3 weeks. 

RESULTS 

Immunizing activity in guinea-pigs amd . mice of products of Br. abortus grown in vivo 

The results in Table I show that, as expected, cellular products prepared from 
Br. abortu8 grown in vivo immunized guinea-pigs and mice. The active material 
was in the crude cell wall preparation (i. e. the Hughes Press residue) ; the soluble 
extract which contained many precipitating antigens (see later) had negligible 
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TABLE I. -Immunizing Activity of Intracellular Products of Br. abortus 
grown In Vivo 

Number immune 
Immunizing activity* = Number in group 

Guinea-pigs 
(dose, t ml. ) 

Mice 
(doso, t ml. ) 

Intracellular products 1.0 0-2 0.005 0.05 0.005 0-0005 0.00005 
(From Hughes Press) 

1. Before removal of tissue 
contamination- 

Extract 
. Nil Nil .. 

Nil Nil Nil 

Residue (heated 60° .. 69 
1 

9573 
1 10 1 hr. ) 8 10 

2. After removal of tissue 
contaminationwith 
trypsin- 

Trypsin soluble ma. Nil Nil "' 
9 Nil Nil 

terial 

Extract Nil Nil 
68 Nil Nil 

15 ru 
Residue (sterilised by .. 89 88 10 8 

D ru n 
ultraviolet light) T FO 

See Methods, for description of tests for immunising activity and for the fate of control animals. 
t This dose was given twice and related to a standardised spension of organisms (a 3k 10" 

per ml. )-see Methods. 

TABLE II. Immunizing Activity of Extracellular or Surface Products of Br. abortus 
Grown In Vivo 

Number immune 
Immunizing activity* er in group 

Guinea-pigs 
(dose, t ml. ) 

Mice 
(dose, t ml. ) 

Extracellular products (in infected 3.0 0-2 0.02 0.5 0.05 0.005 
foetal fluidsl) 

(a) Amniotic/allantoic fluid 
11 

1 2a .. 
2 Nil .. .. 

Nil Nil 

98 g 27 17 Nil 
3 30 3TO YO 30 30 

14 16 11 14 

4 30 30 30 30 

8 17 8 Nil 
(b) Foetal oedema-fluid . 

1 15 2U W 

2 Nil .. .. Nil 
(c) Foetal cotyledon-extract 1 Nil .. .. 

2 Nil .. .. 3 Nil .. .. 

" See Methods, for description of tests for immunizing act ivity and for the fate of control animals. 
t This dose given twice-see Methods. 
$ Adequate control experiments showed that corresponding fluids from uninfected animals had 

no immunizing activity. 
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activity. More unexpected was the fact that some foetal fluids from infected 
cows were appreciably immunogenic (Table II). This activity was not due to 
overt lysis of Br. abortus since the active fluids contained no appreciable amounts 
of precipitating antigens (see later). Furthermore extracts of the necrotic foetal 
cotyledons were inactive although they originally contained the bulk of the Br. 
abortus in the foetus (see Smith et at., 1961) and serological analysis (see later) 
showed them to contain several precipitating antigens. 

Immunizing activity in guinea-pigs and mice of products of Br. abortus grown in 
the medium of Sterne (1958) 

The results in Table III show that the same type of immunogenic products as 
those formed in vivo, could be produced in vitro and in particular an immuno- 
genic culture filtrate could be prepared. Again it was the crude cell wall prepara- 
tion (Hughes Press residue) which contained the cellular immunogen, and sero- 
logical analysis showed the active product in the culture filtrate was not due to 
large scale lysis of Br. abortus. 

Immunizing activity in guinea pigs and mice of products of Br. abortus grown in a 
synthetic medium (Bode et al., 1950) 

With a view to facilitating the purification of the immunogen from culture 
filtrates, attempts were made to produce similar products in a synthetic medium, 
which could then be dialysed away leaving a relatively pure product. The results 
in Table IV show that these efforts were successful, and again the residue con- 
tained the cellular immunogenic activity. 

TABLE IV. Immunizing Activity of Products of Br. abortus Grown in the 
Synthetic Medium of Rode et al. (1950) 

Number immune 
Immunizing activity* = Number in group 

Guinea-pigs Mice 
(dose, ml. ) (dose, nil. ) 

0.3t 0-02 0.05t 0.005 0-0005 0.00005 

1. Culture filtrates$ 45583 Nil Nil 
10 TU 1-0 FO_ 10 
98576 Nil 10 10 Ö 10 T-0 

2. Bacterial Products (Hughes 
Press)- 

(a) heated 60°, 1 hr. 
73 

-2.0 ij( 1U 
6 (b) sterilized by ultraviolet 10 8689 

light 10 10 TU -' 10 10 10 

Extract Nii§ ,""" 
i0 

10 
Nil Nil 

* See Methods for description of the tests for immunizing activity and for the behaviour of 
control animals. 

t Standardized and, = 3X 1011 organisms per ml., e. g. a dose of 3 ml. of culture filtrate which 
originally contained 3x 1010 organisms per ml. is quoted here as 0.3 ml. 

$ Adequate control tests showed that the growth medium alone had no immunizing activity. 
§ Doses of 3 ml. also had no activity. 
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Gel diffusion of products of Br. abortus grown in vivo and in vitro, against rabbit 
antisera 

All the products described above, except the bovine foetal fluids were examined 
in gel diffusion plates at concentrations = and 10 X the standard strength 
(- 3X 1011 organisms per ml. ) ; bovine foetal fluids were concentrated (after 
dialysis) x 15 for examination. Hughes Press residues were examined as a 
sludge and hence any precipitation lines were due to autolysis or the release of 
adsorbed antigens. A summary of the results of this extensive analysis on 
several batches of material was as follows : 

(1) Products from Br. abortus grown in vivo showed the same lines as those 
from organisms grown in vitro and the latter did not differ according to growth 
medium ; there were no additional lines in the products of organisms grown 
in vivo. 

(2) The Hughes Press extracts which had negligible immunogenic activity 
formed the most (9-10) precipitation lines and no other product formed a line 
not also formed by the Hughes Press extract. 

(3) Some but not all the samples of amniotic Jallantoic fluid and foetal oedema 
fluid formed 1 or 2 faint lines ; the foetal cotyledon extracts formed 4-5 lines. 

(4) The culture filtrates formed 2-3 lines. 
(5) The Hughes Press residues formed 1-2 lines. 

, No precipitation line could be correlated with growth in vivo or with immuno- 
genic activity (cf. the results of fractionation-see later). - 

Antibactericidal activities and allergenic properties of products of Br. abortus grown 
in vivo and in vitro 

Since we were interested in the correlation of immunogenic activity with 
any possible facet of virulence of Br. abortu8 and with allergy in brucellosis, 
the products described above were tested for their ability to interfere with the 
intense bactericidal action of normal bovine serum for Br. abortus, and to provoke 
delayed hypersensitivity in infected animals. The results of these tests are shown 
in Table V. Like the immunogenic activity, antibactericidal activity was largely 
in the crude cell wall preparations and to a lesser extent in the culture filtrates ; 
the Hughes Press extract had negligible activity. All materials provoked delayed 
hypersensitivity but the Hughes Press residues were the most active products. 

Fractionation of immunogenic culture filtrates on diethylaminoethyl cellulose 
A number of experiments on several batches of amniotic/allantoic fluid, 

foetal oedema fluid, and culture filtrates of the Sterne and Rode's media, showed 
that dialysis against distilled water or dilute buffer for several days at 0-2° 
did not remove their immunogenic, antibactericidal, or allergenic activities. 

In preliminary fractionations on. DEAE cellulose using stepwise elution with 
0.005 M, 0.1 M, 0.2 M and 0.5 M THAM buffer (pH 7.2-7.3), the immunogenic 
activity of two foetal fluids remained on the column until eluted by the 0.2 M and 
0.5 x buffers, whereas the precipitating antigens of several Hughes Press extracts 
were largely eluted by the weaker buffers. Fractionations of Sterne culture 
filtrate (ca. 90 ml. on a5g. column) and of Rode's culture filtrate (ca. 600 ml. 
on a5g. column since it contains much less non-dialysable material) showed 
a similar pattern which is summarised in Table VI. 
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TABLE V. Antibactericidal Activities and Allergenic Properties of Products of 
Br. abortus grown In Vivo and In Vitro 

Minimum dilution* Minimum amounts (ml. ) 
(0.4 ml. ) inhibiting the provoking delayed 

bactericidal action hypersensitivity 
of bovine serum in infected 

Products of Br. abortus on Br. abortua guinea-pigs 

1. From growth in vivo- 
1 

(a) Infected amniotic/allantoic fluid 3 
1 

1 1 
(b) Infected foetal oedema fluid 3 

(c) Hughes Press extract Undiluted 
contaminated 500 

(d) Hughes Press residue with tissue -1 
1 

9 2500 
1 1 

(e) Material solubilized by trypsin 9 ''ru 

(f) Hughes Press extract 1 
3 

1 
500 tissue 

(g) Hughes Press residue removed 1 I 
81 2500 

, 
2. From growth in the me3iiun of Sterne- 

1 1 
(a) Culture filtrate bÖ0 

(b) Hughes Press extract 
1 
3 60b 

(c) -Hughes Press residue (sterilized by 1 I I 
_ ultraviolet light) S1 243 2500 

3. From growth in the medium of Rode- 

(a) Culture filtrate 27 
1 

125 

(b) Hughes Press extract 
1 
33 

1 
50d 

(c) Hughes Press residue (sterilized by 1 1 
ultra-violet light) 81 250Ö 

The results are the average of a number of similar results on different batches of material. 
* Details of the tests, see Methods, 
With the exception of the infected bovine fluids, the strength of all materials is =3x 1011 

organisms per ml. 
Results on infected fluids and culture filtrates were adequately controlled by experiments on 

uninfected fluids and uninoculated culture media. 

Clearly the fractionations of the two types of filtrate agreed in that the im- 
munogen was eluted mainly in the 0.5 M TRAM buffer and apparently did not 
precipitate in gel diffusion plates whereas the other non-immunogenic fractions 
did. The antibactericidal activity follows the immunogenic activity in these 
fractionations but the ability to produce delayed hypersensitivity appears to be 
a property of a number of different antigens of Br. abortus. 

DISCUSSION 

This work has shown that in contrast to the soluble cytoplasmic constituents, 
crude cell wall preparations of Br. abortus (544) were immunogenic in guinea-pigs 
and mice (cf. Sulitzeanu, 1959; Yoshida et at., 1959). Furthermore, it appeared 



VIRULENCE OF BRUCELLA ABORTUS 547 

that appreciable amounts of the surface immunogenic material was shed into the 
external environment in vivo and in vitro. Two questions, as yet unanswered, 
are whether the nature of the immunogenic material in the crude cell wall pre- 
parations is the same or-different from that found externally and whether both 
materials contained any of the moieties indicated by Miles and Pixie's (1939a, b, c) 
degradation of crude products from Br. melitensis. These questions can only be 
answered by first purifying the culture-filtrate factor and then attempting to 
remove the same material from the cell wall preparations by further mild de- 
gradation. The production of immunogenic products in a synthetic medium will 
facilitate this work. 

It is difficult to draw more than the most tentative conclusions on the relative 
immunizing activity of the different products because the dose-response for an 
active material in guinea-pigs and mice was so slight. It appears however that 
there were no striking differences in the activities of corresponding products from 
growth in vivo and in the two artificial media. Comparison with earlier immuno- 
genic fractions is also difficult for the reason quoted above, especially if the material 
such as that of Paterson et al. (1947) was tested in guinea-pigs only in large doses 
(0.3-0.6 mg. ) compared with the smaller doses we have used (e. g. 0.14-0.014 mg. 
of cell-wall preparations, and even less of the active fraction from Rode's filtrate). 
It would be unwise to predict that our preparations will protect cattle against 
brucellosis in view of the disappointing results obtained in heifers with the pre- 
paration of Paterson et al. (1947), which had been entirely adequate for guinea- 
pigs (Paterson and Pixie, 1948; McDiarmid, 1949). 

Studies on gel-diffusion plates with a rabbit antiserum against live Br. abortu8 
indicated that the immunogen in the soluble culture filtrates and their fractions 
was not connected with any of the 9-10 precipitating antigens which were demon- 
strated in the various products described here, and especially in the non-immuno- 
genic cytoplasmic constituents. On the other other hand, the immunogen may 
be connected with the ability of some of these crude preparations and fractions to 
inhibit the intense bactericidal action of normal bovine serum on Br. abortus. 
This property is interesting in view of the fact that resistance to the bactericidal 
action of bovine serum may be one facet of the virulence of Br. abortus (Irwin 
and Bergman 19,5o; Stinebring, Braun and Pomales-Lebr6n, 1960) though 
perhaps not as important an aspect as resistance to intracellular digestion. 
Although immunogenic preparations provoked a delayed hypersensitivity reaction 
in infected guinea-pigs, this did not seem to be related to immunogenicity since 
some non-immunogenic preparations were equally effective ; this is not perhaps 
surprising since intracellular live Br, abortus would be likely to induce delayed 
hypersensitivity to most of their products. 

SUMMARY 

Crude cell wall preparations from Br. abortus (544) grown in vivo and in two 
culture media were immunogenic for guinea-pigs and mice ; the soluble cyto- 
plasmic constituents, had negligible immunogenic activity although they con- 
tained a number (9-10) of precipitating antigens. Following the observation that some foetal fluids from infected pregnant 
cows immunized guinea-pigs and mice, immunogenic culture filtrates were pre- 
pared in vitro, first with a complex medium and then with a synthetic medium. 
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This will facilitate the purification of the immunogen and a preliminary fractiona- 
tion on DEAE cellulose has been done. 

The immunogen did not appear to be connected with any of the precipitinogens 
(9-10) detected on serological diffusion plates but it may be connected with the 
ability of crude immunogenic preparations and fractions to inhibit the bactericidal 
action of normal bovine serum on Br. abortus. 

Immunogenic preparations and fractions provoked delayed hypersensitivity 
in infected guinea-pigs but so did many non-immunogenic preparations. -' 

Our thanks are due to Miss A. D. Rawkins, Mr. G. Wilkins and Mr. G. N. Wade 
for excellent technical assistance. 
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CROSS immunity between the 3 main species of brucella might be expected 
because a sharing of precipitinogens and agglutinogens which was demonstrated 
in earlier work (Wilson and Miles, 1955; and Elberg and Silverman, 1950) has 
been supported by recent gel-diffusion studies (Olitzki, 1958 ; Sulitzeanu, 1958 ; 
Carriere, Roux and Serre, 1958). However, comprehensive cross-protection 
studies between all 3 species have not been done, although products from Brucella 

melitensis (Jones, Thomson and Alton, 1958) and Brucella suns (Sulitzeanu, 1959) 
have been shown to protect animals against Brucella abortus. This paper de- 

scribes the results of cross-protection experiments in guinea-pigs which might 
form the basis of preparing a non-living vaccine from one species, for protection 
against all three. The products for this study were similar to those used in our 
earlier work. 

Smith, Keppie, Pearce and Witt (1962) showed that crude cell-wall prepara- 
tions and culture filtrates of the virulent strain 544 of Br. abortus were immuno- 

genic for guinea-pigs as well as for mice. Cell-wall preparations from brucella 

species had already been shown to be immunogenic for mice (Sulitzeanu, 1959 ; 
Yoshida, Fukui, Tasi and Fukui, 1959; Markenson, Sulitzeanu and Olitzki, 
1962) but the activity of culture filtrates was a new finding that followed the 

observation that certain foetal fluids from infected pregnant cows immunized 

guinea-pigs and mice. This paper describes the preparation of similar cell wall 
preparations and culture filtrates from 3 attenuated strains of Br. abortus (S 19, 
45/0, and 45/20) and from single virulent strains of Br. melitensis (6015) and 
Br. Buis (KG25) respectively. The cell wall preparations from the latter 2 
organisms and that previously obtained from Br. abortus 544 (Smith et al., 1962) 

were the products mainly used in the cross protection experiments. 

MATERIALS AND METHODS 

Suspension of the Hughes Press residue from Br. abortus (544) 

These (- 3X 1011 organisms per ml. ) were prepared from organisms grown in the medium 
of Sterne (1958) and sterilized by treatment with ultraviolet light as described by Smith et 
al. (1962). 

Hughes Press residues and culture filtrates from Br. abortus (S 19,4510,45120), Br. melitensis 
(6015) and Br. Buis (KG25) 

The organisms were grown in shake-cultures in the Sterne medium as previously described 
(Smith et al., 1962) for Br. abortus (544) except that the cultures were shaken in air intead of 
in 5 per cent CO°Jair. After 3 days' incubation the bacterial counts per ml. were S 19 (3 X 1011), 
45/0 (3 X 1011), 45120 (1.2 x 1011), 6015 (4 x 1010) and KG25 (1.2 X 1011). The organisms 
were removed by centrifuging and suspensions (= 3X 1011 organisms per ml. ) of these 
Hughes Press residues were prepared and sterilized as previously described. The super- 
natant was filtered through Millipore. 
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Viable counts 
These were done as described by Smith et al. (1962), for strain 544, except that for these 

aerobic strains of Br. abortus, and for the other 2 brucella species, the plates were incubated 
in air. 

Active immunization 
In guinea-pigs. -The same procedure was used as previously described for infections 

with Br. abortus (Smith et al., 1962) ; the size of the challenge dose (given 8 weeks after the 
second of 2 immunizing doses) was respectively Br. abortus (544), 5X 109 organisms ; 
Br, melitensis (6015), 3X 102 organisms ; and Br. Buis (KG25), 50 organisms. Four weeks 
after challenge ca. 90 per cent of the control animals had spleen counts greater than 1X 105 
when Br. abortus (see Smith et al., 1962) and Br. melitensis were the challenge organisms ; 
when Br. Buis was used ca. 90 per cent of the control animals had spleen counts greater than 
1X 106. In Table I, the percentage of experimental animals showing no demonstrable 
splenic infection has been given together with the percentage having spleen counts below 104 
(for Br, abortu8), 104 and 105 (for Br. melitensis) and 103,104,106 and 106 (for the more infective 
Br. 8ui8). In mice. -The immunizing efficacy of various culture filtrates was examined in 
cortisone treated mice as described previously (Smith et al., 1962) ; in addition to the usual 
challenge strain (544; 2x 108 organisms), the following two organisms were also used, 
Br. melitensis (6015,1 X 108 organisms) and Br. suis (KG. 25; 1x 108 organisms). 

RESULTS 

Cross-protection of guinea-pigs with Hughes Press residues (crude cell-wall prepara- 
tions) from Br. abortus; Br. melitensis and Br. suis 

The results of extensive cross-immunization studies in guinea-pigs with a 
constant dose of Hughes Press residues from Br. abortus (544), Br. melitensis 
(6015) and Br. suis (KG25) are summarized in Table I. Clearly the residue 
(without added adjuvant) from each organism protected guinea-pigs against 
infection with all three organisms. Against homologous infection, the residues 
from Br. abortus and Br. suis appeared to be better than the other residues but 
this was not so for the residue from Br. melitensis. The efficacies of the preparations was such that against Br. abortus and 
Br. melitensis challenge, a large number of the treated guinea-pigs had no demon- 
strable infection in their spleens at the fourth week after challenge. Against 
challenge with the more infective Br. suis only a few treated animals were free 
from infection after this period but their spleen counts were considerably lower 
than those of the control animals. 

The immunogenic activity in guinea-pigs of Hughes Press residues from three 
attenuated strains of Br. abortus 

Against challenge with Br. abortus, guinea-pigs were protected by Hughes 
Press residues from Br. abortus S19,45/0 and 45/20 but the products from the two 
former smooth strains appeared to be more effective than that from the rough 
45/20 strain (see bottom of Table I). 

The immunogenic activity in mice of culture filtrates from attenuated strains of 
Br. abortus and from virulent Br. melitensis and Br. suis 

The results in Table II show that culture filtrates from the attenuated strains 
of Br. abortus immunized mice against challenge with Br. abortus but the product 
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TABLE I. = Crosa protection of Guinea-pigs using Hughes Press Residues 
(Crude Cell-wall Preparations) from Br, abortus, Br. melitensis and Br. Buis 

Numbers of guinea-pigs (per cent)" having spleen counts as indicated 
r- 

Challenge : Br. abortus Br. melitensis Br. aui8 
(544: 5X 103 (6015: 3X 102 (KG25 :5X 10 orgs. ) 

orgs. ) orgs. ) 
Immunization r ---'ý--. rA`---1% 
Hughes Press Residue Spleen Nils < 10+ Nil < 10, < 106 Nil <I 0. < 104 < 105 <106 

(0.2 m1=6 X 1010 orgs. )t counts : 
Nil .0600 14 00007 
Br. abortus (544) . 54§ 78 58 80 87 8 13 18 25 40 
Br. meliten8i8 (6015) 20 55 50 86 91 3 12 20 35 50 
Br. Buis (KG25) . 18 68 82 92 93 4 18 32 49 56 

Br. abortus (819) .. 35 80 
Br. abortus (45/0) .. 37 65 
Br. abortua (45/20) .. 16 57 

Percentage based on groups of 60-90 animals in several similar experiments ; details of test for 
immunizing activity, see text. 

t This dose, repeated after 2 weeks. 
t No organisms detected i. e. < 100 orgs. /spleen. 
§ Under these conditions the standard Weybridge live 819 vaccine (single dose, 1 ml. ), resulted in 

70-80 per cent of the guinea-pigs having non-infected spleens (Stableforth, 1959). 

TABLE II. The Immunizing Activity of Culture Filtrates in Mice 
Immunizing activity* = Number of survivors in groups of 10 mice 

Culture Filtrate Challenge : Br. abortue Br. meliteneia Br. suia 
(544) (6015) (KG25) 

Immunizingt Nil 0.5 0.050.005 Nil 0.5 0.050.005 Nil 0.5 0-050-005" 
dose : ml. ml. MI. 

Controls .000 Br. abortus (544) .989 Br. reelitensis (6015) .993722867 Br. suis (KG25) . 10 10 9767 10 7 10 

Br. abortus (S19) 10 9 10 
Br. abortu8 45/0 .. 10 10 9 
Br. abortus 45120 823 

* Details of test see text. 
t This dose given twice, with an interval of 2 weeks : the uninoculated Sterne medium gave no 

protection. 

from the rough 45/20 strain was less effective than that from the two smooth 
strains S19 and 45/0. (cf. activity of the Hughes Press residues-see above. ) 
The filtrates from cultures of Br. melitensis and Br. suis protected mice against 
challenge by all three brucella species-thus supporting the evidence for cross- immunization. 

