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I . I n t r o d u c t i o n 

Bordet and Gengou (1906, 1907) clearly established that Bordetella 
pertussis was the causative agent of whooping cough when they demon
strated this bacillus in the sputum of children affected with the disease and 
the presence of specific agglutinins and complement-fixing antibodies in 
their blood during convalescence. This work was soon confirmed by oth
ers (Wollstein, 1909). The bacillus, for many years thereafter, was known 
as the Bordet-Gengou bacillus; later it was named Hemophilus pertussis 
and now, fittingly, is called Bordetella pertussis. The same investigators 
also showed that freshly isolated strains are serologically similar (Bordet 
and Gengou, 1907, 1909; Bordet and Sleewyck, 1910) and that bacilli 
grown in artificial media lose their serological specificity. Many labora
tory-kept strains failed to agglutinate in the presence of antiserum pre
pared against freshly isolated strains (Bordet and Sleewyck, 1910), and 
these cultures kept on artificial media grew better and faster than fresh 
isolates. Bordet and Gengou (1909) also found that B. pertussis cells con
tained a heat-labile substance which, when given intraperitoneally (IP) or 
intravenously (IV), killed guinea pigs and rabbits and, when given subcu-
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taneously (SC), produced necrosis of the skin. These observations clearly 
established the presence of at least two biologically active substances in 
B. pertussis —the agglutinogen and the heat-labile toxin. Subsequent work 
by many other workers showed that this bacterium contains many other 
biologically active materials, among which the most important are: (1) the 
hemolysin (Wilson and Miles, 1964); (2) the hemagglutinating substance 
(Keogh et aL, 1947); (3) many agglutinogen factors, some heat labile and 
some heat stable (Andersen, 1953; Eldering et aL, 1957); (4) a protective 
antigen (P. L. Kendrick et aL, 1947); (5) the histamine-sensitizing factor 
(Parfentjev and Goodline, 1948); (6) the heat-stable toxic lipopolysac-
charide (Flosdorf and Kimball, 1940; Flosdorf et aL, 1941); (7) the heat-
labile toxic protein (Bordet and Gengou, 1909); (8) a blue pigment called 
"azurine" (Sutherland and Wilkinson, 1963); (9) a coagulase (Billaudelle, 
1955a,b); and (10) various other enzymes, as well as many substances of 
unknown activity. By gel diffusion analysis, some 20 different antigenic 
substances have been demonstrated in B. pertussis extracts (Pusztai 
etaL, 1966). 

The distribution of these substances in the cell is not well known, but it 
is reasonably clear that the heat-labile agglutinogens and the hemaggluti
nin are surface antigenic materials (Munoz, 1963). The hemolytic sub
stance must be excreted from cells, because it can be demonstrated in 
very young cultures on blood-containing medium, such as 
Bordet-Gengou (B-G) agar. The lipopolysaccharide (heat-stable toxin), 
the protective antigen, and the histamine-sensitizing factor are closely 
associated with the cell wall or protoplasmic membrane, while the heat-
labile toxin is found in the cytoplasm of the cell and, for this reason, was 
called an endotoxin by most early workers. Many other substances are 
present in the cell and must be of widely different chemical natures (the 
copper-containing pigment azurine, DNA, RNA, polysaccharides and 
polysaccharide-protein complexes, enzymes of various kinds, etc.). A 
mucin-like substance of unknown origin has been observed by Burrell et 
a/. (1948). 

In this chapter, only the best characterized protein toxins will be dis
cussed. Of these, only the heat-labile toxin (HLT) is a true toxin in the 
strictest sense of the word. The histamine-sensitizing factor (HSF), which 
should more properly be called shock-enhancing factor, can also be con
sidered a toxin, since it produces changes in mice which interfere with 
their normal ability to withstand shock of various types. The hemolysin 
produced by many strains of B. pertussis has not been studied in detail, 
and the heat-stable toxin is clearly not a protein but a lipopolysaccharide 
similar to other endotoxins from gram-negative bacteria (Ribi et aL, 
1966); consequently it does not fall within the scope of this chapter. Var-
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ious reviews on these topics have appeared in the literature (Gozsy and 
Kato, 1964; Kuwajima and Niwa, 1964; Munoz, 1963, 1964a; Munoz 
and Bergman, 1968; Pittman, 1957; Sanyal and West, 1959; Schwein-
berg, 1961). 

I I . H e a t - L a b i l e T o x i n ( H L T ) 

A. TOXICITY 

The HLT from Bordetella pertussis can be demonstrated in superna
tant fluids of old liquid cultures (Toomey and McClelland, 1933; Roberts 
and Ospeck, 1942; Frappier and Guerault, 1954, 1955; Kuwajima et al, 
1951; Wood, 1940) or in lysates of fresh cultures made by breaking cells 
by freezing and thawing (Yamamoto et al, 1953; Evans and Maitland, 
1937; Smolens and Flavell, 1947), by grinding dried cells (Bordet and 
Gengou, 1909; Teissier etal, 1929; Evans and Maitland, 1937),by sonic 
treatment (Verwey and Thiele, 1949; Ehrich et al, 1942; Pennell and 
Thiele, 1951; Robbins and Pillemer, 1950; Smolens and Flavell, 1947), or 
by disrupting cells with a Mickle disintegrator (Banerjea and Munoz, 
1962; Munoz et al, 1959), a pressure cell (Munoz and Ribi, unpublished), 
or an X-press (Billaudelle et al, 1960). The supernatant fluid obtained 
after centrifuging the cell debris contains the HLT. These crude prepara
tions are lethal when given IP or IV to guinea pigs, rabbits, or mice 
(Bordet and Gengou, 1909). The amounts required to kill depend on the 
particular strain of B. pertussis employed and, no doubt, on the medium in 
which the cells are grown. When given subcutaneously, these toxic mate
rials produce necrosis within 24-48 hours. Fraction(s) responsible for 
these activities can be destroyed by heat and thus are not the lipopolysac
charide^) which many B. pertussis cultures also produce (MacLennan, 
1960). The toxin has not yet been purified, but various workers have ob
tained highly active fractions. Robbins and Pillemer (1950) obtained a 
preparation which contained 5260 mouse LD5 0/mg N. Others have ob
tained preparations which kill mice in doses of from 6-10 fig (Banerjea 
and Munoz, 1962; Billaudelle et al, 1959). Yamamoto et al (1957) pre
pared a toxin which had a minimal necrotic dose for rabbits of 0.05 fig N , 
and we (Munoz et al, 1959) showed skin reactions in rabbits with as little 
as 0.12 fig (about 0.02 fig N) with crude extracts or with whole cells of B. 
pertussis. The toxin also damages tissue culture cells in vitro (Felton 
et al, 1954; Angela et al, 1962a,b), and chick embryos (Gallavan and 
Goodpasture, 1937). The intranasal administration of toxin produces 
pathological lesions in the lung, which are similar to those seen in whoop
ing cough (Asada, 1953a,b). 
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B. PRODUCTION AND PURIFICATION 

The HLT is found in smooth (Phase I), intermediate (Phase II and III), 
and rough (Phase IV) cells of B. pertussis (Flosdorf et aL, 1941; Roberts 
and Ospeck, 1942). Some strains contain more toxin than others, and 
some apparently contain little necrotizing substance (Kasuga et aL, 1954; 
Lawson, 1933; Roberts and Ospeck, 1942; Kuwajima et aL, 1958). Cer
tain intermediate forms of this organism produce large amounts of toxin 
(Roberts and Ospeck, 1942; Kuwajima et aL, 1958), but, as a rule, 
smooth, recently isolated cultures contain larger amounts of toxin 
(Lawson, 1933). Large-colony variants were found to lack toxin, while 
small mutants were highly toxic (Andersen, 1952). A toxin indistin
guishable from HLT from B. pertussis is found in cells of Bordetella para
pertussis and Bordetella bronchiseptica (Andersen, 1953; Brueckner and 
Evans, 1939; Evans and Maitland, 1939a,; Evans, 1940; Flosdorf et aL, 
1941; Roberts and Ospeck, 1942). 

