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IAN D ATTEEN

TInmunological Studies in the Domestic Fowl
. tazth particular reference to immunological
Co : unres, ponsiveness - :

ABSTRACT

Imnunological unresponsiveness to soluble protein antigens

has been studied in the domestic fowl using bovine gamma gilobul in
(BGG) and bovine serwn albumin (BS4). o

(SECTION C)

Because the serologicoal behaviour of chicken precipitating

- antibody dszer's markedly Srom that of typical mammal i tan antibody,

it was necessary to undertake a preliminary mvestz.gatzon of the
chicken anti=BS4 and anti=BGG precipitin systems_. Both systems
were studied -by carrying out quantitative precipitin tests and
enalysing the prectpwai:es Jor total N and antigen M. Use of _ ;
13lf-trace-labelled antzgen in these tests made it posszble to extend
the analyses into the region of conszderable antigen excess. ey
(i) Neither system: exhibited a well defined peak of maxzmal
precwwatwn but produced a broad plateau over that region. . ‘
(i1) No true equivalence point could be established jor: in :“:3;_‘
moderate antibody excess preczmtat ion of antigen was incomplete. :
(iii) The ﬁeéul_iarities of Qliicisen antisera raise analytical
difficulties that are most easily overcome by the use of labelled ‘

reag ents

(iv) A rcwwl method jor the determination of the precipitin
contenb of chicken antisera, using »31I—trace-l<zbelled antigen, is
descmbed It depends uper determination of the percentage of addei '

' cmtz.gen precz,pwa,ted at the point of maximal preczpwatwn.

Rt
.......



(sgcTron o) o |
Although the chicken is a ve‘r-y' good produca:{{ of ‘pT‘QCipitinS

_to native serum proteinsxthis imuﬁwlqgical abi’lity does not seem

to extend to- chemically altered anfigens. In two expemmenﬁs in

which chickens were zmmzmised with 3 d.z.fferent forms of - chemically

altered BS’4 onlJ feeble antibod v responses were elicited even a.fter :

3 mtravenous inj iections.

' (SZC.’Z’ION E)

To study immunological unrespansiveness to soluble protem
antigens both embr‘/os‘ and newly hatched chicks were injected with
varying amounits of BGG or BSA.  Only with difficulty was unresponsive-
ness induced, f]w best results being obtained by giving repeated doses
of large amounts ( 200 mg) of cmtigén during the first few weeks of ‘
Iife. [The results vemfy the geneml observations that the duration -
of wnresponsiveness. is finite and relcwed to the amount of antigen “

given in early life to induce it, and that mmi:e,_mnce of the
unresponsive stale depends upon peréi.stencé of antigen.

The greater difficultyteacpér_ienced in making chickens
unresponsivé to BSA compared to the rabbit and mouse appecrs to be
directly related to the very rapid elimination of BSA by the chicken. - .

The need Jjor j‘urther quantztai:we studies. of zmresponsweness
is stressed and @ method, - that LS conszdered suitable for the
mea.surement of a standard degree of unresponsweness ie proposed. .

The chicken is suggested as a useﬁd experimental amml Jor the i;ype "
of quantwatwe stud,y enmsa.ged




(.s:a’cﬂom F) A

» " The effecz& of a CJtO‘c‘;O&bLO drug, G=mercoptopurine on preczpwm
production in the adult fowl, was investigated., IThis purine analogue
has been teporte‘c:ir:é:apable of causing o complete specific suppression of
antibody response’ to BIA in the rabbit if given as dally doses during
Vperwd of pmzmr./ immunisation, Even ‘when the drug was admni.s-‘bered

- at a .Zevel three times as grea,t as that knoun to be effective in rabbats
the antz,bodJ productwn of trea.i:ed birds was equal to tha‘b of untreoted
. conbols. The failure of 6~MP to suppress antibody formation in the

, chicken may be due Lo - the parbz.cularly vigorous production of preczpzmns
Dby this species or. to a.more rapid cotabolism and excretion of the drug
| by'tﬁe Jowl. L '
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l. The immunological inertness of the young animal

It is one of the natural phenomena of immunology
“that the newborn and young of moét animal spécies do not
ﬁossess a well developed immunological faéulty“énd that
following stimulation with a material known to be antigenic
for the mature individual, they do not produce antibodies
or, at best, give only a feeble response (Freund, 1930;
Wolfe & Dilks, 1948; Burnet & Fenner, 1949; E£dsall, 1953),
-As the young animal matures so also does its ability to give
~an antibody response. The time takeh to achieve full
lmmuno|0q|ca! Peactrv;ty varles with the species of animal
and with the ¢riteria used to assess the magnitude of the

i mmune Pesponse L

A samllar non~react|v1ty is also observed in the
embryo. For example, Grasset (|929) Welnberg & Guelin
(|936) and Burnet (|94l) were unable to demonstrate an
i mmune: reronse in young ch!ckens that had been"immunised"
during embryonlc Life, ahd ‘experimental embryologists have
for years been exchangfng tissue grafts between embryos with
relative impunity (Danforth & Foster, 1929; Eastlick, 1941 ¢
Rawles, |948).::*Such{tissue transplants generally failed
to excite the ”inéompatabiIity"‘ﬁeaction observed in mature
animals and Freddently survived for considerable periods of

time, whereas in adult animals they would have died within
10 = 14 dayss -

Thus, it was accepted that foetal mammals, chick
embryos and young animals generally were not capable of a
‘normal immune responsey Their complete or partial in-
difference to antigen was regarded as being a consequence
of the immaturity of the antibody~forming system, Apart

from these purely qualitative observations there was a




dearth of information about the sequential development of

anfibodylforming capacities in different species.

2. Naturaf erythrocyte chimerism

The first indication that the mere indifference of
the young animal to antigen was only part of the story
came from thé‘observations of workers who were studying
the inheritance of blood groups in cattle (Owen, 1945;
Owen, Davis & Morgan, 1946). They noted that twin cattle
showed identical blood groups more often than would have
been expected from the estimated frequency of identical
twinning. 1t had long been known that in bovine twins,
anastomosis of placental blood vessels is a common
0ccurrence;lso it would not have been unreasonable to expect
some degree of red blood cell admixture in young calves, due
to an embryonic exchange of circulating red cells, always
aséuﬁingqthat the youﬁg animals were incapable of destroying
the Fohpign:cefis by the normal immunological mechanisms,
In such 6ircumstances the duality of blood groupings would
have disappeared in the. first few weeks of |ife with the
<expiry_6F,tHé natural life span of the red cell or due to ’
the developﬁent of an immune response by the host, However,
the startllng Fact revealed by Owen and col leagues was that
even when 2 years old these twin cattle still possessed
two qenetlcally distinct types of red blood cells, usually"
“but not always,‘nn approxrmatefy SQ.SO amounts. The
’existencé of suchlquantifati?ely stable erythrocyte
mixtures in'aault animals made it evident that the effective
- exchange between the embryos had been of potentially
haemopoietic cells that had undergone a natural
transpiantatlonx

K The ‘adaptive enzyme’ theory of antibody formation
~and the ‘self-marker’ concept..

No general significance was read into Owen’s



observations until Burnet and Fenner in 1949 pr0p6unded

their ‘adaptive enzyme’ theory of antibody productlon.
H‘Accordlng to their lnterpretation of the immune response,
cells of the ret1gu|o~endothel|a|~system were held to possess
'a#hropriafe'enzymic machinery for the breakdown and disposal
oF effete and damaged body cells as part of their normal
Functlon.A Foreign organic matter was dealt with by the same
cells but a change in the specificity of the enzymic system
wasirequired before removal of the foreign matter could be
effected. To‘meet this requirement the en#yhes had to adapt
themselves to their new substrates. Serum=-borne. antibodies
of the convent:onal type were considered to be replicas of
the speanncaIiy ‘modified intracellular enzyme system carrying
the antlgen~adsorpt|ve pattern, but lacking enzymlc activity,
s0 that. they could comblne wtth but not degrade, the antigen.

To explaln why an anlmal does not produce antibodies

to !ts own tlssue ant:gens Burnet and Fenner introduced a

selemarker' concept ‘that sndlrectly provided the stimulus .
For much of the outstandlng research on lmmunoIOQIcal
#olerance’. They postulated the existence of a small number
of self-marker components in expendable body cells by which
they could be recognised as’ autologous by the body’s
‘ macrophage system. , Recognltlon of selepattern was possible
only durlng embryOnrc or |mmed|ately post-embroyonic stages and
recognit}On resulted in the elaboration of an intracellular
enzyme system for dealing with the particular pattern
recognised. The freshly established enzymic pattern became
part of the inheritable structure of the cell and was ..
tranémitted to successive generations. Once the animal
-assumed an independent existence the ability to establish
further intracellularlenzyme systems terminated and from
then onwards, under norMalciréumstances, all new matter
was regarded as foreign and was dealt with'by adaptation of
existing enzyme systems and eventual antibody formation.



- In formulating the part of their theory that dealt
with the limitation of the self-recognition period to
embryonic |ife, Burnet and Fenner had been much influenced
by the work of Owen relating to natural erythrocyte
chimeras in dizygotic cattle twins, and by Traub’s studies
of lymphocytic choriomeningitis in mice, particularly his
("obqervatlons_that young mice infected wlth virus in utero,
and carrying the infection into adulthood, possessed neither
neutralising nor complement=fixing antibodies (Traub, 1939),
On the basis of these two sets of observat:ons and as an
integral part OF their: qeneral hypothesis, Burnet and Fenner
postulated 3
(1) “that lf genetlcally foreign cells were introduced
' into an embryo, and became established, they would
not evoke an antibody response when the animal
be came immunclogical ly mature,

{(11) that generalised ihtra—uteﬁihe:infection of an
embryo with a pathogenic micro=organism would
preclude the adult animal from forming antibody
to the same organism. i

These two theoretical ideas were well suited for testing
the validlty of the hypothesns by direct. experiment.
Concerning the. consequences oF prenatal infection there
~already existed cehtayn.rejeyant evidence. . Grasset (1929)
~had injected dipﬁtheriéi£o£6id into dévelbpfhg eggs but had
failed to confer |mmun|ty in this way. “Burhét'himself in
1941 working wlth lnFluenza v;rus, had inoculated living
virus into ch!ck embryos and been unable to.demonstrate
antlbodtes |n the hatched chtcks.‘ Non—lethal lnFectlon
of chick embryos with yellow fever virus resulted in
antibody Formatlon only - :n those chicks which retained
circulating virus at the tlme of hatchlnq (Fox & Laemmert,

1947). Comparable results were tha{ned with influenza



virus in the work of Burnet and Stone (see Burnet &

Fenner 1949: Burnet, Stone & Edney, 1950) but when

hatched chicks were again given»an injection of virus

they responded. normally. There was a similar absence

of effect on subsequent immune response when non~infectious
antigens, bacteriophage and mammalian red cells, were used
for embryo injections. Whereas these findings did not
fully substantiate their theory of the consequences of
embryontc exposure to ant:gen Burnet and Fenner were of
the opinion that their main implication was that modification
of lmmunologlcal reactivity could not be reproduced by the
mere presence oF antigen in the embryo.

4. Expevlmenta{ erythrocyte chimerism

Besides Owen’s description of the bovine red blood
cell chimeras, there came to light rarer instances of the
same natural phenomenon in two other species, the sheep
(%tdrhbnf Weir and Lane, 1953), and man (ﬁunéFoﬁH, Bowley,
Hutch:son Thompscn Sanger and Pace, [953). In addition,
a number’ oF ‘successful attempts were made by Owen and other
workers to reproduce expervmentally in laboratory animals

“the type oF erythrocyte mosaicism seen in nature.

| Owen (see 0wen, !956) placed pairs of young rats in
:parab:OSIs ‘and the partners developed intermixtures of
cxrculatlng red ce!!s WIthin 40 ‘hours, though the exchanged
cells did not surv:ve lpng once the partners were separated.
On the other hand the intravenous injection of rat ‘Foetuses
w1th homo!l ogous foetal liver and spleen cells established
an erythrocyte mosaicism that-pérsisted for at least several
months. Parablos:s was also the tool adopted by the Czech
worker, Hasek, who devised a method for Fusing the

chorioal lantoic vessels of avian embryos, the parabionts

separating at the time of hatching. Using this technique




Qﬁﬁween birds of the same spééfes_persistent red cell

mixtures were obtained (Hasék,”l953) A similar
observation was made by Billingham, Brent and Medawar (l956a)
after experimental parabiosis in chickens. Too, it was

found that even after chimerism had disappeared there often
remained an inhibition of the formation oF‘isoaggiutinins
(Hasek, 1953). Interspecific parabiosis of avian embryos
.did not result in "erythrocyte chimerism with the exception
of one case reported by Hasek (1956) in which a chicken
retained significant amounts of turkey red cells up to the
8th week after hatching.

Other investigators, working with heterologous red
cells, used the less elaborate technique of intravenous
injection of embryos or neonatal animals. While their
experiments never resulted in chimerism they were often able
to suppress agglutinin formation. Slmonsen managed to
depress the immune response of chickens to human 07 cells
(1956) and to turkey but not to goose erythrocytes (l955) by
giving the corresponding cells before hatching. Such- suppress-
ion of response was evident when the chicks were 0 weeks old
but had disappeared by the time they were 12 weeks of age.
Owen (1956) found a similar tendency for a depression and
delay of specific antibody formation in chickens, rats,
and rabbits that had been Jiven injections of human 07
_blood wsthln a day or two of hatching and birth. Working
with a varlety of gvian species and using different
interspecific combinations, Hasek (1956) was able to
demonstrate a suppression of agglutinin formation only in
the case of ducks injected with goose blood. Unlike
Simonsen. (1955) he did not obtain evidence of suppression

of the immune response of chickens to turkey blood. Failure



to demonstrate audepvgssion 0thésb0nse was al so recorded
by Ambr&sfand‘péjfeaéué§~(Ambrus, J.L., Ambrus, C.M.,

- Johnson, Back, Packman, Chernick & Harrison, 1955) who
injected 6-day chick embryos with rabbit red cells, and
by Bauer, Peckham and Osler (1956) who gave sheep red cells
to rat foetuses on the |5th day of gestation, but these
latter workers did obtain a significant reduction of

antibody response in rats injected just after birth.

His many experiments with sevgralJavian specfes enabled
Hasek to make the following generalisations with reépect to
the éxperimenta! suppression of immunological reactivity to
foreign erythrocytes »

(1) The greater the taxonomic relationship between
donor and recipient species the more readily is
suppression achieved.

(11) Embryonic parabiosis causes a much greater'degree

4 of suppbession than a single intra—eﬁbryonic

injection,

(111) It is easier to induce suppression in some species
' than in others.

5. Tolerance in relation to homografts.

The various research activities described above were
essentially designed to follow up Owen‘s.originél description
of erythrocyte chimerism in dizygotic cattle twins as a
consequence of placental vascular anastomosis (Owen, 1945)
and the theoretical concept of immunological tolerance
elaborated by Burnet and Fenner (1949). On the basis of
the red blood cell studies of Owen (1956) in rats and of
Hasek (1953) - in chickens it seemed reasonable to assume that
tolerance of homologous erythrocytes could be achieved in
these species. With heterologous red cell systems on the

other hand, experimental evidence did not support the idea



that the introduction of foreign erythroéytes into embryos
or young . animals could establish a true tolerance to these
cells, a hope which had been expressed by Burnet and

" Fenner (1949), though it did seem reasonably clear that
neonatal injection of this type could have conspicuous
inhibitory effects on later immune response to the same

type of erythrocytes..

The most penetrating and critical analysis of the
phenomenon of tolerance came not From'such:studies with
red cell systems but from the field of tissue homografting

"and that by a rather fortuitous circumstance.

" The futility of transplanting tissue grafts (e.g. skin)
from one individual of a species to another was well known
(cf. Medawar, 1946).  Though such a graft might appear to
Iive:healthily for a shortAbériod,‘it.was ?nevitably

sloughed after 10 - |4 days, the reaction being mediated
.by an immune response to the individual! specific antigens

of the donor tissue.. Ohly‘iﬁ:the case of identical twins,
between whiéh-no_genetic difference existed, could homografts
remain viable. Because of their intimate association with
_Homograft'reseaﬁch, Medawar and colleagues were requested
to devise a Foolproof method of distinguishing monozygotic
from dizygotic cattle twins. In attempting to do this they
made the startling discovery that most dizygotic cattle
twins would édcept skinlgrafts from each other, but would
reject skin from a third individual in the usual fashion
(Anderson, Bi||ingham,iLampéin and Medawar, 1951). ‘Although
it was not possible to distinguish between the two kinds of
twins by skin(gra?ting téghhiayés; it was apparent that the
failure of«hohograft.réjécffoﬁ‘by,dfzygotic cattle twins

rested on the same principles as the erythrocyte chimerism



“described -by Owen, énd that'anAéﬁperimentai method was
avai lable for |nduCIng adult animals to accept tissue
~‘homograFts by renderlng them chimeric with their eventual
. graft donors. After recourse. to experiment this was
.successfully achleved in mice and chickens by the
'respectlve anectlon OF Feotuses and embryos with donor
tissue cells (Rlll:ngham Brent and Medawar, 1953), the
accomplishmant marklng ‘a significant step Forward ‘both in
~-the study of tissue homograftlng and in :nvestlgatlons |

1'relevant to |mmuno|og|cal non~reactav1tyn

,<App||cat§0n of this neW'experlmental tool to tissue
JhOquraFt reséarch focussed considerable attention on the
phenomenon oF tolerance and. produced much of the evidence
relatlnq to ks eesentlal nature; Outstandlng in this
respect has been the work of Bl!llngham, Brent and Medawar
who were- Iargely responsnble for Formulattng the
characterlstlcs of tolerance (see Billingham, Brent and
Medawar, |956b9 The term tmmunoIancal tolerance’ was
orlglnally couned by these workers ln the context of
tissue transpiatlon immunltyr" fhey expresqed their
deflnrtlon thus- ‘that mammals and birds never develop,
or ‘deve l op- only to a ||m|ted degree, the. power to react
lmmunologlcaily aga:nst foreign homologous tissue cells
to whlch they have been exposed suFFtclently early in
“foetal life’ ‘and becauqe the phenomenon is the exact
“|nverse of actlvely acquired !mmunlty they termed it

actlvely acqulred tolerance (B!lllngham( Brent and

»'Medawar, 1953)

Tolerance lﬁ relation to tissue grafting is a
p,speclalnsed and. technical subject that lies outwith the
3scope of thls thesns except in so Far as the principles
of tolerance and its mechanism of actlon SO careFu!ly
-analyse& by workers in this field; are applicable to

- related studles with soluble proteih antigens. The
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realisation of the importance of tolerance to transplantation
research, and the application to its various branches of
study oF"mefhods«for,the induction of 'actively acquired
tolerance"havéligd to such rapid and widespread developments
in this field of biological research that a specialist
journal ~ Thé Transplantation Bulletin - has been produced

to carry the n?wfénd valuable information that is coming

to light. | | | |

6. The characteristics of tolerance

The'chéréctéristics of immunological tolerance have
been well-delfneated by Billingham, Brent and Medawar (1956b)
and by Medawar (1956) and will be mentioned only briefly
here. : '

(1) The concept of tolerance is not‘conFined to the

) homograft reaction but is one that is generally
applicable in di fferent immunological systems,
representing a particular aberration of

“immunological résponses of all kinds.

