905;25?5\\
//’__.— !

AT N <N

Royal Postgraduate Medical
School Library

REFERENCE COPY

~ e

[- 6 JUL %7

NOT to be taken away

EFTECTS

OF RADIATICN ON THE

IMMUNE RESPONSE

AT THE CELIULAR LEVEL

by R.,J,| Littleton, B.Sc. (Hons.)

Medical Research Council,

Experimental Radiopathology Unit,
Hammersmith Hospital,

Ducane Road, London, V.12,

Thesis submitted to the University of London for

the Degree of Doctor of Philosophy, 1971



ABSTRACT

Utilizing the Jerne plaque technique, supplélented by tiitration of
circulating haemolysin and haemegglutinin, the effects of X-irradistion
on the primary immune response of mice to sheep erythrocytes were
1nvestigated. ‘ _ |

The doses of raﬂiation and their timing were varied widely, and
- where necessary the responses were followed over an extended period,

In qcine experiments non-specific physiological effects were excluded
by using isolated spleen cells "cultured” in irradisted recipients,

- Rormally, 195 plaque-forming cells rose rapidly from the pre-
immnpization level to a sharp peak on the 4th day aﬁer injection, The
titre of haemolysin also rose correspondingly, elthough that of haam-
| agglutmin followed a different course, Two pesks of 7S FFC were also

detected, FFC irradiated in vitro were much less sensitive then were
their precursors, whether irrsdiated in vitro or in vivo; Nitrogen had
a prof‘eetive effect, the oxygen-enhancement ratio being in the order of
2k . S _ | ,

Irradiati.on of intact mice before immunigation nhghtly dcpressed ‘
the nunbers of "natural-FFC" but merkedly mhib:lte& the immune response
in three ways:-

It was retarded end the rete slowed, and the ultimate level was
reduced, probably due to the death of antigaz-responsive cells, The effeot,
which was dosu-dependent, was reduced if 1rradiation followed irmunlization,

especlially in the case of ciroulating antlbo&les, but hrgo doses caused
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the numbers of PFC to fall to the background level with a mean halving-
time of less than 8 hours. However, the response contimued after 3-4 days
following sublethal doses. o |

Recovery from the effects of radiation was slow, and not detectable
for about 10 days, both in intact mice and Iwith transferred spleen cells,
Conversely, split-dose irradistion showed a rapid sparing effect on &
subsequent response, Spontaneous nodules prodx;céa during repopxht_ion of
the spleens appeared to be relatively defioiemt in responsive cells,



[N

Page

Title 1

| Abstract - 2

Contents ‘ 4
‘L:i.-t of Tables . G

"1dst of Figures 7

Part I ‘ | Introduction 10

| Part I : M;ferials and Methods 33

Part III : Experimental Procedure and Results 61

Part v :  Discussion : | 189

Pa.it Vi Conclusiéns; New Advances and 235

Future Studies Suggested
References | | _ ' 243
Aanmmnté N 264

Addendun : - Computer Program for Analysis of Results 267



Number

1Q

11

LIST OF TABLES
Title

Recovery of Spleon Cells and Effect of Irradiation
~on their Activity |
Effect of 500 rads oﬁ Peak ﬁumbers of PFC and
Haemolysin Titres
Approximmte Dbubling Tims of PFC and Serun Haemolysin
Relative Areas under Curves in Fig. 9, 10 & 11
(Effect of 500 rads to whole mouse)
Production of 195 PFC by Irradiated Mice .
Estimated Peak Mumbers of PFC per Spleen and Peak Titres
' of Serum Haemolysin and Haemgglutinin
Relative Aroas under Curves in Fig. 13, 14 & 15
Moan Doubling and Halving Times éf 195 PFC during first 48
hours following Irradiation on Second Day of Responsev
Effects of Irradiation the Second Day on the Subsequent
Dév_elopment of the Immune Response, as Indicated by the

Relative Areas Under the Curves in Fig, 19, 21, 22 & 23

4-day FFC Responses of Control and Previously Irradisted

‘ Gmupé of Mice
Percentage Rosponses at Difforent Times after Irradiation

. with 500 rads

[ 92]

Page

71

91

92

106

108

115

130

i32

143

144



Numbeor

12

13

14

15

16

17

18

- 19

LI1ST OF TABLES

Title

 4-day Antibody Titres in Control and Irradiated Groups

of Mice

Peak numbers of PFC and Haemolysin titres in Control and

Irradiated Groups of llico'

Areas under Curves of Irradiated Groups of Mice in Fig.

29, 30 & 31, as Proportions of Control Values
7-Day PFC Responaés and Spleen Cail rNumbors of Reé:!.pients
of Spleen Cells from Prev;ously Irradiated Donors
Sérum Antibody lavels on the. 7th Day after the Transfer of
" Normal and Irradiated Spleen Cells
PFC per Million Spleen Cells in Nodules and Inter-Nodular

Tissues of Mice 11 Days after Irradiation

_PFC per Spleen in Lethally Irradiated Recipients

S-day Antibody Titres in Irradiated Recipients

Page

145

149

152

155

155

161

167

172



'LIST OF FIGURES

Number Title
1 Experimental Procedure
2 Development of Plaque-forming Cells in Spleoons of Normal
Mice in Response to SRC
3 'Api:éamme of Haemolysin and Haemagglutinin
in Sera of Normal Mice
4 Effect of X-Rays on Plaque-forming Cells in vitro
5 Effect of Radiation on Total Spleen Cell Number
6 Effect of 500 rads on Total Spleen Cell Number -
7 Effect of 500 rads on Numbers of "Natural
Plaquo-~forming Colls™ |
8 Effect of 5d0 rads on Proportion of FFC in Unimmunized Mice
9 Effect of Irradiation at Different Times during Response
10 Effect .of 500 rﬁds on Appearance of 7S Plaque-forming Colls
whsh given at Different Times during the Response to SRC
1 Haéfnolysin Titfes of Mice Irradiated with 500 rads
at Different Timos during Response
12  "Pathways" of 195 PFC Production and Disappearance in
Unirradiated Mice and Mice Irradiated with 500
rads at different times during Immune Response
13 Lffect of Irradiation Prior to Immunization

Pago

8

66

72
75
77

80

81
24

86

100

143



LIST OF FIGURES

Page

105

107

112

116

119

121

123

125

127

129 -

Number Title

14 Titres of Haemolysin in Sera of Irradiated Mice

15 Titres of Hanemegglutinin in Sera of Irradiated Mice

16 Apparent Changes in IQDBQ-RO!ponIO with Time after Immmization 110

17 Dose Effects of Radiation on Immune Response:
Estimated peak mmbers of PFC per spleen, and
peak Titres of serum Haenqusin & Haemagglutinin

18 Dose Effects of Radiation on Immune Response:
Relative total production of FPFC, Haemolysin and
Haemagglutinin during ﬁ.rst_ 24 days of response

19 Eﬁact of Irradiation on 2nd Day of Response

20 Effect of Irradiation during Response upon Proportion of
195 Plaque-forming Cells

21 Effect of Irradiation on Second Day of Response én
Appearance of 75 Plaque-forming Colls

22 Effect of Irradiation on Second Dé.y of Response on
Produétion q:t Haemolysin ‘ ‘

23 Effect of Irradiation §n Second Day of Response on
Production of Haomgglutinin

24 Dose-Effect Curves obh:lned‘ bon '4th Day of Response

:tdllawing Irradiation on Second Day after Immunization



IGURES 9

LICT o7 F
Number Title ' Page
25 Effect of lrradiation 2 Days after Immunization on 133

Contimuation of Response
26 Effect of 5plit-Dose Irradiation on Immne Response 136
27 Immuno Responses folldving Sinéle and Eplit Doses of X~rays 138
28 Recovery of Immunological Reactivity with Time - 141

after Irradiation

29 Recovery of 195 PFC Response Following Irradiation 146
30 Recovery of 75 PFC Rospbnse Following Irradiation 148
- 31 Recovery of Haemolysin Response Following Irradiation 150
32 Recovery of Immmologicsl Remctivity of Transferred Colls 153
33 Response of Transferred Normal Spleen Cells in - 166

Irradiated Recipients

4 Rospdm of Transferred Spleen Coi_h in Irradiated Hosts 169

35 Ef:tecf of Irradiation in vitro on Response of Transferred 173
Spleen Cells ‘ |

36 . Effect of Irradiation on Development of Response _ 180

91 Transferred Spleen Colls
(2]

37  Titres of Haemolysin in Sera of Irradiated Recipients 182

38  Titres of Haemagglutinin in Sera of Irradiated Recipients 184



Part I

INTRODUCTION

10



INTRODUCTION

(3) Radioimmnloé cel Observations

The effests of ionizing m;.mn upon nung'org,mimg were
noticed very soon after the discovery of X-rays by Roentgen in 1895.
The first radiation accidents to cperators of X-ray devices ocourrod
~ 4n 1896, and also in that year Genoud used local doses of Xerays in
| the unsucoeasful trestment of tuberculoﬂl. ‘

However, it ves not until 19031905 that a comprehensive series
of experiments on animsls was reported by Heineke, He observed the
' rapid disappearance of blood Ieucocytu and severe depletion of the
].ym;i:oiﬁ organs, including the lymph nodes and thymas, The bone
' mamw also showed marked destruction, especially in the leucopoietio.
tissues, but the erythropoietic foci were less affected, and mature
erythrocytes were not affected at first, However, these tissues also
'. showed remarkable powerl of regencration, snd recovery was complete
within 3=l weeks,

In 1908 Benjemin and Sluka published the first sccount of the
effects of X-irradiation on amtibody production, Using rabbits injected
.wit_hvhdvine serum proteins, they followed the disappearance of the
proteins and the appesrance of precipitins in the blood of the rabbits,

' When the rﬁi:‘bits weré irradiated two or three dap befors the '
immixat:len the appearance of antibediel m ve:ry much inhibited and
delayed, but the same dose given 4 dags a.t‘ter impnization had much
less eftect, despite severe demage jto the hamatopoietio orglnl.
Therefore it was not possible to correhté the  antibody-forming
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capacity with the oversll survival of the lymphold tissues, since
1t appesred that once antibody-formstion had begun 1t could maintein
itself dupitc the dsmaging affecta of the radiation.