DISCUSSION 

In comprehensive immunization experiments, crude cell-wall preparations (Hughes Press residues) from Br. abortus (544), Br. melitensis (6015) and Br. suis (KG25) have protected guinea-pigs against infection with all 3 brucella species. The homologous vaccines appeared to be the most effective against challenge 
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with the abortus and suis species, whereas all 3 residues were equally effective 
against Br. melitensis. The single vaccine which would be the most successful 
in combating infection by any one of the 3 allied species was the suis residue, 
because it was the superior vaccine against Br. suis and Br. melitensis, and reason- 
ably effective against Br. abortus. 

These conclusions can only be tentative in view of the low slope of the dose 
response curve for immunity-experiments with these preparations (see Smith 
et al., 1962). Furthermore, for the latter reason, and because of differences be- 
tween immunization procedures used by the various workers, e. g. different doses 
of vaccine given in single or double doses spaced at different intervals ; different 
intervals 2-8 weeks) between vaccination and challenge ; different challenge 
doses (5 x 10-5 X 104 organisms) and different intervals between challenge and 
spleen-counts (4-8 weeks), it is difficult to make a direct comparison between our 
materials and the several non-living preparations which have been used to im- 
munize guinea-pigs against brucellosis, e. g. the preparations from Br. abortus 
of Paterson, Pirie and Stableforth (1947) and McDiarmid and Sutherland (1957) 
against challenge with Br. abortus and the preparations of Jones et al. (1958) from 
Br. melitensis against challenge with Br. melitensis and Br, abortus. Nevertheless 
from a general comparison of the results, it would appear that at least our crude 
materials (given without adjuvant) are not less active than the previous prepara- 
tions, and deserve further study aimed at producing them in a purer and soluble 
form. 

SUMMARY 

Crude cell wall preparations of Br. abortus, Br. melitensis and Br. suis have 
protected guinea-pigs against infection with all three brucella species. As a 
single vaccine against the group, the vaccine from Br. suis would appear to be 
the most promising. 

Protective antigen was detected in filtrates from cultures of attenuated strains 
of Br. abortus, and of virulent Br. melitensis and Br. 8UiS. 
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IN the pregnant cow, the predilection of Brucella abortus for foetal rather than 

for adult tissue is well known (Stableforth, 1959). In the first paper in this series, 
Smith, Keppie, Pearce, Fuller and Williams (1961) confirmed the general patho- 
logical findings (Smith, 1919; Payne, 1959) that there was an especially 

heavy 

infection in the foetal cotyledons, in the chorion and in the purulent foetal fluids. 

These tissues contained respectively 60-85,1-25 and 2-8 er cent of the total 

Br. abortus (3-14 X 1013) fond in a survey of the maternal and foetal tissues of 

five experimentally infected pregnant cows when abortion was imminent. 
of 

paper describes an investigation of the chemical basis for this localisation 
Br. abortus which was undertaken for two reasons. First, the cause of the pre' 

dilection was the major unknown factor in the pathology of contagious abortion, 

since once a heavy growth of the pathogen had occurred in these foetal tissues 

the well known endotoxin of Br. abortus could cause the characteristic abortion 
(Huddleson, 1953; Rudler and Thomas, 1960). Second, it was an opPortumty 
to study the basis of one example of tissue specificity which is so common to man3' 

pathogens-bacterial and viral-and so unexplained (Wilson and Miles, 195'; 

Wilson, 1957). 
The lack of immunity-mechanisms probably has some effect but this cannot 

be the main reason for foetal infection otherwise most pathogens would attack 
foetal tissue in the same way as Br. abortus and this is not so. A more specific 
basis for the preferential growth was indicated and one possibility was the presence Br. 
in foetal tissues, of a metabolite which if not essential for the growth of 

abortus was at least beneficial. This hypothesis received support from initial 

experiments, summarised below, which showed that an extract of bovine foetal 

cotyledons was a better growth medium for Br. abortus (strain 544) than sim 
extracts of other maternal and foetal tissues, and that a diffusate prepared 

from 

the cotyledon extract was equally effective as a growth medium. At this stage, 
the results from a different study of the pathogenesis of Br. abortus (pear 

o this Williams, Harris-Smith, Fitz eor e and Smith, 1962) became relevant to 

topic of eferential growth in foetal tissue. In an attempt to identify the chemical 
basis for the intracellular growth of Br. abortus, a substance responsible 

for the 

ability of infected bovine fluids to stimulate the growth of Br. abortus within 
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bovine phagocytes, was isolated and identified as erythritol. However this 
product proved to be a constituent of normal foetal fluids from which it was 
also isolated (Pearce et al., 1962). Immediately the possibility arose that growth 
stimulation by erythritol could be the cause of the preferential growth of Br. 
abortus in foetal tissue. This paper describes work which strongly supports this 
postulate. First, a survey of extracts of various maternal and foetal tissues 
for erythritol content and ability to stimulate the growth of Br. abortus in vitro 
showed that growth stimulating erythritol was a foetal product and concentrated 
in those tissues which in brucellosis are most prone to heavy infection. Second, 
injections of erythritol enhanced infections of Br. abortus in 1-5 day old calves. This work has been summarised elsewhere (Smith, Williams, Pearce, Keppie, 
Harris-Smith, Fitzgeorge and Witt, 1962). 

MATERIALS AND METHODS 

Preparation of tissue extracts and their diffusates. -The tissue samples (200 g. wet weight ; freshly collected, or occasionally after storage at -20°) from a 6-7-month pregnant brucel- 
losis-free cow were macerated at 0-2° in a Waring Blender (4 periods of 30 sec. at high speed 
with 2 min. intervals) with isotonic phosphate saline buffer (200 ml. ; containing NaCI 7.5, 
Na2HPO4 1.42, KH'PO` 1.36 g. /l.; pH 7.4 with 40 per cent w/v NaOH). The macerates 
were clarified by centrifuging at 10,000 r. p. m. for 30 min. at 0-2° in a M. S. E. Angle 13 
centrifuge. If the extracts were to be used in growth media, they were centrifuged at 30,000 
r. p. m. for 150 min. at 0-2° in the 30 rotor of a Spinco ultracentrifuge and filtered through 
Millipore. 

Diffusates, prepared by dialysing the extracts (ca. 200 ml. ) against deionised water (3 X 400 ml. over 3 days), were freeze-dried. To estimate the total amount of diffusible 
material in the extracts (so that the freeze-dried diffusates could be re-dissolved at a strength 
= the original extracts), the losses in dry weight (105°, 16 hr. ) of small samples of the extracts 

were obtained after exhaustive dialysis. 
Test for ability to stimulate the growth of Brueella abortus (544) in vitro. -In a previous 

study (Pearce et at., 1962) erythritol (ca. 0.2 
, ug. per ml. ), isolated from foetal fluids, stimulated 

the growth of Br. abortus (strain 544) in bovine phagocytes whereas a wide range of concentra- 
tions of glucose, mannose, galactose, fructose and N-acetyl glucosamine did not. The biolo- 
gical test used for detecting the growth stimulating activity within bovine phagocytes was too complicated for use in the proposed survey of tissue extracts for such activity. Hence, 
the following simpler test was used to detect growth-promoting activity ; the material under test was added to a medium which was then used for the growth of Br. abortus in vitro. 

Two-fold dilutions of the test sample (1 ml. ) were mixed with the basal medium (9 ml. ; 
see below) containing Br. abortus (544; inoculum-see below). Samples were taken for 
viable counts (3 plates for each dilution ; medium, tryptic meat agar containing 5 per cent Fildes' peptic-digest sheep blood). Aliquots (3 ml. ) were placed in conical flasks (25 ml. ) 
which were gassed with sterile air containing 5 per cent CO� sealed with a rubber bung and 
shaken at 37°. After 22 and 27 hr., samples were taken for viable counts and flasks containing 
materials with growth-stimulating ability produced higher counts than control flasks. The 
ability of a material to stimulate the growth of Br. abortua is quoted as the highest dilution 
(calculated on the mixture of material with the basal medium) which under these conditions 
produced a count at least double that of the control after either 22 or 27 hr. incubation. 
Before using this test for a survey of tissue-extracts for growth-promoting activity, erythritol (in contrast to the sugars described above) was shown to be active, i. e. on Br. abortu8 growing 
extracellularly in vitro. Two media were used : (1) a mixture of heated bovine serum (60°, 
1 hr., to destroy bactericidin) with an equal volume of saline, using an inoculum of ca. 3X 104 organisms per ml. ; in 32 experiments, in which erythritol isolated from bovine 
foetal fluids (Pearce et al., 1962) was indistinguishable from " authentic " erythritol, 0.25- 
1.0 µg. produced the requisite two-fold increase in bacterial count under the conditions described above ; several batches of serum/saline were used and in only one batch was 2-4 µg. 
of erythritol required, (2) tryptic meat broth containing 5 per cent Fildes' peptic-digest 
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sheep blood with an inoculum of ca. 3x 103 organisms per ml. ; in 16 experiments, 0.5-4 pg. 
of erythritol from foetal fluids or other sources stimulated'the growth in several batches 

of media. 
The crude tissue extracts were examined only in the bovine serum medium since this 

seemed more appropriate for the problem under investigation. 1 1, 
Estimation of erythritol in tissue extracts. -In brief, ionic materials and sugars were removed 

from diffusates of tissue extracts by the methods described by Pearce et al. (1962), and after 
subsequent paper chromatography, the erythritol was estimated by visual comparison of 
stained spots (in the early stages of the work), and later by the periodate/chromotropie 
acid method used by Anderson, Andrews and Hough (1961) for estimating sorbitol. 

Removal of ionic materials and sugars. -Freeze dried diffusates (0-5 g. ) from known 
volumes of original extracts were dissolved in water (4 ml. ) and applied to a column (1.8 cm 2, 
24 cm. length) of mixed bed resin (Amberlite IR45 (OH form) 14 g. and Zeo Karb (H. form) 
7 g. ; for preparation see Pearce et at., 1962). The column was eluted with water and the 
eluate (200 ml. ) was freeze-dried. This was applied in water (4 ml. ) to a column (1.8 cros, 
30 cm. length) of a highly basic resin (Amberlite IRA400 (OH form) 40 g. ; for preparation 
see Pearce et at., 1962) which was eluted with C01-free water. The eluate (200 ml. ) was 
freeze-dried. 

In two similar experiments, erythritol (2 mg. ) was subjected to the above procedure for 

removal of ionic materials and sugars ; estimations by the periodate/chromotropio acid 
procedure described below showed that ca. 90 per cent of the erythritol passed the first 
column and ca. 80 per cent of this was eluted from the highly basic column. 

Paper chromatography--estimation by visual comparison of strained spots. -The freeze-dried 
eluate from the basic column was dissolved in water (0.25 ml. ) and quantities equivalent to 
standard volumes of the original tissue extract were applied to Whatman No. 1 paper, which 
was developed in n-butanol : acetic acid : water (4: 1: 5). The papers were dried at room 
temperature and stained by two methods : (1) by the silver reagent of Trevelyan, Proctor 
and Harrison (1950); (2) by the vanillin/perchloric acid method of Godin (1954). The 
intensity of the erythritol spot from the experimental sample was compared with the inten- 
sities of the spots produced by known quantities of erythritol run on the same chromatogram. 
Under these conditions, ca. ̀  10 pg of erythritol could be detected by the silver method and 
ca. 20 pg. by the Godin method. Hence if the amount of material chromatographed was 
equivalent to 5 ml. of original extract 2-4 µg. per ml. of original extract was detectable. 
The error of the method was ± 50 per cent. 

Paper chromatography : estimation by periodate/chromatropic acid-The freeze-dried 
eluate from the basic column was dissolved in water (0.25 ml. ) and quantities equivalent to 
standard volumes of the original tissue extract were applied to Whatman No. 54 paper 
(this produced smaller blanks than Whatman No. 1 paper in the subsequent colorimetric 
analysis) ; each quantity was applied to the paper in duplicate side by side. After chromato- 
graphing with n-butanol : acetic acid : water (4 :1: 5) as solvent, the papers were dried at 
room temperature for 24 hr. and one of the duplicate chromatograms was used to locate the 
erythritol band (by staining with the silver method, see above, and comparing with an 
erythritol marker). The paper containing the erythritol band was out from the other 
chromatogram and extracted -with water (4 ml. ; shaken vigorously for 1 hr. ). After 
removing the paper fibres by centrifugation (1700 X g. for 10 min. ), the erythritol in aliquots 
(2 ml. ) was estimated by the periodate/chromotropic acid method (cf. Anderson et al., 1961) 
using solutions of erythritol (10-150 pg. in 2 ml. ) as standards. The optical densities were 
measured at 570 my on the Coleman spectrophotometer ; those obtained on the experimental 
samples were reduced by the optical density of a sample prepared from an area of paper 
equal to that extracted above, but coming from a region of the chromatogram which 
contained no stainable material. 

The method could detect less than 10 pg. of erythritol and in several (7) experiments in 
which authentic erythritol was chromatographed, 90-100 per cent of the original material 
was estimated to be on the eluate of erythritol band. 

Recovery of erythritol added to cow serum. -In several experiments, 200,20 and 10 pg. 
per ml. of erythritol was added to cow serum which contained no detectable erythritol ; the 
mixtures were subjected to the above procedures for estimation of erythritol and 80-100 per 
cent of the erythritol added to the cow serum was recovered, even at the 10 pg. per ml. level. 

Erythritol. -This was obtained from G. T. Gurr Ltd. ; for chromatographic purposes 
and use in bacteriological media it was recrystallized from moist acetone. 
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RESULTS 

Initial experiments on the growth of Br. abortus (544) in saline extracts of the 
maternal and foetal tissues of the cow 

When extracts of various foetal and adult tissues of several pregnant cows 
were used as growth media for Br. abortus (544), under standard conditions 
(initial pH 7.0, inoculum 103 organisms/ml., shake cultures, 37°, 5 per cent C02/ 
air ; viable counts at intervals up to 24 hr., " standard " medium of tryptic meat 
broth with 5 per cent peptic digest sheep blood included in each experiment) the 
extract of foetal cotyledons proved the best medium ; the lag phase was short and 
the rate of growth in the log phase was greater than the rate in any other extract. 
This was also true when the carbohydrate contents (Somogyi, 1945; as glucose) 
of all extracts had been adjusted with glucose to the equivalent of 5 mg. glucose 
/ml. The active nutrients were small molecules since the diffusate from the foetal 
cotyledon extracts, made up at a strength - the original extract, was equally 
effective as a medium for the growth of Br. abortus. 

The erythritol content and growth-promoting activity of tiseue-extracts from pregnant 
cows 

The results of a survey of tissue extracts from a number of pregnant cows, 
which are summarised in Table I, show that erythritol is a foetal product and is 
concentrated in the tissues most prone to heavy infection in brucellosis, namely 
the foetal fluids, the cotyledons, and the chorion. The growth-stimulating 
activity of the extracts ran parallel with their erythritol content. Furthermore, 
the growth-promoting activity of each extract was determined in duplicate at 
three stages in their preliminary fractionation prior to the erythritol determination 
(see methods), (1) as crude extract, (2) as diffusate and (3) as eluate from the 
mixed bed resin column-all concentrations being related to that of the original 
extract. In all cases, growth-promoting activity followed the fractionation of 
erythritol. In experiments on the tissue-extracts from cow 33, positive tests 
for growth promoting activity were also obtained with eluates from the erythritol 
spots separated by paper chromatography (see methods), whereas negative 
tests were obtained with corresponding eluates from chromatograms of extracts 
containing no erythritol. Finally-erythritol (25 mg. ; identified by C and H 
analysis, m. p., paper chromatography in 3 solvents, infra-red spectrum, and 
analysis of its dibenzylidene derivative (cf. the table of Pearce et al., 1962) was 
isolated from an extract of foetal cotyledon tissue (1400 ml. ) by the method 
which had been used for its isolation from foetal fluids (Pearce et al., 1962). 

Enhancement of infection of Br. abortus in 1-5 day old calves by injections of 
erythritol 

To simulate the conditions in utero as nearly as possible in an adequate number 
of animals, several pairs of calves were used as soon as possible after birth. One 
calf received intraperitoneally Br. abortus (strain 544) and the other was given 
Br. abortus and erythritol (10 per cent w/v in water) given in the following manner ; 
250 ml. a/c 6 hr. before infection, 250 ml. s/c and 5 ml. i/p at infection and sub- 
sequently 50 ml. s/c twice daily. After 7-9 days the animals were killed and the 
numbers of viable Br. abortus in their spleens were counted. The results in 
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TABLE II. Enhancement of Infection of Br. abortus in 1-5 Day Old Calves by 
Injections of Erythritol 

Number of Br. abortus Duration of 
given infection 

Calf pair intraperitoneally (days) 
A (3 calves) 6x 1011 8 

B 6x1011 8 
C 6x 1010 7 
D 6x 1010 7 
F (3 calves) 6x 1010 9 

a 2x 1010 9 H 5x1030 8 
I 5 x1010 7 

Number of Br. abortus 
in spleens of calves 

Erythritol Treated 
Control treated* Control 

2.6x107 1.5X109 58 
8.5x10' 3.3 

6.3X10" 9.0x108 143 
2.2x10" 7.3x108 331 

5x10' 4x106 8 
5x106 1x10' 20 

1.2X10" 2.4x101" 20,000 
3x 10" 2.5 

4.0X105 6.8x107 170 
1.4 x 105 3.9 x 10' 28,000 
2.4x104 1.6x10" 67 

* For details see text. Calves treated in pairs Hand I received 1/10th of the erythritol received by animals treated in other pairs. 

Table II show the enhancement of infection produced by the daily injection of 
erythritol. The amount of erythritol used in the majority of these experiments 
was large because a rapid excretion was expected and the aim was to hold an 
adequate concentration in the tissues. Erythritol estimations on the urine from 
3 treated animals showed that excretion was rapid (19,27 and 29 per cent of 
that injected within 5 hr. ), whilst no erythritol was detected (< 10 Ug. per ml. 
urine) in the urine from 3 control animals. Nevertheless, when the amount of 
erythritol injected was out to one tenth for pairs H and 1, the enhancement of infection was still apparent. 

DISCUSSION 
It is possible that the erythritol content of the saline extracts examined here 

does not reflect the total erythritol content of the tissues. However, this is 
improbable and it seems fairly certain that in pregnant cows, erythritol is a foetal product concentrated in those tissues which in contagious abortion are more 
prone to heavy infection. This distribution of erythritol and its ability to stimu- late the growth of Br. abortu8 (544) in vitro, in bovine phagocytes (Pearce et al., 
1962), and in 1-5 day old calves, strongly suggest that its occurrence in foetal 
tissue, coupled with the lack of immunity-mechanisms, is the cause of the pre- dilection of Br. abortus for such tissue. As yet, we have worked solely with one 
virulent strain of Br. abortus but it is probable that other strains-at least some 
virulent ones-will be similarly affected by erythritol since McCullough and Beal 
(1951) have already shown that erythritol was the best of 9 carbohydrates for the 
growth of four different virulent strains of Br. abortus in a simple basal medium. 

This recognition of erythritol in bovine foetal tissue and the demonstration 
of its probable role in foetal growth of Br. abortus would appear to be important 
outside their immediate relevance to the study of the pathology of bovine con- 
tagious abortion. First, the, probable basis has been recognised for one of the 
many examples of tissue-specificity in bacterial infection which as yet are largely 
unexplained (Wilson and Miles, 1955; Wilson, 1957). Second, until recently 
erythritol had not been found in animal tissue and was believed to be metabolically 
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inert (Carr and Krantz, 1945; Batt, Dickens and Williamson, 1960). However, 

while this work was in progress, erythritol was found in two samples of human 
urine (Touster, Hecht and Todd, 1960). How, then, is erythritol produced in 
the animal kingdom and what is its function? It may be an intermediate beween 
erythrulose and erythrose (and hence a connection with the pentose pathway) 
as sorbitol acts between glucose and fructose in the foetal tissues of ungulates 
(Hers, 1957). Third, small amounts of erythritol have been shown to stimulate 
the growth of Br. abortus intracellularly and extracellularly in media containing 
adequate carbohydrate. This activity of erythritol in these `° vitamin-like 
amounts prompts questions of its function in the metabolism of Br. abortus. 

Finally, the presence or absence of erythritol (or some related compound) 
in foetal or other tissues may determine the nature of brucellosis in animals other 
than the pregnant cow. Thus it is possible that erythritol may be the basis of 
the predilection of brucella for male genital organs in cattle, sheep and pigs. 
We are investigating this question together with that of the relevance of foetal 
erythritol to infections with Br, melitensis and Br. suis (as well as those with 
Br. abortus) in different animal species with differing foetal susceptibilities to 
infection. In this connection the following preliminary results are encouraging. 
Erythritol could not be detected (less than 3 

jug. per ml. ) in extracts of human 
(4), rat (3), rabbit (3) and guinea-pig (3) placentae. In these animals, Br. abortus 
does not usually produce the overwhelming infection of the placental and foetal 
tissue found in the bovine, hence the non-detection of placental erythritol is 
significant. On the other hand, erythritol was found in placental extracts of 
sheep (ca. 10,20 and 25 pg. per ml. of extracts from 3 placentae examined as 
described in Table I), pigs (10,20,20 and 20, ag. per ml. of extracts from 4 placentae) 
and goats (10 and 20 pg. per ml. of extracts from 2 placentae) which in brucellosis 
suffer the characteristic heavy foetal and placental infection which leads to 
abortion. 

SUMMARY 

A survey for erythritol of extracts' of various maternal and foetal tissues of 
pregnant cows, showed that it was a foetal product concentrated in those tissues 
(chorion, cotyledons and foetal fluids) which in brucellosis are more prone to 
heavy infection. 

Microgram quantities of erythritol stimulated the growth of Br. abortus, in 
vitro, in media containing adequate carbohydrate, and erythritol was responsible 
for the growth stimulating activity of extracts of relevant foetal tissues. 

Injections of erythritol enhanced infections of Br. abortus in 1-5 day old calves. 
It is concluded that foetal' erythritol (coupled with the lack of immunity- 

mechanisms) is a cause of the predilection of Br. abortus for foetal tissue in bovine 
contagious abortion. 

We are indebted to Miss G. R. Fanstone, Mr. G. Wilkins and Miss A. D. Raw- 
kins for excellent technical assistance. 
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THE localization of Brucella abortus in the placenta and other foetal tissues of 
the pregnant cow appears to be due to the occurrence in these tissues of a growth 
stimulant, erythritol (Smith et al., 1962 ; Pearce, Williams, Harris-Smith, 
FitzGeorge and Smith, 1962; Williams, Keppie and Smith, 1962). Threitol and 
other polyols do not stimulate the growth of Br. abortus which uses erythritol as an 
energy source in preference to glucose (Anderson and Smith, 1965). This paper 
describes investigations to see if these observations could be extended to explain 
the intense localization of brucellae that occurs in some animal species and not 
others. The effect of erythritol on the growth of Brucella melitensis (which 
mainly infects sheep and goats) and of Brucella 8Ui8 (which mainly infects pigs) has 
been studied in vitro and in vivo. The placentae of animal species susceptible to 
acute placentitis and of those species not susceptible to this intense localization 
have been examined for the presence or absence of erythritol. Finally, since in 
the males of susceptible species (bull, he-goat, ram and boar) brucella localize in 
the genitalia, the erythritol content of the latter has been determined. 

