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Abstract

Two types of infecting strains of Bordetellahgertugsis
have been studied. One type was of high virulence for the
mouse brain, a dose of 5 x 107 viable bacteria killing all
f‘-the miqe inS_to B.Gays.‘ The other type was of low virulence
fbr'thé mcuse'brain,'a dose of 5 x 103 vigble 5acteria giving
.rise'tq_é trensitory infection, all braiﬁs beihg steriie 5 |
fdays éfter cﬁéllenge.- ‘ | |

It wasrshown following an infection with a loﬁ Virulence
strain that the brains were less infectable to a second
infection with the same low virulence strain but were ﬁnchanged ’
to a second 1nfection with‘a high virulence strain.

Previous 1nfection with either vaccinia virus or influenza
: virua resulted in brains being uninfectable with either low
. or high virulence gstrains of B, pertuasig.

The high virulence atrains were 1ess resistant than the
1bw virulencs strains to the bactericidal action of complement
in vitro. | | ‘ o |

COrtisone, injected subcutaneously, greatly enhanced
infections with both low and high virulence strains and
‘vitamin A and streptolysin-0 also enhanced infection with low
virulenée strains.

Virulence did not seem to be dependent on the release of



1y3056ma1 enzymes in the brain.

X-irradiation of the head alone greatly stimilated
a'inféction ﬁith low virulence strains. It was'suggested that
‘1rradiétion had damaged‘neuroglial cells vhich when stimulated
to divids by é B. pertussis infection either failed to do'sb
or died. | “ '

| in the immune mouse X-irradiation of the head alone did
not decrease the number of mice surviving a 1etha1 challenge
~ but irradiation to the body alone; the head being protected,
| resulted in fewer mice surviving lethal challehgea
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l. Introduction

“5§ggdete11a_pértu§sis is a Gram negative, non-motile,

non-sporing, cocco-bacillue first isolated by Bordet and
Gengou in 1906,  A11_strains appear to be obllgate parasiteé
inhabiting the respiratory tract and are pathogenic in man.
It ig the causatiVe'organiamvof bacterial whooping cough and
seéms gseldom to plaj a harmless parasitic role,

A Vacciﬁation against whooping cough was first employed in
1923 in the_Faroe Islands (Madsen, 1933) during a severe
épidemic.v_ The number of deaths and severe céses was
considerably reduced in the vaccinated‘géoup of children.

The mouse was introduced as an expefimental model for
whoopingucough and the intranasal route of challenge was

developed by Burnet and Timmins (1937). Ten years later

Kendrick et a1, (1947) published the results of their study on
the intracerebral infection in mice and this route of challenge
was adopted for potency testing of B. pertussis vaccines
following the Medical Research COuncil's Reports on Vaccination
‘against Whooping Cough (1951, 1956, 1959). Standfast (1958b)
showed that results in the field correlated better with

ﬁotency tests using the intracerebral challenge route than

- the intranasal challenge route.

Most of the work on Bordetella pertusqi g has been
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; concenned.with the mouse high virulence strain 18/323 and

: 1ittle attention has been pald to other high virulence strains
~or, more especlally, to the low virulence strains, In thils

study it hasﬁbeen"found that these latter strains grow in

~the mouse brain fér twenty-four to‘fbrty-eight hours before
rﬁpidly:diééppearing,/the mouse brain being sterile by the

foufth‘fo;fifth day. The aitered.reaction_of the mouse to

" these strains, following administration of certain drugs and

- inrradiation has also been studied.

, In the Immune mouse the bacteria multiplied intracerebrally
for four days before rapidly disappearing. Apart from the
need for specific protective‘antibody,11tt1e.1s‘known of the

oﬁher factors involved in thiS‘méchanism of protéction.
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"2, ‘Historical

2.1. Ihe Mouse as an Animal'Model'fdf’thopigg'nggh‘

| ‘Burnet and Timmins (1937) were the first workers to study
an infection with Bordetella pertussis in the mouse. Two
drops (0,05 ml ) of a suspension containing 200 x 106
-bacteria/ml. were 1njected intranasally. After five days
exudate from a consolidated area of lung gave a pure culture
of B. pertussis on Bordet-Gengou mediums

° 'Burnet and Timmins found that with large doses of

bacteria (200 x 106) ‘death of the mice occurred in two to
three‘days;"withismall doses (8 x 106) death wés de1ayed but
rarely beyond the eleventh or twelfth day.

Sections from lungs removed five to seven days after
inoeulation showed a general interstitial pneumonia with
cellular 1nfiltration and oedems of the alveolar walls. The
bronchiolar epithelium showed evidence of proliferation and,
Judged by the number of goblet cellé, was actively secreting mucus
The.regular arrangement of the ciliaAbearing surface was o
completely 1ost.r | | |

Other snimals which have been studied after intranasal

challenge were monkeys (North et al,, 1940) and rabbits
(Sprunt et al., 1938). ' |

The intracerebral route of challenge with Bordetella

pertussis was dévelbped between 19h3 and 1946 by Kendrick et al.



(1947). Their method was an adaptation of the procedure
deseribed by Norton and Dingle (1935) who used the intracerebral
route of challenge in the mouse protection tests for S. txghi
vaccines, ’

Standfast (1958b) assayed fourteen vaceines in the
| laboratory by both ‘the intracerebral challenge (I.C,) and
the intranasal challenge (I.5.) techniques., The I.C. test
‘arranged the vaccines in a different order of potency from
the I.N. test. Field trials showed that the mouse potency
- test using the I.C. challenge corresponded very well with the
rield results (MiR.Co Reports 1951, 1956, 1959) whereas the
I.N.‘challenge did not. A1l recent‘work on B.~pertussis haé ‘

‘concentrated on the I.C;“éhallenge,rbute‘r

2,2 Bacterial Growth. Intracerébrallx in Norma; Mice

2.2, l.. ‘High: Virulence Strain ‘
Dolby and Standfast (1961) studled the I.C. infection with

the mouse«brain high virulence strain 18/323. They found that
immediately after injection of the challenge‘suspension,
‘contained in 0»925'm1., about 90% disajpeared from the brain,

Similar observations have'been made by others,’schleéinger ‘
(19L9) observed that only 3-10% of the inoculum could be found
in the ‘mouse brain one hour after injection with equine

encephalomyelitis virus,

Similarly Cairns (1950) ééuld only recover 2-8% of a
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‘bacteriOPhage inoculum frbm the mOuse brain less than five -
minutes after injectlon, 1In most of his experiments 0.3 ml.
of the suspension was injected, howéver he could not show a
smaller loss into the blood stream when only 0.005 nl. was
1njected us1ng a micrometer syringe. v

Mims (1960a) injected Indlen ink intracerebrally into
mice and found that it was distributed throughdut»the
subarachnoid space,'in the.Virchow-Rdbin spaces and‘in the
ventricles, f The injected material was deposlted within the
cerebrospinal‘fluid spaces and 4id not come into contact with
the cerebral matrix (Schaeffer and Muckenfuss, 1938). |

‘Mims also obsefved; in brainé»that were removed after
one or two days, glialzcells in the subependymal area and the
pia laden with Indien ink. It was suggésted that they had
ﬁigrated into the cerebral matrix froﬁ the subarachnoid spece
and ventricles. | '

Blyth (1955) studied the course of infection with the
mouse high virulence B. pertussis strain 18/323 at short time

intervals after injection of the inoculunm, ‘vHe showed an 80%
loss of bacteria fifteen minutes after challenge. -The
bacterial count rose slightly and then fell over the next ‘
few hours; this was folloﬁed by a rapid increase in the count -
which reached or even exceeded the original inoculum in
twentyafour hours,. The viable count 1ncreased by approximately

one logarithm daily for three or four days after Which the -
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- multiplication rate slowed down, the mice dying after six to

seven days with a bacterial count of 107 5 to 108 live bacteria.,
f Dolby*and Standfast (1961) showed by injection of

| graded challenge doses of the high virulence strain 18/323
that the-growth eurvea werse approximately parallel for all
inocula and the time to death depended on the eize of the
inoculum. Unlike challenge with virulent strains by the

I.N. route where small doses may lead to a sublethal 1nfection
(Dolby et al., 1961) all intracerebral infecticns by high
virulence strains are lethal. It seemed that one surviving
,organism was capable of multiplying and eventually bringing
~ about the death of the mousej the terminal braln count was
‘ independent of the challenge size, Similarvresulte were

- obtained by Berenbaum et _al al. (1960) and Iida et al.<(1962)

aleo using the high virulence etrain 18/323 and by Andersen
(1952b, 1957a) using the high virulence strain 2-Atox.

- 2.2,2, Low Virulence Strains

- Recent work has been mainlyieoncerned with the three
most used high.virulence straine 18/323, G353 and 2-Atox.
However a few brief reports have appeared in the literaﬁure
cencernlng mouse -~ low virulence strains, The low virulenee
strains seemed to consist of two types, one of which multiplied“
lin the moﬁse brain for a few daysﬁand then rapidly disappeared

and a second type vhich never multiplied in the brain and with



- 15 =
~which the brains were sterile within twenty-four hours.

Blyth (1955) challenged intracerebrally groups of six

mice with 2 x 107 viable orgenisms of an attenuated strain |

CHI5h.  The brain count reached a maximum by the £ifth day

, and then decreased until the brains of’ all mice were sterile

S .‘; »,‘by the twenty—-first day. All the mice remained alive snd

.v,well throughout the experiment. ,
| Andersen (19572) injected mice with a freshly isolated
| vstrain 1528, During the following two or three days the
: " organisms multiplied rapidlyiand there was little variation in
the individual brain counts. After this time the number,of‘
ofganisms varied“considérably, the brains of sqme'micé rapidly“
bedoﬁing sterile vhile in others multiplication éontinﬁed and
‘the mice dled.

Brown (1958) described an intracerebrzl infection with a
strain 1011 vhich had an IDgq of 2 x 109 organisms. An
“inoculum of 103 organisms maltiplied in the mouse braln for
three to four days and then disappeared.

Purther investigations with a Tohama Phase I strain |
" showed that on 1njection of 10” viable organisms the viable
count had reached a maximum by the first day and remalned at‘

this level for a furthér six days, no bactefial cdunts,were

}‘madevaftér thisttime; Wheﬁ.Q x 107 visble organisms Wére
- ihjebted all mice were deéd by thejthird day with a tefminal'w

: visble count of 107°? ofgaﬁisms (Iida et al., 1962).
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h

The same workeré also'injeéted‘lo organisms of a
. Tohama Phase III straing all mice had sterile dbrains within
twenty-four hours, no increase in viable count having been
‘.detqpted. Evan after 1njection-of 7'x‘109 organisms of this
‘strain, it was difficult to find any bacteria &fter five hcurs.r.
No visible distinction can be observed in mice when
 challenged with any of these three types of etrains during the
first hour folloving challenge. Whereas the Tohama III strain
_continues to decrease in number after this time, both the high
and ;bw virulence strains multiplied’approximately-tenfold for
the twenty-four hours after challenge and no dlstinction by -
viéble count could be made at this.timé. However during the
next twenty~four hours a real difference was observed, the high
. virulence strain multiplied a further tenfold whereas the low -
virulence straln only increased slightly or may even have
- decreased in number. Iittle attempt has been made to account
~for thesé differences. An antibacterial response due to the ,
formation of local antibody has been suggested (Andersen, 1957a)
and phagocytosis has also been implicated (Brown, 1958), No-
' conerete evidence hes been given to support either of these

theories.

 2.3§ Bacterial Growth in Activelx and'Passive;x Immuniged'uice “
Although the Pertussls Vaccine Potency assay Was descrrbed

by Kendrick et al. (19h7) it was not until fourteen years
later that the mechanism of the teet‘was explalned,
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-Ag early as 194lL Ospeck and Roberts had demonstrated
protedtion against‘B.,gertussisbe;injecting intracerebraily
 cha11ehged.micen;ntravenously with a’B.‘pertussis,"anfitoxin"
prepared in rabbits.
| o Blyth (1955) examined the course of infection in

actively and passively immunised mice challenged with the high
virulence strain 18/323., He found that the infection became
éstablished in all mice, vaccinated and unvaccinated. The
‘intracerébral couﬁt incereased more slowly 1n the vaccinated
mice thaﬁ in fhe‘ﬁnvaccinated controls until the count reached
2.5 x‘idu.organisms/brgin.‘ Aftér this time there was a‘vehy
rapid clearance of organisms in the vaccinated group and most
mice had;aterile'brains by thevsevénth:day. - He also suggested
that the”chélléngé organisms could act as a secondary antigenic
Stimﬁits but no attempt was made to explaln how the specific
| aniibody reached the infected site. :
| These observations were later confirmed by Andersen
(1957a)* who fbund that some immunised'animals died at the
samg‘time as the control mice while in others the‘number of
organisﬁs decreased rapidly on the sixth to eighth day after
challenge. A more precise examiﬁation of the bacterial counts'
in immunised mice was carried out by Berenbaum et al. (1960)
" and by Dolby and Standfast (1961). Their obéervations, which
were in clbse agreement, showed that for the firét twenty-four

hours after_challenge no difference‘could be found in the

bacterial counts in the brains of normal and immunised animals.,
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Frsm the sécond.to fourth days the counts in the immunised
imiceifell slightly heiow those in ths normal animals. The
maximum count in the brains of immunised mice was reached at
about the fourth day, and was approximately 106 viable organisms.
After this time the number of snfviving;organisms rapidly
declined until most mice had sterlle brains between the sixth
and fourteenth dayse. | | |
The four day lag between challenge and the time when

organisms began to disappear was quite unlike the immediate
| reductlion in the numbers of organisms in immune mice challenged

by the intranasal route (Dolby gg_g;., 1961). This suggested
some barrier'between the infecting organisms and antibody’Whish
 was present in intracersbrally‘Challenged‘mice but not in ﬁhe
intranasally challenged mice. | | ) B

An immediate f£all in the'bssterial count in the’bfaih.was‘

observed by Spasojevic (1962) who 1ncﬁbated mixtures of B
‘»organisms and immune sera and 1njected the mixture 1ntracere-‘
'vbrally. The bacterial counts never increased and the brains
of surviving mice were sterile in twenty—four hours. From
bacterial counts before and after 1ncubation it vas concluded
that the sera were not bactericidal in vitro. It 2ls0
suggested that complement played no. part in pertussis immnnity
in ﬁhe mouserunless the damage caused by.the.injection
: facilitated the entry of complement or that complement ﬁas a

normal component of the cerébrospinal fluid.



2.4, The Blood Brain Barrier

Damage to the bloodrbrain barrier was 1mplicated as the
means of entry of gpecific antibody (Berenbaum et al., 1960;
qut gz;gl., 1961). Evidence for the‘existence of a blood
“brain barrier has accumulated since the first experiménté of
Fhriich (1885) who found that an iht?avenoﬁs injection of‘ |
coernlein-S left the central nervous system uncoloured. The
presence of this physiological barfier seeﬁs to ﬁe Widely.
acceptéd but its anatomical basis is noﬁ clear, Tschirgi
{(1952) considers the barrier to be 1ocated in-the pis-glial
membréne Whilé Spatz (1933) favours'a éapillary endothelium
theory. | A ' "

The breakdown of the blood-brain barrier with B, pertussis
infections was noted by Berenbaum et_al. (1960) who used |
radio;iodinated human serum albumin; injected intfaperiﬁoneally
into mice at the same. timé as intracerebrzl challenre; as &
marker for damage. They found that the radioactive 1evels of
the infected brains at the sixth day were about five times
higher than those of the control uninfected mlce. It was alsov
suggested that the breakdown was due to the release of
bacterial endotoxin. | |

Holt et et al. (1961) also recorded the breakdown of the
blood-brain barrier using Pontamine Sky Blue or Human serum
as a marker. These workers showed a change in the brains of .
mice vhen the bacteﬂial count in the brain reached 107 - 106

 viable organiesms at about the fourth day of infection, ‘The



infection proceeded as normal below this level, the effective

chéllenge,dose being constant at 105 —‘106

1ive‘microbes when
the blood-brain barrier was‘broken and the organisms were not
affécted by antibody until this point.was reached. In the
v' méuséAtest,‘thérefore;'the pfoportionvof mice surviving challenge
with the high virulénce strain is dependent only on the degree
of gpecific immunity and is'independent of the challenge size,
Experiments with;PontaminevSky Blue showed slight
colouring of the brain by the third day,vthevintensity increasing
~ from this time onﬁards. The,brains of surviving mice‘were no
longer coloured after'the sixth to seventh day. A slow .
seepage of antibody might expléin the élightly slower rise in
the bacterial count of the brains of immune mice than in the.
control mice over the first four days of ihféction ag chown by

Dolby and Standfast (1961).

2;5. Interfergnce Immnity.
| Evans and Perkins (1954b) showed that B. pertussis
- vaccine injected intracerebrally elther in the form of a killed

bacterial suspension or a cell free extract (Pillemer et al.,

195L) was able to protect mice against the otherwise fatal
infection that followed intracerebral injection with
B, pertussis strain 18/323. The wvaccine could be injected

elther simltaneously with, or a few days before the challenge,
' This type of immunity was termed "interference immunity" to

distinguish it from specific antibody immunity.,
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No attempt was made to‘follow the fate of the injected
organisms but.it was shown that the brains of surviving mice
were sterile four weeks after challenge. Evans and Perkins
suggested that this type of lmmunity may be related to the
interfébence phenomenon found in some virus infections,

‘Support for these observations was provided by Dalldorf
:gg_gi. (19&7);who'showea that vacéinia virus injected
intracerebrally ga&e slgnificant protection sgainst a subsequent;

- challenge with B, gertussis‘18/323. No effect could be
observed in mice Whiﬁh‘réceived the vaccine one, two or three
days after challenge. | )

Blyth (l§55) determined the bacterial cbunt at aaily
intervals in mice recéiving vaceine ana’challenge'intracerebrally.
Three groups of mice could be reaognised, in the first group
the organisms were completely'eliminated by the third day after
‘challenge and the brain was found to be sterile in 211 mice
k1lled after thia.time. In a second group the viable ount |

increased at a siower réte and reached a lethal 1eve1 two or
three days later than the confrol»mice. ‘In the last group the
7j‘viable count’increased'ét virﬁdally the szme rate as the controi-,
mice, - | | | | |

Evans and Perkins (195La) showed that a single
| 1ntrapefitonea1 injection of B, pertusgsis vaccine ﬁas able to
produce a'sdbStantial degree of immmnity to an intracerebral

challenge of B, pertussis injected a few hours later. Neither
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circulating protective antibody nor complement-fixing antibody
: could be detected at this time and agglutinating antibodies

: vvere present only in emall quantities in surviving mice. ~ Nor

‘r;was there evidence that the challenge sugpension could act as

ja secondary antigenic etimulue. . This effect was produced

lineither xith vaccine heated to 100°C for 15 minutes nor with

.7"LVaccinee prepared fron B._paraperﬁueeis, B. bronchisegtieue

* =and E, coli, nor with Tetanus Toxoid and Diptheria P,T.A.P.

'eEvane and Perkine considered that this immunity was of the

'-g':interference type as it Was unlikely that enough epecific

antibody could be formed in this ehort time. - It was not then

~ xnown that antibody 1s unsble to reach the antigen until four

days after challenge,and it now eeeme'likely that this early,
immnity is of the antibody type. -

The period befween vaccination ahd,chellenge was later
extended to cover a'time of up to forty days (Evans and Perkins,
1955a), Using nearly 1200 mice they were able to show that
mice challenged fourteen days after vacelnation were more
| susceptible than thoee challenged at either ten days or twenty
days after vaccination. | It was poetulated that the fall in :
protection was;due,to avwaning in interference immunity and a
~ slow build‘ﬁpfof aﬁtiboay-immunity.'”'xt was suggestea that at

‘around the fourteenth day after vaccination an unetable state
a zisted in the mouse ‘and it was not- until at 1east the twentieth]
' day that antibody immunity Was at its maximum. They suggeeted
.,that in the mouse hest mice ehould not be challenged until at
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'11east twenty days after vaccination.,
Later Andersen (19570) found no difference in the ED50
of vaecines whether mice were challenged fourteen or thirty

days after vaceination.

| 2.6; Pathologx:of B, nertﬁssis infectiohg ,
- Reportsvin‘the'eariy literature‘(mellory and Horner; 1912;
McDoneld snd McDonald, 1933) implicated the ciliated epithelium
‘of the respiratory tract as the site of 1nfection in
gertusei infections, In children dying from whooping~

cough the pertussis‘bacilli were found mainly in the ciliated
1ining of the bronchi and trachea. “

Burnet and.Timmins (1937) showed a massive proliferation
‘of small bacilli in the micus with destruction of the ciliated
'Vsurface of the bronchiolar epithelium, In experiments with
rabbits endvmonkeys the organiems were limited to the ciliated

surface of the bronchi and bronchioles and were not found in

alveoll (Sprunt et al., 1938).
| ' Gallavan and Goodpasture (1937) showed in experiments
- with chick embryos that infection was restricted to the
| respiratory tract, and that there was also inflammation and
lnecrosis of the middle and basal layers of the epithelial
kmembrane.
Very few studies have been made of the slte of infection

1nvthe mquse-brain and almost all of these have been made in



“mice infected with the high virulence strain 18/323.
| Ags in the respiratory tract infection Berenbaum et et al.

~ (1960) and Iida et al. (1962) found in the mouse brain that
bacterial multiplication was restricted to the cillated
surface of the~ependyme and there‘wes no general invasion of
}the brain tiassue, Infiltration of polymorphonucléar leucocytes
and other phagocytic cells was seldom observed until after the
fourth day when some organisms were seen wlithin these cells.
Berenbaum et al.'reported that some organisms were seen
within ependymal cells and Iida et al. mentioned that bacteria‘
seemed to'be intracellular in 1mpression smears but these were .
not apparent in paraffin sections. Brain leslons increased
. in severity ‘and many haemorrhages Were seen in the terminal ‘
stages of infection and death of the mice seemed to result
mainly from acute hydrocephalus. ‘
| Iida et ol al. (1963) found that cortisone, injected
‘subcutaneously two. hours before and one day after challenge,
increased the 1nfectivity;of a low‘virulence~Tohama Phase I
~ strain. '.whereas in untreated mice the Lnsd'for this strain
was >2 xelosnbacteria, in cortisone tfeated mice the LDgy was
reduced to 2 x 107 bacteria. ~ Also vhen previously_immunised‘
mice were treated with 2.5 mgm. of cortisone two hours before
- and one and two days after challenge with IOOILD50 of 18/323,
they suocuﬁbed to the infection as did the non-immmne mice.

A marked degree of leucopenia was observed for two days
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following the administration of cortisone but the blood
vleucocyte.ccunt was normal by the Pifth day. No explanation
of this ghenomenon was given and the importﬁnce‘of the
" leucopenia was not clear,

Recently the same workers have stﬁaied the pathology
of B, pertussis infections by the use of fluorescent antibody

to stain the bacteria (I1da et al., 1966), Specific
‘fiuorescent antiserum was injecfed intravenously into normal
and cortisone treated mice foﬁr days after an intracerebral
chellenge of B. pertugsis 18/323, In normal mice bacterial
colonies were 1océted on the surface 6f the ependymal cells
and six hquré after injection of immune serum the colonies
became loosened and‘finaliy detached frém the ependyma. The
main effect of cortiécﬁe was that the colonies continued to
adheré to the surface of the‘ependymalvcells. Treapmént
with cortisone did not affect the appearance of thé flugreséehce_
 znd the'degree of leucocytic infiltration was similar to
that in the untreated group élthough previous work (Iida
‘gﬁ;g;.; 1963) had shown cortisone tovprodnce an'extenéive 
leucbpenia.

This work did not go much further in explaining how

B. pertugsis 18/323 is eliminated from the brain of the

immuane mouse.
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2.7, Biological Activities of Bordetella pertussis
Many biologlcal activitles of importance have been

described for B. pertussis. The following have been recognised:-

(1) Agglutinogen
(i1) The Heat-Labile Toxin
(111) The Héat-Stable.Toxin
(iv) Haemagglutinogen
(v) The Histamine Sensitising Factor (HSF)
(vi) The Protective Antigen (PA).

2.7.1. Agglutinogen
Until Andersen (1953) demonstrated that freshly isolated

strains of B. pertussis may be dlvided into different serological

groups the species,had always been considered to be sérologicallyv
homogenous (Leslie and Gardner, 1931; Standfast, 1951b).

Leslie and Gardher (1931) described the occurrence of four
different phases, Phases I and II, vhich were considered to be
the Smooth (S) forms, and Phases III and IV which were '
considered to be Rough (R) forms. TLater it was suggested
that'more than one agglutinogen/égglutinin systenm was involved |
in the Phase I agglutination (North et al., 1939) and various |
investigators (Smolens et ai.; 19473 Kendrick et al,, 19h9)

mentioned that freshly isolated strains of B. pertussis may
vary considersbly in the agglutinability.