(1) Tolerance shows true specificity in the

\ ;accepted~sen$e'thatjéh‘animal may become tolerant
of;ohé ﬁart}cular‘anfigen‘without prejudicing

fiﬁé power to respond normally ' to any other

» dhtiggn, ‘ { ‘

(i) Tolé&anéerﬁeﬁFesents-a central as opposed to

' pe#i%hefal failure of the immune response.

The state of tolerance, as.shown by persistence
'éfiéiﬁbmégraft,?éahibe té%ainated and the graft
rejected if the host animal is given an

injection of lymph node éells from a normal adult
animal of the same strain. That the passively

transferred cells are capable of undertaking an
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i&mune“§QSponse clearly demonstrates that in

a folepant animal there is. neither hindrance of
~access of antigeh to the seat of immunological
Cactivity nor any inhibitory effect on,ﬁhe

‘implementation of the immune response.

7. Biological implication of tolerance

-Tbierance, befng applicéblg to diverse immundlogica!
systems, naturally has many important repercussions and it is
- appropriate at this point to consider some of its ma_jor
-biologicai implfﬁéfioﬁs. The subject has been well covered
by a number of authors (eng. Biliingham, Brent and Medawar,
1956b; ~ Owen, l952? Chase, 1958) and is only briefly treated
here. s co

Ao . Mpghgr:Fgggpﬁ Lmﬂugolpglcal relattonsh“p It is
‘more cusual to consider the Foetus as a potential source of
ant|gen to the mother as, for example, in haemolytic
»_dlsease of the newborn but the reverse may apply and the
;Foetuq be 1nfluenced by ant!gens of maternal origins For
lnstance in humans a. Rh-negatlve foetus can . be Pendered

. at Ieast partly tolerant of the hh antigens derived From

'-_|ts Rh~p081t1ve mother, though not to a degree sufficient to

Malter the incidence of haemolytic disease amongst the

children of "tolerant’ Rh-negative mothers,: (Billingham, -
Brent and Medawar, 1956b; Ward, Walsh and Kooptzoof, 1957;
‘oalton, 1960).  Experimentally it is possible to induce in

non—susceptlble mice, a state of tolerance to certain tumours

by using the technlque of neonatai injection of living cells‘

" (see Iater, p;!S) and there is some evidence fhat a

.natural tumour homOQraFtlng of this type can occur in humans
as the result of transFer of melanomatous tumour cells. from

: otherlto foetus., In the same way the passive transmission
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From mother to Foetus oF Foretgn antigens of an lnFectnous
nature (bacterlal ant|qens, viruses) could have far

reachlng consequences.

B Negngtgl_|ﬂfgc§|gqg- \ Méhywinfecfious‘diéeéses
can be contracted at or near birth, and in the case of
species whoéévihmunoTogical,qapacity is still. not fully
.developed at this time-hgdﬁétélgdisease could conceivably
hamper the ability tO'veéiéfafhé same organism in later
life (see later, p-19). -

Cu ﬁugo:lmmgng reactions: N Burnet and Fenner (1949)
were the first to apprec;ate that the- Faalure of an animal
to react |mmunologlcally aqalnst its own body constituents
is a very. lmportant aspect of immunology, ‘and one that
reguires adequate explanatlonx .~ Their: ’selfwmarker’

concept was an attempt ‘to pvov:de Just this. That there
are known - ;nstances "of the body reacttng immunologically
against its own tissues does not’ dlsprove thelr ideas but
provides the exceptlons “fo prove “the rule;” for the tissues
“concerned in autOFJmmunelreactlons are essentially ones that
have formed aFtér;thé immunological system has stabilised
€agn spermatéioa, and to which no tolerance could have been
iﬁddéed Sor the'antiqéﬁs are"br0vided by materials that are
normaily |naccessuble to the centres of the immune response

e g. Iens prote:n, thyroglobulin (see Brent and Medawar 1959),

'Du I}gsge_hgmgggafﬁang: The tmpl;catlons of tolerance
for this field are obviousy -~ ' A[thouqh so widely explored

in laboratory animals there is no reason to doubt that the
pr!ncrple of to[erance applles equally to humans as chimerism
~does occur natura!!y in man (Dunsford Bowley, Hutchison,
'Thompson, Sanger and Race, |95?) . .Recent work on the type

- of ’speclfic unveSpOnstveness analogous to tolerance,
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that can be achieved with soluble antigens has fostered
- the hope that prolongation of the life of homografts
might be brought about'by means other than the injection
of living tissue cells, and has emphasised the need to
isolate and define the tissue antigens respon5|b¥e for
homograft immunity (Medawar |961) ’

8«  Forms of immunological non=reactivity other .
than _tolerance

The immunological tolerance described in considerable
detail by Medawar and his group tis ndt_the-oniy form of
immunological non-reactivity. There are several
descriptions of suppression of the immune response in
different immunological systems. Some of these are\
apparently analogous to immunological tolerance while
others seem to possess a different modus operandis  For
purposes of comparison it is desirable to deécrfbe;brieFly
the. various'other'manifestatidhs of immun61ogicél inertness
and to comment on their points of resemblance to or

difference from immunological tolerance.

— e ey waew e wiaen et e wewn e

) thlbltaon of ‘drug_allergy: One of the first
B observations of thls phenomenon'was made by
‘,Sulzberger (|929 1930) when studying the
sensut15|ng propertles of neoarsphenamtne.
intradermal ynJect[pns of 150 pg of the drug
~andwould devafop a delayed type hypersensitivity,
'but the Pesponse could be prevented if a prior
intravenous injection of the order of 6mg was
givens - In 1946 Chase found that he could
pfeqent, in guinea bigs, the delayed
hypersensitivity type of skin contact dermatitis

that follows the application of such chemical
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compounds as picryl chloride and 2:4-
dinitrOChlorobenzene, by feeding the compounds

to his experimental animals before exposing them
to skin contact. It was further shown by

Chase (1953, 1955) that the essential failure in
the immunological chain of events is a central

and sﬁecifio one x The inhibition of drug allergy
therefore closely resembles .immunological tolerance
for, as Medawar (|956) has pornted out, there is
no effective di fference between the two states

of unresponsiveness although the means by which

they are achleVed are very d!FFerent indeed,

(1) Ip&ogr_ggoEth gnhaﬂcgmgqt- Stralns of mice which
are able to resust the development of certain
mouse tumdurs can be rendered at least partially
suscepthle td“theqé‘tumours'if“they are treated
with a varlety of dead lyophll:sed tissue

‘ preparatlons in the period lmmedlately preceding
transplantatton. Thereafter the tumour will
enjoy an enhanced gr0wth in the prevnously non-
susceptible mice. This subject has been well
reviewed by Snell (l952), While the precise
mechanism of this phenomenon is in doubt, it
clearly differs from immunological tolerance in
that suppression of resistance to tumour growth
is achieved by treating young adult mice and not
Foétuseé or neonates. Medawar and associates
(Billingham, Brent & Medawar, 1956b) hold the view
that tumour enhancement represents a form of
afferent inhibition mediated by an inactivation
of transplantation antigens issuing from the

tumour tissue,
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(I!I) lmmuno|Qg|cal garaly31s- - This form of

lmmuno[oglcal non~reacttv1ty was- descr:bed and

"“named by Felton in 1949, The injection oF mlce.
Nw;wnth very small amounts (0 5‘pq) of type~specuf;c
A”-fpneumOCOCCGI olysaccharnde served to protect them
F -From,later lethal anFectlons of VIPu!ent

ApneumOCOCCl of the ‘same typen:, A much Iarger dose

- of polysaccharlde (0. 5mq) not only failed to

7protect the mice but thereaFter they were not

capable oﬁbelng rendered lmmune even thh smal |

doses of polysacchartde“ 1t was this impairment

v0f~resp6nse which>wés<termed.’fmmUhéfbgiéal”'
~paralysis’. It was found to be specific'ih o
nature and of long duration (IS - 18- months)(Felton,

KauFFman, Prescott & Otttnger l955), Between

tolerance and paralysts there fay the impoptaht

'thFerence that the pneum0c0ccal po!yqaccharlde

persisted for a very long tlme in the ttssues,’in

a form in which- |t,poqld;combrng with spe0|f|c

~antibody, and indeed there was experimental

evidence to show that this wasfthe caée,.For
passively introduced antibody was removed from

the serum of paralysed mice much more rapidly than

- from. the serum of normal mice: (Dixon, Maurer &.

Welgle 1955) The: essentla! nonreactivity of

‘para!ysed mice has beon ascribed by Stark (1954)

and by Medawar (1960) to the constant absorptton of
antibodles by the vast eXcesé of antlgen present

in the tissues, th other words an fefferent
inhibition’ mechanism éppeared‘to\be operative,

indicating‘a’diFFerence‘between tolerance and

“paralysis, The more recent work of Sercarz and
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Coons (I959) using immunofluorescent techniques

fthas shown that paralysed mice are not producing’

) antlbodyu Thus the. inhibition of antibody

'(‘lv)“' |

~administered extremely large amounts of

:[FOPmatlon is. COnS|dered not to be due to the
\:mopplng up oF antlbody by antigen but to lnvolve

a more fundamental - mechan!sm, - In this case

‘”paralySls may not 1n Fact be so very much

leFerent From tolerance.

Prote:n overioadlnq- Dixon and Maurer (1955}

ﬁheterologous serum proteins to aduit rabbxts and

by so doing rendered them temporarlly

unresponsive to the antigen used, - thoughfthe

animals were capable of a nérmal antibbdy-hesponse

to other protein antigens. The unresponStveness

lasted only as lonhg. as the heterologous prote:ns

were detectable in the host (3 -4 months ).
hssenttaliy similar findings were reported by
Johnson, Watson and Cromartie (1955},  Though

superficially reminiscent of Felton’s

immunological paralysis there was no evidence to

" suggest that the form of unresponsiveness induced
lby protein overloading resulted from égsimple

neutral isation of.antfbody (Dixon and Maurer, 1955),

and Sercarz and Coons (1959) were unable to

demonstrate antnbody in adult mice rendered .
.unresponSIve to. BSA. - Thus this type of

unresponSIveness,*assuminq that it-repnesents a

central failure of immune Pesponse, would appear

to resemble tolerance.
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;(V) Unresponsiveness induced after whole body

irradiation: In the same series of experiments

as those on protein overloading of normal adult
Pabﬁits Dixon and Maurer (1955) investigated the
‘behaviour of adult rabbits which received similar
large doses of heterologous serum protein shortly
after exposure to 400r whole body irradiation.
Irradigtéd rabbits remained specifically
unresponsive for much longer than normal rabbits
given large infusions of foreign protein. The
authors considered this might be due to acceptance
of the foreign protein as non-antigenic by the
host in the immediate post-irradiation period when

‘the V|rtua!ly depleted immunological system was re~

establzsh:nq itsel . If this were true then

" clearly there would be a considerable similarity
between this type of unresponsiveness and
immunological tolerance._ In full accord with this

‘Flnding ‘has been thée discovery that lethally
irradiated animals will survive if given an injection
of foreign bone marrow cells which successfully
repoputatefthe/anjhilatéﬂghaemopoietic centres.
'Radiation chimerism’ of this type appears to
;fnyolvefprincjples Fullyﬂpoiﬁcident with those of
toieréncg ihd@ced»by qué¢tion of perinatal animals
with licing tissue cells (Trentin, 1958).

" The preceding five types of immunological inertness
have in common the Faét,thét they can be impressed upon
animals fully mature in the “immunological sense, in this
respect they differ from immunological tolerance which
tholds as one: oF its essential criteria that it can be

-established on!y in immunologically 1mmature anlmals whether
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FpetaT or neonatal. However, from the point of view

that they almoet certainly represent central failures of

the 1mmune response, both the inhibition of drug al!erqy
and the unresponsiveness induced in irradiated.rabbits
closely resemble. tolerance. lmmuﬁological paralysis,
owlginally regarded as a different type of mechanism now
‘appears to be only- quantltatlvely different from tolerance
and the same probably holds true for protein overloading

of normal aduit -animals. “On the other hand, the phenomenon
of enhancement clearly differs from tolerance in this and

other respects.

9.. Expressions oF tolerance in various immunological
' - systems -
A,  Tumour_Transplantation: Mention has already been

made of the fact that the concept of immunologica! tolerance
is not confined to the homogfaft reaction but is generally
applicable to a variety of immﬁno!ogical systems, and there
‘are several examples of its expression outwith the homograft
field. Most closely related perhaps are such tumour -
fransplantatlon studies as those of Koprowski and co-
workers (Koprowski, Theis & Love, 1956), who were able to
get a -strain speC|F|c C%H ascites tumour to take in a non=-
susceptible strain of ICR mice by injecting ICR foetuses
with 03H blood. Successful passage.of a mammary carcinoma
to resistant strains of mice was also achieved by Aust,
Martinez, Bittner & Good (1956), using a similar technique
for inducing tolerance, and Simonsen (1955}, after injecting
chicken blood into |3~day old turkey embryos, was able to
infect the hatched birds with Rous chicken sarcoma when

" they were 8 weeks old, whicH~is well beyond the normal

3 week period of susceptibility.



B. th|g glgn_of gegugtgnge“tg infectious_disease:
Especsa|ly sngnlf:cant amongst the biological implications
of lmmunoloqzcal tolerance is its. pelatton to infectious
dlsease. Prenata! and neonatal infections of viral,
bacter:al and- even helmnntholoqlcal origin are very: real
hazards to the foetus and the newborn animal Applylng
the principles to tolerance to such circumstances it can
be appre0|ated that a non-lethal lnFectlon in such a very
young host could serlously impair the. lmmunologlca! mechanism
and-rendor the animal incapable of producing an effective

immune response to the same organism in later {ife. Burnet

“and. Fenner had actually quoted a situation of this type as an

example of what they meant by tolerance, for Traub (1939)

had found no antibody in adult mice carrying a viral

'~ainfectT0n oniqina!ly contracted. in utero.

It was tnevntable that a number of workers should give
their attention to an. experlmental examination of this aspect
:oF tolerance, "In no case was a complete. tolerance obtained
._though there were some instances of a suppression of . antibody
productton, : 8uxton, (I954) for. example injected killed
Salmonel la pullorum into developing chick embryos on or beFore
the 15th day of incubation and found that the hatched chlcks

‘showed a marked decrease in their capac!ty +to ‘produce

.demonstrable anti body after oral infection with the same -

_organism. Worktng with Trichomonas foetus, a protozoan

'?Iagellate parasctlc in the genital tract of cattle, Kerr and
Robertson (1954) observed that the 1ntramusculao injection of
T.. foetus antigen into very‘youhg calves up.to 4 weeks of age’
seriously |mpalred the subsequent immune response to the: ‘same
antigen. but not; to other ant!gens. New born and 5-day old

" rabbits given, massrve doses of heat lnactlvated Saimonella

'paratypl B’ Showed -a Sanlflcant tnh|b|t|on oF ant|body
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formation when challenged at 4 months of age, but no
suppregsiOn was observed in rabbits that had originally
been given only moder ate doses of the organism (Sterzl

-and Trnka, 1957). These workers also obtained similar
results in pupp}es. The experiments of Cohn (1957)
pFoduced negéfiﬁé Findings. He injected different groups
of l4~day old chlcken embryos wnth dsptherla toxoid,
bacteriophage T? and pneumococc: “type |1l and chal!enged

the chicks when three months old wuth a m!xture of the
homologous antigen and dnother. E In no- 1nstance did he
find any diFFerénce in éﬁifity £o produce aﬁtibody between
those antmals anected .as’ embryos and those ‘not 'so treated.
‘The. negative results oF Cohn in the above mentloned experi=-
ments were remlnlscent of the Fallure of “Burnet et al.
(|950) to demonstrate an impairment of the  immune response
of chlckens that had received embryonnc injections of

influenza virus or bacterlophageuv

With respect to infectdous agents therefore, there
was no clear cut indication that é,lésting state .of
tolerance ‘could be ¢ffected by embryonic or neonatal"
exposure to antigen, There waéfevfdence in certain in~
stances of ‘a sighifﬁcant suph#éssion of later immune
response, and fn‘other cases that early experience of
antigen did hbtiprejudice‘!aten ability to form antibody.
More recent Qbﬁk has not helped to clarify matters.