MATERIALS AND METHODS 

Teat for the growth stimulation of Br. melitensis and Br. Buis in vitro. -Media (3 ml. con- 
taining various concentrations of erythritol ; in 25 ml. flasks) were inoculated with organisms 
(grown on tryptic meat agar) ; after shaking in air for 1-3 days at 37° the populations in 
control and experimental samples were determined by viable counts as described for Br. 
abortu8 (Williams et at., 1962). The following media and inocula were used : (1) heated 
serum used as a 50 per cent mixture with saline was obtained from the goat or sheep for 
Br. melitensi8 (6015) or from the sow for Br. sui. (KG 25). The inoculum was either 1X 105 
or 1x 106 organisms per ml. and samples were taken on the 2nd and 3rd days. (2) Tryptic 
digest meat broth containing 5 per cent Fildes's blood digest was inoculated with 1x 103 
organisms per ml. and grown for 24-27 hr. (3) The defined medium of Rode, Oglesby and 
Schuhardt (1950) was seeded with 1x 104 org. per ml. and sampled after 24-27 hr. (4) The 
synthetic medium of McCullough and Dick (1943) was used only for Br. auis ; the inoculum 
was either 1x 105 or 1X 10" org. per ml. and counts were made after 3 days incubation. 

The lowest concentration of erythritol was noted which, in a number of similar experi. 
ments produced a two-fold increase in population as compared with that in the control 
sample at the quoted sampling times. Since Brucella app. utilize relatively large quantities 
of erythritol (Anderson and Smith, 1964) the optimum amount of erythritol to produce a 
significant stimulatory effect depends on the inoculum. Furthermore very high concentra. 
tions are inhibitory. Hence in this work a large range of concentrations of erythritol was 
examined in all media to obtain the smallest concentration producing the necessary two-fold 
increase in population. 

Preparation of tissue extracts. -This was described by Williams et al. (1962). 
Estimation of erythritol in tissue extracts. -Paper chromatography which could detect 

10 pg. erythritol was described by Williams et al. (1962). In addition to those described, a 
further solvent system has been used, namely butan-2-one : acetic acid :4 per cent boric acid 
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(9: 1: 1 by vol. ) ; when the p-anisidine-periodate spray of Bragg and Hough (1958) was 
used in conjunction with this solvent as little as 2 pg. of erythritol was detected. 

Parenteral injection of guinea-pigs with erythritol. -A 10 per cent aqueous solution of 
erythritol (G. T. Gurr Ltd. ) was filtered through Millipore ; the doses shown in Table II were 
given to groups of guinea-pigs by the subcutaneous injection of equal amounts twice daily. 

RESULTS 

The stimulation of the growth of Brucella melitensis and Brucella suis by erythritol 
in vitro 

In digest broth or the medium of Rode et al. (1950) the growth of a virulent 
strain of Br. melitensis (6015) was increased 2-fold by 4 pg. per ml. of erythritol. 
In diluted heated sheep or goat serum 10 pg. per ml. of erythritol increased the 
growth of Br. melitensis (6015) 2-fold. 

Br. suis (KG 25) grows more vigorously than other Brucella spp. and no signi- 
ficant stimulation of growth by erythritol (0.4-40 pg. mg. ml. ) was observed in the 
two favourable media (digest broth and the medium of Rode et al., 1950). In the 
less favourable media significant stimulation of growth was obtained. Thus, in 
diluted serum, growth was regularly enhanced 30-50 per cent by 40 pg. per ml. of 
erythritol in a long series of experiments, and in the simple medium of McCullough 
and Dick growth was enhanced 2-fold by 0.4-4 pg. per ml. 

The specificity of these effects of erythritol on the growth of Br. melitensis 
and Br. suis was indicated by the fact that in the various media glucose and 
fructose (0.4-400 pg. /ml. ) had no stimulatory effect. 

The enhancement by erythritol of Br. melitensis and Br. suis infections in the guinea-pig 
As a sequel to the demonstration of the stimulatory action of erythritol in 

vitro, observations were made in vivo. Groups of guinea-pigs were challenged 
with a small number of one of the above Brucella spp. The challenge was such 
that at the time of killing at the end of one week infection was seldom detectable 
in the spleens of untreated controls. Each daily dose of erythritol was divided 
into two equal portions : on the day of challenge one half of the high initial dose 
(5 X the amount given on each of the subsequent 6 days) was given subcutaneously 
a few hr. prior to the challenge of organisms and the remainder was injected with it. 

Table I shows the increased incidence of spleen infections both from Br. 

melitensis (6015) and from Br. Buis (KG 25) resulting from the parenteral adminis- 
tration of erythritol. The erythritol both increased the proportion of animals 
with detectable splenic infection and the level of the latter. 

Table I shows the effect of the optimal amount of injected erythritol. This 

optimal amount was determined in initial experiments in which the amounts of 
erythritol were varied in 5-fold steps. The amount of erythritol required to 

enhance Br. melitensis (6015) infection in the guinea-pig was 25 times greater than 
that which sufficed to produce the enhancement of Br. suis (KG 25). Larger 

amounts of erythritol tended to produce a smaller increase in the infection rate 
with Br. Buis. This fact probably reflects a difference in the metabolism of the 
two species in the guinea-pig. It also emphasizes the finding in vitro (Anderson 

and Smith, 1964) that in investigations of the relation between erythritol and the 
brucella, it is essential to find the correct balance between the bacterial mass and 
the supply of the polyol. 
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TABLE I. The Enhancement by Erythritol of Br. melitensis and 
Br. suis Infections in the Guinea-pig 

Challe nge Treatment No. animals 
No. viable with infected Per cent Mean count of 

Organism organisms erythritol (>25 org. /spleen) infected infected spleens 
Nil 0/12 0 0 

500 (ip) 1 g. * on first day; 11/12 91.5 3500 
0.2 g. daily for 

Br. meliten8i8 
L6 days 

(6015) ( 
Nil 4/12 33 75 

3000 (im) Erythritol as above 9/12 75 5000 

Nil 4/10 40 500 
500 (ip) 0.04 g. * on first day ; 10/10 100 2100 

0.008 g. daily for 
Br. auig 6 days 

(KG 25) 
Nil 4/40 10 1400 

20-80 (im) Erythritol as in 10/20 50 2800 
previous expt. 

*This dose divided into two equal parts, given morning and afternoon, by subcutaneous injection 
of a 10 per cent solution. 

The enhancement by erythritol of the growth of Br. arbortus (strain 544) in 
vivo in the natural host-the calf-was described by Williams et al. (1962). This 
result was confirmed in the guinea-pig during the present series of experiments. 
Guinea-pigs were given Br. abortus (strain 544) with and without erythritol (1 g. 
first day ; 0.2 g. daily). After 2-3 weeks 100 per cent of the treated animals had 
infected spleens whereas only 10 per cent of the control animals were similarly 
infected. 

The erythritol content of tissue extracts of placenta from species differing in their 
susceptibility to intense placentitis 

Having established that erythritol stimulated the growth of Br. melitensis and 
Br. suis both in vitro and in vivo, the predilection tissues of the natural hosts and 
of other species were examined for the presence or absence of erythritol. 

TABLE II. -The Erythritol Content of Tissue-extracts of the Placenta 
of Ungulates and of Non-ungulates 

Erythritol (, ug. /m1. extract)* 
Cow Ewe Goat Sow Man Rat Rabbit Guinea-pig 
60 42 27 22 <2 <2 <2 <2 

*These values are the mean value of similar readings from 3-4 different specimens. 
The maternal serum of cow, ewe, goat and sow contained no detectable erythritol (<2 µg. /ml. 

extract). 

The results shown in Table II give a clear-cut answer. As in the cow, the 
placenta of the ewe, goat, and sow contains easily demonstrable amounts of 
erythritol, whereas in contrast, no erythritol was detected in the placenta of a 
number of species such as man, rat, rabbit, or guinea-pig which do not suffer from 
the acute placental form of brucellosis. Other tissues of the above animal species 
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were not extensively examined as were those of the cow in an earlier study (Williams 
et al., 1962) but an examination of samples of maternal serum failed to reveal 
erythritol and it was therefore concluded that in the ewe, goat, and sow erythritol 
was, as in the cow, entirely a foetal product. On the basis of enzyme studies 
Glock (1964) has provided a possible explanation for the accumulation of erythritol 
in some animal tissues rather than in others. 

The above four ungulates which are susceptible to acute placentitis in brucellosis 
are linked taxonomically in the Order Artiodactyla with the llama (Llama guanico), 
the black buck (Antilope certicapra) and the bactrian camel (Camelus bactrianus). 
It was therefore of some interest when erythritol (20-40 pg. /ml. extract) was found 
in samples of placenta from these more exotic species. 

The erythritol content of extracts of the seminal vesicle and testicle of the bull, ram, 
goat and boar 

In the males of some species, infection is most marked in the seminal vesicle 
and in the testicle. A reason for- this was forthcoming when erythritol was 
demonstrated in both the above tissues from the bull, the ram, the goat and the 
boar. The results in Table III show that in each species the seminal vesicle 
contains more of the polyol than does the testicle. The finding that the respective 
male sera contained no detectable erythritol (<2, ug. /ml. ) emphasized the localized 
occurrence in the genitalia. It was interesting that no erythritol (<6 pg. /ml. ) was 
detected in extracts from 2 samples of human seminal vesicle. 

TABLE III. -The Erytliritol Content of Tissue-extracts of Seminal Vesicle and 
Testis and of the Serum of Species Susceptible to Genital Brucellosis 

Erythritol (gg. /m1. extract)* 
Bull Ram Goat Boar 

Seminal Vesicle 34 15 60 7 
Testis 3583 
Male Serum <2 <2 <2 <2 

"31ean values of the similar readings obtained from 3-4 different specimens. 

DISCUSSION AND SUMMARY 

Following the observation that the presence of a growth stimulant-erythritol 
-in the susceptible tissues appeared to explain the localization of Br. abortus 
in the pregnant cow, the work in this paper suggests that the distribution of 
erythritol also can explain the localization of all 3 Brucella spp. in their preferred 
hosts. 

The growth of Br. melitensis and Br. suis in vitro was stimulated by microgram 
quantities of erythritol. 

The parenteral injection of erythritol into guinea-pigs given a sub-infective 
challenge of Br. melitensis or Br. suis increased the number infected and the 
severity of the infection. 

Erythritol was found in the placenta of animal species such as the ewe, the 
goat and the sow which are susceptible to acute placentitis in brucellosis. It was 
not found in the placenta of species such as man, rabbit, guinea-pig or rat, in which 
brucellosis does not take this localized form. 
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Similarly in the males, erythritol was found in seminal vesicle and testis of the 
bull, ram, goat, and boar but could not be detected in human seminal vesicles. 

Our thanks are due to the Director of Whipsnade Zoo for supply of material. 
Excellent technical assistance was given by 

Miss 
G. R. Fanstone, Miss A. D. 

Rawkins and Mr. G. Wilkins. Part of this work was used by one of us (A. E. W) 

in a thesis submitted for the degree of Doctor of Philosophy in the University of 
London. 
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SUMMARY 
Erythritol stimulated the growth of virulent strains of Brucella abortus 

more than that of attenuated strains. No similar correlation existed between 
virulence and response to erythritol with strains of B. melitensis and 
B. suis; these were stimulated indiscriminately by erythritol. 

Erythritol was not detected in extracts of bovine white blood cells and 
hence is unlikely to be connected with the primary invasive process of 
intraphagocytic survival and growth of B. abortus. However, ultrafiltrates 
from extracts of bovine white blood cells stimulated the growthofB. abortus 
in laboratory media. 

INTRODUCTION 

The presence of erythritol-a growth stimulant for brucellas-in susceptible 
tissues appears to explain the localization of brucellas in the placenta and male 
genitalia of susceptible animal species; those animal species which do not suffer 
intense placentitis in brucellosis had no detectable erythritol in their placentas 
(Smith et al. 1962; Pearce et al. 1962; Williams, Keppie & Smith, 1962; Keppie, 
Williams, Witt & Smith, 1965). In these studies, single virulent strains of Brucella 
abortus, B. melitensis and B. suis were used. The effect of erythritol on the growth 
of a number of strains has been investigated to see whether a connexion exists be- 
tween erythritol usage and virulence. McCullough & Beal (1951) had already shown 
that the growth of four different virulent strains of each Brucella species was stimu- 
lated by erythritol when it was present as the sole carbon and energy source in a 
simple basal medium. In the present studies, we have examined the effect of ery- 
thritol on the growth of several virulent and avirulent strains of Brucella in media 
containing adequate glucose. Some correlation was found between the virulence of 
various strains of B. abortus and their growth response to erythritol. These findings 
could not be extended to strains of B. melitensis and B. suis but they prompted the 
investigation reported in this paper. 

The ability of various strains of Brucella abortus to survive phagocytosis and 
multiply within bovine phagocytes is correlated with their virulence and appears to 
rely to some extent on protective cell-wall materials which may be produced more 
by virulent than by avirulent cells (Smith & Fitzgeorge, 1964; Macrae & Smith, 
1964). However, avirulent cells produce some protective material and a factor 
which may also contribute to the different behaviour of avirulent and virulent strains 
on phagocytosis might be a superior ability of the later to exploit the growth 
conditions of the host's phagocytes, while the bactericidal mechanisms of the latter 

are neutralized by the cell-wall materials. This hypothesis would be supported if 
the phagocytes contained small amounts of erythritol which could stimulate the 

growth of virulent rather than avirulent strains of B. abortus. Hence, extracts of 
white blood cells and other constituents of blood were examined for the presence 

j 
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of small amounts of erythritol and for the ability to stimulate the growth of virulent 
and avirulent strains of B. abortus in laboratory media. 

METHODS 

Strains of Brucella. The virulence of the ßrucella strains was determined in guinea 
pigs as follows; a dose of 3x 106 for Brueella abortus and B. melitensis, and 1x 103 
for B. suis was injected intramuscularly into guinea pigs (400 ± 50 g. ). Three weeks 
later the average count in the spleens of these animals was determined by the 
culture of suitable dilutions of macerated spleen. The strains were designated 
virulent when the spleen counts were greater than 3x 104, attenuated when greater 
than 1x 103 and less than 3x 104, and avirulent when less than 1x 103 (cf. Table II 
of Smith & Fitzgeorge, 1964): 

B. abortus strains Virulent 
Attenuated 
Avirulent 

B. melitensis strains Virulent 
Attenuated 
Avirulent 

B. suis strains Virulent 
Attenuated 
Avirulent 

2308, EL 297, B 265, BF 79, A 5,544 and 1503 
205/19, s 19,58/20 and 45/20 
11,99,45/0 
6015,1374 and ether 
61/115 and Rev. 1 
B 115,61/118 

sa 25,8973/56,1330,15 LA, and 63/171 
63/166,61/59,61/66, and Thomsen 
63/260 and 61/60 

Erythritol was supplied by G. T. Gurr Ltd. and recrystallized from moist acetone. 

Tests for ability of materials to stimulate the growth of Brucella in vitro 
(a) Viable count method. The method has been described previously (Williams et al. 

1962). The basal medium was a mixture of tryptic digest meat broth (1 part) and 
isotonic saline (2 parts); the inoculum was 100 organisms/ml. 

(b) Turbidimetric methods. Shake cultures in cuvette-flasks were used (Copeland, 
1955). Optically matched Pyrex test-tubes were fixed to the sides of 50 ml. conical 
flasks. Medium, inoculated with the test organism (see below) was distributed into 
the cuvette-flasks (10 ml. per flask). Experimental flasks received erythritol in 
Locke solution (0.2 ml. ). Control flasks received Locke solution (0.2 ml. ). The flasks 

were incubated on a horizontal shaker at 37°. Strains requiring added CO2 for 

growth were incubated in sealed aluminium boxes gassed with air containing 
5% CO2 

. 
When turbidity readings were required the flasks were turned through 

approximately 120°, thus transferring the culture to the side-arm, and turbidi- 

metric readings were obtained directly in the Coleman spectrophotometer. The flasks 

were then returned to the shaker when subsequent readings were required for the 

preparation of growth curves. The optical densities of duplicate flasks varied by less 

than 3 %. When required (see Table 2) regression coefficients for the log phase of 
growth were calculated from the curves between 17 and 25 hr and the ratios of the 

growth rates with and without erythritol were obtained. 
Two media were used in this work. 
Medium (1): a mixture of tryptic digest meat broth with Locke solution (1-x-1 by 

vol. ) with an inoculum of 1-2 x 108/ml. Turbidimetric readings were made at 
570 m/Z. 

Medium (2): a modified form of that used by Rode, Oglesby & Schuhardt (1950). 
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A glutamate-free modification of this medium (Anderson & Smith, 1965) would not 
support the growth of avirulent strains of Brucella abortus; hence 100, ug. L-glutamie 
acid/ml. was added. The modified medium differed from that of Rode et al. 
(1950) as follows. D-glucose 7.0 mg. /ml. (instead of 4.0 mg. /ml. ); ammonium 
sulphate 1.35 mg. /ml. (instead of nil); L-glutamie acid 100 /pg. /ml. (instead of 
3000µg. ni, -glutamic acid/ml. ). A concentrated (4 x) stock solution, minus the 
biotin, glucose and glutamic acid, was stored at -20°. A supply of medium for 
2 weeks was prepared from the stock solution by dilution, addition of biotin and 
filtration through a `Millipore' filter. The filtered solution was stable at 0-4° for 
14 days. Glucose and glutamate were added before each experiment and the 
medium refiltered. The medium was inoculated with 2x 101/ml. and extinction 
measurements on cultures were made at 430 mu. 

Estimation of erythritol. The method has been described by Williams et al. (1962). 

Preparation of cell extracts from bovine blood for biological and chemical analysis 

- Differential centrifugation of blood yielded large quantities of white blood cells 
which were purified from red blood cells. The white blood cells were disrupted 
ultrasonically and the ultrafiltrates of the extracts were examined. Red blood cells 
were also obtained and disrupted by freezing and thawing. 

Citrated (0.25 %) bovine blood (10 1. ) was centrifuged for 60 min. at 2° in an 
M. S. E. Major centrifuge. The plasma was removed and a 200 ml. sample frozen at 
- 20°; a 200 ml. sample of the red blood cells also was frozen at - 20°. The' buffy coat' 
(300-750 ml. ) containing the majority of white blood cells was removed by pipette 
and centrifuged at 27,000 rev. /min. for 60 min. in the 30 rotor of a Spinco ultra- 
centrifuge. The plasma from the deposit was decanted revealing the white blood 
cells as a coherent `skin' (2-5 mm. thick) on the surface of the remaining erytho- 
cytes. This skin was tipped from each tube on to a microscope slide (3 x 1J in. ), and 
the slide inverted on a white enamel tray. Careful removal of the slide showed a 
contaminating layer of erythrocytes on the lower surface of the leucocyte skin. 
By gently drawing the edges of two other slides across this exposed surface (be- 
ginning at the centre and moving in opposite directions) the majority of these 
erythrocytes were removed. These manipulations were carried out at 0-4°. The 
`pure' leucocyte preparation was frozen at -20°. A yield of 2-4 x 1010 leucocytes 
was obtained from 10 1. of bovine blood. Haemocytometer counts showed that 
samples prepared by this method had W. B. C.: E. B. C. ratios which varied from 2: 1 to 
1: 5. Dye-exclusion tests with eosin indicated that 50-75% of leucocytes in the 
final sample were viable. 

The three fractions were treated as follows : 
Leucocyte fraction. This was thawed and homogenized by maceration in an M. S. E. 

overhead macerator with the minimum quantity (about 20 ml. ) of isotonic phosphate 
saline buffer (NaC17.5, Na2HPO4 1.42, KJ12PO4 1.36 g. /l.; pH 7.4 with 40 %, w/v, 
NaOH). The cooled cell suspension was stirred magnetically and treated ultra- 
sonically for 15 min. with the 11 I. S. E. 1liullard ultrasonic disintegrator as described by 

Smith, Keppie, Cocking & Witt (1960). Haemocytometer counts showed that 99.9 % 

of the leucocytes had disintegrated. The extract was centrifuged at 27,000 rev. /min. 

for 60 min. int he 30 rotor of a Spinco ultracentrifuge. The supernatant fluid was 

ultrafiltered at 0-2° and the ultrafiltrate stored at - 20°. 
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Erythrocyte fraction. This (1 x 1010 red cells/ml. disrupted by the freezing) was 

thawed and centrifuged at 27,000 rev. /min. for 60 min. in the 30 rotor of a Spinco 
ultracentrifuge. Diffusates, prepared by dialysing the supernatant fluid (200 ml. ) 
against de-ionized water (3 x 400 ml. over 3 days), were freeze dried. To estimate 
the total amount of diffusible material in the extracts (so that freeze-dried diffusates 
could be redissolved at a strength =_ the original extracts) the losses in dry weight 
(105°, 16 hr) of small samples of the extracts were obtained after exhaustive dialysis. 

Plasma. A diffusate was obtained from the plasma by treating it as described 
for the extract of erythrocytes. 

RESULTS 

The effect of erythritol on the growth of strains of Brucella abortus after 
24 hr in a broth medium in vitro 

The results in Table 1 show that there was some correlation between degree of 
virulence for guinea pigs and enhancement of growth by erythritol in medium (1), 
i. e. tryptic digest meat broth+ Locke solution (1 + 1). At erythritol concentrations 
higher than those shown in Table 1 (2-10 'Cmole/ml. ) some stimulation of the growth 
of the relatively avirulent strains was observed but the degree of stimulation was 
smaller than that occurring with the more virulent strains. 

Table I. The relation between the virulence of Brucella abortus strains 
and growth enhancement by erythritol 

Erythritol concentration 

Strain 1 µmole(ml. 0.1 j mole/ml. 
Virulent 

2308 90* 36 
BL 297 88 89 
B 265 59 30 
BF 79 55 15 
A5 49 18 
544 47 19 
1503 39 17 

Attenuated 
205119 24 5 
45/20 3 -15 
S19 -2 -2 
58120 -7 -2 

Avirulent 
11 20 3 
99 0 -1 
45/0 6 6 

* Growth enhancement by erythritol in medium (1), i. e. tryptie digest meat broth+Locke 

solution (1+1) after 24 hr incubation measured as 
Optical density of (sample-control) 

x 
100 

Optical density of control 1 

All strains grew at approximately the same rate in the basal medium. Results are averages of 
several experiments. 
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The effect of erythritol on the growth rate of strains of Brucella abortus 
in a defined medium 

The growth rates of various strains of Brucella abortus were measured in medium (2) 
with and without erythritol. The weighted means of the ratios of the growth rates from several experiments (Table 2) again indicated the greater response of the 
virulent strains to erythritol. 