Andersen (1952a, 1953) distinguished the thermolsbile (O)

......
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-anfigen and'the thermostable (K) capsular antigens al‘aé as 8y
and a5 by their‘resistance to'two hours heating at 100°Cﬁand
found that all strains had a common O and al antigen but Were‘ n
divisible according to their content of a, 5 ay, and a5
' antigens.» Eldering et et_al. (1957, 1962) have recognised at
"1east fourfeen different antigens among various Bordetella."
strains. . v , |

Some workers (Flosdorf and Kimball, 19L0; Smolens,and‘
‘Muad, 19&3) founa that the protective effect of vaccines was
| closely associated.with their agglutinogen content.  However
_Andersen (1955) found that mouse protective sera need contain
no agglutining and that the proﬁectivé powef»bf vaccines is
~ not aseociated with agglutinin type specificity (An&ersen
 and Bentzon, 1958) |
| Preston and Te Punga (1959) suggested that ﬁhe group
- specific and not the’ type specifie agglutinogen was
vresponsrble for protection and later (Preston end EVans, 1963)
"found that antisera, which they claimed contained only specific
-agglutinins, ooul& protect mice against an intracerebral
challenge of B, pertussis. Investigations into the reported

: increased incidence of whooping . cough have shown that there

wag a predominance of the Type 1 3 agglutinogens in strains !}
- ffreshly isolated from whooping ‘cough patients (Preeton, 1963,
E _1965; Hon, Bull. Min. Hlth. 1965). It vas ‘suggested that -
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x agglutinogen deficiencies in perﬁussis vaccines had}resulted

v in failure to give complete protection against infecting
~strains posseesing these agglutinogens.‘ Recently Holt (1967)
has shown that the incldence of wh00p1ng cough in vaccinated
children is no higher than is to be expected from the known

B failure rate of B. pertussis vaccines.-"

other evidence has accumulated aéainst the theory that
an agglutinogen is the protective antigen. Horton and
‘Standfast (1953) obtained good protection against B. pertussig
.‘1nfections using inagglutinable Vaccines. ‘”By sonic | |
’disintegration Pillemer (1950) was able to prepare an extract
".of B, gertussig which when adaofbed onto red eell stromata
) was highly protective for mice (Pillemer et al., 195&) This
preparation When tested in mice gave a high 1eve1 of N
| protection bnt the antisera contained littlc or no agglutinins |
‘;(Evans and Perkins, 1955b). A L ‘
. Hclt (unpnblished work) has obtained good protection ‘
| rin mice by modulating usnally highly agglutineble strains of
4Vh pertussis on. special media to produce highly prctective o
HA‘vaccines ccntaining no. agglutinogens‘ There is now a ‘;
| onsiderable weight cf evidence against an'agglutinogen being |
: the protective antigen.

.7.2. Haemagglutinogen
in 19&7 Keogh et et al. (Keogh, Nor‘bh and Warburton 19Lﬂ,
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Keogh and North 1948) proved the existence of an ahtigen in

B, gertussis, B._paragertussis‘and B. bronchisepticus able to
agglutinate human and animal red blood corpuscles. According

to thelr reports it seemed to be the antigen responsible for
protection.  The authors further reported that a‘éorrelation
exisfed;betWeen the haémagglutinogen content of B. pertussig
strains, their virulence for mice and their ﬁbility to induce
'.protection‘in'mice. - Their observations have not been
confirmed by later investigators. Winter (1953) showed that
enti-haemegglutinin was present in only 14% of convalescent
sera, | | '
 The lack of correlation between protective entibodies and
| anti—haemagglutinin has also been shown by the intracerébral
challenge technique (Thiele, 1950; Masry, 1952), Masry
obtained pﬁrified preparatibns of haemagglutinogen and was

able to reduce the nitrogén content without affecting the
cbntént of haemagglutinogen. From immunisation experiments
with‘suchfpurified prepsrations he was unable to demonétrate

ﬂ protection against intracerebral or intranasal infection,

The vaccine prepared by Pillemer et al. (1954) although
highly protective dld not contain any hazemagglutinogen.

2.7+3. Heat Labile Toxin

The first investigations of the toxin of B. pertusesis
were undertaken by Bordet and Gengou (1906, 1907, 1909). It
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is an extremely labile toxin losing its toxicity above 37°C
and is easily detoXifiedAwith formalin (E#ans and Maitland,
1937). | | | |

Billaudelle et al. (1960) were able to separate the heat
labile toxin into two fractions, one part which was
dermonecrotic for rabbits and a second part, the neurétdxin;
which was lethal for mice when injected intracerébralxy.
| Early workers (Evens and Maitland, 1937, 1939; North
‘et'al.,‘1939) falled to discover the antigenic property.of '
the toxln, prcbably due to its very 1abile nature, but this
'was finally established.by'Evans in 19&0 (Evans, 1940).
showed that pertnssis antitoxin will neutralise the actian

of-B‘ Qaragertussis and B. bronchisegtu toxins in vitro and

~that rebbite immunised with pertussis toxin were immme’ to
‘the effects of the other toxins. ' By cross-neutvalisation .
experiments Andersen (1953) found the toxins prodnced.by the
three specles to be identical..

Although Ospeck =and Roberts (19hu) demonstrated protection
in mice with an 1njection of "antitoxin", many workers have
shown that the antitoxin does not protect mice against
intracefebral challénge with B. pertussis (Verwey and Thiele,t 
1919, Munoz et al., 1959: Billsudelle et al., 1960).

2.7+, Heat Stable Toxin

Cruickshank and Freeman (1937) isolated a lipo-
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'fpoxysaccharide from B._pprtussis that proteeted mice

vjchallenged intraperitoneally. : It has partly been characterised
~and constitutes 3.L% of ‘the cell wall (MacLennan, 1960). The
" 1ipopo1ysaccharide as prepared by the method of Westphal
et al. (1952) has been found to be nonsprotective in mice againat
: an intracerebral challenge (Munoz,.1963) but has a high
‘adjﬁvéﬁt activity’similar to that of other Gram.négative
lipopolysaccharides (Farthing, 1961; Farthihg.and Hoit; 1962).

2475, 'The'ﬁistaminé Sensitising FPactor (HSF)

A factor ﬁas'been found £o-be present in B, pertussis
Phase I organisms that 1ncreased the sensitivity of mice to
an intraperitoneal injection of histamine by 50-100 Pold
(Parentjev and Goodline, 1948).

In preparations of B, pertussis eell walls the histamine

sensitising activityvand:the protegtive activity were often
cloéely éssociated¢  Pittman (19513)'sh6wed‘in protéction |
‘tests that more female than male mice survived' the difference
was . found to be in the same order of magnituae as the ,'\
' difference between the histamine sensitivity of female and
"”male mice. B Pittman (1951b) showed a close correlation :

“'between histamlne sensitising activity and protective activity

. With fluid vaccines.‘ By prolonged heating the sensitising

-”property mas reduced relatively more than the protective }
activity. R | |

| OQher wquers (Joo;and.Pusztai, 1960) have shdwn,thé
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- HS8F content to perailel the protective potency while'ﬂuncz‘
and Hestekin (1963) considered them to identical.

Fishel (1956) showed that X-irradiation destroyed the
immune response of his animals but not the histamine‘sensitising
response, Dolby (1958) showed, with fractienated extracts
of B, 'Qertﬁssis, ‘the histamine sensitising factor to be

different from the antigen protecting mice againet an

'intracerebral challenge.

247+60 The Protective Antigen
‘The protective antigen is the substance which gives rise

tc‘antibody able to protect mice against a ‘lethal infection
 with Bordetella pertussis. - .

From the previous sections it seems certain that the
factor in B. Qertussis cells that elicits immunity 1s not
,associated with the agglutinogen, the haemagglutinogen, the .
heat labile toxin, or the histamine eensitising factor.
Pillemer et al. (195h) could not deteet any of the above |

factors in his stroma protective antigen complex vhich was'
shown to be highly protective. ., ‘ |

~ The possibility of two protective antigens, one antigen\"
protective against the I.N. challenge route snd. the other
-antigen'protective against the I,C. challenge route was shown
A', by ﬁclby end'Standfast;(1958);.‘ They examihed many rabbit t “
- B, pertuesis antlsera and found some to be pretective against.

}an I.N. challenge, scme to be protective against an I.C.
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ehallenge-and someitq be pfoteetive against both challenge
routes. - >' _ | , }‘

The antigens have been partially purified by fractionation
| (Doj.'by, 1958)« The I.N. antigen was. stable to boiling for
,one'hour}whereas the I.C. antigen was destroyed. Strains may

~ possess one or both sntigens. '

2.8. Virulence of Bordetella pertugsis

. The weight of the mouse and_the vo1ﬁme of challenge dose
aid notlseem‘tq influencekvirulence by the intracéerebral
route but by the intranasal route the LDgo decreased both with
small mice and with large dose volumes (Standfast,.1958a).
| Toxin production has often been associated with
| wvirulence of miero-organisms. ~ Standfast (1958a) investigated
- the effect of B, Eertussis toxin on sheep lung preparations.
e‘He'used the distance travelled.by injected Indian ink as'a
measure of ciliary activity and found that = living suspension
| of B. p_gtussis, or cell free toxin, inhibited ciliary movement

f‘but thisg effect could be neutralised by the addition of
‘"antitoxic" serum or by heating the bacteria to 100°C for one
o hour before ehallenge.
) Although he was unable to demonstrate any effect of toxin
on virulence in 1951 (Standfast, 1951a) by the intranasal route
he later showed (Standfast, 1958a) that toxin enhanced the

'-_'virulence of strains of medium‘virulence but had no effect on

strains of high and low virulence. Enhancement was only
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“evident when the toxin was mixed nith‘the challenge”and not

- when given before or afterwards but toxin had no effect on

intracerebral virulence. o

The possibility thet toxin plays any part in intracerebral
virulence vwas virtually ruled out when a highly virulent
strain 2-Atox was 1solated which produced no demonstrable
dermonecrotic toxin (Andersen, 1952b) .

Keogh and North (19&8) suggested that the haemagglutinogen
was connected with virulence by the I.N. route but this was
shown not to be so by Standfast:(1951a). The relationship
.°5,of haemagglutinating titre to‘intrecerebral virulence has not

”‘been 1nvestigated. : o | |
' "Quick Killing Factor ’ the ability of some strains of
-;feqnal LD50 to kill in a shorter time than others could only
"be demonstrated by the I.N. route (Standfast, 1958&).
| Lacey (1960, 1961) used a variety of medla to convert

"»virulent strains, X—mode, into avirulent ‘strains, C-mode. This

modulation brought Ebout many changes in agglutinogens,
haemagglutinogens, toxicity, HSF and antigenicity of the
organisms meking it difficult to relate any of these to‘

“fvirulence.

There is still no concrete evidence on the virulence factors
of B, gertussi organisnms and the precise reaction of the mouse
‘-brain, 1n normal and immune mice, to infection with virulent
 and avirulent strains is still not clear. It 1s hoped that

the present thesis will shed some light on these matters.
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3, Materials snd Methods

 §£§@£§§&0£ B. pertussig:

Three high virulence and three low virulence strains of
| , gertusai have been used throughout this work.» In this

, thesia high virulence strains are defined as those atrains
which have en intracerebral Lnﬁ for mice of 30-60 vieble :
‘organismm._ Injection of approximately 103 vinble organisms
narmally resulte in the death of all mice in 6 to 9 days.

- Low virulence straina have LD5 8 in tha order of 106 viable ¥
bacteria. Injecticn of 103 vi&ble organisms gives rise to a
‘transitory 1nfection 1ast1ng 3 to h daya. A

_ The folloving str“ina have been studied 1n aome detail
‘:?and their cultural characteristics, as set out below,‘can bef'-“

e used as a method of distingnishing them an different strains,

= ,Some of these data have been OBtainea from Dro .B. Holt

(ﬂhpublished Gbservations) and the degree of agglutination was
- ﬁetermined by the semi-quantitative method deseribed by
Preston (1963).

High Virulence Strains

g,  18/32% - this thas been derived from the original

Washington strain (Kenﬁrick et ol., 19&7).

Agglutination Tl s T2 44 T2 44
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% Organisms visble on Bordet-Gengou Medium 10%. This
i1s the viable count on B,G, medium as a percentage of
the total count calculated from the turbidity of the

suspension using Brown's Tube tables.

b, @353
Agglutination T1 444 T2 44 T3 «
% Organisms vieble on Bordet-Gengou Medium LO%

Prodﬁces a dermonecroticftoxin.

c. 2-Atox ,
Agglhtination_Tl +++ T2 ddd T3 444
% Organisms viable on Bordet-Gengou Medium 4O#%

Does not produce a dermonecrotic toxin.
Low Virulence Strains

: Thesé‘stfains were isolated during a whooping-cough
épidemic in Belgrade.
5. B2288 o |
Agglutination T1 444+ T2 +44 T3 it |
‘%-Organisms‘viable on Bofdet-Gengou Medium 35%
% Organisms viable on Blood Agér Medium O%.



‘b, B2l

Agglutination T1 444 T2 444 T3 -'»x _

% Organisms viable on Bordet-Gengou Medium ?2& .
% Organisma viable on Blood Agar Medium 22%.,‘,' 

- Bl"‘
Agglutination Tl sand T2 e T3 +++
% Organisms viable on Bordet—Gengou Medium.Qs%

| % Organisms viable on Blood Agar Medium O%.

These factors distinguish the strains used as 6
1ndividua1 strains. ‘

,Medié‘
Bordet-Gengou Medium BG-D)
A. Peeled, sliced potatoes 2,500 g.
 tpnalar! Glycerin 200 mls.
.~ Distilled Water ', ad 10 1itres
'The potatoes Were dispensed in gauze bags and cooked in

thé'glycerinfwater until- soft., ’The bags were removed from

thé'fluid; allowed to-draihvand the voiume made up to 10,11tfesg,

B, Sodium Chloride (Analar) 170 g.
. Distllled Water R ad 10 litres

The two solutions were mixed and dispensed as required._



Bacto Agar 2,0 g% was added and media autoclaved for 30
minutes at 10 1bs. psS.is o ;

| Two layer plates were ﬁsed. The bottom 1éyer consisted
of 20 ml. of base and the top layer,l2:mis. of a horse blood-
base mixture. Defibrinated horse blood (Wellcome Research
Labs.) was used at the rate of 50 mls, to 200 mls. base,
giving a mizture containing 20% blood. In the experiments

on modulstion the horse blood ﬁas replaced by sheep blood
(defibrinated, no preservative) and single layer plates
containing 20% blood were useds

Cohen snd Wheeler Medium
'The following formulations were,ﬁsed:

‘ ' : Cohen and Wheeler‘
Cohen and Wheeler containing

}; | ; - _high ma@esium‘ :
Metals Solutton ]1 ml, R . T
StarchA(B.D.H.'soluble) 1.5 g. - .5 g.'v‘
MgSOy . 7.HpO. | 098 11.9 g,
KH PO}, | o058 . 0.5g
NaCl = . h6g. M1
Cysteine hydrochloride 0.1 g0 - 0,1 g
Yeast Extract (Difco) | 1.0 g ' | 1,0 g, |
Casamino Acids (Tech) "~ 10.0 g.>'- - 10.0 g.

Distilled water | ad 1 1itre - ad 1 litre
The PH was adjusted to Te 6 using N.NaOH, |
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Metals Solution

CaCl, | lg. %
FeCl,. 6.Hy0 ~ 1.21 g, %»
CuCl, o 0.04 g. %

'.Dissolved in 1% HCL solution and autoclaved at 10 D.s.i.

for 30 minmites.

Casamino Actds Selution
Casamino Acids {Tech) L4O g.
Sodium Chloride (AR) 16 g,
‘ Distilled Water . ad h litres’ |
"Adjust pH to 7.he . Antcclave for 20 minutea at 10 1bs. B
Pas.l, |

Baéteria; Cultures

) A1l strains were grown from the freeze dried state on
LBordet~Gengou (B.G ) mediunm at 34°C for 72 hours. The second

18 hour suhculture from this was used for the mouse challenge. 

Sugpensions of Organism
All suspensions and dilutions were made in 17 casamino

acid solutian.

Ghallen e Injections |
Mice, 1ightly anaesthetised with ether, were injected

intracerebrally at a point likely to bisect the ventricles.
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0.025 ml. was injected from a 0.25 mle. syringe through a
0.25 inch 26 SVWG needle., '

"Intracerebral Mixturesvof Organisms and Serum

Hixtures of organisms and serum were incubated at 37°G
for 60 minutes in & water-bath., Viable counts were estimated
“after incubation as a check against in vitro kiliing by

complement.

Bacterial Counts from Mouse Bralns ‘

Each mouse brain was removed ascéptically and added to
2 ml, of 1% cassmino zcids contained in all oz. universal
Dbottles The brain was homogenised at half speed in a M.3.E.
homogeniser for 1 minute. The homogenate was then centrifuged
at 1,500 Tep.ls for 90 seconds in an International PRI
 centrifuge, Deéimal dilutions of the sﬁpernatants were made
in 1% casamino acids and the bacterial counts estimated by
the method of Miles and Misra (1938) on B.GQ medium, Thrée
drops of each of three suitsble dilutions were spread on ‘each
,pléte and bacterial counts were where possible\cal@ulatéd'frdmb‘

drops containing 4O to 80 organisms.

Mice
Two strains of whité mice were ﬁsed throughout these

' experiments depending upon supply. The strains used were



I.C.I. and’Theilers Originel (T.O.) mice (Scientific Animal
Supplies, Elstree, Herts). v _
Female mice were used weighing 1-18 e when challenged.

- Two etrains of black miee were also used on occasions,
These were Blo D2 "01d Line" and B10.D2 "New Line" mice
' eupplied by Dr, A.A,. Glynn, Wright-?lemlng Institute. These |
etraine of miee are genetieally identical except that the
"01d Iine" are deficient in a component of complement

‘prdbably‘eorrespondlng to‘the human 0'5 component.

Leucocxte Counts
0.05 ml. of blood taken from the brachial artery was

ailuted in 0,95 ml. of 2% Acetic Acid solution coloured 1ight
blue with gentian violet.: The diluting fluid lyees the red

K;fcells and a total white cell count 1s made on 0.1 cu. mm ., of

,"blood.in a Neubauer Cell. k The number of cells eounted x 200
‘vh givee the number of Whlte eells per cu. mm. of mouse blood

"'(Daeie and Lewis, 1963).-

Slide égglntination”‘o R
Slide agglutlnations Were determined by the method of

Preeton (1963). A suspension of Bordetella pertussis
ol0

containing approximately 5x 1 organisms rer ml, was mixed
with a standard loopful of each of the monospecific gera on a

, glass slide and rocked. gently for 5 minutes.
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Degfees of aggiutination were reébrded as‘fellows:—
| d bt Immediate formetion of 1arge agglutinatee d‘,
4+++ Formation of large agglutinates in 3 minutes

4t Agglutinatee visible within 3 minutee, complete within

5 minutes »
+ ‘Slow formation incomplete in 5‘minutes :

0 "'ﬂo,agglutination visible in 5 minutes.

gﬁsosomal Enayme Meagarements R

Wree Enzymee

o “Enzymic measurements vere performed on the cytoPIasmic
eXtracts. These were prepared by adding 1 mouse brain to u.5
ml. 1ce cold 0 32 M Sucrose and disrupting it with a Potter—

“ s;Elvehjem tvpe homogenieer with a teflon peetle which was rotated

o slowly for 5 seconds.‘ The homogenates were centrifuged at

: 800 8. for 10 minutes 1n a PRI International Refrigerated L
‘Centrifuge to remove nuclei, cellular debris ‘and intact cells.

. The resulting supernatant Was designated the cytoplaemic extraet¢

Toiel Eﬁ2imes‘ . ‘ | _

1“er total enzyme determinatione the brains were macerated‘
.fer 8 minutee at high speed in a M S E. blender. ) Control
experiments had found this time to be moet suitable as a 1oes ﬁ'
in- total enzyme had been found when the ‘nrains were macerated

”'for a longer time.~
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Supgﬁrates

Acid Phosphatase - 3 mM Disodium D1nitro Phenyl Phosphate.,
‘N«Aceﬁyl—ﬁ«D—Glucosaminidase—hmm p-nitrophenyl-acetamido-2-deoxy-
D-gluCOpyranoside. B-Galactosidase - 2,5 mM o-nitrophenyl-
p—galactdside. B-Glucuronidase - 1 mM Phenolphthalein

_ glucuronide, All these substrate solutions Were‘prépared in

0+05M Sodium Acetate buffer at pH 5.0.

Buffer Solutions
(a) Sodium acetate 0.05M, pH 5.
(v) o0. hM glycine-sodium hydroxide, pH 10.5, for use in

' acid phosphatase, B-galactosldase and N-acetyl glucosaminidase

determinatione.
(c) 0.133M glycine, 0.067M sodium chloride, 0.083M sodium

carbonate, pH 10.7, for use in P—glucuromidase determinations.

Free Enzyme Determinations

(a) Acid phosphatase, g:galactosidase. N;acetyl

glucosaminidase

A mixtﬁre,of 1 ml, of the specifib substrate, 0.2 ml.
eytoplasmic extract and 0.3‘m1. gcetate buffer was incubated v
at 37°C for 15 minutes. The reaction was stopped by‘additionjf
of 1.5 m1. of 2.75% trichloracetic acid and the miiture | |
centrifuged at 2000 g. for 10 minutes. >‘1’m1. of the supérnataﬁt
wgs addéd,to 2 ml. of glycine/NaOH buffer and the optical densityv



was determined at L20 m on a Unicam SP600 Spectrophotometer,

(b) B-Glucuromidase -

‘ A mixture of 1 ml, of the specific substrate, 0.2 ml, of
the‘cytoplasmic extract and 0.3 ml. acetate buffer was incubated .
at 37°C‘f6r 15 minutes. The reaction was stopped by adding
6 ml. the glycine/NaCl/Na2003
at 2000 g. for 10 minutes. The optical density of the

buffer and the mixture centrifuged

-supernatant was determined at 5&5 mP on a Unicam SP600

‘Spectrcphotometer'

Total Enzyme Determinations

» - Total enyyme determinations were carried out on homogenates
-,after treatment in the MBE homogeniser at high speed for 8 - |
minutes and the 0.3 ml, of acetate was replaced vith O. 3 ml. of
0.15% Tritonwx, a nonuionic detergent (Lennig Chemicals Ltd.)
"This detergent has been shown to cause complete loss of latency

for all the enzymes.

Standards

Standard curves for p-nitrophenol and o-nitrophenol were
obtained for calcukating’the amount of enzyme release for acid

phosphatase,'N%acetyl-p-neglucosaminidase and p-galactoeidase.
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Difficulty was experienced in obtaining a standard curve for
phenolphthalein owing to its very low solubility in acetate

buffer and the results have been exprésséd in optical denslty
(Oan)"‘mitB. l |

Irradiation Technigue

Mice, anaeéthetised with sodium.pentabartitone (Nembutal,
| Abbots) 60 ug/g injected 1ntraperitoneally, were irradiated

in groups of 6 arranged radially in the 1rraaiation apparatus.
Doses were given at 90-95 R/min, at 220 KV 15 m. amp with

0.5 mm, copper and 1.0 mm. of aluminium as added filtration.

"Shielding where applicable was with 2,5 mm, lead,

| Exposures were continuously monitored with a Béldwin

~ Farmer Substendard Dosemeter, the probe of which was pléoed in
the X—ray field on the same radius as the’ mice. » ?ho probe was'

"covered with a Mix D plastic phantom, this being designed to4 |

give a similar scatter and absorption characteristics as tissue.

| Histologx

_ Mice were injected subcutaneously with 5 mgm /kg
“Colcemid, an antimitotic agent, Iy hours before they were killed.
Bryans (1959) showed that this was the optimum time interval
for demonstration of mitotic activity.

The parietal bones were removed and the brains fixed Iin
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1% acetic acid in 10% formol saline. After fixation for
24 - 148 hours the brain was dissected out and the cerebral
hemisﬁheres divided transversely into 3 equal‘parts;

These were 510W1y dehydrated for Zu‘haurs each 1n.70%,
80, 95% and absolute alecohol., They were cleared overnight
in chloroform snd embedded in paraffin waxe

Stainigg

Haematoxylin and Eosin Stain

Seetions were treated with xylol to remOve'wax and then
‘with‘absolﬂﬁeralcohol to remove the xyloi. Slides were dipped
' in Ehriichis'haematoxyiih for‘2olminutes; washed in water, .
differéhtiated in 1% aéid/hlcéhol and washed until blue.: The
.éectioné were then étainéd with 1% eosin for 1-2 minutes and then
Wéshed for Seﬁeral minuteé in water.” Abéoluté alcohol was ' |
| ’applied‘for 2 minuteéﬂWhich wag followed by xylol until

' transparent.

 f”mazeré Hoemalum

‘ Sé@tiqns are dewaxed with xylol and the xylol'removed with
ébsoiute aldohdl. They are stained for 5 minutes in Mayefé B
Haemalum. The,nnciei‘are stained dark blue and the cytbﬁlasm

 1light blue.

Autoradiograph Technigue | |
1 pC/g. of tristed thymidine (HJthymidine) labelled in
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cthe 6 position (deiochemical Centre, Amersham) was injected »
_intraperitoneally into female T.0. mice welghing =18 g

“' The mice were killed either 1 or 6 hours later by decapitation.

'iThe brains were fixed and dehydrated as descrlbed.previously,”

"‘but sutoradiograph sections were floated out on distilled

| water after cutting and picked up on sdbbed slides. | |
Sections were dried for 24 hours, dewsxed in xylol,
hydrated through alcohol and.washed in slowly running water
for 30 minutes. The slides were then,transferred to distilled
water. | SRR | |
| Ilford K2 Nuclear Research Emulsion was mixed with an
vlequal volume of distilled water under a safe—red light and
maintained at 60°C, e
| The slides were removed from the distilled water and
.diallowed to dry until Just damp. ~ Slides were dipped into
"emnlsion for 2—3 seconds, drained and dried. When completely
.dry, they were sealed in a 1ight proof box containing
Wi“"drierite" and stored at h°C for 36 weeks.' |
| | The ‘slides were then rinsed in distilled water and -
"'developed in Kodak D 19B developer for 5 minutes and vashed
fin 3 changes of distilled-water. ' The slides were fixed :
k'iuntil clear using a1l in 10 solution of Johnson 8 Fix—sol
'for 10 minutes, washed in tap water for 30 minutes, stained
‘with Mayer's Haenalum for 5 minutes,udehydrated_as-before and

' mounted;v.'
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Statigtical Analysis

Where this was applicable the X% test has been used.