To prepare toxin from B. pertussis, most workers have started with 
freshly grown whole cells (Bordet and Gengou, 1909; Robbins and Pille
mer, 1950; Munoz*?/ aL, 1959; Banerjeaand Munoz, 1962; Billaudelle et 
aL, 1959), but some have found it more convenient to obtain the toxin 
from filtrates or supernates after centrifuging the cells from old liquid 
cultures (generally over 5 days old) (Roberts and Ospeck, 1942; Frappier 
and Guerault, 1954, 1955; Kuwajima et aL, 1951; Toomey and Mc
Clelland, 1933). Invariably, when fresh cells are lysed, a marked increase 
in the toxicity of the mixture is observed, due to the liberation of the cyto
plasmic toxin. 

The most successful methods of obtaining toxin have involved disrup
tion of cells under conditions which do not generate heat. Certain chemi
cal substances capable of lysing cells might also be useful, but this 
approach has not been tried. 

Bordet and Gengou (1909) extracted HLT from B. pertussis cells 
grown on the medium devised by them (potato-glycerin-blood agar). 
They collected the cells in 6% sodium chloride and dried them for 3 days 
at 35°C over potassium hydroxide, mixed them with crystals of sodium 
chloride, and ground the mixture to a fine powder. They found the toxins 
stable for a long time in this powder. The toxin was extracted by adding 
enough distilled water to bring the concentration of sodium chloride to 
7.5%. This material given IP killed guinea pigs in doses of 0.25-0.5 ml 
and rabbits in doses of 1 -2 ml. Subcutaneous administration of 0.2 ml into 
guinea pigs produced a hemorrhagic edema which became a purple-black 
necrosis within 24-48 hours and eventually sloughed off, leaving an ulcer 
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which later healed. Evans (1940) precipitated the toxin at pH 4 from ex
tracts made by disrupting cells by freezing and thawing. This precipitated 
toxin contained many bacterial antigens and was still very crude. The first 
real attempt to purify HLT was made by Robbins and Pillemer (1950). A 
2.5% suspension of dried B. pertussis cells was extracted with 0.05 M 
CaCl2 at pH 6.5 and centrifuged to remove cell debris and a mucin-like 
material that was precipitated by the calcium chloride (Burrell et ai, 
1948). The supernate was subjected to fractionation by the cold metha
nol method: the toxin was precipitated at pH 4.4 in 15% methanol, 
ionic strength 0.15, at —5°C. The precipitate obtained was dissolved in 0.3 
M Na acetate at pH 7 and clarified by centrifugation. This material now 
contained 1630 mouse LD5 ( )/mg N and was at that stage purified 5.4 
times. The toxin was reprecipitated at pH 5.3, ionic strength 0.15, at 0°C, 
redissolved in 0.15 M acetate buffer at pH 7 and clarified by centrifuga
tion. The supernate which then contained 5260 LD5 0/mg N, a purification 
factor of 17.5, was still impure as demonstrated by electrophoresis. 

Pennell and Thiele (1951) attempted to purify H LT by a method similar 
to that used by Robbins and Pillemer (1950), except that they used etha
nol instead of methanol. They found that prolonged (72-hour) exposure to 
calcium chloride inactivated some of the toxin in sonically treated cell 
extracts and that 40% ethanol at —5°C destroyed most of its toxicity in 24 
hours. 

Yamamoto et al. (1957) obtained highly active preparations of HLT 
from extracts of cells disintegrated by freezing and thawing and then frac
tionated by ammonium sulfate precipitation. The toxin was precipitated in 
40% saturated ammonium sulfate, redissolved, and isoelectrically precip
itated at pH 4.4. The toxin in this precipitate was a protein, but it was still 
impure as demonstrated by electrophoresis. The dermonecrotic dose to 
rabbits was 0.05 /xg N. Banerjea and Munoz (1962) used cell extracts 
obtained by disrupting the cells in the Mickle disintegrator. They sepa
rated the toxin from other cellular components by diethylaminoethyl-
cellulose (DEAE) column chromatography. In a column equilibrated 
with 0.015 M phosphate buffer at pH 7.1, the toxin was absorbed 
on DEAE-cellulose and was eluted by a gradient of sodium chloride (from 
0-1 M) in the same buffer. A fraction was obtained that appeared to be a 
reasonably pure protein without DNA, RNA, or carbohydrate. This 
toxin was inactivated by trypsin, but not by RNase or DNase. The MLD 
was from 6 to 10 /xg per mouse. Billaudelle et al. (1960) also separated 
HLT from other cell components by DEAE chromatography. Because of 
the instability of the toxin, no attempts to purify the toxin further were 
made. 



276 J. MUNOZ 

C. NATURE 

Banerjea and Munoz (1962) established that this material is destroyed 
by a proteolytic enzyme (trypsin) and that it has an ultraviolet absorption 
maximum close to 280 m/x, indicating that it is protein in nature. Yama-
moto et al (1953) considered this toxin to be a nucleic acid, because it 
was destroyed by an impure preparation of DNase. Later these workers 
found it to be a simple protein (Yamamoto et al, 1955, 1957). This toxin 
appears to be heat labile and unstable when kept in aqueous solutions. At 
5-22°C, toxin solutions lose 2 5 % of their activity in 2 days; and at 37°C, 
95 % of the activity disappeared in the same length of time. At 40°C, 95 % 
of its activity is lost in 9 hours. The rate of destruction increased rapidly 
between 37° and 55°C (Evans and Maitland, 1937). We (Munoz et al, 
1959) found that 10 minutes at 56°C was sufficient to detoxify solutions of 
HLT. 

Toxin destruction by 0 .3% formalin at 37°C occurred in 20 hours 
(Evans and Maitland, 1937) and a toxoid was formed which was anti
genic. Grinding destroyed some toxin when heat was produced by the 
process (Evans and Maitland, 1937). This was probably why Krueger et 
al (1933) found that extracts prepared by disintegrating cells in the ball 
mill were not toxic. Ethanol, calcium chloride in dilute preparations of 
HLT (Pennell and Thiele, 1951), phenol, chloroform, toluene, thymol 
(Bordet and Gengou, 1909), and other agents are deleterious to HLT. 
The toxin is relatively stable in dry form or in aqueous solutions contain
ing 50% glucose or 50% sucrose (Roberts and Ospeck, 1942). Alkalinity 
favors destruction of the toxin (Billaudelle, 1960). 

D. SYNTHESIS 

Infections with B. pertussis in man leave evidence that HLT is pro
duced in vivo, because necrotic lesions observed in natural infection 
(Dominici, 1907) are similar to those observed when toxin is administered 
to animals (Asada, 1953a,b,c). Moreover, antitoxin can be demonstrated 
in sera from some convalescent cases of whooping cough (Strean, 1940; 
Strean and Grant, 1940; Strean et aL, 1941; Kunstler, 1945). The amount 
of toxin produced in vivo has not been determined. In in vitro cultures, the 
toxin is elaborated by B. pertussis cells early in the growth phase and is 
present at all stages of growth. The toxin must be an integral protein of the 
organism, although the amount found varies from one strain to the other 
(Andersen, 1952; Roberts and Ospeck, 1942). The medium employed 
also has a pronounced effect on the amount of toxin found (Bordet and 
Gengou, 1909). 
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The toxin found free in the supernate of liquid cultures probably is 
produced by cell autolysis. Freshly grown intact cells are actually less 
toxic than disrupted cells (Munoz, unpublished). 

No detailed work on synthesis of HLT has come to our attention. 