This tpparent change in the radiosenaitivity of the imnne
mechanism, from highly senzitive in its initial ‘steges to highly
 resistant during the remsinder of the response, has been confirmed by
 many investigators using ra_hbiti and & wide range of antigens (e,g.
Clemesen and Andersen, 1948 Oreddook end Lawrence, 1948; and Dixm,
‘Talmage & Maurer, 1952). |

| The letter workers studying the clearance of 1*‘I-labelled bovine
',vgm glolmlin ( [UIIJNG) and the appearmce of circulating anti~BGG
antibody, uhma that muim sippression of the immme response -
ooourndwhzn the rebbits were irradiated with 400 T, 48 hours before
.theAinJection of the antigen, Vhen the ant:lgen was injected 5 hours
aftgi-_-mammm the response was unaffected, Even when the dose was
t :hmrmea to 800 7., whiﬂhcmnd severe :icknui, vhen given 3 days
iﬂ:er wsaﬁm it di& not depress tho‘ production of antibody, dut
onlydolqedthetimofthepuktam. v
| The mondary respomo also had a lower radioaendtivity. 800 .
- two dlara before & wmaecuon or antigen into imhed rabbits caused
only & slight delay in the subsequent rise of circulating antibody.
| Dixon et al concluded that there was an initial phase in the
imma renpomo, lasting 1ens than 12 hmma, which was rela.tivelg redio-
_senaitive, but that thermindaror therupennmthoﬂxohofthc
ucondaryrnpouummchlua radiosensitive, lntht secondary
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respense it appca.rodthat the first ctagemnotnooelary The very
shortness of this sensitive phne mlnded the possibility of entibody
aynthod.n being completed befm the more nailtmt phase, However they
promcea no dlrect evidense for the existence of lny process unique to
the earliest part of the response, sud other explmtiom are posaible,
For exemple, the mumber of anttgmfognai.un colls may increase
sufficiently for the surviving fraction to exceed the threshold level
to give a normal respanse. . o

In rats the_rgr is 2 similay ﬁppérmt change in 'i-adiosensitivity,'for
instance in the prodiction of haemagglutinins and haemolysins to foreign
erythrocytes (Hektoen, 1915). amm, e amm may has shown that -
in rets and mice the respanse is atill unaiuw \lp to three ann after
the injection of the mtigm, and ndiation doul of 550-600 b g:lven
4 5 or more days at‘ter mmim cause a distinct alwing of the
response or an actual dooune in thc mtibow um. Despita this, the
proaxction of artibody recovers and tha omu titro is little affeoted
compered to unirradiated controls (Kohn, 1951; l‘itoh, wxum-, La Via &
Barker, 19563 Glngozim and uakznm, 199; sm::, §131vic, Petrovid &
Ci.rkovia, 1965). - | B

Also despd.tc tha severe depleticn of cimlating lymphooyten and
of the lymphoiﬂ argans, x-irra.dhtion appears to have nttle et‘feat
on the uptake of partieulato amsigem. Simonds anumes (1915) incubsted
leucocytes fram ;maiatea rebbits with baci1ld in vitro snd showed the
phagocytio index fo be the same as for normallsicocytes, even though

such animals had & markedly reduced ability to fom agglutinins, This
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finding has been repeated by many workers, e.g. Brecher, Eﬁdicott, Gump
end Broner (1948), Barrow, Tullis & Chembers (1951), Wish, Furth, Sheppard
& Storey (1952), The complement-fixing ability of the serum wes also |
unaffected by the radiation,

While most studles have shown only inhi.bitory effects of radiation
on antibodj synthesis, there are some nn—docmnmted (and meny poorly
controlled) instances of enhanced antibody produstion cscurring in
irradiated animals, Small doses, or locally applied radiation, sametimes
have this cffect._L“ See, for instance, Fried (1925), Holzknecht (1926), and
roview by Taliaferro snd Taliaferro (1951). Under certein ciroumstances,
hawevea-, 1arge doses can produce enhancement.

Rektoen (1920) imdiated dOgl with two m-ge doses of Xerays 15
and 16 days before injecting them with foredgn erythroeytes, and chaerved
an increase in tha overall pro&uction of haemagplutinins, He believed
lmPhocytel tc be involved in antibody production and suggested the
increased ontput to be ccrrelated with hmer—regmeration of the lymphoid
tissues, which by this time may have ooourred, '

Homer. a comPJ.etely aiffu'mt type of enhmomrt has been
demonstrated m rabbits by Ta]iafem, Taliaferro & Janssen (1952), |
Taliaferro and Tallaferro (1954a, b), md Dixon and l!ccomhoy (1963):-

Rabhitl irradisted with 500~700 e leh hours a.ftu- a single intra-
vencus :macation of sheep arythmcytea (8re) ahcmea & delayed immne
respom, as detemﬂned by the appoerauce of hamlysm in the serum,
However, althougz the rate of pro&mtion of antﬂmdy was slowed. the
pesk titre eventually reeched was usually greater than that of



unirradisted redbdte, Jeodite considersdble depopulation of the lym:hosd
tissues, and the total quentity of atibody produced alec seamed to be
inoreased, (Seo review by Talisferrc, Teliaferrc and Jarcalow, 1964).
Using | 224 262, 1impet heeccoyanin, {2739 Bss rdus anta-mon

{to speed its alearance), c;-, espoaially, hoat-ageregotod ( 131, oG,
Dixon and 1i:0cnahey wero able o dcconstrate &istinot, and scuntimes
substantisl, enhencenant of the sibsequent antibody titres, vhen the
rebbits vere irredicted at apgrcpr.lm intarvals after the hmcﬁm-.
x.uyaomcfhm-ém:. mmmmmwimmlm
injestiona and irredietion had also to be bs adusted to coincide with the
Lime of most radd eliminsticn of the am‘.igun‘ma the serum, For GO
or BlA-snti-0A this int'e:vn'm to be 1-3 days, tut for sggregated
G and hasncoyanin, vhich were sloared more rapidl&.' the timo was
- sharter, At thess times a vigom rroliferative mapchse had already
boen indtisted, Therefcr: it asema :,mmﬁ thet the muzbor of srecific
&mmagy:miw oells had inoreased, and possible thet the alresdye
stiruloted survivors of the irrsdiaticn were in e sdtedle physicicgiosl

L ‘ mvirxmt to contime pwnrmﬁn‘, ¢ oven ove re;ddly,

. Erobebly the actusl wxmt of mmxw sythesized e inoreased
under tmu oircumntances, as Haurers. mxm 4 Talmege (1953) end Dixon
mmwmw (1963) showed that the aamaoqy ageinst BOG or BSA

m&:m& by m&u :lmﬁin-taﬁ with :m ry or {00 xy had the same

- srounosheciosl zmwrhiu P thist rram unirradieted anttala, There s

no avidence that the antibody -roduced by irrsdistod snimals has &
longer half«life cr higher affinity, Holm (1951) famad the rnte of
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- dsappearance of‘ haamolysm paesively injeoted into rats irradiated with
60r, 8 days previously was the same as in nomal rats,. although the
proaumoﬁ of antibodles and the "immme olearance® antigen were both
- inhibdted, | . |

| Bowever enhmoememt by 2 f’antor of two or nxTe, aeSPite severe
_ radiation—in&med depletion of the lymphoid tissues, has only bcm
obagrved ;u; rabbits, so this may not be 8 }gwym-a.l phenanmon.

»'-(ﬁ) _mw

As has bm mtiomd abm, ths uptske of foreig.n paz-tm}.ee by
‘fphagocytes nas been shown repeatedly. %o ‘be Litth, if at all, affected

" by dosea t:f radiaticn wh:i.ch mmnl],y have a msrkea :lnhibitory effect on

the proauctim of‘ antibodien. This ha.s been woll danonstrated with w_hole-
‘ ‘boa.y doul of 5oo~8m T, givm to rabbita and mice, (Barrdw, Tullis &
R Chambexrs, 1951; mm et aL, 1952, mphn, Harcus & Doneldson, 1953)
ffy,vmamyam) : )
| R Howeveu', the inmm reapme may bc influmed inﬂiroctlyby |
f‘errects of mdia‘hion on the phagocytio process, Due %o the killing of
. the precursora of pha,gocy‘bea, wiich vmmm (1968) hes shown to be
‘ | 'radicsenaitin, the mmber of Iingoaytes dnol:ln« follow.lng irradiation
" and this mey ai.guiﬁcanﬂy reduce the overall phagooytic cepability of
' Lanmal:. This offect mum mbably take mml aay- to become apparent,

‘v and mld last for some time, since Bﬂner (1963) has shm that

pmtmnl macrophages have a mean furnover pericd of 5-6 weeks, Indeed_, |
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Kornfeld snd Greemsn (1966) demonstrated that the mmbers of peritoneal
macrophages in mioe were depressed 14 days after 600 r, and then
recovered graduslly., Studying the mumbers of phagocytic cells entering
water-in-oll mixtures injected suboutaneously into mice, Muramatsu,
Morita & Sohwura (1965) found that they were reduced 10-100-fold between
2 end 15 days following 500 r. whole-body irradistion, ' The upteke of BGG
from the emulsion by individusl cells was eshanced by sbout 10 times by
irrediation, but &m to the reduotion in total celll, the overall amount
of antigen phagooytosed was dﬂprcsud sbout 10-fold, -
' ‘  In the case of those antigens where phagocytu:ls plays en importent
) role in iﬁititting the response, the reduced uptake of antigén would be

‘axpected to have an inhibitory effect. |

 Toses of radietion in the range 100-800 r. given either i vive

or m Also appear to have & direct effect upon the procedsing |
of antigens by phagocytes which might, in scme cases at least, heve a
_ | considerable effect on the :l.mmoganicatim]nl. Although such doses
| have ;‘utﬂe’ effsct upon uptake of anti};euo particles, they have .

" been shmto impair the _ahintf of phagocytes to kill some kinds of
‘baeteri.l,,whioh survive and p&onferata'iritmiluhﬂy {Goracn, cooj)ea-
& Mller, 1955; Nelson and Becker, 1959; snd others), Survival is

B mw:ly proportional to tha dose of radiation, Similarly, other

roreign cell typca are not aautmyed at the same rate by imdiatcd
" phagooytes as by nogmal cnes (Donalasm, Marcus & Gyl, 19543 Donalalon,
Marous, Gyl & Perkins, 1956)
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| The results of different lsboratories, using different species of
bacteria and other antigens, are not stricﬂ; comparable, but it would
‘appe_sn- that radiation has a' mééeﬂou- effect on the degradation of
those phegooytosed cells, such as cr;ghmdmi, which eve sufficiently
sansitive to the enzymes of unirradisted phagooytes to be destroyed
wi thout the mediation of specifie entibody (Mbller, 1969), If the
 phagooytes are irradisted their catsbolic capability may be rediced
below that roquirod. for I,yd.a. B | '

The mechsnism of moh a chuuc is obaaure. It may be rehtively
amell, sinos Belner (1963) showed that the activity snd properties of
,pe:dtcneal um;hagen of mice m:ted with a dose of 910 b vm
 near to normel, However, Shoohmiator and Fistman (1955) showed that the
nﬂ.gration of blood. leuoocytel slids chambers was depressed if the
donor rats or rabbits had been irradiated with 500-800 r, 2«5 days
ﬁreviouslﬁ Although this etrect was temporary, it inaicated 'Y ;_:byd.o-

' logicsi change vrlthin mmatea phagooytes.