+ -
Al a b | asb
Ble - d | c+d
a+¢  bed | asbiced = N .

,1(2'= aﬁ—chXN '
o (a{bS!c+dIza+c5(b+d)
In all,casés Yates correction for continuitytdf small
numbers has been used. This conslsts of reducing by 0.5 the
values which are gréater'than ekpeétation and increasing by

0.5 those which are less, 1.6; reduce thé difference,
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g__ Intracerebral Infectlong with Bordetella Pertussis
in Normal Mice

- b,.1, Intreductian

In order to obtein a comprehensi#e‘understanding of
Bordetella pertussis infections in the mouse dbrain it was
decided that = number:ofldifferent.strains miat be studled.
Three low virulence strains and three'high_viﬁulence strains
have been studled in some detail. ‘

| » The high virulence strains, 18/323, G353 and 2—Atoxic
have an LDBO for mice of LO-80 viable organisms. The normal
‘uchallenge dose, 5000 viable organisms, brought about. the :
death of most mice in 67 days.

, The low virulence strains studied, B2288, 31772 and Bl2l, .
have LDsOs in the region of 106 viable organisms. Thegnormal '
challenge dose gives rise to . only avtransitory 1nfeé#ion ahd' |
most mice have a sterile brain 5 deye‘after challenge, With
larger challenge doses of 105,- 106 viable crganisme the brain
of moat mice does not become sterile until at least the eighth"
day after dhallenge.' ' o |

In this chapter the course of infection of these high
virulence and low virulence strains in normal mice will be
desceribed in some details The same 2 strains of mouee,.
I.C.I. and Thellers Original (T.O.),Ahave‘been used throughout
these experiments and no‘differeﬁces in the reaction of these

2 mouse strains to infection have been found.
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B2, ;g;ectigg§ with‘Low Viruleﬁoeksﬁraing * |
~ Groups of 30 I.C;I. mice were‘challenged intracerebrally

| with the mouse low virulence étrainé 32288; Bl772'orvB12h.
Six mice were killed at 1 hour, 1, 2, 3 and Iy days after
challenge; the bralns were removed asceptically and processed :
as descfibed»previously. The challenge doses were 6.1 x 103
vigble organisms of strains B2288 and BLT72 and 8.7 x 105
viable organisms of strain Bl2h.

_ This experiment was extended to study the course of
infeotion following graded challenge'doses of a low virulence
’ strain‘ Three groups of L2 mice Weré chéllenged intracerebrally
with 5.6 x 103 5 6 x 105 or 5 6 x 167 viable organisms of the
low virulence strain 32288. Seven mice were killed at 1 hour
~and at deys 1 - 5 and the intracerebral viable counts determined

' as before.

h.2 1. Results _
~ The normal intracerebral infections of" 3 low virulence

,strains were studied in mice challenged with an inoculum of
approximately 6000-9000 viable organisms. It must be
emphasised that all 3 infections in Pig. 1 are typical of any
one of the low virulence strains tested at this dose level.,

"In no case was theo&dunt at 1 hour after ohallenge;more
than about 10% of the number of organisms inoculated. - After

this time 3 basic patterns of infection emerged, which were



Figure 1. Intracerebral infection with‘the low virulence
strains of B. pertussis, 32288, B1772 and Bl2L. The
challenge inocula were 61 x 103 viable organisms of

strains B2288 and B1772 and 8.7 x 107 viable organisms
~of strain Bl2h,
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'thOQght‘to be'duebﬁe)variation in the mice. Sometimes the -

ihfection: was typified by the B12l infection in Fig. 1. The

peak viable'count'was'feached by 2y hours, after which the

| mean viable count declined and by the fourth day i out of 5

1*_brains containednless than 50 organisms. ¥ith 31772 the viable
”ceuht feached'its maxiﬁnm between 1 and 2 daye and then declined

}until 3 out of 5 brains contained 1ess than 50 organisms by

| ;"‘:the fourth.day.

Finally the 32288 infection daid. not reach the maximum

‘ ;f_count until the second day, again falling rapidly from this

‘tyietime to give u out of 6 brains containing 1ese than 50

'iorganisms by the fourth day.
The results of 2h experiments with low virulence etrains‘

‘ﬁ‘~j'are summarised in Table l. ‘Each. figure indicates the average

f»/i“increase in the geometric mean (G M.) viable count in the

_number of experiments indicated. In each expefiment the
ffviable counts from at least 5 brains were determined at ‘all
- time intervals. f“ - | |
| ‘on average the viable count 1ncreased by between 1og10
0.8 and 0.9 between 1 and.2h hours and remained at about the
:,‘same level between days 1 and 2.“ After this time the viable B
;lcount fell rapidly, by at least 1og10 0.9 between the'second.‘

- and third day and at 1east loglo 0.6 between the third and
]fourth days. : Braine containing 1ess than 50 organisms were

found’in-a few of‘the‘mice_killed on the second day but the



TABLE 1.

various low and high virulence strains of B. pertussis.

- 55 =

Comparison of the average increase or decrease
in geometric mean number of bacteria at dally intervals with

Strain Nunber Average logip increase or decrease in
o . of ‘ the geometric mean number of organisms
Experiments | between '
1 honr 1 day | 2 days 3 days
and . and - and and
1l day 2 days 3 days L days
B 2288 10 +0,.90 +0.0L - =0,98 - =0,90
B 1772 8 +0.90 ~0.06 ~0491 -0.80
B 124 6 +9383 ~0435 «0.,90 -0,60
18/323 7 41,06 +1430 +1.11 +0, 35
G 353 h +1007 +1b33 +1&05 "0407
2-Atox 2 +1.00 +1.60 +1.20 +1.00
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'majority of brains daia not contain 1ess than 50 organisms until
C at 1east the third or fourth days. ;; ' |
| When graded challenges of B. pertussis 32288 were

',injected intracerebrally, 3 distinct courses of infection

"‘. became evident (Fig. 2).

With the low challenge dose, 5.6 x 10° visble organianms,

. the course of infection was typlcal of those described above.

The maximum visble count was reaéhéd’after 21 ‘hours; ‘this‘was ’

foliowed by a decline until the brains of all mice contained

less than 50 organisms at the fifth day.' When the}inoculum
”‘sizé“was incﬁeaséd_lOO«fold, to 5.6 x 10° viable organisms, the -

ij'period of. 1nfectioﬁ was significantly extended and brains

'hcontalnlng 1ess than 50 organisms were not detected until the
 eighth day. At the fifth day, when with lower dose all brains
contained less than 50 organlsms, the geometric mean viable

"'count was 105 organlsms which was approximately the same as the

‘*5'1 hour count. o

Even with a challenge dose of 5 6 x 107 viable B= pertussis

the course of infection for hS hours was very similar to those

B obtained with the lower doees. The count at 1 hour after

'challenge was approxlmately 10% of the nuﬂber injected and the
maximpm viable count was reached by 2L hours. However, this

- hiéﬁ lgvel'of-infeﬁtion‘resulted ihiﬁhé death of all mice by
-thefthifa‘agy; The decline in count at the terminal part of
infé¢£ion With.the‘high'chaliénge dose could.be‘dﬁé fd a.léck'of



. Figure 2. Intracerebral infection with graded challenge

déses of the low virulence strain of B.'Eértﬁssis 32288.

The challenge inocula were 5.6 x 103 5

506 X 107

’ BOGX 10” and

viable bacteria.
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nutfients‘in the brain at this ferminal stage”of infectien
or, possibly, to an intense celluiar reaction. It is
1nteresting, as will ‘be shown 1ater,:that this decline in
viable count is not as evident with high virulence‘infections
in mice pretreated with cortisone. |

it nas of interest to examine>the range oflniable 4
bacterial counts in the brains of_tne individnai'mice.f» The
‘differences between the highest,end’lowest'countslwere #ery
similar for all 3 doses at the first day after challenge; they
were logqg 0.96,'0.92 and 0,82 for"theviow,'middle andihigh’ A'
deses respectively. On the second day the difference wes |
again 0.82 for the high dose but had increased to 1. 67 and
1.87 in mice given the middle and low doses ana by the fonrth
day this difference had increased to 2. 83 and 2.72 respectively.n
' These filgures indicate a large variation in the response
of the mice to these low virulence infectione.» This was
‘.even better emphasised when the bacterial counts at the
fourth day in mice challenged with 5. 6 x 103 organisms were.
'examined.  Three brains contained less than 50 organisms
 vhile thercounts of the other four were distributcd between

this figure and 2.7 x ZI.OLL

4.3, Infections with High Virulence Strains

' Intracerebral infection: with the high virulence strain

of B, pertussis, 18/323, has been well documented (Blyth, 1955;
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Berenbaunm et al., 1960; Dolby and Standfast, 1961). Andersen
(1957a) used the'high virulence strain o-Atox as her challenge
strain in experiments on early immunity.

T can find no reference to intracerebral infection with
B, pertussig G353 and no evidence that the infections with
thesé 3 strains have been compared. All 3 strains have
approximately the same LD56 for micé, namely’between L0 and
80 viable drganisms (Andersen, 1952b; Eldering et al., 1966);

‘4.3.1. Experimental

N A group of at 1east 35 I.C.I. mice was challenged
H:intrace”ebrally with 5.7 X 103 viable organisms of the high |
virulence strain 18/323. Slx mice ‘were killed at 1 hour and
6 daily for 6 days after challenge. ‘The brains were removed
aseptically; processed as descrfbed previously and the G.M.
df the viable counts from each group of brains calculafeda
The experimént Waé»fepéated as above in groups of mice
chellenged with 3.6 x 10” viable B, pertussis €353 and

5.2 x 103 viable B. pertussis 2-Atox.

4e3.2. Results |

| Typical infections with 3 high virulence strains are
; ahoWn in Pigs. 3, b and 5. In all 3 infections approximatelbe
90% of the inoculum disappeared within the first hour after

challenge. By 2L hours the number of bacteria in the brains



- 61 -

had reached or even exceeded the number inoéulated. - During
the next 2 days the count increased by at least 10-fold

daily. Up to fhis timé, the inérease in count had been‘very
similar for all 3 strains (Table 1) and hy the third day the
geometric mean viable counts, foliowing injection 6f about
5 x 107 organisms, were.slightly in exceas of 106. |

Between the third and fourth days the G.M. viable count
in the 18/323 infections increased on average by 1og16 0.55
and the 2-Atox infections by :_l_og10 1;0., ¥rom the fourﬁh day
onwards the rate of increase in count for these stréins was
beﬁweenVB and_S"timeg daily and in some cases'thgre may even

_be a slight fail in viable count in the terﬁinal stages of

~ infection. . - D

This was #éry different from the infection with G353
which in L experiments showed a decrease or levelling off in
 the geometric mean viable count between the thirad and fourth
day s However, this decline was only transitory and the |
increase}in count between days Ui and 5 often compensated for
this lag (Fig. 6). | |

Mice challenged with about.5 X 163 G353 took on average
1l day longer to dle than mice challenged with en equal number
of 18/323.

The counts in the individual brains were spread over a

very small range, rarely greater than 1 on a loglo scale,

throughout infection. The only exception to this rule being



, Figgre 3 Intracere'bral infection with the high
- virulence strain of B. pertussis 18/323,
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Pigure L4,  Intracepebral infection with the high

virulence”étrain of B. pertussis G353,
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- Figure 5. Intracerebral infectlon with the high
virulence strain of B. gei»tussi‘s, 2=Atox,
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Figure 6. Intracerebral inféction on the 3rd, Lth and .
15th days with the high virulenée‘s@rainstof‘B. pertussis
: i8[323jgnd G353. Each point is the geometric mean viable

count from at least 5 brains,
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in the terminal stages of G353 infections, where the range of
jcounte was often greater than 2 on a loglo ecale.

The 1ag and epread of counte may indicate some: change
in response to thie infection when the count is- greater than
1,106 viable organisme. This 1s the count indicated by Holt
et et _als (1961) as being neceseery Tor damage to the blood-brain
barrier.‘ Thus some factore external to the brain may be -

coming into play at thls etage of infection.

L. h Infection with a Low and High Virulence Strain durigg
' the 2& houre after Challenge..:

It hae been reported 1n the previous eectione that in
Vinumerous experimente the 1ncreaee in viable count during the
"2u.hours after challenge was never as . great with low . virulence1~
.etraine as it was in infections with high virulence etraine.‘v
,This may have been dne to a nnmber of factors" the loee of
“_organieme after challenge may have been greater with.the 1ow
~viru1ence strains than with ‘the high virulence etrains or the
time et which multiplication commenced may have been delayed
with the low virulence organisms. Other factors involved mayf“
~ be the multiplication time and animal response. There was f .

'.no evidence in vitro that the low virulence etraine of

pertuesie multtplied at a elower rate than high virulence

strains.

Examination of counts at short time?intervals efter,e



challenge wifh low or high virulence straine may give some

indication as to the nature of this difference.

4ul.l. Experimental
’ Forty-five T. 0. mice were challenged intracerebrally in
. each experiment with B, pertussis 18/%23 or B. pertussis Bl772.
 Five mice were killed at 3 minutes, 30 minutes, 1, 2, L, 6, 8,
: 10 and 24 hours after challenge. The brains were removed
aseptically'and processed as described."
" One group of mce vas challenged with 2. 38 x 10" viable
bacteria of strain 18/323 and the second group with 7 x 10u *

viable baeteria of strain 31772.

hals 2. Results‘_ | |
The results of this experiment are shown in Fig. Te | it‘
 can be seen that the courses of the two infections were almost
.‘identical. ~ The counts reached a minimum between 2 and 6 hours
and increased after this time to reach a level at 2hvhoufs
‘approximately equal to the inoculum, Again evidence was

5 provided~in ﬁhis ekperiment, which confirmed the results

shown in Table 1, that multiplicatiOn,ofvlow virulence
organisms-was not qulte as rapid‘as that of‘high virulence

| ofgahiems in the first 2k hours. ~There'Was no evidence that
the size of ‘the inoculum affected the ‘rate of 1ncrease in

viable count during the 2u hours after challenge. )

Comment has previously been made on the approximate 90%
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Flgure 1. Intracerebral viable counts at short time
intervals following challenge with either the high
virulence strain 18/323 or the low virulence strain B1772.
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1oés'of ofganisms within the first hour after challenge; it
was evident from’this experiment that this loss was
tnétantaneous; It vwas found, as early.as 3 minutes after
challenge; that there was‘a 88.5% loss of the‘inéculum,of-
strain?IB/szvand a 77% loss of the inoculum of strain B1772,
This very short time seems far too eaﬁly for this d'eg‘r‘e‘e“ of

' killing by phagocytes. By 1 hour‘ﬁhe percentage of the
inoculum remeining was 8.5% of the 18/323 challenge dose and
11,5% of the B1772 challenge dose and fell to as low as 6.8%
and 8,7% respectively.

4,5, The peréentage of Organisms remaining in the Mouse Brain
 one Hour after Challenge. .

The percentage of organisms remaining in the brain 1
hour after challenge was calculated from many experiments as
a function of the strain, number of bacteria and dose volume

to evaluate the role of any of these factors in virulence.

Le5.1. As a Function of the Challenge Strain
The results of 63 experiments where the challenge strains

were injected into normal mice have been tabulated (Tadble 2).
In all cases the figures for the proportion of organisms
remaining after 1 hour were spread over a very small range,

from 10.5% to 12.9%, with}abgrand mean of 11.7%. Yo

significant differences could be found in the percentages of



,..75-,

, TAB%E 2, = Percentage of the inoculum of various strains
of B. pertussis remalning in the mouse brain 1 hour after
challenge. : v S

Strain ' Number of : % of the inoculum

S Experiments | detectable at 1 hour
18/523 | 19 S ong
| g 353 f ~; 3" o | 11.0 
2emtox | oz | 10.5
B 2288 17 | 10
Birz2 | 1 | 1209
sazy | 7 | 17
|roran e | 17
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”organisms remaining at 1 hour and. the nunber remaining seemed

to be independent of the challenge strain.

L.5.2, As.a Finction of the Num‘ber of Bacterisa

The above 63 results have been re—arranged as a function .
'of the challenge size (stle 3). ) Although the number of
results was unevenly distributed over the ranges of doses
there was no evidence that the proportion of the challenge

remaining was dependent on dose."

L.5.3. As & Function b’fimoculum Volume

In these experiments groups of 10 mice were challenged

o intracerebrally with the high virulence strain 18/323. AIn :

- the first experiment the mice were challenged With 9.2 x 103

visble organisms and in the second experiment vith Se 9 x 103
 visb1e organisms. » ‘ s _

» The doge volumes, 0. 025 ml. and 0.0025 ml. were 1njected'
nith a micrometer syringe. ‘

The reeults (Table h) show that when 0.0025 ml, of the
,challenge suspension was 1n3ected a greater pr0portion of the
1noculum was detectable in the brain 1 hour later than when ,
o 025 ml, was injected.  The ratios of the amounts ‘__rema_ining
after injection with 0. 025-m1; end O. 0025 ml. were found*to:‘
f}be almost 1dentica1 in both experiments-' 1l: 1.&9 and 1 1.&5.r

| Statistical analysis shows that neither result was



TABLE 3. Percent number of bacteria remaining in the
mguse brain 1l hour after dhallenge with a range of inocula
sizes.

‘Logyg number Number of %.of'bacteria -:,
of bacterias Experiments remaining 1 hour
injected after challenge
2.5 t0 3.5 11 10,0
3.5 t0 .5 R 1T 12,6
1.5 to 5.5 6 12,0
| Greater than 5.5 2 7 i‘iO.E"
TABLE g' - Percent number of bacteria remaining in the

mouse brain 1 hour after challenge with various inoculum
volumes.

Experiment |% of bacteria remaining | Ratio of the %

Number at 1 hour after of organisms
foorAnjection of _remaining
0,025 ml. 0.0025 mlc - '
1 12,7 19.0 1 s 1.49

2 | 11.5 16,1 1 : 1.5




Photograph 1. The distribution of Pontamine Sky Blue in
the brain and on the reflected skin 1 hour after

intracerebral infection. -






) gsignificant at the P=0.02 level and only'the results of

: experiment 1 were significant at the P=0,05 level.

, The combination of these three experiments indicated

"that the approximate,9o%‘loss of the inoculunm was prdbabxy‘
‘machanical resulting from the preséure df the inoéulated fluld.

- In a further experiment. 0. 025 ml, of a 1% solution of

‘Pontamine ky Blue was injected 1ntracerebrally, @he mice were
xilled 1 hour later and the brains exposed. A.blge area on.
'the reflected_skin'(Photograph 1)‘suggests that,mdét of.the
90% loss of orgenisms was due to washback of the inoculum

along the needle tracke.

I W6, Summary of High and Law'Virulence B, Pertussis Infections

Two main forms of infection have emerged from these

"eXperiments. With all high and low virulence 1nfections 90%

of the organisms injected dlsappeared within a few minutes of
' challenge and the multiplication phase commenced about 6 hours
after challenge. From this time untilvthe 2uth hour, the
‘increase in count with the high virulence strains was at ,
least 1 log unit, ranging from 1,00 with 2-Atox to 1 07 With
G353. This compared with an increase of only 0.83 for 312y.
infections and 0.9 for B2288 and B1772 infectlons. It seemed
~ that the fipst reaction in the mouse brain occurred as early
as 6 hours after challenge. Between dayS'l and 2 the‘

N difference between high virulence and low virulence strains
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- ‘was more marked- whereas the count of the high virulence )
:strain 18/323 1ncreaeedvby loglo .3, 2—Atox by 1. 6 and
‘e€G353 by 1 33, the count with the low virulence strains only
j{increased slightly, as with 32288 by log10 .Ou, or even N
‘:decreased, as ala BI772 - by 1og10 0.06 and Blzu vy 1og10  “"
- 0.35. e O ]'“ | -
o From the second day the mean viable count with 1ow doses
- of the 1ow virulence strains declined rapidly until the brains -
of all mice killed on the fifth day contained less than 50
 4Torgan1sms. S With higher doees of the low virulence straine
the bacterial count declined at a slower rate and braine n 4'
>,containing 1ese than 50 organieme were not dbserved until at
least the sixth day. | o ', |
. From the eecond to third days the viable count of the
high virulence strains increased at leaet lo-fold.A‘ From the |
third day the rate of increase declined to 3= .to B-fold per.
‘day with 2-Atox and 18/323 until the terminal visble count of
approximately 5 x 107’organismeAwas.reaehed on the sizth or
seventh da&e; iThe‘only exception to this was G353 vhich
actuaily showed a decrease in viaﬁle count between the third
and fourth days.. It was 1nteresting4that the siow down |
'oecunred when the viable ccunt reached‘106, the count'indieated 
by Holt et et al. (1961) as being neceeeary to produce breakdown R
'of ‘the blood-brain barrier. | -
With a11 infectione the bacterial counts of the
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‘ff;individual brains were all closely grouped up to ‘the first

‘:f”day of infection. From the second day onwards the counts

‘avith low virulence infections were spread over a wide range,‘

"sometimes there being up to 1000 times difference between ‘

*the_most and least infected mice. i This indicated a very
vérying response by individual mice %o the infections with

© low virulence strainé. This wasvvefy different frdm'_

_ infections with high virulence strains ﬁhere‘the individual
 counté.were very closely groupéd, thefe was‘rérely more than
- 10-fold difference between the highest and lowest counts.

The only exception to this Was nqted in the terminsl
stages of infections with @353, the wide spread of individual
counts occurring once the bacterial count has exéeeded 108

viable organisms,
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. Experiments on the Mechanism o Infeetion of

Bordetella pertussig in the Mouse Brain.

h Lacey (1960) showed that the growth of a B pertussie’
“strain H5 on a medium in which the sodium chloride was |
. replaced by magnes ium sulphate 1ed to an increase in the LDSO

g‘}by the intranasal route from 107 to 100 organisms,
: | Later he pointed out that the surface characters of

B. pertussis could be,changed.by.varying,the.growthumedium4

lor incubation~temperatufe (Lacey, 1961). He_deseribed this -

: non-genetic variation as "modulation". | o

_ As will be shown later, I was able to modulate many

"strains of B. pertussis under various conditions and

significantly increase the LDBO of the high virulence strsins;-

_G353 and 2—Atox. ' E
Thus it seemed possible that the fall in: count at 2 days :

‘in mice infected with low virulence strains might have,been B

due to the gbility of these strains to modulate, the high

virulence gtrains being resistant to modulation. |
'The other important possibility was the ability of the

- mouse brains to change physiologlcally or structurally when

-~ infected with B, pertuesis or other agents. A change of '

this kind might 1ead to a preferential removal of low

virulence strains.
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5.1s Iransfer to B. pertussis B2288 from Infected Brains

to_previously Uninfected Brains

To investigate the possibiiity of modulation in low’
- virulence infections of B, pertussis, organisms from the
brains of mice which had been challenged'2% d&ys earllier were

transferred to previously uninfected brains.

5.1.1. Experimentsl
'Fifteéﬁ‘miéé,were‘challengedvintraéérebrallyfwith -
2 x 107 visble organisms of a low virulence strain B2288 and
Pive mice killed et lihour, 1 snd 2% days. At this latter
time.0.025 ml, of this brain Suspenéibn containing bacteria».‘
was injected intracerebrally into 25-n6rméi mee., This
amount was equivalent to a 120th of a mouse brain and

- contained 1l.45 x 10% viable organlsns,

5.1.2, Results

6ne hour after challenge only 10% of the inoculum(was
detectable in the brain (Fig. 8). From this time the count
increaséd to reach a maxlmum of 1.27 x 10t bacteria at the
second day, vhich was followed by'a rapid decline until 2 of

& brains contained less than Sojorganisms:at the fonfth.day;'
This type of infection was very 51miiar to those low virulence
infections described earliér; The distribution of individual

-counts was also very similar to previous experiments (Sect.l.2.2)



Figure 8. Transfer of bacteria of the low virulence
strain B2288 from infected brains to previously
uninfected brains at 2% days. The amount transferred

was equivalent to 1/3pgth of a brain,
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being spread over 1oglo 1 O, '.75;'2;38, and Q;Q'on‘tne fipst
%o fourth days. o - | t““A |
o Since the course of this 1nfection following injection
with organisms taken from the 1nfected mice 2~ days . after
Hchallenge was no different from the usual course of a 1ow
""iviruilenee infection, .'lt was 'bhought that the decline in count
from the second day onwards was not’due'to'modﬁlation of the

low virulence strain;‘

5.2 B.<per¢ussis B2288 infections in mice_previouslx infected

: With B. pertussis 32288

In the last section (5 1,) it was shown'that the deeliner‘;
in 1nfection vith low virulence strains in ﬁhe mouse brain e
eafter the second day was apparently not due to modulation of
j the infecting organisms.,_ It was decided that the most
~ probable alternative was either an alteration in brain structure,

.g. damage to the ependymal surface, or to a stimulation of

" some defensive meohanisms.

B These postulates were examined by relnfecting mice with
'the same 1ow virulence strain of B. gertussis.»’ In the
'previous section organisms ‘had been transferred fron infected
:Tbrains to normal brains at 2 days but here 1t was necessary |
"to reinfect the same mice at hg days as this had been shown

previously to be the time when most brains conteined less than

50 orﬁanisms after challenge with a low dose of low virulence v



strain. Also, at this time any effects due to interference

immunity would be minimal,

H5e241s E&erimental - ‘ A
. Fifty mice were challenged with 2 x 10” viable

B, pertuasis B2288, Five mice were killed at 1 hour, 1, 2, 3
and Ll days. At day Li the 25 mice rémainingjand 25 normal
mice were rechallenged vith 6.9 x 102 visble B. pertussis
B2288, Braiﬁ counts on 5 mice frdm‘éach group wvere made‘

daily.