E . M O D E OF ACTION 

The exact mode of action of HLT is not known. When given IP, IV, or 
intracranially (IC), it is lethal to various animals (mice, guinea pigs, and 
rabbits), and when given SC or intracutaneously, it is dermonecrotic. In
traperitoneal injection produces extensive hemorrhagic exudate, many 
petechiae and pronounced congestion of the intestinal walls, and pleural 
exudates (Bordet and Gengou, 1909). By intratracheal inoculation, toxic 
extracts produce interstitial mononuclear pneumonia in rabbits (Sprunt et 
a/., 1938; Sprunt and Martin, 1943) and mice (Burnet and Timmins, 
1937). Intracutaneously, the HLT produces in rabbits and guinea pigs a 
hemorrhagic edema that becomes a purple-black plaque which eventually 
becomes necrotic and detaches, leaving an ulcer that heals (Bordet and 
Gengou, 1909; Asada, 1953c; Tabata et ai, 1960). The toxin also causes 
dermonecrotic reactions in sheep, pigs, and chickens (Violle, 1950), and 
mice (Katsampes et ai, 1942), although Violle (1950) found the mouse 
resistant to this dermonecrosis. 

Wood (1940) observed that in mice dying from intoxication with this 
toxin, given SC, there was a marked injection of the vessels and small 
hemorrhages particularly in the abdominal musculature. Occasionally, 
small areas of necrosis were found in the liver. In mice surviving IP injec
tion of toxin and killed 1 week to 2 months later, she noticed that the 
spleen was small, bloodless, and quite atrophic, and frequently no more 
than one-quarter the normal weight. Histologically, it had almost no red 
pulp and only a few malpighian bodies. The spaces between the remaining 
malpighian bodies were filled with connective tissue. The weight of the 
liver was also reduced and showed some slight cellular atrophy. The ab
domen was often distended with ascites fluid and the testes were small 
and atrophic. Other organs looked normal. It is unfortunate that studies of 
this nature have not been conducted with purified toxin but if these find
ings are actually due to HLT, it would be an important effect of this sub
stance. The degeneration of spleen found by Wood, which we have re
cently also observed (Munoz, unpublished), and the possible effect on 
lymph tissue (Nakayama, 1959) may explain why toxic vaccines appear 
to protect mice less than detoxified ones. 

The toxin has also been found to be harmful to organ tissue cultures 
(Felton et al., 1954) and to Hela cells (Angela et al, 1962a,b). 
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Many workers believe that the HLT is responsible for much of the ob
served symptomatology and pathology of whooping cough (Lapin, 1943), 
especially since many of the pathological changes observed in children 
can be reproduced in animals given HLT (Sprunt and Martin, 1943; Gal-
lavan and Goodpasture, 1937; Uchida et al, 1957; Asada, 1953a,b,c; 
Kuwajima et al, 1959). 

F. IMMUNOLOGY 

For many years after its discovery, HLT was considered by most in
vestigators to be nonantigenic. Bordet and Gengou (1909) failed to dem
onstrate antitoxins in animals immunized with it, and, as late as 1937, 
Evans and Maitland (1937) failed to show antigenicity as others often had 
failed (Miller, 1934). Antitoxins were not, at first, found in sera of conva
lescent children (Evans and Maitland, 1939b; Evans, 1947; Wood, 1940; 
Flosdorf^/ al, 1941). However, Teissier et al (1929) had clearly shown 
that toxin converted to toxoid by formalin was antigenic to rabbits and 
guinea pigs, since they became immune to its dermonecrotizing effect. 
Antitoxin prepared in sheep and donkeys was capable of neutralizing this 
effect. In order to show the protective effect of antitoxin, this material had 
to be given simultaneously with or before the toxin. Protection was not 
observed when antitoxins were given 2-4 hours after toxin. Evans (1942) 
and Roberts and Ospeck (1942) fully confirmed these observations and 
settled the controversy on the antigenicity of HLT. Formalinized toxoid 
in rabbits stimulated production of antibodies which neutralized the HLT. 
Many workers have since demonstrated the antigenicity of toxoid in ani
mals (Demnitz et al, 1936; Strean, 1942, 1943; Lapin, 1942) and in chil
dren (Brereton, 1946). The failure of many to demonstrate antitoxin pro
duction by injection of whole cells or toxic extracts (Evans, 1942; 
Verwey and Thiele, 1949) may indicate either that HLT is easily de
stroyed in the animal body or that its toxic action on spleen and lymph 
nodes prevents stimulation of antibody production. When toxoid is used, 
antitoxin production can easily be demonstrated. 

Antitoxin neutralizes toxin in multiple proportions (Ospeck and Rob
erts, 1944; Roberts and Ospeck, 1942, 1944). Both lethal and dermone-
crotic effects are prevented by antitoxin (Evans, 1942), and these effects 
can be used to estimate the concentration of antitoxin in any given serum. 
It is curious that, in sera taken from normal adults and those of persons 
who have had whooping cough, little or no antitoxin is demonstrable 
(Evans and Maitland, 1939b; Cravitz and Williams, 1946). Antitoxin can 
protect mice from IP challenge with B. pertussis, because, in this case, the 
animals die of toxemia (Proom, 1947). Under certain conditions, anti-
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toxin, if present in the lungs at the time of infection, also protects when 
challenge is given intranasally (Evans, 1944; Ospeck and Roberts, 1944), 
but it does not protect mice against intracranial challenge with virulent 
B. pertussis (Verwey and Thiele, 1949). It does not seem to play a signif
icant role in recovery from whooping cough, because hardly any antitoxin 
is found in children recovering from this disease. Many workers have 
thought that antitoxic immunity should be important and have prepared 
vaccines containing toxoid which they claimed were better than vac
cines without it (Strean et ai, 1941; LaPointe, 1946). The consensus is 
that HLT is not involved in establishing active immunity to whooping 
cough, but that another antigen (protective antigen) is. Preparations of 
protective antigen completely free of HLT immunize mice against IC 
challenge with virulent B. pertussis, and HLT preparations free of pro
tective activity can also be obtained. 

G. PATHOGENESIS 

Although no relationship between virulence of B. pertussis and toxin 
production has been found (Standfast, 1951), HLT released during infec
tion must play a role in the pathogenesis of whooping cough. HLT pro
duces inflammation and necrosis in the respiratory tract, which must con
tribute to the disease process. Gallavan and Goodpasture (1937) 
observed, in epithelial cells of lungs of chick embryos, lesions caused by 
toxic substances from B. pertussis cells. Asada (1953a,b,c) suggested that 
HLT had a pneumotropic property. This apparent pneumotropism was 
also indicated by the work of Gallavan and Goodpasture (1937), by Uch-
ida et al. (1957), and others. Some believe that HLT increased the sus
ceptibility of the lungs to infection with B. pertussis (Kobayashi, 1961). 

Various European and Japanese workers have studied the effect of 
HLT on nervous tissue, perhaps because of the possible role this toxin 
may have on the rare encephalopathies observed in children vaccinated 
with pertussis vaccine (Byers and Moll, 1948). Fonteyne and Dagnelie 
(1932) found that small amounts of toxin injected in the brain or meninges 
of guinea pigs caused convulsions and symptoms referable to brain dam
age. The animals usually died within 5-24 hours. There was a latent pe
riod of about 3 hours before convulsions occurred. Histologically, the 
brain revealed a strong leukocytic (mainly polymorphonuclear) reaction 
in the meninges, congestion of blood vessels, and perivascular cuffing 
composed mainly of polymorphonuclear leukocytes and small lympho
cytes. Discrete polymorphonuclear infiltration beyond the vessels and 
abnormal-looking pyramidal cells were also noted. Heated toxin did not 
have these effects. Gabrielesco et al. (1958) also observed degenerative 
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changes in brains of guinea pigs given HLT IC. They noticed perivascular 
cuffing, edema, and cellular infiltration of meninges, nerve tissues, and 
ventricular cavities. These workers pointed out that similar changes have 
been described in children who died of encephalitides complicating 
whooping cough and attributed these complications to HLT. Pathological 
changes have also been observed in the nerve cells of the hypothalamic 
region (Hatsuda, 1960). T. Nakamura (1959) found that toxin added to 
cultured neural elements of kittens and puppies produced nuclear changes 
and decrease in granular substance and vacuolization of the cytoplasm. 
Abrosimov (1961) showed that the HLT had an effect on the respiratory 
centers, increasing the excitability of the inspiration and expiration reflex 
centers; he believed that the toxin acted directly on the respiratory cen
ters. 