Smith and Bridgés (1958) attempted to produce unresponsive-
ness in Pabbits to a varfety of bacterial antigens with

consistently negative results while Lindorfer and %ubramanyam

(1959) found'that rabbits exposed to staphylococcus toxoid
~early in life had a reduced capacity to respond to the
same toxoid in laterlife. - The ability of guinea pigs
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to ‘develop tuberculin skin hypersentitivity was suppressed
in a large number of animals injected in utero with 0Old
~Tuberculin, in a few animals similarly injected with killed
tubercie bacilli, and not in any that had been given
'{iyiné bacitli (Weiss, 1958). A partial unresponsiveness

in chickens to Shigella paradysenteriae was induced by

injecting embryos or newly hatched chicks with appropriate
antigen (Friedman & Gaby, 1960). There is only one reported
study of- the bossible~role of tolerance in host=parasite
.Felationships and no significant conclusions can be drawn from
it. The injections of newborn mice with two different

antigenic fractions of Trichinella spiralis, an intestinal.

nematode, had no apparent influence on the mean worm burdens

arising from later infections (Ewert & Olson, 1960).

ol b A |  VAa A o G s s ) e TRl mwm  Tmn v mow  wee wee’ e e

That the principle of tolerance originally demonstrated for
living cells could be extended to soluble protein antigens

was First shown in rabbits. . The work of Hanan & Oyama

(1954) gave;ﬁhe‘lead in this respect. These two  authors

set out to investigate the effect of early immunisation of

the rabbit on the gamma globulin content of serum and in so
doing discovered that rabbits given a series of injections of
BSA in early life failed to produce antibody at that first
immunisation and at a second immunisation some 9 weeks

later. Shortly éfteryqrds,vDian & Maurer (1955) publ ished
“similar findings. ffﬁé§ifﬁjected y0dn§'Fﬁb@%i&:6 times

weekly for about 100 days after birth with human plasma or
BSA and found them to bé'épeci?ﬁcajIyﬁuﬁﬁésbonsive to
challenge for . at least the duratioﬁ of the_experiment

(10=11 months), lohg after the disappearance of all detectable
foreign protein. By Qéy>of contrast aduft”féSbits

similarly treated gavé'éVidéncé‘oF'é depre§séd immune response

only so long as the injected protein was detectable (3-4 months)
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lileon o Maurer (l955) further established the very 1mpor+ant
,pOlnt that the unresponsiveness of neonatally injected
‘animals was not due to neutraltsatlon of antibody.. On the
contrary passnvely adiiinistered antlbody disappeared FrOm
the sera of unrespons:ve rabbits with a half-ljfe com~
parable to the hal f-1ife of homologous gamma globulin.

This was strong evidence for a central Fallure-oF.ther‘: "
Cimmune respénsé. Cinédér‘aﬁ&wDubert (1955, 1956)

injected newborn rabblts with human albumin within 24 ‘hours
of birth and at var:ous lntervals during the first 19 days
of sze the . totai ‘doses. ranging From 20 - 1110/mg. At

“~.!nterva!s the unlmals were challenged with. antlgen but

'conSIstently Falled to produce ant:body For thc durat:on
oF the experlment (IOO days) '

The oFFsprung of does glven tWIce weekly injections

~ of chicken sesum FOP the 4 weeks before term were able to
>Form antibody when challenged.at 5 weeks, but llttermateg
which received éubbfaméﬁtary'injécfions of antigen'duriﬁg
the first 4 weeks of. life remained unresponsive at 4 months
(Downe, l955} © Negative results were obtained by PohnAi

- (1957) .who was unable to demonstrate an |nh1b|t10n of the
“antibody Formlng ability of lO~week old chickens that had
received |nJect|0ns of protetn antigens as l4-day old
'éhbhyos but the doses which he employed were very ‘small
and did not exceed }»mg of protein per embryo., . That un-

responsiveness could be achieved in chickens was shown by

Hasek" (|956} who Found suppressed precipitin formatibn in hens

that had been exposed to turkey blood as embryos. In an
'.attempt to assess the amount of antigen required tO‘iﬁduce
"a state of Spec1Flc unresponSIveness in rabbits, Sm:th & .
“Brldges (!956) !nJected crystalllne BSA into new~born -

anrmafs ln qraded doses ranglnq From I -~ 200 mg protelﬁg
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Reinjected at 4 ~ 8 months none of the rabbits givan a
neonatal dose of 20 mg or more responded with antibody
~production. There were variable responses from those
given less than 20 mg and some indication of a ’partial

tolerance’.

These studies were essentially qualitative and did
little beyond demonstrating that it was possible to achieve
. an immUnoLogically unresponsive state to soluble-proteins
by injecting the antigens into very young animals. A
more quantitative approach has been made by Smith and
Bridges, (1956, 1958, 1959) who injected graded amounts of
defined protein antigens into very young rabbtts commencing
at different times after birth. Their results showed that
the duration of unresponsiveness was finite and related to
the amount 6F’antigen given at birth, and that it could be
.|ndeF|n|teiy prolonged by repeated ;nJectlons of antigen.
The same genera! findings resulted from two |ndependent
studles of a similar nature using the chlcken as experimental
antmaln One of these studles was carried out by Wolfe and
his colleagues (Wolfe, Tempells, Mueller & Rlebel, t957:.
Tempelis, Wolfe & Mueller, 1958, a, b), and the other is
described in Section E of this thesis, o

:Specific unresponsiveness to solublefootein antigens
'has-beeﬁ;demOnstrated in rabbits and chickens:as described’
above, aﬁd(also in mice (Teﬁres & Huqhes "1959; Dresser,

|96|) and in guinea pigs (Turk & Humphrey, l960) |

The experimental works cited above have contrlbuted
to the evidence which Just|F|es the contemporary view that
ﬁaintenancéxbf'theAunresponsive state is dependent upon the
continued?ppeseﬁce of the antigen and that between the
tolerance,{ﬁducéd by injecting the embryo or neonate and
the suppression of antibody formation brought about by

overloading the immunological system with antigen, there is
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only a quantitative di fference. This topic, and others
related to it, are more.fully elaborated .in the General

Discussion of Section'Ei -

1O« The ’adaptiVe*péPiod'

Recurrent in the literature pertaining to the
experimental reproduction of the tolerant state is the
“concept of -an ’adéptive’ or ’induction’ period during
which tolerance can be induced by means of an appropriate
stimulus, The.?ﬁéa originated in Burnet and Fenner’s
postulate of self~marker components recognisable only
during the plastic developmental stage of the immunological
system when it was capable éf‘adapting itself to the
antigens in its immediate environment.« With maturation
of the s&Steﬁxﬁhis abil ity was lost and any fforeign’
material finding its way into the body evoked a normal
'_régbonse. It ‘was impliéit in Burnet and Fenner’s
proposition that the enzymic changes induced in the
malleable phase of the immunological system should be
heritable and transmitted to_Future generations of cells.
Tissue homograft ‘studies of actively acquired tolerance
lent support to the idea of an adaptive period for it was
found that the response of animals to foreign homologous

cells changed in the course of development from tolerance

"~ to immunity. The changeover was not abrupt but was

represented by a gradual transition from a complete
“tolerance to a normal immune response for a given antigenic
stimulus. Waning of the power of the antigen to confer
tolerance was Fo!lowedlby a gradual strengthening of its
abilfty to produce an immune response. Between the two
phases came a ‘null’ peﬁiod when the effect of the antigen

was nil, neither tolerance nor immunity resulting.
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(Billingham, Brent & Medéﬁép,'|956b).

Natuvally there were species thFerences in respect
»@F the duratlon of: the adaptive perrod; For the mouse
and the chicken the time of birth and hatching marked the.

3iend oF ‘the. to!erance conFePrlnq phase, but in the rat

tolerance could be’ successFulIy induced even two weeks
after birth, so that in this species the adaptive period
extended well beyond intrauterine life (Woodruff &
Simpson, |955)- At the other extreme Schinkel and
Ferguson (1953) had found. that foetal lambs of 80 - l|7
days were Fuliy capable of rejecting homogra?ts at the
~adult Eate,'a finding.which has recentlyfbeen'conffrmed
by Moore and Rowson (1961), For rabbits and guinea pigs
the adaptive period also éppeared to end before term

(Eglahl, 1958).

1t was partly this evidence of an apparently genuine
adaptive period, a time in the developmental stages of the
immunological system when a recognition péttern'For foreign
material could be elaborated, which promptéd the use of
embryos or neonates in experimental studies‘with>soluble
protein antigenss Systems of this type, using single
antigens, were particularly suited to quantitative inves-
~tigations of the variable factors relating to toleranéea
The demonstrat;on that the duration of the unresponsive
state is F|n|te and related o the size of the inducing
~ dose of antlgen, and that unresponstveness can. be prolonged
.-by renewed injections of antigen, has cast doubt upon the
validity. of thinking in terms of an -’induction period’
unique to the immature immunological system, at least so
far as soluble protein antigens are concerned. Rather
may it be a question of the relative susceptibilities of
immatuﬁg and adult lymphoid cells to the paralysing effects
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of-exceSsiyé‘quantities of éntigen. The*pfobfemfiéﬁcne
"fhat requires careful expeﬁimental énalysis; but the :
}ﬂdesighihq of ahperriate investigations is‘Hampered by -
‘;the genuine need: to dlsttngu1sh between the doses of

antigen needed For the |nception and the malntenance of

: :the_unre3p0n3|ve state (Medawar, 1961). Elsewhere in

%His'thesis,(Section E, General DiscﬁSsiOn)‘is proppsed'a:,

‘method Foﬁ'the,6uantitative anélysis of tolerance to
idefined proteln antigens. It is coﬁsidered:thét this.
method would be a ‘suitable one to use ‘in determining the =
amounts of antlgen reqU|red to produce unrespon5|veness.

~with” lncreaS|ng age.

11. . Tolerance and immunological theory.

*1t was'Statéd carlier that the idea.of an adaptive .

‘pehidﬂ‘in refétion to tolerance was an offshoot of Burnet ’vH

and Fenner’s selF—marker concept dev;sed to accounf for

the non«antlgenic!ty of body componenfs. © The concept ‘was

an. lntegral part of the adaptive enzyme theory of antlbody_

Formatlon orig |na|ly formulated - in 1949 by Burnet &
AFenner and Further elqhorated but not' basically. modlfled
by Burnet ln |956 it was thls theory that predlcted
1mmun010q1¢al tolerance as a. consequence of prenatal
1nJectton79fHapproprlate anthen and stimulated intense
 exper|mentat10n wlth Far reachlng consequences. The

- general theory. turned out” to be in many ways lnadequate

and |ncapable of Formal proof and was duly dlscarded

belng succeeded by fselectlon’ theorles of antlbody Forma—~

tion, The flrst oF these, the natura! selection theory
© of Jerne (|955) was in some ways equlvajent to Ehrlich’s
'stde phaln hypotheSIS (cF Witebsky, 1954) in that it

'”postu[aféd_the}axrstence of a multiplicity of. natural.

serum. antibodies to meet all antigenic contingencies. - In.
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the IatePECIodél séiectionxtheory of BurnetA(l959) the
f'antlgen played an active part in stimulating the prollfera—
tion of the partlcular clone of cells whose surfaces
carried thetcompiementary pattern for the determinant
’ghoubseéfithé antigen. This»theory took cognisance of
the fact‘thét maintenance of the unresponsive state required
the coﬁtiﬁuots presence~of appropriate amounts of antigen
and méde‘howhleavfpn an adaptive period but “argued rather
for - a diFFerénée in the&susceptlbllity of :mmature and
) mature antsbody forming cells to paralysis by large amounts
of- antigen (Burnet I96l)  The clonal selection concept
of :mmunologscal response, though by no means free From‘
CFltlclsm does attempt to |ntegrate tolerance in a general
pattern oF |mmunologlcal react:ons, and any theory whsch
‘does not give account For tolerence is clearly lnadequate.
As Medawar (l96!) has p0|nted out ”Tolerance, like the
‘ secondary response and the nature of immunological  ‘memory’
Jhas become somethlng of a testlng ground for theories of
fthé ammune Pespense. jm”mﬁéfﬁ¢£?if: : ‘

f2, ’Pbogrammé“ot work undertaken

k The main experlmental NDPk described in this thesis
was concerned wath attempts to induce specific unresponsive=-
ness to defined proteln antigens and to make some
quant:tatlve assessment of: the varlabie Factors associated
with the 1nduct10n durat:on and measurement of the unrespon—
sive‘state.ff In most .instances, the chicken was the
experlmentai animal used but one experiment was carrled
out on pigs.. The deFlned protein antigens used in these
studies were two fractlons of bovine serum prepared in
hlghly puP|Faed Form by Armﬁur Laboratories -~ bovine serum
" albumin and. bovtne gamma - globul:n.
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-At‘thé time whenAtHe experiments with chickens
were begun it was known.fromiﬁhe work of Hanan & OQOyama
(1954) Dixon & Maurer (1955);5Cinader & Dubert (l955,n
1956), Downe (1955) and Smith & Bridges (1956) that it
was. p053|ble to make rabbtts specifically unresponsive
to Forelgn serum ppote:ns by InJeCtIhq large amounts of
the antigen into the neonatal anlmal :and Hasek’s (1956)
-report had |nd|cated a S|m|iar Flnd[ng For the chicken.
There Seemed to be no real doubt, that spec;F:c unrespon~
* scveness to solub!e protean antlgens and actlvely
'acqu1red.to!erance of tissue cells were. mere!y different
~expressions of the same bastc phenomenon oF 1mmunologlcal
| to!erance* lee acqutred tolerance, the state of
unresponsiveness was,;ndueed by exposing the neonatal
animal to antigen, exhibited a characteristié specificity
and, very important? represented a central failure of the
i mmune response.y Although all but one of the demonstra~
tions of unresponéi?enessAhad been made in rabbits, there
seemed no reason why it should not be,appiicab!efto other
species, for éctive{y.ééquiﬁed tolerance had been ’
eFFectiQely demonstratedbe laboratory methods in 'mice,
rats, chickéns andArabbits (Billingham & Brent; 1956)

and under natural c0ndut|ons in cattle (Anderson et al.

1951),

The wide and important biological implications of
the new aspect oF'immunofogy which immunological tolerance
_represented madé it imperative to learn as much about the
basic phenomenon as possible, ~There was already evidence
From work with homografts and from Smithsand Bridges’ (1956)
study of unresponsiveness . in Pabbits_fhatltolerance was
‘not an ’all~or-none” phenomenon; but that varying degrees

of tolerance could be achievédy, Tolerance therefore
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seemed susceptible to a q&antitétive type of inVesQ{getion£
at least from the point of view of determining the améhnt
.of antigen required for its induction in differentvspecieéa
.Clearly the most satisfactory way to tackle this problem
would be to. use as s:mple an |mmunologlca| system as
possible, the type of system where only one antigen ‘was
involved, to eliminate the variables inherent in cellular
systems with their muitiple complex antigenic componénts:
"For this ﬁhﬁpose a study of specific unresponsiveness with
a single purnFled protein seemed particularly suited, both
because of the simplicity of the system and because of the
treadlness with which quantltatlve measurements could be

'appited to Itx

There were: severai reasons for choosing the chicken
as’ an experamental animal in these studies. Little work

. had been done wlth SImple protein antigens in the domestic.

fﬁ?Fowl the systen was aménable to quantitative rnvest:gatlon

and the chicken, relatively immature at hatchlng, gradually
develops a very considerable ability to produce precipitins
(Wolfe & Dilks, 1948). It is a matter of relative
simplicity to have access to the developing embryo and .

- large numbers of hatching eggs, day~-ocld chicks and. young
adult birds are usuélly}readily available from comﬁercial
poultry dealers, Events proved the choice to have been a
good one, for the experimental work on the chicken gave
results which confirmed the extreme usefulness of the
domestic fowl to any investigation of the quantitative
aspec£5‘of the induction and maintenance of tolerancesy

In this species even small amounts of precipitating antibody
can-be measured with considerable accuracy if suitable .
analyticé]“techniques are adopted, and the unresponsive

state, though specific, isgshortwlived‘thereby eliminating
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the need for protracted experiments as in the. case of the
rabbit,

During the course of the work on immunological
unresponsiveness it was necessary to digress from the
main themeé in order to examine certain aspects of
serological -behaviour of chicken antibody. This was
essential in order to establish the validity of the
analytical methods being used to measure precipitating
antibody in ch{cken seras. Some experiments were alSo
carrled out with chemically altered proteln antigens in
the fowl (Section D) and a few experiments on the
suppression of the immune response by a cytotoxic drug
‘(Section'F)t_ The relevance of these experiments to the
main theme of this thesis is described in the introductory
passages of the respeétive sections,
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ANTIGENS
Only éggféiﬁ$éhtigené wéééﬁused'}h the experiments

described. in this thesis. . .

 With verf‘Few ekceﬂtidnsaéﬁﬁich are duly indicated, two
:Fract;ons of bov1ne plasma proteins were used. These were
bov:ne serum albumtn (BSA) and bovine gamma globulin (BGG).
in most tnstances the Fractsons were purlfled products
obtained from the Armour Laborator:es, Eastbourne, England.
'Speclficatlons for these two antigens, as indicated by

Armour, are gtven below.

S i e A 0 - et i v o~

Globulins e < 0+:01%
ASh crme e e -(1-:0%
Moisture -—-—--m-- e -=--<5.0%

This is a highly'purified protein, employed-as. a reference
Aproteln in amino acid assays and. in ultracentrtfugal and
-"electrophoretlc studles ' ‘

— o ot 13 o o o DU WO oot oot o S b e ove e s Stk OV YO O S S ks S o

Globulins by electrophoresis)97.0%

Very bccasioﬁally the required fractions were prepared.
in the laboratory from pooled whole bovine serum. Both
H,BGG and BSA were obtalned either by Naz 804 fractionation
. essentially as described by Kekwick (1938, 5940), or by
'Fractlonatlon oF serum with (NH4)2 504, (cf Kabat & Mayer
1948 P 461)

4 AFter d|alys:s the salted-out serum protelns were
"ycentnlfuged for one hour at 1500 g and then filtered under
;pressure. Those to be injected into animals were further
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‘passed through a Seitz filteri - Solutions to be used

.within‘a short time (up to 7 days) wepre kept at refrigeration

itgmpenature’of,SOC, whereas those not immediately needed were
" held in deep,Freezé conditions at - ZOOC.( No preservative

“was added to solutions in either case,

While no attempt was made to assess the electrophoretic
homogeneity~6f the protein fractions obtained by the salting-
outnprocedure;.it was appreciated that these fractions did
not attain the high degree of freedom from contamination
by other fractions that was the case- wlth the commercial
products of Armour Laboratories.