5-2.20 Resgsults v
The results (Fig. 9) show a normal course of infection

in the 25 mice kllled after challenge with 2 x 10“

B. pertussis
B2288, At L} days all the brains contained less than 50 |
organismse. A very similar infectlon is presumed to have |
occurred in the 25 miée remaining at the end of this part of
the experiment. ' |

When these mice weré'rechallenged with 6,9 % 107 visble

B, pertussis B2288, there was an 87% loss of organisms in the .

first hour wvhich was little different from the control
infecﬁion. ~ However, at days 1 and 2, there was a clear
difference between the infection in the rééhallenged mice and
the control mice. In,the‘cbntrol group the count exceedéd

‘the inoculum by the first day and by the second day the



Figure 9. Reinfection with the low virulsnce strain
B2288 into mice previously infected with the same low

virulence strain.
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geometric mesn was slightly greater then 10" organisms. In
the reinfected group, however, the count.at the first day was
bnly margihally greatér than at 1 hoﬁr and at‘the’second day
had declined to e 2 % 10° organisms, less than 1/30th of the
‘count in the control mice, '

| In this experiment the brains of 3 aut of 5 reinfected
‘mice contained less than 50 organisms at the second day :
comparea r1th none of 5 in the control group.l_‘ln a similar
expérimént vith B, peftﬁssis_Bl??Q a6 ﬁhe 1hfecting strain

the brains of L out of 6 mice éontainéd'lééa than 50 organisms
at the second day compared with none of é 1n the control group.

| These results give a clear indication that mice infected :

with‘low virulence strains werevless easily infectad,when

challenged with the sameisﬁréin a few days later. This
| experinent provides further evidence that the decline in
infection at the first or second ﬂqy with low virulence strains
wag not due to modulation of the crganisma hut to some type of

response in the mouse,

5.3; B, pertussis 18/323 infections in Mice i ected 2 or

u% days grevious;z with B. pertugsig B2288 or 31112

In the previous section (5.2,) it has been shown that
nice brains previously Infected with a low viralence strain had
an increased resistance to ?einfection by a second low virulence

strain.  Evans end Perkins (195Lb) showeﬁ that mice were
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protected against an intraceredbral challenée of B, pertussis
| 18/323 by an intracerebral injection'of’killed pertussis vaccine
given at the same time or 3 hours before the challenge dose.
'Theyscould detectino effect of the vaccine when injected after
'the challenge dose. "In my experiments mice‘were,rechallenged
" with the high virulence strain 18/323‘2‘days after challenge
with‘the low virulence strsin,322§8 or L} days after challenge
_ with the'low vifnlence'strain‘B1772.l“These experiments were
designed to examine Whether low virulence strains will promote;e
"interference" immnnity to high virulence strains injected at
_ vthe ‘peak of the 1ow virulence infection and 1f the brains are"
‘."o7still uninfectable with 18/323 when they contain few organisms

of the low virulence infection.

5 3ele. Egperimental ’ e

A group of I C. I. mice were challenged intracerebrally
With Te 5 X 103 B. pertussi B2288 “a low virulence strain. S
Thirty of these mice were rechallenged 2 days later with 2, l X
103 visble B, pertussis 18/323, a high virulence strain, and

five mice killed daily for bacterial count determinations. A
;control group of 25 mice was also challenged with 2,1 x 103
18/323 and five mice killed daily,

A differentiation of the two strains in one brain nas -
possible as B2288 does not’ grow on Blood Agar (BA) medium
whereas 18/323 grows on both BA and BG media. A total count

‘ofﬁorganisms was made on BG medium and a count of the 18/323



'cn BA medium. The difference in the two ‘counts wes. taken

'vto indicate the number of B, pertueeie 82288 prceent in the -
brain. |

Secondly, a- grcup of T.O. mlce were challenged with

- 345 X 10u viable B, pertussis Bl772, a 1ow virulence strain.

- j,Six mice were killed a'b 1 hour, 1, 2, 3 and Lpl days to :

' determine the course of 1nfection with the 1ow virulence.
etrain.- At bt daye the remaining 2) mice and 30 control |
‘mice Were rechallenged with 1, 8 x 103 viable B..EPrtuseis ;;
*a18/323, a high virulence strain._ Viable counts were determined
d on 5 or 6 brains at daily interVale. “ o

B 5.3;2; Resnlte f:‘A : ‘ |
| As ehcwn in Fig. 10, the mice were challenged at the |
| peak of the low virulence infection on the second day. One
‘hour after challenge with,the high virulence etrain there waa\‘
-NnO dlfference between the G.M. eounts in either the control cr
the reinfected groupe of mice. ' However, at 1 day the brains -
" of 3 out cf 5 reinfected mice contained 1ess then 50 B

crganieme and the counte in the other 2 were far lees than

~~ the counte in ﬁhe control infection. Braine containing 1ess

fathan 50 organisms have not been included 1n calculeting the
“geometric means cf the reinfected braine. Between 1 and 3
‘brains contalned lees.than 50ﬁorganiems dailyvnntil'the
terminaticn‘ot ﬁhejexperimentgat'the eighth day;» ~The geometric



Figure 10. Reinfection with the high virulence strain
18/323 at the peak of infection with the low virulence
strain B2288, Brains containing less then 50 organisms

were not included in the geometric mean cslculations.
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mean of the viable counts in the infected rechallenged brains
at each day wasbbver 10 times‘less than the geometric mean
in the control group. |

It was clear that mice, challenged with a high virulehce
strain at the second day peak of an infection with a low
virulence strain, were far less susceptible to the high.
vifulence strain than vhen this dose was injected into the
controllgrqup of mice.v This was very similar to the
| interference immunity phénomenon'described»by Evans and Perkins"
(195hb) between vaccines and high virulence organisms. When
the high:virulence strain was injected at L} days, however, an
entirely different picture of events emerged. | |

The characteristic type of infectioﬁ_with a low virulence
strain was again found (Fig, 11). At L} days 1t was found that
the majority of brains cdntained less than 50 bacteria or
contained only small numbers of the low virulence strain.,

The mice were rechallenged at Li daysrwith the high
virulence strain 18/323, With ﬁhe control mice thefe was aﬁ
87% loss of organisms within 1 hour of challenge but with the
feinfected group of znimals the brains of 2 mice contained
many’thoﬁsands of ofganisms from the low virulence infectibn
" and were not included in the 1 hour count. Of the remalning
3 ﬁice, 2 had expected dbrain counts and the other 1 éontained’
2,2 x 103 organisms, some of these obviously remaining‘from'the

low virulence infection} ~ The mean of these 3 counts is shown



Figure 11. " Reinfection with the high.viruience strain
18/323 into mice preiriously infected with the low
virulence strain B1772. Brains contailning less than
:50 18/323 bacteria weré not included in the geometfic

‘mean caleulations.
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| 'in the graph and explains the higher than expected G. M. at
‘1 hour in the reinfected mice. . 4

| - After this tzme there was little evidence that a large

_ number of low virulence organisms remained in the brains.,v
The one sterile brain found at day 6 may have resulted from
the high virulence strain being injected into a brain
containing many low virulence organisms.'

Throughout the experiment the-high virulence 1nfection‘
.in the previously infedted‘micé 1awged élightly'behihd thé -
'1nfection in the control mice, but there ‘was a considerable
overlap of the individual counts. It was concludedvtherefore
that there was no evidence‘that the énimals”réspbnsé to the
low virulence infection had altered their response to the |
‘high virulence infection.

These results were quite ﬁnliké those describéd‘iﬁ a
Section 5 2. where it was Qlown that brains infected ha days
previously with low virulence strains were less easily -
infected with the same low virulence strain. It was,evidenf ,
from these 3 experimentsxthat although the animals’ffesﬁbnse
to the high virulence and low virulence infections may.be '
‘identicalg tﬁe mice were moré eésiiy ablé to'eradicaté 1ow
virulence strains than they were able to eradicate high
-virulence strains. It can be seen in Section 5.2. that the
animal response to low virulence infections,vwhich.probably

reached a peak between days 1 and 2, wés gtill evidént at day

| L% although this may be variable as evidenced by the increase
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in count in the nofmal way in some of the mice reinfected with
low virulence straips. However, it was quite clear that the
response induced by the low virulence strains did not alter
the courserof infection by high virulenée gtreins. Thus, |
although a defence mechanism has been stimulated, no effect

of this defence can be observed on high virulence strains,‘
injected Li days after the start of the first low virulence
infeation. |

5.ts B. pertussis Infections>in Mice infected with

Influenza or Vaccinla viruses

Evans and Perkins (195La) suggested thatvtheir ,
interference phenomeﬁon might be similér tb the intérference
described for viruses. Further support for this hypothesis
'is provided by the earlier experiments of Dalldorf et al.
(1947) who showed that vaccinia virus induced increased
pesistance to B. pertussis infections. ‘

Berenbaun et_al. (1959) and Iida et 21. (1962) have
implicated the ciliated lining of the ependyma’as the sole
site of infection with B. pertussis and none of these workers
showed any'invasion of the brain substance by this organisnm.

Henle and Henle (1946) and Mims (1960b) have shown that
the main péthological change in mouse bralns infected with
influenza virus was the completé destruction of the ependymal

v Qe].ls.
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,Ih this sectlon infections with'Bg gertu§91é‘18/323
have been examined In mice pretreated'withvinfluenza virus and
' vaccinia virus and also vith Bw—pantaaa&a.ﬁl772 in influenza

virus infected nice,

5.l1.1, Experimental
Mice were injected intracerebrally with 0.025 ml, of =

‘suépension of influenzsa virué A2 Sihgapore cﬁltivated on egg |
allantoic fluid. 'Three days lster these mice and. a control
group vere challenged intracevebrally'with 1,96 x 10° viable

B, pertussis 18/323, Mice were killed at 1 hour and 1 to 6
days after challenge énd 2 groups of mide'werejléft to determine‘
the number of survivors. Influenza virus infected mice were
also challenged 3 days later wlth 9.2 x 103‘v1able B, pertugsis
B1772, a lov virulence strain, end brain vieble counts determined
at b hours and 1’déyg | | | “ " - .“

- Other mice were injected‘intrécérdbrally with 0.025 nl.
of a vaccinia virus suspension, Gonnaught Laboratories‘Strain,,‘
containing 107 pock forming units (pfu) per'ml. Three days
later these mice and;é control/gfdup_cf mice were challenged
1n£faceréhra11y’with 6 % 10° viablejB,‘gertussis'18/3?3. ~ Mice
were killed at daily. intervals for U aays for determination

of viable counts and other mice remained for determining the

7ﬂ >number of survivors,



5. «2. Results
The effects of influenza virug infectiona on intracerebralr

infections with B. pertussis 18/323 and B1772 are shown in

‘ Figs.‘12 and 13 respectively,

When 1 9 x 103 organisms of the high virulence strain )
18/323 were injectcd 1nto the virus 1nfccted mice, only T 1%
of the inoculum was found 1 hour later compared With 13% in
"the control mice. _This greater loss of organisms early in
"~ the virus infected brains wae even more marked with Bl772 |

‘;challenge. ” Four hours after challenge only 1.9% of the

"‘,gbacterial inoculum was cultured from 6 virus 1nfected brains

“iﬂV}compared with 12. 3% in the control mice.‘c

’ By the first day after challenge 7 of 10 brains were
 cfound to contain. 1ess than 50 B, gertussis 18/323 and the o
7fgeometric mean count in the other 3 mice was 1/10th that in the -
Mcontrol mice. Approximately the same number of brains, 5 to 7,1
'"were found to contain less than 50 bacteria daily and the G M.
count-cfythe remaining mice was found to be between 1/5th and.
l/égth of that in the control mice. The bacﬁcrial counts in

© the individual virus treated brains nearly always lagged behind

‘Cthe counts in the control group of hrains. - Thus, although )
all these mice would eventually die of B. Eertussis infections
at a later time than the controls, the influenza virus has

clearly had some effect on the brains of all the mice.  This
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F&ggré'ié;‘ Intracerebral infection with B, pertussis
18/323 in mice infected:j days previously with Influenza
Virus A, Sing." Brains containing less than 50 bacteria were

not included in the geometric mean calculations.
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Figure 13, B Intracerebral infection with B, pertussis
BI772 in mice infected 3 days previously with Influenza
Virus Ap Sing; Brains céntéining less then 50 hécteria

were not inclﬁded in the geometric mean calculations.
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:wae further emphasised in another experiment in which mice
‘infected with the sqme dose of 1nfluenza virus were challenged
sither 1, 2 or 3 days later with 1.17 x x 103 viavle B. pertussis
18/323 (Table 5). In the control group of mice, 1 of 11 i
‘mice survived, whereas in the mice challenged With.B. pertussis :
1 day after injection of virue 3 of 9 mice survived- when

o this period was extended to 2. days, 7 out of ‘10 mice survived |

. the challenge and when further extended to 3 days, 9 of 10

‘mice survived. ~ The average day of death for the control
ahimels was 8;7 days, for the~mice challenged 1 day after the
’e virus 9 5 days, for the mice challenged 2 days after the _ |
- virus 10.6 days and the mice ehallenged 3 aays after the virus )
7 days. ( , , . -

In the experiment with B.)pertussis B1772 (Fig 13), it

Awas ‘found that u hours after challenge considerebly fewer
organisms were found in the virus infected mlce than were
found in the control group of mice. By the first day Iy of 6

uibrains contained less than 50 bacteria and the counts in the "l

 remaining 2 were much 1ower than in the control mice.

’ The results obtained with vaccinia virus wvere very
similar to those dbtained With the influenza virus (Fig. lu)

» Although the bacterial counts at 1 hour were slightly

-~ 1ower in the vaccinia infected mice (8 l%) than it was in the
‘“control mice (9.0%) by the first day after challenge Iy - out of -

f”;iakbrains;in the viruS,infect?d group yislded less than 50



Figure 1hL. Intracerebral infection with B. pertussis
18/323 in mice infected 3 days previously with Vaccinia Virus,
COnnaught.'Lébs. strain. Brains containing less than

50 bacteria were not included in the geometric'mean

calculations.
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B. pertussis 18/323. - This proportion remaihed very similar
throughout the‘experimeht, fange 3 to 5, and the G.M. count
in‘the remaining mice was always less then that in the‘conﬁrol
group. o ” |

A lag in the death tihe of the‘mice simllar to that in
the influenza virus experiments was aiso found; The average
déy of ‘death in mice challenged with B, pertussis 18/323 3 days
after injection of the vaccinla virus was 11 days comparedv

with B days in mice injected with a virus/pacteria mixture

~and 7.7 days in the B. pertussis control mice, (Table 5).

5.5 Intrgperebral infectionfwith Modulated Organisms

Jacey (1960) reported that the 1ntranasa1 LD50 of a
pertussis strain 55 was 1ncreased from 107 to 101O
organisms following growth on a medium where the sodium
chlorlde content was replaced with magnesium sulphate.

- The same author (Lacey, 1961) a'l so reported that culture
of the organisms at 25 Cc instead of 35 C resulted in the growth
of C-mode organisms. | » . |

The effect of growth‘temﬁerature ahd ﬁedium eompositidn
on virulence has been studied for several high virulence strains

of B. pertussis,

The three high virulence strains of B, pertussis, 18/323

G353 =nd 2~Atox have been studied under various growth conditibné.
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The three strains have been gféﬁn on B.G. medium:at 359C end
v25°C, B.A, medium at 35°C and Cohen'Wheelér medfum with added
blood and magnesium sulphatel(éee‘Matérials’ahd Méthods)

| _ The strains were subcultured on’ the same medtum from -
‘rthe freeze—dried state and the fourth subculture ‘used for
-1njection of the mice. _ N .

In Table 6 the results of various experiments with
strains grown on the speclal media or at low temperatures are
‘listedg “ Thé.number of V1able'organisms injected and‘the"’
degree of'agglutinati6nr(Preston, i963)'aré-ih¢1udedﬁin the_
table. . o o -

Throughout the experiments, as expected, growﬂh on B.G.
medium at 35 ¢ produced highly virulent organisms, doses as
low as LOO viable bacteria killing all the mice. All strains
were highly agglutinable with entiserum when grown on this
medium at 35°C, and also cultures grown on B.A. medium at 35°C
'ﬁere highly virulent and as agglutinable as the‘B.G; growﬁ‘
strains, | N | \ -‘.

, However, when the 3 strains were sﬁbdultured-on B.G}i .
medium at 25°C, both G353 and 2-Atox became iess1virﬁlent ,: '
and challenge doses greater than 2060 viable'organisms killéat:f
'only 1l br 2 mice of each group., . The dégréé‘qf agg1utination"
was also reduced,»both these strains being inagglutinabie Witﬁ
T1, T2 or T3 aﬁtisera; This was very different from 18/323

veultured on B.G., medium at 25°C. '}These organiams.lost.none_
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Effect of medium and 1ncubation temperature on the

aggluotination and virulence of various high virulence strains
of B, pertuggis.

Mediun -

| Stréin | Incubation ‘Degreé of Number
o . .. Temperature| Agglutinstion |of viable|
o - Tl T2 T3 |bacteria
. , ' ' _ lindected
18/323| B o | NT | uoo o/8 |
w | me | 25% | = wr wo | ose |
13/323 f.-BG 1 35?0« -‘.+++T ++ 4+ | 1150 0/11
" .Bé' o 25?6‘, +f4 +4+ 444+ | 1000 0/10
v | B | m%c | aee e+ 4 |3900 | 022
Mol CW High Mgl 350C 1300
¢33 | s | 35% ¥ | uso o/8
o B 590 mr w0 |88
" 3G __ 500 NT_ 2200 9/10 |
¢3535| Be 35°C s+ ++ = | 500 2/10
" 56 59¢ - - - |00 | 9/0
" BA - 35% e A o0 | 540 |
Hi o¢ P 600 | 10s10]
2~Atox ,BG»‘ 3500 4t e ¥++ >1150v‘ 1 2/19
" B 250¢ | - - - |uso | sm
" BA - 3590 44, #+~ +4 1500 "" 2/9 ;
|__" | CW High Mg 359 - e 3000 | 7/10
'NT = Not tested.
BG = Bordet-Gengou medium.

BA = Blood Agar medium,

CW Righ Mg ='
sulphate.

semi~-quantitative method of Preston (1963.)

. o~

Survivors
‘TOta1,Challenged

Cohen and Wheeler medium with added magnesium
Degree of agglutination determined by the
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- of their agglutinability and did not 1ose their virulence '
:(Table 6). | 7'

:  These results were repeated with the strains grown on o
: Gohen and VWheeler medium containing blood and the equivalent

' amount of magnesium sulphate replacing the . sodium chloride.
~Both G353 and 2-Atox lost thelr agglutinability and their o

V”Virulence was reduced.- 18/323, however, grown on this

‘g‘medium maintained its agglutinability and virulence. o

A typical infection with modulated organisms ia shown

| “d?in Fig. 15._ Here mice Were challenged with 2 2 x 103

B, pe ssls 6353 cultured on B,G. medium at 25 o and only

}d”‘7% of the inoculum remained 1 hour after challenge. Twenty~*

'iafour hcurs after challenge the brains of 3/3 mice contained _
iless than 50 organisms and the count in the other two mice-
Was only marginally higher than the. count at l hour. However,
'lfrom the first day onwards the count increased as normal by
about 10 times dally. | B

Presumably the lag between 1 hour and 24 hours was due
to a modulation of the}organisms back to normal or the inoculum
may have contained a few orgaﬁisms whicﬁ had not undergone
modulation on the medium. | |

Following on from'this, one group of normal mice and one
group of mice injected with 2.5 mgm. of cortisone 2 ‘hours
- before challenge and 1 day after challenge were injected with

03 B. pertussis c353 cultured on B.G. medium at 25°c.v



Figure 15. Intracerebral infection with the strain G353
grown in yitro on B.G. medium at 25°¢., Brains containing

less than 50 organisms were not included in geometric mean

calculations,
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81x out of nine of the normal mice survived the challenge
whereas:none of ten mice survived theichallenge in,cortisone
treated mice., Viable counts on cortisone.tfeatéd mice dying
at the sixth day were in the range 2.63 x 107 to 3,67 x 108
4organisms. The role of cortisone in neutralising the
modulating effect of the medium 1is not clear.

Loss of sgglutination is not thought to be connected |

with virulence. Many other properties were also lost,

‘wlinciuding toxicity,‘histamiﬁé sensitising and efficacy as'

" & vaceine (Holt - unpublished observations)..

5.6, Sengitivity of B. pertussis to cogplement  ‘

The possibility that the difference‘iﬁ virﬁlence was due
 to the varying sensitivity of the strains to bactericidal
‘.complement was examined in vitro using normal mouse and normal ‘
‘guinea pig serum and in vivo using mice of the B, 10D2 "01d
Line" and "New Line" strains. The "01d Line" mice are
genetically identical with the "New Line" except that they

are lacking in a component of complement probably

corresponding to the human 0'5 (Terry et al., 1964).

Although Rosenberg and Tachibena (1962) have shown that
normal mouse serum has a high haemolytic activity tested
in vitro no one has been able to demonstrate any bactericida;:.,

activity of mouse serum in vitro.

Recently Glynn and Medhurst (1967) showed that mouse
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‘serum was bactericidal in vivo for E. coli 1njected into "
BlO D2 mice. Rother and Rother (1965) also showed ‘that the
;absence of the 0'5 component affected only the action of
bactericidal complement and had no effect on phagocytosis by
:1the reticuloendothelial system. f

' 5.6.1. E;géfimental

(a) Collection of normal gu nea gig serum (NP )e

Normal guinea;pigs were bled by cardiac puncture and the blood

eAfrom each animal stored eeparately in an” ice bath. i The cells::
were spun dovn in a refrigerated centrifuge at 3000 r.p.m. _\»~'5

for 20 minutes and the eerum from eeveral animals bulked._ C

(b) ‘ollectioﬁ of Normai mouse'eefum SNM ) Bloodm,'
was collected from the‘brachial artery using siliconised
dropping pipettes and transferred 1mmediate1y into a small
tube maintained at 0°c. Each tube contained a few

polystyrene crystals which prevent the formation of fibrin
clots when the tubes were shaken. o ‘
| The serun and cells were separated by centrifugation

at 3000 r.p.m. for 20 minutes at 2°c~‘-the serum could then .

be pooled without undue 1oss of haemolytic complementractiv;ty;

(e) Antibacterial activitz of the sera. Suspensians

of the B. pertussie etrains were prepared in 1% Casamino Acid
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'sdlution and adjﬁated to'give avdénsity of 3vx'106 viable

.organismé/hl.‘ 0,5 ml. of this suspension was mixed‘wifh
0.5 ml. of 1% Casamino Acid solution snd with 0.5 ml, of NMS
_or NPS. In another section of this experiment, 0.5 ml, of
the bacterial suspension was mixed with 0.5 ml, of NMS'and‘
0.5 ml. of NPS, The mixtures were incubated at 37°C for
- 30 minutes. Decimal dilutions of the incubation mixtures
were maderin casamino acids and the bacterial count estimated
by the method of Miles and‘Misra (1938) on Bordet-Gengou

medium,

5 6.2, Results

~ The sensitivities of the strains to the various sera
are shown in Table 7. The sensitivities are given as the
percentage of the vidble organisms sensitive to the bactericidal
action of serum. This shows that the high virulence strains of
-B. pertussig, 18/323, G353 and 2-Atox, were slightly mereless
resistant to‘the bactericidal activity of normal gﬁinea-pig'
serun than were the low virulence strains. Despite the
>specia1 precautions taken with the processing of the normal
- mouse serum no bactericidal activity could be ‘detected against

- any of the four strains of B, pertuseis tested. It would

seem, in fact, that the mouse serum had become anti-bactericidal-
" as when it was mixed in equal parts with normal guinea-pig |

serum the bactericidal action of this 1atter serum was
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TABLE 7.  Percent number of organisms sensitive to
?ormgl guinea yig serun (NPS) and normal mouse serum (NHS)
n vitro. :

Strain Percengzggigivgiig%f érganisms
NS FMS | NMS + NPS

18/323 >99.99% | 0% %

@ 353 >99;99:a | 0% wr

2-Atox 99.97% | T | NT

B 2288 95.60% | oF o

B 1772 95.06% | OF% NT

3 12y 95.03% NT NT

NT = Not tested.
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completely inhibited fof two strains of B, pertussis tested.

Whese reSﬁlts give en indication that the virulence of

B.<pertussis is not dependent on tbe resistance of the cells
to the bactericidal action of complement. V

The finding of a2 lack of any bactericidal action of
normal mouse safum against B, pertussis is'similar to the
results of Rosenberg and Tachlbana who found that although
the mcuse serum was highly haemolytic in vitro, nd bactericidal

' ¥i1ling against various specles of bacteris could be detected
in vitro. - |

Further evidence ‘that the virulence B . pertussi strains
were not dependent on thelir sensitivity to bactericidal
complement wag provided by the results of intracerébral
_'infection with a low virulence strain B1772 in the BlO.DE
strains of mice., Infections in the "Old" and "New" lines of .
these mice were compared with the 1nfection in the usual strain
of vhite mouse, Theiler's Original. | _

Intracerebral infection after an injection of 8 x 103
viable organisms 1s shown in Fig. 16, '

One hour after challenge only 10%}of the inoculum could
-be‘detéeted in any qf the sfrains offmicé. There waé littié
difference between any of the infections at day 1 but on the
seéond day the count in both'étrains of B10.D2 mice was ’
gfeater~than in the T.0. mice, but they were very similar
to each other. On the third and fourth days the‘bacterial-



Figure 16. ‘Intracere‘bral infect_ion with B. vpertussis

B1772, a lov virulence strain, in Theilers Original, BL0.D2
"0ld Line" and B10.D2 "New Line" mice.
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fccuntsvwefé fairly eﬁenly distributed aﬁd there was thought

' to bc no significant dlfference in the 1nfections in any of

“,the three strains of mice.