Since the incidence of encephalitides in cases of pertussis is not high, if 
HLT is indeed capable of producing nervous tissue damage, the condition 
of the child in which these complications develop must be rather unusual 
and its nature is still obscure. 

H. SUMMARY 

The heat-labile toxin (HLT) is a highly toxic protein and poorly anti
genic in its native form; it is a good antigen when converted to toxoid. The 
toxin seems to be harmful to a variety of tissues in vivo and in vitro. Its 
role in whooping cough is not clear, but doubtless it plays an important 
role in the pathogenesis of the disease, since it is produced in vivo and has 
a marked toxic effect on the cells of the respiratory tract. The toxin, how
ever, does not appear to be involved in establishing active immunity to 
infection. The role of HLT in encephalitides observed on rare occasions 
in children vaccinated with whooping cough vaccine is not yet clear. 

I I I . H i s t a m i n e - S e n s i t i z i n g F a c t o r ( H S F ) 

A. TOXICITY 

When death is used as a sole criterion of toxicity, HSF is not highly 
toxic; however it has other deleterious effects on certain hosts that make 
it harmful. For example, it makes mice highly sensitive to the shocking 
effects of histamine, serotonin, and many other agents, and it increases 
their susceptibility to some infections and to certain other toxins. In light 
of these effects we will consider HSF as another toxin of Bordetella per
tussis. In the purest form yet obtained, HSF is lethal in doses from 500 to 
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1000 fig given IP to mice or IV to rabbits (Munoz and Hestekin, 1968). 
The chick-embryo L D 50 is approximately 7.6 fig, and the pyrogenic dose 
(FI4 ( )) for rabbits is about 150 fig (see Milner and Finkelstein, 1966). 
These toxic effects are not outstanding when compared to most microbial 
toxins. Further purification of HSF may even reduce these toxic effects. 
Direct toxicity to tissues in vitro and in vivo has not been investigated 
with purified fractions. With respect to sensitization to histamine, the 
most active fractions obtained can sensitize mice in doses of 0.6 fig doses 
or less (Munoz and Bergman, 1966). As purification of HSF is increased, 
its solubility decreases, though its activity does not appreciably increase, 
perhaps because of reduced solubility. 

B. PRODUCTION AND PURIFICATION 

HSF is found only in the smooth forms of B. pertussis (Halpern and 
Roux, 1950; Kind, 1953a). Freshly isolated strains seem to contain the 
largest amount of HSF, and B-G agar-grown cells are more potent than 
liquid-grown cells. HSF is located in, or at least associated with, the cell 
wall (Billaudelle et al., 1960; Munoz et al., 1959; Sutherland, 1963; 
Yoshida et al., 1955) because cell-wall preparations contain greater activ
ity than other fractions on a weight basis. Soluble preparations of HSF 
have been obtained from culture supernates (Griffiths and Mason, 
1964; Maitland and Guerault, 1958; Maitland et al., 1955; Niwa, 1962), 
from sonically disrupted cells (Felton and Verwey, 1955; Maitland 
et al., 1955; Wardlaw and Jakus, 1966), from cells lysed with sodium des-
oxycholate (Barta, 1963b; Demina et al., 1967; van Hemert et al., 1964), 
and from cells treated with lysozyme (Barta, 1960, 1963a; Millman et al., 
1962; Pusztai et al., 1962). It has also been obtained by extraction of cells 
with a mixture of thiourea and formamide (Guerault and Maitland, 1958; 
Maitland and Guerault, 1958), by autolysis of cells (Maitland et al., 
1955), and by extraction of acetone-dried cells with alkaline saline 
(Munoz and Hestekin, 1963). These soluble preparations have supplied 
materials for further purification of HSF. Niwa (1962) obtained some pu
rification of HSF by precipitating it with zinc acetate at pH 6-6.2 from 
culture supernates. The precipitate was extracted with 20% sodium 
phosphate and the soluble material was then dialyzed against water at pH 
6.2 (adjusted with 0.1 M acetic acid). The precipitate that formed during 
dialysis contained the HSF. It was dissolved in 0.1 M phosphate buffer at 
pH 8 and dialyzed against water for 24 hours at 4°C. The precipitate 
formed was active and contained the highest specific activity of all frac
tions obtained —2170 50% histamine-sensitizing doses (HSD5 0) per milli
gram, or an H S D 50 of 0.45 tig. 
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HSF can be extracted from acetone-dried cells with alkaline saline (pH 
8). The soluble materials obtained by this method are active in sensitizing 
mice to histamine in a concentration of 0.6 ^tg per mouse or less (Munoz 
and Bergman, 1966). Therefore, the actual activity of HSF must be 
greater than reported by Niwa (1962). We obtained highly purified prepa
rations from alkaline saline extracts by starch block electrophoresis at pH 
6.2. These purified active fractions contained mainly one antigenic com
ponent, as determined by gel diffusion test with an antiserum which dem
onstrated at least 12 different antigens in the starting material (Munoz and 
Hestekin, 1963). Pieroni et al. (1965) have prepared active materials from 
acetone-extracted cells disrupted in a Waring blendor in the presence of 
glass microbeads. The extracts were centrifuged at 37,000 g for 3 hours to 
remove cell debris, and ammonium sulfate was added to the clear super
nate to 3 5 % saturation. The precipitate contained only about 6% of the 
nitrogen and most of the HSF activity found in the starting material. 
These preparations were active in doses of 3.7-7.1 ĉg N/mouse, repre
senting at least 25-48 }ig dry weight (assuming all to be protein). Thus, 
these preparations were 1/40-1/100 as active as Niwa's preparation or 
our crude saline extracts. Our experience with ammonium sulfate precipi
tation indicates that the precipitate obtained at 35% saturation is heavily 
contaminated with other antigens. 

Recently we have found that, at pH 5.6, 0.03 M magnesium sulfate aids 
in precipitating HSF from dialyzed saline extracts (Munoz and Hestekin, 
1968). The precipitate contained all of the activity and only 10-20% of 
the total material found in the saline extract. Unfortunately, this precipi
tate is rather insoluble and still contains at least 3 to 5 antigens. 

A combination of known procedures has also been found successful by 
Millman and Skeggs (1968). They prepared crude cell-wall material from 
B. pertussis, dissolved it with sodium desoxycholate, as Barta had done 
with whole cells, and then precipitated HSF (and/or protective antigen) 
with ammonium sulfate. The final precipitate was active and had little tox
icity compared to the original cells. Various other attempts to further pu
rify HSF have been made, but none has been successful in obtaining HSF 
completely free of other antigenic components of the B. pertussis cell. 

C. NATURE 

HSF seems to be a proteinaceous material associated with the cell wall 
or protoplasmic membranes of B. pertussis (Munoz and Hestekin, 1963; 
Pieroni et al, 1965). Its activity is destroyed by heat (80°C for Vi hour) 
(Kind, 1956; Maitland et al, 1955; Niwa, 1962), by formalin (Joo et al, 
1961b; Kanai, 1959; Matsui and Kuwajima, 1959; Munoz and Hestekin, 
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1968), and by some proteolytic enzymes such as trypsin, pronase, and a 
protease from Bacillus subtilis (Hiramatsu, 1967; Kuwajima and Niwa, 
1964; Pieroni et ai, 1965). DNase, RNase (van Hemert et ai, 1964), ly-
sozyme (Barta, 1960, 1963a; Pusztai et ai, 1962), lipase, cellulase, and 
amylase (Wardlaw, 1967) do not destroy it. 

Saline-extracted preparations and magnesium sulfate-precipitated ma
terials have an almost full complement of amino acids, except cysteine 
and methionine (Hiramatsu, 1967; Munoz and Hestekin, 1968). HSF is 
only slowly inactivated by sodium periodate, suggesting that it does not 
depend on carbohydrate for its activity (Hiramatsu, 1967; Wardlaw, 
1967; Wardlaw and Jakus, 1966). The purest fractions contain a consider
able amount of lipid, and it may well be that HSF is a lipoprotein. 