Wlth minor exceptions, which are noted as they occur,
no other puriFied protein. antigens were used in these series

of experlments.' Use was mader however, of quantities of

BSA - end BGG that had been subJected.tp chemical modification
of the proteln molecule. A separate description of such
altered proteins is given iater'(p. 43 )

AdJuvanted antigens

“Adjuvants are: substances used . to enhance or stimul ate
antlbody responses * Two methods of adJuvantlng have been
widéiy used, One lnvolves the preclpltatlon of protein

.....

“antigens by potassium- alum as’ descrlbed by Proom (1943).
~n the second method the” antlgen is prepared as' a water~-in-

orl emulsron contalnlng a stabiliser for the emuls:on

‘f(Freund 1947).  The addltvon of. heatnkliled mycobacteria
,to such emulsions markediy improves. thelr adJuvant effect.

¥ no. bacterla are incorporated in the preparation ‘the

adJuvant is sald to be . '|ncomplete

 ; The mode of action of adjuvants is not completely '
clear but it is thought that they achieve their effect by
a general stimulation of the ret:cuio~endothel1a| system,



33

and by élowing down the rate of release of antigen from
the anBctlon SIte 80 providing the antibody-Formlng
'fcentres with more prolonged stlmulatlon. '

The ‘above two methods of adJuvantlng were employed
“inh experimental work in which the antigenicity of
chemlcally altered proteins was studled in the chlcken.

’(4) Alum precipitated anthen

The preparatlon of alum~prec1p|tated antlgen was based

on the method of Proqm (1943) as described by Francis,

Mull igan & Wormall, (1954) pP. 284, Equal .volumes of 2%
solution of protein éntigen and of I07 potassium alum were
mixed, and the pH brouqht to, 6.5 with 2N- NaOH. The
precxpltated antigen was separated by centrifugation and.
washed tWIce with 0.9% NaCl, using a volume twice that of
the preclpltate.’ F!nally, it was suspended in saline and
made to’ the same volume as the original protein solutiona

:Thls gave a 27 suspensnon ready for. intramuscular injection.

(ll) Antlgen ‘in a. water~:n—oul emulsnon

(lncomplete Freund's adJuvant) To equal volumes of
a 4% aqueous solutlon of antsgen and of Ilqu:d paraffin
’was added suFFlclent ‘emocithine” {a commerclal emulsifying

agent) to gzve 29 per 100ml of mrxture.;» The mlxture was

,thoroughly homogemsed and ‘was. _Jjudged to be in a stable

‘emUISIen when a small vo!ume piaced on a water surface
Arematned dlscrete, and did not disperse. The antigen
‘concentratlon was taken; to. be half that of the original
ﬂantlgen solutlon because of the approxnmately two~fold
:volume |ncreasag Preparat|0ns were freshly made on the
v'day of 1nJect|on and were given by the intramuscular
route.;j;jr E

2
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;lTPace—labelled antigens

. 5
st L

Because Cimmune precipitation is in. many instances a
‘PeaCClOH bexween two protelns not chemically dlstlngu1shable,
it |s |mpo¢S|ble to carpry.out a complete analysis of the
vaeCIpltate For anc:body and ant|gen unless one of the two
_components possesses a marker (whethev element or group)
that is capable of accurate determination. In such
‘cnrcumstances the precnpltate can be analysed tor tdal N

- -and for: the !dentlflable component (usually. antlgen) by -

- virtue of its marker. - The amount of the other component

~in the precipltaﬁe is. then defermlned by subﬁractionl~

Marked antlgens were Tirst used ln 1902 (crab blood
':'conta:nlng haemocyanln, and milk containing caseln) to -

T-demonstrate that- ‘antigen took part in the precipitin

-._reactIOH and was acﬁually present in the pPecnpltatc

(Heidelbergevl~l950) The use of marked antigens was, .
extended to spectflc analyilcal procedures by various
workers, usnng iodoalbumin, haemocyanln haemoolobun,vand
Nprotelns conJugated with dyes (cf. Boyd, 1956, P 685-6).

‘ The amount of these" antigens in $peC|ftc pPeC|p|tates was
measuired by determlnlng the lOdIhe ‘COppeP >|ron and

dye stuff’ content respectlvely.;. lt is, oF coursc pOSSlble
reven with. an unmarked ant:gen, to carry out an analysis in

bhe anti body excess pregion of the precipitin curve on the

~fassumpt|on that in th:s zone all ‘added antlgen is

iprgclpliated. Determlnat(on of total prgclpluaté N‘and’
Léubtbactlon'of antigen N - added gives values ?or‘antibody N
| and allows anti body/antlgen N ratios in the pre0|p|taﬁe to
{be calculated. This was the method that was- successFullyw
‘jappl:ed t0 the study of preCIp:tln systems by Hefdelberger
'f& kendall (cf (abat & Mayer l9ﬁb) Thls type of procedure




35

suffers from theﬁlimitaéion that it is not readily possible
to carry the~aha!ysis into;the antigen excess region,

because the assumption of complete éheéipi%atian of antigen
no longer holds true and it is necessary,fo have some means

of determining hdﬁ much antigen is left in the supernatant.

It also breaks down completely when the test antigen
is S|m|lar to but not identical with the |mmun151ng antigen,
for with such heterologous systems only cross reacting
.antlbody is measured and precipitation of antlgen is
‘.thereFore never complete.

‘ With, the advent of sumtable methods Forlabelllng

proteins with radioisotopes a new and valuable method was

at hand for this type of preclpltln ana!y5|s and considerable
advances . in analytical |mmunochemlstry have been made using
antigens and antlbodtes trace~labelled with various radi oactive
jsotopes such as ], 32p . and P S (see review by Wormall,
1952).  Radioactive iodine has been particularly used in

work of this type involving protein antigens because of the

- relative ease with which proteins may be iodinated and

because iodoproteins are not unphysiological. (Knox &
Endicott, 1950; McFarlane, 1957). As a EesUIt of the
iédinatfon"prbcedure the iodine becomes substituted in the
tyrosine residues to gfve 3t5 diiodotyrosine groupings and
is not rapidly removed under physiological conditions.
Provided that the ‘amount of iodine introduced is not in

: excess.of 1% there is no marked change in the physico~
Aqhemical»and immunological properties of the protein
(ﬁféssman &“Sternberqer, 1950; Francis, Mul%fgan & Wormall,
19515), and at 1% iodination only a negligible proportion
of the protein melecules will contain no iodine (Butement,
1948} . it has been demonstrated ekperimgntally that
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trace~labell|ng oF proteln anttgens wuth ,3 T does not alter
the . quantltatlve pnecnp!tln curve produced w;th antlsera

" to the native proteln (Elsen & KestOn 1949:1:S|n9er &
Campbell l952) e ‘ e - '

Talmage & Maurer (|953) have Further demonstrated
that labelled and" unlabelled antlgen glve :dentlcal
preCIpctln curves wuth an antlserum produced by a Iabelled

‘nantheng d They contended that such evudence Jusflfles the -
fassumptnon that. selectlve preclpltatson dOeS not -occur. in
lylthe presence of. a mlxture of the two- antlgens._' Snnce
N trace~labelled antlgens contaln both labelled and unlabelled
'molevules selectlve preclpltatlon wculd render |nvalld any
analysus of - antngen in the supernatants of - preCIpltates on
‘the basis of rad;oactnv;ty. Hsung the anttnBSA and o
g antlnBGG systemq in rabbits they analysed the supernatantq'
Cin the region- of antlgen excess for the presence of antigen
by rad|0actsvuty and by N determtnatlons on .the precnplfates
formed with a callbrated antiserum. Their results showed
" no S|gn|F|cant or - con8|stent difference in'fhe Fiqunes .
“obtained by the two. methods, whrch indicated that significant
selecf:ve precipitation does not occur ln the presence - of

ﬂfa mtxture of labelled and unlabelled anthen moleculesg

Constderable use was made of ‘3 T tracemlabelled
antlgens in the experlmental work descrlbed in thls thesisa
Partlculanly were they used” to determine the rate and
pattern of: removal from the circulation of lntravenously
anJected anthen, and to carry out quantltattve analyses
" on. cmmune preC|p|tates. "~ ‘Such fagged antlgens were ‘also
- of great value in assessnng the antibody levels of antisera,
Tne preparatlon of trace=labelled ant:gens :s descrrbed in
~part 2 of this section. ‘
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_ Two methods were_used For the trace—labellrng of
7fprote|n antlgens wuth«aﬁll Both were carrled out by S

5~,treat|ng the proteln,‘ln sllghtly alkallne solutnon,

tilw.th |od|ne or’ |od|ne monochlor:de to, whuch had been

if,added a solutlon of radloactlve aodlne (as carrler—Free

:f’nodtde) Cin the preparatlcn oF trace-labelied prote!ns> a
vfrt is. desxrab!e that the Flnal concentratlon oF pFOtEIn;

%f?fshould be- ab0ut 3% -since denaturatlon is more rap!d in

,more dllute proteln SO'UthnSs - Due aIIOwance has to ™
J“-be made For dilution during: preparatlon and. durlng L
\subsequent d|aIySIs For removal oF uncomhlned Iabel

The method that was used was essentmally that oF
: Blum and’ Strauss (l923)e|nvolv1ng addition- of a solutlon

‘30F lodlne ln potassnum lod!de to. an, ammonlocal solutlon of

the proteln, “and: was based on the descrlptnon given by
L Franc:s,‘Mulllgan and_ Wormall (|9SI) and deta|led in_,-
‘|$0t0plc Tracers (|954) Ist ed, pp. 248~9,;1;,,ﬂ-4-

In. thls method the radloact!ve |od|ne IS unlformiy

>"37d;strnbuted between the iodine: and |od|de ln the

’:lodlnattng solutlon, necessarlly entall;ng a loss of SG%
“joF the radioacttve |sot0pe.' Further, in the lodtnatlon
" of tyrosine the theoretical maximum utilisation of Free
\ f|od|ne is 50%, the other. 50% being reduced to hydrogen‘*
;:od:de (see Fig. ). Thus it follows that the theoretical
Amaxumum yield: wlth respect to Iabelllng with :Ull IS‘ZS% ‘
5’«but ln practlce one usually gets a net lﬁ%.. To. lmprove :4
J"the yleld it wou!d be necessary to convert the lOdide to
.ﬂlodlne whlch could then attach to the proteln by .
substltutlcn, but the use of an oxudlsnng system to- achueve‘

s thls could well have deleter!ous effects. on the proteln.
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Iodlnatlon by the above methed is an- easy technlque,‘
1frequ:rlng Izttle t:me, but suFFers from the- d!sadvantage
';ybf rather low y:eld with respect to. the lsotope.,‘jThe
taquantttles and concentratlon oF |odlnat|ng solutlon :d'
3generally used wepe: such that BGG was |odlnated to: about;-g
0., 47 and’ BSA to’ about .0, 5% | PR

(a) Preearation of lodlne solutton- A solutaon of‘jn(?"

a“!odine ln potassnum iodlde, of* suntable concentratlon’:d;fﬁ?iwl_

| ﬁ (N/IO), was: prepared by saturatlng N/IO KI with Flnely
'?7powdered elementary jodine. This solution was allowed

;to stand, wlth occ39|ona! shakxng, FOr 48 hours, after gi-v

‘=fwhlch the excess lodlne was Flltered OFFu : The solutlon L

'remalnlng was approxlmately N/lO wtth respect to tod:ne PO
“and thereFore contalned 12. 7m9 fPeB iodine per ml. ,iﬁf*?adfp

*?’more ‘exact Flgure for' uodlhe concentratlon cou!d be gﬂfwf?lh

;iiobtained by tltratlon wuth N/lO sodium: th|osulphate.~

‘ From the iodine ln potassnum iodide sclutlon a volume-ﬁd
contalnlng the approprlate .amount of free |od|ne was Y

" measured out, and to thls was. added a solutIOn oF 31[ g

.(as Na 1ﬂ1) Followlng the 1mmed|ate equtllbratlon

);‘between lodlne and lOdlde the solutlon contained the

‘\?PGQUIPed amount of raleactlve uodlne (plus, of course,}

ffradloactlve todlde whlch could not react wlth the proteln)u S
‘;.I in KI/T o Tmmm,ls ‘ : : o

(b),Eﬁeeasétzen,Qf 2293919_59192195- The proteln was -
dlssolved in 0.15 M - NaCl' to give a- concentratlon oF 5%
"and the solutlon rendered alkaliine by the addltton oF N ml

- of 5N - NH40H For every 10 ml oF prote:n sclutlon.-ngjgk5x3'x-

(c) Iodinatnon of the Erote:n solutton-; The radaOactuve

L |odlnat|ng solut:on was added dPOpWIse to the proteln

"tsolutton wlth censtant st:rrlng. A few. mtnutes were L e
*da!lowed for completlon of. the lodlnatlon and the solutuonjﬂ:;,.
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‘wWas then brought £o pH 7 7.5 by the cautnous addltnon of
-aceilc acud (ZN followed by 0 5N using universal 1nd1cacor

.Rpaper as an - external lnd:cator) Finally, the labelled
~prote|n was careful!y tPansFePPLd to a dlalYo!S ‘sac. and

h dtalyoed for at Teast’ 48 hours at 5°C against scverﬁl
 changes of 0. 9% NaCl . Following dialysis the labe[led
f:protenn so!ui:en Was removed from the‘sécaand}éentrifuged

. for 30 - 60 mrnubeS'at ISOO‘g.i' The Padicacffvity'éf’
';iabelled proteins’ was always more than 997 precspltable  -
'{wsth chhloracetlc acida ’ ’ - ’

?.V‘Trace~labelllng‘w1tn 1od|ne monochforidej.““V‘

" The use of xodlne monochlorlde to: trace-label proielns,

lwas Flrst desctlbed by. McFarlane - (I956) ' More efficient
'ﬁﬁ‘labelllng and a reduced nisk to the operatov because of

:‘the Tow volatnllty of ICI ‘were the advantages clalmed Ffor

this method. Greater specnfnc activities could be obt ained -
without lncreaSIng the amount of |sotepe used “but the need

for 131 I c0mp[ete!y free from Peducrng agenn called for a

'}radIOIOd:ne preparatfon ungontamlnated by chlcsulphate,
'frcr this paPLICU'aP purpose ,3 1 condensed" |nuo N/SU - NaOH

~ ¢an be obﬁasned from he hadlochemlcal Qenire, Amersham.

i_' Thlosulphate-Fpee Na!?3!1 is added ’O"a‘dllute aQerus

‘SOIUfIOH of ICI ‘which is ihen converted to. hyponodltc the

‘Econversnon being CaPPled ouc by anGCLIHQ a g[yCIne bu.TeP

of. pH 8.5 into the el OIULIOH and Pap:dly mlxed wnth the

‘protean solu»:on buF?ered at pH 9.0. PPOVlded the molwr.5
patio of 1CI to protein is greater than 2, 60~ 80/ of the
l3'I becomea bound to the protein. Even haghew ’

eFFnclenCIes can ‘be - obtanned by a. separate procedure Fow

x1dat:on of sulphydryl groups ‘prior to tne aCLuaI laoel!:ng

-wltn icl glVlng 90/ utlllsaxlon of the lsotOpe. -
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) Tﬁaéé-iabeliing;of pﬁcte?h by the.Iijmethbd is a
reasonably straightforwahdybrécedure taking very little .
time, and, because of the efficiency of labelling, yields

S a produét of high specific activity, even when using

comparatlvely small quantltles of nsotope, Although in;E'J
the experlmental part of thts thesns no controi|ed

‘ comparlson of the behavnour oF protelns trace-labelled

by free |od|ne and iodine monochloride was carried out
Vimited experlence of proteins labelled by the two methods
showed that they dld not leFer in xmmunologtcal behav:our.

(a) Preearatlon of lodlne monochloride: The method‘

L b - n—-——um-—‘-—-uu—nuﬁm—-—ﬁ———-———-——

" of preparat!On followed that’ glven by VOQeI (1951)
’@uant:tatlve Inorganlc Analys:s' 2nd ed. p.,366 Longmans

" Green & Con

5.00 g KI (A. R.) and 3.22 g KlD (A.R ) were dlssoived
“in 3745 ml of water,'and to the’ solutlon was- added 37.5 ml
of concentrated HCI and 5.0 ml of CCl,. The whole was
‘shaken v[gowously; rThe Following reaction was thus
"promoted.’
| | ZHT + H104 + 3HCI — 3 ICI + 3H,0.

IF the carbon tetrachlorlde layer dld not have a Faint plnk
-,colour, smal | amounts of potassium iodide were added until
'fthe presence of- ‘a Ilttle iodine was observed in the carbon
’tetrachlorldea> If the colour in the carbon tetrachiorlde o
layer was more than a faint pink some potass:um iodate
'solutlon was .added to convert some of the iodine into
\”lodune monochlor!de. This solution contained approximately. .
147 mg of iodine per ml as .iodine monochloride. (Acéurate :
~ determlnatlon of iodine content could be carrled out by

add tion of excess potassium iodide and tltrat:on of free.
iodine. with sodium thiosulphate). Aqueous solutions of
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iodine monochloride are stable'for‘monthéjin‘thé;pﬁesénce'
>oF a h:qh concentration of chloride |ons and a silghtly :
aCId reaction, Stock solutions of 4 2’ mg and. of 0442 mg
of I as ICl were obtained by 1 in 35 and 1 “in- 350
‘dilutions of. the prepared ICi. The conéentréted Icl
solutlon was Flrst ‘partially diluted with molar NaCls, fhén
‘almost neutralised with N = NaOH, and Flnaily adjusted to -
‘iN/lOO wlth respect to HCI and. molar with: respect to NaCi.