: If bactericidal complement played an important role in
i determining “the degree of multtplication of the bacteria in
'lthe brain 1t might be reasonably expected that the viable
. jicounts in the "Old Line“ 0’5 negative mice wculd be mich
- f*greater than. in the "New Line" 0'5' positive mice,
| This was not found to be s0° and ‘taken in combination
‘ [with the in vitro results with NPS and NS already recorded,
Vlit can be concluded that bactericidal complement plays little
or no part in determining the _course of B. pertussis infections

in the mouse brain.
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6o Intfgcerebral infection with B. pertussis following
. the Treatment of the Mlce with various Substances

| dea ot al. (1963) showed that treatment of the mice
‘dwith 2.5 mgm " of cortisone acetate 2 hours before and 1 and
2 daye after challenge greatly enhanced the intracerebral
_infection produced mith a B. pertussis Tohama Phase I strain
‘fdof low mouse virulence.;_ -The LD 50 of this strain was
7“reduced from more than 2 x 106 organisns to 5 x 10° and, o
‘ 'dwhereas only one mouse died in the control group challenged - -
,,fwith 2 x 106 organisms, all the mice died in the cortisone

"treated group which Were challenged with 2 x 10LL

organisms.“

u When cortisone~treated mice wvere challenged With ‘the

li’high virulence strain 18/323 no- enbancement of 1nfection could

~.be detected and no significant difference in the mortality

dllnor the average survival time between the treated and untreated e
‘ control groups was dbserved. | | . ;:

. It vas also found that immunity could be neu‘bralised ’by
administration of cortisone at the above times to mice immunised
either actively 1u days ear}ier with vaccinecorepassively |
cf@ith‘immone serum_éﬁ;hours after challenge; ' In‘alljexperiments‘
o markéd 1eu¢openie was found but no’correlation of this with
~ the enhanced infection was made.‘ |

De Duve gt al al. (1953) recognised the presence, in many
types of celle, of small 1nclujions dcsignated lysosomes which

readily stained for nany enyymes. Fell (1962) end Welssman
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~ (196L) showed that hydrocortiscne stebiiised~the51ySc80ma1

k.‘membrane preventing releaee of the enzymes,=; Wblf e£'a!;

 (19&3) and Naidoo and Pratt (1951) showed that the choroid =
plexus and ependymal cells stained deeply for acid phosphatase
and later Becker et al. (1960) showed that the 1ysosomes of

the ependymal celle of rats were concentrated in the aplcal
: region of the cells, It therefore seemea possfble that
release of iysosomal enzymes into the brain might play an -

_important role in the course cf’B;vpertuSSis infections.

The release of enzymes under various conditions of
infection has been measured but no. clear correlation could be
found between release of enzymes and infection. -

It has also been reported (Weissman, 196h) that many
' substances were able to labilise the lysosome system. If"
“_the susceptibility of the low virulence strains to. lysosomal
- enzymes was dependent on thelr release it was thought that
pretreatment Withvlébilisere would lower. the degree‘of
infecticn7st111 further.v' Labilisers tested were streptolysin 0
-and_vitamin A. It was found ﬁhat, in fact, both these ‘ '

”’csubstancee;enhanced infection.

‘4'6‘1’ Intracerebral infection with Bordetella pertussis in

' cortisone treated mice

6 1.1. ‘Expefiméhfam-»f7

1M1ce were 1njected subeutaneously with 2.5 mgm. of g
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cortisone acetate (Cortisyl-Roussel) 2 hours before and 1 and
v2 dayS-after.chailenge with various strains of B.’pértgssis.
Bacterial counts of at least five brains were estimated at

daily iﬁtérvéls,'

6.1.2. Results |

The intracercbral infection of three low virulence strains
in cortisone treated mice has been studied in some detail.
The results are shown in graphic form (Fig. 17) for strain
B1772 and in tabular form (Table 8) for strains B2288 and Bl2h,
| ‘The G.M. viable counts at 1 hour wefe véry similar in the
cantrol and cortlsone treated mice, With éll three sirainé-
the challenge dose was approximately l.3 x 11.0}'L viable organlsms
~and there was no evidence in the 1 hour counts that cortisone
_enhanced the retention of organisms'in the brain more than the
11,7% calculated in Table 2, | |

At 2ly hours the viable counts in the cortisone treated.
mice’wera only marginally greater than those in the untreated
control mice for strains B1772 snd B2288, but with strain Bl2y
there was a marked difference in viable count of ‘the cortigone
“treated and untreated mice at 2h hours.
| Generally, however, it vas not until L8 hours after
challenge that the enhancing of infection by cortisone became
‘:evident. Whilst the control infection declined the viable

counts 1n the cortisone treated mice- increased by 5 to 10 times



Figure iz. Intracerebral infection with B. pertussis
Bl??é in normal mice and in mice injected subcutaneously
with 2.5 mgm. of cortisone acetate 2 hours before and 1 and
2 days after challenge. |
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Log. geometric mean v1able counts of the low

Virulence straine of B, pertussis B 124 snd B 2288 in
‘normal and cortisone treated mice compared with an ‘
‘infection of the high virulence strain 18/323 in normal mice.

Log. Geometric Mean Viébie,Count
Strain| B 124 | 'B12h | B 2288 Bjéaaa | 18/323
-‘Timéf . Normal Cortisone| Normal cortisone Normal
: ‘ ‘mice treated | mice ~ treated mice
S mige‘ - mice 1
Inoculum| he12 | b2 | hah | han | 3.8
1 hour 3.09 | 3.2 | 333 | 3.35 | 285
1dsy | 31| b7 435 | 453 | 3.6
2 days | 3409 5.25 3,35 4,92 | 5.0
3 days |  2.25 6.0 | 3.36 | 5.12 5,88
haays | 178 | 63w | 170 | 5091 | 6.85
5 days 1.70 7.38 1,70 | 6. | 7.55
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daily.' The terminal viable count of the low viruience‘strains
in the cortisone treated mice was in the region of 107 - 108
viable organisms, This count was approximately the same as

that attained by'the virulent strains in normal mice., The

~geometric mean vigble counts of a typica1_18/323 virulent

infection have been included in Table 8 for comparison,

Although thig 1is a slightly smaller dose than the low virulence

strains, the courses of infection were very_similar and oanly
in the terminal stages of infection does the high virulence
count exceed that of the low virulence strein in the cortisone

tfeated mice, It is ciear therefore that the low virulence

: strains 1njected into cortisone treated mice closely mimic the

»high virulence infection in normal mice.

Figures 18 and 19 show that cortisone treatment of mice
even enhanced the infections with high virulence strains,

 Again, viable counts at 1 hour and 2L hours were very similar

~in 211 mice. From the second day onwards in both the infectione‘

shown the G.M. viable counts of the'cortisone treated nice
aiwaysvexceeded those in the control group of animals-

Table 9 analyses a series of experiments with high

| virulence and low virulence straing in cortisone treated mice,

- The average time to death with low virulence strains in
‘cortisone treated mice was approiimately the same as that for
‘equal doses‘of high virulence strains in normal mice. The

terminal Viable'dounts were also found to be similar in a range



Figure 18, Intracere'b'rél infection with B, P ertupais
18/323 in noﬁmal. mice and in mice infected 'éubcutanééusly o
 with 2.5 mgm. of cortisone acetate 2 hours before and 1 |
-and 2 days after challenge. o |
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Figure 19. Intracerebral infection with B. pertussis
G353 in normal "miée and in mice injected su’bcutaneously
" with 2.5 mgm. of cortisone acetate 2 hours before and 1
and 2 days after challenge.
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. TABLE 9.

death and terminal viable counts in mice challenged with high or low virulence strains of B, pertussis.

The influence of cortiébﬁé'aéetate'injected subcutanecusly on the number of survivors, average day of

Strain of
B._ pertussis

 B2288

B2288

- Bz28ag

B1772

B1772

B1772

18/323

18/323

G353

176353

Controls

Number of viable

organisms
injected

10%

10°

10°

,9x103

gx10%

1 ox10%

7 . 6}(103 |

7.6x107

5.7x103

5,7x10°

Nil

Number of mice.
injected with.

cortisone

acetate 2 hours
prior and 1 and
2 days after

challenge

12

Number of mice
receiving no
cortisone -

12

- s/T

.‘0/7

| 1/7

3/sf

18

o

8/8

'o/a‘

0/9

0/12

¢/12

W

Average day
- of death

6.6

6.0

>l4

603‘

h 506

>

L9

6.3

3¢5

7.0

>l

Typical viable

counts in

—dying-mice

2.2x107
9. 5x10°

3;67x107

5.77x107 |

gx10°

1.6 xlos'

| 3.9x107

2.83x10°

3,15%107
y72x107
5.25x107

2x108
1.6x108
8x107

2.,05x107
3,2 x107
7. 63(107 |

2x10
1. 4x108
1. 95(108 ‘

2x107 |
5.3x107 |

9.5x107
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from 107 to 108 viable organisms;

‘However, when cortisone treated mice were infected with
high virulence strains the average time to death was reduced
by 1.4 and 1.5 days for 18/32% and G353 respectively. With
"~ G353 the almost stationary phase in multiplication between N
days 3 and L was not evident in cortisone treated»mice¢ ~ The |
" terminal viable counts in cortisone ‘treated mice infected with
~high virulence strains often eyceeded 108 organisms compared

with the range 107 to 108 in normal mice.

6.2. Intracerebral infeétion with Bordetelig pertussis in

vitamin A ahd'streptolysinéa.treafed’miqg

Lucy gg;gl. (1961)\and Dingle (1961) showed that excess
vitamin Avcause& the degra@ation of cartilage matrix in culture
by liberating préteases from the lysosomes of the cells. Latér
Becker and Sutton'(1963)’and Sutton (1965) showed that excess
vitamin A ceused an increase in the number end polarisation of
lysosomes in the choroidal epithelial cells of the.ratﬁ

Streptolysin~-0 has also been reported fo be a lysosome
labiliser (Weissman et _al.,1963)s

6o2.010 Ezgerimental
The effect of vitamin A injected either intracerebrally

or intrapéritoneally was investigated. 10° international



- ;_,’31772 .

'“eunits (I U.) of vitamin A acetate (BDH) was injected |
.intraperitoneally 2 hours before and l and 2 days after p]f‘:'x
| t~fcha11enge with July x 10)'L viable B. pertussie 31772.: |

= § In a second part of this experiment\loo mgm. of vitamin A
' aleohol (Koch Light Labs.) containing 3.3 % 106 I.U. per g,
'were dissolved in I ml, of almond oll and O 025 ml. of this -
solution equivalent to 2000 I.U. was 1n3ected 1ntracerebra11y

"into mice 2 hours before challenge with 2.1 X 10” B. pertussis .“

Lastly, etreptolysin-o, unredueed, dried (B.W. and Co. ), tnf
diluted 1n phosphate buffer saline to eontain 690 I.U. per ml.,
- was aotivated with an equal amount of thioglycollate solution
and further diluted with phosphate buffer ealine to contain o
| 1 I.U. in 0.025 ml. This latter amount was 1njected
intracerebrally 2 hours before and 1 day after challenge with )

2.1 x 10‘ viable B, pertussis 31772.

6 2'2. Results o _

- If 1abilisation of 1ysosoma1 enzymes played an’ important
»:’role in B. pertussis infection, it would be expected that
pretreatment with vitamin A Would reduce the 1evel of infection.F'
"‘This was not found there wae 1itt1e difference in the geometrieip
_mean counts at 1 hour, 1 and 2 days (Fig. 20).:1 From the'f | -
second day onwards, when the control infection declined, the N

infection level 1n the treated mice remained approximately the



Figure 20. Intracerebral infection with B, pertussis
B1772 in mice injected intraperitoneally with 10°
international units of vitamin A acetate 2 hours before

end 1 end 2 days after challenge.
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’;usame, the geometric mean viable count at the fifth day being

h X 10h organlsms, the same as the inoculumnm, and the brains
of all the control mice contained 1ess than 50 organisms at
this time. | |

| Pell gt al. (1962) showed that the free alcohol was a
much more'potént 1&biliser of iysosomes than the esters. In
our experiments after én inoculum of 2.1 x 10“ organisms the
geometric mean count in the vitamin A alcohol treaﬁed mice
was approximately 106 viable bacteria at the fourth day,. which
was almost 10h times greater than the count in the control
mice (Fig. 21).

A significant rise in the infection in mice treated with
streptolysin-o was observed in comparison to the control mice
(Fig.j22)., The viable counts in the brains of 15 of 18 treated
) mice were greater than viable counts in the cohtrol mice frpm
1the,second deys onwards. In anothertseries‘of experimenﬁs
| with mice treated with the same dose of stréptblysin—clthe
‘ géometric méaﬁ cauntsraﬁ the second day were at least 10 times
greater than thé‘counts in the control mice: +the figures for 
streptblysih—o treated and control mice were for B1772 - L.73
and 3.56, Bl2h - 1,67 and 3.61, and B2288 - 14,10 and 3.09.

6}3. Lysosomal enzymes in normal and B. pertugsis infected

mouse brains

Fqur lysosomal'enzymes_acid‘phosphatase, N;aéetyl—¥~D—!



Fi&rie 2l. Intracerebral infection with B, pertussis
B1772 in normal mice and in mice injected intracerebrally

with 2000 I.U., of vitamin A alcohol 2 hours before challenge_.
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‘Figure 22, - Intracerebral infection with B, pertussis B1772
in normal ‘mi'ce"arlid in mice injected intracerebrally WithA'

1 international unit of streptolysin—-‘o 2 hours before and
1 day after challenge.



Log. Viable Count per Mouse Brain.

70

6-0

A
§ Streptolysin-O
W~ treated

A
A
R -
A
o

O Controls

88

20

10
0 thr 1 2 3 4



PSS TN

glucosaminidase, B«galsctoeidese and B—glucuronidase, have been:‘

studied in an attempt te find out whether any of these enzymes -

- play a role 1n B, pertussis infections. ~It has been suggestedvr

’{:earlier that cortisone may enhance the 1nfection of a. low ) ”
~virulence . strain by preventing the release of lysosomal enzymeS'
- from the choroid plexus and ependyma into the ventricles. It

was also postulated that 1f this was so, pretreatment of the

’]_mice uith,certain-snbstances such as~vitamin A and streptolysin-o,

which have been shown. to be 1ysosomal lebilisers, might result '

in a much reduced infection. o | ' |

‘) Although cortisone enhanced infections (Section 6.1), 1t v
‘was found that vitamin A and streptolysin-o (Section 6.2) also j .
' enhanced infections and did not reduce then as expected., R

| In view of these results, 1t was decided to examine the

'”:,free and total. amounts of these enzymes in the mouse brsin during

T'ffinfections with high and Tow virulenee strains and after

wﬂwftreatment with cortisene, vitamin A snd streptolysin O.

The results of the enzyme measurements at days 1, 2 and 7

'“**are shown in stles 10, 1 and 12. Each figure is the meen Of‘—;'

'.'enryme measurements in six mouse brains.» The free enzyme DR

jf'measurements were made on the cytoplasmic extract. One of thet»us
*ffmajor difficulties with this preparation was obtaining an eaual 5

“ipressure for all homogenisations and this 1s emphasised by

7;"examination of the amount of the free enVymes in the control

i preparations, there being at least a uo% difference between the
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lowegt and highest control reading for a2ll four enzymes,

At either 1, 2 or 7’days there was never greater than
| a h0% increase in free or total enzymes in the infected mice,
in comparison to the control mi¢e, Although my results for
‘amounts of free B-galactosidase and N-acetyl-B-D-glucosaminidase
‘iﬁ normal mice wefe'in close ag:eemeﬁt with those of.Millson
(1965) and Hunter and Millson (1965),vthese workers recorded o
3 times increase in the amount of free B-glucuronidase and a
2% times increase in free Ne-acetyl-B-D=glucosaminldase in
gscraple agent infected mouse brains. Thus mice seem capsble
- of producing large ampunts of free enzyme in some circumstances
aﬁd it seems that prelease of'lyéosomalvenzymes_is of little
importance in B, pertussis infections. |

. The effect of cortisone; vitamin A and streptolysin-O‘
on the amount of free enzymes was also examined, There was
little difference between the results of the‘vériaus treatments
in either 6f the enzymes (Table 13). Treatmént with cortisone
did not deplete the amount of free enzyme and treatment with
vitamin A and streptolysin-0 did not releasé a measureable
. increase in amounts of enzymes. Released-enzymes may have
Lbeen rapidly washed away with the flow of cerebrogpinal fiuid,
but this 1s thought to be unlikely. :
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TABLE 10.

S e

Amount of Free and Total Lyscsomal Enzymes detected one day after challenge‘with various strains.

Enzyme Acid Phosphatase G?;gg::g%ngagge B-Galac#osidg B-Glucuronidase
Strain Free Total Free Total . Free Total Free Total
B 1772 37,670 83,200 | 11,300 | su,A70 1235 1787 70 117
" Controls 30,300 78,000 9,520 18,800 1195 1780 81 112
B 1772 38,53, | 90,000 | 12,270 43,900 1510 2516 53 80
Controls 29,040 69,000 | AT 35,400 947 1960 U6 83
B 124 35,250 | 1i5,600 11,800 57,300 1377 2750 . 38 80
Controls 34,100 - | 92,800 11,030 644y 500 1452 2680 52 118
B 2288 29,870 NT 18,915 NT NT NT NT NT
Controls 27,000 NT 14,950 NT NT NT NT NT
onzy in 36,400 | 110,000 | 12,530 | 56,730 | 1590 | 350 | & 105
~ treated mice ‘ o B T : L ;
treated controls| 201830 85,600 9,630 50,800 1530 2750 67 108
18/323 28, 1,30 67,670 9,100 42,430 1295 2175 70 N
Controls 29,030 69,600 NT 39,800 980 1960 W7 84

B=Glucuronidase

Acid Phosphatase )
N~Acetyl-f-D-Glucosaminidase )
B~Galactosidase

pgp;NitrOphenol released/hour/G wet weight brain.

0.D. units relcased "o:1 G

pgo=Nitrophenol released/hour/G wet weight brain.
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TABLE 11, Amount of Free and Total Lysosomal Enzymes detectede:days_after challenge with various strains,

Acid Phosphatase ' N;Acetyl BeDe , BnGalactosidasé::y BgGlucuronidaée'
: : , .'~Glucosaminidase;‘ : ; B .
Strain Free’ Total . :LiFreéﬁ,:l.‘t"Totalff'.~‘ Free | Total Free | . Total
B1772 29,200 | 86,200 | 10,000 | 51,760 NT | - NT . |. NT NT
Controls 37,370 | 92,000 | 9,250 | 46,470 NT O NT N NT
B1772 1 o 63,300 18,300 - | 52,830 | 1300 | 2010 | 62 | 104
Controls 37,730 | 60,870 Sa7,066 | 55,700 1500 3100 68 89
‘5124 , 41,700 9h400 | 16,630 | 62,800 | NT |  NT 60 86
Controls ) 38,100 93,600 14,130 56,500 ~NT NT 70 82
B12J in cortisone| 28,600 87,300 13,800 | 68,000 NT CaT 79 105
treated mice ~ , S : o
Controls in | | |
cortisone 37,000 89,200 | 15,200 | 59,460 ~NT . NT 65 83
treated mice o : ' o o S ' |
18/323 39,530 | 66,530 16,500 59,000 | 1367 2260 60 88
Controls 37,830 64,000 | 15,960 56,200 | 1500 3112 - 67 88

ﬁfigeiggfgggfgiscosaminidase g pgp-Nitrophenol released/hour/G wet weight brain.

p-Galactosidase - pgo-Nitrophenol released/hour/G wet weight brain;
8.Zlucurenidase = A s S S
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TABLE 12, Amount of Free and Total Lysosomal Enzymes detected 7 days after challenge with various strains.

,E‘nzyme' Acid Phosphatase N~Acetyl B~De B-Galactoside B-—Glucuronidase
' Glucosaminidase , .

Strain Free Total Free Total Free Total Free Total
18/323 - 28,500 90, 200 13,400 66,900 1580 2280 53 147
Controls 30,900 91, 000 9,600 52,700 1600 2530 55 110
Bl124 in ) :
cortisone 30,000 93,500 10,750 59,850 NT NT - 73 143
treated mice - '
Controls 30,100 86, 000 11,310 45,200 NT NT 7% 79

ﬁfkg e?;ﬁfgfgﬁgfg cosaminidase g pgp-Nitrophenol released/hour/G wet weight brain.

B-Galactosidase pgo-Nitrophenol released/hour/G wet weight brain.

g~Glucuronidase C.D. units released/hour/G wet weight brain.
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TABLE 13. Amount of Free Lysosomal Enzymes 2 hours
after treatment with various substances.

Enzyme Acid N-Acetyl-B-D .
| , | Phosphatase { Glucosaminidase |
Treatment : ‘
. Cortisone 26,830 15,200
Vitamin A 2“!800. ' - 1h, 150
Streptolysin-o : 19,000 - 12,000
Controls 27,000 1k, 950 |
'Acié-Phosphétase . . g pg“p»nitrophenol/beleasei/
N-zcetyl-B-D-glucosaminidase ) ‘hour/G wet weight brain,
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Z."Bordetella pertnesis infectiong in X;irradiated mice

The X-irradiation experiments in this eection and

, histological work ‘in Section 10 has been done in conjunction

7 with J.W. Hcpewell of the Department of Experimental Pathology, -
- S$t. Mary's Hospital, - |

In the previous sections intracerebral infections with ,
B Bordetella gertussis have been examined.under various conditione.
It has been established that no differences in the counts could
" pe detected in the pirst few hours after challenge with either
:"high or low virulence straine. Small- doees of low virulencev
cstrains multiplied in the mouse brain for 2u to h8 hours
:.before rapidly disappearing, most brains containing 1ess than

. 50 organisms by the fourth day vhereas emall doses of high

'virulence etraine multiplied continuously in the brain until
'tthe mice died with viable counts of approximately 5 X 107
'"iorganiems._' | | | |
}. - Secondly, it was found that mice previously infected with
a low virulence strain were more resistant to a second
infection with the same strain but not to a second infection-
with a high virulence strain.

No relation could be: demonstrated between virulence and

ccmplement,sensitivity either in vivo or in vitro or sensitivity



- 153 =«

%o lysosomal enzymes in vivo, but cortisone 1n3ected subcuten-
eously-2 hours before challenge greatly enhanced intracerebral
1nfections with both high and low virulence strains. Verious
other substances, especlally vitamin A and streptolysin 0, - |

,enhanced infections. with low virulence strains..

 Berenbaum et al., (1960) and Iida et al. (1962) reported’

that no”marked 1eucocytic infiltration into the ventricles
'occurred until the third day of infection or at the times when
signs of illness were visible with the high virulence strain J
- 18/323, It -wag'interesting to note that in their experiments
the bacterial counts were approximately 7;5 X 106.vieb1e
organisms at the third day and thet visible signs of illness

6 organisms.

are not,apparent“ﬁntil theycouht'ﬁas reached 10
Theee’ceunte'afeihigherrthathhcse reporﬁed by'Befenbacm,gi_gl.
(1960) and Holt et al. (1961) as beihg'necessary to'eauee a .
breakdown of'the blood brain barrier in mice.- These'WOfkera"b
“have shown that radio-iodinated serum (RIS) and Pontamine Sky
Blue (PSB) did not enter the brain in large amounts until a count
of 10° - 106 was reached, It was thought that leucocytie ‘
infiltration into infected brains would be minimal until severe
damage to the cerebral blood vessels had occurred at the times
- Awhen the e@unt had exceeded 105 - 106 organisms. _
# It has been found that after injection of even moderately
1arge doses of B. gertussis 32288 a low virulence etrain, no
*fbreakdown of the blood brain barrier was noted when using PSB

\‘as a marker for damage. It has also been noted that 1n cortisone-
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- treated mice the blood brain barrier was damaged when the mice
'Iwere infected with low virulence strains.

Iida et al. (1966) found no decrease in the nunber of
leucocytes in the ventricles of immne mice treated with
cortisone and infected with B. pertussis 18/323,

In the light of this evidence, it was thought unlikely
that White blood cells played the most important role in
determining the course of high and low virulence infections.

‘ This hypothesis was tested by irradiating mice with small
vdoses of" X—rays.' Tittle enhancement of the infection was
" found in mice irradiated only to the body, but when either
the heads alone or the heads and bodies were irradiated a very
marked enhancement of infection with low virulence strains was

~ detected.

7.1. Comparison of 'b.o_c}_z and whole mouse irradiation on

B ;nfect;ons'withrlow>virulence gtraigg

| Preliminary experiments indicated that female T. 0. mice
Tv‘were resistant to radiation doses of up to hoo Roentgens (R)
given to the body, no deaths occurring in mice observed for
12 days after irradiationﬁ_""" | | o
’ This dose was selected for irradiation to heads and bodies
or bodies alone, but a dose of 1000 R could be used for head
5 irradiation without any evidence of gut damage ‘for at least
. three months. 'Thejbodies were adequately shielded in these
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experiments and vhite cell determinations indicated that

' radiation scatter was negligible.

7.1.1. Eggerimeﬁtal‘ |
o Two‘groupeiof 30 mice were irradiated with a singie dose
of dOO‘R.; One group received the radiation to the body only,
the heade being ehielded by 2 5 mm. lead, and the second group
received radiation to the head and body. These mice and a
control _group were challenged three days later with 3.2 x lobr

‘viable B.Apertueeis 31772, a 1ow virulence etrain. A three—

day interval was chosen to allow the mice time to recover
’from the etrees of the irradiation procedure. The W B. C._

connt was aleo determined in blood taken from the brachial

- artery.