. Molntyre, Rowley & Jenkin (1967), using a miorodrop teahmiqus,
Mﬁ that the pi-escwe of specific antibody was necessary for the
phagocytosin end kining of M and gl_g_t_orin by mouse peritomal
” mcmphagea. Probably it is the oombination of antibody plus the enzym-
rich intrmlmlar env:i.rommt of phagooytes which actually brings |

about the asntmtim of baotud.ol celll (lhnkanns and Fi11, 19693
"uackmen, 1969). | o

- The prema of speoific antisenm m i.n some cases be sufficient
to ruse the threshold of activity mffioient.‘l; to compensate for the
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effects of the radiation, although irradisted non-immmne rabbit
phagocytes were still unable %o destroy intracellulsr Candida, or
chicken red blood cells, even in the presence of specific entiserum
(Donaldson et al., 1956). However, irrediated phegocytes from previously
dmmunired mice were still able to destroy ingested Pssudomcnas (Nelson
end Becker, 1959). |
_ Radiation-induced inhibition of antigen uptak_e or "processing” has
been suggested as a ma:jor. cause of immmological inactivation of
mice agl.i.nst Shigella sntigen (Gallily amd Folﬁun,‘ 1967) aﬁd rebbits
against BGG (Pribnow and Silvexman, 1967). Lymphoid cells were also
ess‘ential for entibody sjnthédll. However in &OAMM responss
these seeamed less radiosensitive than the macrophagel, since host mdce
irradieated with 50 r. and injected with sn almost pure suspension or
 sensitized macrorheges could still synthesize signifioant quantities of
" amtivody, vhile reaipients which were irradiated with 900 r. could mot,
In the anti-wa responae, ‘on the other hand, 1;50 r; was sufficient to
' inactivate the recipients and noml lymphocytes had to be injected
‘ together with the sensitised mrbphages. Spcci.u differences may also
have plagea a part in pmmoing these difrernrt resultl. In both cases,
however, the momphagel were radiosmsitivo, in that the response

"  induced by m&omphagea 1m55.ateci with 450 r. or 550 r. was less than

‘that :lnduaed w unirradiated meorophages,

In tho yesponse to ..%& the macrophages of Tats appear less
radiosensitive than the lympheodd tissun. Fitch, Barker, Soule: &
Tissler, (1953) ehowed that while phagocytosis, tissus localisaticn and
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& sappesrance in vivo of formalin-dlled, 17M-lsbelled cells were

unaffected by 500 r. wholesbody irradiation, the histological resstion
© of the lymphold tissues nopmally associated with antibody productionm,
was inhibited | -

In the oase of certain other sntigens, sg;meh macvophages are .ug
to trensfer tlm gntigenio stimilus, the uptske of antigen and trensfer is
unaffeated by sublethal doses of radiation. Unamus and Askonmas (1968)
incubated mouse paritcnesl emdate oslls in the presence of 7S
(Meia squinady haemooyanin) and injeoted them into normal or rweviously |
imumized recipients. An antibody response followed whether or not the
macrophage dmors had been irradisted with 700 reds 1-2 days befors the
exudate was obtained, The same dose given to the recipients sbolished
their rénponsé Thus the response of the lymphold cells sppears to be the

o more radiosennitive in this system, Unanue end Askonas suggested that tha

macrophage was relative],y unimportant in the cala of highly immnogenic
~ antigens, such as MSH or SRC, Gerlhm and Feldman (1968) agreed with
,j,vthis, It would meem therafore, that radistion acting upon rhagooytic
cells is not a universal csuse of a depressed immme response, though it

" mey be'a cmtributory factor in scme types of z-elpom, probably to wuk'
~ antigens, | , |
' Inany cm-, no sati#faqtoi‘yvmhanim by which radiation may =

‘reduce the activity ch ;phture mPhages_hal beem ptdpo:ed. If the “ '

: traimrer’ of the immmological stimlus 15 mediated by & specifio type

of RNA, e,g. similar to "messenger Bﬁ&" , its synthesis might well be

‘radiosensitive, However the evidence for such a me:senger is meagre, |
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and even if RNA is involved at all, it seems more likely that it is a
non-specific type, already present in the cell before contact with the
antigen, Therefore this would be unlikely to account for the immediate
effeots of irradiation, | »

A more likely explanation may be that macrophages, by partielly
destroying rosistant mtigmio‘paﬂicles. or antigens with low immno-
genicity, exposs, release or concentrate highly imminogenic determinants,
thereby enhancing the response of antibody-forming cells, If irradiation
inhibits this catabolic activity the subssquemt response will be
lessened, | |

. (441)  Irradietion and the Produstion of Antibodysforming Cells

~ Perhaps the best studiea immme response 1s that of mice or rebbits
to SRC, Mméhagee, are able $o transfer the antigenic stimlus very
e‘ffectiveiy,‘ 8.8, if A"‘they are inoubsted with SRC before being transe
fexrod elther to WM'M@.((W:, 1967) or %o cultures of
splean cells fmm immani zed rabbits (Harrls and Littletom, 1966), Tt
also uppem that tb,ey take part 1n, and inorease the efficiency of,
primary respom & g by mouse apleen cells (Mosier and Coppleson,

" 1968). The latter workera a.lso obtained indirect evidence that two types
of lymphoid cell are also involvoﬂ. This agreed well with the earlier
results of Olamum, Cha.peron and Triplett, 1966a, b), which led to the

| theoxy that cells arising in the thymis co-operated with cells from the
bons marrow in the respeme to SRO in irrsdiated resipient mice,
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It seems probsble that the thyms-derived cells interact with the
antigen, perhaps on the surface of macrophages or perhaps directly, end
initiate the differentistion of the bone merrow-derived precursors of
FRG to become active entibody-forming cells (Mitchsll and Miller,
1968a, b; Nossal, Cunningham, Mitchell & Miller, 1968). The latter cells
sppesr to have antigenespecific immnoglobulin receptor sites in thedr
mesbranes (Reff, 1970), which ensble them to teke up SRC, They may then
be detected and isolated as "rosette-forming cells" (Brody, 1970).
' However, ‘without the synergism of the thymus-derived cells they either
fail to react to the antigenic stimilus, or respond very slowly. Flayfair
(1970) hes suggested that there nay be two dstinot classes of bone
marrow-derived cella, cne of which :Ltrl:eractu with stimilated tlrmms-
derived cells, while the other may respond directly to SRC, though less
efficiently, Indeed, Tyan, Hersenberg & Gitbs (1969) cbtained ‘evidence
of & response to SRC which tock place in the ebsence of any thymic
influeneev '
Kemnedy, T41l, Siminoviteh & NoGullooh (1965) were among the first
to use Jerne's plaque technicue for the direct study of the effeots
of irradiation on antibody-forming cells, ‘I‘hay showed that while
~ the asnlopmus of the immme response in mice injected with SRC was
| _ulatin!; mﬂtiw to y«ays, mature FPPC were much less ra.aiounutiw. '
’ andnppearodunaftoctedbydom of less tham 2000 rads in air, Their -
detemination of the D, (that increment of dose of radgistion mffioient
to reduce the mmber of surviving cells to 1/e [1.e, to about 37%] of
its previocus value on the ex;ionential part of a survival ourve) of the
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ixi yive response was obtained by comparing the mumbers of splenic PG
present Ontheh:thdqvéftherelponu. However, ilwiubedimsudin |
more detail later (see page 90), this estimste may be bissed if the
cnset of the response is delayed or if its rate is reduced by the larger
doses of radiation, Therefors their estimate of approximately 80 rads
was probably rather 16-, as various factors may partially compensate for
the initial radiation-induced dsmage, -

An earlier estimate of the radiosensitivity of the primary immme
respanse was mmmmmum. Kastenbaum &
Petorson (1962). Thess workers injected spleen cells from unimrunized
mice into immmologically-inert, ietnany 1rrediated 1sologous reciplents
following varicus doses of radiation in Yitzo, end then tested their
ability to respond to ean injection of SRC given to the hosts, By
determining the titre of haemgglutm produced, they estimated the
D to be approximately 70 r. However, the use of transferred cells and
imdiated ncipimta introduced different raotors, 20 this figure mst
be interpreted with caution, |

The work of Kennedy et a1 (1965) confirmed that the most radio-
sensitive step in the respcnse td'sm ogcurred befére ‘éhe maturation of
the antibody-forming cells, ﬁacropha.gc madiation in this response is
either mt‘ractea by dosas of radiation up to 900 ra:h, aince a response
may be obtaima in irredisted mice whioh receive only thoracic duct
lymphocytes end few, if any, macmophagel (Iéitchen. and Miller, 1968a, b),
or non-essential (Cershon snd Feldman, 1968; Unarue and Askoml, 1968).
Roseman (1969) has shown (using the method of Vishell end Dutton, 1915'6).
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that in the primery response to SRC in vitro, cells adherent to plastic,
oonsisting mainly of mecrophages, are essential, but remain funoticnal -
for et least 2 days following x?-ray doses of up to 1000 R Thereforo the
most semsitive cells involvea are probah),y lymrhold cells; eiﬂxez' the
bone mmv%vﬁ pracuraorl of the FFC, or tlu auxiliary thymis-
derived lymphocytes, or both of these oell-typel.

Although the mechanism of the response to polymerized Salmcnella
flagellin is probably scmewhat different from that to SRO, in that it
appears to be thym-maepmdm (Armstrong, Diener & Shellem, 1969),
there is evidence that it is medieted by small lymphocyte-like cells,
with entigen-spesific receptors, which are radlosensitive, Using a
mouse spleen cell transfer system, Ada and Byrt (1969) found that cells
which took up 22°T1sbel16d flsgellin in wityo were speoifically damaged
by the = and y-emissions, After ehout mhonrs ot 0-4° the cells were
injected into irradisted resipients where their responses to the same or
en unrelated flagellar antigen ware tested, The response to the antigen
corresponding to the radioactive one ws inhibited, but that to the
other cne was unaffected. 1If mmpha,g‘ea were involved in the response
they were not affected hy the radionétivitj of the antigen, since this
' would also irhibdt their participetion in the respcnses to other
antigens. Russell snd Diemer (1970) nﬁggeatea that these lymphoid cells
may be potential sntibody~forming cells, )

The letter workers showed that although a minority of entibody-
forming cells appeared to arise by direot differenthtion, without cell-
dvision,in this response, the maﬁority were the daughters of thymidine-
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incorporating precursors. Using thelr in vitro culture system, Dutton
and Mishell (1967a) showed that in the immme respcuse to SEC by mouse
~ spleen cells, under suitable eonditions, the proportion of FFC gould be
made to inorease to 20% of the total surviving cell populetion, Even
allowing for differential survival of the varicus types of apleen cell,
thie could cnly be achieved by miltiplication of their mresurscrs,
Claflin end Smithies (1967) have claimsd to have cbserved active FFC
pass through mitosis once, or even twioce,under the microsaope, while FFC
in arrested metaphase have been used for chromoscme analysis by Nossal
et a1 (1968), However, FFC snd their precursors are not the only cells
which proliferate, since the mmber of cells incorporating thymidine
into their muclei is always greater than that sctually releasing
entibody. Herris (1968) hal estimated that in the secondary immune
. response to SRC in vitro loss than 10% of rebbit spleen cells which

inoorporate H ~thymidine were FFC,

" Davies et al (Davies, ZLeuchars, Wallis & Koller, 1966; Davies,
Leuchars, Wallis, Marohant & sntm, 1967; Koller, Davies, Leuchars
& Wallis, 1968; Leuchars, Wallis & Davies, 1968) have shown from the
study of thymectomized mice that most of the aells which divide in
‘response to the antigenio stimilus ere of thymio origin, If the
thyms-dsrived cells are destroyed, e.g. by radiation br anti«thymocyte
" serum, both the proliferative responze and antibody synthesis are
mhlﬁiﬁd. Since it is the bone merrow-derived cells which aynthesize
antibody (Nossal et al, A1968). it would appear that the proliferation
of the thymus-derived cells is a part of the synergistic process
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involving these two ceudtype& - |

Dutton and Mishell (1967b) showed that the addition of H-
_ thymidine of high specifioc aetiyity to thelr cultures markedly inhibited
~ the ;ppearanao of PFC, provided it was 'pre'unt at least 24 hours after
. the addition of the antigen. Thsnidiu added before thi- was not incorpo-
| rated to & hrge axtent, dmo tho main prontmtin ruponu only
began after a hg phase of 2&.-32 hourl. Pmlitmting cells were thm-
| fore subjected to the largest doses of radistiom (probably in excess of
1000 rads per cell)s If the response tock place independently of cell
proliferstion, the additiom of thymidine at this time would not be
expected to have any grest effect, Funter and Monro (1970) modified
this upez-imt uld.ng & pu:-otcin mtigen (rabbit l'ab'z) instead of SRC,
but o‘btained similer vesilts,

(iv) gg_adiagm and tgo Cont;l_gation of the Resm

Aammﬁng the prolitmtive phue m the pmdnction of antibody—
t’orming oella to be the most radiounntive event in the immune response,
g this _would exphin the rapld disappearance of FFC observed by Berenbaum