Table 2. Growth rate response to erythritol by Brucella abortus strains 
in a defined medium (medium (2)) 

Strain Weighted mean* 

Virulent 
EL 297 1.82 
541 1.47 

Attenuated 
205/19 1.01 
S19 0.96 
58/20 1.11 

Avirulent 
11 1.03 
99 1.03 
4510 1.22 

All strains grew at approximately the same rate in the basal medium. 
Gradient log phase with erythritol (2 µmole/ml. ) 

Gradient log phase without erythritol 

The growth response to erythritol of strains of Brucella melitensis and 
B. suis of differing virulence 

The effect of erythritol on the growth of strains of Brucella melitensis and B. suis 
was investigated under two sets of growth conditions: (1) low erythritol concentra- 
tions and small inoculum of organisms-growth being measured by colony count; 
and (2) high erythritol concentration and large inoculum of organisms-growth being 
measured turbidimetrically. The results in Table 3 show that all the B. melitensis 
and B. suis strains were stimulated to a greater or lesser extent by erythritol irre- 
spective of their virulence for the guinea pig. 

The erythritol content of fractions from bovine blood and their growth- 
promoting activity for Brucella abortus 

Diffusates or ultrafiltrates prepared from white blood cells, red blood cells and 
plasma obtained from several batches of bovine blood were examined chemically 
for the presence of erythritol. Parallel biological tests were also carried out to see 
whether these extracts stimulated the growth of virulent and avirulent strains of 
Brucella abortus in a broth medium. The results are shown in Table 4. Erythritol 
was not detected (< 5µg. /ml. extract) in any of the leucocyte, erythrocyte or 
plasma samples. However, the four leucocyte extracts, even when considerably 
diluted, caused significant stimulation of the growth of virulent and avirulent strains 
of B. abortus. In the same experiments, erythritol stimulated only the virulent 
strains (5t4 and 2308) and an equivalent amount of glucose had no effect on any 
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Table 3. The growth response to erythritol of strains of 
Brucella melitensis and B. suis 

Growth enhancement by erythritol 
measured 

By colony counts By turbidimetric 
Strain at 27 hr* readings at 22 hrt 

B. melitensis 
Virulent 

6015 2.5$ 1.7$ 
1374 1.7 4.4 
Ether 4.0 5.1 

Attenuated 
61/115 3.8 4.3 
Rev 1 3.3 - 

Avirulent 

13.115 - 9r2 
61/118 3.6 - 

B. suis 
Virulent 

xa 25 1.2 1.4 
8978/56 1.6 1.6 
1830 1.4 2.4 
15 LA 1.5 2.4 
63/171 - 2.0 

Attenuated 
63/166 - 1.1 
61/59 - 1.2 
61/66 - 1.2 
Thomsen - 5.5 

Avirulent 
63/260 - 1.4 
61/60 - 1.9 

* Medium: tryptic digest meat broth (1 vol. ) and isotonic saline (2 vol. ); inoculum 100 organisms 
per ml.; erythritol 0.065 µmole/ml. 

t Medium (2) was used; inoculum 2x 107/ml.; erythritol 2 4Cmole/ml. 
$ These results are the means of several similar experiments measured as 

population of treated sample 
population of control 

Table 4., The growth-enhancing effect on Brucella abortus of difusates, from extracts of 
the white blood cells and other fractions of bovine blood, all with an erythritol content of 
less than 5/g. /ml. 

Highest dilution enhancing growth 
(twofold) at 24 hr* 

White blood cell diffusates 
Virulent Attenuated 

w. B. c. count n. n. c. count 
per ml. per ml. 544 2308 45/0 58/20 

8x 108 1.7 x 109 1/60 1/60 1/60 1/60 
5x 10' 2.6 x 109 1/60 1/60 1/60 1/60 
5x 108 2.7 x 108 - 1160 1/30 1/30 
6x 108 - 1/60 1/80 1/30 

Four red blood cell diffusates All inactive 1/10 for 2308 
Four plasma diffusates All inactive 1/10 for 2308 

* Growth measured by viable counts; medium tryptic digest meat broth (1 vol. ) and isotonic 
saline (2 vol. ); Inoculum 100 organisms/ml. 
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strains. The factor(s) capable of stimulating both virulent and avirulent strains of B. abor/us was apparently confined to leucocytes as all erythrocyte and plasma fractions were inactive. 

DISCUSSION 
The finding that erythritol stimulates virulent more than attenuated strains of Brucella abortus is interesting in view of the previous investigations (Williams et al. 1962) suggesting that the presence of foetal erythritol is a cause of the localization 

of B. abortus in bovine foetal tissue. However, the lack of erythritol in bovine white blood cells suggests that this differential effect of erythritol on virulent B. abortus 
strains probably has no relevance to the primary invasive process of intraphagocytic 
survival and growth. In contrast to these results with B. abortus there seems to be 
no correlation between growth stimulation by erythritol and the virulence of various 
strains of B. melitensis and of B. suis. The fact that extracts of the mixed cell population of bovine `huffy coat' stimu- late the growth of Brucella abortus is interesting. If the same growth-stimulating 
activity were found in extracts of phagocytes purified from the buffy coat, it might 
have some relevance to the intracellular growth of virulent B. abortus. 

A factor that may be involved in the phenomenon of intracellular survival and 
growth in bovine phagocytes is glutamic acid metabolism. Olsen (1951) showed 
that there was a correlation between virulence and high oxidative rate of glutamic 
acid in Brucella abortus and we have shown the influence of L-glutamic acid on the 
growth of avirulent strains in a synthetic medium. Furthermore, Anderson & Smith 
(1965) have shown that stimulation of growth of a virulent strain by erythritol is 
inhibited by high concentrations of glutamic acid. Wilson & Dasinger (1960) have 
discussed the influence of glutamic acid in relation to intracellular growth. They 
suggest that the rapid removal of intracellular glutamate by avirulent strains might 
produce conditions inimical to the organisms' growth. 

We are indebted to Dr W. J. Brinley Morgan, Professor J. B. Wilson and Dr J. H. 
Payne for providing strains and to Miss G. R. Fanstone, Mrs P. Stenhouse, Miss A. D. 
Hawkins and Mr G. Wilkins for excellent technical assistance. Statistical analysis 
was done by our colleague Mr S. Peto. Part of this work was used by one of us 
(A. E. W. ) in a thesis submitted for the degree of Doctor of Philosophy in the 
University of London. 
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SUMMARY 

The growth of Brucella abortus, B. melitensis and B. suis in laboratory 
media was inhibited by several analogues of erythritol. The use of ery- 
thritol analogues in this manner was suggested by previous work on the 
localization of brucellas in brucellosis. The growth of B. abortus within 
bovine phagocytes was inhibited by analogues of erythritol under condi- 
tions in which streptomycin was ineffective. Although selected erythritol 
analogues did not eliminate brucellosis in guinea pigs, they produced a 
significant diminution in infection and showed no toxicity to the host. 

INTRODUCTION 

The treatment of human brucellosis with antibiotics and other drugs suffers from 
the disadvantage that large doses must be used and the relapse rate is high (Eisele, 
1950; Spink, 1956; Stableforth, 1959). Undoubtedly the tendency for relapse is due 
to the intracellular nature of this chronic disease, which results in latent infection at 
sites inaccessible to the drugs. Hence, therapy against brucellosis might benefit 
from a drug which could attack the intracellular organism even if this drug were not 
as active as other antibiotics against freely growing brucellas. The possibility that 

analogues of erythritol might have some inhibitory action on intra- as well as 
extracellular brucellas was suggested by a recent investigation into the cause of the 
localization of brucellas in susceptible tissues of susceptible animals (cattle, goats, 
sheep, swine). It was shown, first in cattle, that localization of Brucella abortus in 
infected pregnant animals was due to the presence, in foetal but not in adult 
tissues, of erythritol, a growth stimulant for B. abortus, which was concentrated in 
tissues (placenta, foetal fluids, chorion) most prone to heavy infection (Smith et at. 
1961,1962a; Pearce et at. 1962; Williams, Keppie & Smith, 1962). Later, similar 
observations were made relating to B. melitensis and B. Buis infections in sheep, 
goats and pigs (Williams et al. 1963; Keppie, Williams, Witt & Smith, 1965). On the 

other hand, no detectable erythritol was found in the placenta of humans, rats, 

rabbits or guinea pigs, which do not suffer intense placentitis in brucellosis (Keppie 

et at. 1965). In relation to the present paper, the main points of previous work 
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were: (i) the peculiar preference of brucellas for erythritol in the presence of glucose 
which has been further emphasized by recent work in a defined medium (Anderson 
& Smith, 1963; Anderson & Smith, 1965); (ii) that stimulation by erythritol of the 
growth of B. abortus occurred both in vivo and within phagocytes in a system where 
extracellular growth of the organism had been inhibited by streptomycin (Pearce 
et al. 1962). These points, coupled with the relative insusceptibility of erythritol to 
metabolism by mammalian tissue (Batt, Dickens & Williamson, 1960), suggested 
that suitable analogues of erythritol might act as antimetabolites and inhibit the 
growth of extra- and possibly intracellular brucellas, without being particularly 
toxic to the hosts, such as man, laboratory animals and non-pregnant ungulates. 
This paper describes the examination of a few erythritol analogues to see whether any 
experimental support could be gained for these hypotheses. 

METHODS 

Erythritol analogues. 2-Deoxy-2-fluoro-DL-erythritol and -threitol were syn- 
thesized by the methods of Taylor & Kent (1956) and Barnett & Kent (1963). 
2-Deoxy-DL-erythritol ((±)-butane-1,2,4-triol) and (± )-butane-1,3-diol were ob- 
tained as described by Barnett & Kent (1963), 1-deoxy-l-fiuoro-DL-glycerol by the 
method of Gryskiewicz-Trochimowski (1947) and 6-deoxy-6-fluoro-n-galactose 
according to Taylor & Kent (1958). 1,4-Dimesyl-DL-threitol, 1,4-dimesylerythritol, 
1,6-dimesyl-n-mannitol (Mannitol Myleran), 2,8-diacetyl-1,4-dibromo-1,4-dideoxy- 
DL-threitol, 2,3-dibenzoyl-1,4-dimesyl-DL-threitol, 1,2,3,4-tetramesyl-erythritol and 
1,2,8,4-tetramesyl-DL-threitol were prepared by the methods of Brown & Timmis 
(1961). 1,2-3,4-Dianhydro-DL-threitol (DL-butane diepoxide) was obtained by the 
method of Bose, Foster & Stephens (1959), 1,4-dibromo-1,4-dideoxy-DL-threitol, 
1,4-dibromo-1,4-dideoxy-erythritol and 2,3-dibromo-2,3-dideoxy-DL-threitol by 
the method of Feit (1960), 1,6-dibromo-1,6-dideoxy-n-mannitol by the method of 
Overend, Montgomery & Wiggins (1948) and 2,6-dimesyl-a-n-glucopyranose by 
the method of Mitra, Ball & Long (1962). 

1,4-Dibromo-1,4-dideoxy-2,3-dipalmitoyl-DL-threitol was prepared by Drs G. M. 
Timmis and S. S. Brown by the following method. Palmitoyl chloride (11 g. ) was 
added dropwise, during 45 min., to a stirred solution of 1,4-dibromo-1,4-dideoxy- 
DL-threitol (5 g. ) dissolved in pyridine (100 ml. ) and kept between 5° and 10°. When 
the addition was complete a substantial precipitate formed. The mixture was kept 

at 0° for 18 hr and then mixed with water (300 ml. ) at 0°. The product was collected, 
washed and dried in a desiccator to yield 13 g. of crude material. Recrystallization 
from an equal volume mixture of methanol and acetone (approx. 150 ml. ) yielded 
10 g. of the pure material, m. p. 70-75° (Found: C, 59-8; H, 9-8; Br, 22.4. C36H88Br2O4 

requires C, 59-7; H, 9-5; Br, 22-1). 
1,4-Dimesyl-n-threitol and 1,4-dimesyl-L-threitol was generously supplied by 

Dr F. W. Feit (Leo Pharmaceutical Products, Denmark). 
Inhibition of growth of Brucella abortus in tryptic meat broth. Sterile concentrated 

solutions of analogues (0-1 ml.; containing amounts equivalent to 100,50,25 and 
10µg. /ml. in the final medium) were added to tryptic meat broth (5 ml. ) containing 
1-10 x 106 Brucella abortuslml. These cultures, together with controls, were shaken 
at 87° in 5% CO2 in air for 24 hr and the concentrations of organisms determined 
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photometrically (570 mp) at 16 and 24 hr. When an analogue inhibited growth, the 
lowest concentration of analogue which produced 50 % inhibition as compared with 
the population of the control at 24 hr was noted. Any material, 100pg. /ml. of which 
produced no inhibition at 24 hr, was scored as inactive. 

Inhibition of growth of Brucella abortus in a defined medium containing glucose. 
Sterile solutions of the inhibitors (1 ml., 5pmole/ml. ) and the inoculated defined 
medium (4 ml. containing 2.5 x 107 Brucella abortus/ml. ) were mixed in flasks 
(25 ml. ) and shaken at 37° in 5% CO. in air as described by Anderson & Smith 
(1965). At various time intervals, the extinctions of the contents of duplicate flasks 

were compared as described by Anderson & Smith (1965) with those of similar 
control samples. 

Inhibition of growth of Brucella abortus within bovine phagocytes. The test was that 
described by Pearce et at. (1962) for testing substances which affect the growth of 
Brucella abortus (strain 544) within bovine phagocytes. Sterile solutions of the 

analogues in Locke solution (0.5 ml.; the concentrations were such that analogue at 
200,100,50,25 and 10#g. 1ml. was present in the final mixture at incubation) were 
the test materials (see Pearce et at. 1962; under the heading `Addition of test 

material and incubation for 40 hr'). They were mixed with a suspension (1.3 ml. ) of 
bovine white blood cells in which intracellular B. abortus (strain 544) would grow on 
incubation despite the fact that the suspending fluid was a mixture of fresh (bacteri- 

cidal) bovine serum containing streptomycin (2pg. /ml. ). After incubation for 

40 hr, the growth of intracellular B. abortus was estimated as described by Pearce 

et al. (1962). When the analogue inhibited growth, the lowest concentration of 
analogue which produced 50 % inhibition as compared with growth in control 
samples was noted. 

Action of analogues against Brucella abortus infection in the guinea pig. Guinea 

pigs were infected with Brucella abortus (strain 544; 1x 104 organisms intramuscu- 
larly). After 7 days, the guinea pigs were treated daily with the test material 
injected subcutaneously and at intervals of 3,6,9 and 12 weeks groups of guinea 
pigs were withdrawn from the main batch, weighed, left 1 week without treatment, 

and then the number of organisms in their spleens estimated by the method de- 

scribed by Smith et al. (1962b). Comparisons were made with the infections in 

control animals. 
Inhibition of growth of Brucella melitensis and B. suis in a laboratory medium. 

Various concentrations of 2-deoxy-2-fluoro-DL-erythritol and 1,4-dimesyl-nL- 
threitol were dissolved in a mixture of tryptic meat broth (1 ml. ) and saline (2 ml. ) 

in flasks (25 ml. ). After inoculation (100 organisms/ml. ) the flasks were shaken at 
37° for 27 hr. Viable counts (see Pearce et at. 1962) indicated the inhibition of 

growth as compared with control samples. The lowest concentration of analogue 
which produced 50 % inhibition was recorded. 

RESULTS 

The action of erythritol analogues and related compounds on the 

growth of Brucella abortus in Cryptic digest meat broth 

The results in the first column of Table 1 show that certain fluoro-, mesyl- and 
bromo- derivatives of erythritol and threitol inhibited the growth of Brucella 
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abortus in tryptic meat broth. The lack of activity shown by fluoro-, mesyl- and 
bromo-derivatives of other sugars and polyols indicated the specificity of the in- 
hibitory effect. The high activity of 1,2-3,4-dianhydro-DL-threitol was not sur- 
prising in view of the known cytotoxic action of epoxides. Apart from this epoxide, 
the most active materials were the 1,4-dimesyl-threitols especially the L compound. 

Table 1. Action of erythritol analogues and related compounds on the growth of 
Brucella abortus in Cryptic meat broth and within bovine phagocytes 

Concentration of compound 
producing 50 % inhibition 

(/'g"/m1") 

In tryptic In bovine 
Compound meat broth* phagocytes* 

Erythritol derivatives 
2-Deoxy-2-fluoro-DL-erythritol 100 50-100 
1,4-Dimesyl-erythritol 100 50-100 
1,4-Dibromo-1,4-dideoxy-erythritol Inactivet - 
2-Deoxy-DL-erythritol Inactive - 

Threitol derivatives 
2-Deoxy-2-fluoro-DL-threitol Inactive Inactive 
1,4-Dimesyl-DL-threitol 25-50 25 
1,4-Dimesyl-n-threitol 50 100 
1,4-Dimesyl-L-threitol 25 25 
1,2-3,4-Dianhydro-DL-threitol 5 5 
1,4-Dibromo-1,4-dideoxy-DL-threitol 100 - 
2,3-Dibromo-2,3-dideoxy-DL-threitol Inactive - 

Related compounds 
1,6-Dimesyl-n-mannitol Inactive - 
1,6-Dibromo-1,6-dideoxy-n-mannitol Inactive - 
1-Deoxy-1-fluoro-DL-glycerol Inactive - 
6-Deoxy-6-fluoro-D-galactose Inactive Inactive 
(± )-Butane-1,3-diol Inactive Inactive 
2,6-Dimesyl-a-n-glucopyranoside Inactive -- 

-= not tested. 
* For details of tests see Methods. In the test with intracellular R. abortus, 2-deoxy-2diuoro- 

nL-erythritol produced no toxic effects on the phagocytes (for evidence of toxicity see Pearce et 
at. 1962); at high concentrations the mesyl compounds and anhydro-threitol showed some 
toxicity, but at the concentrations used for growth inhibition no significant toxic effects were 
observed. 

f No significant inhibition at 100, ug. /ml. 

The action of erythritol analogues and related compounds on the 
growth of Brucella abortus within bovine phagocytes 

The results in the second column of Table 1 show that the compounds which 
inhibited the growth of Brucella abortus in a laboratory medium also inhibited the 
growth of intracellular B. abortus. This means that, unlike the streptomycin which 
was present in the suspending fluid (see Methods), the inhibitory analogues pene- 
trated into the bovine phagocytes. In the intracellular test, the relative activity of 
the different inhibitors was the same as their relative activity in the laboratory 
medium. At the concentrations tested, the compounds were without apparent 
deleterious effect upon the phagocytes. 



Inhibition of brucella growth 105 

The action of erythritol analogues and related compounds on the growth of Brucella 
abortus in a defined medium containing an optimal amount of glucose 

The results in Table 2 show that in a defined medium a representative selection 
of analogues produced inibition of the growth of Brucella abortus comparable with 
that found in tryptic meat broth and in bovine phagocytes. Furthermore, the in- 
hibitory effects of 2-deoxy-2-fluoro-DL-erythritol and 1,4-dimesyl-DL-threitol were 
annulled by mixing them with an equimolar quantity of erythritol. 

Table 2. The effect of erythritol analogues on the growth of Brucella abortus in a 
defined medium containing glucose; the effect of mixing certain inhibitors with erythritol 

Population as % of control 
after incubation for 

Analogue 
(1Ecmole/m1. ) 16 hr 24 hr 40 hr 

2-Deoxy-2-fluoro-DL-erythritol (A) 70 62 87 
1,4-Dimesyl-erythritol 95 85 69 

1,4-Dibromo-1,4-dideoxy-erythritol 82 69 77 

1,4-Dimesyl-DL-threitol (B) 95 65 53 
1,4-Dibromo-l, 4-dideoxy-r. -threitol 85 73 56 
2,3-Dibromo-2,3-dideoxy-DL-threitol 98 98 95 
1,2-3,4-Dianhydro-DL-threitol 30 19 13 
1, Deoxy-l-fluoro-DL-glycerol 96 97 89 
1,6-Dimesyl-n-mannitol 100 95 96 

Erythritol 232 271* 180 
A+erythritol 184 206 119 
B+ erythritol 222 204 139 

* AU erythritol was used by 24-30 hr. 

The effect of erythritol analogues on Brucella abortus infections in guinea pigs 
The results in Table 3 show that 2-deoxy-2-fluoro-DL-erythritol, 1,4-dimesyl-nL- 

threitol and 1,4-dibromo-1,4-dideoxy-DL-threitol had no dramatic effect on bru- 

cellosis in guinea pigs. However, 1,4-dimesyl-DL-threitol and 1,4-dibromo-1,4- 
dideoxy-nL-threitol produced a significant decrease (statistical analysis by our 

colleague lair S. Peto) in infection and showed no evidence of toxicity for the host 

despite the prolonged administration. The epoxide, 1,2-3,4-dianhydro-DL-threitol, 
was too toxic for use as a therapeutic agent. The analogues shown in Table 3 would 
have been excreted rapidly, but attempts to produce an effective depot effect by 

using less-soluble analogues (2,3-dibenzoyl-1,4-dimesyl-DL-threitol, 2,3-diacetyl- 

1,4-dibromo-nL-threitol, 1,2,3,4-tetramesyl-DL-threitol, 1,2,3,4-tetramesyl ery- 
thritol, 1,4-dibromo-1,4-dideoxy-2,3-dipalmitoyl-DL-threitol) were without success. 

The inhibitory effect of 2-deoxy-2 fluoro-nL-erythritol and 1,4-dimesyl-DL-threitol 

on the growth of Brucella melitensis and B. suis in vitro 
The growth in tryptic meat broth of three strains of Brucella melitensis (6015,1374, 

s 115) and two strains of B. suis (KG 25,1330) was inhibited to the extent of 50 % by 

1,4-dimesyl-DL-threitol (50, ug. /ml. ) and 2-deoxy-2-fluoro-DL-erythritol (100pg. /ml. ). 
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Table 8. The effect of erythritol analogues on Brucella abortus infection in guinea pigs 
Treatment with analogues* 

2-Deoxy-2- 1,4-Dibromo- 
fluorO-DL- 1,4-Dimesyl- 1,4-dideoxy- 

Examination of anmalst Controls erythritol DL-threitol DL-threitol 

No. of animals examined after 15-20 5 10 10 
each period of treatment 

At 8 weeks 
% animals with spleen count 

< 800 Nil Nil Nil Nil 
> 800 and <1x 106 60 80 80 80 

Average body weight (g. ) 575 570 540 540 

At 6 weeks 
% animals with spleen count 

< 800 Nil - 80 Nil 
> 800 and <5x 105 40 - 40 40 

Average body weight (g. ) 650 - 580 600 

At 9 weeks 
% animals with spleen counts 

< 800 Nil Nil Nil 20 
> 800 and <5x 104 45 60 70 60 

Average body weight (g. ) 700 720 620 650 

At 12 weeks 
% animals with spleen count 

< 800 25 - 50 50 
> 800 and <1x 104 5 - 30 40 

Average body weight (g. ) 690 - 750 730 

* Guinea pigs, infected 7 days previously with 1x 104 B. abortus given intramuscularly, were 
treated daily for the periods stated with 10 mg. of the analogue given subcutaneously. 

f The extent of infection in the spleen was obtained by methods described by Smith et at. 
(1962b). 