7'1v2;’ Reeults

A marked difference was obeerved‘between the effeote on

‘-,infection of irradiating either the body alone or the head

and body of mice (Fig. 23). The white blood cell (WBC) count -
is also recorded in Taole 1u. L '

o Ae in many of the previous experiments where the |

‘ infeetions have beén modified by pretreatment of the mice ,:i

| With various substances, no differences in the viable counts -
in irradiated and normal mice could be found at 1 hour and l day

'after challenge., However, a small effect wag seen at the



second day, the count in mice having had hezd and body irradia-
ticn'being 15 times greater than that in the controls and the
- count in the group gliven only body irradiation was 5 times
greater than the control count, ‘ |

By the third day the count in the mice having had hesd
 and body irradiation was greater than the count in the other
twé gréups by a féctor of 100 and by the fourtﬁ day the difference
had increased to 1060. | - |
v From the second day oﬁwérdé the c§unts in the individual
mice of the head and body irradlated group were generally greater
than thoée of the contrbi group or body only irradiated group.
,’ , Réference to Table 1L shows that irradiation had
drastically reduced the number of circulating whité blood
-cells., Although the nuﬁber of cells in the mice having had
head and.bod& irrédiation was about half that in the mice
having had body only 1rradiation, it was thought unlikely that
thisg difference resulted in enhancement of infection in the
first group. ” |

It seems that enhancement of infection of low virulence
straing occufred'only when the head as well as the body was
irradiated ahd further experiments wefercarried out to examine

various aspects of this 1ldes,

7.2. B, pertussis B1772 infections in head irradiated Mice

Hopewell and Wright (1967) showed that irradisted rat



Figure 25; . Intracerebral ‘infectibn with B. pertussis
B1772 in normsl mice, mice irradiated with LOO R %o the body
only (head protéct‘ed) and in whole mice irradiated‘ with

LOO R 3 days before challenge.
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TABLE 1l

7

59 -

: W.B.C./bu.mm.* in the pértpheral blood of

Rormal end Irradiated B. pertussis B 1772 Infected Mice..

. Days af#er challenge
Group 0 1 2 '3 oy
‘Controls | 3950 | 4700 | 4266 | 5608 | 5950
LOOR whole | 280 | 210 | 290 | 190 | 350
mice L , v o
LOOR boates | 210 | 470 | 580 | 630 | 710

Mice were challenged 3 days aftér irradiation.

*Average cguht”for-G mice.

R =‘Roentgen.'
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 b£ains‘ﬁefe‘moreﬁsuséeptible tO'injurylthaﬁ_normal"brains fof'

" at least six months after irradiation. These workers suggested
‘that‘glial cellé stored'up radiation damage until stimulated

: to divide when they elther falled to divide or died,

'If the control mechanism of B, pertussis infections in

the mouse brain is dependent on division of and phagocytosis
by glial cells and ip radiation damage is "“stored up", then
irradiation three months before challenge should also greatly

enhance infection.

| ‘ Te 2 1. Experimental
' Mice were irradiated with LOO R or 1000 R to the heads

only 3 days, 3 weeks or 12 weeks before challenge with

 B. pertussis Bl772. The bodles were adequately shielded with
| 2.5 mm. Of lead. In the mice'challehgea 3 days after
irradiation the‘W.B.C. count was determined in blood taken

from the brachial artery,

7.2.2, Results
| ' Vhen heads of mice were irradiated with LOO R and 1000 R
and challenged with 3 x 10° viable B. pertussis B1772, the

viable counts were very closely grouped for 2l hours after

',>cha11enge (Fig. 2&). However, from‘thevsecond day onwards,

 the bactérial_cqunts in the irradiated mice generally~ekcéeded‘
the counts in the control mice., By the fourth day the viable

.counts'in'all'1rradiated mice were greater than those in the
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control mice.

In a oomparable_experiment mice whose brains had been
irradiated with 40O R and 1000 R were challenged three days
later with 2.4 x 105~viable B, gertussié B1772. Deaths of
mice were recorded daily (Table 15) and it can be seeﬁ that
of 12 mice receiving 1000 R to the heads 10 (83%) dled of
infection snd of 12 mice receiving LOO R to the heads, 7 (58%)
died of iﬁfection,-whereas only 1/12 (8%) of the oontrol micé
ded. In a later experiment 11/12 (91%) mice aied of infection
after irradiation with 1000 R and challenge with 3 x 107
‘B, pertussis Bl772. -

Exémination of W.B;C. counts (Tabie 16) in 1000 R

irradiated mice showed a small drop in total number for 1 or
2 days after infection, but after thié'time.thefe was little
differeﬁce between the count in tho control or irradiated
infected groups of mice, |

’ When nice were 1rradiated 3 weeks before challenge with

nl-i- 'X lou

viable B. pertussis B1772 the same general plcture

was obtained as described for mice 1rradiated 3 days before
challenge (Fig. 25) The G.M. counts were closely grouped

at 1 hour and 1 day but from the second day onwards, when ﬁhe
eontrol infection was declining, the bacteria in the irradiated ‘
‘micé were multiﬁlying rapidly. By the fourth day the G. M. |
count in the 1000 R and 400 R irradiated mice had reached

h X lésand 3 x 107 organisms respectlvely, compared with



Figure 2h. Iﬁtracerebfal infection with B. pertussis
B1772 in normal mice and in mice irradiated with LOO R or

1000 R to the head only (the body shielded) 3 days before
challenge. | | |
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TABLE} 15, @ Rumber of mice dying from B. pertﬁssig B 1772
nfection following head irradliation.

I?rggégtibn %gﬁgﬁe Day of Death b/r %D/‘! |
| WO R |2z 105 iy 1ty 59 5,648,10 1/12 '53%
2000 R | 2.k x 105 |4,5,6,7,8,8,8,12,18,14 | 10/12 83%
10008 | 3x20° [5,5,6,6,6,6,7,8,9,5,9 |11/12| 9%
None 2.4 x 105 10 1/12 8%

R =  Roentgen.

D/T = Number of Dead Mice
Number of Mice Challenged.
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 TABLE 16. White Blood Cells per cu. mm.* in the
peripheral blood of normal mice and mice irradiated
"to the heads only 3 days prior to infection with

B«;Egrtussie B 1772.

| Trredtation |  Days after challenge
.. Doge i w P R ;

~ m1 | 2000 | 3800 | 3500 | 2560

1000R | 1600 | 2600 | 4300 | 2540

*Aversge of six mice.

R = Roentgen.



Pigure 25. Intracerebral infection with B. pertussis
B1772 in normal mice and in mice irradiated with LOO R or

1000 R to the head only (the body shielded) 3 weeks before
challenge.
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Figgre 26, = Intracerebral inféction with B, pertussis
B1772 in normal mice and in mice irradiated with LOO R or

1000 R to the‘head onl,v‘ {the body shield‘ed) 3 months before
challenge. | |
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5.5 x 102 organisms in the control mice.
\ There was/little evidence that at the fourth day the
Loo R infected mice}were showing signs'qf,recovery from
infection. | |
This observation was conflirmed vhen mice vere challenged

with 1.3 x 106 B, pertussis 12 weeks after irrediation (Fig. 26).

‘hereas from the first day onwards the G.M. counts in
the 1000 R 1rradiated mice increased to reach 9 x 106 viable
organligns, at the fourth dey the G.M. counts in the LOO R
irradlated mice reached a maximum at the second day and then
rapidly declined to be little different from the control infection
at the fourth day. It seems likely that there may be some
recovery from irradlation ﬁémage to the brain with low doses of

radlation.

7.3.A The effects of irradiation on infections with high
virulence strains of B, pertussis in immune mice

~In the previous sectlon 1t has been shovm that some
component df'the brain is probably the most 1mporfant gystem for
the elimination of 1nﬁracerebra1 infections with B, pertussis
in non-immne mice. It wes of interest to examine the fate of
immune mice irradiated three days prior»to'challenge‘with both
“high or 16w‘v1rﬁlence strains and to determine whether the brain

?erformed_the:saﬁe role a5 in normal mice infected with B.pertussis
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7 3 1. Eggerimental
Mice were irradiated either to the head or body three

days prior to challenge with the high virulence strain of

- 1B.Apertussis 18/323,. Two days sfter challenge certain of these

mice'wéfe injected intraperitonealiy‘with 0.1 ml. of compleméht
inaétivated immune rabbit sérum (IrS). |

In é furthér’exper1ment mice were vaccinated 1ntré—
peritoneally with 2 x 10° heat killed €353 vaccine 1l days
before LOO R irrédiation to either the head or the body. Mice
- were challeﬁged intracerebrally three days after iriadiation |
ﬁith_eithef 5.6 x 103 or 1,1 x 10h B. pertussis 6353, a high
vimilence strain, The number of survivors was compared with

those in the vaccinated unirradiated groups of mlce.

Te3s 2'“ Resul'bs
~ In both gets of experiments the number of snrvivors in

the groups of mice which had ‘body irradiation was less than the
numbef~surviving either head irrsdiation or no irradiation
(Table 17 and‘18). This was in coﬁtrast to the results |
obtained with low virulence strains in irradiated non-immune |
mice where only prior irradistion of the head enhanced the
1nfections.-

Table 17 shows the results Obtained with mice passively
immunised with previously prepared rabbit antiserum (IRS).

The number of survivors in the unirradiated group receiving IRS



was'Small,but it was interesting that the same proportion of
mice survived'inithis group as in the group which had reéeived
irradiation to the head and immune serum. This suggested that

brain components were of little importance in protection

againet B. pertussis in the immune mouse. When only the
bodies_were irrédiated, no survivors were recorded in the
pessively immunised mice. Thus, there were 6/15~survivofs
among the head~irradiated mice and no sﬁrvivors in those
irradiated to the body. An;Xz'teéf comparingkthe effect of
hesad and‘body irradiation gave a value of P of O. 022.

In view of the poor number of surv1vors in the control
mice this experiment was repeated with mice that had.been

vaccinated with 2 x 107 heat killed B. pertussis @353. This

dose of vaccine has been shown to protect nearly 1007 of mice

kyagainst subsequent challenge. '

: Mice were irradiated 1u -days after Vaccination and
challenged 3 days after irradiation. The results (Tsble 18)
confirmea‘theﬂprevious findings that irradiation of the head
did not reduce the number of survivors in}immune mice whereas
irﬁadiation of the‘body‘significantly reduced the number Qf '

2 analysis of the results gave a value for

survivors. AnX
P of 0,026 (between head and body irradisted mice). A

‘survival rate of 92% was found in immune mice challenged»after
head irradiationfagainst a survival rate of'only 55% 1in the‘i'

bddy‘irradiated group. The difference, 37%, was similar to
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‘the LO% difference found inAthe péssively immunised mouse
experiments, | ‘ b_ | |

This experiment éohfirmed thewsuggestion'made‘éarlier,
V-that‘brainicomponénfs were of little importance in controlling

1nfe¢tibn in aétively or passively immunﬂsed mice,

One of the main effects of body irradiation is to re&uce
the circﬁ;ating white cells greatly (Section 7.1 ) and a
radiation dose of 40O R greatly reduced the number of
circulating White'cells but never reduced the number to zero,
~and, in fact, by the Tourth day éftef irradiation the number
was beginning to increase; o

These observétions indicated an important.rolé for the

leucocytes in immunity ageinst intracerébral B.Ag_'tussis
infections, o :
| To obtain a lapger reduction in the number of circuiating
bieucocytes and fhus allafger‘number of'deaths from 1nfeciion'
 in the 1mmune mouse Woula mean increasing the radiation dose
and this would result in the death of some mlce fvom radiation.
By the. fifth to sixth days vhen the first mice 1n the control
 :grpups vere dying.of,infection it was 8 to 9 days after
firradiation and‘the leucocyte count ﬁould.have been increasing
rapidly. Hence the small but significant difference in the.

survival rates of head or body irradiated 1mmune mice;
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"PABLE 17. Number of Passively Immunised Mice surviving
challenge after head or body irradlation,

‘Radiation Challenge Volume of 8
Dose Strain I.Rus8Ss T
. _:7.njeeted

None | 18/323 0,1 ml, h/1h
None 18/323 None 0/15
4OO R heads | 18/323 | 0.1 ml... 6/15
400 R heads | 18/323 ‘None | 0/14
400 R bodles 18/323 . | 0.1 ml. 0/15
1400 Rvoales | 18/323 |  Neme |  O/1k

R = Roentgen .
I.R S. = Immune Ra‘b‘bit Semm

8/T = Rumber of of mice survivi_r;g challegg
“Number of mice challenged
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TABLE 18, Number of sctively immunised mice surviving

challenge after head or body irradliation.

Radiation Dose of Amount of | g Total
- Dose Challenge Vacelne T - 8/T
| Strain G 353
None’ 5.6 x100 | 2 x109 z
. | B
_ 23/23
None 1.1 = 10t " 1 1
| . e - I
‘40O R heads | 5.6 x 10° " 1
- | | 20/e2
400 R heads 1,1 x 10% " 9 |
e Bl 11
400 R bodies | 5.6 x 105 " 3
o 1
1 11,20
100 R bodtes | 1.1 x 10l " _6
Mt A 10
None 5.6 x10°> |  None _0 0/12
12

R = Roentgen.,




Q
.

“heads only resulted in a challenge dose of 2.L x 10
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. 7 303 Experimehtal

In a confirmatory experiment, two groups of 11 and 12
mice were vaccinated intraperitoneally with 2 X 109 heat.
killed:B. pertusgls G353.' Fourteen days later, these mice

and two groups or,12»control mice were irradiated with 1000 R

to the heads only. ‘Three days after irradiation the mice

were chailenged with either 3 x 105 or 2,h,x 105 B. pertuseis

- B1772, a low virulence strain,

743 u. Results
| As shown in Table 19, prior irradiation With 1000 R to the
2 viable
B1772 or 3 x 105vviable~B1772 killing 10 of 12 and 11 of 12
mice respectively, compared with only one aeath with this dose

in normal mice,

However, this was in sharp contrast to ﬁhe effects of.
head irradiation when the’mice had been previously immunised.
In both experiments the number of deaths was 31gnificantly |
reduced, only 2 of 12 and 0 of 11 mice dying of infection,
although the mice had been previously head irradiated. An‘X?

test on the immune and non-immune head irradiated mice gave

- values of P 0,001 in both experiments.

It was clear that head irradiation had greatly enhanced

the infection of the low virulence-strain in the non~immune

mice as before, but there were few desths in the immune head



Sl

irfadiated mice. ”his was further evidence "uggesting that
brain cells played 1ittle part in protection in 1mmune mice but

were very imporﬁant in deciding the fate of non-immune mice.
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TABLE 19. Number of mice . surviving challenge with 2
low virulence strain of B. pertussis after head irradiation
and active immunisation intraperitoneally.

Head - Dose of Amount of S/T

Irradiation Challenge Vaccine
‘Dose ‘8train B 1772 \

1000 | 3x105 | 2 x 107 orgs. |10/12
1000 R L " | None | 152
1000 R 2.4 x 107 2 x 109 opge, [11/11

1000 R . .o None 2/12

M1 | 3z10° ~ None 11/12

R = Roentgen . .

5/T = Number of mice surviv_ggﬁchall nge
Number of mice challenged
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8. Eggggiments with Bordetella pertussig antiserunm

8.1, Intracerebral’iniection of antiserum

The course of infection with high #1ru1ence strains of

pertussis in actively and passively immunised mice has been
well documented (Blyth, 1955; Brown, 1958; - Berenbaum et et al.,
1959; Holt et al., 1961; Dolby and Stahdfast,._1961). All
workers were agreed that infection proceeded as normal until
the bacterial count reached 105 - 106 viable organlsms, At
this count damage to the blood brain barrier was sufficlent |
to allow entry of antibody and from this time the viable count |
' declined, the brain being found sterile from the fifth day |
onwards.,’

Spasojevic (1962) demonstrated that the intracerebral
injection of a mixture of B. pertussis and specific antiserun
incubated at 37°C for 60 minutes resulted in sterilisation of |
thé ‘brain 24 hours after challengé; the organisms never showed
- a multiplication phase,

Iida et _al. (1963, 1966), during 1nvestigations on the
effect of cortisone on immunity, found that both active and
passive immunity were neutralised by subcutaneous 1njection of
cortisone 2 hours before challenge,with}B. pertussis 18/323,.

I have examined the effect of cortisone on infection with

mixtures of antiserum and organisms ahd confirmed that the effect
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of the antiserum was neutralised, thoughrthe mechanlsms of
action of cortisone need not be identical in both cases.

Eldering et al, (1966) reported that the mouse high

viralence strain G353 gave lower values for the 50% protection
dose (PDBO) of antiserum than did another mouse high(virulence
strain 18/323. Various high and low virulence strains have
been tested‘against the same éntiserum using the method
described by Spasojevic. |

In passive and active immunity, breakdown of the blood ’
brain barrier is necessary for passage of antiserum into the
‘brain.} With mixtures of antiseruﬁ’and organisms no breakdown
of ﬁhe"blood brain barrier was fecorded. it was possible that
antiserum was the only external factor required for killing and
the blood brain barrier was therlimiting factor preﬁenting‘
" entry. This hypothesis forms the basis of the first experiment
described oelow in which antiserum was‘injeoted intracerebrally

before breskdown of the blood brain barrier.

~8.,1,1. Experimental

Groups of mlice were challenged intracerebrally with

2 x 103 B. pertﬁssis 18/323, a high virulence strain. Mice

were injected intracerebrally with 0,05 ml. of an antipertussis
serum at either 1, 2 or b days after challenge and a control
group was injected with normal saline, The number of survivors

was recorded dally,
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Secondly mice challenged with the same dose of

B. pertussis and‘given antiserum one day after challenge were

sacrificéd dally and-bacterial counts determined,

8.1.2. Results
-A significaﬁt protection was obtained by injecting the
immune serum intracerebrally immediately after challenge., The
biamount of serum injected, 0,05 ml,, was equivalent to 0.75
'PDBO calculated by intraperitoneal/intracerebral method.v_
All control mice died of 1nfection, the average death
s,being 7 5 days, while /&0, /&0 and /' mice survived after
| 1njection of antlserum at either the first, sccond or fourth
| daysa, the dverage time to death being extended in the dying
mice to 10. 6 9. 6 and 9.0 days respectively (Table 20),
" Examination of the viable counts (Fig. 27) showed that
intracerebral 1njection of sntiserum on the first day of infection
caused an immediate decline in the number of organisms, Four
“of ten brains were sterile one day after injection of antiserum
and the'prop¢rtion:rémained fairly constant throughout. The
increase in time’£o death in serunm tréated animais was confirmed :
' b&'the laé’iﬁ increase of viagble count’betweenAdays 1 and 2. |
The bacterial counts in these mice lazged behind ‘the control
mice for all five days of the experiment.A It seemed that
demage to the blood brain barrier vas not a requirenent for
~ elimination of organisms if antiserum can reach4the infécted

site before such a time.
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TABLE 20. Number of mice surviving challenge following
injection of antiserum intracerebrally on various days after
challenge.,
Challenge IsR.S.‘injectedv Time of Death | Ayerage s/t
{ inoculum on day:- ; ‘ time to
{ of 18/323| ‘Death
2 x 107 1 8,9,12,1h 10.6 6/10
o 2 6,9,1h 9.6 7/10
! ; L 88,8,9,9,10,11 | 9.0 | 2/9
" | None 1n3ecteq. 5, ,7,7,7,8,8 8,9,10 1 0/10

I.R.S. = Immne Robbit Serum

s/ = Number of mice surviving challenge
L : - Number of mice challenged




Figupe 27. The effect of intracere‘bral in:)ection of
B. pertussis antiserun 1 day after challenge on the course
of infection with B, pertussis 18/323.
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- 8.2, Intracerebral infections with incubated mixtures of

immune serum and B. pertussis in normal and cortisone

treated mice

The method described by Spasojevic (1962) Tor the
:jincubation of antiserum-organism mlxtures was used in the
eyperiments reported in this section to investigate the claim
of Eldeping_eﬁ_g}. (1966) that vaccines, regardless of serotype,.
protected mice:more readily against fhe‘Challenge strain‘GBSB
than agaiﬁet 18/323, although these strains were of approximately
equal mouse virulence. The effect of antiserum on infections
with high and low virulence strains in antiserum-organism
mixtures has been explored,

These mixtures have also been injected into mice pretreated

With.cortisone.

8.2.1. Experimental
The course of infection with high and low virulence straihs

-Vincubated with immune rabbit serum was 1nvestigated. .
Serum was inactivated by heating at 56°C for 30 minutes

before use. Egual volumes of serum and organisms were

. incubated at 3700 for 60 minutes. .The miee were chalienged

3

with 5.5 x 10° B. pertussis B2288, a low virulence strain,

‘contained in 0.025 ml, of the mixture and with 3,9 x 103

' B. pertussis 18/323, a high virulence strain, contained in
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0,025 ml., of another mixture.

This type of experiment was repeated on a number of
occasions with high énd low virulence strains, the challenge
1h¢cu1a on each'bccasion are indicated in the results
© (Figs. 28, 29; Table 21). o
| .’Finally, the effect of pretreatment of the mice with
* cortisone on the intracéfébral infection with these immune
- sera~organism mixtures was inveétigated. Mice ﬁere iﬁjected
subcutaneously with 2.5 mgm. of cortisone 6 hours prior‘and'
1 and\Q’days after challenge with the mixture. - In all
'experimeﬁté the viable counts of serum—orgaﬁism mixtures were
nade before and aftervinCubatidﬁ’to check'that~inaCtivétion‘

of the serum had been successful.

8.2.2, Regults
The courses of infection of B. pertussis 18/323

preincubated with'immuhe gserum shown in Fig. 28 and of
B, pertussis'BQQSS preincubated with immune'serum.in Pig. 29,
Iﬁ the first hour after challengelfhe G.M. viable coﬁﬁts
in the brains injected with lmmune serum treated organisms |
wefe lower than those in thelmice challenged with the control
inoculum, - - ) o
| In the expéfiment with the high virulence strain, L of
8;brains contained less than 50 organisms by the first day and
this prqportion‘remained‘approximately the same throughout the



Figure 28. " Course of infection;following an intracerebral

injJection of an incubated mixture of immune serum and the

high virulence strain 18/323.
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Fipure 29. Course of infection following an
intracerebral 1njection of an incubated mixture of

immune sérum and the low virulence strain B2288,
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' . not
experiment; the viable counts in the braine that were/eterile
were lower than the - viable ecounts in the control mice..

' When 5, 5 x 103 B, pertussis B2288 were injected after

'incubation with 1mmune serum, 2 of 6 brains were sterile at
the firet day but the counts in the other h brains showed no
evidence of a multiplication‘phase.. From the second day onwards
all braine were sterile, | ,
| | It seemed that . the same quantity of serum was more
‘effective against the low virulence strain 32288 than 1t was
_‘against the high virulence strain 18/323, )

| Brain counts were- determined at 1 hour, 1 day and 2 daye '
with mixturee of low virulence strains and immune serum and
~the number of sterile breine has been recorded in Table 21.
" VWhen the larger dose of each strain was injected, the
number of eterile brains increased considerably from the first
to‘second-daye. _ With the smaller doses, however, the majority e
 of brainsAwere sterile 2L hours after challenge, ‘Ax no time.
was there any e#idence cf a multipiication phesesinthebrsins
1that aia not become sterile until the second day.< This seems
 to be unlike infections with the high virulence strains and
immune serum mixtures in which case only the mice which have -
sterile brains within Zh ‘hours of challenge appeared to eurvive-

Bach of the three high virulence strains, 18/323, G353

and 2~Atox, was tested on three occasions using the same |

antiserum prepared in rabblts and inactivated at‘569c for )



. TABLE 21,
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Number of Sterile Brains detected on the first
- and second days after challenge wlth incubated mixtures of
, organisms and antiserum.‘

Strain | Number | Visble Orgenisms | Number of Sterile
' of mice - in inoculum ’ Bralns at:
nixture

Day 1 Day 2
B 12l 8 bh x| 3 7
B2 8 3.2 x10° 6 8.
B 1772 8 6.0 x 103 T
B 1772 8 2.3 x 103 6 7

No sterile brains were found in the control mice until
~ the third day.




30 minutes,. ~Eaph strain has been tested on three occasions
 and the total viable‘iﬁoculé for the thréeIStraihs:6.h x 107
f18/323, 6.35 x'lo3 G353, and‘7'1 X 103”2-Atbx were spread over
a very small range. | .

The daily deaths were recorded and totals showed that a
greater proportion of mice survived when challenged with either
@353 or 2-Atox nixtures than when challenged with 18/323 immune
serum mixtures (Table 22),

Aana analysis of the results gave a value of P of 0,033
for 2-Atox agaihst'18/323 and 0.093»fdr‘6353 against 18/323,
-Thése expefiments confirm the Work of Eldering et 8l. (1966) |

who showed that the challenge strain G353 gave smaller values
for the PDg, of immmne serum than did the strain 18/323 when _:
the serum was 1njected 1ntraperitoneally. '

In these experiments, viable counts on B.G. medium have
been taken as 1mpdrtant in immune sérum/brgahism mixturés.f~

18/323 was only 10% viable on'B.G..medfum compared with 35%

’,kror G353 and 2-Atox and this may have some bearing on the number

of surviving mice.