(1966a), when mice were irvadisted with & dose of A50 T, at various times
during the response to SRG. l’ffcfoontime to incorporate (3)- tbmnidim
throughout the period of upoMid increase in thairv-'mnﬂ:m (Krisch,
1965), indioating déﬁtimed proliferative phase, Although this may
| beocu less aotive after the mponu has puud its peﬂc » it would
‘appear 1ﬂ<01y that there is & eontimmul tumcver of F¥C &u-im the
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decline of the response, since Krisch detected 4% of PFC labelnng with

"1 hour palses of thymidine on the 13th day, compered to 39% on the 3rd
asy. N :
Irrsdiation on the 3rd, 6th and the 20th» dﬁé of the response
osused similer rates of disappearsnce of the FFC "(‘Bermbm, 1966a) ,
and this has been acnfirmed by the present studies (see psge 85 ), This
would not be éxpected if the contimiation of the response after the 5th
day were due only to the peraistence of long-lived 135 PFC which no
longer prolifersted, sinoe as has already been described, mature FFC are
not signifiocantly atfecfea by doses of radiation in this orderd magni-
tude, Moreover, despite a decline in the mmbers of FFC by a factor of'
100-1000 follmng 450 or 500 radl, after Sorl;daga theybeganto
recover, and increased steadlly, though at & slower rate than in thc
normal response. 'I'his seconaary rise may also have been due mainly to
cell prolifant:.m. |

Previous mvestigators, for instmce Taliaferro and Taliaferro
(1954), have shown thet in rabbits immmniged with SEC the wesponse
appears to vary in rediosensitivity at different tines in relation to
the injection of the antigen, as indicated by the titres of haemolysin,
| However, ‘Bermbm (1965;) suggested that the zéadta'-mitivs.ty of the

responding Bllll may in faoct be aonstant s but due to their proliferation .

following immunization, the musber of pota!ti.al survivors may increase.
This would allow the lynthaaiu or antiboay to contimue at a rate which
may be d_etectable by aem titration &ethodﬂ. Ir the Bnimals were
irrediated before 'antigemio stimilation the mumber of surviving immmo-
competent cells might be too low to promce detectable amounts of arti-
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body. Although there were scme disorepancies, his results supported this
hypothesis, at least up to the 20th day of the response, Thisled to the
 oonclusion that the relatively long helf-life of antibody molecules,
compered to the lifetime of the Pm‘ had previously cbscured the true
radiosensitivity of the immne response once it hed been initiated,

 Proliferation is probebly not essential to the continued symthesis

of entibody by individual cells, Makinodan, Nettesheim, Lorita &
Chadwick (1966) irradisted spleen cells teken from immmized moe in
Yitro with a dose of 10,000 r., and then cultured them in diffusiomn
chanbers in irradiated recipiemts. Despite this dose, antibody synthesis
oontinued almost unaffected by the radistion. The same investigators
| (1967) found ?_hhat & dose of 5000 r, given during & secondary response to
SRC :m the chanbers would stop further development if it was given before
the peak of the response, the antibody titre on the 19th day being
proportional to the mumber of antibody-forming cells rresent at the time
of irgadistion, The majority of the cells in the oultures were killed,
 but phm cells were least éffeoted and came to constitute E0Z of the
total survivors, RNA synthesis was markedly suppressed, and INA
aynthuiu reéxoed still more,
| Sado (1969) extanded the armxm chazber experiments, He showed
that 10,000 r. reduced the numbers of active 155 ana 7 PFC to a half,
while total.mqlated cells fell to cne-sixth of the mmber in control
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cultures, The surviving FFC had half-lives of about 5 days, whereas in
unimdiated cultures they underwent a rapid turmover, as in vivo, It
apreared that i vitro the radiation not only imhibited further prolifer-
* ation of antibody-forming cells, but also arrested FFC in the aynthetic
- rhase, , - _ |
| It ‘is unlikely that antibody-induced repression of the response is
important in terminating the sctivity of irradiated FFC ip vivo, since
they ceased functioning at the same rate when they were irrediated
on the 3rd day of the response, when the antibody 1ei_rals were still
" low, as on the &t and 20th days, when the levels were much higher
(Berenbaum, 1966:0. Morebvu', Vann (1969) .. again uaing the dffusion
ah m& method, showed that after 7 days in oulture the entibody-forming
: gelia:ivm inbmsitiﬁ to the feed-baok inhibition of anti-SRC antibody,’
whether or not thej had boem_im&ated. This m in accord wlth the

. widely aooepted hypotheais that antibody-induoed suppression of the

_ imzna response probably scts at its initiation, on the lymchooytes,
rather than on the antibocv-aynthesising cells (see, fcu.' example, Lang,

" Nase & Rajeweky, 1969). The latter cells were resistant both to

> irradiaticn and antibc&r inhibitim.

Therefora it is pmbably tho pasitive pmliferative stimlns which
 invive cansea irradiatsa PFG tn enter mitoais, vhereas in vitro the
stimulus itaeli‘ is alsa affected by the radiatxon, an& the cells remain ‘
in interphage. Perhaps the intimate contact between the lynarg:.stiq :

" olusters of thymis-derived and bone marrow-derived cells which is

thought to be essential for the ressonse to SRC in vitro (Mosier, 1969)
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s troken domn following trradiation, which destroys the mediation of
. the prolifemtivo stimulus, mt .does not stop the synthesis of ant:lbody ‘
- by the u.lready-actin PFG In vivo prosumably conditions would be more
| B favourable for the refomation of such cellular um.onl, and the lethal
mitotic sti-x]ns il restored.
_ cherthol.ll, ir thc dose of radiation is lublethal, a fraction of

- ,1rradiated i-mocompotmt colln may survive and continue proliferating
in response to the antigem. In the mouse their response seems Idmited .
| (mem,l%ﬁ, end also in theu-vstu&u,.m page 9¢), but in the -
rebbit sublethal irradiation at suitsble times after immnization
o.ppears to lead to excessive proliferation of antibody»fom:lng cells and
‘correspondingly h:.gh antibody titres (m.xcn and )(ecomhey, 1963). Why
this ahould oocour is not known at present, but poni.bly the later 75
smtibody response is still inhibited mo that the nomnl feed-back

. reguletion is delayed,

~(v) Recovery of Immnccompetence following Irradistion
| The recovery of the immmne mechsnism, as a whols, varies according
 to the antigen tested, In the case of the response to SRC, recovery from

| - £he effecfs of rédiatim i:akes adme considsreble time, end is thyms-

.depmdmt (Miller, 1962)«. Nettesheim and num (1966) found that ths
primary imme responae of mice to SRC requirod 2-3 months before it |

.' returned to the normal 1eve1 touowing a dose of I.DO-GOO T, Moreover, the
| cells whieh me regmerated were ”ﬁ.ummqlogioall;virgin ,:.n _that only a
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primary-type ‘réiponse could be obtained, even in mice which had besn
- immnised before being 1md.tated. Premmabl: the immological "mry
cells were dutx-oyod, and a cumpletely new populstion had to be milt up.
Results descridbed in Secticu 8 of this thesis are oonpnible with theu
findings, although the rate of recovery of the strain of mice used (T0)
appeared to be slightly slower. | |

‘Probsbly surviving lymphopbietic stem cells in the bone marrow |
mpply new tmmoco:qietmt ].yaphocyteﬁ. “In the case of the "bene marrowe
- derived" oclls, such rapopulmtion may teke place vithin a fcw days, snd
. be complete by ebout the 20th any, Wt the procouing" of thyml-dex;ivod |
cells would premmbl,y take nunh longer. Prom the studies of Harris and
Ford (1963, 1964), who mede use of the T6 chromosome as a cellulsr
”marker" and Tyan, Cole & Nowell (1966), memgatmg the recovery ot '
graft-nrmﬂwst mctiﬂty in sublethally Sirradiated mi.ce, it would
‘seem probablu that th:lc process requires 50—&0 days to complete, It may |
teke somewhat longer than this, since the thyms 1tself is  damnged by

o n&iatinn (Pakeds, Hueng & Ambrus, 1969).

| converloly, since Armstrong et al (1969) showed that the bone
marrow coutains cells which are sble to, respond to Salmonella flagellin
without the assistance of thyms cells in irradie:tod hosta, it would be _
_ upected that the ability to respoml to this eantigen ahanld resover more |

rapidly.
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.(ﬂ) Aims of This Study .} |

 This Linves'tiga_‘tion was undertaken in the haope of providirg more.
deteiled informstion on the effects of imixlnc radiation on the

initiation, development and comtimuation pf} an immne response to 8

partioulate. antigen, on the activity of entibody-forming cells, and

on the f@nry of the immme mechanism, The éntigen chosen was the

 sheep exythrocyte, because of its high immnogenicity, ready availability
end suitability for cellular studies, using the haemlytie pla-que
technique of Jeme (Jerne & Nordin, 1963; Jerne, Nordin & Henry, 1963)

as the main assay, ldce were used partly because of their suitability

forfadiuf;ion and plaque«-ﬁmi.ng_ cell studies, and partly becsuse

they h&n been used by meny other workers in this field,
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PART IY MATERIALS _AND MiTHODS

Animals
. Throughout these investigaticns female Tyler's

Ordinary (T.0,) white mice wcre used. Most were obtained
from A. Tuck & Son Ltd. , laboratery Animal Breeding Station,
Rayleigh, Essex, and were msintained in the animsl house in the
Medical Research Council's Cyclotron Building, They were fed on
- "Diet 41B" animal food, supplied by E, Dixcn Ltd,, Ware, Hertford-
" ahire, and provided with ordinary tap water, The moe varied in
age from 6 to 24 weeks at the beginning of each experiment, tut were
'. genéra.lly less than 15 weeks old, Their average weight was about
) 28 gm, |
Whi.ia these mice are from a ocomon breeding stock, they are not

. serictly inbred, and cannoct be considared isologous, No test of
© their mitusl histocmmpatibility was made, but it was assumed that
sy graft-versus-host resction in transfer experimerts would b slight.
. Two New Zeeland white rabbits, obtained from Purdey's Pamm,
i,ﬂoelalf‘ord,- Essex, were uséd to prepare entimouse serum,
| Antig | : zation

The experimental antig&n used was sheep erythrocytes (SRC)
‘cbtained from wemm Rgagénta ta, Beokenham, Kent, These were
' _supplied in Alsever's 'ao_vlnti.o_u. Before use they were washed by



MATERJALS ARD HETREODE R _ 35

centrifugstion and resuspended in sterile isotonic saline, usually
to & conoentration of 1 x 10° RO per ml. The mice were immnized
by an intra?éﬂtoneal injection of 1 ml. .af the final suspension,

" For plating, vth.' SRC were finally resuspended in T, S, Medium 199
(see MI&), to ; éoneentration of approximately 10° per 6,1 ml,
For serum haemolymin titrations they were suspended in vercnal
buffer (see _fnlaw) and fha concentration adjusted to 5 x 10° per ml,
by photometric determination, | |
Media and chdeg ‘
| Glass-distilled water was used in the preparation of a1l
aqnecus soluti.ons. |

Saline was usually obtained aterilc and free from pyrogens at
8 émwentration of 0,9% w/v from the Dispensary at Hammersuith Hospitll.
: PhosPhate-burfered saline (PBS) was pz-epma fram "Analar®
grade ohanicaln in the laboratory:~
 Sam. Redl + 3,78 gn. Naamiok.lZHOa—OJg. X070, +0:2 g
" Kﬁl par litz'e, giving a gl of Telie
 The solution was sterilized by mztoclaving at 15 1b/sq. in,
for 15 mimtu; and nsually stored frozen until reqxi,rea.
Veronal buffer was first prepered as a oonoentrated stok