DISCUSSION 

Although only relatively few erythritol analogues have been examined in this 
work, the results support the hypotheses stated in the introduction to this paper. 
Some erythritol analogues inhibit the growth of Brucella abortus: (1) in vitro in two 
media; (2) within bovine phagocytes in a test in which extracellular streptomycin 
has no bactericidal action intracellularly; (3) in infected guinea pigs without being 
toxic to the host. It appears also that, like the stimulatory effect of erythritol, the 
inhibitory effect of erythritol analogues extends to growth of B. melitensis and B. 
suis. This work adds weight to the evidence of a specific relation between the carbo- 
hydrate metabolism of Brucella and erythritol. The inhibitory action of at least two 
of the analogues is reversed by addition of erythritol; the analogues inhibit growth, 
just as erythritol stimulates growth, in the presence of large and optimal amounts of 
glucose and usage of glucose by B. abortus is decreased by addition of erythritol or 
2-deoxy-2-fluoro-DL-erythritol (Anderson & Smith, 1965). The significance of these 
observations will only become clear when we know more about the metabolism of 
erythritol by B. abortus. 

Since relatively few analogues were available for examination, little can be said 
about the reasons for the relative activity of different analogues, e. g. the differences 
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in activity between the 1,4- and 2,3-dibromo- derivatives of DL-threitol, "the fluoro- 
derivatives of erythritol and DL-threitol and the D- and L- forms of 1,4-dimesyl- 
threitol. Perhaps the superior activity of the threitol over erythritol compounds is 
due to the fact that threitol, liberated by spontaneous hydrolysis or after alkylation 
of enzymes, does not, in contrast to erythritol, stimulate the growth of Brucella 
abortus. Also, the molecular conformation of 2-deoxy-2-fluoro-DL-erythritol bears 
a very close resemblance to that of erythritol so as to make a competitive mechanism 
likely. 

It was hoped that the dimesyl- and dibromo-derivatives might be capable of some 
degree of irreversible inhibition. 1,6-Dimesyl-D-mannitol appears to inhibit fructose 
diphosphate irreversibly, an effect which was speculatively attributed to the alkyl- 
ating ability of this compound (Timmis, Weber & Singhal, 1963), which perhaps 
suggests a stable bond between the drug and the enzyme. Although it is not 
suggested that this particular enzyme is concerned in the inhibition of I3rucella 
described here, the fact that 1,4-dimesyl-L-threitol was more active than the D 
isomer indicates that the enzyme concerned has a type of specificity dependent 
upon optical isomerism of polyols, similar to fructose diphosphatase, which is not 
inhibited by 1,6-dimesyl-z. -mannitol. Although some erythritol analogues will 
inhibit the intracellular growth of Brucella, no analogue so far examined is suffi- 
ciently active to be considered as a therapeutic agent. Nevertheless, sufficient work 
has been done to indicate that such an agent might emerge from further exploration 
along these lines. 

Part of this work was supported by grants to the Chester Beatty Research 
Institute (Institute of Cancer Research: Royal Cancer Hospital) from the Medical 
Research Council, the British Empire Cancer Campaign and the National Cancer 
Institute of the National Institutes of Health, U. S. Public Health Service. 
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HOST AND TISSUE SPECIFICITY 

J. KEPPIE 
'Microbiological Research Establishment, Porton, Wiltshire 

Many diseases of microbial origin are host-specific and this is par- 
ticularly : true of those diseases affecting man. Another feature of 
infectious disease is the striking tendency of micro-organisms to 
invader specific cells or to localize in particular organs of the host. 
Both phenomena are so little understood that they constitute a major 
challenge to those investigating the pathogenesis of infectious diseases. 

,: 
This Symposium seeks to throw light on microbial behaviour in vivo, 

and my task is to examine the reasons for host and tissue specificity and 
to assess how far experiments in vitro have helped to explain them. The 
twin problems in disease specificity have only been. investigated in a few 
instances, and the earlier part of this review consists of little more than a 
general discussion of the occurrence of the phenomena and of specula- 
tion on what the key factors might be. Most of the material has been 
selected from studies of bacterial infections together with a few examples 
from virology. Recently, sufficient experimental data to enable us to 
reach some definite conclusions have accumulated on two topics, 
namely: the role of urease in the localization of bacteria in the kidney, 
and the basis of host and tissue specificity in brucellosis. These investi- 
gations have been described separately in the two final sections because 
they illustrate how realistically designed experiments in vitro, based on 
and complementary to experiments in vivo, can yield information of 
value in explaining host and tissue specificity in microbial disease. 

HOST SPECIFICITY 
In infectious disease ̀ host specificity' implies that individual micro- 
organisms only produce disease in a single species of host. This concept 
may have become too widely accepted merely because some pathogens 
such as pneumococci, meningococci, shigellae, typhoid, diphtheria and 
leprosy bacilli, and poliomyelitis virus appear to be restricted to man, 
whereas Others, such as Mycobacterium johnei, Vibrio foetus, or the 
virus of foot and mouth disease seem only to infect cattle and related 
species. However, the problem is not as simple as this. Apart from the 
fact that comprehensive attempts to infect other animals with many of 
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the above-mentioned pathogens have never been made, many pathogens 
show no specificity, but cause disease in a wide range of host-species. 
Among the many organisms in the latter group are those causing 
tularaemia, leptospirosis, tuberculosis, listeriosis, anthrax, actino- 
mycosis, plague, salmonellosis, and psittacosis. 

This variation from the apparent host specificity of some organisms 
to the complete non-specificity of others, is almost to be expected since 
the host-parasite relationships recognizable today are the outcome of 
a complex evolutionary process. They have been influenced by the 
degree of contact between man, domestic animals, and wild life (and 
thus between their respective microbiological flora). This contact has 
been diminishing since man instituted the earliest rules of hygiene. 
However, as Meyer (1948) has indicated in his article entitled `The 
Animal Kingdom, a Reservoir of Human Disease' a number of `infec- 
tion chains' between the various divisions of the animal kingdom re- 
main today. At least seventy-five diseases of domestic and wild animals 
are of potential public health significance. The infective agents may 
pass to man from the lower animals by direct or indirect contact, by the 
handling and ingestion of infected animal food, or through the inter- 
vention of insect vectors. These interactions have produced pathogenic 
organisms some of which only occur in man, others which only occur 
in a single animal species, and also those which infect and cause disease 
in a wide range of host-species. An extreme type of host specificity has 
been demonstrated in laboratory animals where the hereditary con- 
stitution of strains within a host-species determines whether or not the 
animals are resistant to a pathogen. Thus, Lurie, Abramson & Hepples- 
ton (1952) exposed two strains of rabbits to a respiratory challenge of 
human tubercle bacilli and in order to produce a comparable degree of 
lung infection, the challenge given to resistant rabbits had to be 16 times 
greater than that given to the susceptible ones. Chandler (1961,1962) 
found that C 57 black mice were more susceptible to oral or intravenous 
Mycobacterium johnei than were Swiss white or CBA brindle strains. 
Strains of mice also vary in susceptibility to infection with Salmonella 
typhimurium and some of the factors influencing this variation in 
resistance were described by Gowen (1960). These results, and others 
reviewed by Wilson & Miles (1955), indicate clearly that susceptibility 
to bacterial and viral infections may be genetically determined within a 
species, thus rendering the term host specificity meaningless unless 
details of the heredity of the host and the properties of the infective 
agent are fully considered. 

In summary, although the host-range of many micro-organisms is 
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wide, the range of others has become narrowed down to a single species; 
it is with the latter micro-organisms that this section is concerned. The 
mechanisms which determine host specificity of particular pathogens are 
not known, but some speculation about them is possible. To establish 
itself successfully, a pathogen requires: (1) to overcome the host's 
defences, and (2) to find an adequate nutritional environment in the 
host., Different host species could show differential susceptibility to a 
pathogen by virtue of differences in one or both of these factors. 

The host defences in different species 
The many defence systems of the body, such as mucous secretions, 
serum bactericidin, free and fixed phagocytes and fever, have been 
studied in several species both in vivo and in vitro in an unsuccessful 
search for differences between the species which would account for their 
individual susceptibilities to micro-organisms (see Housewright, 1960). 
Differences related to species have been found in some mechanisms, 
such as surface phagocytosis (Wood, 1960), non-specific opsonins 
(Rowley, 1960) and blood clearance mechanisms (Rogers, 1960). 
However, such differences, either singly or in concert, do not adequately 
explain the differing susceptibilities of hosts to a particular pathogen. 
If different genetic strains of the same host were used for such studies, 
this might yield information which would explain differences in the 
relative susceptibility of each strain. 

Dubos (1954) reviewed work in which he and others had sought to 
mimic in vitro the conditions facing bacteria during inflammation in the 
body. Some of the physical and chemical changes which occurred in the 
host were identified, for example the production of lactic acid and ketone 
bodies; pathogens such as staphylococci and tubercle bacilli were 
shown to be sensitive to these compounds. However, we cannot be 

. certain that these effects have any bearing on host specificity because 
there is still a dearth of comparative data from the different host species. 

The occurrence in susceptible hosts of adequate nutrition 
for the pathogen 

Studies of pathogens in artificial culture have shown that in addition 
to sources of nitrogen, carbon, etc., many organisms require factors, 
both inorganic and organic, for maximal growth and for the produc- 
tion of virulence factors. It is conceivable that the availability of 
such specific nutrients might determine host-parasite relations. Until 
recently there was no evidence linking a nutrient in a host's tissues with 
its susceptibility to a pathogen under natural conditions, but there were 
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indications from some experimental work that such a relationship was 
possible. Pathogenic bacteria were induced to become demanding for 
particular nutrients by mutation. These artificially prepared organisms 
were used to challenge laboratory animals, and were found to be 
virulent or avirulent depending on whether or not the required meta- 
bolite was available in a host. In mice and guinea pigs, purines were not 
available, and purine-requiring strains of Salmonella typhi were aviru- 
lent in those two species, until parenteral injection of the missing purine 
enabled the mutant to multiply sufficiently to prove fatal (Bacon, 
Burrows & Yates, 1951). Similar results were obtained in mice with 
purine-requiring mutants of other bacteria (Dubos, 1954; Burrows, 
1963) and there is one report of the isolation of a naturally occurring, 
purine-requiring mutant of S. typhi which was avirulent for mice 
(Formal, Baron & Spilman, 1954). Obviously, this work with artificially 
prepared mutants indicates that the nutritional conditions of the host 
can determine the host specificity of a particular pathogen. Studies on 
brucellosis to be described later have explained, on a nutritional basis, 
why the brucellae only cause acute placentitis in certain species belong- 
ing to the order Artiodactyla (i. e. cattle, sheep, goats, swine, and deer). 
The important nutrient for brucellae was erythritol, and a comparative 
survey of the placentae of susceptible and resistant species showed that 
the occurrence of erythritol paralleled the host's susceptibility to gross 
placental infection. This example of how a nutrient can play a decisive 
role in an infectious disease should encourage similar studies designed 
to relate the occurrence of a nutrient in a host to its susceptibility to 'a 
particular pathogen. 

TISSUE SPECIFICITY 

In a susceptible host, pathogenic micro-organisms often select a par- 
ticular tissue for their maximum growth and disease production. After 
initial penetration into the host, pathogens may establish themselves in 
the adjacent lymphoid tissue where multiplication is less than maximal 
and where tissue destruction is minimal. Later, a spread of the pathogen 
may occur in the lymph and blood, prior to the characteristic tissue 
localization. Some examples of localization in man are Corynebacterium 
diphtheriae in the throat, Proteus spp. in the kidney medulla, gonococci 
in the epithelium of the urinary tract, shigellae in the mucosa of the 
large intestine and poliomyelitis virus in the anterior horn cells of the 
spinal cord. Examples of localization in hosts other than man are: in 
sheep, louping-ill virus in the Purkinje cells, and Fusiformis nodosum in 
hoof tissue; in cattle, Mycobacterium johnei in the intestinal mucosa, 
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Corynebacterium renale in the kidney medulla and Brucella abortus in 
the placenta. 

Some of the factors which might determine tissue specificity of a 
micro-organism would seem to be: (a) the route of entry to the body, 
(b) differences in the inhibitory activity of the tissues and (c) differences 
in the suitability of the tissues for the growth of the pathogen. 

The route of entry to the body 
Some diseases are localized near to the natural point of entry of the 
pathogen to the host. Examples are cholera, typhoid, and dysentery 
in the intestine, leprosy, ringworm, and staphylococcal infection in the 
skin, and influenza and pneumococcal pneumonia in the lungs. 

. 
However, Wilson & Miles (1955) emphasized that most bacteria tend 

to lodge and multiply at a site remote from their point of entry and that 
bacterial species differ sharply in their choice of tissues in which to 
localize. An example they chose from human medicine was the fate of 
several common organisms such as pneumococci, meningococci, diph- 
theria bacilli, haemolytic streptococci and influenza bacilli. All are 
transmitted by droplet infection but cause lesions as diverse in location 
and type as primary pneumococcal pneumonia, meningitis, diphtheria, 
streptococcal tonsillitis, and secondary pneumonia. Wilson (1957) de- 
scribed several further examples of tissue localization in which the sites 
had not been influenced by the route of entry of the pathogen: Strepto-. 
coccus viridans in the endocardium, Leptospira icterohaemorrhagiae in 
the epithelial cells of kidney and liver, S. pyogenes type 12 in the kid- 
ney, and Staphylococcus aureus phage type 71 in impetigo of the skin. 
Some organisms selected epithelial tissues, others the interstitial cells; 
also some viruses favoured the cytoplasm and others the cell nucleus. 

It would appear that the route of entry does not play a major role in 
tissue specificity. 

Differences in the inhibitory activity of the tissues 
Once an organism had gained a footing, and had acquired its armoury of 
invasins by. growth in vivo, one might expect that defence mechanisms 
would no longer play a part in determining tissue localization. However, 
certain tissues may be more inhibitory than others to individual patho- 
gens, and consideration must be given to the part such activities may 
play in the localization. 

. 
The subject of antimicrobial substances in the tissues was reviewed by 

Dubos (1954), Wilson & Miles (1955), Skarnes & Watson (1957), and 
Hirsch (1960). Bactericidal basic proteins or polypeptides have been 
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isolated from extracts of spleen, brain, thymus, pancreas, and other 
mammalian organs. They have been found to be active against organisms 
as diverse as Staphylococcus aureus, Bacillus anthracis, Escherichia cols 
and Streptococcus pyogenes both in vitro and in some case in vivo; e. g. a 
synthetic polylysine reduced certain virus infections in the chick embryo 
(Green & Stahmann, 1953; Green, Stahmann & Rasmussen, 1953). 
Dubos, Hirsch and colleagues (see Hirsch, 1960) investigated the 
resistance of the kidneys of the guinea pig to tuberculosis by means of 
appropriate experiments in vitro. Spermine isolated from bovine kidney 
was not tuberculostatic in vitro unless activated by a specific enzyme- 
spermine oxidase-which occurred in guinea-pig kidney, but not in 
guinea-pig serum or rabbit kidney. The isolation and identification of 
the antimycobacterial product of the enzymic reaction was not possible 
because it was unstable in concentrated solutions, and spermine was too 
toxic in experimental animals for trials in vivo. Hirsch (1960) thought 
that the role of the spermine-spermine oxidase system in tissue resistance 
was a matter for speculation. 

When seeking a reason for the vulnerability of the kidney to coliform 
infection, Beeson & Rowley (1959) found that the bactericidal power of 
normal human or rabbit serum for Escherichia coli was diminished by 
suspensions of kidney from several species of laboratory animals but not 
by their other tissues. The loss of activity by the serum was due to an 
anti-complementary effect, and this was 5-15 fold stronger in rabbit 
kidney than in other rabbit tissues. Similarly, kidney tissue of man, 
calf, ox and pig were all anti-bactericidal. The active material was 
associated with the tissue particles, and inactivated the fourth compo- 
nent of complement; it was involved in the production of ammonia, 
which is known to be anti-complementary, and it may have been renal 
glutaminase. Beeson & Rowley postulated that the local inactivation of 
complement in kidney tissue could allow E. coli to localize there in 
contrast to other tissues in which ammonia production does not occur. 
However, other pathogens equally susceptible to host defence mechan- 
isms involving complement do not localize in the kidney, and this leaves 
the issue in doubt. 

Differences in the suitability of the tissues for the growth of the pathogen 
The nutrient and general physio-chemical conditions in individual 
tissues may be more suitable for the growth of some pathogens than 
others. Localized occurrence of one or more important metabolites 
could be the basis of tissue specificity in disease. The two investiga- 
tions in the next section have this as their theme. For the moment, 
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experimental work will be described which indicates that while tissue 
specificity might be studied in the chick embryo and in organ culture, 
studies in vitro in tissue culture may yield misleading results. 
The chick embryo 

The behaviour of several bacterial species in developing chick embryos 
has been described by Goodpasture & Anderson (1937), Gallavan & 
Goodpasture (1937), Buddingh & Polk (1939) and Buddingh & Womack 
(1941). A variety of bacteria including Pasteurella tularensis, P. pestis, 
the brucellae and the meningococcus showed differences both as regards 
the tissues in which they multiplied and whether they grew extracellu- 
larly or intracellularly. It was surprising that Brucella melitensis grew in 
ectodermal epithelium of the chick, whereas the closely related B. abortus 
and B. Buis grew in endothelium of mesodermal origin. One result 
which deserves further investigation was that a strain of Streptobacillus 
moniliformis localized in the synovial membranes of the embryonic 
joints as it does in natural infection (Buddingh, 1944). In many in- 
stances, viruses manifested in the chick embryo the same specificity for 
liver, lung, nerve, or brain tissue as they do in natural infection, and 
Goodpasture (1959) and Buddingh (1959) claimed that such studies 
would help our understanding of tissue specificity. This technique 
seems worthy of development, but the findings in the chick embryo 
must not be extrapolated without care to provide information on the 
more complex parasitism by bacteria in vivo. 
Organ culture 

In virology, fragments of embryonic tissues in organ culture have 
been used for analysing tissue specificity. Bang & Niven (1958) 
showed that the following combinations of virus and embryonic tissues 
resulted in lesions characteristic for each virus: influenza virus in ferret 
trachea, herpes and vaccinia in human skin. The use of organ culture 
here, and on the other occasions reviewed by Bang & Luttrell (1961), 
confirmed that both characteristic lesions and metabolic changes could 
be demonstrated in specific embryonic tissues. However, more extensive 
comparative studies would be required to furnish complete information 
on specific affinities between viruses and embryonic tissues. 

Tissue culture 
Richardson (1959) investigated the growth of Brucella abortus in 

primary cultures of adult and foetal bovine tissues. The parasite grew 
well in the cells from several tissues, for example: foetal skin and 
kidney, and adult testis, uterine mucosa, spleen and lung. Unfor- 
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tunately foetal placenta was not used and differences in the extent of the 
intracellular growth of B. abortus in the various tissues were not de- 
monstrable. Hence, this work provided no explanation for the tissue 
localization of B. abortus in vivo. 

Prior to the work of Chaproniere & Andrewes (1957) there were few 
examples of the successful cultivation of a virus in tissue culture, if the 
cells used were those from a species which was resistant to natural 
infection by the virus. Although myxomatosis is restricted to the 
rabbit in vivo, these workers showed that in vitro myxoma virus would 
multiply in tissue cultures of cells from man, guinea pigs, rat and 
hamsters. The subsequent discovery of further examples of this lack 
of correlation between the susceptibility of an animal and of its cells 
in vitro have robbed tissue culture of much of its value for studying the 
problem under discussion. 

This review of the possible explanations of microbial tissue specificity 
has offered little helpful fact but merely speculation. The two investiga- 
tions discussed next contain more factual information and indicate 
experimental approaches to some of these problems. 

THE ROLE OF UREASE IN BACTERIAL LOCALIZATION 
IN THE KIDNEY MEDULLA 

Infections in the tubules, papillae and pelvis of the medulla of the kidney 

are usually due to Proteus spp., Pseudomonas spp., or Escherichla coll. 
The enterococcus in man, and Corynebacterium renale in cattle, may also 
infect the kidney medulla but the incidence of Gram-positive infections 
is relatively low. There is a gradation in the degree of persistence of 
infection and the severity of kidney damage caused by the above 
organisms. Thus, C. renale and Proteus spp. persist and cause severe 
pyelonephritis, whereas E. coli infection is usually self limiting and is 
followed by healing (Katz & Buordo, 1962). Separate investigations 
with C. renale and P. mirabilis led to a similar conclusion on why these 
organisms successfully persist and cause damage in the kidney medulla 
of their respective hosts. 

Corynebacterium renale 
Corynebacterium renale infection is found only in cattle, where it causes 
pyelonephritis characterized by necrosis, and progressive destruction of 
the medulla of the kidney. Lovell (1946) showed that the intravenous 
injection of several strains of C. renale into mice resulted in 70 Y. having 
infected kidneys, whereas 10 strains of miscellaneous diphtheroids 
infected the kidneys of only 14 %. In further experiments in mice, 

ý. ý ý 
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counts of the organisms in the tissues indicated C. renale grew actively in 
the kidneys but was rapidly eliminated 'from the spleen and lungs 
(Lovell & Cotchin, 1946). In biochemical studies in vitro, C. renale 
utilized urea when growing in bovine urine or in urea-enriched peptone 
water., In human urine also, cell-free extracts of C. renale attacked urea 
and uric acid but extracts of C. equi and Escherichia colt did not. 
A comparative study was then made of the reactions between these 
extracts and a large number of defined nitrogenous substrates. The 
attack on urea by C. renale was the only reaction producing large 
amounts of ammonia (Lovell & Harvey, 1950). 

Hence the main findings were, first, Corynebacterium renale when 
injected intravenously into mice grew and persisted in the kidneys 
more than in the spleen and lungs, and more than did other diph- 
theroids; and secondly C. renale had high urease activity. It would 
seem therefore that the possession of urease by C. renale might be a 
factor involved in its persistence in the kidney in cattle. However, proof 
that this is the main reason for its tissue specificity would depend on 
whether (a) organisms such as C. ovis having a high urease activity cause 
medulla infection and whether (b) all organisms causing this type of 
infection have urease. 