Pretreatment of the mlce with 2.5»mgm. cortisone acetate
.subcutanéously 6 hours before and 1 and 2 days after challénge
vith the immune serum/brganiéms mixtures greatly’reduced thé :
number of surviving mice (Tablék23). 'The‘experimeht was |
repeated.dn four occasions wifh various strains and all the

- results were significant. Iida et al;'(1963, 1966) showed
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TABLE 22,  Number of mice surviving'challenge,after'injection of incubated mixtures of immune serum and high
~ virulence strains. o - - o

Strain | Inoculum | Immune serum Number | Day of Death s/T Total ‘le P
L o 1  in mixture of mice - : , S/T ~
18/323 2200 :f_'  Yes '15 1 7,8,8,9,9,11;11,12> o . 17/15 )
1900 |  Yes 15 . 8,8,8;8,12;15, 1 9/15 ; 20 - -
2300 | Yes 15 7.7,8,8,6,9,10,10,10,10,10 | 415 ) | ho.
1900 | Mo o S g,8,8,9 0 ofh
G353 2900 Yes | 14 o 12,14, 14,14 i : 10/14 ) | o
. - 180" | Yes. 15 ' 9,12;127"‘ 12/15 ; 34 8,72 .003
1650 Yes - 15 . 10,11,12 | 1215 ;‘ o
1650 No 5| ‘f 7,8,9,9,9 y of5
2-Atox | 4600 Yes | 15 | 7901213 | 1015 ) |
1500 | Tes 15 6,7,8,8,11,12 9/15 % 31 “ b5z | L0330
1000 Yes 1| 9,903 | 12715 ¥
1000 No 5 EEARN X - 0/5







TABLE 23, Number of mice surviving challenge after injection of incubated mixtures of immune serum and organisms
into cortisone treated and normal mice. ‘

Strain Viable inoculum Incubated with 2.5 mgm, Cortisone S,C. S/T ‘Xz P
' Immune serum 6 hours before and
1 and 2 days after infection
18/323 700  Yes - Ho | | - 9/12 g 6. 04 <014
"  Yes Yes 1 212) |
" . No . No 1/12 } L
118/323 2.2 x 10°  Yes | | No 715 ) 26 | 0.038
"  Yes M  Yes 1/15 ) '
" B No | - No , 0/5 '
- \ ‘ : . - ‘: _. | b
6353 1.6 x 10 . Yeb No 12/15 ) 12.73 | <0.001
| n \ Yeé | ' ~ Yes ;‘ | /1)
1 No' Mo 0/5 ’
2-Atox 1.0 x 10%  Yes | Mo 12/15 ) 656 | .01
" o Yes - Yes ' v h/ls } |
" No , No , o/5 ,
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'fhat cértisone injected prior to challenge of immune mice
neutralised thé immunity Whether it was active or passive.

My experiments with the Spésoje#ic technique confirmed the
results of Iida and his co-workers, though‘the mechanism need

not be the same in this case as in their immunity tests.

8;3. ’B. E?rtussis'immunity in O'S complement deficient mice

From earlier‘experiments with mice deficienpvin the-c'5
component of complement it was suggested that bactericidal
complement was of little impoftance in protection of the mouse

against intracerebral infection with.B.‘gwrtussis.

The experiments described here were designed to ascertain
whether ‘the bactericidal power of complement was a major factor

in protecting immune mice against B, pertussis infections.

8.3.1, vEgperimental

Three strains of mice were used, B10,D2 "New Line" mice

" possessing all known components of complement, Blo D2 "01ld4 Line" ;

'.mice which lack the C'S component of complement and I C.I.

mice which'are one of the strains used throughout this Wprk.
| Thé nice were-injected intfaperitqnéally.with‘a

B. pertussis G353 heat killed vaceine 1L days before intra-

- cerebral challenge with B. pertussis 18/323, - The number of

mice surviving 1L days after challenge was recorded (Table 2L).
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- 8,3.2. Results

CA1d non—immunised mice, ragardless of the strain, were
killed by the challenge doses of B:_pertussis indicated in
Table 2Ui. | -
Although the doses of veccine were large, 2 x 10° and.
2 x 109, and it was not possible to obtain a dose response
regression line, the fact that there was no significant differ—
ence in the number of survivors even in mice lacking the
0'5 component of complement strongly suggested that bactericidal
‘k1111ng by complement was not important in B, gertussis
infections in immme mice.

| The sbsence of 0'5, howevér, does not interfere with

phagocytosis, and phagocytosis followed by intracellular
killing prdbably by polymorphonuclear leucocytes could possibly

be the mechanism by which immune mice deal with the bacteria.
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TABLE 2h. The effect of the C'. component of serum on
" the number of actively immunised Eice surviving challenge
with B. pertussis 18/323.

| strain of Mouse Dogse of | Challenge | S/T
Vaccline Dose

B.10.D2 New Line | 2 x 10° 8x10° | 8&/8

B.10,D2 New Line |  Nil v 1 o/

B.10.D2 0ld Iine | 2 x 107 | 7.2x10° | 8/8

" " " w | 2 x 108 " "8/8

" " " " Nil W o 0/8

I.C.I.. 2x109 | s5=x10° | 7/8

"o . N1 L 0/8




9.__Histopathology of Bordetella pertussis Infections

In the previous sections bacteriological evidence of the
- courses of infection in the mouse brain under various conditions
‘was presented. |

’Ipradiation,of the mouse brain prior to infection
sﬁggested that the local bﬁain macrophages, the heuroglial‘
éells, were involved in the response of the ﬁrainfto‘

EePtUbSIS infections. ‘
' Here histological evidence is provided in support of

'.,j thls the51s 1n sections taken from infected non—irradiated )

-‘and infected irradiated.brains.

o -Al1l animals were injected with colchicine, an anti—mitotic
 agent, 5 mgm./kg, (Bryans,1959) L hours before being killedfby

“decapiiation,_, The aeétions'wereVStained with‘haématdxylin?

| and eosin. - - . |

| In Photograph 2 a lateral ventricle of a normal moﬁse“

}"brain containing some choroid plexus is seen. This was~

typicgl of thevventricles»found in the mid—braih.u Uﬁder oil-

 immérsibh,a ventriclefwifh typiéal ciliated epithelial Qells |

»~ﬁas seen (Photograph 3). This Section'was taken ffbm a

mouse which had been infected with influenza virus and the

cells were still highly ciliated. This suggested that

destruction}df the cillated epithelium was not the reason for
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this virus giving rise to "interference" immunity against
- Bs_pertussis. |

As early as 6 hours after infection with the low virulence
strain B1772 many cell divisions were detected (Photograph h).
The four mitotic figures occurring in this section were all
in the prophase. One was found in the choroid plexus, two
between the ependymal cells snd the fourth division in the
brain substance a short distance from the ventricle, Apart
from these divisions therevwere also normal microglial oells
in the ventricular region at this time. - |

In another section (FPhotograph 5) taken at this time with
the same low virulénce Infection umany mononuclear cells,

' probably‘micgoglia, were located in the lateral veﬁtricle.
Thére'was evidence of a cell divisiop, prophase, in the
centre of this cluster.

At 1 day after dhéllenge with a low virulence strain
microglial cells were very evident‘in the ventricles, élao an
occasional polymofph was found, The ependyma was still
generally intact énd seemed to retain its c¢ilia (Photogréph 6).

_ The’above pieture was very similar to»that found with a
high virulence straio infection 1 day after challenge
(Fhotograph 7). A clump of mononuclear célls, again'probably
microglisl cells, was found in the ventricles.o The ependyma
vWas st111 intact, slthough it had pulied away from the rest
of the brain, probably ian sectioning, and the cells still
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| abpeared to be ciliated.

| However, by the‘seventh.day a dramafic change had taken
 place in the structure of the ventricle and surroﬁnding brain
(Photogreph 8). ‘The ependymel lining had been completely:'

' destroyed and the brain tissues invaded.” There was an
intense polymorphonuclear 1eucocyte infiltration.

After irradiation and infection with the low virulence ’
 strain Bl1772 a number of mitotic figure abnormalities
occurred., The mlce were challenged 3 days after'irradiation
and in Photograph 9 ah abnofmality was found 2 days efter
challenge. Here stored up irradiation had‘causedythe"'
formation of nmicronuclei when'the cell Was.Stimulated:tol
divide by the pertussis infection. « 7

Similarly 3 davs after challenge other abnormalities
were found. An anaphase bridge had formed where the
chromosomes failed to divide completely and another micro;ﬁ
nucleated cell and abnormal division were-evident in thee'
choroid plexus (Photograph 10). In the followlng Photograph
(11)kdetails of the chromosome linkege ef the anaphase»bridge'
were seen under oil-immersion. | _ o |

On‘the same day‘microgliai divieions we:e'still»occuf#ing
~quite a distance from the ventricle. Microglial divisions
in the telophase and metaphase were seen deep into the brain,
vhile a second prophase was evident 2 short distance from
‘the ventricle (Photograph 12). |



In Photograph 13 taken of a sectlon from an irradiated
brain 3 da&s after'challenge on abnormal astrocyte dlvision
was seen in the ventricle. One chromosome had been left
out of the division. There also appeared to be o‘certain
amouotof disorganisation to the ependyma. | |

Iﬁ a section fakon from anoti‘xe:r irradisted brain at
the fourth doy'were:seen a poophase in the ventyicle aod a
 metaphase plate betwéen'tho ependyma cells (Photograph 1lh).

‘ Finally by the oeventh day’of infeotion with a low
_viruleﬁce strain in an irradiated mouse an intense leucocytic
infiltration was observed with severe damage to the ependyma
(Photograph 15) The results of this type of infection
were very similar to the damage that was found with a high
: virulence strain in nornal mice (Cf. Photograph 8) .
| Further histological evidenoe on the brain's reaction
to 1otracereora1 infeCtion Wos provioed‘oy éutoradiographic
‘ studios.. As desorfbed in detail earlier, mice were 1njeoted
- with tritiated thymidine 6 hours before killing by
decapitation, fixed, sectioned and stained with haemalum.
Synthesis of DNA and thus the prdbability that the cell will
divide was 1ndicated by the appearance of black dots over
the.nnoleus. ‘ |
| Photographs 16 and 17 show the appearance of a lateral
~ ventricle in a normal and irradiated uninfected brain, There

was little evidence of cell labelling in these sections taken
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from the mid-brain and any labelling.that did occur was
restrieted to the upper and lower points of the ventricles
and even then only a few labelled cclls were observed.
As described earlier for the haematoxylin and eosin
stained sections there was evidence of mitotic figures as
early as 6 hours after challenge, In an irbadiated brain
(Photograph 18) labelled cells were seen a digtance from the
ventricle, Here there was evidence of astrocyte and microglial
cell lsbelling., A higher power of Photograph 18 (Photograph 19)
showed‘clearly the labelling on a microglial cell and a group
of 3 cells, probably astrocytes. |
Previously many microglial cells were seen in the

lateral ventricles as early as 6 hours after challenge. ‘Thie’
was conflrmed by autoradiographic experiments which showed
' many»labelled miecroglial cells and an occasional astrocyte
~in the ventricle (Photograph 20) . Even at 2 days after
challenge 1abelled cells were still apparent a distance from ‘,
:_A'!:he ventricle (Photograrh 21), B

_ The three finsgl photographs gshow the ependyma to be the
prdbable site of multiplication of Boraetella pertussis in 7
the mouse brain. Photograph 22 shows coloniee of the high
virulence‘stfain 18/323 on the ependyme of the lateral
ventricle L4 days after challeﬁge. There was evidence of
some ependymal damage and an intense leucocytic infiltration,

In Photographs 23 and 24 the ependyms was again scen as the
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site of multiplication of'the low virulence strain B1772 in
an irradiated brain I} deys after challenge. . There was .

leucocytic infiltration but only an occasional microglial cell

was seen at this time.
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‘Photograph 2. = The lateral ventricle of a normal mouse
A,bréin. Haematoxylin and Eogin Stain. X230.

Vi = Ventricle.

Photograph 3.  The ciliated epithelial cells of the
lateral ventricle from a mouse challenged 3 days earlier

with influenza virus. Haemathylin_and Ebsin Stain, X1400,
¢ = Cilia, E = Ependyma. '
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.Photogragh g Mitotic activity 6 hours after challenge
with the 1ow virulence strain B1772 in a normal brain.

Cells in the prophase stage of division were found in the’
brain substance,’Prl,vz were. found bétween ependymal cells
(Pré, Pr3) and another (Pru):in the choroid plexus (C.P.)
Haematoxylin and Eosin Stain, X560.

Photogragh.ﬁ Many mononuclear cella, probably microglial
cells, located in the lateral ventricle 6 hours after
challenge with the low virulence strain Bl1772, There was
evidence of mitotic activity, probably in prophase, in the ,
centre of this group. Haemotoxylin and Eosin Stain. X560.'
Mg = Microglial cells. M = Mitotic Activity,
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Photograph 6, A group of mononuclear cells was found 1 day
after challenge with the low virulence straln B1772,

Haematoxylin and Eosin Stain, X1L400,
Mg = Microglial cells. A

Photograph’z. A similar group'of mononuclear cells
'found in the vertricle 1 day after challenge with the high
virulencg strain 18/323,'Héematoxylin and Eosin Stain.
X560. v | |
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'Photograph'B. Almost complete destfuction’of bﬁain
substance, severe hydrdcephalus and infiltration of
ieucocytesrinto thé ventficle 7 days after challenge with
the high viruience strain 18/323. Haematoxylin and Eosin
Stain, X230. |

Photograﬁh 2. " A micronucleated ce11 in an irradiatéd"
brain 2 days after challenge with B. pertussis B1772.

Haematoxylin and Eosin Stain, X560,

N = Micronucleated Cell.
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Photogrégh 10.  Evidence of fadiafioﬁ'damage detected in
the ventricles. Radiation and stimulation by B. pertussis
infédtlon has caused the formation of an anaphase bridge o
‘and micronucleated‘cells, Haématoxyiihféﬂd'Eosin Stain,
X560, T

M = Mitotic Activity' N= Micrbnucleated Cell

An = Anaphase Bridge. | | |

Photograph 11. = A high powér view o: the anaphase bridge
shows the details of the chromosome linksge. Haemaﬁoxylin

and Eosin Stain. X1400..
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Ph‘otogragh 12, ¥eny mitotic figures were still evident
3 days after challenge in an irradiated brain. Haematoxylin
and Eosin Stain., X560. |

T = 'l‘eledphase. .~ Pr = prophase.

: Photbgraph'lz. An gbnormal}astrocyte division in the
: v»"ven‘fricie )’of an irfadiatéd"brain Z days aft_er vehallvenge
‘with B. pertussis B1772. Haematoxylin and Eosin Stein.
¥560. |

- As = Astrocyte division,
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FPhotograph 1lli. A cell in the prophase stage and

"'another in the metaphase stage.of divigion in an-
) 1rradiatedAbrain 4 days after infection with B.gertussi

Bl772. Haematoxylin and Eosin Stain. X560,
Mt = Metaphase Plate Pr = Prophase.

Photograph 15. Severe hydrocephalus and infiltration
of 1eucocytes 7 days after infection with the low
: virulence strain B1772 in an irradiated ‘brain,

Haematoxylin and Eosin_stain, X1400.

. Cd #,Choféid.Pleius "I, = Polymorphonuclear Leucocytes,
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Photograph 16.  The cells in the region of a 1atera1

Ventricle of a normal brain show no evidence of labelling

with tritlated thymidine. Haemalum Stain. X230,

| photograph 17.  The cells in the region of s lateral
vvpntvicle of an irradiated brain show no evidence of

1a’belling with tritiatec‘i thymidine.. Haemalum Stain. X230.
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Photograph 18.  Many labelled cells in an irradiated
brain 6 hours after challenge with a low virulence strain

of B, pertussis B1772. - Hsemalum Stain. X560.

Photograph 19. A hlgh power view of labelled cells in
photograph 18. Two of the labelled cells are prdbably
astrocytes and another 2 are prdbably mlcroglial cells.

Haemalum Stain. x1hoo. .
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Photogreph 20, In a control infection 1 day after

 ché11enge with a low virulence strain and a non-irradiasted
brain many 1abeiléd cells are seen within the ventricle,

Haemalum Stain. X1L0O.

,Photdgrggh 21;, A heavily labelled cellVSQme distance
'from the ventricie‘in a control infection‘E days after

challenge. - Haemalum Stain, X1400.
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- Photograph 22,  Many micrd’coionies of B, peitussis
_1&/323 adhériﬁg to the.epehdyma,on the seventh'dayvof
infection, rThere is an 1nténsé polymorphonuclear
1édcocyte infiltration. Haemalum Stain, X1400.

= Ependyma Bt = Bacteria

B
L = Polymorphonuciear Leucocytes.

- Phbtégrqgh 23, Many organisms of the low Virulence

-‘strainAof B, gertﬁssis B1772 édhéring to thevependyma on
the fourth day of infection in:an irradiated dbrain. There
is some polymonphauuélear 1eucocyte infiltrétiong iHaemalum |
Stain. X1400.. o

B =  Ependyma Bt = Baéteria |

L = Polymorphonuclear Leucocytes.
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Photogrsph 2L,  Many organisms of the low virulence
strain of Bg”gertussis B1772 adhering to the ependyna

on the fourth day of infection in an irradiated brain.
'~ Haemalum Stain. X14LO0O.

Bt = Bacteris,
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10. Discussion

Two dlstinct courses of infection were found with the

high and low virulence strains of B. vertussis.

The courses withlfhe two high virulence strains 18/323
end 2-Atox were vefy similar to each other, but that of G353
varled slightly from theée twos With the former pair, the
viable count increased by approximately 10-fold daily for 3
or I deys after intracerebral challenge, After ﬁhié=time‘the;
-rate of inerease decreased slightly to 5- to 8-fold dsily.
This was almost ldentical to thé results described by Dolby
and Standfast (1961), Berenbaum et 21. (1960) and Iida et _gl.
(1962) for the strain 18/323 and by Andersen (1952b, 1957a)
for the strain 2-Atoxz. However, with the high virulence strain
G353 the visble count increased by 10-fold daily until ihe
count reached approximately 106 viable organisms. At this |
point the vizble count remained’étationary for a further 2L hours
" after vhich time the rate of increaée seemea to compensate for
this lag phase (Fig. 6). This lag phase with G353 infections
occurred when the viable count had reached 10° drgaﬁ;sms'which

was the count indicated by Holt gt al. (1961) necessary for .

brezkdovn of the blood brain barrier. In studies which were
carried out in this laboratory the most potent vaccine, 1.e.
- the wacclne with the lowest EDgq value,'was produced from a

culture of G353 (Holt - unpublished observations). Continuous
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spill over of the organisms from the brain to the meninges
‘may lead to the formatlon of small amounts of specific antibody
'and breakdown of the blood brain barrier at the count of 106 may
‘lead to a transitional lag phase in the increase in viable
‘connt. This may also explain the‘decrease in multiplication
':rate of 18/323% and 2-Atox in the terminal étéges of infection.
éEldering et 2l1. (1966) using active immunisation, and later
'Eldering et al. (1967) and Preston (1967) using passive
{mmunisation reported that vaccines or antiserum regardless
fof serotyﬁe, gave much higher ED5O values when the mice were
_challenged with the strain 18/323, Both groups of workers
also’reported that the time taken to death for similar dbses
of 18/323 and G353 cultures was longer for_G353 than 18/323,
,although the LDSos of both cultures were very similar.
| These resuits may be explained on the observation of a
_stationary phase in G353 multiplication (Fig., 6)s If the
 formation of small amounts of antibody, as suggested, was
'correct then this would be additive with the antibody‘formed.
Eas a resultAof active or passive immunisation and give a
.higherAsurvival rate of mice. This lag may also explain the
. longer time to death of mice challenged with G353. There is
no evidence that these mice dle with a higher bacterial count

8 viable organisms

‘fwhich'was found to be between 167 and 10
‘for 21l three high virulence strains,

Three low virulence strains were also studied, Bl12L,
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B1772 and B2288;. Up to Qh hours after challenge vith doses
'less *l;han‘il.()br organiams there was little distinction between‘
‘these strains and the three high virulence strains.' There,
was the same approximate 90% loss of the challenge inoculum
on injecfion and the course\cf infection which wae examined
 at short time intervals for 2L hours was little different
from that for a high virulence strain infection. The indi%iaual_
v.bacterial counts at 1 day were closely grouped, the range
often belng less than 1 on a 1og scale, as ﬁhey were throughout
Vinfection With.the high virulence,strains. Between days 1
c:and 2, vhereas the count with the high virulence strain
‘1nfections increased by at 1east '10-f'old, the count with the
low virulence straln infections decreased slightly, the average
'of 2l experiments was 1og10 0.1, After ‘the second day, the |
geometrie mean viable count declined rapidly and brains
containing less than 50 organisme were found from the third
jday onwards. The range cf'counts increased significantly
_ after‘tne first day, there often being over 500~fold alfrerence
between the highest and lowest counts. This indicated a |
lafge Variance in the response of the mouse to infection by
the low virulencenstrains compared with & small variance in
the response to high virulence strain infectlons. ‘

With higher doses of the 1ow virulence atrains the
f course of infection was extended and the. brains of mice were

still highly infected after 5 days., With very high doses, '



i.e. greater than the’L35o, the mice died betweeﬁ'days 2
and 3 with terminal viable counts of between 10’ ana 108
bacteria Which,were #ery similar to the terminal count with
high virulence strains. o ,

| Examination of the 1 hour viable counts confirmed the
work of Dolby and Standfast (1961) that there was an approximate
90&_1088 of‘organisms within'minutes of injection. The loss
was found‘to be indepénaent.bf strain:(Table 2), challenge

siﬁe_(Table 3) and,a}decéease in‘chalienge volume to 0.0025 ml.
,  resulted in ohly a slight increasevin the nuMber-of organisns
| ‘retained (Table L). | | |
‘ Similar dbservations were made by Schlesinger (19h9)
who could only recover 3»- 10% of a virus inoculum 1 hour
after injection. Bimilarly"Cairns'(195b) could f£ind no
| “”éighifiéant increase in the percentage of a bac#eriophage
suépension’retained when only 0,005 ml. was injected compared '
with 0.3 ml. in the controls. | -

- When 0.025 ml. of a 1% solution of Pontamine Sky Blue

was injected and the brains exposed 1 hour 1ater the dye was
}concentrated in the ventricular region and the blue area on’
the reflected skin (Photograph 1) indicated that a consider&ble
washback along the needle track had occurred. It was |
probable, therefore, that this loss of organisms was mechanical.‘
This was further confirmed by other experiments when proce&ures

taken to enhance infection did not result in a larger.
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’percentage of organisms being retained at 1 hour.

Modulabion wasg consiaered as a possible reason for the
decline in infection with low virulence strains. | Lacey (1960,
_1961) showed that organiems, when grown in media where the
sodiumvchloride content was replaced with the equivalent
amounts of certain salts of the alkaline earth metcls, were
converted from rﬁe X-mode to,thevc-ﬁode. He showed that the
- intranasal LDgg of a straian5vwae increaeed fronm 107rto 10%°
.crgenisms when grown'On a medium containing magnesiunm sulphate
jinstead of scdium chloride.

" In these experiments growing both G353 and 2—Atcx on
cither Gohen and Wheeler medium containing magnesium_sulphate
rat 3&90 or on Bordet-Gengou medium at 25°C increased the LD50
of these strains from approximately 50 viable organisme to
greater tﬁan 2000 viable organisms., The course of infection
- (Pig. 1h) shoﬁed that oneiﬁjectionythe brainsg of sﬁrViring
" mice were sterile Within 2l; hours. In the mice that died there
| was a stationery phase between 1 and 24 hours,}during which
time the crgeniams rere probably remodulating to the original
form.- The'strain 18/323 proved to be a strain particularly
resistant;to modulation and none of'fhe treatments tested
increased the LD5O. Although it has been shown that the -»
'>aegree of agglutination of 3353 and 2-Atox was considerably
re&uced by growth on the various meaia, it vas not thought
that this played any role in virulence. Other prOpertiee were

also changed, such as toxicity and efficiency as a Vaccine ‘
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(Holt - unpublished data).

Having shown in vitro that modulation of high virulence
strains altered théir virulence when tested ﬁy‘the intracerebral
route,‘the bréins‘of mice werevremoved wheﬁ thevbactefial
6ount of the low virulence strains was decreasing. ir
modulation was the explanation of this'décrease, these'.
‘.organisms, when reinjected into fresh brains; should continue
to deerease infnumbérs. However, when these.organisms were
reinjected a normal course of inféctibn emerged (Fig. 7) and
it is thereforevsuggested'that‘mo&ulation of the low virulence
strains 1s notfthe‘cauSe‘Of the decreasé in count,.

Having concluded that the organisms have not changed,
it is suggested that the mouse had changed in some way.

| The experiments vwere designed to indicate whether a
previoua 1nfection with a low virulence strain altered the
response of the mouse to a second 1nfection with the same strain :
j or. with a high virulence stratn. - The time interval between ‘
infectlons, Li days, had been shown previously to result in the L
« majority of brains belng sterile after challenge doses of 10“
viable organisms or less. The neces sity of hav1ng near
‘ sterile brains for *his exporiment prevented any wrong
Vinterpretation of results due to interference immunity.