Csolutiomte | | | | |

85,0 gu. NeOl 4+ 3.75 gne Na 5.5-ﬂietlv1barbiturato + abcm 1400 nl,
ai.at:.nad wa.ter, alssolved and sutoclaved, 5.75 gn. 59 5—&lethy1-
barbiturio acid + about 500 ml, distilled nter heatec’; to aissolve
it, The two golutions weremixed ahd the '.rolut_ne a.dmmtcd to -
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exactly 2000 ml. with sterile distilled water, For uss, a five-fold
dilution wes made with distilled water ana 0.5 gn. of gelatin was
added per 500 ml. The finsl pH was 7.3 |

Citrate-saline inhibitor was rrepared by dissolving 4.41 gme
" sodium citrate dihydrste snd 7,02 gm sodium ,chm-:me per litre
in dlstilled water. - | |

"Hellcome” brend Tissue Culture Medium 199 (Morton, Morgsn
end Parker, 1950), 10 times oonbmtrated. an&guinea g serum
("Complemmt®), preserved by Richardscn's method, were cbtained
from Welloome Reagents Ltd,

For use, the T,C., Medlum 195 was diluted with glass-
© &lstilled vater and the i adjusted to approximately 7.2 by the

addition of 1,1% sodium bicarbonste solution, Serum and antibiotics:

were pot added, kince the experiments involved only relstively

short incubation periods. | |

| ‘ Gcmplanent was prepared imeﬂmtely before use by diluting

the guinesa pig serum. For plague &evelognmt on agar platel it

| ‘was diluted 10 times with glass-distilled vater, while for serum

haemolysin titraticn it was diluted 7,5 times in vercnal tuffer.
Difeo "Bacto-Agar" (D!.fco Laboratarzes, Detroit, ?ichigan,

U.S.A.) was mpp]ied by Baird and Tatlock (Lonaon) Ltd.. Ghaaa'ell

Heath, Zssex.

36
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Disthylaninoethyl~(DEAE-)Dextran was cbtained from Fharmecia
(Gt. Britain) Itd,, Ealing, London, ¥W.5. This was dissolved in glass-
. aistilled water to a concentration of‘ 1% (w/v) snd autoclaved, before
adﬂing it to ths agar,

Benzidine was supplied 1n a partially purified form by Hopkin
end ¥illisms Ltd., Chedwell Heath, Bssex, For staining plates 2 gm.
-was diaéolnd per 100 ml, glacial acetio acid, and 80 ml, hydrogen
ﬁmaas and 820 ml, isctonic ssline (nm-stérile) added to give &
final concentration of 0,2% The solution was used at once.

| Silioone Antifoam Emulaion R.D. was obtained fron Bopkin and
Williams Itd., and used at 0,2% ooncentration, Howover, this amount
appeared to be inadequate and lhould be incressed,

Trypan Blue aye was obtained from G.T Gurr 1td,, lLondon, N, W.9.

Other chenicals used weras generally of 'Ana.lu'" gradc and were
obtained from various chemical manufecturers, |

cial J atus ,
| 'Dispdsabie plastic Petri dishes; sbout 9 cm, in diameter
and sterilized by gamma—in'adiation, were used throughout the
expm.mts; They were Bupplied through the Medical Research
Oouneil’ s Centrel Store, Colindale Avemue, London, N.¥.9,, from
varicus mamfaotuma. ' | |
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Sterile, di.aponnble plastic hypo&@nnic syri.ngel and disposable
needles were used for all in:leotionl. These were o‘btainod from
Southern Syringc Servicea Itd., Enfield, l&iddx.; Gillette Industries
1td,, (Surgical Div.), Iﬁﬁoﬁ, Wiaax, ; and B, Lipmarn (Plastios)
Ltd,, London, N.8.
~ Cells were counted in a Hawksley *Cristalite” Improved
| Neubauer counting chamber (Hawksley snd Sons Itd., Iaming, Englsnd),

Sterile procedures were performed inside a glass-fibre cshinet
 fitted with a Fhilips T.U.V. 30 watt ultra-viclet tube, as well as
normal flucrescent tubes, a amall Bunsen burner and & glass fromt.

Mice were injected intravencusly while they were inside zino
‘geuze oylmdeﬂ 2,5-2,7x 8 om, , from which their taih protruded,

38

’ Thmmeheldinaheavychmpinammat 57°. w:!.th awtioml

lighting prcvided by =an articulated tsble lamp.

" Trestment of Apparatu |

Glassware and 'othér hppmtnl were washed in "Deccn 75‘ |
‘~—autergmt s Obtained fmm llediaal Ph.nmcmtical Devolopuntn Ltd. ’

| Bri@atm, Sussex, and were rinsed in mn—amnea water, Glassware

was routinely st&'ilized by heatmg overnight in an m, nna phstic

oentrifnge tubes and bottles wm sterilized whcz nooeaary by fluing '

in aloohol.
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. Preparation of Rabbit Antiemcuse Scnm
Asaitic ﬂuid was obtained fron mtce mfected m.th Ehr]ich

ascites tumour. '.'z‘he colll were removed by centrifugation ond
potassium alum end sodium hydroxide were added to the supernatant to
form & flocoulent precipitate. Tn_m was used to immmice rabbits by
& 4-week course of injections, starting with 1 ml, per injectiom, | ‘
‘and finishing with 510 ml. per injestion. In €11, 13-16 injections
ware given, totalling sbout €0 ml, per rsbbit snd the rebbits were
bled 5 or 6 days after the .uét‘inéeation.' Sera from two rebbits,
which were bled several times, were pooled, sbsorbed with SRC, and
aliguots frozen st ~20° until requived, The initial batch of amti-
‘serum thus prepared appeared to retain its full activity for over 3
_years, and was used in all the experiments. ~Throughout the remainder
of this account it will be referred to as "Anti-mouse Serun” or AMS,
- Wo attempt m made to prepare entiserm to puri.fiad moﬁae ganma—
globulin, since this general antiserwn was found to be satisfaa‘t;:ry’
in developing "indirect" plaques. The S was di.lttbod 31:100 vdth
g]ua»diatilled vater imediately 'before use,
‘ As a contx'ol, normal rabbit serum (1ms) ’ obtained from heated,
_ naturally clotted whole blood of unimmnd zed rabbits (supplied by
Welloome Resgents Ltd,) wes added to some plataa, but was found o
: have nttle effect on the plague mber.
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EXPERIMENTAL PROCEDURE
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Preparetion of Spleen Cell Suspensions
The baﬁc procedure in the experiments is qmaﬁzed degramatically
in Fig.,“i. Mice were killed by cervical .digiodation and their splesns |
vemoved with sterile surgicel instruments, ¥hen necessary the whole
preparation procem!e was carried out completely asceptilcalqy, but for
short-term 1mubation, strioct aterinty was umally di spensed with,
" Ko contandnatim was obsea-ved in any of the experimemtn.
| The lpleenl of mice from eaoh greup (between 3 and 8) were planed
- together in a small bcaker on ioe, and oovered with ice-cold medium
| until all 'the groups to be tested had been killed, The spleens of .
the first group were then tmatmed to a second besker and choppec‘l
bmto small fragments with scissors, Thess wers further broken up
by.tmafmlng thé péoled tissue into a sterile stainless steel
geuge cylinder, about 1,6 x 7.0 om,, in a larger beaker containing
fresh medimn and sgitated vi.gomﬂy by meoans of a glass syringe
:'baml. This produced a mainly single-cell suapmnim which was
passéd througx the aieve again to remove mwplumps which had
 been fércéd: through, Usually the agitstion process was repeated
tvriee 1n orﬁer to obtain the maﬁmm yield of cells, Although )
. ae!:ailed morplwlogical studies were not made, mi roscopic observation
of the mapmsions at a magxifioation of xwo ravesled anparently
intact, cells, In one experiment in which trypen blue dye wes
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used, only sbout 6 - 87 cells took up the stain, inas.oatmg damage
to their menbranel. Thereforu this proceu did not seem to dsmage
'man,yofthecelll._ | . ' ,

| Ater aie'ﬂ.ng the cell mspensions were centrifuged in poly-
mpylmc tubes on an H.S.E. "Hajor” rofrigoutod centrifuge at
800 rev, /min, (160 x g.) for 10 mimtes at 4°, and the mpmmt
medium discaxrded. The cells were then romspendcd to the dodrad
volume 1n fresh cold medin, '

Usuany the volume was ﬁrst a.d:lustod to yicm sabout 5-10 x 10

ocelis per 0.1 ml, ,and:20,1 ml, mnle tuken tor & cell count, The
cells were addoa to & tube crmt-ining 0.9 ml, gcntiu viclet in 1%
" acetic scid whiohvlyaed the eryth;-ocytel end stai.nqd the lymphoid
cells, ready for microscops-counting, When few ntibody-forming
cells were expecied, and the suspension exceeded a total volume of

6

3o m, y it wos recentriﬁzged and rcsuspmdéa to about 0,8 ~ 1._0 ml,
end further samplaa plated an Petxi diehos, ¥hen a high propomm
‘of antibody—foming cells was expectea, the suapauion was usually
'diluteq until 11; ccntamed an’ eatimated 500«1000 ant:.bew-fcmmg

” cells pw 0.1 m:L. hefore the samples were plated. In aome cases

cella were plated at twa aifferent dilntions.
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Estiﬁation of Antibody-forming Cells

_In these studies the numbers of haemolysineproducing cells
were sstimated directly by the localized haemolysis-in-gel technique
of Jerne and Fordin, (For original description see Jerne, Nordin and
. Henry, 1963), This detects cells producing "direct” haemolytic
plaques in agar containing SRC mixed with lymphoid cells, The
modi.fication',otm_'esser and Wortis (1965) was. also applied in seversl
experiments to ensble the visualigation of "indireot™ plaques.

It is generally accepted that "direot” plagues are usually
produced by cells releasing M (macroglobulin) hsemolytic entibodies,
which have a high hemeolytic efficiency, while "indirect" plaqncl
are usuelly produced by cells releasing vMvor yG entibodies, which have
low efficiencies, snd iequiro the addition of heterologous anti-mouse
- or enti-mouse-globulin serum, In these experiments AMS was used to
develop the plaques, ;,l! fmmnoglobulin (Igh) hes a sedimentation
cocffioient of about 19 Svedberg units; Therefore the cells
prdébming f’ﬂirect" plaques will be rcferred to as “19S plagie~ |
forming cells" or 195 PFﬁ. Yost forms of vA or ¢ (TgA and .IgG)
have a lower molesular weight =nd 2 sedimentation coefficient of 7S,
‘Therefore the cells producing "indirect" plaques will be called 7S PFC,
B ' However, it should be noted that there sre exceptions to the sbove

- . genaraligations, Gemﬁee:pdglets have been shown to synthesize
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& 195 IgG, distinct from Igl( (Kim, Bradley and Watson, 1968) .
vwhs_le Plots, alal and Asofkay (1968) have proaucea evidenoce that
‘scme types or mouse Igu form only indireet plaq_uea and possibly

some 7Su imunogldbulii:scan produse direct haemolytic piaciues.- '

The I‘etri. dishos were pirst filled with 12~1) mle 147 agar

d:.s:olved in phosphate-buffered saline (pns), pH 7.2, containing

50 mg./ . DEAE-dextran, which fomed e basal 1ewer. The DEAE-
dextran was adaed to bimd anti-complementm:y sulplmted polyaaceharidea
in the agar, nnd 80 to inorease the officienay of the system (see
Liebhaber and Takemto, 1961) Plates coul&. be kept for seforal days
| (oecaamnally for up to two weaku) before use, provided they werc
enolosed anﬁ stored at AR

| For the aase\y of plaque-forming cells, 0.1 ml, samples

of the cells vere added to test tubes containing about 1 x 10°
..»Rc s auspended in 2.1 ml, of 0.8‘% ager dissolved in mediun, which
also oontained DFAE-dextmn. The eger was mintainea as a liquid
_by placi.ng the tubes in a water bath at 14.5 . After the cella hed
bean addad, ths contanta of the tnbes were mixed and poured onto

the agam-ccntaining platea where the a.gar was auowed to set toa geJ..
The plntes were than :mcubated in a warm room at 37 for & to‘l;al of
JJ;D minutea. A‘baut 2;0 minutes from the end of‘ the mcubatim 1.5 ml,
complement was added to each plate, If it was desired to detect
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indirect plaques, 1.5 ml, AMS was added after the first 60 mimites, and
‘the complement also added after 100 mimutes, FPlaques 'began to nppeu-
within a few minﬁtea of adding the complement, and were fully developed
by the end of the incubations 4 | v o

At the end of the incubation period the plates were trensferred
t0 a coldd room at about h.o end left overnight before being stained
with bensidine, which tumed them a dark blue colour md made it
easier to count the plaques, as well as preserving the plates
from infection, If necessary plates could be sealed in plastic bags
and kept for up to 2 week before staining, and when stained could be
stored almost indefinitely before the plaques were counted.