Proteus mirabilis 
Shapiro, Braude & Siemienski (1959) used organisms commonly 
associated with pyelonephritis in man to produce this condition experi- 
mentally in rats. Localization of the organisms in the kidneys follow- 
ing intracardial injection was encouraged by means of light renal 
massage. Proteus mirabilis caused more renal damage than either 
Escherichia coli or enterococci. It induced the formation of renal calculi 
and grew intracellularly in the tubule cells (Braude & Siemienski, 
1960). These two features were thought to be related to urease activity 
of Proteus in view of the following experiments. 

Tissue cultures of kidney epithelium were used to study the response 
of -Proteus mirabilis and Escherichia coli to added urea. Growth of 
intracellular Proteus organisms was stimulated by urea, whereas that of 
E. coil was not. The optimum concentration of urea (0.2 %) was the same 
as that found in kidney homogenate. In addition to the urease being 
directly cytotoxic, it was postulated that renal damage might also result 
from alkalinity due to the production of ammonia. This view was 
investigated in vitro in tissue cultures, and in vivo by pH measurements 
of the urine of rats suffering from pyelonephritis. Marked alkalinity 
was indicated by both techniques. Further evidence of the importance 
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of urease in the pathogenicity of this localized infection was obtained 
from the intravenous injection of killed Proteus organisms which had 

retained their unease activity; they caused a typical lesion in the kidney 

medulla. This work clearly showed that the urease of P. mirabilis 
enabled it to grow better than E. colt in kidney cells in tissue culture, 
and also to produce a more severe lesion experimentally in infected rats. 

It would appear from this work that the urease activity of Proteus 
mirabilis is an important factor for its localization in, and toxicity to, the 
kidney. Escherichia coli with no urease activity causes kidney infections 
which are more amenable to treatment than is Proteus infection. 
Sandford, Hunter & Donaldson (1962) confirmed experimentally in rats 
that E. colt produced a less severe infection than Proteus. Fluorescent 
microscopy showed that the organisms did not grow intracellularly nor 
were the tubules invaded. The infection did not persist and despite the 
accumulation of bacterial debris as the infection was overcome no 
gross changes in the kidney pelvis occurred. 

AN EXPERIMENTAL INVESTIGATION OF TISSUE AND 
HOST SPECIFICITY IN BRUCELLOSIS 

Brucellosis is primarily a disease of the pregnant female ungulate, for 
example, the cow, sheep, goat, and pig among the domestic animals. The 
commonly occurring host-parasite relationships are Brucella abortus in 
cattle, B. melitensis in the sheep and goat, and B. suis in the sow. Whereas 
an acute placentitis with subsequent abortion occurs in the susceptible 
pregnant females, the disease in non-pregnant ungulates and in other 
hosts (including man) is different and takes the form of a chronic 
infection which is confined mainly to the lymphatic system and causes 
periodic fever and allergic disturbances. In the bull, ram, he-goat, and 
boar, the infection is to some extent localized in the genitalia, particularly 
in the seminal vesicles. Recent investigations on brucellosis, first in the 
bovine and then in other species, have provided an explanation for 
tissue and host specificity in this disease (Smith et al. 1962; Pearce et al. 
1962; Williams, Keppie & Smith, 1962,1963; Williams, 1963). 

Bovine brucellosis 

General pathology of Brucella abortus infection in the cow indicated 
that the disease process was mainly confined to the lumen of the pregnant 
uterus. We determined the distribution of B. abortus organisms among 
the various adult and foetal tissues in experimentally infected cows (Smith 
et al. 1961). 
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The pregnant cows were infected intravenously with a virulent 
strain of Brucella abortus and the distribution of the organisms was 
examined 3-4 weeks later, the animals being killed as they were about to 
abort. The results are shown in Table 1. 

Table 1. Distribution of Brucella abortus in the tissues of experi- 
mentally infected pregnant cows when abortion was imminent 

Tissue 
Foetal tissue 

Cotyledon (placenta) 
Allantoic and amniotic fluid 
Chorion 
Spleen, kidney, lung, brain, 
liver, stomach contents 

Approx. total no. (x 10-17) of 
B. abortus per tissue in cows 

I II III 1V V 

63 90 140 23 27 
0.4 0.9 3.7 7.9 1.2 
5.6 2.1 9.9 0.6 3.3 
In no cow did the number of 
B. abortus in each of these 
foetal tissues exceed 0.1 x 10" 

Adult tissue 
Caruncle (placenta)* 
Uterine mucosa 
Spleen, lung, iliac gland, 
kidney, udder, thoracic 
gland, liver, muscle 

4.4 11 13 2.4 5.1 
--3.0 2.4 0.4 
In no cow did the number of 
B. abortus in each of these 
maternal tissues exceed 0.1 x 1019 

* It was impossible to separate completely all the foetal tissue from the maternal 
caruncles. 

The total yield of organisms in each pregnant cow ranged from 0.3 to 
1.5 x 1014, and in all cases over 90 % of the organisms occurred on the 
foetal side of the placental barrier. Apart from an apparent infection of 
the caruncles due to difficulty in separating the infected foetal placentae 
from their maternal attachments, the gross infection was entirely within 
foetal tissues. Of the latter, only three tissues significantly contributed to 
the total yield of Brucella abortus: the placenta (cotyledons), the foetal 
fluids including the purulent uterine debris, and the chorion; they con- 
tained respectively c. 64,27 and 9 Y. of the yield. 

These results were consistent with the classical pathology, which had 
suggested that the disease was a placentitis confined within the uterus. 
The main reason for Brucella abortus concentrating in foetal tissue 
cannot be solely the absence of immunity mechanisms in this tissue. 
If it were so, other maternal pathogens might reasonably be expected to 
localize similarly, but this does not happen. A more specific reason for 
the preferential growth of the pathogen seemed likely, and one possi- 
bility was the occurrence of a metabolite in foetal tissues which, if not 
essential, was at least preferentially selective for the growth of B. abortus. 
This reasoning received support from the following experiments. 
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A comparison of saline extracts of bovine tissues as growth media for 
Brucella abortus 

Various foetal and adult tissues from several pregnant cows were 
macerated with isotonic phosphate-saline buffer at pH 7.4. The extracts 
were centrifuged, adjusted to pH 7.0 and passed through cellulose 
acetate filters. These extracts were used as growth media for Brucella 
abortus (strain 544) under standard conditions (shake cultures, 37°, 
5% COZ/air).. The growth of B. abortus in the extracts was compared with 
that in a `standard' medium of digest broth plus Fildes's peptic-digest of 
sheep blood. The extract of foetal cotyledon tissue was the best medium; 
the lag phase was short and the exponential growth rate was greater 
than in any other extract. This was also true when the carbohydrate 
contents of all extracts had been adjusted with glucose to equiv. 5 mg. 
glucose/ml. The active nutrients were small molecules since the diffusate 
prepared by dialysis of the foetal cotyledon extract was equally effec- 
tive as a medium for the growth of B. abortus. 

The isolation of erythritol-a growth stimulant for Brucella abortus-first 
from infected and then from normal bovine foetal fluids 

At this stage, the results from a different study of the pathogenesis of 
Brucella abortus became relevant to the topic. A material which pro- 
moted the growth of B. abortus within bovine phagocytes had been 
fractionated from a mixture of infected allantoic and amniotic fluids 
collected from a cow which was about to abort after infection with 
B. abortus. The biological test which detected this material was de- 
scribed by Pearce et al. (1962). It was based on the ability of virulent 
brucellae to grow intracellularly. The mixed white blood cells from the 
buffy layer of bovine blood were allowed to phagocytose agar-grown 
B. abortus (strain 544) under defined conditions. Any extracellular 
organisms were then killed by the addition of fresh bovine serum plus 
streptomycin (2, ug. /ml. ). Samples of materials being tested were added 
after the organisms were intracellular. The cells were incubated in 
rotating tubes for '2 days in a continuous flow of 5% C02/air, and the 
intracellular growth of the test organism in the controls and in the 
treated cells was determined by plate counts. Materials enhancing 
intracellular growth produced higher counts (2-5-fold) than control 
samples. The material in infected bovine foetal fluids which promoted 
intracellular growth was fractionated and crystallized; 0-3 11g. of the 

crystals were active in the biological test detecting intracellular growth. 
The active material also stimulated extracellular growth of B. abortus 
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(strain 544, shake cultures, 37°, 5% CO$/air) in three other media (see 
below). At first, the active material was believed to be a product of 
B. abortus, but when further infected and normal foetal fluids were 
examined, it became apparent that the material was probably a con- stituent of normal foetal fluids. This was confirmed by fractionating 
normal allantoic fluid by a similar method to that used for infected 
foetal fluid. The fractionation is summarized in Table 2. 

Table 2. 
. 
The Purification of the growth factor for Brucella abortus in 

bovine allantoic and amniotic fluids 
% original 

growth 
enhancement Amount of 

Fractionation activity material 
Allantoic and amniotic fluids 100 540 ml. Diffusate 85 16.5 g. 
Eluate from mixed bed resin (IR45, ZK225) 85 5.13 g. Eluate from basic resin IRA400 (OH) 50 0.34 g. 
Paper chromatography n-butanol : pyridine: water (6: 4: 3) 
Crystallization from acetone 25 0.085 g. 

The crystalline growth stimulant was shown to be erythritol by the 
usual criteria. 

CH, OH 

H. _-C-OH Erythritol 

H-C-OH 
JH, 

OH 

The optical isomer D-threitol proved inactive in the biological test when 
tested at concentrations tenfold greater than erythritol. 

Immediately the possibility arose that growth stimulation by ery- 
thritol could be the cause of the preferential growth of Brucella abortus 
in' foetal tissue. This idea soon received support. In experiments sum- 
marized below, growth-stimulating ability and erythritol were found 
only in foetal tissue and they were concentrated in the tissues most 
prone to heavy infection; in addition, injections of erythritol consider- 
ably enhanced infections of B. abortus in I. to 7-day-old calves. 

A survey of cow and calf tissue extracts for ability to enhance growth of 
Brucella abortus and for the presence of erythritol 

To survey tissue extracts for their ability to stimulate growth of 
Brucella abortus, the intracellular growth test was too complicated; and 
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the system used previously in which the whole tissue extract was used as 
the culture medium had the disadvantage that the effect of a single 
nutrient might be masked by the variable nature of the whole extract. 
The extracts of the tissues were therefore added in small amounts to a 
basal medium and the growth of B. abortus in these mixtures was deter- 
mined. The media used were: (1) digest broth with added blood-digest, 
(2) 50 % heated bovine serum in saline, and (3) the defined medium of 
Rode, Oglesby & Schuhardt (1950). A similar pattern of results was 
obtained whichever medium was used and was independent of whether 
the tissue extract was added in the crude form, in equivalent amounts 
of its diffusate, or as equivalent amounts of the eluate from the ion 
exchange columns (see Table 2). The results in Table 3, which are 

Table 3. The growth promoting activity, and erythritol content of 
tissue extracts from pregnant cows 

Highest dilution 
having growth- Erythritol 

enhancing content 
activity (ug. /mL) 

Foetal tissues 
Allantoic fluid 1/300 600 
Amniotic fluid 1/100 200 
Placenta 1/100 60 
Chorion 1/100 60 
Kidney and liver 1/35 35 
Spleen, lung, serum 1/10 30 

Cow tissues 
Placenta* 1150 30 
Kidney, liver, spleen, lymph gland, Inactive 1/10 < 10 
udder, serum 

* These samples could only be incompletely separated from foetal placenta at mid- 
gestation: two samples which separated cleanly at birth contained < 5µg. erythritol/ml. 
extract. 

representative of analyses of tissue extracts from several pregnant cows, 
showed that this technique detected a growth stimulant which was 
confined to certain foetal tissues. The various extracts were also 
analysed for their erythritol contents (Williams et al. 1962; Williams, 
1963) which have been included in Table 3. Growth-promoting activity 
and erythritol were concentrated in certain foetal tissues, namely the 
placenta, foetal fluids and chorion, which in brucellosis are most prone 
to heavy infection. This discovery that naturally occurring erythritol 
enhanced the growth of B. abortus at its predilection site in the bovine 

pregnant uterus, gave added significance to an earlier study, carried out 
in vitro, of the metabolites used by the brucellae. McCullough & Beal 
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(1951) showed that of the nine carbohydrates used as the sole carbon 
and energy source in a simple basal medium, erythritol was the best for 
the three main brucella species. 

The. enhancement of infection of Brucella abortus in 1- to 7-day-old 
calves by injections of erythritol 

Concurrently with the above experiments a study was also made of its 
influence on the organism growing in newly born calves. Parenteral 
injection of erythritol for a week enhanced the spleen counts of the 
treated calves 3- to 30,000-fold compared with the spleen counts of 
control animals. Thus, the stimulation of growth of Brucella abortus 
strain 544, by erythritol which had been found initially in vitro in the 
intracellular growth test and then in the laboratory media, was confirmed 
in experiments with calves-the natural host-in vivo. 

The presence of erythritol in the genital tissues of the bull 
The connexion between erythritol and the localization of Brucella 

abortus in the natural infection received further support when erythritol 
was found in extracts of bovine seminal vesicle and testis, especially the 
former (see Table 4). 

The connexion between erythritol and the nature of brucellosis 
in other host species 

Once the picture had become clear in cattle, investigations were made: 
(1) to see if the predilection sites of brucella organisms in other host 
species contained erythritol; and (2) to see if the growth of Brucella 
melitensis and B. suis was likewise stimulated by erythritol. 

A survey for erythritol in other species of ungulates and in non-ungulates 
Severe localized brucella infection occurs naturally in both males and 

females of other ungulates such as the sheep, goat and pig. In contrast, 
acute localized brucellosis does not occur in certain other species such 
as man, rabbit, guinea pig and rat, although they can harbour a chronic 
infection. Appropriate tissue samples from all these species were there- 
fore analysed for their erythritol content. 

The results from this survey shown in Table 4 emphasized that cry- 
thritol occurred in the placenta of only four of the eight species. Those 
four species, namely cattle, sheep, goats, and pigs are closely related 
taxonomically, and are all highly susceptible to acute localized brucello- 
sis. Erythritol is therefore almost certainly the cause of host specificity 



59 HOST AND TISSUE SPECIFICITY 

as well as tissue specificity in Brucella abortus infection, inasmuch as its 

presence is necessary for the acute placentitis which is the complete 
expression of the disease produced by this organism in a host. 

Table 4. The erythritol content (pg. /ml. extract) of tissues from 
susceptible and non-susceptible species 

Susceptible 

Ox Sheep Goat Pig 
Maternal serum <2<2<2<2 
Foetal placenta 60 45 25 20 
Seminal vesicle 35 15 60 8 
Testis 3583 

Non-susceptible 

Guinea 
Man Rabbit pig Rat 

<2 <2 <2 <2 

The influence of erythritol on the growth of Brucella melitensis and 
Brucella suis 

Heretofore the single virulent strain 544 of Brucella abortus had been 
used as the test organism. However the two allied microbial species- 
B. melitensis and B. suis-also cause characteristic lesions in the placenta 
and seminal vesicles of susceptible hosts. Since erythritol had been 
located in these tissues, it was necessary, in order to round off this study, 
to show that erythritol stimulated the growth of these organisms. 
Erythritol (0-4-4tcg. /ml. ) produced twofold enhancement of the growth 
of B. melitensis (strain 6015) in digest broth and heated serum-saline. 
Enhancement of B. suis (KG 25) was more difficult to demonstrate, but 
this was possible in the defined medium of McCullough & Dick (1943) 
(erythritol 4 pg. /ml. ) and on occasions in heated swine serum-saline 
(40 /ag. /ml. ). 

Table S. Increased infection rate in guinea pigs, one week after challenge 
with either Brucella melitensis or Brucella suis, caused by parenteral 
injection of erythritol 

Challenge 
B. melitensis (6015), 
500 viable organisms 
B. suis (KG 25), 
100 viable organisms 

Dose of erythritol (g. ) 

1st day Daily 

1 0.2 
Nil Nil 
0.04 0.008 
Nil Nil 

No. 
No. infected infected 
No. in group (%) 

20/24 83 
1/20 5 

18/30 60 
7/90 8 

These results were supported by experiments in vivo: injections of 
erythritol enhanced the degree of infection in guinea pigs challenged 
with Brucella melitensis (6015) and with B. suis (KG 25)-see Table 5. 
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Erythritol is a growth stimulant for. three important members of the 
brucella species, and this, together with its presence in appropriate foetal 
tissues of susceptible hosts, explains why such animals suffer the 
characteristic severe localized placentitis. 

The relationship of erythritol to the virulence and metabolism 
of Brucella abortus 

The identification of erythritol as a growth stimulant of Brucella abortus 
and the probable cause of its localization in placental tissue, immediately 
posed two questions.. First, is the growth of virulent strains stimulated 
by erythritol more than that of avirulent strains? Secondly, what is the 
function of erythritol in the metabolism of B. abortus? 
The relationship between the response to erythritol by various strains of 

Brucella abortus and their virulence 
The evidence that erythritol stimulated the growth of the brucella 

group had so far been obtained from a study of fully virulent strains. 
The response of a number of strains, of differing degrees of virulence 
for the guinea pig, was studied both in dilute digest-broth and in a 
synthetic medium. The growth of all fully virulent strains such as 544, 
2308, AS, and 1503 responded well to the addition of erythritol, whereas 
the response to similar concentrations of erythritol of attenuated strains 
such as S19,45/20,205/19 or 58/20, and avirulent strains such as 45/0, 
11 or 99 was negligible. 

This interesting finding must have some bearing on the relative 
pathogenicity of strains of Brucella abortus, because it means that 
virulent strains will be equipped to utilize the plentiful supply of 
erythritol within the pregnant uterus of susceptible hosts, subsequent to 
their having resisted the body defences. 

The utilization of erythritol by Brucella abortus 
Anderson & Smith (1963) showed that erythritol was used as an 

energy source by a virulent strain of Brucella abortus growing in a 
synthetic medium. The yield of the organism was enhanced twofold and 
it used one and a half times its own weight of erythritol despite the 
presence of a high concentration of glucose. Radiotracer studies showed 
that 25 % of the 14C was incorporated into the organism, 45 % appeared 
as C02, and 30 % was excreted into the medium. 

A brief recapitulation of the progressive stages of this investigation 
will show how the pattern of fact finding in vivo, followed by related 
experiments in vitro, served to advance the work in the manner suggested 
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by the theme of this symposium. Thus, confirmation of the view that 
Brucelta abortus localized in the uterus was obtained by counting the 
number of organisms in the infected tissues in vivo. The first clue to the 
existence of a host-specific and tissue-specific growth stimulant for 
B. abortus came through utilizing the stimulation of intracellular growth 
of the organism in bovine phagocytes as the routine biological assay for 
foetal fluids. The testing of saline extracts of the host's tissues as culture 
media had a strong link with conditions in vivo, and the encouraging 
results led to the extensive use of growth enhancement experiments 
in vitro for comparing tissue extracts, for detecting activity in the 
fractionation samples, and for measuring the enhancement of the growth 
of all three brucella species by erythritol. Finally the ability of erythritol 
to enhance the growth of all three brucella species was confirmed by 
experiments in vivo. 

CONCLUSION 

In this paper, the lack of information which would explain host and 
tissue specificity has been emphasized, but experimental approaches to 
these problems have been indicated by work on brucellosis and kidney 
infections. The future search along these lines for the mechanisms which 
lead to specific relationships between micro-organisms and either a host 
or a tissue should offer plenty of scope for realistic experiments both 
in vivo and in vitro. Research on the defence mechanisms of the body 
which may differ from tissue to tissue or from host to host can be 
carried out to a certain extent in vitro, albeit usually with the help of 
freshly collected blood, serum, lymph, or tissue; but a frequent return 
should be made to experiments in vivo, preferably in the natural host, 
for confirmatory purposes. If, however, the basis of the host or tissue 
specificity seems to be related to a simple nutrient such as erythritol a 
great deal of the investigation can be pursued on tissue extracts by the 
usual culture techniques in vitro and the results finally confirmed by 
experiments in vivo. 
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IT is generally accepted that antibody protein found in the serum of 
immunized animals is modified serum globulin produced in response to the 
antigenic stimulus. The formation of such antibodies was for long regarded 
as occurring in the' cells of the reticulo-endothelial system, but evidence has 
accumulated that lymph nodes and lymphocytes play- a part in the process 
(Ehrich and Harris, 1945). The biochemical mechanism by which the modi- 
fication of the normal globulin takes place is quite unknown but various hypo- 
theses have been advanced. The conceptions of Breinl and Haurowitz (1930), 
Alexander (1931) and Mudd (1932) have in common the idea that the antigen, 
through its incorporation in the globulin-forming system, directly intervenes 
as an orientating force in the synthesis of the polypeptide chain : Pauling (1940) 
considers that the antigen intervenes during the folding of the chain rather 
than its synthesis, while Burnet (1941) suggests that the antigen induces some 
hereditary modification in a proteinase which ensures the continued formation 
of antibody in the absence of the antigen. 

Though these hypotheses differ on such a fundamental point as the necessity 
for the presence and fixation of the antigen during the production of antibody, 
they have in common one assumption, namely that a protein-forming system 
can be affected by the antigen. There appears, however, to be no a priori reason 
why the effect of the antigen should be limited to the system producing serum 
globulin, and the question arises whether other protein-forming systems in the 
body can be similarly affected by an antigen, so that the characteristic protein 
formed by that system, whether it be a structural or a secreted protein, bears 

antibody groups. With a structural protein such' an effect might produce a 
true tissue immunity in the sense that the immunity is due to the activity of 
the tissue, as distinct either from the fixation of serum antibody globulin in the 
tissue or from the local formation of antibody by cells of the. reticulo-endothelial 
or lymphatic systems. The existence of a tissue immunity might be demons- 
trable by the isolation from the tissue of a characteristic. protein, readily distin- 

guishable fron serum globulin and capable of specific reaction with the antigen. 
This possibility has been explored in a preliminary fashion by examination 

of the antitoxic capacity of myosin and other muscle proteins isolated from 

animals immunized with Cl. welchii toxin-toxoid. The investigation of a possible 
" muscle immunity " in animals immunized with this type of toxoid was of 
some practical interest in considering the advantages of active immunization 

against tetanus and gas gangrene ; and although previous workers have reported 
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a very low concentration of antibodies in muscle, this finding refers only to the 
proteins soluble in water or dilute salt, solutions. Moreover, a large mass of 
protein is available for fractionation and individual proteins can readily be 
distinguished, by their solubility and enzymic function. Cl. welchii toxoid was 
used as äntigen since the antitoxin (antilecithinase) to the lecithinase, which is 
a major antigenic component in Type A toxin, can readily be detected in vitro 
by its specific inhibition of the enzyme in conditions which can be 

, modified, 
according to the solubility of the protein fraction tested, whereas the use of 
flocculation, ' haemolysin or biological tests is impossible for some proteins. 