Crude preparations of HSF in saline appear to be polydispersed, be
cause the active material does not sediment uniformly in the ultracentri
fuge (Munoz, unpublished). At higher purity, the sedimentation pattern of 
HSF changes completely, because it becomes less soluble in saline. Puri
fied HSF preparations made by magnesium sulfate precipitation are 
rather insoluble, although they are solubilized in the presence of sodium 
desoxycholate or sodium lauryl sulfate. The latter is more efficient, but it 
also causes faster deterioration of HSF activity. Recently, we have also 
found that 1 M NaCl solubilizes these preparations (Munoz and Smith, 
unpublished). 

Purified HSF retains a certain amount of toxicity, as was indicated 
above. This toxicity is not due to endotoxin, because HSF preparations 
contain only minute amounts of this material as shown by failure to elicit a 
Shwartzman reaction, induce fever in rabbits, or show toxicity for chick 
embryo (Munoz and Hestekin, 1968). 

In saline extracts from acetone-dried cells, HSF is stable in the frozen 
or lyophilized form. Lyophilized preparations have retained their full ac
tivity for at least 5 years. Previously it had been found to remain active for 
14 years in cell suspensions containing 1/10,000 merthiolate (Kendrick 
et al, 1955; Verwey et al, 1957). High alkalinity (pH 10-11) or high 
acidity (pH 1-2) destroys the activity (Niwa, personal communication). 

D. SYNTHESIS 

When Bordetella pertussis is grown in B-G agar, the HSF activity of 
the cells is present at all stages of growth, but young cells are most active. 
Similarly, in liquid-grown cultures young cells are more potent as hista-
mine-sensitizing agents than cells from old cultures. Many workers have 
found HSF in culture filtrates or culture supernates of old liquid-grown 
cultures. This indicates that, although HSF is an integral part of B. 
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pertussis cells, it is released into the medium on autolysis of cells. Repeat
edly washed cells of young cultures grown in B-G agar are highly active, 
and cell walls prepared from these cells contain most of the HSF. Differ
ent smooth strains vary in their ability to produce HSF as shown by their 
histamine-sensitizing ability, and the medium in which the cells are grown 
also influences their activity. 

The presence in other organisms of substances capable of sensitizing 
mice to histamine has been reported by some workers, but in all cases the 
potency of these materials was found to be very low compared to material 
extracted from B. pertussis cells (see Munoz and Bergman, 1968). More
over, the type of sensitization produced does not give a dose-response 
curve, and sensitization results are difficult to reproduce. 

E . M O D E OF ACTION 

1. CHARACTERISTICS OF SENSITIZATION TO HISTAMINE 

Animal species differ in their sensitivity to the lethal effects of hista
mine. Mice and rats are highly resistant, while guinea pigs and rabbits are 
highly susceptible. The effects of HSF have been demonstrated mainly in 
animals that are highly resistant to histamine, because death has been 
used as the main criterion of sensitization. Mice become 50-100 times 
more sensitive after treatment with HSF. Rats are less susceptible (Bovet 
et al, 1958; Malkiel and Hargis, 1952b; Parfentjev and Goodline, 1948) 
and guinea pigs and rabbits may become, if anything, more resistant to 
histamine after injection of pertussis vaccine (Maitland et al, 1955; 
Stronk and Pittman, 1955). In children with whooping cough, Sanyal 
(1960) observed an increased sensitivity of the skin to histamine. Mathov 
(1962) reported only a slight, statistically insignificant, increase of skin 
sensitivity to histamine in children vaccinated with pertussis vaccine. 

Mouse strains differ markedly in their susceptibility to HSF. Some 
strains (many Swiss Webster substrains) are highly susceptible, while 
others, including various inbred strains, are rather resistant (Bergman and 
Munoz, 1968b; Munoz, 1964a). Recent work indicates that HSF produces 
an effect in most mouse strains (inbred and noninbred) if sensitivity is 
tested with a combination of histamine and serotonin (Bergman and 
Munoz, 1968b). Some strains, such as the SW-55 (Iff and Vaz, 1966) and 
the CFW mice (Fishel et al, 1968; Bergman and Munoz, unpublished) 
are normally sensitive to the combination of serotonin and histamine. 
Some strains become sensitive to serotonin and not to histamine (Berg
man and Munoz, 1968b; Munoz, 1957), indicating that the importance of 
these two amines varies in different mouse strains. Marked differences in 
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susceptibility to sensitization to histamine after administration of HSF 
have also been noted in the same strain of mouse reared in different 
laboratories (Munoz and Bergman, unpublished). 

Whole-cell vaccines given IP produce sensitization to histamine which 
increases during the first 4 days. At this time, sensitization reaches its 
peak and then gradually decreases for the next 3 to 4 weeks. Later, little 
sensitivity to 0.5 mg of histamine is demonstrable (Maitland et al., 1955; 
Munoz et ai, 1958). Increased sensitivity to serotonin (Munoz, 1957) and 
to endotoxin (Kind, 1959) follows a similar time course. When mice are 
sensitized by the IV route with soluble preparations of HSF and the L D 50 
of histamine determined thereafter, they are found to be highly sensitive 
within 90 minutes after administration of HSF; sensitivity increases 
slightly during the next 24 to 48 hours and remains at a high level for 3 to 
4 weeks. After the 30th day, sensitivity declines, but CFW mice are still 
sensitive to histamine even 80 days later (Munoz and Bergman, 1966). 

Within mouse strains that become sensitive to histamine, the female 
mouse is more sensitive than the male, both normally and after HSF treat
ment (Maitland et al., 1955; Pittman, 1951a). This difference in response 
between sexes was not found by Kind (1953a), but our experience, like 
that of Pittman (1951a) and Maitland et al. (1955), indicates that, statisti
cally, female mice are more susceptible to the histamine-sensitizing action 
of HSF. In individual experiments this difference may not be apparent 
and the trend may even be reversed. 

In certain strains of mice, such as the CFW, age does not seem to play a 
marked role in sensitization to histamine by HSF, but in others it is im
portant (Bergman and Munoz, 1964; Kind, 1953a; Munoz and Schu-
chardt, 1953). Young (3-7-week-old) Rocky Mountain Laboratory mice, 
after treatment with HSF, do not become highly sensitive to histamine, 
but mice older than 7 weeks do (Bergman and Munoz, 1964). Mice of 
some other strains also may become more sensitive to histamine with age 
(Parfentjev, 1955). 

Housing conditions and diet have an influence on the sensitization 
phenomenon; animals kept in isolation do not become as sensitive as those 
kept in groups of 5 to 10 animals (Munoz, 1964a). 

Other unknown factors also affect the sensitivity of mice to histamine. 
The sensitivity of normal CFW female mice (6-7-week-old, 20-24 gm 
body weight) tested approximately 4 days after they arrived at our labora
tory from New York varies markedly from shipment to shipment (Munoz 
and Bergman, 1968); it is possible that adrenal function may be the impor
tant factor in this variability. 

Toxic vaccines sensitize mice less than nontoxic vaccines (Pittman, 
1951b). Toxic extracts heated at 55°C for Vi hour to reduce their toxicity 
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are more effective than unheated extracts (Munoz, unpublished). 
The physical form in which HSF is given and the route of inoculation 

are other important factors. By the SC route, poor histamine sensitization 
is obtained with freshly made intact-cell vaccines (Malkiel et al, 1953; 
Munoz, 1964a), but with soluble HSF preparations, good sensitization is 
obtained. 

The route of choice with whole cells or soluble extracts of HSF is the 
intravenous one (Maitland etal, 1955; Munoz and Bergman, 1966). Some 
workers have also found the intracranial route to be highly effective (Joo 
et al, 1961a). Intranasal infection with B. pertussis also induces hista
mine sensitization (Pittman, 1951c). 