Plaques were counted with a modified bacterisl colony counter,
fitted with a circular fluorescent light tube to provide indirvest
rear lighting, a large low-power magnifying lens, end an electric
scoring device,

Pleques varied in size from almost invisible up to 1 mm, or more
| in‘aianeter, and it appeareéi that the fieqpmcy was approximately ;
inversely proportional to the size. This mesnt thet a high proportion
of plaques were near the lower limit of resolution under the mgnif:luﬁcn
used, which besides mmg the counting more tedious, probably '
introduced the greatest source of error into the methed, Thus, a
alignt‘inhibﬁ.tory influence vin a‘partitum plate might well reduce |
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the average cutput of antibody molecules from the I'PC and so adversol,y
affect the development of plaquel. Manw near the lower limit of
resoclution n:lgtt then become imisible, remlting in a relatively
large rednction in the total count per plate, Thia oould only be
oountered by ma.k:.ng the plating conditions as \mifom as possible.
Variation between plaque cmmt- on differsit plates within the
same group was inversely related to rthe mean gcunt, but even when this
| exceeded 200 per pia.te the standkr_d error was quite frequently
higher thar 7% for groups of € plates. As far as possible, at least
6 plates were prapmav from each individual cell nmplp in oi-der to
reduce pipetting and othar errors, but ocoasionally shortage of time
or cclls made it neceugéy to reduce the group sise to 4 or 3, Vhen
indirect as well as direct plaques were to be tested for the group
size was usually doubled, and half the plates were treated with AMS,
| Sometimes areas of lysls were formed around clumps of rti_.ssx'ze
which had not been separsted during the sieving process, but these
were not scored as plaques, lﬁcrompﬂ,o exsmination showed that the
grest majority of plaques had a single s.golaiea lymphoid cell near
the centre, or at most a few eeils soattered within the avea of
haemolysis. All of these which were vil:lble on ths countsr were
scored, irrespective or their aiu. Humun erTor was reduced by
scoring the plates in & randm order. with only & mumber for
identificetion, In a large experiment the person gounting therefore
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had mo indiostion as to its group or what kind of treatment it had
received,

No plaques developed without incubation at 37°, nor in the
absence of complement, AMS-developed plagues appeared similar %o -
direct plagues, except that they were often rather cloudy snd leas
well-defined, |
Detection of Serum Antibody

As a subsidiary assay, blood was obtained from the mice in
| some uperiﬁxents. Immedistely they were desd their heads were

severed and blood was collected in tubes, Since the amount of blood
| o'btained from each mouse was very @1, ell the miop in each grcup
were bleﬁ into the same tube. The blood was allowed to form a matural
~ olot at 37° for sbout en hour, then the slot was freed from the

~ glass walls, and the tubes kopt overnight at 4° for the clots to
contract. The serum was separate& by centrifugation, and frozen
in suall tubes imtil required. |
o In mos=t experiments the sntibody titre was determined by the
5 hesmolysis method of Taliaferro (Telisferro and Taliaferro,
'1950; see also Kabat and Mayer, "Experimtal Iremochend stey”,

2nd Bdition (1961).

- Veronal tuffer containing 0.1% gelatin was used as the diluent,

"jj;’!‘h_e serun samples were thewed and alluted mth buffer to a suiteble
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sfafting ooﬁo'entration. (In many cases the titre was very low, so
the highest possible concentration was used), A scries 6f two=fold
dilutions were then made and 0.5 ml, was teken from each and placed
in & corresponding set of small reaction tubes, »
: These were trensferred to a water bath maintained at

37° in the same order as that for initisting the hasmolytio

reaction, 20 nﬁ.mztea later, 0.5 ml. aliquots of a standardized

SRC suspension in veronal buffer were added in the same sequence,

The suspens:lon was adjusted so that the equivalent of a 12.5-timou
dilution in d.‘y.sti.lled weter (actually a 25-ti.mel dilution of a ‘
double-strength qxspenaicn) gave an optical dﬁsify of 0,420 as measured |
at e wavelength of 543 mi in & “Unicai spectxﬁplmtomctar, with Y

1 om, light-peth, (The hypotomic shock lysed the erythrocytes), This
was equivalent to about 2,5 x 10° SRG"per C.5ml,

The tubes were mixed well to sensitize the SRC and after a
further 20 minutes 0,25 ml, volmes of conplement, diluted 7,5 times
in tiuffaé, were added in sequence at carefully timed ‘intervall. The

- total resction volume was l.25 ml, per test tubc. Finally, sfter
a reaction tims of exactly 15 minutes ice-cold citrate-saline :
inhi'bitor was addad;.z.";g ml. per tube, to stop ﬂmﬁhei'»haanolysd.s.
) ‘The tnbes were ramoved end cooled to roem tenperature in cold water,
» Tha mean :Lutexval between additions of roaction meaia to the
tubes ves 15 seconds, So that 56 tubes could be conveniently set up
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during each test run. Appropriate semm, comlemmt and cell blanks,
and 1007 haemolysis controls were also included in order to determine
the percentage of entibody-produced haemolysis.
Unhaemolysed erythrocytes were centrifuged down and the
- optical densities of the mupermatants were measured. Date were
evaluated using the von Krogh eqation (or probit function):=

¥ = 0,D, of tube
(0,D, of 100% 1ysis) « (0,D, of me)

(Therefore y* =1 when 50% of the SRC in the tube have been
haemolysed), Values of y' obtained for a aeﬁes of antizerum dilutions
are plotted on a doubleslogarithmic graph, when they should normally
£a11 on a straight line, From this the &ilutiom producing 507
haemolysis cmn readily be determined. The resiprocel of this dilution

was taken as the antibody titre of the serum ssmple,

In lster experiments a microtitre modification of this method
was used, employing a Coocke "Miorodiluter" (Gookel mgimer.'uu
Compeny, Virginia, U.S. A, ; supplied by Flow Laboratories Ltd,,
Irvine, Scotland), This requirea much smeller amounts of antiserum
- .and other resgents and was possibly more sensitive. Reaction
comtituent: ware 0,035 ml, antismm, 0,035 ml, SRD and 0.0175 ml,
- complement, totalling 0,0875 ml, - | |

‘Both the serum @ilutions end the reaction were performed uaing
lucite plates with 80 wells, a calibrated dropper (0,075 nL) snd
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microdilutors (0,025 ml.) The rezotion media were added 1n-

sequence until all the complement had been added. The plates

were then sealed with "Sellatape" to prevont enporatim, and
.plaoed in the Warm Roam (37°) ter 15 mimtes, After imubating 0.15 ml,
volumes of cltrste-saline were adlded with ccnventional pipettes in

the seme sequence to terminate any residusl reaction. Therefore the
period between adding complement and izhibitor to cach well was
approximtely oonstant, and all were incubated for the sems length of |
time, although the relative tims at rocm temperature before and

after ingubation varied slightly from one well to encther, |

The degree of hamlyail was determined visually, using a graded
series of blanks, | |
" The Bimpler method of Uyeki and Klassen (1968) was also used in
later experiments and gave similar results, Antisera were also diluted
using the microtiter aparatus, but the assay was performed on
Jerne~type ager dishes, Thagc eoﬁtaiued the usual basal layer of
- L.4% ager. énto this was poured 2.1 ml, 0.8% agar conteining SRC
which was almwa to set, (Fo lymphold cells were present).
Approximtely 1 mierolitre volumes of diluted antisera were

spotted on the upper gel using a wire loop. These were spaced at
,5-10#@. Vin'tewals and were ahsyrﬁad by the agar. The plates were
then incubated at 37° for 135 minutes, complement being added efter
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90 minutes, Spots of serum containing 195 haemolysin became visible as
mn of lysis, similar to oell-produced plaques, -The titre was
estimated by the highest dilution producing definite lysis, -
The hassagglutinin titre of the same samples could also be

 determined by adding 0.035 al. of the standard SRC suspension to wells .

' eontaining serial dilutions of antiserum (or to the wells from which
microlitre samples had been takmm for plating, sinos this only slightly
affested the volume). The red cells were well mixed and then the
dishes sealed and placed at &~ overnight. The following dsy they were
agitatuﬁ and the maximm dilutions producing sgglutination visible

to the naked eye were talnmasthctimcrthosm.
Z-Irradiation |

 Two 250-idlovolt X-ray sets were used during these investigations, -
 an industrial model by Merooni Instruments Ltd. snd a Type 11645 Therapy
Apperamormiuipaﬂhommx.ﬁ. Both were operated at maximm
,wmgo and amrent (15 -A) with sdded filtration By 0.5 or 0,25 mm,

* copper and 1.0 m, sluminios, to produce transeitted X-rays with a

half-valus laynj of approximately l.4 mm, oopper, In some experiments,
in which spleen cells were irraiated, no extra filtration was added
s0 thatthchalf-ﬂ!m mu.-monh about Oak-5 mm,, but thedose—rate
 much higher, |
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Dosimetry wes performed mainly with a Farmer Sub-Standard X-ray
Dosimeter, Mark 2,  (Baldwin Instrument Co, Ltd., Dartford, Kemt.)

The remults from this instrunent (which uses an icnization chasber)
were in good sgreement with results from lithium fluaride thermo-
flucresoence capsules plaged !miﬂo‘aporlpﬂ”phmtﬁu mouse"”.

For irradiation mice were placed inside 15 om.-square, 2.5 ome
~ deep, perforaudperspcxbms. These were positioned vertically under
the X-ray beam, 60,2 om. below the X-ray besd (sbout 70 am, from the
target) where they were irradiated at a dose-rate of 63,5-69,7 rads per
mirute, Usually 7+10 mice were placed in each box.