From the stock solution of IGI was- measured out a

: vofume contalnlng the appropruate amount - of lodrne as ICl'
‘and. to ‘this was added the solution of carrter-?ree Wy
(as Na~ * thiosulphate= Free) A vclumexof~0,lm! of
ICf éolutxon ‘containing O, 42mg lﬁn! as 1CI, used to label
20 mg of albumtn, will give one atom oF T per molecule of
protein, assum:ng IOO% incorporation. - To achieve a molar
“ratto oF more than 2, three times the equtvalent amount of
: lCl was used for labelling. Even on the basis of 100%
‘upﬁéke'of this greater amount of ICI the. proteln wouldf
still not achieve. 1% iodination, and would in fact be

. approximately 0 6% iodinated.

(b) EEEEaE§E£99_Qf-EEff§E_§QlEELQQ§' Two glycine
buffers were used in congupctlon:thh the labell ing process,
‘one (B) for solution of thé“ppotein,(pH 9 9:955) and the-
other (A) for coﬁversiqh;Of\ICl to hyPOiodifg (pH 8.5).

. The composition of these buffers. is given'below.

(A) 9 ml M-glycme in M/4 NaCl + 1 ml N = NaOH
(B) 8 ml M-glycine in M/4 NaCl + 2 m| N - NaOH

. (c) Preparation_of protein_solution: The most
w_convenlent method For preparlng the prcteln solutlon was
jfto dissolve the proteln in a volume oF g|y0|ne buFFer B

3 suFFlc|ent to glve a solutlon of 5% concentratlonn
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(d) lQQlQEELQD-Qf-Eh?-EEQE%&E,§QLE§'EE* Following
addition of 7T the IC! solution was converted to the
hypoiodite, a step that appeared\to be essential for
substitution of iodine in the benzene ring of tyrosine,
and one that is indicated by loss of colour: of the ICl.
The conversion was carried out by addition»éf'glycine
buffer A to thé ICl until the colour disappeaﬁéd whereupon
it was immediately mixed with the protein solution., The
»labelled protein was thereafter completely dlalysed and
centrlfuged as described in the free iodine labelling
method, h Such-labelled preparattons never contained any

activity not precipitable by trichloracetic acid,



S. PREPARATION OF CHE"MIC'ABLY ALTERED PROTEIN ANTIGENS -



A number of experiments were carried out to study
the response of the chicken to chemically altered antigens.,
In these experiments bovine serum albumin. was altered by
one of three techniques ~ iodination, bromination and the
introduction of a phenylureido group ~ by the methods
outlined below. |

Controlled iodination and bromination of proteins
results principally in the uptake of the element by the
tyﬁosine residues of the protein molecule (Wormall, 19305
: KIecszwski,|940). Although it is probablgxthat the rest
of the molecule is also affected in some way this does not
seem to be of significance from the point of view of
serological specificity for the reaction between most
iodinated proteins and their antisera can be completely
inhibited by 3 ¢ 5 - diiodotyrosine (Wormall, |930)

In the treatment of proteins with phenyl |socyanate

" to produce phenylureido-proteins, the introduced groups

go mainly to the free amino groups of lysine, reducing
the serological cross. reactlon with untreated proteln and
conferring a new specnflclty (Hopkins and Wormall, 1933).

1. lodination : .
The modlfred Blum ‘and Strauss method described by
Wormal i (1939), involving treatment of an alkaline solution

of the protein with a solution of iodine in potassium
|od|de, ‘was applied to the lodlnatlon of protein. 150 ml
of a solution of BSA in distilled water contalnlng 10 g of
protein was treated with 75 ml.of 5N - NH40H ~and to this
alkal!ne protenn solutlon was. added the jodinating solutlon
cof N/10 1, in KI.  The addition was made from. a burette,

a few mliat.a tlmeJr thh shaklng after each addition, untlL
free lz'was ‘detectable by boited starch five minutes after



the Iést addifiqnx The total amount oF iodine solut:on
so added was 27036f.‘“ SuFFncment BN < acetlc acid was
~added to give maxtmum prec:pltatlon oF the iodinated
protein which was centrifuged oFF, washed with distilled
~water, and Pedyssolved at pH 7.5 with the aid of 2N - NaOH.
The iodinated protein was reprecipitated with acetic acid
Ha-numberfofltimeé until no free iodine or iodidg was present
in the supernatants This was tested for by treating the
fwsupernatant with a few drops of N «~ K103, di lute HCI and
boiled starch SO'UtIQNa It was found necessary to carry
out 3 or 4 reprecipitations in order to free the protein
“from unbound iodine,: Flnally the iodinated BSA was
dlssolved in normal sallne at pH 7.5 with the aid of
2N = NaOH, and the so!utlon was ﬁhoroughly centrnfuged to
premove all insoluble material . The iodine content of

-5|odlnated proteins prepared in this way was oF the order
“of 10%.

}2. Bromination

A Bromination of serum albumin was carried out using
the - lodlnatuon technlque but by subst[tutlng saturated
bromine water for the 12 in KI solutions Tests for free
_bromine were made by adding a little KI solution to the
_bdiled starch pﬁepération. After bromination of the
alkaline proteiﬁ‘salution had gone to the extent that

' free bromine was detectable five minutes after the last
addition of bromine water, the brominated protein was
precipitated by saturation w:th (NH4)2 804 Several
repreclpltat|0ns were carried out until the supernatant

contained no more than a trace of Freevbromlne.

; In carryrng out the bromination procedure on 3.6 g
 of BSA contained in 100 m! of distilled water it was

found that 55 mil of saturated bromine water was needed

to achieve full bromination, as indicated by the detection
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of free Broﬁfne in the protein: solution, (NH )2 804
Vwas used’ For the precipitation of bromlnated albumln
‘because it was not found possible to precipitate the
;protepn satlgfactorrlywy[th acetic acid.

"§, Formation of Phenylureido Protein

Tféatment of prdtéin-with‘bhenylwiéocyanate results
_in the production of phenylureido proteing' The reactlon
is belleved to be mainly at the free amino groups oF the
4proteln moiecuie and to yleld a. substltuted urea as

- . follows

- R- CHZ—NH2 + OCN C6H5-_w-—a RCHZ - NHCO. NH.C6H

(cf. Kabat &Hnger,l948;,qud,l95§).
. The: prOcedure:édOptéd‘Fbﬁ carrying out this particular

5

chemical alteration was that of Hopklns and Wermal | (|933)
as descrabed ln Kabat and Mayer: (|948) p. 500.

To 50 ml of a solution of BSA containing 3.5g9 of

" protein was added 100 ml of a phosphate buffer of

_pH 8.0 im
« 250 ml of 0.2 M - KH2P04
plus 234 ml of 0.2 N - NaOH
. per [ifre- ' _
The buffered protein solution was cooled in ice and stirred
continuously as 2 ml of phenyl isocyanate was slowly added.
The reaction proceeds at pH 8.0 and regular checks were
made to make sure that pH did not fall below this value,
using BDH univérsalzindicator paper. Any ‘drop in pH was
corrected by the addition of 042N = NaOH. - After stirring
For“alfuﬁther péribd«oF 60 minutes the mixture was
centrifuged to remove the brecfpitaté of diphenylurea,
which was washed‘twice, the‘ﬁaéhfngsrbeing'added to the
“original supernatanta Both the initiaf supernatant and,
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to a lesser extent the subsequent washings, possessed
a degree of cloudiness that could not be removed either
by prolonged cenfrifugation nor by filtration, The
phenylureido protein wa$~precipitated from the supernatant
fluid with O0,5N-acetic acid, separated by centrifugation,
and redissolved in distilled water with the aid of a little
dilute NaOH, the pH being adjusted to 7.5. As the
solution was still a |jtf|e éloudy it was filtered through
fine-pored Filterrpaper, (Whatman No. 50 hard). Finally
the solution was dialysed in. the cold againét 0,9% NaCl
for 2 ~ 3 days in preparation for ‘use in animal

immunisation and in carrying out precipitin tests.
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The preparatlon of fully iodinated

4. ' Eroteln trace~label led wtthlﬂl

To determine the behaviour of Fulfy iodinated protein
antigen when injected by the intravenous route into chickens
a radidactive label was incorporated in the chemically
altered protein., The isotope used was 1 and the
procedure adopted to prepare the trace~labelled antigen
was composed of two steps. First of all the native proteln
was trace-labelled in the usual fashion by the free iodine
method, but instead of adding acetic acid to bring the pH
to 7 - 7.5 the prote:n solutuon was further ammoniated to
bring the total amount oF NH40H added to half the original
volume of the protein solution. Full iodination was
carried out by‘fﬁe method preV|ously described, the protein
solution Flnally being brought to pH 7 = 7.5 with acetic
acid and dlalysed in the cold agalnst 0.9% NaCt for
48 hours.



PREPARATION OF ANTISERA
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" Nearly all the antisera used in anaiyfical work
were produced-inxbfrds immunised by the intravenous
injection of a single dose of antigen of the order of
40—50mg/Kg body weight, an amount adequate for the
production of reasonable quantities of precipitating
antibody (Brown & Wolfe, 1954). Blood was collected
during.the height of the antibody response between 7 and
11 days after injecfion of the antigen. Volumes of blood
ranging from 5 - 20 mi were taken at any one time depending
on the size of the bird and the number of bleedings made.
Blood was obtained by venesection, by cardiac puncture,
or by exsangu:natlon, in which latter case about 30 = 50 ml
of blood was collected. . When the same bird was bled on
several consecutive or alteﬁnate days, the amount removed
daily did not exceed [0ml. Wherever possible, ovérnight
starvation preceded blood sampllng. A few antisera were
obtained aFter a secondary response had been elicited by
a further 1ntravenous injection of antigen some weeks
after the original one. Sampilnq times and quantities of
biood were more or - Iess the same as “described above.

Once formed, ;the clots-were“separated from the walls
of the conta:nlng bottle and left overnlght at room
.temperatureé; ‘. then the expressed serum was centrifuged

to remove cells and particulate matter. - Sera were stored
in universal bottles in volumes of up to 20ml each, and
~kept at reFrigerétian or-deep?Freeze temperature (4°C or
~20°C) until required for uses No form of chemical
preservative was added to any nérmal or immune serum,

When ready for testing the antisera were thawed out at

Eoom temperature or _at 37°C and centrifuged (30 minutes at
‘ISOOQ) before use, In the case of pools of antisera these
were sometimes prepared before, and sometimes after, storage

at low temperature.
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In certain experiments the immunising antigen was
not given intravenously in solution but was presented
as’ an ad juvanted breparation of alum~precipitated=antigen
or as antigen in incomplete Freund’s adjuvant, and was
givén by the intramuscular route. The number of injections
given was variable but s specified in the appropriate
experiments..' The antisera so produced were not used in
any quantltatlve analytlcal ‘work on chicken precipitin
'reactlons but were! studled only in relation to the needs
of the experlment ‘of whlch they Formed part.



- 8, 'VERSENE! AS' A COMPLEMENT=INHIBITOR
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In all sera, both normal and immune, there is present
in variable amount a n:tPOQenous component known as complement
that is capable of becoming ‘fixed’ to specific precipitates
formed as a.nesult of the. interaction of antibody and antigen.
Where precise quantitative analysis of the immune precipitate
is carried pnt, it is of ihporténce that some measure be
adopted to nrévent compfement‘N from taking part in the
precipitin réaction} fn chlcken precipitin systems,
complement N-fixation is successFquy :nhlblted by versene,

a chelating agent that binds Cav -and Mq r the cations that
play a vital role in the act%v:t|es of complement
(Gengozian & WolFe,|957)

Chemlcally, versene is ethyleneduamlnewtetranacetlc
acid (EDTA) known also as' complexone and sequestric acid.
The peagent used’ in: all experlmental work was the disodium
sait (General Purpose Reagent) supplied by Hopkin and

Williams, Essex* England, Versene binds Ca o+

and Mg

more strongly than do anions like citrate and pyrophosphate,
but the formation of a chelate between a divalent ion such
as Ca™t and M§++ and versene leads to the release of yt

with a resultant.acidification of the reaction mixture un~
“. less adequately buffered (Leviné;‘Cowan, Osler & Mayer,
1953}, It is necessary to control pH around 7.0 for the
sake of the precipitin reaction.and also because the
chelating efficiency of versene diminishes drastically

below pH 7.0. The use of a suitable buffer system is thus
indicated to maintain the pH values within the desired limitss

With regard to the total amount OF versene required

o and Mg ** final concentration figures

to chelate serum Ca
ranging from 0.003M to 0:0iI9M have been reported (Maurer
& Talmage, 1953a) but for the chicken system, Gengozian &

Wolfe, (1957) found values of 0.005M and 0.0025M to be fully
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effectives In.the chicken precipitin system the situation

is somewhat cémplicated by the need for a concentﬁétion of -

8% NaCl in the reaction'mixtuﬁe-to ensure complete precipitation
of antibody (Goodman, Wolfe & Norton, 1951). - The use of a

- proper salt’ solutton to adJust the NaCl concentratlon of the
whole reactlon mi xture would have meant an. increase in the
reactlon volume, . which leads to undesirable dilution effects
on the serum antibody level (Gengozian & Wolfe;1956),

This difficulty was overcome by maklnq the versene solution
lé%.w:th respect to NaCl. The versene~NaCl solution was
édded in equal volume (1.0ml) to the antiserum priér to the
lntroductson of antigen into the reaction mixture, permitting
chelatlon of serum ca't and Mg before the |mmune precipitate
.was formed, and raising the NaCl concentration of the serum
plus versene mixture to 8%, ﬁeglectnnq the small quantity
:of‘NéCI in serums  Following thorough mlx:ng of serum and
vérséﬁe,_and after 2=3 mlnutes lncubatlon at’ room temperature,
FoO ml of anthen in 8% NaCl was. lnfroduced; ‘The Final
volume of the reacthn mlxture was then 3. 0 mli. Though :
thls was the pattern “that was evolved after some experlence.
WIth_yersene,v certain leFerences in the order OF addition
dF‘rééctantsﬁand in final volumes are noted in some earlier

experlments,

The addition of versene (Fxna! concentratlon 0. Olm)
to an M/15 phosphate buffer of pH 7.4 caused a Fall in pH
and it was necessary to add 10-ml of N-NaOH per litre of

olutuon to restore the pH to 7. 4. The incorporation oF
1609 of NaCl per lltre of soluteon brcught about. a Further
ﬁgll in pH that was again corrected to pH 7«4 by N-NaOH ,-

B about 10 ml belng adequate.

_ A careful check on': the pH value of the reaction
mlxture was made immediately on addition of the versene~

NaCl to the antlserum,}and after addltlon of antigen. In

g
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‘both lnstances the pH was greater than 7 0+ Further checks
ade durlng lncubatlon and - reFrtgeratlon lndlcated that the

pH value remained- Falrly stable, The same stock solution

of versene-NaCl was used for quantitative and qualitative

preC|p|t|n tests in most of the experiments discussed in

this thesus.“ Per|od;cal checks were made on the reaction

of the solution, which was Found to change very little on

_storage at ~20° C, and if considered necessary, small volumes

of N/lOwNaOH were used.to raise the pH to 744« Such volumes

were always minimal and of the ordep of 2«3 ml per litre,




6. .’ZHEPRECIPITIN REACTION



THL PﬁELlPl IN REACTION IV LI UID M“DIA

.‘ A
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An ansma[ lmmun|sgd w: h a solub!e protein antigen
produces antibodies that are known® as precipitins because
the visible result of their in-vitro action on the
1h0mologous ant:gen is to brnng about its pre0|pataulon fn
the Form of. an lnsoluble anulgen—antloody complex. The
amount and: COmpOSltlon of’ Lhc pPeCIpltate obtained from a
given volume of -an antlserum is dependent primarily on the
amount of pPeCtpltatlng antibody capable of reacting with
the test antigen and secondar:ly upon the amount of antlgen
used in the test. In a typlca[ precnpltln -system the-
amount of prectpltate increases to a maximum as greater
amounts of test antlgen are added to a constant amount of -
antlserum, and’ then undergoes a decrease as shown in f:g, )
of Section C, |

Tests made on the supernatants of pPectpltates For
ns:dual antlbody and antigen show that the curve is .
: lelslbIe-lnLQ ‘three zones. When only small amounts OF-_
:antféen'aﬁe'added to the anfisehum a condition of antibody'.
excess operates.' This Pegzon |s followed by a zone in
;uhlch antibody and antigen are prescnt in optimal
;pPOpOPtlons and very little, if any, of ecither component
appears in the éupernatant. This.is the "equivalence
-zone” and approximates to Lhe point of maximal précipi{ation.
frunaily,‘the other extreme is reached where the amount of anti-
‘gen present is ln excess of available antibody. This -
‘constltutes the zone of antlgen excess in which the antibody~
‘ant igen complexes tend to 'be soluble,and thus precipitation is
~gfé§s than maximala ;Becadéequ this the zone is also

referred to as the "antigen inhibition zone.™



ln determlnlng the precnp:tun content oF an
‘ antlserum two types of test are available for. general L
use = the quailtatlve and quantltat:ve prec:pltrn testSa"“

i‘ The qualutatlve pPecipltln test

!n thls test decre65|ng amounts of ant|qen, ,
.generally in Flvemfold steps, are. added to. a constant volume
woF antlserum,-' The proportlons used’ are usual!y five dPOpS“
'IOF ant|gen to-two. dr0ps of antiserum. _Sultable controls -
are. lncluded and for chickén precipitin syétémS'h Naél‘”
‘COncentratlon'oFTS%"is eséehtial. The results of the test
~ are Pééﬂ'aFter an.fncubétion period of | » 2 hours at 3700
with or wnthout additional overnlght refrlgeratlon,\ - An
assessment is made of: the amount of prectpltate present
and the FolleJng conventlonal-scorlng system used to. - .