Treatment of mice with many different substances (aspirin, propylene 
glycol, etc.) during the period between sensitization with B. pertussis cells 
and challenge with histamine changes the dose response to histamine. In 
this case, low doses of histamine (0.5-2 mg) produce a greater mortality 
than higher doses (4-8 mg) (Munoz et al., 1954). This phenomenon is as 
yet unexplained, but might be due to a "triggering" action of a critical 
concentration of histamine on epinephrine release. Mild stress may simi
larly modify the dose response to histamine. On the other hand, severe 
and prolonged stress may, by producing adrenal exhaustion, make mice 
more sensitive to histamine. 

Formalin-treated extracts from B. pertussis, given some days before 
the sensitizing dose of B. pertussis vaccine, inhibit sensitization to hista
mine by a second active dose of the cells (Matsui and Kuwajima, 1959). 
With active soluble preparations of HSF, this inhibition by a previous 
injection does not occur (Munoz and Bergman, 1966). 

Other species besides the mouse shown to be susceptible to the hista
mine-sensitizing activity of HSF are the rat (Malkiel and Hargis, 1952b) 
and the chicken (Guerault and Quevillon, 1965). 

2. MECHANISM OF ACTION 

One possible mode of action of HSF is that it may interfere with the 
mechanism of destruction of histamine. This view was supported by the 
demonstration that histaminase activity in tissues of animals treated with 
pertussis vaccine is reduced (Kind and Woods, 1954; Matsui et al., 1959, 
1960; Niwa etal, 1965, 1959a,b, 1963). The postulated role of depressed 
histaminase levels has been questioned, however, because (1) the main 
mechanism of detoxifying histamine in the mouse is methylation 
(Schayer, 1953), (2) animals, such as the guinea pig, that do not normally 
become sensitive to histamine also show a decrease in histaminase activ
ity when treated with pertussis vaccine, and (3) a decrease in histaminase 
would not explain the more generalized sensitivity of the mouse to var
ious agents (serotonin, peptone, anaphylaxis, cold stress, X ray, etc.) 
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Another hypothesis attempts to explain the mechanism of HSF action 
as the result of increased production of histidine decarboxylase, which by 
its action on histidine produces histamine. It was thought that this would 
increase the level of free histamine in the tissues and make the mouse 
more susceptible to exogenously administered histamine. Histidine decar
boxylase is increased in mice treated with pertussis vaccine, but this in
crease occurs equally in mice that become sensitive to histamine and in 
mice that do not (Schayer and Ganley, 1961). Endotoxins of gram-nega
tive bacteria also increase the level of the enzyme without producing 
marked sensitivity to histamine (Schayer and Ganley, 1959, 1961). Re
cently, it has been found that HSF preparations free of endotoxin do not 
increase histidine decarboxylase (Szentivanyi et ai, 1968). In view of 
these data, it seems that this hypothesis does not adequately explain hista
mine sensitization. 

Some observations on the effect of B. pertussis on other enzyme sys
tems at the cellular level are suggestive, but their significance with respect 
to histamine sensitization is not clear, and all require further investigation. 
Treadwell (personal communication) found that levels of certain lysoso
mal enzymes of liver and intestine are altered by treatment with HSF. 
Cronholm and Fishel (1968) recently found that injections of cyclic 3' , 5'-
adenosine phosphate (3' , 5'-AMP) and 5'-adenosine phosphate (5'-AMP) 
elicit hyperglycemia in CFW mice. They also found that mice treated with 
5'-AMP became hypersensitive to histamine, but those treated with 3 ' , 
5'-AMP did not. These observations may well be related to the phenome
non of histamine sensitization by HSF. 

Some workers believe that the hypoglycemia produced by B. pertussis 
vaccine is responsible for the hypersensitivity phenomenon. This may 
well be true for some forms of sensitivities, such as the dextran anaphy
lactoid edema (Gozsy and Kato, 1964), but probably not for histamine 
sensitization produced by HSF. In our hands, small doses of insulin 
which produce a marked hypoglycemia fail to induce histamine sensitiza
tion in mice and large doses of glucose or other monosaccharides fail to 
protect HSF-treated mice from histamine (Bergman and Munoz, 1969a; 
Fishel and Szentivanyi, 1963). Furthermore, the time course of hy
poglycemia does not correspond to that of histamine sensitivity, and D-
mannoheptulose, a short-term diabetogenic agent, did not protect HSF-
treated mice from histamine challenge. Thus, it is evident that hypogly
cemia per se does not explain histamine sensitization. 

A possible role of the reticuloendothelial system in histamine sensitiv
ity of B. pertussis-treated mice is suggested by the observation that block
ade of this system by colloidal particles protects mice against the effects 
of serotonin (Ganley, 1960; Wistar et ai, 1960). The manner in which this 
blockade protects mice is not clear. 
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Adrenalectomy makes mice more sensitive to histamine, serotonin, 
cold stress, anaphylaxis, endotoxin shock, and other noxae (Chedid, 
1954; Halpern, 1952; Munoz, 1961; Munoz and Schuchardt, 1954, 1957; 
Munoz et aL, 1958; Pincus and Thimann, 1948). The similarities between 
B. pertussis-treated mice and adrenalectomized mice are striking [one 
exception has been recorded in which adrenalectomy did not make mice 
more sensitive to histamine, while B. pertussis vaccine did (Gauthier 
et aL, 1955]. It was first thought that HSF acted in some way on the adre
nal gland, but the histological appearance of the gland is not markedly 
changed (Malkiel, 1956), and adrenal function does not seem to be strik
ingly affected by B. pertussis treatment (Chedid, 1954; Kind, 1958; Kind 
and Gadsden, 1953; Malkiel, 1956). However, a decrease in ascorbic acid 
content of the adrenal glands has been reported in mice treated with 
whole-cell pertussis vaccine (Pekarek and Rezabek, 1959) and evidence 
of stress in the adrenal glands of these mice has been seen histologically 
(M. Nakamura, 1962). Adrenal steroids, such as cortisone and hydrocor
tisone protect against histamine challenge, but the amounts of these hor
mones required is 1-4 mg/mouse (Chedid and Boyer, 1956; Kind, 1953b). 
These steroids were used as water-insoluble suspensions given intraperi-
toneally 16-24 hours before challenge. Even these unphysiological doses 
were not totally effective, and their protective action may have been non
specific, as is the protection afforded by RES-blocking agents in anaphy
laxis (Wistar et aL, 1960) and serotonin challenge experiments (Ganley, 
1960). Antihistamine drugs and dibenzyline (an a-adrenergic blocking 
agent with antihistaminic activity) protect against challenge with hista
mine (Kind, 1953b, 1954). Other a-adrenergic blocking agents have 
failed to protect mice (Munoz, unpublished). 

The proposed importance of steroid hormones for histamine sensitiza
tion diminished when it was observed that adrenal-demedullated mice are 
hypersensitive to histamine and that small doses (5-7.5 /x,g) of epinephrine 
given to mice treated with minimal amounts of HSF 30 seconds after 
challenge protect them from histamine death (Bergman and Munoz, 
1966). The doses of epinephrine required to protect adrenalectomized or 
adrenal-demedullated mice are lower than those required to protect HSF-
treated mice. Thus, it appears that HSF blocks the action of catechol
amines. There also seems to be a quantitative relationship between the 
amount of HSF employed and the amount of epinephrine needed for pro
tection (Bergman and Munoz, 1966). The work of Fishel and co-workers 
(Fishel and Sventivanyi, 1963; Fishel et aL, 1962, 1964, 1968) strongly 
indicates that B. pertussis affects epinephrine action. They found that 
/3-adrenergic blocking agents (dichloroisoproterenol, pronethalol, pro
pranolol) can produce histamine sensitivity in mice and that HSF 
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blocks the hyperglycemic effect of epinephrine. Moreover, they showed 
that the altered pattern of glucose metabolism, which is elicited by HSF in 
mice, is duplicated in many respects by ^-adrenergic blocking agents. 
From their data, there is little doubt that HSF interferes with glucose 
metabolism and that this effect is similar in many respects to that of /3-
adrenergic blockade. Therefore, they proposed that HSF either is a /3-
adrenergic blocking substance or that it causes the animal to elaborate a 
substance with a steric configuration complementary to the ^-adrenergic 
receptors (Fishel et ai, 1964). In either case, the sites normally available 
for the adrenergic transmitter (adrenalin and/or noradrenalin) would be 
blocked. When such an animal is challenged with histamine or serotonin, 
the antagonistic effect of endogenously released catecholamines is, ac
cording to this view, blocked at the /3-receptor level, leaving the a-
adrenergic activities unopposed. This results in an imbalanced response 
of the receptors, thus producing unfavorable metabolic adjustments, as 
well as smooth muscle and neural responses that culminate in reduced 
resistance to histamine and serotonin (Fishel et al., 1964). 