When the prelnfected.bralns were. rechallenged with the ,
same low virulence strain, no increase in viablescount was

detected and in the two experiments recorded a high prqpbrtion
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of brains containing less than 50_organisme was;recorded iwo
days after rechallenge. | However, when the mice were ’
--rechallengea with a high virulence etrain, no braine containing
less than 50 organisms were detected and the course of
infection was little different from that in the control mice.
Thus if seems that the low virulence infection was able to
etimulate a reeponse, which nas still evident to some extent

h§ days after challenge, t0 another low virulence infection
but did not influence = high virulence infection. The type _'
of reeponee was not clear from this experiment and further
experimental‘work was neceseary.‘ The importance of heving
 the brainieteriie or only slightly infected for the above.
experiment was made evident by reference to Fig. 9. Here

mice infected with a low virulence etrain were rechallenged at
the peak of infection with the high virulence strain 18/323.,

A high proportion of braine containing less than 50 18/323
‘organiems were detected on the firet day after rechallenge

and this number remained fairly constant on each subsequent

' day. ‘ Thie reeult wes analogous with "interference" phenomenon
described by Evans and Perkins (195&&), who used heat killed
vaccines which, when injected intracerebrally, gave rise tO':
"interference" to . infections with the high virulence etrain 18/32
Later Blyth (1955) showed that the brains of surviving mice

' were sterile 2l hours after challenge and the proportion of
sterile brain did not increase after this time. It 1s euggested,
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that the low virulence strain 1s acting in the same way, giving
rise to "interference immunity" end thus mice are surviving |
when rechallenged with a high virulence strain, It has been
seen that once the bréiﬁs were sterile there was no "interfer-
ence immunity" to the high virulence étrain;'. It seems that
the most likely explénétion of this “interference" phenomenon
is that 21l strains have the same "fixation sites" on the cilia
of the ependyma and that prior injection of either a low
virulénce étrain or a kiiled suspension of organisms takes
up a majority of the "fixation sites", thus decreasing the
prdbability of the high virulence strain finding free "sites".‘
Evans and Perkins (1954b) suggested that this .
"interference" phenomenon may be similar to the "1nterférence"

met ‘with in the field of virology. Dalidorf et al, (1947)

showed that vaccinia virus induced resistance in mice to
'intracerebral infection with B. pertussis and Henle and Henle
(1916) and. Mims (1960b) showed in mice surviving the nenrotoxic‘
action of influenza virus that the ependymal 1ining was
destroyed. _ _ v
 Intracerebral infectidnvwith West Nile virus waé shown by
‘Finter (196&)‘t¢vprdaucé‘1arge amounts of interferon but no
interferoh could be detected in mice infected with B. pertussis

- (Finter - persqhal communication). |
| Although‘it was shown by Henle and Henle and Mims that
the ependyma of mice infected with a mouse virulent strain of
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influenia virus was severely damaged, no damage was detected
in my experiments vhen mice were infected with a strain of
influenza virus of low nouse virulence (Photograph %) and
challenged with either a high or low virulence strain of

B, pertussis. |

It is suggested that the mode of action of the

"interferehce effect" of influenza and vaccinia viruses‘is
not the formation of interferon or necessarily the destruction
' of the ependyma but the occupation by the virus of the same
"fixation sites" required by ‘the infecting strains of

pertussis.  Further evidence for this hypcthesis is
provided in some work not recorded here which showed that
both high and low virulence Sfreins of B.jpertuseis
haemagglutinated fowl red blood cells as do both influenza
and vaccinila viruses. I o o
o Earlier it was shown fhat the fall in intracerebral
| count with low virulence strains was not due to modulation
and that previous infeetlon with a low virulence strain
" increased the resistance to reinfection_with the same strain.
The4poesibie role Of'becterieidél‘eomplement‘in these
phenomena was investigated. S

Normal guinea rig serum was highly bactericidal for

| Eertussi , more so against ‘the high virulence strains than"
"ﬂagainst the 1ow virulence strains (Table 6) but normal mouse

serum was not bactericidal against B, pertu831s. The lack



4

of bactericidal éction of normal moﬁse serum has been
demonstrated against a variety of organisms (Marcus et al.,
195l;, Muschel and Muto, 1956). It was also found that the
addition of normal mouse serum to normal guinea pig serum
completely inhibited fhe bactericidal power of the latter to
B, gertussié. This was similar to the findings of Rice and
Crowson (1950) who showed that mouse sérum'was'anti-
complementary to guines pig serum.
'Glynn'and Medhurst (1967),were able to demonstrate the

bactericidal action of mouse serﬁm in vivo against E. coli

Ainjected'info two strains of mice, one of vwhich possessed all
| - the components of complenent while the other was deficient
in the 0'5 component (Terry et al., 196&)

When a low virulence strain of B. gertussis was 1njected
into these two strains of mice, no enhancement of 1nfection
was found. in the mice deficient in the 0'5 comppnentf - Fron
these expariméntalit was concluded thaf bactericidal |
éamplement played~11ttle or no role in determining the course
of B, pertussi infections.

Having succeeded in reaucing the level of infection of a
low virulence strain by preinfection of the mice with the same’
stréin, methods for the enhancement'of infection were stﬁdied.
Ilda et al. (1963) were able to enhance the infection of a
low virulence strain'buf not a high virulence strain by |

pretreatment of the mice with cortisone.



- 230

When mice were pretreated with cortisone, infections
“with all three low virulence strains, Blzh, B1772 and 52288,
were highly enhanced (Fig. 17; Tables. 8, 9) Little
enhancement of infection could be detected on the first day
after dhallenge, but after this time the viable count in the
Vtreated mice increased rapidly until mice were dylng from
the fifth day onwards with counts 1n excess of 107 organisms.
Theyinfection wvith a low virulence strain in cortisone treated
mice'mimicked‘veny ciosely the infection with a high virulence
gtrain in normal ﬁice.' | _ v _

- Contrary to the feports of Iida et al. (1963), it was
found that cortisone enhanced infections with high virulsnce‘
strains (Figs. 18, 19; Table 9). 'Enhancement was found
from the first day onwards and treatedrmice died with slightly
higher visble counts than untreated mice and at an earlier time,
vThe individual counte were very closely grouped at each time
interval studled, whieh probebly indioates that any response
of the mouse to infection with a high virulence ‘strain has
-been 1arge1y inhibited.:‘ |

Baron and Abelson (195&) showed that cortisone was a
normal'constituent of the cerebrospinal fluid (c.s.f.) of
humans and Abelson et al. (1955) and Christy and Fichman (1961)
‘found that the concentration of cortisone in the c.s.f. had
1ncreased by 10 times Ly hours after the oral administration of}.

cortisone acetate.
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DebDuve et al. (1953) first described lysosomes and meny
workers (Wolf et al., 19&3;‘ Naidoo and Pratt, 1951; Becker
et _al., 1960) showed that ependymal cells contained a great
many 1yéosomes which tended to be more numerous in the apical
halves bf the cells, Although most of these studies were
made on the rat brain, a similar situation was shown to exist
in the mouse brain (Wolf et al., 19#3).

Fell (1962) and Welssmen (196L) both showed that
. hydrocortisone stabilised the lysosome membrane preventing
reieése‘of‘the enzymes. ‘Welssman and Thomés (1963) and
‘Welssman et al. (1963) demonstrated the labilising action of
vitamin A and streptolysins O and 8 on lysosome membranes. |

Similarly, Becker and Sutton (1963) ana Sutton (1965).f6ﬁnd
that vitamin A 1ncreaaed the number and polaris ation of
1ysosomes in,the chorold plexus and suggested that lysosomes
‘probably participated in the formation of the c.s.f. | |

Weissman and Thomas (1962) demonstrated that endotoxin
increased the 1abilisation of lysosomes and that cortisone
prevented subsequent release of enzymes. Ir the‘enzymes_ ‘
-were bactericidal for gb_ly;gggggig release would lead to an
eradication of infection. . , |

It has been shown that small challenge doses of the low
“:,virulence‘strains multiply in the mouse foernly 2L to}hB hours
' and 1t was suggested that the reason for this wes that the

-release of enzymes had been stimulated by endotoxin and had
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killed the low virulence strains. High‘virulence strains
either did not stimulate release of enzymes or were not
sueeeptible to their bactericidal action. Cortisone enhanced
infection by preventing the release of the enzymes.

I vitamin A and streptolyein 0 stimulatea the release
of enzymes, pretreatment of the brains with these compounds
should make the brains uninfectable with ﬂhe low virulence »
| strains. When these experiments were attempted a‘etimulation
and not an early eradication of 1nfeetion was found, contrary ‘
to expectation (Fige. 20, 21, 22),

| In view of this, it was decided to measure the free and
total amounta of four enzymes in ﬂhe mouse brain during
infection (Tables 10, 11, 12). No,significant increase in
~the amounts of free or totalveazymeslwae found for any strain
| tested{e }_ | o - ,'

No increase in the'ameuht‘Of free enzymes was found on

treatment with vitamin A or strepﬁolysih'o and cdrtisone did
not seem to veduce the free amount (Table 13). Berenbaum et al.
(1960), Iida et et al. and T have found in the mouse brain that
- bacterial multiplication was restricted to the surface of the
ependyma but the enzyme meaeurements were'made'on whole Srains.
'If there was a release of a qnantity of‘enz&mes into the c.s.f.
from the ependyma only, this may not be detected in ﬁheee
determinations due to dilution by the whole brain. .

Another action of cortisone is that it reduees the amount



,’of-héemolytic complement in male and female mice (Carén and
Roéenberg; 1966).' In view of the earlier results with‘
bactericidal cbmplement,‘this-aqtion of cortisone was not
thdﬁght to be lmportént here., The enhénéing éffects on

1 infection of cortisone, vitamin A and streptolysin O were not

yeﬁ clear but Iida et al. (1963) showed that cortisone reduced

thé amount of circulatiﬁg leucocytes for two or three days
after tréatment and strepﬁolysin‘o is known to be lethalvfor
polymorphonuclear 1euéocytess |

| Another method knovn to reduce the number of circulating
- 1eucocyfes is sublethal doses of X—irradiation (Bacq and
Alexander, 1961)« | |

- Inmy experiments a dose of LOO R was found not to be
lethal for mice and it reduced the number of circulating
- leucocytes to approximately one»tenth of the normal value
V(Table 14)s  When only the body was irradiated; with head.
l-protected; there was no enhancement of infection (Fig, 23).
 Both Berenbaum et al. (1960) and Iida et al. (1962) failed to
find letcdcytes in the brains of miCelinfected with a high
virulence strain until the visble count was in excess of'106
‘organisms. Similarly, only an occasional polymorphonuclear
leucocyte was found in sections taken from brains infected with
 1ow virulence strains.

' From this‘ evidence it was concluded that polymorphonuclear
‘leucocytes were not important in determining the course of
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infection of low virulence strains of B, pertugsig;

' However, when the heads end bodies, or heads alone, were
fekncsed‘tO'irrqaiation doses as low as LOO R significantly |
‘enhencea infeﬁtian.'

?hen heads vwere irradiated three ﬁays prior to challenge,
thelinfection was enhanced by irradlation doses of 4OO R and
1000 R (Fig. 24). 1000 R irradiation was slightly more
efféctivevthan LOO R irradiation end this was confirmed in an
'experiment vhen the ﬁuMber of deaths was recorded (Table 15);
1000 R irradiation réaulted in ayproximafely 25 w 305 more
‘deaths from infection ﬁhan dia 400 R irresdiation, |
|  'Fhen the time interval between irradietion and éhallenge
was extended from 3 days to 3 weeka 1nfectian af'ter 1000 R
irradiation was again enhanced nore than the infection after LOoO R
1rrad1ation.' There were some signs of recoveny in the terminsal
 stages of 1nfeetion after 10O R 1rradiation (Fig. 25).

Thia was confirmed when the time 1ntarva1 between
_irradiation and challenge was extended to lﬁ we&ks. Again, - the
‘iﬁfectian in 1000 R irradiated mice was markedly enhanced while
'the~infactioﬂ in the 40O R irradiated miece was only transiéntly"
enhanceﬁ and 21l these mice recoverea from infection (Fig. 26),

- Thus it seemed that irradiation of the head alone was

"sufficient to enhance;ihrection of low virulence strains of

B. pe rtussis.
R prewell and Wright (1967) showed that with doses of 200 -
1&00 R the cerebral'glial reactiun"to injury was,diminiahed end
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seemed fo be independent of the time between irradiation and
‘injurv.f‘,Tﬁey-suggeSted that radiation damage was “stored
up” and:whén'ﬂhe cells‘were'stimulated to'divide'they eifberv
failed‘tO‘divide or died. It was suggeéted that the
majdrityiof microglial'cells were damaged with doses as low
as 600 R but doses greater than this were needed to damage.
other cells e‘g. astrocytes and oligcdendrocytesv(Hopewell Q'
personal commnication). ' '

Examination pf‘haématoxylih and eosin stained sections
‘showéd that infections with'low virulence strains of

pertussis in normal brains stimulated the division of

many cells indicated by the number of mitotic figures seen.
As early as 6lhours after challenge many-mltotlc figures
wére seen (Photograph L) and clumps of dells, probably
,microglial‘cells, werelfound in the ventricles (Photogréph 5)e
A similar reaction was found in response to a high virulence
strain (Photograph 7). In the lrradiated group of mice
challenged with a low'#iruleﬁce strain mitotic'figures were
present, SGme'of:which showed sbnormalities typical of
rédiation damage eﬂg. micronucleated cells (Photographs 9, 10),
anaﬁhasé bridgé (Photograph 11) and chromosome material left
“out of the division (Photograph 13)e - Mitotic figureslseen
in the ventricles suggested that these cells were mdbile.

Konigsmark and Sidman (1963) suggested that brain.

macrophages were haematcgenous in origin.but autqradiographic_l-
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- gtudles confirmed the ébove thesis that they were of local
origin. |

- In the sutoradiographic studies cells were labelled
quite a digtance from the ventricies'(Photograph 18) whilst‘
 other cells thch appeared to be in’the ventricle were :
highly labelled (Photograph 20).

| Some vorkers (Messier et al. 1958, Bryans, 1959, Altman,
‘ 1963) have suggested that the subependymal 1ayer, a source of
_newcells, exists well into the adult 1ife of rats and mice
and that mitotic figures are evident under apparently normal
conditions, However, a majority of thgse divisions occur
Ain the ventriculér region of the fore~brain and our sections
were taken‘from the mid-brain where‘thevsubépendymal layer is-
rare or absent.

It is my hypothesis that both high and 1ow virulence
strains of B. gertussi stimnlate the divislon of neuroglial
célié and the migration of these cells to the site of
" 1nfec£idn. These neuroglial célls,.prbbably microglial
cells, are able to phagocytose and ki1l the low virulence
"strains but not the high virulence strains. The high
virulence strains owe their virﬁience to the property by which |
they are able to resist killing by neuroglial cells, in ﬁhe“v
2 or 3 days after challenge, and by polymorphonuclear leucocytes-
in the ‘terminal stages of infection., .

The inféctionvwith low virulence strains is enhanced by
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~oirradiation damage, cortisone, vitamin A and streptolysin-o
. because they inhibit normal cell division and migration of
. cells,  A . | 7
Evidence for>this effect of cortisone was provided by
several Workeré (Foley, ét"al-, 19535'oFie1d, 1957 and
Clemente, 1958) who all showed that cortisone reduced
phagocytosis and microglial cell migration around cerebral
cortex brain lesions. N ,

- 8imilarly Langman and Welch (1966, 1967) showed that the
treatment of mice and rats with large doses of vitamin A
- Interfered with cell divisions resulting in the appearance
of many abnormal cell types.

Streptolysin—o which destroys 1eucocytes nay have the
same effect on brain cells. | |

The site of multiplication of both high and low virulence
strains seems to be 1dentical, the ependyma (Photographs 22,

2% gnd 2h) An intense leucocytlic infiltration was seen in
the terminsl stages of infection with a high virulence strain
(Photographs~8,22).and with a low virulence strain in |
irradiated brains (Photographs 15, 23)

The work on the response of the normal mouse to
‘infections was extended to determine the response in passively
and actively 1mmunised mice and in mice challengea with immune
serum organism mixtures as described by Dr. Spasojevic

(Spasojevice, 1962).
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~  The course of infection of high virulence strains in
aétively and paésivelyvimmunised mice has been Qell)documented'
‘as shown earliérQ All were agreed that eradication of
infectidn d1d not occur until damage to the blood brain
_ barrier was obtained with an intracerebral viable count of
approximately 106 organlsms. Thé mode of ergdiecation was not
‘determined. - | |
In the experiments described in this thesis mice were
- actively 1mmunised,‘irradiated to either body alone, or head
“alone 1k daysllater and challenged 3‘days.after irradiation
~ with a high virulence strain. When the number of sﬁrvivdrs
- was comﬁéred with an unirradiated group of micer(Table.18) 1t
was found that head 1rfédiation made little difference to the
number of surviving ﬁice. ;This‘iack of effect on the‘humber
of‘micelsurviving,head irradiagtion in immune mi¢e was confirmed‘
vhen actively immﬁniéed mice and normal mice were irpadiated
~and challenged with the same dose of a low virulence’strain.
Ifradiation and challenge of the normal mice resulted in the
death of most of the mice as expectéd from results describedl
'earlier but when these irradiated mice had been immunised only
2 of 23 mice dled (Table 19). Thus although head irradiation
had enhanced the low virulence strain infection, most {mmune
;mice’survived‘which indicated that phagocytic cells of local
v'brain origin were of 1ittle'1mportance'in active immunity,
whereas'cells of haematogenous’origin were very important.

Similarly vhen mice were passively immunised irradiation of
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the body alone reduced the number of surviving mice (Téblé 17).
Irradiation of the head dld not alter the number of survivors.

‘ N Thus it geems that the 1mportant cell in the immune |
monsevis‘probabi& the polymorphohuclear leucocyte and.that :

. this cell in combination of antibody is capable of
phagocytosing aﬁd.killing high virulence strains of _

B, pertussis. Iida et al. (1963, 1966) showed that cortisone
neutrélised both active and pessive immunity to B. gertuésié
 but COﬁtrary to their expectations found a normsl emount of \
leucocytes and antiserum in the ventricles though the organlsms
geemed to remain attached to the ependyma. A possible
explanation of this action of cortisone is that it has

depleted complement (Caren and Rosenberg, 1966)'or prevented
the release of small amounts of 1ysosomal enzymes which may

be necessary for the detachment of organisms from the

ependymsa « ‘

The mein prerequisite for the eliminatlon of organisms
geemed to be. the avail&bility of specific antibody and this
was not aveilable until damage to the blood brain barrier
occurred, However, vhen lmmune serum was suprainoculated
"intracerébrally one day after infection, a high proportion of
survivors was recorded and it was found that the bacterial
: counﬁ decreased immediately after injection of the serum.

Tt seemed, therefore, that aithdugh in the immune mouse both

antibody-énd leucocytes were present when the count reached
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106 organisms_there might be snother method for the .
eiimination of organiams, _

o Then the'course‘of infection with immune serum-organism
"mixtureS‘was determined it was found that the 1nfectioﬁ in
the surviving mice was eradicated within 2L hours of
challenge (Figs. 28, 29). It has been shown earlier that
1eucocytes‘wefe not present in.the brain at this time and
- the results of expériments with mice deficient in the C'5
component}of'complement suggested that the bacteficidal
~action'of comp1ement and antibody Was not important in the
immuné‘mouSe (Téble 2h)s It was also found that when
,thesé immune serum mixtures were injected,into cortisone
treéted mice‘(TableLZB)'the number of sur#ivors was signifi-
cantly lower than in the control groupé.‘

| From the earlief'resuits it was fouﬁa that these two
‘types of ﬁreatment'interferéd with the division and migration
of neuroglial cells, It seems probable therefore that in |
mice‘challenged.with immune serum-organism mixtures eradication
of organiams is by neuroglial cells and that pretreatment
either by cortisone or irradiation prevents this eradication
‘resulting ih the death of the mice from infection.

This explanation of the action of cortisone will also

account for the neutralisation by this drug of the moduiating
effect of growth on various media (Section 5.5).

' The brain seems more able to deal with challenges of
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‘immne serum and low virulence strains than it does with
immune serum and high virulence strains, | |

There seemed to be a higher number of mice sﬁrViving o
chéllenge mixtures of immune serum vith 2-Atox and G353 than
with 18/323,v This difference méy-be accounted for by the
féct that oniy viable organisms were considered in the
mixtures snd as both G353 and 2-Atox are LO% viable whereas
18/323 is only 10% viable there are L times as many organlsms,
live and dead, in the 18/323 mixtures as in mixtureé vith
G353 and 2-Atox. . Thus there ls more antiserum per orgéniém
with the latter strains which may give rise to a greater

opsonization and thus s greater survival rate.
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11, Conclusions

;; ‘ Strains of Bordetella pertussis were found to £all in
one or other of 2 categories when tested by the intracerebral
.injection of mice, Some strains were of high_virulence,
‘soﬁe of low virulence. | _
2. The eite of\multipliCation in the‘brain, with both types
- of strains, was shown to be the ciliated 1ining of the
'.ventricles, the ependyma. |
»‘1& .‘mhs courses of‘infection for doses of 5 x 103 viab1e
'orgéniéms<of,the 3‘h1gh]viru1¢nce strains fested.were'very
simiiar,td‘eaoh‘other.» Thefe‘was a pause in thé_multiplica-”
~ tion offstfain G353ibetweén'the-thira-and fourth days of
infection not found with the virulent strains 18/323 and
2-Atox. | o | | ' | _
QA The courses of 1nfection of the 3 low virulence strains
tested Were also very similar to each.other. Challenge
doses smaller than 105 viable organisms gave rise to a transient
infection lasting b to 5 days. Doses between 10° and 10°*7
- resulted in an infection of 8 or more days' duration but few
 mice died. Doses greater than 10%*7 resulted in the death
,cf‘most‘hice'in'Q to 3 days with terminai #iablé counts of
7 - 168 organisms‘ .“This'count was very similar to that
found in the brains of mice dying from infection with a high

virulence strain.
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5a Approximately 90% of the challeﬁge dose was lost within

1 hour regardless of strailn, chéllenge gize or dhailenge
volume. :This loss of organisms was probably due to washback
along the needle ﬁrack.}

6. The decreaéé in number of organisms after the second day ‘
of 1nféc£ion with small.doses of low virulence'strains was-
not due to modulation of the organisms, | |

7. The low virulence strains are less sensitive to the
bactericidal action of complement than high virulence strains.
‘ Infecfion with low virulence strains was, howéver, not enhanced
in mice 1a¢king the 0‘5 component of complement.

8., The LD5° of the high vimlence strains G353 and 2—Atox,
but not of 18/323,,cou1d be increased‘by growth of these
organishs>either on a medium with high.magnésium content at
3h°0 ér on BQrdét-Gengdu medium at 2500. "When_fhese‘orgéniéms
were injectéd 1ntraéefébrally into the micé;‘the brains of |
surviving snimals were ‘sterile 2l hours after challenge.

9. VWhen mice were challenged wlth a 1ow virulence strain and
were rechallenged Lt days,latgr with the same low virulence
strain, no ihcfease in the viable count'was detected and many
mice had sterile brains 2 days after rechallenge.

0. However, when the brains were reinfected with a high
virulence strain the course of infection was little different
from that in the control mice infected with the high virulence

strain.
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11. When mice infected with a low virulence strain were
rechallenged at the peak of an infection by & high virulence
strain meny mice survived. Thie'wes thought to be due to
‘interference immnity sinmlilar to thet described by Evans and
Perkins (195u'b) . | |

12, It is suggested that this type of interference immunity
ig due to competition for fixation sites on the ciliated lining
of the ependyma. | |

k.;j& It was also shown that preinfection with vaccinla virus

or influenza virus increased the resistance of the brain to

"infection with high virulence strains of B.«gertuesis.'

 of 10

Histological evidence suggests that this was not due to

‘ destructiqn of the ependymal cells¢ It 1s probable that this
egain is due to competition for“fixetion sites or destruction
of these sitee by these two viruses, |

- ik, Treatment of the mice with cortisone acetate subcutan—
eously prior to challenge greatly enhanced the infection of
low virulence strains, mice dying with terminal viable counts
7. 108 bacteria; , -
132:‘ The same cortisone treatment_aleoyenhanced infectien with
high virulenceestraiﬁs, the\mice’dying at an earlier time with
‘slightly higher terminal bacterial counts. o

16, Pretreatment of the mice intracerebrally with elther
vitamin A or streptolysin-0 also enhaneed infection with low

virulence strains.
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';1. Neither high nor low virulence strains seemed to
stimilate the release of large amounts of lysosomal enzyﬂes iﬁ
the brain.

18. Prior irradlation of the head, with the body shielded,
with doses as low as LOO R was sufficient to enhance greatly
infections with low virulence strains,. Enhancement of
1nfection was still evident in mice receiving 1000 R to thelr
heads 12 weeks before challenge,

19, Suppression of the circulating white blood cells by
radiation did not enhance infection.

20. Histological evidence suggests that infections with
B..pertussis'stimulates,neuroglial cells to divide but that
after radlation they eilther fall to do so or die. |

2. It is suggested that the neuroglial cells invol#ed are
prdbébly the microg1ia1 cells and that these cells migrate to
the infected'sites; are able‘to phagocytose and kill the low
virulence,strains but not the high virulence strains. There
is an intense leucocytic infiltration in the terminal stages
of infection due to high virulénce gatrains and in infection
with low virulence strains in irradiated mice. It is
probable therefore that both types of strain are able to
resist killing by leucocytes.

22, The infection-enhancing effect of cortisone could be
due to an.ability‘to reduce phagocytosis and migration of

neuroglisl cells in brain lesions,



- 255 -

23.. The 91milar‘effects of vitamin A are probably due to
its abllity to cause abnormal cell divislons in the brain.
The reasons fdr fhe infection~enhancing effect of
streptolysin—ﬁ is not clear though they may be similar to
vthcse for vitamin A, |
2b, Irradiation of the head did not affect the survival rate
of éctively and passively immunised mice but irradiation to
the body, with the head shielded, significantly reduced the
" number of surviving:mice. It is suggested that in the immune
" mouse bacteria are killed by polymprphohﬁclear leucocytes in
combination with éntibody and possibly complemeﬁt. )
gﬁA When incubated mixtures of‘immune serumrand organisms
were injected intracerebrally, many bf the mice yielded only
" a few bacteria from the brain ol hours after challenge., The
B pr0portion with sterile brains did not increase after this
- time. |
gg&, When these mixtures were injected into miée treated
with cortisone acetate only a few mice sufvived; It is
suggéstéd that cortisone prevents the migration of the
"'ﬁicroglial*cells which wduld'ctherwise héVe phagdcytosed ahd
killed.the bacteria, and that the.mice coﬁseQuently die from
'infection. |
27, Cortlsone probably enhances infection with modulated

organisms by the same mechanism.
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