‘”Héscﬁibe_fhe'pesults._

Sla tr. . xHm ;"‘;.-.‘E.:.‘..",-.‘"‘ slight 'trace
'tl”a _t.xnw;';x‘n-nanu;g-_nlu--ra. ) tr‘ace
- w&n..n.fn-.-n-"k‘xn’uu-u
- + r-ul"i l».lll‘_ivl‘u n-:‘u'-‘n»n,n)‘: a’ deFlnite pl"eCIplta‘te
++ 3 ﬁun-;‘uﬁunu‘nn---nn:‘n‘gi) O'F lncreaSIng amount.
» ++'+ . au‘uunaa-ua‘nn-nn-xunw o
+’!‘++ ,‘Vutntuuwn;sua--n--ﬂnn

,Because oF the essentially arbitrary nature oF lnterpretatlon
.of amounts OF prectpltate the test .is limited in its ,
?appllcat:on to. the determsnatton of the presence or absence
of & particuiar preclp;tatlng antlbody or ant:gen, but is

of some value !n comparlng relatlve precnprtatlng ab:!nt;es
of several sera prov:ded they are all. tested at the ‘same time.
and the results recorded by the one - person. The qua!ltatlve
test also pPOVIdeS a useFul prellmlnary to the - settlng up- oF

- a quantltative test because it indicates the extent of the -
pre01p|t:n curve so enabllng the quantntatlve test to be



carried out with the appPOpriate~antigenAincrements.

Similar in some ways to, the quai:tat:ve precipitin
fest is the so-called ”tnterfac:al test” 1n\whlcn a
‘standard amount of antigen is" added to sersal doubl:ng
dilutions oFbantlsePum_so that an |nLePFace is formed
between the two c0mponent§;w“hEéSenﬁially'the result obtained
&is a 'titre’ i.e. the last dilution of serum which. is
capable of gcv:ng a V|s:ble pPeClplLaLe wnth antlgen
(evg 1/1280). - To some extent this tesi is semi-quantita-
tive, but it gives no guide to the span of the precipitin
curve In chicken systems non-specific brecipitatiOn'is
prone to,occurﬁunfess the medium contains at least |,3%
NaCl. No use was made of the interfacial test in any of

the experiments described in this thesis.

2. The quantitative precinitin test

It is impossible to obtain information concerning
the actual amount and composition of the precipitate through-
out the precipitin cﬂrvevwi%hbut undertaking quantitative
"analytical procedures. Early workers were restricted in
their investigations because of the difficulties involved
in dtfferenttatlng between ant ibody N and antigen N in
- precipitates.  As expla}ned previously this difficulty
was. overcome by the use of antigens possessing a detectable
marker in théVForm.of'a-readily estimable element such as

Cu or Fe, or by using proteins conjugated to azo dves. -

Ho&evér the Foﬁhdationiof the quantitative
precipitin test as a precise. analyt:cal method was !ald by
Heldelberger and Kendall who devised and perfected the
technique that has since been so widely adopted (see Kabat
and Mayer 1948 Ch. 2 for references and details). Their
method of analysis iS'Based'upon the assumption of
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complete precipitation of antigen in gﬁtibody eXCeSSa
Measured amounts of antigen are added to standard volumes

of antiserum until traces of free antigen are detectable

.in the supernatént*by use of a potent antiserum,
Determination Qf‘total_N up to the point of slight antigen
excess and'subfréction of the total amount of antigen N added
gives the antibody N precipitated. With these figures the
ratio of antibody N/antigen N may be calculated and where

the molgduiaﬁlweights of antibody and antigen are known,

the molecular ratio may be determined.

Beyondehe point of slight antigen excess reliable
quantitative analysis is more difficult to achieve unless
it is poss}ble'to measure residual antigen accurately,
for in this region of excess antigen the assumption of

complete precipitation is no longer valid,y

Using the method of Heidelberger and Kendall, or
one of its modifications, extensive investigations of many
precipitin systems-have been carried out by various workers,
“and much of what is currently known about quanfitative
immunochemical aspects of precipitation has arisen from

such work,

The appiiéatiOn of isotopic tracer techniques to
immunolcgica!>studieé considerably facilitated quantitative
immun0chemical'inyesfigations. The use of trace-labelled
antigens and antibodies permits their detection and quanti~-
tative determination by:radioactivity measurements. Exten~
'sionpr analysis of the precipitate into the region of
antigen excess has thus become a matter of relative simplicity
and has yvielded more precise details about the nature of the

immune precipitate in moderate and extreme antigen excess,

Without exception the quantitative precipitin tests
described in.%ﬁeléXperimentGWfsecfionSQFJthis thesis made



«EUée of '3r~I~tracehlabelled antigens. - Detailed analysis
\ 0? the prec:pltates was obtained by carrylng out total N
;determlnatlons and specific actnvnty measurements on either

‘};the preCipltates or the supernatant solutlons and in some

‘cases on both. o

ln carrylng out a quantitat:ve prectp:tln test jt
_{IS advnsable to. run-a. preltmlnary qualltat!ve test to
7estab||sh the range of the precipitin curve and the region
of maxlmal precup|tat|on.s The Followung description is
representatlve of the type of quantltatlve precupstln test
~used for studylng chtcken ant|~prote|n systemsy Apart

- from the use, oF 'versene to lnh!bst comp lement N ~and the

'imalntenance oF ‘a NaCl concentratlon of 8% in the -reaction
medlum, ‘the test resembles the standard quantstatlve precnplttn

test used in mammaiian systems:

In all lnstances the test was perFormed in duplucate,
noccaS|onally ‘in trlpllcate,' ALl reagents to be used were
thorcughly centrlfuged mosf part|cularly the antagen and
the antlserum,-and then- !nto each -of several centrifuge ,
tubes was measured 1.0 ml OF antaserum (or other measure&
~volume)s (At this pount |t 1% |mportant to take ‘suitable
action to prevent complement N From becomunq "fixed” to
'_sp30|Flc precvpltates. In mammallan systems the serum is
either heathlnactivated at . 5600 for 30 ‘minutes or is treated
with an unreiated AgAb pre01p|tate which absorbs the
‘complement Na o However, in the“chicken system" |nh|b1t|0n

. of comp!ement N is best achleved by chemuca| means) 1.0 ml

of versené’ conta:nlng 16% . NaCl was added to the serum, the

. two were well mixed and al Towed to stand for a few mlnutes

beFore the addltlon of 1.0 ml of antigen solutlon in 8%

‘NaCI aFter whlch the tube contents were agaln well mlxedg




Included in the test were suitable controls con-
‘taining saline instead of one or other of the active components,
and where necessary normal serum controis. All tubes were
placed in a water bath at 37°C for | - 3 hours, after which
time they were removed to a refrigerator for overnight

storages

The following day the tubes were centrifuged at
0°C for 30 minutes at a force of 1500 g« Supernatants
were then removed by Pasteur pipette-ana‘retéined while cach
precipitate was washed with 0.5 ml of ice~cold 8% NaCl and
hecentbifuged.; The washing process was repeated and both
washings were added to the original supernatants. '

Total N determinations of the precipitates were
determined by the Markham modification of micro-Kjeldahl or
by a colorimetric éechnfque; and antigen N estimated by
radiocactivity measurements on the precipitates or supernatahtsg-
From the figures so obtained it was possible to determine
the composition of the precipitate at all points on the
curve aﬁd to obtain other very useful information about the
amounts of added antigen that were precipitated in the three
‘major~2ones of the curve. This work is described in detail

in the experimental section of this thesis,
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* THE PRECIPITIN REACTION ’I"N AQAR' GELS

The gel d:FFusnon technlques of 0udan ‘and
0uehterlony (Oudtn 1952) for studyang precuputln systems
have been wudely applied in recent years, particulariy in
investtgataons concerned W|th homogenelty of ant:gens and
cross reactlons between related :mmunologlcal systems.

In these technlques the. preclpltln reaction takes place in
‘an agar gel through whtch one or both reactants are a!lowed :
to leFuseg . The precnpltate, once Formed is more or Iess
fixed, and when more than one antlgen~antlbody system is
involved, ‘more than a: snngle boundary of preclpltate may
develop, because of different dlfFuSlon rates of the antlgens
 and of speclflc characterlstlcs of: the lndlv:dual antigen=

antibody systemu

There are: two basuc methods oF gel anFusnon that
are commonly useda

| . The tube test (Oudln)

In this test only one component of the precipitin

- reaction d!FFuse% through. the gel, and the name “single=~

. diffusion” test is therefore sometlmes appiled: Antlserum
is mlxed with. warm moiten agar ‘which is then allowed to
.sollley in small tubes, - Antigen solut:on is layered over
the gel .and as the antigen diffuses into the gel an opaque
boundary\of precipitate is formed, = A "double~d1FFusnon
tube‘test‘has'been déscribed b? Pope, Stevens, Caspary and
Fenton (l95!) and by Felnberg (1957) in whtch antibody and
“antlgen are separated by a layer of neutrai agar into which
they can both dlffuse. '

, 2g' The plate test (Ouchterlony)

Thls method depends upon the prlnclple of double~
thFuqnona A thin, Iayer of molten: neutral agar is poured
into a petr|~dlsh and allowed to sc‘:hdﬂ’y,t " Small wells
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are bored at ébme diéténce apart*énd into these are placed
the antigen and. antlbody solutlons S0 that they can diffuse
~towards each otheP.A Where they meet in sustable concen~

trations a line OF prec:pltate is formed. [|f the antlgen

contains more than one actlve fraction. and |F correspondlng
antlbedles are’ present in the antiserum, then several lines,
each correspond:ng to a parttcular anttgen - ant:body system,‘
will be formed. ‘

The type and amount: OF |nFOPmat|0n that can be
obtained from antlgen-antlbody dlrFusron in agar plates is
dependent upon the pavtlcular arrangements of wells emp loyed,
and many varnab!e patterns have been- dev:sed. _(Wllson &
Pringle, [954: “Korngold, 1956: Allison & Humphrey, 1959+
Feinberg, |957 l960)n o ' | |

‘The plate dvausnon test was used to study some OF
the pPeclpltln systems descrlbea'}n thls thesis. These
plates were: ‘prepared from I.O% agar dissolved in 0 9% NaCl
according to- the Fol!owung Formulay

i0 9 agar (New Zealand)

1000 ml 0.9% NaCl. S

10 ml I-IOOO merthlolate
The sallne was brouqht almost to boiling ponnt the agar
added and the preparatlon “then kept at gentle boiling
temperature until all the agar ‘had fully dussolved as shown
by the dlsappearance oF the. agar globulesy Before cooling
10 mt of merthlolate was ‘run . ine  This ‘amount was found to
_be adequate for preventlng contamlnatlon of the plates by
.micro- organfsms or mouldsg . The molten agar was poured
lntoAunlversal bottles iS ml lots, the agar:-permitted to
cool, and the bottles cappedn - These bottlestOf agaﬁ were
‘stored at room temperatuveg - ‘
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Prgpgrgtlog gf_PlaQeg—: . When required for use the
aqar ‘in the untversal bottles was melted by. standing the
"uncapped bottles in boulung water for a few mlnutesn‘ The
contents oF each ‘bottle were: then poured into a petri-dish
’lylng on a completely level surface.- Once the plated agar
soludaned the petri-dish lids were. replaced and the plates
put . in the reFrlgerator for . at least 2 - 3. hours. By

doing this the wells in: the aqar could be more cleanly cuty

. ror reproducnbll;ty of results in -agar diffusion
it is essentlal that dlstences between wells should be .
constant. To aehlevelfhle‘ pattern templates were prepared
from small bIOCks oF wood or paraffln wax into which small
pins were leed at accurately measured dlstances. ’Sy

pressing the template on to the surface of the agar the

' pattern was imprlnted the mark left by. each pin head

representing the centre of a well, US|ng a conk borer
passed through a close-fitting, rlqldly clamped verttcel
lsleeve small&eyl;ndrlcal plugs of" agar ‘were removed by
suction to ferm the wells., The bottom of each well was
sealed with a drop or two of molten. agar to prevent the
well contents from seeping away between the agar - layer and
the base oF the petr|~dtsh3v

The wells were then ready to. recelve‘tneir:contents,.
a ‘volume of 2 -~ 3 drope belng suFFicnent to fill each well,
' The petrl—dlsh llds were placed over the plates which were
then set in an lncubator at 27°%C. at a hlqh humidity to-
awalt development oF the precupltate llnes. " The chouce
of temperature at 27>C was not-spec:Flcally designedlfor
the agar plates but was that at which the faboratory
~ incubator was constantly run, High humldity, achieved by
keeping an open tray of water in. the incuBator,'was necessary-

to prevent excessive drying-out of the plates. Lines of



’";ﬁpPeCJpltate usuallyﬁappeahed ln |8ﬂ~"24 hours and certalnly

i”‘;:by 48 hours in- mo;tzchfcken systems.ikln cases where lt was-’

“ﬁcon3|dered neceasary to Pecharge tho wells eaua! amounus OF

Eantlserum and anilgen were used

OP tne use oF dlspropor—i;j

'fttonate amounts of eluher Peactant causes dlstortlon of

:ﬁpPeClplﬁate lthSGEHd Pesults ln pOOb def|n1t10n (h!lSOn

:’jand Prlnglec|954) Results were generaliy read at Zd hours,

Fnoted ‘on - sp901aiLy prepared Pecord sheets,fand checked again

i:aﬁ 48 hours when aﬂy lntePtm developments oF suganlcance

ﬂwere added LO the records. A PP901p|tate llnes Pema|ned more.

'for !ess leed for a Few days aFteP wh:ch some hazlnessjand

15i‘|oss OF;defnnltion was, notlceﬁble.]”

8 3 i

The temp!ate and well attern mOst commoniy;d?,‘,

1based on the COﬂventional 6 - membercd Ptng w|th a seventh

”*3fwell at the centpe , as shewn |n FIQUPe 2

Although chlcken pre01ptL|n teuts conducied lh

k’illqu1d medna PSQUIPE a NaCi cOncentratlon OF 8ﬁ For'qomoletef
‘ippec:pltation of éncxgen antlbody complexes ln comparatlve
fplate tests usnng agar prepared |n AL, A and NaCl thevbestl*“

fiPesults were: obtalned with the l% NaCI sySLem, th' precapltatex

~i?|:ne$ in; hlgher NaCi concenﬁratlons belng leSSLCOHCISé and
”ﬁ”;more poorly deflned e ' o R ‘

Ilght mod Flcatlons of techntque were |ntroduced

,'from tlme to’ t|me to ‘meet. partlcu!aw*c:Pcumstances. 
?lCiarlflcatlon of agar by the method of. Felnoerg (i956)
q:us:ng HyFlo supercel was Found to be a somewhat tedlous
'fand time consumang procedure,iand equal!y good clarlftcataOn
?fwwas obtalned by Flltratton ofamolten agar: underippessure,f '

‘Qwhlch ylelded a product clearﬁenough for most’ practlcal

“?;pupposes.5 The 1ncorporablonfof various dyes |nt0 the

Zgagar old nob ImpPOVe Pesolutlon of lines and the procedure~‘

/‘:pjwas not pursued Loss of water FPOm the. wells"by evaporat;on:
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‘dur:ng |ncubataon was avoaded by coverlng the open petraw,
“dlsh wlth a cnrcle of parafllm wlde enough to overiap the
dish, so that when the lld was placed on there was vlrtualiy:
‘an alrtlght seala" ' ‘

in general the sensnt|v1ty of ‘agar gel d|FFu510n
‘technlques for studylng preCipitataon i's several times
less than that oF;the Fluld tube test. In lquId media
"~ the an%lgen and antlbody when present in correct proportions
can combine quantutatlvely whereas in sohd agar only
-fractlons of the reactants are available For the formation
of prec;pitates; But qtven standard conditions with a.
1repreducvb|e well pattern and applyung due caution. sn the

-ﬂJnterpretatlon OF results, the plate agar gel dthusuon

“test has consnderable value- in. qualltatlve compar|30n oF
. precipitin systems and IS partlcularly useful in study]ng
" the relationship and cross’ reactlons of leFerent immunor

logical 'systemss -



7.

THE DETERMINATION OF TOTAL N



Two methods were used For determanlnq total N
These were the Markham moduf:cat:on of the mlcro—KJeIdahl

technlque (Kabat 8 Mayer- |948) and a colorlmetrlc procedure
based on the bluret reactlon.' ’

la- Markham’modificafion of micro~Kijeldahl

This method is particularly deéigned for the
analysis of samples containing |10 ~ 100 ug N. = The principle
is the same as that of the micro-Kjeldahl method. The
protein, in the sample to be analysed, is decomposed by
_digéstion with conc. H2504 and a catalyst, the N being
converted to (NH ‘2804. The (NH4)2SO4 so!ut:ons are then
transferred to a distillation apparatus, treated with an |
“excéss of NaOH, and the NH3 steam-distilled into saturated
boric acid which is finally titrated with N/70 HCI,

The following are detanls of the analytlcal technxque
as applied in the experimental work relating to this thesasx

The volume OF\cénc H2804 used in each digesfion
was 1.0 ml, The acid itself was of MJA.R.« gradeg

The catalyst employed was the conventional micro=
KJeldahl catalyst, consisting of

8 parts: KZSO4 ,

| part Cu 304 “uSHZO

Il part SeOz

A knife-point quantlty (c«0.59) oF catalyst was used For'
each dlgestlona‘

As an indicator the mixture descrlbed by Kabat &
':Mayer (1948) was used isey '

Stock solution A: 1% methylene blue in water
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Stock solution.Bi saturated spiution of twice=~
recrystal lised methyl red in 95% ethanol.

Stock solﬁtiohEGi 15 ml. of stock solution A mixed with
125 mi OF‘StOCk-Solutfqnfo

For carrying out titrations 2.0 m! of solution C was mixed
with 200 ml of boric acid solution, a fresh mixture being

prepared each day.