The effects of the /3-adrenergic blockade on histamine sensitivity have 
been confirmed (Bergman and Munoz, 1966; Townley et al., 1967). We, 
however, do not agree that death is due to an imbalance in the reactivity 
of the a- and /3-receptors (Bergman and Munoz, 1968a). It is possible that 
the ^-adrenergic blockade may produce a condition whereby epinephrine 
is incapable of protecting against the shock syndrome elicited by hista
mine or other agents. Mice should then become more sensitive to any 
condition in which the vascular bed is affected and changes in permeabil
ity and blood volume are involved. This, indeed, seems to be the case. It 
is also unlikely that HSF stimulates production of a ^-adrenergic blocking 
substance by the mouse, since passive sensitization with sera has not 
been achieved, and a normal mouse joined by parabiosis to a sensitized 
mouse does not become sensitive to histamine (Chedid and Boyer, 1955). 
It is more likely that HSF itself is a substance that produces the adrener
gic blockade. 

F. IMMUNOLOGY 

HSF is antigenic, and neutralizing antibodies can be produced against it 
(Maitland and Guerault, 1958; Maitland et ai, 1955); however, most B. 
pertussis-ceM antisera seem to contain little or no antibody to HSF. In 
most cases, antisera have failed to neutralize the activity of soluble prepa
rations of HSF, although they neutralized the activity of whole cells 
(Munoz, 1964b). Furthermore, some workers have reported that whole 
cells treated with antiserum and subsequently washed still sensitize mice 
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to histamine (Chedid and Boyer, 1960; Pekarek and Stejskal, 1962). Anti
sera to semipurified HSF have been produced which can specifically react 
with and neutralize the histamine-sensitizing activity of HSF. The neu
tralization observed by many workers with most B. pertussis-cell 
hyperimmune sera may have been due to antibody to surface antigens 
of the cell, which rendered the bacterial cells more easily phagocytized 
and thus may have prevented active HSF from reaching susceptible sites. 
An injection of formalin-treated extracts from B. pertussis given some 
days before the sensitizing dose of pertussis vaccine inhibits sensitization 
to histamine by a second active dose of cells (Matsui and Kuwajima, 
1959). With active soluble preparations of HSF, this inhibition by a pre
vious injection does not occur (Munoz and Bergman, 1966). 

Since absolute purity of HSF has not been achieved, immunochemical 
studies with this substance have been limited. In purified form, HSF is 
rather insoluble, and gel-diffusion studies have been difficult to evaluate. 
Recently, we found that these preparations of HSF can be solubilized in 1 
M sodium chloride, and if this concentration of sodium chloride is used in 
the gel, a band of precipitation not found in gel made with physiological 
salt solution develops and appears to be due to HSF (Munoz and Smith, 
unpublished). 

G. PATHOGENESIS 

Little is known about the role that HSF plays in infections with B. per
tussis. After administration of pertussis vaccine or whooping cough, how
ever, there are certain complications that may be related indirectly to 
some HSF activity. The encephalopathies occasionally seen after vacci
nation may have some connection with HSF, since in animals it has been 
shown that this substance enhances development of experimental allergic 
encephalomyelitis (EAE) in rats (Levine et al, 1966) and mice (Lee and 
Olitsky, 1955). It is still premature, however, to assign any significance to 
HSF in the complications observed in whooping cough. In mice, adminis
tration of HSF produces a number of other phenomena besides histamine 
hypersensitivity. The following changes can be demonstrated: increased 
sensitivity to histamine, serotonin, anaphylaxis, infection, endotoxin, X 
irradiation, reduced atmospheric pressure, cold stress, peptone shock, 
pollen extracts, bradykinin, some toxins, and methacholine (Munoz and 
Bergman, 1968). This list, we are sure, can be extended to many other 
agents. By this we do not mean that HSF changes susceptibility of mice to 
all agents, but rather that it changes a fundamental physiological function 
normally involved in protecting against the toxic effects of many sub
stances that kill the animals through some form of shock. The isolated 
uterus or intestine of B. pertussis-treated mice does not show increased 
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reactivity to histamine or to anaphylaxis (Fink and Rothlauf, 1955; Mu
noz and Maung, 1961), and the skin is not more reactive to passive cuta
neous anaphylaxis (PCA) (Munoz and Anacker, 1959). 

HSF has the ability to increase anaphylactic sensitivity of mice 
(Malkiel and Hargis, 1952a; Parfentjev et ai, 1947a,b,c) and rats (Malkiel 
and Hargis, 1952b). This effect may be due to two main effects produced 
by HSF —its ability to (1) enhance production of a special type of anti
body to an antigen and (2) increase susceptibility to shock in general. In
creased sensitivity to passive anaphylaxis is most pronounced in the early 
stages after administration of B. pertussis. This sensitivity seems to be 
increased for only about 5 days after B. pertussis injection (Munoz et al., 
1958). In actively induced anaphylaxis, the increase can be noticed from 
the 7th day to beyond the 77th day (Munoz and Bergman, 1968). The 
type of antibody stimulated by HSF may be of great importance in in
creasing active anaphylactic sensitivity; B. pertussis cells stimulate pro
duction in rats and mice of a mast cell sensitizing antibody and/or a re-
aginic type of antibody (Mota, 1958, 1961, 1963, 1967; Mota and 
Peixoto, 1966). This antibody may play an important role in mouse ana
phylaxis. The reaginic type is heat labile and fixes to tissues strongly, thus 
allowing demonstration of PCA 72 hours or longer after intradermal sen
sitization (Binaghi et al., 1966; Mota, 1963; Mota and Peixoto, 1966). 
This antibody is different from the 7 S yrglobulin, which produces PCA 
in mice but disappears from the skin site 24 hours after its administration 
(Mota, 1963, 1967; Nussenzweig et al., 1964). Partially purified HSF 
stimulates formation of both types of antibody (Clausen et al., 1969). 

Many other physiological changes have been observed in B. pertussis-
treated mice and some of these effects may be due to HSF. When an en-
cephalitogenic material is given in Freund's adjuvant containing B. pertus
sis instead of mycobacteria, EAE is produced in mice (Lumsden, 1964; 
Shaw et al., 1964; Wiener et al., 1959). If the pertussis vaccine is mixed 
with an aqueous suspension of the encephalitogenic antigen, EAE can 
also be produced in rats (Levine and Wenk, 1961, 1964, 1965; Levine et 
al., 1966). In this case, pertussis vaccine induces an accelerated disease 
which has different histological characteristics, inasmuch as many poly
morphonuclear cells, edema fluid, and accumulated fibrin are present in 
the perivascular exudates. This form of hyperacute EAE has also been 
produced with partially purified HSF made in our laboratories and else
where (Levine et ai, 1962), and the activity is destroyed by heating HSF 
at 80°C for V2 hour as well as by treatment with formalin. Moreover, all 
fractions which stimulated the production of hyperacute EAE also con
tained HSF activity (Levine et al, 1962). 