Spleen cells were irradiated in different ways, though they were
usually suspended in sterile FBS during irresdiation. In one experiment
the cell suspensions were placed in sterils polythens centrifuge tubes
arranged conomtrically around the beam, 75 am. below the X-ray head,
| amwwparﬁmymﬁhym. The dose rate was about
40 rads per minute. momwumpmmmmwam |

52

' in sterils plastic Petri dishes sbout 20 @m, below the lead, at a dose-

rate bfamzwmdsper}nimhﬁthnmmﬁltmﬁm, or 350

rmmmuat'amm'.cfssm.ﬂthmmmmu@ |
However, cells mﬁamm wélam«hadmmtrouea

| ahmpwtaﬁwhaﬁmlmtim:dcmﬂw&uw:yof
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large doses. Therefare in one experiment, in which particularly

_ large doses wers requirved, the oell suspensions were placed in glass
irradlation~vessels containing sintered glass mm through which

either air or nitrogen was tubbled, (Howard-Flanders and Alper, 1957)..
mWélsm attached by means of a spesial mounting directly onto

the Xeray hesd, which was pointed harisontally. This allowed the relatively
bigh Qose-rate of 1300 reds per minmute (without added filtratim) to be
achieved,

In oxder to control the build-up of tubbles in these vessils, a silioone
anti~foan agent was added to a gonoentration of about 0,2%. This reduced
' the surface tensiom of the PES. Approximately 1 ml, samples of the
suspension were removed at intervels by olosing the main outlet from the
~ vessel, thereby foroing fluid out through the secandary gas inlet which
was crpcmd. for the purposs. Duplicate vessels eontaining cells served
es wirrediated cantrols to determine the effect of bubbling cn PFC..

mm'agpmt agar plates alveady. ocontaining spleen ocells end
SRC were irrediated immediately before incubation was commenced. These
were pleced 23,5 oo, below the head, end received a doss of sbout 200
- rads per minnte, with normal added filtratdon. o

Several experiments were performed in which spleen cells from
R donor mioe were injected into lethally~irradiated yecipient mice,



exoept that thay were suspended in sterile PBS instead of medium,
and sterile procedures were sirietly adhered to. In scme experimshts
mwlsmsmmﬂlymatdmsmm,a.g.mdiatﬂ,m
| The recipimnt mice werd irrediated with a dose of 850 rods befure
‘Mnoeindeitherdm«n.dwm; This dose was chosen as being
adequate to inhibit any significent primery immme respnse either to
%SRcwmamt%m«tdmns,mtmtumtthatitmd
too many deaths before they oould be tested. -
' After adjusting their conoentration, the domor spleen cells
were injected into these immmologically inert recipients, usvally
vin the lateral tail veins, The mice were kept imucbile inaide the
special injecticn oeges, snd their veins made to dilate by plaaing
them in the warm room for at least 10 minutes before injecting them;
In oontrast, the splesn oslls to be injected were kept in dce until -
required, snd then taken up in 2 ml. aterile syringes, Each reciplent
received O.la- 0.6 ni, of the mpmsioa, the exact quantiv vaxying
hmw,»memwmmmmtomam
3 to 5 mice,
m mmber of aplem cells was var.i.ed mm;. according ¢o
the experinental requirements, but the greatest mmber which could
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be 'utisfa‘.ctor.uy injeotsd in a volume of 0.5 ml. was 180 x -106. .

Higher cell mmbers had no harmful effects provided the danors were .
normal. However, when irradiated dcnar mice wers used, the mmber of
oells transferred had to be rednced cansiderably.
| SRC were injected seperately into the recipient mice

(:I.O9 SRC per mouse, inh'apé;fitcnsany). .In scme experiments the
antigen was injected immediately after the donor spleen cells, but it
wes found that the some results were cbtained when they were injected
up o 2 days previously, provided the mice had been irradiated first,

35
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Statistical Treatment of Cell end Placue Counts

Many statistical analyses depend for their reliability on the
data oonforming to & normal distribution, Vhers it follows another
type of distribution, :e.g.: binomial or Poissam, it is nocessary flrst
to ﬁ'ansfm it mathematically in an appropriate way to give a normal
type of distribution, Therefore for the analysis of the eell and plaque
count data 1t was importent to investigate the kind of frequenay
distribution which they followed,

Since the provess of plating and incubating potentiel
plague-forming cells probably introduced extra errors, it was
thought that oell samples placed in stain-cantaining tubes,
instesd of blood-agar-oomtaining ones, should give the best
indication of the underlying distribution of spleen cells in the
.aunpmim. Of these cells, a very small proportion, approximately
1 « 1000 per milliom, ahould be FFC; unless these tend to
oongregate looally, Workers who heve tried to seperate PFC from
other spleen c.lls have had only limited sucoess, suggesting that
such segregation is midiely, |

180.1:1. mplesmmmmﬁcnxaamaacn
smpm_im,«mmd from the splesns of three nioe in the usval way.
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. Sub-samples from each tube were placed on a haemoqytometer slide and
oellas counted in 10 areas of 0,1 X 1.0 mm., giving 180 counts in all,
The mean mumber of cells per wnit area was 85.97, with a wariance. of 76.07,

"Student” (1907) showed that yeast cells comted in a similar way
followed a distribution which closely fitted ame expected firom a
Polsson distritution (Poisson, 1857)s Since it is a characteristic of
the Poisscn distribution that the warisnos is equal to the mean, whereas
with a normal distribution these parameters are indspendent, the
spleen cell sounts cbtained were also ompatible with a Foissoa
distribution in this respect. However, as the mean of a Poisson
distribution is inoreased, so the distribution approximates to
'nmv. Therefore with a mean count s high as 85,97 no significent
aifrmm cxpeeted, this nluem chosen beoause it was typiocal
of plaque oaunts per Pe'l:r:l dish,
| Both normal and Foisson distribution curves were fitted to the

date and ehi~squared tests made. The values o X2 so obtained were

19.52 and 19443, whiuh were not sianiﬁiantly aiffemt, anél were
‘both well within aeoaptabze linits (P = 0,500 0.750; 21 degrees of
ﬁie&m)- |

Another cell suspension was also tested in a similar wey,
except that 160 areas of auly 0,05 m.” were comted, thercly
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reducing the mesn to only 2.42 cells per square. The varianoe was

found to be aimilarly reduced, o 2,585, again in close agresment.

This time tb'mqumqrﬁsh'ibutimuﬁdisﬁncﬂyahnd, and gave

a close it to a Pohmd;atxibutiau'(xz = 1,035 with 6 degrees of

freodom; P = 0,975 ~ 0,990) whereas the fit to a normal distribution vas
less good (X = 3.2908; P = 0,750 = 0,900), Therefors 1t was

cmaludedtha‘bthemttotlplmum followed a Poisson dise

tribution, uwmﬂdhemoteﬁiftheummrandmy

distributed in suspension,

Since the mmber of plagques per plate was as low as 2,42
exceedingly infrequently, and was often greater than 86, it waa
dscided that no transformation was necessary to norsalise the data
farAstat.utiml analysis, However, the varianoce of the oell
- counts ocould be taken as baing the same as the mean so that a ‘
lmglemtmsurﬁmttomﬂdemestimteatboththsmmanﬂ
-thc mz:d.anoe

Altnough 1t appeared that total splsen ocells were randomly
distributed and their frequencies in auall samples followed &
Polsscn distribution, Lt seenod that the development of plaques
during the inoubation process introdused mignificant additional
verietion into the plaque counts, as had been expected, Thile
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variences of groups of plates (Bor»G'pergmup)mremmm
aamoxdorasthei:maanphqmooxmh,veryhishmmmﬂm
obtadaodq:iﬂfreqmnﬂy,m&turangoofmmmm
mamthanexpechd.
mmhumumatmmofmmxm
PFGperlplcmalaomthyuponibh, itmmoeuaryto
mwmmmimauwmanswmwmmwm.
%mmiedfrouoverO.?thmaMlMomem
upectod,tolmthmo.OOZw!meNmoxp«td. in order
to cbtain oounteble mmbers of plagues cn sach plate. This was in oontrast
'tothemwymumpaum(mmkumm“’)of
. ’suspenaims actually rcqu:lm rer total spleen cell mtt.
Wunmtoftheun:mpmlimmmmdmmm
stanauimoft&aamph-ﬁscluetothatofthcmﬂnan
pOPuhtlon. ﬁhumlyanﬂlmpwﬁmnﬁngdreﬂtb‘nhnph
‘mmmhnmmmﬁmmo The following
corrections were therefore applieds= B |
. Standand Exror of the estimated mesn for an infinite
pomﬂaﬁmanuS{whemBhamphstm&ﬁaﬁm
mﬂnzmwofohamﬁwmamu
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Standerd Error of population with N individuals =

1 1
Sx e |

Approximate Standard Error of FFC in suspension, volums VP =

’1 1
Y¥PxSx R

where n = number of ssmples (volume 0,1 ml,) plated, VP = total
volume in units of 0,1 ml,, and S = standerd deviation of plague
counts on plates,

Approximate Standard Exror of F¥C per spleen =

Fonosfiod - Zefi2ii(2-4)

where mice = mmber of spleens used to prepare cell suspension, y =
th

plate and ¥ = mean number of plaques per plate,

Moan FFC per 10° spleen cells awlal:xvgm

. number of plagues on i

where C = cell ‘oount, X = aoctual volume of iulpehsion’ used for cell
count aadvc = totnl volune of suspension rx-onwh:.ch sample taken for
" cell count (both in units of 0,1 ml.). |

Approximate Standard Evror of FFC per 1060911; =

o 1_ 1
wxyxxx1® [8? G- 1
W TT 4G

The basio data were fed into an ICL 4100 Serles electronio
. computer belonging to the Roysl Postgraduate Medioal School of London,
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Section 1 wﬁmogﬂwmwmnem

The development of plaque~forming oells (FFC) in the spleens of
" normal mice following the injection of 10° sheep red blood cells (SEC)
is shown in Fig. 2, and the appearance of circulating haemolysin and
hasmagglutinin in Fig. 3.

Although circulating haemolytic antibody was undetectable by the
titration methods wntil the third dsy after immmization, small
mmbers of direct PFC were alvays deteotsd in the spleens of
wnimmmized mice, Thess "natural plaque-forming cells” (n~PFC) averaged
sbout 120 per spleen, and were inhibited by the additimn of antiemouse
serum (AMS) dmring the plaque test.

24 hours after immmization the mmber of FFC had inoreased
to about 300 sbove the background, Thereafter they increased
approximately exponentially to reach a peak of about 330,000 between days
L and 5. Deapitethiammutmthembmofm, the total spleen
oell mmber remained approxinately oonstant at sbout 3,10 x 10°,
variations being statistieally insignificant, Initially n-FFO
represented approxizately 0,46 cells per aillin spleen cells; by the
pesk of the response FFC acoounted for about 1000 cells per millicm.
Between 18 and 96 hours after immunisation the mean observed doubling

time of the PFC was 9,0 hours,
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Up 4o the 4th day of the response AMS was oonsistently inhibitory
toaaaammt'ofphqm,sothatmﬂyw_smmmuamma;
Hm,hwﬁuBthdw?SPchalaodeﬁctable. By this time they
were alresdly mmerous, and still increasing, and reached a peak of
340,000 per spleen, or 1000 per million cells, on day 6. Thn'earher
they were the predominant type of hasmolysin-producing cell.