No antitoxic activity could be detected in the myosin or myogen fractions 
of skeletal muscle from immunized animals, but since a negative result is not 
without interest the experiments are briefly reported. In the hope of getting 
some information on the nature of the protective effect of immunization, the 
amount of extractable antitoxin in other tissues and the distribution of anti- 
toxin between different fractions of serum proteins in rabbits, guinea-pigs and 
rats immunized with Cl. welchii toxoid have also been examined. 

EXPERIMENTAL. .. 

Estimation of antitoxin. -The antilecithinase activity of sera and tissue 
extracts was estimated by the inhibitory action on the liberation of acid-soluble 
P from lecithin by a test dose of Cl. welchii toxin in standard conditions (Mac- 
farlane and Knight, 1941), in comparison with the inhibition by known amounts 
of a standard serum (Cl. welchii antitoxin, Elstree No. 1 standard, 95 i. u. /ml. ) 
defined as containing 95 antilecithinase units/ml. Since there is little doubt 
that Cl. welchii alpha-antitoxin and the antilecithinase are identical, titres are 
expressed simply as units antitoxin/unit weight or vohime. If the protein 
under test, such as myosin, was insoluble in 0.9 per cent NaCl, the salt concen- 
tration of all the tubes in the test, including the standard antitoxin series, was 
increased by addition of 1 /6 vol. 2M KC1;. this procedure did not affect the slope 
of the standard inhibition curve, nor appreciably alter the amount of hydrolysis. 

-Immunization. -Young animals were used, since with the comparatively 
low turnover rate of muscle protein the continued presence of the antigen during 
growth appeared to offer the most favourable conditions for formation of anti- 
toxic muscle protein. During immunization courses of 16-20 weeks the order 
of weight increase was : rabbits, 1 kg. ; guinea-pigs, 200-300 g. ; rats, 100- 
200 g. 

Culture filtrates of Cl. welchii, Type A, strain S107, were used as antigen, 
a formolized toxoid being used for a preliminary course of 2 or 3 injections, 
followed by toxin, all injections being given with 0.5 per cent alum into the 
shoulder or back muscles. Since the type of immunization course most favour- 
able ' for serum antibody production was not necessarily the optimum for 
development of a tissue immunity, some variety of dosing was tried,, such as 
the following (in rabbits) : 

Group L-4 doses 10 Lf toxoid at 2 weeks' interval ;4 weeks' rest, 4 doses 
10 if toxin at 10 days' interval ;3 weeks' rest, 5-7 doses 20 Lf toxin at 10-14 
days' interval. Group II. -2 doses 15 Lf toxoid at 7 weeks' interval ;4 weeks' 
rest, 6 increasing doses (2,4,8,10,14,30 Lf) at 4-6 day intervals. 

The serum titres in the two groups *ere of the order, 1-3 units/ml, after th@ 
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primary course, and 25-50 units/ml. at the height of response to the secondary 
doses, falling later to 12-20 units/ml. So far as the object of these experiments 
was concerned, there was no appreciable difference between the courses. Animals 
from each group were bled out at different stages of immunization, and the 
tissues worked up immediately after death. 

ISOLATION AND TESTING OF MUSCLE PROTEINS 

Myosin, which accounts for about 40 per cent of the total protein of rabbit 
muscle, was prepared following in general the method of Bailey (1942). The 
more soluble muscle proteins were fractionated by the method used by Cori, 
Slein and Cori (1945) for the isolation of d-glyceraldehydephosphate dehydro- 
genase, so that different enzymes could be prepared and examined for anti- 
toxic effect if this seemed profitable. 

Protocol. -Rabbit B 2. Primary course :2 spaced (7 weeks) doses, followed 
by regular injections for 20 weeks. Serum titres (units/ml. ) :8 weeks, 1-6; 
16 weeks, 50; 28 weeks, 44. After bleeding out at 28 weeks, muscle was 
removed from the hind limbs, freed from connective tissue and vessels, and 
minced twice. 

For the preparation of myosin, 50 g. mince was extracted twice with stirring 
with 2 volumes of 0.6 M KCl at pH 7.6, the combined extracts poured into 15 
volumes of ice-cold water, the precipitate collected, washed with water and 
redissolved by addition of 2.4 M KC1, giving 180 ml. 1.1 per cent protein in 
0.2 M KC1 at pH 7.4. This crude myosin (Ml) was purified by dilution with 20 
volumes water and resolution of the gel-like precipitate in 0.2 M KC1 (M2 ). 

Soluble proteins were extracted from 147 g. of the mince with one volume 
ice-cold 0.03 N KOH, and the extract treated with ammonium sulphate. The 
proteins separating at 52 per cent and 100 per cent saturation (" G" And "A" 
fractions) were removed by filtration, dialysed against 0.9 per cent NaCl till 
free from ammonium sulphate and cleared by centrifuging, 

Aliquots of these" fractions were tested for antitoxic activity ; Kjeldahl N 
estimations were also made, from which the protein content was calculated as 

TABLE I. Antitoxin Content of Sera and Muscle . 
Immunized with Cl. welchii toxin. 

-Serum. A, 
Units/m1. . 17 
Units/g. serum protein . 283 

Myosin. 

Proteins of Rabbits 

Rabbit No. 

A, ß3 ri 
25 . 

44 
. 11 

416 730 183 

Units/g. protein Ml nil nil . 2.7 . nil 
Units/g. protein 112 nil . - 

Soluble Muscle Protein. 
"G" fraction. Units/g. protein . 15 23 . 56 . 28 

Units/g. muscle extracted .. 0.07. 0.18 . 0.15 . 0.05 
"A" fraction. Units/g. protein . 1.0 . . 

0.8 . 3.6 . 1.5 
Units /g. muscle extracted .. 0.02. 0.01 . 0.16 . 0,01 
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Nx6.25. The "G" and "A" fractions contained 0.26 and 1.5 g. protein 
respectively. 

The results for four rabbits are shown in Table I. The detectable antitoxin 
per g. muscle was less than 1 per cent of the serum titre and was almost entirely 
concentrated in the small "G" fraction which might be expected to contain 
any antitoxic serum globulin present in the muscle. No evidence was obtained 
that myosin had any antitoxic activity. 

DISTRIBUTION" QF ANTITOXIN IN OTHER TISSUES. 
Extraction of antitoxin. 

The animals were bled out but were ndt perfused. Tissues were freed from 
connective tissue and vessels and washed rapidly in three changes of saline, 
hollow viscera being opened up. Skin, previously shaved or clipped, was taken 
from the abdomen remote from the site of inoculation, pinned out and the inner 
layer of the pelt containing blood vessels removed with a scalpel ; this layer 
was occasionally tested but unless otherwise stated the term " skin " refers to 
the epidermal and dermal layers. Portions of tissue were dried on filter paper 
and weighed. Various methods of extraction were tried, such as grinding with 
sand, mincing in a Latapie mincer, etc., but with small amounts of tissue of very 
different consistencies these were not satisfactory. In the end the tissues were 
minced very finely with scissors and extracted with 5 volumes buffer solution 
(borate buffer pH 7.6 plus equal volume 0.9 per cent NaCl) for 1 hour at room 
temperature with occasional stirring. The extracts were filtered, dialysed 
overnight at 0° against 20 volumes extractant to remove inorganic phosphate 
and tested at 2 or 3 levels for antitoxin, the test being repeated on diluted samples 
if necessary. 

In a number of animals, duplicate samples of tissue were treated with 0.5 u 
KCl at pH 7.6 to see if the amount of antitoxin extracted was increased by a 
higher salt concentration, but no appreciable difference was observed. Control 
tests with extracts from non-immunized animals, with and without added anti- 
toxin, showed that the limit of detectability of antitoxin was about 0.04 units 
in 2 ml. extract (i. e. 0.10 units/g. tissue), as the inhibitory action of the anti- 
toxin at this concentration was counterbalanced by a stabilizing effect of the non- 
specific protein on the toxin ; no inhibition was observed with extracts from 
non -immunized animals. 

Ti8sue Antitoxin in relation to Serum Titre. 
The antitoxin extracted. from tissues may be derived from three sources, 

namely serum antitoxin from contained blood, lymph antitoxin and antitoxin 
in the tissue fluid proper. It seems unjustifiable to assume that perfusion would 
always remove blood occluded in capillaries or that the effect of perfusion on 
" fixed antitoxin " would be the same for all tissues. The trimming and washing 
of the tissues appeared to be a satisfactory substitute for perfusion in the gross 
removal of blood, in that extracts of skin, uterus, trachea and pale skeletal 
muscle were practically colourless (less than 1/1000 haemolysed blood) but lung 

extracts were usually slightly pink and liver extracts reddish brown. Yet the 
antitoxin values for 'trachea approached that of lung, while that of skin was 
generally higher than that of liver. Thus in one rabbit, with serum titre 12 
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units/ml., the following values (units antitoxin/g. fresh tissue) were obtained : 
lung 1.0, trachea 0-8, skin 1.1, uterus 0.8, liver 0'6, heart muscle 0"6, skeletal 
muscle nil, gut 0.2. In another, with serum titre 20 units/ml., the values included 
lung 1.8, lie-art muscle 0.9, red skeletal muscle nil, pale muscle nil, skin 1.1, liver 
0.5, uterus 0.9. It appears probable that the contribution of contained blood 
to the extractable antitoxin values is very small, and that the main source is 
the tissue fluid. 

The main results for a number of rabbits, gninea=pigs and rats are summarized 
in Table If, the values for extractable antitoxin being expressed as a percentage 

TABLE II. -Relative Antitoxin Content of Tissues and Sera. 

Ratio = 
units/g. fresh tissue x 100 

units/Di . serum " 
Animal Seruni Ratio 

Sixmiea' No. units/ml. ý-- ý -ý--'' ' Heart Liver Lung Skift Uterus Itoum 
Rabbit A. 12 

.5.5.8.9, ,7.1 
(3 females, B. 12 .5.5.9.8. -. - 
3 anales) C. 16 

.5. -. 8.8-. -. 
E. 16 

.7.7.14 .5. -. - 
F. 19 .648572 D. 21 

. 4.2.9.5.4,2 

" Guinea-Pig 7' 
.3,7.4.18 .3. -. - 

(all male) 4, G. 7.2.8.2. -. - 
S. 7.4.1.6.5. -. <1 

12 
.6.9.28 . 22 

.4, -. 3 
13 . 19 .5.6.18 .5. -. 2 
15 

. 14 .4.2.9.4. -. 1 

Rat 6. S. 5"4.15 .7. J. <1 
(all female) S. 13 .4.3.14 8.8. <1 

9.6.5,1.14 .6,6. <1 
12 .5,5.4.11 . 13 . 35 .7 

of the serum titre. The result of outstanding interest is the presence of extract- 
able antitoxin in the cardiac muscle of all the animals examined, in amounts 
far exceeding that present in skeletal muscle. The concentration in cardiac 
muscle was of the same order as that in liver, skin and uterus, about 5 per cent 
of the serum titre ; the figures for these tissues and for lung (10-15 per cent) 
are, in general, consistent with those of other workers (Freund, 1927 ; 'Jones, 
1925 ; Walsh and Cannon, 1938). We were, however, unable to detect any 
antitoxin in brain tissue in the animals in which that tissue was examined ; 
this is in contrast to the finding of Weichsel and Salfield (1937) that antitoxin 
was present in the brain tissue of guinea-pigs immunized with diphtheria toxoid. 
Values for spleen were usually slightly lower than those for liver. 

Although the serum titres varied with individual animals, the tissue/serum 
ratio was on the whole of the same order for the same tissue in all the species-; 
speaking broadly, then, from the point of view of the protective effect of in- 

w 
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oculation the concentration of antitoxin in these tissues appears to be directly 

related to the serum titre, but there were some differences in individuals and species. 
Thus in the rabbit the ratio of the mean titres skin/lung was considerably higher 

and that for lung/serum rather lower than in the guinea-pig, and although the 

concentration in guinea-pig lung was occasionally very. high there was con- 
siderable variation. The contrast in guinea-pigs Nos. 12 and 13 between the 
liver/serum ratios is of interest ; these two animals had the same course of im- 

munization, but at the time of the last boosting dose of toxin No. 12 had acquired 
a cut in the right shoulder and developed a lesion at the site of injection of the 
toxin. When the animals were killed seven days later (ordinarily the day of 
maximum response) the serum titre of No. 12 was much lower than that of 
No. 13, but the liver/serum ratio was extraordinarily high. This recalls the 
observation of Jones (1925) that shortly after immunization with a bacterial 
vaccine (hog cholera) the concentration of agglutinins in the liver exceeded that 
in the serum but that subsequently the serum titre rose, absolutely and relatively. 

Immunization of Rats. 

An interesting point was the apparent difference in response to immunization 
exhibited by male and female rats. Rats are usually considered refractory to 
sensitization and it was thought possible that the slight differences in tissue/ 
serum ratios between rabbits and guinea-pigs might be accentuated in rats and 
throw some light on the differences in the signs of anaphylactic shock in different 

species. 
A group of 5 male and 7 female rats (Lister Institute, black and white strain) 

about 8 weeks old, and 100 g. weight, were given a preliminary course of 2 spaced 

(3)x 
12 

X10 
(2)x 

ýg 
C 

6 (3} x 
(4) x 

4 

Z 
(3)X (4) (3) (1) (3) (3)x 

_ . o---- 0 0 
024G8 10 12 14 16 18 

Days after last boosting dose 
20 

Fm. 1. -Antitoxin titres of male and female rats. The numeral in brackets indicates the 

number of boosting doses. x= female. Q- male. 

0 
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doses of C. welchii toxoid at 4 weeks' interval, and a boosting dose of'toxoid 
6 weeks later. Subsequently a boosting dose of toxin was given to 10 animals, 
of which one a male, died within a few hours and the others were poorly for a 
day or two ; 

'8 
of these animals received one or more additional doses of toxin. 

It was not found possible to get sufficient blood from the tail for interim 

estimations of the serum titre, so animals were bled out at varying times (7- 
19 days) after the last dose of toxin and the tissues extracted in the usual way. 
The serum titres for individual animals have been plotted in Fig. 1 against the 
days elapsing from the last dose ; it can be seen that for the female rats the 

values for different rats, irrespective of the number of doses of antigen, fall no 
a steep curve with a maximum at 12 unitsiml. which strongly suggests that the 

response of an individual animal to a secondary stimulus is marked but much 
more transient than in other 4pecies. None of the male rats, even those tested 

at the time of good response in the female, reached a titre greater than 1 unitilml. 
The tissue /serum ratios for antitoxin for those rats in which the tissue anti-, 

toxin was detectable are shown in Table II. The only peculiarity observed 
was the high antitoxin content of the uterus in the last rat killed, No. 12 ; un- 
fortunately, as the possible significance of sexual difference was not appreciated 
at the time, the stage of the oestrus cycle in the rats is not known. 

DISTRIBUTION OF ANTITOXIN IN DIFFERENT FRACTIONS OF SERUM PROTEINS. 

For each species, sera were pooled in two or three lots according to the titre, 
and the proteins fractionated by the method used by Kekwick (1940). The, 
globulins were first salted-out with sodium sulphate (18 g. to 100 ml. ), and, after dialysis, fractionated at pH 8.0 by addition of sodium sulphate (12 g. and 18 g. to 100 ml. solution). - With human and rabbit sera the 12 per cent precipitate is known to consist of almost pure y-globulin, while the 12-18 per cent precipitate 
contains the a- and ß-globulins, with some y-globulin. Owing to electricity 
cuts at the time of these experiments, the composition of the fractions was not 
examined electrophoretically, but it is probable that the 12 per cent fraction was 
substantially y-globulin and the 12-18 per cent fraction substantially ß-globulin. 

About 20 per 'cent of the antitoxin was löst during the precipitation and dialysis of these fractions, but practically no antitoxin was present in the 18 
per cent filtrate. The distribution of the recovered antitoxin between the two 
precipitates is shown in Table III. Between the -species there is a marked 

TABLE III. Distribution of Antitoxin on Fractionation of Serum Proteins with 
Sodium Sulphate. 

Specie's. Titre of Pooled Sera Per cent recovered antitoxin in 

units/ml. 2 per cent ppt. 12-18 per cent ppt. 
Mabbits 40 73 27 

2o' 82 18 
Guinea-pigs 

. .= 16 "42 58 
6.5 40 . 60 
3 64 36 

Rats, female 
. 7.8 18 . 82 

1.8 16 . 
84 

is male 0.9 20 80 
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difference in distribution which appears to be independent of the serum titre ; 
in rabbits 70-80 per cent, but in rats only 16-20 per cent, of the antitoxin was 
recovered in the 12 per cent sodium sulphate precipitate, while in guinea-pigs 
the distribution was almost even. 

DISCUSSION. 

11yosin and other protein fractions from skeletal muscle of animals immunized 
with Cl. uylchii toxin during the period of growth have been examined for the 
presence of antitoxic groups, but no evidence was obtained that such groups were 
present in the characteristic tissue proteins. This negative result does not neces- 
sarily disprove the hypothesis that an antigen can affect other protein-forming 
systems besides those responsible for serum globulin formation and thus produce 
a true tissue immunity, but the fact that at least two important systems; those 
producing serum albumin and myosin, are not affected by the presence of an 
antigen emphasizes the selective nature of the factors involved, either in the 
absorption of an antigen into particular kinds of cells or in the ability of the 
antigen to affect the protein-synthesizing system within the cell. 

Another aspect of this selectivity, the difference in distribution of serum 
antitoxin between the p- and y-globulin fractions, is of interest in relation to the 
ease of sensitization in different species. Active sensitization of the rat appears 
to be difficult (Longcope, 1922 ; Parker and Parker, 1924) although the appar- 
ently erratic results may be due partly to, the transient response to the antigen. 
Kellaway (1930) however, who found that passive sensitization of rats with rabbit 
anti-albumin serum was regularly successful, concluded that rat tissue could 
readily fix heterologous, but not homologous, antibody.. In the present work, 
only a small proportion of the serum antitoxin was found in the 12 per cent 
sodium sulphate fraction (y-globulin) of rat serum, but a very high proportion in 
rabbit y-globulin fraction, and it is tempting to correlate the ease of sensitization 
with the ability to form y-globulin antibody ; this implies not only a selectivity 
in the effect of the antigen on the protein-forming system, but a selective action 
of the tissues in the " fixation " of y-globulin rather than p-globulin. The differ- 
ence in extractable antitoxin between plain muscle and cardiac muscle on the 
one hand, and skeletal muscle on the other, is also of interest. 

Although the number of rats immunized was too small to justify the con- 
elusion that the difference in response between the male and female animals was 
due to the difference in sex, the results were in striking contrast to those with 
other species : taken with the difference in the antitoxin distribution in different 
serum fractions they suggest that a fuller investigation of the immune response 
in rats might throw light on some problems of immunization, and for this reason 
these preliminary experiments have been reported. 

SUMMARY. 

Myosin and other protein fractions from skeletal muscle of animals immunized 
with Cl. wekhii toxin were tested for antitoxic activity, with negative results. 

Extractable antitoxin, however, was present in the cardiac muscle of im- 
munized rabbits, guinea-pigs and rats, in amounts of the same order (5-15 per 
cent of the serum titre, per g. of tissue) as in lung, skin and liver. 
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There was a marked species difference in the distribution of antitoxin between 
different fractions of serum proteins, more than 70 per cent of the serum anti- 
toxin in rabbits, but less than 20 per cent in rats, being found in the least soluble 
fraction (7-globulin). There was also a marked contrast between the response 
of male and female rats to the antigen, which was not observed in other 'species. 
The results suggest that ease of sensitization may be linked with a capacity for 
formation of Y-globulin antibody and fixation of this antibody. in the tissue. 
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INTRODUCTION 

Several attempts have been made over a period of years to define the direct 
capabilities of Clostridium botulinum as an infective agent, in distinction to its 
indirect action in rendering foodstuffs highly dangerous by virtue of the toxin it 

can produce therein under certain conditions. 
Van Ermengem (1897), who first described the species, concluded that in clinical 

cases the organism played no part in the disease and that when it was isolated from 
the tissues it had been present as a saphrophyte. Other workers later used 
guinea-pigs and occasionally mice in experiments in which botulinum spores after 
being heated to a varying degree were administered by injection or feeding. 
Thom, Edmondson & Giltner (1919) and Edmondson, Giltner & Thom (1920) 

produced fatal botulism in guinea-pigs with subcutaneous injections of 30 million 
viable spores, and sometimes with oral doses. The local use of calcium salts was of 
value in producing the end result. Geiger, Dickson & Meyer (1922) emphasized 
the need for careful detoxification of spore suspensions to exclude effects from 

extraneous toxin. Orr (1922) showed that body temperature was optimum for 
toxin production, also that the subcutaneous injection of some strains killed 

guinea-pigs and mice in doses of 50 and 30 million viable spores respectively. 
Because the spores had been heated at 80° C. for 30 min. it was postulated that the 
fatal botulism arose from toxin elaborated in the animals on the germination of the 

spore inoculum. Coleman & Meyer (1922) claimed that only `enormous' numbers 
of spores such as 180 million viable spores subcutaneously or several billion orally 
could kill guinea-pigs. They proved that germination of spores did occur in experi- 

mental animals and concluded that the botulism eventually induced in experimental 
animals was much more likely to result from the active growth of the injected 

spores, than from the release of any pre-formed toxin present in the latter. Calcium 

given separately from the spore injection failed to induce germination in the 

experiments of Hall & Davis (1923), who doubted whether spores could be induced 
to germinate in vivo and held that botulism in experimental animals resulted from 

extraneous toxin in the inoculum. Starin & Dack (1925), too, injected calcium 
separately from the spores and failed to induce germination. By giving sub- 
cutaneously very large numbers of spores such as 60 million to guinea-pigs and 
15-25 million to mice these authors could produce fatal botulism. Coleman (1929) 

successfully produced the disease in guinea-pigs with small numbers of spores 
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which were shown to germinate when injected into muscle which had a few hours 
previously been devitalized with 0.6-0.8 ml, of 10 % formalin solution. 

In the majority of cases, therefore, earlier workers have produced the botulism 
syndrome in experimental animals from injections of large numbers of apparently 
toxin-free spores. The evidence is conflicting as regards the source of the toxin which 
produces the fatal result. 

This paper describes some experiments in mice in which a quantitative study 
has been made of the effect of intramuscular injections of botulinum (type A) 
spores both alone and together with a calcium salt. 

31ETIIODS 

Strain8 

Two typo A strains, namely 4587 and Hall were used. Both are highly toxic 
strains, being capable of producing 1x 106 mouse LD 50/ml. under suitable con- 
ditions. Stock cultures were kept at 0° C. in sealed tubes of cooked meat medium. 