3.0 ml volumes of the boric acid indicator mixture
were used Tor collection of. the distilled NH3, each distilla~
“tion taklnq only a few munutes, Tltratlon of the ammonium -
borate by N/70 HCl was carrued out using an “Agla” micrometer
syringe (Burroughs = Wellcome & Co.), keeping the tip of the

syringe needle immersed in the distillate. Stirring was
('eFFected by means of a stream of nitrogen bubbles, the
nltroqen having been preVIousiy washed by passage through
bormc acid solutiony

When samples contained. more than 100 M9 N, 5.0 ml
of boric acid-~indicator mixture was used, the N/70 HC{ was
run in from a micro burette, and a small mechanically driven

_glass propellor used to stir the distillate..

Always before use the distillation apparatus was -
thoroughly steamédvou£~and blanks were run on all the
reagents to make certain they contained no.éourcé of N,
or alkaline contents. Total blank values of 7 pg N or less
were considered satisfactory provided they remained constant.
A number of runs were made with standard NH4Ci solutions to
make sure that the apparatus was functioning properly, that
a good end~point was achieved with the particular batch of
lndtcator, and that reproducnble results were being obtaineds

‘2, boforlmetr|c~est)matton of N.

The biuret reaction was the basis oF"the colorimetric
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- method used For the determlnatlon of proteon : N»  The
bluret reagent used was that of Dlttebrandt (|948),

containing, per litre: » ‘
9.0 g NaK tartrate (Roche][e‘sait)

3.0 g CuS0O gSHZO,
5.0 9 kKL 4
© 0x2 N=NaOH (carbonatemFPee)

o The NakK tartrate is dlssolved in approximately
400 ml of 042N - NaOH, The CuSO, is then added and .
“dissolved, and is followed by the KI. Finally the solution
,ié made to_! litre with the 0.2N -~ NaOH, N

The different |nstruments were used at. various times.
for measurlng the optical densuty of the biuret solutions.
 They were - FEUEEIL A S Lo G
' ‘a) Hitger Uv:spek Spectrophotometer (Wavelength 555 @M)
b) Unicam spectrophotometer SP 600 (Wave!ength 540 @/()

Each |nstrument was prevnously calibrated using
proteln solutlons whose N content had been determined by
‘mtcrOHK;eldahl analysns, thus provndlng an ‘optical density =
protein N graph For each lnstrumentgf Reprodu0|ble results

were obtained over Iong perlods as determlned by recallbratlonx

o BeFore addltlon of bluret reagent precipitates were
:dlssolved in O 2" ml of N/IO - NaOH; - The amount of biuret
'subsequently added varled wlth the instrument belng used

but was standard for any one lnstPumentg

The. bluret colovlmetrlc method For ‘N determlnatnon
. was pavtlcularly useful when analysang large- numbers of
precipitates, because of the s:mpllctty of the technrque
wh!ch was nonemthemless accurate and sensltlve enough to-
determ!ne‘as !:ttle as 25 Fg qu:te satlsfactorlly.
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RADIOACTIVE IODINE AND ITS MEASUREMENT
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widely used in immunological investigations:and has-proved

Radioactive iodine I) as a trace=~label has been
of great value in this respect, 1t is>paﬁticularlyAuseFul‘
because of the ease with which protelns can be iodinated, and
it possesses a half-life that is suFFncnently long to perm!t
experimental work to proceed without undue concern about

loss of activitys Being an emitter of medium energy /3
particles and bF;moderately'hard gﬂrays its radioactivity is

readily measurable by conventional instruments based on gas
/aonlsatloncyr sc:ntullat|0n ln solld crystals. The physical
detalls For *3|1 are
HaanliFe e S Radnat;on energy
(days) ERE R (MeV) "j
8.04 ) O 6| 0 36

|3l

Supplies of . I were 0bta|ned From the Radio~
chemical Centre, Amersham . in the form of carrier=free iodide
(Na |3l1)u When the ICI method was used for trace~

label ling the radloactive iodine was obta:ned thiosulphate~
free. The amount OF isotope obtained at any one time _
varied from 5 = 20 mc, the activity be;ng spean|ed for the
actual day of iabe!llng, though not all the 13l T in any

partlcular batch was used to trace-label antigens,

In handling radioactive so lutions and in disposal
of waste the standard recommended. rules were adhered to.
Very active preparations were always handled,witﬁ remote
control manipulators and kept inside “caves” of steel and. .
lead bricks, In trace—labelling procedures full -precautions
were taken including the use of safety trays, long pipéttes,
maximum possible shielding and rubber gloves. On completion
of the manlpulatlons the reglonal bench. top and adjacent areas
were fully monitoreds Contaminated glassware and instruments

were steeped for a few days in water containing some NaOH to
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Facilitate'remSVa[ of traces of §a$e|1ed protein., Liquid
waste, such as the initial dialysate of labelled solutions,
was stored in isolation until the activity had decayed
sufficiently to permit of drain disposal.

Trace~labelied antigens were used for two purposes -
to facilitate the analysis of specific precipitates and for
following the removal from the circulating blood stream of
intravenously'injected antigen. In both cases, but more
particularly in the case of quantitative precipitin tests,
it was necessary to make certain that all the l3|I was in
fact bound ?%gpp@té}na" :This:was checked after dialysis
and cehffifuéatién‘oF label led protein by precipitation of
an allquot with trichloracetic acid. With the standard
procedures oF dfalyS|s for at least 48 hours and centri=-
Fugatlon at 1500 g for 30 - 60 minutes it was always found
that the activity of such ‘protein . solutions could be wholly
preclpltated wlth the proteln; '

The evndence for the normal phy310|09|ca| and
qerologlcal behavuour of trace-labelled proteins is discussed
elsewhere in thls_sectlon in conpection with the actual
trace=labelling procedures (pu 36 ).

Whenfahtigeh elimination was being studied it was
important to make sure that the experimental animals had
access to adequate amounts of inactive iodine to ensure
saturation of the thyroid and to limit uptake of |3|1.;

To echieve £his purpose a source of iodine was provided for
the birds by iodinating the drinking water to the extent of
0.05% with Na or K iodidex Such treated water was presented
to the birds for at least seven days before trace~labelled
antigen was injected,
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131

were such that, even with the relatively efficient ICl method,

The amounts of T used for labelling‘ahtigené

no individual bird received more than 50 uc at any one time,
In fact in the majority of instances a much smaller amount
of activity was injected. Such small doses were unlikely
to have had any serious adverse effect on the general health
of the experimental animals, and certainly in normal control

birds antibody synthesis was not apparently interfered with,

Measurement of radioactivity

Two different types of instrument were used for the
detection and measurement of radioactivity. These:uwere a
Geiger Muller counter of the end window variety and a scin~
tillation counter,

- The Geiger-Muller counter was of the thin end-window
variety, model EW3H Supp!iedAby 20th Century Electronics,
having a mica foil window of |45 ~ 2.5 mg/cmz'and of 25 mm
diameter, “During use the counter was housed in a Panax

" universal lead castle and connected to a Panax Scaler
(Type 100 C)«

Serum or plasma samples Forwcéunting were pipetted
on to small nickel~plated planchets of 1.5 cm diameter
(G«E.C4), previously made grease-free by ether/alcohol
washing. To promote even spreadiqg of the plasma on the
planchet Oul ml of "Cetaylgﬂicoﬁ?entrate"‘(cetrimide BuPs
20% W/V,<|jé}|§91 waéspibeftédidnwto each planchet.
Thorouéh miXingioF the sample on the planchet and removal
of bubbles, was achieved by directing a jet of air from the
nozzle of a fine pipette on to the surface of the sample.
Therecafter the séhble was evaporated to dryness by the
application of gentle heat from a hot-plate., As it is of
particular imporéance“fhat evaporated samples for counting

should be of uniform thickness to ensure even distribution
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of radioactivity on. the planchet surface, all cracked or
uneven samples wééé‘discardedu Using an end-window counter
the greatest volume of plasma that can readily be evaported
for -accurate counting is 0425 mis Thus its ability to
detect and meaéure«smal!'émounts of activity is limited by
the actual vé]ume of sample that can be)couhted.‘

All samples and standards were prepared in dupllcate
and each counted at least twice.  To correct for self~
absorptlon an appropriate aliquot of normal serum opr plasma
was spread~oﬁ Elanchetq carrying the standard solution,

, The sctntnl!atlon counter was used much. more
Frequently than the G ~ M tubes, because being a very
efficient dectector of gfrays, it is particularly suited to
131

the measurements of I, and samples are counted in liquid
form in 5 ml volume. Thé'particulér model used was ah
_EKCO type N 5504, containing;a thal lium~activated crystal
of Nal as the solid phosphor}“ In the earlier work this
crystal was of the annular rtng type N 597 model, of
cylindrical shape, over which was placed a plastlc cuvette
containing the IO ml sample This was later replaced by a
well~type type of crystal’ (N553A) into whlch was placed a
thin, even-walled glass tube conta!nlnq the 5 ml sample to
be counted,

As the wg]lhtybéigrystal'hasfahAéFFiciency about
four times thatiof,the annular ring the sensitivity of the
counter was correspondingly increased, and the use of tubes
instead of cuvettes facilitated handllnq of samples during
counting.s

There was an independent power supply to the
,phbtomultipljer,and the scaling unit was a Panax 100 C
‘mode l - v
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For sclnt!llatlon countlng a net count of at least
‘2060 was requtred for each samp[e, and every. sample was’
counted at least twice. Counts of less than twice the -
*bacquound were consndered to be beyond “the Iower limit for.

accurate determlnatlonu




S.  INIRAVENOUS INJECTION OF CHICKEN EMERYOS
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"In connection with the studies on immunological
tolerance to protein antigens in the chicken it was necessary
to make intravenous injections of antigen in l4~day old
embryoss So far as wgs}pqsgible a uniform technique was
adopted and adhered to;;bﬁt w]th progressive experience came
improveménts and modifications, and these are included in

the method as descrlbed heren

The prepavatIOn oF antlgen for anect|0n is discussed
in the protocols of partncular experlments, but in general
the antigen was dissolved in sterile normal saline,
centrifuged, and Fanally passed through a bacterlo!oglcal
filter. Prlor to anection it was raised to a temperature

of. apprnx:mately 37 Ca

AL lnstruments, syrlnges and needles were sterilised
in boiling water, and operators and asssistants washed and
scrubbed their hands thoroughly, rinsing them in disinfectants
In order to see the recipient blood vessel clearly it was
necessary for the operator carrying out the injection to have
his face within a few inches of the window in the shell,

To reduce the possibility of. droplet infection reaching the
embryo, a surgical!l face mask was worn by the injector, and

by the person drilling the shells,

A1l operations took place in the room where the
i ncubator wés.housedg~ Sources of heat were provided by
lamps and electric fires to prevent excessive cooling of the
eggs while out of the incubator. A few egas were removed
at a time andﬁfmmédiately candled (transilluminated to
determine the presence or absence of an embryo), and all
non~fert:ile eggs rejected. At the large end of the egg,
~adjacent to the air=-space, a pencil mark was made over one

of the larger chorio~allantoic vessels, This area of the
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‘shell was swabbed”élean with alcohol or tincture of iodine,
and a small piece of shell lying over the marked vessel was
removedxby cutting through the shell with a rotary drill
bearing a smooth-edged carborundum stone in the heada The
isolated piece of shell was removed with a pair of fine
forceps. Care was taken during drilling and removal of the
" shell not to pierce the underlying shell membrance. The
window thus created in the shell measured approximately

1.5 cm x 0.5 cma

A few érops of warm sterile normal saline placed on
the shell membrance effectively cleared it and revealed the
~underlying chorio-allantoic vessel in clear relief, For
the purpose of injection the egg was held at approximately
60° to the horizontal, with the large end uppermost and the
window facing the operators The injection of warm antigen
solution was made using a tuberculin syringe and a 5/8" 28
gauge hypodermic needle, Thevfip of the needle was
introduced into the vein at its lower end and slid forward
some distanée before actual anection, then, left in position
for a few seconds to allaw the anected material full chance
to disperses On wnthdrawal of the needle’there occurred a
slight Iéakbaék of blood via the point of penetration but
this was seldom extens:ve,. *Wheh‘Faulty injections were
made or if there was a 5|gn1F1cant amount of blood leakage
Ffrom the punctured vessel the egg was dlscarded; During
actual anectlon there ‘was’ gonerally some reactaon from -
the embryo in the Form oF a sudden sllght movementg

The anectth~hav1ng been successFulIy comp leted
the window was sealeds |f the removed piece of shell was
intact it was replaced and fixed in position using molten
paraffin wax. = Where the piece of shell was broken a
cover was made for the window using ’parafilm’ (sheet

paraFan wax),the‘edges;being sealed with a_heated spatulay
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Cellotape was. also %rled For this purpose but was Found to
be unsattsfactory as. the chicks had dlfflculty in breaklng
through the shell at that p01nt at the tlme oF hatchingx«

Once ‘sealed the egg was replaced wuthin the lncubator,

; wlth the trephlned area uppermostn Althouqh for a stngle

egg the whole procedure. iasted littie more than a. few mnnutes

the necessnty of: deallng with a few at a time meant that each"

egg was out of the |ncubator for about lO m:nutes and,

each of the two compartmentq held iSO eggs the doors were"

be:ng opened and - closed at Frequent intervals, over .a period

oF about two h0urs,\  As will be. explained in,the experlmental
section of the thesis tntravenOus injection of embryos
;resulted in a hlgh mortalnty of embryos and a’ Iow hatchlng

percentageu. The rather lengthy handling ‘and conslderable _
: phy5|ca| lnterFePence a550¢|ated with drllllng almost certainly

-played a sugnlftcant contr|butory role in this Pespect.

Durlng the 6 - 7 days FOI|0w1ng |nJect|on the ‘eggs
T were: turnad at least once daily and to avold damage " to the
fh;wundows thls was ‘done--by  hand, In retrospect and.in the
“fllqht of more recent experience it seems that thls would have
‘*been better Teft undOne for once the window. comes to lie on
- the. undersurFace oF the ~egg there is a tendency For the embryo
.‘to Fa!l on to 1t and to adhere to this area‘-' " Such compara«-
‘ t;ve :mmobrllty of the embryo would serrously ‘reduce Its
‘chances OF hatchlnqa

With a Ilttle expevlence the technlque of |ntraven0us
thectton oF”embryos becomes reiatlvely stralghtForward and _
is one that could Iend |tse|F to many lmmun0I09|cai and other 7"

lnvest|gat|on8u
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The animal most Frequently used |n these stud!es
was the domestlc Fowlr"some expernments were also carrled

out on rabbuts and on pi gsa
: V'B'i'r'ds :

Kl hatchlng eggs, day*Old Ch'CkS a“d almost all the

\"lmature blrds employed were of the Golden Legbar X nght o

sSusex verxety, a sex~linked cross whose males are white' and

‘l;Femeles ‘a golden brown. . - The supplier wes the Poultry School

of the. West of Scotland Agrlcultuval College, Ayr. . Dey—old
.chicks were ‘in the laboratory w:thln 2 -~ 3 hours of despatch
~from the hetchery, thus neonatal. thectsOns could be made. -

: WIthln 24 - 36 hours oF actual hatChanx

v Normal poultry husbandry practlce was Followed

‘Ichlcks belng reared under electrlc brooders wnth a progress:ve
reductlon in temperature over the Flrst Few weeks and there-—
after in an |ndoor deepelltter house, In later experiments
it was- p055|ble to house birds in tlered Fattentng cages,
each contalnlnq 4 - lO brrds dependlng on age’ and size,
'Thls method was’ part|culerly convennenf For separatlng

daFFePent experimental groups,

- 0c068|onal outbreaks of coccuansns among young blrds
were treated by the admlnlstratlon oF 33. 37 sulphamezath;ne
JuCulys (Sulphadlmldlne Be Vet, C. ) in the drlnk[ng weter to
give. a anal concentratlon of- Onl% : Sporadlc bouts oF /

. cannaballsm occurrlng amongst blrde being’ kept in rather
er0wded condttlons were COntrolled by debeaklng and by the
 ‘use of hen spectacleSa Apert FrOm occestonal 1solated deaths
‘young edults and ‘mature” blPdS mauntalned reasonably good
Vlhealth and pPOducth!tYs. : ) h

Other breeds OF domestic Towl used For expertmental
work ‘were nght Sussex, Whlte Wyandotte and Rhode lsland Redg
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Y6Ung adulfs‘of~tﬁefformeﬁ %Qb'breeds were used in'stndiesﬁf
‘erelatlng to sero!oglcal responses to: chemlcally—altered
antlgens, whlle culled Rhode I'sland Red hens from.a commercial
!aylng Flock were used as a source of: normal chlcken sevum,

and very occa5|onally For the production: oF immune serums
Rabbuts

These were all adult stock rabblts oF the Dutch
"varlety, kept |n lndIVIduaI cages under stendard anrmal house

cond:tlons,

"-’pigé
Use was made of the litters oF two adult Large White
SOWS - to study the lmmunologlcal eFFect of . neonatal anectton

}on proteln anthen. These anlmals were part of the stock
of a. commerc:al pi goery - and after weanlnq were reared |ndoors

in a Fattening houseg
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The rollowlng abbrev:ations are used from time

- to time in. this thesus.

Ag.
As
NCS:

BSA
BGG
mHGG
VLS.

EE R R E R RN KN KRR RN RN ANE KN

EEEENEE RN EE N ENEEER S ERERES

E R A S AE R AN RN EEREAEARE R NEE
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- Antibody

antigen
antiserumﬁ

normal chicken serum

bovine serum albumin

"boviine gamma globulin

human gamma globulin

Versene in 16% NaCl.

ln addltlon there occur certaln physical constants

;and chemlcal symbols whsch conform to accepted conventiona

‘Tables and Figures in Sections C to F are

numbered according to the sequence in which they occur,

“a hew,seqﬂencejCOmManing at the beginning of -each .

Secti on .