In human infections with B. pertussis, one of the prominent features is 



292 J . M U N O Z 

the development of a pronounced leukocytosis, accounted for by an abso
lute increase in lymphocytes (Frohlich, 1897). Killed pertussis vaccine 
also produces lymphocytosis in man (Sauer, 1933) and in experimental 
animals (Ambs, 1966; Bobaccorsi and West, 1963; Ciplea et aL, 1959; 
Enstrom and Larsson, 1967; Fichtelius and Hassler, 1958; Morse, 1965; 
Tuta, 1937). Some workers have observed mainly a granulocytosis 
(Bradford et aL, 1956; Hammerstrom and Stoner, 1963; Parfentjev and 
Manuelidis, 1956). In mice, pertussis vaccine produces an increase in 
spleen weight (Morse, 1965; Parfentjev and Manuelidis, 1956) and a de
crease in thymus and lymph node weight, as well as a marked lymphocy
tosis (Morse, 1965). Pertussis vaccine also has an accelerating effect on 
the growth of lymphomas in mice (Floersheim, 1967; Hirano et aL, 1967). 

The increase in the number of lymphocytes is first noticed 1 day after 
IV injection of pertussis vaccine, and maximum response is reached 4 
days later (Morse, 1965). Leukocyte and lymphocyte populations return 
to normal by the 14th day. The number of polymorphonuclear leukocytes 
also increases after B. pertussis treatment, but by far the greatest change 
occurs in the small lymphocytes, and the number of large lymphocytes 
and monocytes does not change significantly. The IV route of treatment is 
the most effective; the IP route is next, but the SC route is ineffective in 
producing lymphocytosis (Morse, 1965). Course and effect of route of 
injection of B. pertussis cells are strikingly similar to those of the hista
mine-sensitization phenomenon in that maximum sensitization is reached 
at about 4 days and SC injection of whole-cell vaccines is also ineffective 
(Maitland et aL, 1955; Malkiel et aL, 1953; Munoz, 1964a). The sub
stance producing the leukocytosis is heat labile and is found in our purest 
preparations of HSF (Clausen et aL, 1968). Many properties of the 
lymphocytosis factor are similar to those of HSF and this factor is 
not related to endotoxin. The increase in the number of lymphocytes 
is accompanied by depletion of small lymphocytes from lymph nodes 
and thymus with no obvious increase in multiplication of lymphocytes, 
and Morse and Riester (1967a,b) believe that the lymphocytosis is due to 
a shifting of the lymphocyte circulation. Splenectomy or thymectomy does 
not prevent the lymphocytic response after B. pertussis vaccination, but 
active and passive immunization of mice against B. pertussis prevents or 
markedly reduces it (Morse, 1965). Mice rendered lymphocytopenic by X 
irradiation or by administration of hydrocortisone still show lymphocy
tosis and granulocytosis (Morse, 1966). Histamine sensitization in mice 
does not require the presence of leukocytosis, since histamine sensitivity 
lasts beyond the period of leukocytosis and antilymphocyte serum, which 
reduces the leukocyte count, does not affect histamine sensitivity 
(Clausen et aL, 1968). These observations do not show that HSF and 
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the leukocyte-promoting substance are different, but rather that the two 
phenomena are independent of each other. 

A number of metabolic changes have been observed in mice treated 
with pertussis vaccine. Such mice exhibit a marked hypoglycemia 
(Parfentjev and Schleyer, 1949; Stronk and Pittman, 1955), and some 
authors have thought that sensitization to histamine and other agents is a 
consequence of the hypoglycemia (Gozsy and Kato, 1964). Alloxan dia
betes induced in HSF-treated mice protects them from histamine death, 
and this protective effect is diminished by insulin treatment (Ganley, 
1962; Ganley and Robinson, 1959; Thompson, 1961; Thompson and 
DeFalco, 1965). It has also been noticed that blood levels of insulin are 
increased in HSF-treated mice (Gulbenkian, Fishel, personal 
communications). Pertussis vaccine-treated mice show an altered glucose 
tolerance manifested by failure of an IV dose of 0.5 mg glucose/gm body 
weight to produce a rise in blood glucose (Szentivanyi et al., 1963). Nor
mal mice, similarly treated, show a pronounced rise. Pertussis-vaccinated 
mice and rats also failed to show the hypoglycemic response after release 
of endogenous epinephrine or after treatment with exogenous epinephrine 
(Fishel and Szentivanyi, 1963; Gulbenkian et al., 1967; Szentivanyi et 
al, 1963). Moreover, epinephrine administered to HSF-treated mice does 
not produce tissue uptake of glucose (Fishel and Szentivanyi, 1963). Per
tussis-treated mice also failed to respond to catecholamines with an ele
vated level of lactic acid and free fatty acids, although the effect of cate
cholamines on liver glycogen is not reduced (Keller and Fishel, 1967). All 
these effects on sugar and fatty acid metabolism may be of great signifi
cance in the phenomenon of sensitization induced by HSF, but interpreta
tion is still difficult. 

Another physiological change noticed in mice given HSF is a signifi
cant hypoproteinemia which persists for several days and is apparently 
due to a depressed albumin level. Administration of exogenous albumin 
or whole serum has not been effective in restoring the protein level or in 
protecting mice from death after histamine challenge (Bergman and Mu
noz, 1969). 

When HSF-treated mice and untreated mice are given equal doses of 
Evans blue dye IV, the HSF-treated mice have, 20 minutes to 4 hours 
later, a lower dye concentration in their serum than the controls. This was 
interpreted to indicate an increased capillary permeability to the dye in 
HSF-treated mice (Munoz, 1961). The finding that HSF produces hy-
poalbuminemia casts some doubt on this interpretation, because Evans 
blue readily combines with albumin to form a complex which remains in 
the circulation for a long period of time. If the capillaries are freely perme
able to unbound dye, and the quantity of dye given is in excess of the 
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binding capacity of the serum albumin, the dye concentration in the blood 
would primarily be related to the serum albumin concentration and not to 
capillary permeability. The role which HSF may play in permeability is 
far from being settled, however. The uptake of glucose-

1 4
C into certain 

tissues and its disappearance from the blood seem to be influenced by B. 
pertussis treatment (Fishel and Keller, 1968; Fishel and Szentivanyi, 
1963). The serum concentration of insulin is increased (Gulbenkian, per
sonal communication), indicating that permeability of tissues to glucose is 
increased as a result of the excess of insulin (Ashmore and Carr, 1964). 
The serum concentration of dextrans (molecular weight equal to or 
greater than 80,000) administered to HSF-treated and untreated mice is 
somewhat analogous to the situation with Evans blue dye, since HSF-
treated mice always have a lower serum concentration of dextran than do 
control mice (Bergman, unpublished). 

Some experiments also indicate that a change in intracellular substance 
may occur after HSF treatment, because carbon particles diffuse more 
widely from an intracutaneous inoculation site in B. pertussis-treated ani
mals than in untreated mice (Parfentjev and Rafferty, 1957). A similar 
phenomenon has been observed in B. pertussis-treated rats (Clairmont et 
aL, 1965). 

At present, we are inclined to believe that HSF may in some way block 
the mouse's normal protective responses to vascular changes produced 
by histamine or serotonin and perhaps other vasoactive substances 
(Goth, 1964). Thus, while these agents may initiate important changes in 
capillary permeability of both normal and HSF-treated mice, the effects 
may be fatal only in HSF-treated mice because they cannot make the 
necessary vascular compensations to sustain life. It has also been ob
served that in HSF-treated mice intracutaneous injections of histamine 
and/or serotonin produce a greater permeability change than in normal 
mice, as judged by Evans blue dye accumulation at the site of injection 
(Bergman and Munoz, unpublished). 

H. SUMMARY 

The histamine-sensitizing factor (HSF) from B. pertussis is probably a 
protein containing lipid and found in the cell wall and/or protoplasmic 
membrane of the cell. It is a heat-labile substance but somewhat more 
heat resistant than the heat-labile toxin (HLT). The HSF has not been 
completely purified, but it has been cleared of many cell contaminants by 
various methods. As HSF is purified, it becomes insoluble and this has 
complicated further purification. HSF seems to be antigenic. It produces 
many physiological and biochemical changes in mice. Its mode of action 
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is not well known, but it appears to interfere with some functions of 
adrenalin. Its role in the pathogenesis of whooping cough or in laboratory 
animal infections is still largely unknown, but it is suspected of playing 
some indirect role in complications of B. pertussis infections. 
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