Production of spores 
A search was instigated to find a medium on which Cl. botulinuin would produce 

a high proportion of spores, as the yield from cooked meat medium or broth was 
inadequate. Solid media such as dorset egg, Loewenstein, solid serum, and Loeffler 
solid serum were tested, but only from the last named was the relative proportion 
of spores to bacilli sufficiently great. The Loeffler cultures also gave the cleanest 
product for harvesting as it consisted of a clear yellow fluid containing a deposit 
having upwards of 85 % spores. Batches of the medium in tubes or bottles were 
inoculated with a few drops of young cooked meat culture and incubated in 
anaerobe jars at 37° C. for 3-6 weeks. The contents of the tubes were pooled and 
filtered through glass-wool to remove coarse debris, and the spores were washed 
with distilled water by. repeated centrifugation. The final deposit after at least 
three washings was resuspended in distilled water to give a suspension of suitable 
density. It was found that the liquor from the liquefied Loeffler cultures had 
100,000 mouse LD50 per ml., but the toxicity of the supernatant from the first 

and second washings was only 1000 LD per ml. The supernatant discarded after 
the third washing was only toxic when 0.1 ml. was injected, and after the first of 
the heat-treatments of 80° C. for an hour, the distilled water suspending the stock 
suspension was non-toxic in a volume of 0.5 ml. In no instance during the periodic 
testing of the suspending fluids of the several stock spore suspensions was toxin 

ever shown to have developed during their storage in the refrigerator. 

Total count 
The direct or total count of spores suspended in distilled water was made in 

a Levy counting chamber. The spore suspensions were suitably diluted to give 
about 100 spores distributed over each set of 80 small squares. For each count at 
least 240 and often all of the 400 small squares were examined. 



J. KEPPIE 38 

" Viable count 
The method of Miles & 11Zisra (1938) for surface growth on replicated plates was 

used. The medium finally selected as giving the highest viable counts was tryptic 
meat-broth agar enriched with 0-5% glucose and 3-0% Fildes peptic digest of 
blood. The plates were dried in an oven at 60° C. for IJ hr. A known volume of 
a suitable dilution of spores was delivered in six drops from a standardized 
dropping pipette and allowed to spread over the surface of the agar. The plates 
were incubated for 18 hr. at 37° C. in an atmosphere of 5% carbon-dioxide- 
hydrogen gas in anaerobe jars, by which time all the colonies were of a size easily 
visible to the naked eye. 

Mice 
White mice, largely from one source and weighing 18-21 g. were used. Intra- 

muscular injections in a volume of 0.1 ml. were given in the muscle of the hind-leg. 
Where CaC12 had to be injected with the spores, equal volumes of spores and fresh 
5% CaCl2 were mixed and 0.1 ml. injected. Each experiment was concluded on 
the seventh day. The LD 50 end-point was determined by the method of Rood & 
Muencli (1938), using the data from several consecutive tests. 

Staining methods 
Smears from mouse-lesions were stained by the modified Ziehl-Neelson method 

for demonstrating acid-fast spores and also vegetative cells. Histological sections 
were stained by a combination of the above together with haemalum and Claudius 
Gram; carbol-fuchsin at 60° C. for 20 min.; wash in water, differentiate in 3% 
acid alcohol; wash in water, stain haemalum 15 min. ; wash, stain 1% crystal 
violet 2 min. ; wash, add half saturated aqueous picric acid 1-3 min. ; blot, 
decolorize with 0.1 % picric acid in aniline until no more crystal violet comes out; 
blot, wash, rapidly dehydrate in absolute alcohol; clear in xylol and mount. 

EXPERIMENTAL RESULTS 

(I) Injection into mice of spores without adjuvant 
(1) Intact spores 

Within 2-5 days of being given an injection of spores, the mice died after 
developing local and general symptoms of botulism. Both intramuscular and 
intraperitoneal injections gave positive results, the latter route, as is the case with 
toxin, being slightly the more effective. Several suspensions varying in concentra- 
tion from 2 to 4x 108 per ml. (total count) were used and the volume of the LD 50 

was 0.05-0.2 ml. 
Table 1 gives the summarized results from the intramuscular injection of mice 

with three suspensions of strain 4587' and one of strain Hall. 
With strain 4587 the number of spores in the mouse LD 50 varied slightly from 

batch to batch with a mean total count 21.2 (± 7.3) x 106. The strain Hall produced 

a similar fatal toxaemia, ' but the limited experiments indicated that a still greater 

number of spores was necessary. 
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Table 1. LD50 in mice of spores injected intramuscularly without adjuvant 
Total count Viable count 

Batch an. (x 106) (x 106) 

Strain 4587 C 0-055 22-7 11.6 
D 0-075 23-0 9.8 
F 0.08 17-8 4.8 

Mean 21.2 (±7-3) 

Strain Hall A -0-14 53.1 17-6 

That the symptoms and death of the mice were associated with the spores 
present in the injection was shown by the fact that on no occasion did the controls 
consisting of excess doses of the suspending fluids alone ever produce any effect. 

To eliminate the possibility that a fatal amount of toxin remained on the spores 
despite the original heating at 80° C., the suspension of spores needed for each day's 

experiments was reheated (80° x 60 min. ) before use. This treatment caused no 
alteration in the effectiveness of a given spore suspension, nor did the pre-treatment 
of the spores with specific antitoxin, both of which processes were shown completely 
to detoxify controls consisting of simple solutions of toxin (e. g. 60,000 LD/ml. ). 

Histo-pathology (Pl. 5, figs. 1-3). Examination of the local lesion in the muscle 
showed that the spores did not germinate, but were to be found-liberally inter- 

spersed with polymorphs-in compact foci either within the muscle, or in the 

connective tissue, and intramuscular spaces. A few polymorphe containing spores 
had migrated away from the main lesion. 

`here the mass of spores and polymorphs lay within the muscle, the fibres of 
the latter were broken by being forced apart and fragments had become necrotic. 
The periphery was defined by a cellular zone formed by proliferating sarcolemma 
nuclei. In connective tissue the circumscribed mass of spores was again interspersed 

with polymorphs. Some mononuclears occurred nearer the margin which often 
took the form of an inflammatory tissue reaction. The spores, to be seen in 

exceedingly large numbers within the foci, were acid-fast when stained except for 

a very small number which stained with the counterstain as would bacilli. During 

the examination of the long series of films and sections prepared from mice 
immediately after their death, no spores were found to have germinated. Only 

where the post-mortem had been delayed for a few hours were scanty vegetative 
cells found among the predominating spores. 

Cause of death. Mice treated prophylactically with type A botulinum toxoid or 

with Type A antitoxin were completely immune to the spores. This confirmed that 
death resulted from the specific toxaemia. 

The routine pre-treatments of the spores already described having removed the 

possibility that toxin remained in the supernatant or on the surface of the spores, 
it appeared that, in the animal tissues, toxin must emerge from the interior of the 

spores by a simple physical process or as a result of biochemical activity, and 

experiments were carried out to clarify the position. 
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(2) Extraction of spores 

40 

In order to prove or disprove the theory that toxin existed within the spores, 
attempts were made to extract toxin from the spores under conditions which 
precluded germination. Full strength stock suspensions (4 x 108 per ml. ) were 
incubated at 34° C. in the following fluids in which botulinum toxin could survive 
but which were unsuitable for the germination of the spores : 1,5 and 10 % sodium. 
chloride; 1% sodium phosphate-0.2 % gelatin diluent; and 1% pepsin (pH 2.0). 
The extracting fluids were tested for botulinum toxin by the injection of mice with 
0.5-1.0 ml. amounts, after periods varying from a few hours up to 6 days. In no 
instance did the mice die or show symptoms of botulism. 

Suspensions of spores and also of vegetative cells were treated with strong 
solutions of crystalline lysozyme but no lysis resulted. The suspensions agglutinated 
into floccules and stained more vividly in fixed films, but no alteration in morphology 
occurred, and the suspending fluid remained innocuous. 

(3) Disintegration of spores 

The effect of disintegrating the spores in a Mickle shaking machine was finally 
tried and the results were positive. Six ml. of heated and antitoxin-treated spores 
(5 x 108 per ml. ) were shaken for 15 min. with about 3 ml. ballotini beads (0.2 mm. 
diameter) at 0-4° C. The concentration of intact spores was reduced to 0-0.1 % of 
the original, and the shaking had an even more marked effect on the viable count 
which fell to 0.004 %. A supernatant, free of particulate debris, was obtained by 
centrifuging at 0-4° C. for 2 hr. at 14,000 rev. /min., and this was tested for botu- 
linum toxin. The intraperitoneal injection of the supernatant of the disintegrated 
suspension produced typical fatal botulism in mice. The LD 50 was 0.05 ml. on one 
occasion and 0.1 ml. on another (Table 2). The prophylactic use of type A botu- 
linum antitoxin (100 units per mouse) completely protected mice from 0.12 ml. of 
the toxic product of Exp. 2, which dose killed 8/10 unprotected mice. 

Table 2. The toxicity of disintegrated botulinum spores 
Exp. 1 Exp. 2 

Original suspension (total count/ml. ) 4.6 x 108 5.1 x 108 
Disintegrated suspension, LD 50 (ml. ) 0.05 0.1 
Spores from which LD 50 is released 2.3 x 107* 5.1 x 107* 

* This calculated figure may in actuality be smaller if any released toxin has failed to 
appear in the supernatant because of its destruction during the shaking. 

That the toxin was released from within the spores was proved by the fact that 
the supernatant of the stock spore suspension was innocuous in a volume of 0.5 ml., 
and the heat and antitoxin treatments individually were capable of destroying 
a potent concentration of toxin had it been present on the outside of the spores or 
free in the suspending fluid. Despite the known tendency of botulinum toxin to 
become adsorbed non-specifically the supernatant, after the shaking treatment and 
the centrifugation, was 4-5 times more toxic than the resuspended spore-debris. 
It is most probable that toxin destruction during the 15 min. sliaking reduced the 
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potency of the products, as the activity of a control solution of botulinum toxin 
which was shaken in parallel with the spores fell from 1x 105 LD f m1. to 25 % of its 
original value. 

The toxin presumably survived the changes in the cell cytoplasm during the 
formation of the spore. Its resistance to successive exposures of a temperature of 
80° C. is interesting, and the discovery of toxin within the spores offers a rational 
explanation of how an injection of botulinum spores can kill an animal without 
germination occurring. Presumably, if a large enough mass of spores is present, 
a fatal dose of toxin is released during their phagocytic digestion. 

(II) The injection of spores with calcium as adjuvant 
It is well known that calcium salts have an activating effect on the spores of 

several species of anaerobe when injected into experimental animals before or 
together with the micro-organisms. The enhancing of the infectivity is greatest 
when the spores are deposited in the area of tissue devitalized by the calcium salt, 
and in the present experiments, when mice were injected intramuscularly with 
mixtures of botulinum spores and 2.5 % CaC12, a local focus of infection resulted 
similar to that found in comparable experiments with the gas-gangrene anaerobes. 

As was the case with the earlier experiments, controls clearly showed that the 
symptoms and death of the mice were due to botulism, because mice previously 
immunized with toxoid or with antitoxin were completely resistant to the injection 
of spores with calcium. The suspending fluid of the spore suspensions was shown to 
be free of toxin, and if before being used in an experiment'the spores were treated 
with antitoxin and later washed, no alteration was found in their lethality. 

Mice injected with 0.05 ml. of the calcium solution alone showed only slight 
transient swelling of the leg, but when toxin-free spores were included in the 
injection, lameness and local paralysis of the leg progressed to fatal general 
botulism in from 2 to 5 days. 

Ilisto Pathology (Pl. 5, figs. 4-6) 

Films and sections of the local myositis prepared from moribund or recently dead 
mice showed the vegetative form of Cl. botulinum in varying numbers. Macro- 
scopically the affected leg was swollen with slightly haemorrhagic oedema and the 
muscle had a zone. of congestion around the central core of necrosis resulting from 
the CaCl2 . Microscopic examination showed that the CaCl2 alone produced severe 
degenerative changes in the muscle with areas of coagulative necrosis, dilation of 
small blood vessels, oedema; and extravasation of blood. The lQsion resulting from 
the LD 50 mixture of spores and CaCl2 closely resembled the above, in addition to 
which there was a characteristic limiting, zone rich in proliferating sarcolemma 
nuclei. Polymorphs and mononuclear cells were present in small numbers. Acid-fast 
spores were scanty but prolonged search revealed these and also small but dense 
groups of vegetative cells. The few nests of proliferating Cl. botulinum occurred 
in the central necrotic zone, in small patches characterized by an accumulation of 
debris from cells and spores. A minor feature of the lesion was the presence of 
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faintly stained, non acid-fast, spheroidal bodies which appeared to be the remains 
of spores damaged by the CaC12. 

(1) LD 50 of spores plus calcium. The same stock spore suspensions were used as 
for the earlier experiments with spores alone, but when CaCl2 was included in the 
intramuscular injection the LD50 was much smaller and contained far fewer 

spores than could cause a fatal toxaemia without germination occurring. The 

primary factor determining the fatal dose of a mixture of spores and calcium must 
be the concentration of fully viable spores, whereas the comparable factor in the 

case of plain spores would be the total amount of toxin available for release from 
spores whether dead or alive. As the several spore suspensions, vary in their 

proportions of viable spores to total spores so also will the ratio of plain LD/calcium 
LD vary from batch to batch and among strains according to the viability and 
toxin content of their component spores. Thus with four batches of spores of strain 
4587 the LD 50 of plain spores was respectively 55,105 108, and 240 times larger 
in volume than the LD 50 of a mixture with calcium. The mean value of 127 gives 
some idea of the enhancement of pathogenicity as a result of the calcium allowing 
germination to occur. Experiments about to be described have shown that all 
spore suspensions suffer a. loss of about 50 % of their concentration on coming into 

contact with 2.5 % CaCl2, and it therefore follows that the enhancement of patho- 
genicity, based on the volume of sound spore-suspension constituting the plain and 
activated LD 50, is actually of the order of 250. 

(2) The effect of 2.5 % CaCl2 on botulinum spores. Using two separate batches of 
spores of strain 4587 the effect of contact with 2.5 % CaCl2 at room temperature 
was studied in some detail. In seven instances the sample for counting was with- 
drawn from the mixture immediately or in a few cases up to 30 min. later. The mean 
residual viable count as compared , with control suspensions in distilled water was 
53.5 ± 7.5 %. Comparable data from total counts of the spores surviving contact 
with the CaCl2 revealed a similar, but smaller loss 

. with, a mean ý survival of 
65.5 ± 7.8 %. No clear evidente was obtained from the haemocytometer to explain 
the fate of the missing spores. None were seen in a process of disintegration and 
there was no visible, aggregation of spores or fragments, but there were present 
'a number of particles-not dissimilar to spores in size but having an indistinct and 
indefinite outline-which might have been spores in the act of lysing. Similar, 
ill-defined spores were also seen in stained sections of lesions from spore, plus 
calcium mixtures. ,,,.. The above general finding that calcium caused a greater fall in the viable count 
than in the total count was emphasized when six total and viable counts were made 
in parallel from one of the suspensions before and after contact with the CaCl2. 
The residual total counts after the calcium treatment expressed as percentages 
were 49,60,56,57,64 and 68 with a mean survival of 59 ± 6.9. The respective 
viable percentages were 33,, 40,41,43,47 and 54 with a mean of 43 ± 7.4: , Thus 
the mean percentage survival of viable spores is only 73 % of the value obtained 
from direct counts, which means that after contact with the calcium solution 
a proportion of spores become non-viable although retaining their morphology. ` 

From the commencement of the study, it was obvious that at least part of the 

.ý ýý ýý 
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deleterious effect of the calcium occurred as soon as the spores and the calcium 
solution came into contact, because the drop in the viable count could be demon- 

strated if a sample was withdrawn (for the necessary ten-thousand-fold dilution in 

glass-distilled water) within 30 sec. of the mixture having been made. Some 
indication of the progress of the changes was obtained in three experiments in 
which total counts made at the moment of mixing and 1 and 3 hr. later showed 
mean percentage losses of 25,31 and 33. Thus 75 % of the loss of morphology had 
occurred within the short period between mixing and sampling. 

In three experiments where viable counts were made immediately and 11 hr. 
later, the mean losses were 48 and 59.3 % showing that 81 % of the killing effect of 
the calcium occurred immediately the spores came into contact with it. 

Table 3. Relative effect on botulinum spores of two grades of calcium chloride, 
and the nitrate and acetate 

Total counts Viable counts 

Immediately 14 hr. Immediately 14 hr 
Anhyd. calcium chloride, percentage survival 57 49 43 33 
A. B. calcium chloride, percentage survival 68 64 54 47 
Anhyd. percentage 84 77 80 70 

A. R. percentage 
Calcium nitrate, percentage survival - 46 - 35 
Calcium acetate, percentage survival - 46 - 32 

In one experiment two brands of calcium chloride were compared, the one being 
the generally used granular anhydrous form, and the other the `Analar' hydrated 
form of a strength equivalent to 2.5 % anhydrous. Table 3 shows that both grades 
of calcium brought about a reduction in the total counts and in the viable counts. 
The grade in the anhydrous form caused slightly greater damage, as the final total 
count, being 49 % of the control, was only 77 % of the `Analar' calcium sample. 
Similarly, the final viable count of 33 % found with the anhydrous grade was only 
70% of those surviving contact with the `Analar' grade for 1I hr. The pH of the 
2.5 % solution of the anhydrous form was 8.2 and that of the A. R. salt was 5.6. The 
relative importance of the pH was not investigated in detail, but the above grades 
produced changes of the same magnitude when the pH was adjusted to 7.2. 

The effect on botulinum spores of two other calcium salts, namely the nitrate and 
acetate, was examined in vitro. The solutions were equivalent in their calcium 
content to 2.5 % anhydrous CaC12 and their pH was adjusted to 7.2. The percentage 
survival rates of the spores after contact with these solutions are shown in the latter 
part of Table 3. The nitrate and acetate caused losses similar to those caused by 
the inferior of the two forms of CaCl2. The latter experiments confirm that the 
Ca ion is responsible for the damage to botulinum spores revealed in the work with 
solutions of CaCJ2. 

(3) The LD 50 of spores +calcium in terms of viable spores. Table 4 summarizes 
the results of extensive tests in mice with injections of spores plus CaC12 solution, 
The spore-counts as listed in the table were made from the aqueous suspensions, 
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prior to the addition of the calcium solution and the injection of the mice. The 
extent of the harmful effect of the calcium on the spores has since been revealed 
and assessed, and in order to arrive at a more accurate value for the spore-counts 
constituting the LD 50 the mean value of the viable counts from the series of 
experiments has been amended to allow for the loss which occurs when the calcium 
solution is added to the spores, prior to the mixture being deposited in the muscle 
of the mouse. 

In the case of strain 4587 the estimated number of viable spores in the mouse 
LD 50 is 49,800 when the simultaneous injection of 2.5% CaCl2 is used as the 
activating agent. 

Table 4. The mouse LD 50 of spores plus calcium chloride 
Total count Viable count 

Strain Batch Ml. (x 104) (x 104) 
4587 A 0.00042 18.3 8.5 
4587 B 0.00053 22.0 11.2 
4587 C 0.0007 21.3 9.0 
4587 D 0.0015 33.0 8.8 

Mean (P=0.95) -- 9.3 t 1.9 
Mean (P=0-95) (allowing for the in vitro fall in 4.98± 1.2 

viability to 53.5 ± 7.5 %) 

DISCUSSION 

The experiments described in the earlier part of this paper dismiss as negligible the 
'danger from the ingestion of the spores of Cl. botulinum in foods which have 
become contaminated with them. They therefore, support the view, that the 
primary factor giving rise, to botulism, is 'the toxin elaborated during the initial 
period of growth of the contaminant and already present in the spoiled foods at the 
time of ingestion. 

It was found that, by the sensitive intramuscular route, mice succumbed only to 
an injection of some 20 million spores representing' about 0.25 ml. ' of culture 
specially enriched to give maximum spore production. Assuming man ' to ' be of 
similar susceptibility to the mouse, (which among laboratory animals is relatively 
susceptible), the body-weight difference introduces a factor of about 3500, and the 
further large factor reflecting ' the low" sensitivity of the "natural"' natural "oral route 'as 
compared with parenteral routes, makes the likelihood of a fatal amount of spores 
being ingested by man extremely remote. 

The discovery of botulinum toxin within the spores after these had been heated 
to 80° C. ' is of some theoretical interest 'as it suggests that toxin derived from the 
vegetative cell persists in a special form in the spore..,, _,..;. ,,: ;.; ,., ".. x ýý4 ; ,: The addition of 2.5 % CaCl2 solution to the spores prior to their injection into 
mice damaged a proportion of the spores but enabled as relatively smallnumber of 
the survivors to germinate and produce' a' fatal anaerobic myositis. 

, 
It is surprising, 

therefore, that Cl. botulinum has not so far been observed in the bacterial flora of 
cases of gas gangrene 
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SUMMARY 

1. 
, 
The injection of mice with botulinum spores, freed from all traces of super- 

ficial toxin, can cause death but, only if a 'very large number is given. This number 
was found in the case of a highly toxic strain to be of the order of 20 million spores 
given intramuscularly. This dose was fatal in the absence of spore germination. 

2. In human botulism it is concluded that the spores of Clostridium botulinum 
present in spoiled foodstuffs are not of importance compared with the toxin 
produced by the initial growth of the contaminating organisms. 

3. Toxin could be demonstrated in the cytoplasm of botulinum spores when 
those were disintegrated by mechanical means. This is of theoretical interest as the 
toxin within the spores is more heat-stable than the extracellular form. 

4. A local anaerobic myositis could be produced in mice by the intramuscular 
injection of spores plus 2.5 % CaCla. The number of viable spores in the LD 50 was 
of the order of 50,000. 

5. Calcium chloride solution in the commonly used strength of 2.5 % was shown 
regularly to cause a drop in the number of botulinum spores in a given suspension 
of some 40 % and a parallel loss of viability of about 60 %. 

I wish to express appreciation of the guidance received from Dr David W. 
Henderson and my thanks to Dr Joan 111. Ross for the reports on the histo-pathology. 
The histological material was prepared by W. J. Randles, and the micro-photographs 
by Miss N. K. Harris. This paper is published with the permission of the Chief 
Scientist of the Ministry of Supply. 
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EXPLANATION OF PLATE 5 
Fig. 1. Deposit of botulinum spores surrounded by polymorphonuclear leucocytes in inter. 

muscular connective tissue. (x 62. ) 
Fig. 2. Deposit of botulinum spores and polymorphonuclear leucocytes within the muscle. 

(x98. ) 
Fig. 3. - Higher magnification of Fig. 1, showing ungerminated botulinum spores. (x 1375. ) 
Fig. 4. Cellular boundary separating the upper normal muscle from the lower area damaged 

by CaCI, plus spores. (x 100. ) 
Fig. 5. Vegetative Cl. botulinum in intramuscular lesion from CaClj plus spores. (x 1075. ) 
Fig. 6. ' Vegetative Cl. botulinum in intermuscular lesion from CaCh plus spores. (x 1180. ) 
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