SECTION _C

A STUDY o.P ZHE MTIuBOVIJbE’ GAMIIA GLOBULIN ( BGG’)
AND - ANTI-—BOVIM Smw ALBWIN ( BS"A )’ PRZTC’IPITIN
,S’Y,S'ZE‘MS' IN THF‘ C'HIC‘KE!V

Y




o ’Inbroduct iton

" The fz..mtwn of complement mtrogen by speczfzc preczpwates
"and: ?,7.‘:3 prevemﬁwn - , y

Quantwatwe a,nalyses of the a,ntz,—BGG a.nd anta~&?A pr‘eczpztan
systems

A rapzd method " for the determumtwn of the oreczpzmn comﬁemf; .
0 f cmi; Lserwn, vsmg trace—-labelled antigen .

‘vThe Specz,fzcztd of - mezme preczpwates formed Ln hzgh

concentramons of NaCl

z&,tnmry of sect ion




. .
P
P
. g o ? B

»
. e

INTRODUCTION




78

Consequent upon dlverg:ng pathways of evolutlonary
development and specuallsatlon, blPdS and mammals leFer &
Fbom one another 1n many respects,‘ Such dlfFePentlatlon is '

‘TVanot llmlted to partacular anatomlcal adaptatzons but ls'7'
i“lhﬁapparent also In a vaplety oF phystolog:cal and blochemlcal
 3proeesses lncludlng some. aspectsvofﬁlmmunlty..* lt is not
A surprusnng, thereFore that certain of the standard labora-
tory procedures used to measure the |mmune Pesponses oF
““mammals such as the rabblt cannot be applled succeosfully
\jto sumilar studles ln blrds wnthout some modlfscatlon oF

"technlque., o

Rlce (l947 l948) and Karper Meyer and Eddle (l950)
‘have drawn attentzon to the heed for modufacatlon oF the ”
:‘standahd complement flxatnon test For the satlsFactory
'”v;*demonstration OF avnan antlbodles to &almonella pullorum and

U te ornlthos:s vnrus. JankOV|c and lsakovnc (l960) havel
:lﬂobserved that whereas the sera of - chlckens lmmunlsed w:th
_ :lrabbtt and duck erythrocytes possess’ good agglutlnatlng
VH §ﬁbltPeS to these Forelgn erythrocytes they cons:stently Fall
‘.ifﬁto brlng about haemolysns even in the presence of adequate
”amounts oF complement derlved from gu;nea pig. and other .
}émammallan and av:an sera., Th;s Fatlure they attrlbute to a
ﬂ:&gpecullar tnablllty oF chucken antibody to Fax complement
‘;iand have suggested that a study of tmmune haemolysls lnvolv-
jlng avnan ant body mlght well reveal lmportant lnFormatlon
{{concernlng the mechanlsm of complement F|xat|on especnally :
“‘Tfas there occur ln chicken and other avxan sera natural t

'ﬂﬂ“haemoly5|ns capable oF exhlbltlng haemolysls.‘gf?ﬂjﬂ;.ffﬁﬁf~

The pltfalls lnherent in the use of serologlcal
:f%ﬂtechnques devnsed For mammallan SystemS‘ln analysns oF avcan
ll{fantlsera have been partlcularly noted by workers lnteresﬁed
1l}l|n pPeCIpltln productlon in the domestlc fowl. . As a

:-,,-',
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: iconssderable part OF thls thesns |s concerned WIth chlcken .

‘precnputatlng systems 1t zs:approprlate that the prsnc:pal
'lfflndlngs concernlng chlcken antl-proteln sera be mentloned
»ﬂ_here. s o B : ‘ '

Hektoen ln l9|8 recorded hls exper:ence wnth the

;5jShlcken in ;mmunologlcal studles.' He Found lt to be a prompt

ffand generous producer oF pPeClpltlns and’ oF greater Pella-
ffbnllty |n thls respect than the rabblt.. A tendency on, the"

'ﬂﬁpart of chlcken antlserum to g:ve non—specnflc reactlons

'5¢FOIIOW|ng rapld thawlng from the Frozen state was' observed
lFbut this was noii“pparent when thawlng was done graduaily.\

ijff;Non—speCIFIC Peactlons were also observed when ”lnterfacsal
':'f;tltres were determlned in. 0 9% NaCI but could be aVOided

by the use of I.S% NaCl in. thls test.lk WOlfe and VaFlOUS

';i'workers (1942 et seq.) have made an extensnve study oF pre—’

-lfcngltln productlon in the ch:cken.- ‘Their researches proved A
thls spec:es to be an extremely eFFnc:ent producer of pre—“ “
fcnpltatlng antlbod|es in response to serum proteln antlgens ‘
potent antlserum belng obtalned wuthln a. Few days of a: S|ng|e‘
antlgenlc stlmulatlon.n: In the typical response of adult
vblrds to a s:ngle lntravenous anectlon of. BﬁA (40 mg/hg)
1detectab|e antlbody made its flrst aopearance on the Sth or
':6th day " after |nJect|on of antlgen.; Peak’ antlbody Ievelsf’$A
were attalned at 8 or ‘9 days follownng |nJect|on Land were
- of the order of. 250 300‘pg Ab N petr ‘ml of serum but peak
levels of 500)ug ﬂb N per ml were not uncommon (Bvown &

| ”iWoIFe 1954) Once the peak level had - been attalned serum -

r?fant:body concentratlon decllned over a perlod of |10 days and -
[ by the 2lst day after antlgenlc stlmutatlon WC|PcuIat|ng '

Tiﬁant:body had reached very low. levels (see %lg.«l) F

A{ffollownng the decllne and dlsappearance of serum anttbody,

»:a secondary response was i nduced by gsvung a Further anec—:-

" tion of. BSA at 40mg/Kg, peak antlbody Ievels wePe conS|derably

;fl?augmented and couid rlse above ZOGOJFQ AbN/ml of Sevum=k€fv§
”(Banov1tz & Wolfe, |954) - R
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lt was shown by Brown and WolFe (1954) that no"

*VSlgnaFlcant |ncvement |n peak antlbody level nor -in durat|on

"i;oF anti body response ‘was. achleVed by dlvsdnng the stngle

‘7;dose tnto three |nJect|ons given on- aiternate deys. ( At a

flfstandard antlgen dose of 40 mg BSA per Kg body welght the
}T subcutaneous Poute of lndectlon was as effective as, the
*lntravenous though when 200 mg per Kg was' employed the::m‘

f*subcutaneous Poute was more eFftcuent. i;’

k s The |ntraperttoneal route oF antlgen anectlon was
'used on, occasuon in Pelatlon to some of theexpertmental work

"“Qdescrlbed |n ‘this thesis and pre0|p|tat|ng antlbody was

ljregularly produced. . From the llmlted quantttatlve data

:“avaliable For adult birds, the Pesponse appeared to be oF the

’-(same order as. that Follow1ng lntravenous anectlon. ¢-“

Sl thelr lnvestlgatlons Wolfe and’ hls colleagues
‘1pa|d partacular ‘attention. to Lhe physnco-chemscal condltlons
AaFFectlng the formatlon oF lmmune precapltates. " One oF thelr
.earllest observatlons was the rise. in 1nterfa0|ai tltre whlch
occurred when. sera were aged at 4 C the rlse commencung .-
‘.W|th|n 24 hours oF bleeding and increasing progressnveiy
i;to reach a peak level some 8 - 12 days Iater (WoiFe I942-
‘Wol fe and Dllks !946) When quantitative precnp|t|n tests {
were. carr:ed out lt was, Found that the pPocess oF agelng
~produced elther an lncrease or a decrease in the amount oF
N whlch could be preclpltated dependlng on whether the
'quantltatlve tests were performed in Iow on hlgh saltne
uconcentratlon Pespectlvely (bengozuan & WoIFe I957) DuranV
~the’ |n|tlal storage pePlOd at low temperature or'followlng kR
o;Freeznng and thawnng, a gelat:nous Flocculate eppeared in the ‘
serum, Apart from the fact that it is apparently not c0mple-i
ment, .nothang conclustve :s known about the nature and sngn|~f’
'jflcance or thls materlal S|m||ar Flnd:ngs were reported by -
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e:}far From augmentlng the amount oF N ln the prec:pltate from
S osay rabblt antlserum, brlngs about a Pedqulon in speci fic
,“pre01pltate N (Kabat and Mayer l948,p 37) From the

"oexperxence of varlous workers and par ncularly FPOm the

'V;expertmcntml evtdence pPOVIded by WolFe and hls colleagues ,
Z”th hes become clear that chicken antlserum ekhlblts partncular K

”*f"characterlstlcs whlch demand specnal precautlons ln applylng o

*i\f routlne serolog:cal tests For prec:pltatlng antlbody.-

The ready avallablllty and dowestnc:ty oF the chlcken
d;largely determlned the chouoe of thls speoles for studles In
”"?faV|an serology, but the comparatlve eblllty oF elght avnan
'_;fspecnes to Form preclplttns to serum proteln has been” studled;o-
b.by WolFe and Dllks (l949) Only the partrldge _owl and
r‘xfpheasant were capable oF Form|ng prectpltatlng ant:body
laamounts comparable to he ch:cken. Both owl and pheasant
_“sera ylelded greater preogp{tatee wnth ncreasung sai;nlty
of, the test medlum (Goodman & WoIFe,l952) wthh lndlcated
‘_that in thls Pespeot atleast “the behavsour of chlckenl;
fentuserum lS ‘not’ unlque.. However thls phenomenon cannot

”?ﬂ\f‘be regarded ‘as” characterlstlc oF aV|an specles ln general

BeFore commencnng a. SePles oF immunologlcai studles

T on chlcken precn

o "t:n systems ;USIng as antlgcns bovnne serum{
b?albumln (BSA) and:bOVIne gamma globulln (BGG) .lt seemed
nffadVlsable to |nvestlgate the nature “and ChaPaCtePlSLICS oF A
'H‘the pPeCIpltln curves obtalned w:tjfthese antlgens. Thls;,i
J*fwork provnded lnFormatlon wh:ch pPOVed of consnderable vaiue

7|n the formulatlon of a method of antlbody measurement

',jantl—proteln sera.;

As much oF the avallable datahconcernlng Chlcken Q?f

'antl—proteln systems had been anUIPed by qualltat:ve and/or.

;:iseml—quant!tatlve methods there was Felt to be a. need For
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more'precise‘thorﬁation, especial ly concernjng the compos-
ition of the immune precipitate.~ In their studies of ‘
-pPeGlpltln productaon in the chfckén, Wolfe and allied
workers had modelled their quantitative precipitin test
(Gengozian & Wolfe, 1956) upon the pattern devised by Heidel-
berger and Kendall (Kabat & Mayer 1948, p.22). This test
involved measurement’ of the amount 0F,N~present in precipi=-
tates obtainea up to the region of slight antigen excess;
the latter being identified as ‘the point at which residual
anﬁigen'was~first detectable by a potent antiserum in the

supernatants of the‘speciFiC'precipitates.

While this method yielded reproducible results it
lacked the sensntnvnty reauired for a critical analysis of
the composntion of the ant}gen—antlbody complex at.various
parts of the cuﬁve» and could not readi ly be extended into

the anbagen excess zone,

Quantitative precipitin tests desugned to elicit this
type of information were therefore undertaken in both the
anti-BGG andAant|~B5A.systems."Jn bhese‘tests the attachment
of a radioactive trace-label to the antigén ?éci1itated
anal yses of the.precipitates and pevmitted the accurate
me asurement of very small quéntities 6F antigen. It was
morebver'possible to continue the analysis into the region of

antigen excess.

The same sensitive analytical procedure waé'app]ied
when, in the case of the'anti—BSA~sysfem, the pattern of
precipitation in.various concentrations of NaCl was investi-
gated.

Inhibition of co~precap|tat|on of complement N with
_the specifTic precipitate by the dlsodlum salt of versene was
-studied in the anti-BGG system, i




The experlments perFormed on. these various aspects

OF chlcken antlserum protcln systems are descrlbed |n this
sectlon.
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2. [IHE FIXATION OF COMPLIMENT NIIROGEN

. BY SPICIFIC PRECIPITATES AND ITS PREVENTION



e ln mammallen spOC|es complement can. aFfect the .
‘*QpPeCIpltsn reactlon by |ncorporat|ng |n the antlgen antlbody'V:‘
;¥ phec|p1tete as much as 30 to 60/ugN per NE of serum ' »
'cfl(Heldelberger & Mayer l942 Cushlng and Cempbell 1957 P 290)
x‘-$?ThIS effect s, elso noticed |n aged sera thaﬁ have lOSL the|P;;>
”5?:hacmolyt|c act|VIty (Maurer and Welgle l953) Although.‘*j l
:f;eomplement N IS flxed in all three zones oF the pPeClpltln;
J;;curve lt s on antlgen excess that the most sugnlflcant eFFect
" has’ been reported (Maurer & Talmage l953a l953b). Ellmln-g

,"“1eatlon of complement N as a co-precnpltatlng Factor |s Lhus{e*

an essentlel prerequIS|te For quantltathe analyses of pre~-

3fc1p|tates for-anclgen and antlbody.llflﬁs. _f7 - :*@Q‘,p

By heetlng mammellan serum at 5600 For 30 mlnutes

’“a?the heat~leblle components oF complenent ere lnactlvated

‘*fg:Haemolyelc actlvlty is deeroyed and: the leataon ot comple—

u:il*ment N by |mmune agqregates is- largely prevented (Maurer"u
AVQTalmage l953af1l953b Herdelberger l956) A SlmllaP decomp-f

’-,l
lementlng effect can be achleved by treatlng the serum With

\thﬁan unrelated specanc precapltate (Maurcr & Talmage i953a
©11953b)% - When' Gengozian and Wolfe (1957) attempted heat.
‘ﬁf;decomplementatlon oF chlcken antlsera non~ peC|Flc prec;p~\;f;r7

iwtatlon occurred when uhe quantltatlve iest was’ perFormed :

Jffln SA NaCl.‘ H0wever 'a sat|sFactory decomplementlng agent

'was Found in versene, ethylene-dlamlne—tetre-acetic a0|d

:f?](EDTA) ThlS compound chelates Ca™ and MQ ”tWO catIOnS g

"fif;which are essent;al For complement heemolyt:o act|vuty, ehdjh

Ijexerts ar potcnt xnhlbltory effect on, the upteke of complement
0N by spec;flc pPeClpltaueS ln mammallan systems (Maurer & '

'PXEWelgle |953 Levrne Cowan OSleP & MayeP l953)

o Applled co the chtcken antl-BbA system versene‘wasfi
“7freporued by Gen902lan and Wolre (l957) to be eFFectlve as. a_l

lﬁdeCOmplemenulng agent as conccntratlons compahable to those,hzgf




he 'comi '»I ement |nh1 b”“tdr “

% In faot.the B66 wis ‘trace-labslied with T so that its

‘elimination from the. ézrcula,t ion oould. be. followed.

Ag:
=,‘je.7cp.2mned’l_m Section B (p. .S’o) the introduction. oﬁ-fzg%zfl"
“intrace: ‘wmounts ‘does 'not. altel the irmwnologwal specif ozty'
'_of the protf’z.n.
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TABLE 1.

Scheme of Quantitative Precipitin Test with and without’.ve%seneh“

Chicken A'nt'c; -BGG System

All vblwnes. in ml

of NaCl

4 4 stock solution containing BOOIUQN/mﬁﬂ

|

0

- Tubé No. o
: 1 2 5 4 5 6
Component abe abe abe abe abe abe
Sef‘llm .Z.O 1,0 1.0 _Z.O 1.0 1.0
0.9% NaCl 2.0 1.9 1.8 © 1.6 1.2 0.4
| * Versene (series a & b) . . SRS
OR -) %0 - 8.0 30 3.0 3.0 3.0
16% NaCl (series c¢) ) . : : e
|+ Antigen (ml) , 0.05 0.1 0.2 0.4 0.8 1.6
Tota‘l Volwne - 7 ) 6. 05 6.0 - ' 6.0 6-0 ) 650 69Q
Control Tubes
Tube No.
: 7 7 8 8 9
Gomponent ab B ¢ q_b , ¢ e
Tmmune serwn - - - = 1.0
Normal serun . 1.0 1,0 - = -
* Versene . 3.0 - 3.0 - L5800
16% NaCl : . Y -
0.9% NaC1l 0.4 - 0.4 1.4. ;. 1.4 2,0
4 Antigen 1.6 ¢ 1.6 ‘.1.%6’ ’ B ;106 -
Total volume 6.0 6.0 6.0 6.0 6.0
- %, Versene = Versene in—lé% NaC‘l at pH 5.4
- Final effective concentration of versene 0,005 M




solution:before introduction of éntigen.~“

,The Quantttat:ve Tést

For the test tubes were set up in trlpllcate and
désignated a,b,c; versene was used in a dupllcated series
(a and b) while the. third set of tubes (series c) contained
no versene and acted as controls. The extent of the precip-
)Itln cuvve having been indicated by a prellmlnary qualltatlve
,test there was prepared a stock antigen solutlon “From whlch

~alliquots were: removed and added to 1.0 ml samples of serum
A:(see Table !) ' ' '

In this way, a cond|t|on of antlbody excess was,
establlshed in the tube contalnlng the least amount oF antie-
. ge'; and at the other end of. the scale :SUFFIClent antlgen
was used to ensure ‘a condltlon of antigen excesss - The actual
~amounts oF antlgen employed in the test are indicated” ln
Table - The ant:gen was- trace~labelled with l3‘1, and was 'in
Fact the . same antlgen that had been used to immunise the birds.

The scheme of the test is glven in Table I, together
with a scheme OF all control tubes employed in the test. All
Peactants havnng been added, the contents of the tubes were
thoroughly mlxed and then underwent a 90 minute perlod of
fancubatlon at 37° Ca Followung overnlght reFrigeratlon all
tubes. were centrlfuged at 0°C for 30 minutes at 1500 g;
supgrnatants~were‘then carefully removed by Pasteur pipette
and Petained For'Further investigation,

Treatment 9F~pgegleita§e§: All precipitates-were washed three
" times with |ce-cold 8% NaCl, O.5ml - per washing with a

centrlFuglcn perlod of 30 mlnutes at 1500 g between each washinga
There<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>