After reaching their peak, the mmbers of 195 FFC decreased
again, rapidly at first and then at a progressively slower rats.
Between deys 5 and 7 the mean halving time was 17.5 hours, between days
B and 2 it had inarensed £0 4.8 days, and between days 25 and 40 it
was ebout 1 days, |

It was not possible to estimate the doubling time of the 7s'_Prc

in the first psak, but between days 7 and 9 they appsared to double in’

nmber in & nean time of 17.7 hours, to reach a seoond peak of about
390,000 per splesn, or 1470 per million cells, on day 10, The 7S FFC

of the first peak seemed to full in number very rapidly, possibly having

a mean half-life s short as 9 hours. After the seoond peak, however,
the number of FFC fell more gradually, agadnatdpomssin]y
aemammu.“‘aemdaysmma.sthemanmﬂng tine was 2,8

days, mb«mmzsmamﬁmwuam, Bililartpthat

of the 195 F¥C,
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 The condentration of haemolysin in the dlood (see Fig, 3)
roughly paralleled the rise apd fall in the mwber of splenic 19S FFC,
but the method ¢f estimation was less precise. Between days 3 and 5 the
ﬁmdmldappoﬁmwﬂm%mhmn,m&thmimaudmn
slowly,hmuhapcakdaboutmmﬂamw,i.o.approﬁmhly
GOhom,afkrthngBSPFOmaMﬂwirmwm. The antibody
titre then began 1o decline, though less stesply then did the PRC.
ummvmummﬂw-unarmmmmm
spproxinately 36houra, aimzuﬂns the oounter-effect of oontimued
synthesis, |
| ‘.;Hdmggl\;tini#wa:zimaomm-m'semeayof.ﬂk
'm,lmmo'méinﬁmrnpimbemﬁdmzwh

 with amao;:bnngmofa-ynm. After this the net rate of

mmlatien prozrenin];y decreased, z-emlﬂ.m in a broad plateau on
the mpbfmndayllm, vithatib&ofapproﬁmatelylﬂoo, or
; dmxbh the naximm hmo!ysia titre.
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Segtion 2 1 Effect of X-Irradiation on lhgm FFC in wvitro

Keenedy et ol (1965) cbtained a survival ourve for the ability
dmmmnmmmummmmtonlm
antibodys This showed mature 195 FFC to be insignificantly affected
bydomofraﬂiaﬁmmfﬁﬁmttoinhiﬁtthedenlwd:
deumucnmebyhhmw,iftheﬂumlimﬁhmm
pricr to the injection of antigen. meemmummfomato
check this finding, and also to determine the oxygen-enhancement ratio
for the foeatimu of doses of radiation sufficlient to inhibit the
aoﬁvxvofthem.'

 In the first experiment sploen cells were obtained from thres mice
l; days after immmization, when the spleens oontained many active 195
FFC. The cells were suspended to medium and 20 ml. samples were taken.
Two were irrediated to‘plaaﬁdl’ctz":!. dishes, cne on & oold water bath
wmmhaptmtemperam at 7+8°, the other on warm water at 40-42°.
mamgmnmmoam.m,uﬁnhmmnsmé,
vmmmﬁamﬁmauffwtmthcdmlmtorthcnw,ata '
dose-rate cf}}Oraas permimh, with no aﬁdfﬂb&ﬁm. Two similay
samples served as m:lr.radiam tcnpcrahm oantroh.

'rollowingtuam. mmpl«meplateaanﬁiwubam
nomally Bmm,ox&aplahswmalwpupandmthtoﬂm
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osll suspension, allowed to set and then irradiated either at

room tamperature, or after having been 8ooled to sbout &% in a
refrigm_tor, Again the dose was 1000 rada, dut the dose-rate was.
reduced by added filtration to 200 rads per minutes (It was necessary
to use & different X-ray set for these irvadiations). All the plates
were incubated immediately after irradiation,.

It was found that a dose of 1000 rads, whether given o FFC in
liquid suspension, or while suspended in agar, had no significent effect,
Cells subjected to the higher temperatures were less active than those
whieh were kept in the cold throughout, but were also wneffected by the
ra.diat:.m. Whether tenperature affects the radiosensitivity of FFC
was not shown by this experiment,

In the second experiment, which is described below, the doses
given were much increased, and at the same time the cells were
irradiated in bubbling-vessels (Howard-Flanders and Alper, 1957)

80 that their state of oxygemation could be controlleds Irradiation
, m,pn"fomdlat room temperature at a dose=rate of 1300 rads

 per mimite.

~ Spleen cells were obts;lma frou five ni.u 5 dayu after mmimﬂm.‘
- They were suspended in phosphate=buffered saline (PBS), auaaaupla
h‘mm to 4 lrradiation vessls, mﬁoh received the following treatmentsi-
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1. 4iy budbbling only.

2. Nitrogen ndbbling only.

3. X-~Irrediation in air.

o X-Irradiation in nitrogem. |
At various intervals samples of spproximately 1 ml. were cbtained
end placed in test tubes. At the end of the irrediation 0,1 ml.
sub-samples were plated cut to test the aotivity of the FFC, while
osll comnts were also cbtained. The results are included in Table 1 and
shown diagrammatically in Fige le. |

Although silioone antiefoem agent was added to the spleen oell
suspensian, the conoentration used in this experiment appeared to be
msurtidmttotp:mkthomanofalve.roftMaxits
surfaoes, and the progressive loss of cells from suspension, However,
by expressing the results in terms of PFC per millicn ocells, this
change in cell nuber was ecmpensated for, except that the statistical
exrors increased with ma-eaamgaous of radiation.

An estimate was also made of the dsmage to the cells caused by
thismahmtbymeans of the trypan blue dye-exulusion method, Thc
resultsareahoimhﬂsﬁinmml. m:shonthatthai‘rac‘ticnof
oolls staining with trypen blus increased with time, but was not
) uignmoanuyamcteawu-manm Since there was no correspanding
£a1l in the activity of the control suspensions, it appeared that uptake
of the stain was wnconnected with the release of antibody.
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Table 1. of Spleen Cells and Effect of
Irradiation on their Activity
Dose (Krads)  fcells % cells FFG/10° Ratio & 95%
and gas phase  recovered "viable" <cells conf. limits
0 (& 100 9.7  10%8- 1,00 0,16
o (%) 100 81 837 1.00 3 0.17
0.325 (A). N,D, KD, ™5  ™.o4 10.14
0,65  (A) N.D. D ™M037  fo.9% +0.13
0.65  {N,) N.D, XD ®791  %o.94 ;017
L3 () WD KD M0  %0.99 10,17
L3 (W) M. D, NnD *sr. .95 :io.n1
26 ()  wn R0 "73 *Los zo0.n
2,6 (F,) K.D, %D, *83% M.99 10,15
52 () KD, KD "1055  M0.95 40,32
52 (W, N.D. %D, "8 *Lo3 3018
975 (4) 59 % 759  0.69 10,11
975 (§) ND, N.D. "9 ML15 10,20
19 (A) 42 765 599 0.5k £0.17
195 () A BS 640 0.76 10,11
39 (4) -8 S OB 3% 0.29 4 0.09
9 () 23 18 £25 0,62 30.37

S

A= Mr F,=Nitrogen N.D. =Not Determined ™ Estimated Value
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Doses of rediation of 5.2 kilorads or less had no significent
effeot in elther gas, ‘bﬁt a dose of 9.75 kilarads significantly
depressed the specifie activity of the FEC in air, although it hed no
effect mm thoss in nitrogen, 19.5 and 39 kilarads reduced the activity
of FFC, whether in air or nitrogen, but the effeot was greater in air,
nemoﬂpmreamumsntm "gureiving fraction" was only
by 70%, with most of the points in the shoulder regim of the
*survival curve", it was not possible to determine its parameters with
acmra.'q.' Estimates are as followst- D values of 26 and 62 kilorads,
respeotiﬁh‘, for aercbic and anaerobio irrediations, giving an
estimated mgm-inhmo-mt ratio of sbout 2.4; extrapolation muiber
not grea.tﬁ' than 1.5,
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Seetien 3 ¢ Effest of Irpadiation on the Total Spless Cell Fusber

 Fige 5 shows the changes in total spleen eel) mmbers following
MﬁmﬂmarangaofMBﬁaéOOtomnﬁs. In all ceses
the effect was o produce an immediste depletion of cells from the
sploens, the rate and the maximm degreo of depletiom being propertional
to the dose. |
| 1tnnnmmﬂut,t¢m.tmmso.tsoaanumm
order of 700 rads (due to haemopoietic death), end that with doses over
3000 rads. animals begin to dle at 4 to 5 deys as a result of the
intestinal ayndvoms, With the two larger doses used, therefore, spleen
aenmtammnotba followed for more than 7- days.

%Mlﬂ@nﬂammlyaaughtmﬂtnnnmthuorum
and have not been included in Fig. 5 for the sake of elarity. 1000 and
: 1500m-,wﬁnomm,nmlhdinmtinﬁ1h.toaboutm
© 30th of the normal spleen oell nusber, foliowsd by death, With 700 rads
'mﬁummntyamwa.mumhmmamsms
~ remained approximately ewnstant, Thereafier theve was a progressive
Wmmmzmm,wmztmmaﬂmmmxzmagm
900 rads saused the loss of 7/8ths of the oell population, and
' recovery began after 3 days. 350 and 200 eds had similer effects to
,mw,'WMvthMm'WMWmmm
l_ega» mmmwmummmimsoommuuﬂuan
nmberhﬂnhmdtouammﬂlmhbyl&zswsmimﬂuﬁm.
'wa,ittmﬂadtom-mwhatleuthanmthem&ohfw
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somev tiue.

Results from enother experiment plotted in Fig. 6 show the effect
of 500 reds on the spleen cell mumber in more detail, In this diagram
the vertical bars represent the means of several groups of mice plus ar
ainus the standard exror, The overall pattern is the ssme as that
illustrated in Fig. 5. |

Although migration into ar out of the splesns may have pa.rtiany
acoounted for the ohanges in their oell nulbeﬁ following irradiatiom,
presmblyau-ulungmthommtofdaploﬁm. Sincs the
aplesn oell popula.ﬂ.on is very heterogeneocus, cmsisting of lymphoqytes
(small, medium snd large), plasma oells, blast cells, polymarphonuclear
leucogytes, granulogytes,mecrophages, etc., with different rates of
turnover in the unirradiated mouse, it is mot possible to determine
their tadionmitiviltiu from total cell sounts.

The smaller doses m relatively more sffective in reducing the
oellnmbmvhinbwereuhurndab;outm third day aftexr ixradiation
then were the lerger doses, This is indicative of the heterogensity of
the spleen oell population: the majority of the mare sensitive and/ar
most rapidly dividing oells were killed by doses up to 700 rads, leaving

the spleens relatively rich :ln nlowly&vi&ng or less sensitive cells,
which persisted for at least 5 days even tollm:lng 1000 or 1500 rads.
After this time surviving stem oells were beginming to repopulate the
tissues, ﬁ

-~ Magrosoopic emmﬁm sm that rmovu-y of thc splemi tended
to be oentred in a variabls number of "nodules” which appeared to
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consist of rapidly dividing oells, and which increased in size until

they coalesae:i‘about 15 doys after irradiation (vith a dose of 500 rads).
These nodules were probably proauod ‘by ﬂu prolifmtim of the aurv:u.ving
sten cells, either from within the npleen oruhieh had im:.grated
frmotherm, e.ge thebcmmm. Probamy each nodule was

- derived tro.aningle olmne of cells plus other oells which entered

it at a later stage. | |
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Secti 3 Effects of Irradiation on "Natural Plaque-forming Cells™

The narmal "backgrowd® of n~-FFC is affected by irradiation, The
effeots of 500 reds axe shown in Fig. 7. The number of n~-FFC fell to about
half iu»nmlvaluewitﬁin 5 days and then began to recover again steadily
with a mean doubling time of 10-11 days. By about day 20 it had reached the
normal range, but omntinued to inorease until sbout 50 days after irradiaticn.
This resulted in some "over-compsnsation" for the initial loss of PFC, with
about 5 times the normal mmber being present. However, there was a gradual
fall back townrds the control level after the 50th day.

Flgures 6 and 7 show that there is a similer pattern of response for
total spleen cells and ne PFG, Following irradiation cells were lost from
the spleen, butm replaced after a few days, presumably by nm=-specific
proliferation, - }Bom, the m:n'her' of n~r¥C showed a smaller and slightly
- slower initial deeline than did the overall mlé@#eu number, and a
similer, though delayed recovery afterwards. In both cases the
" nusber of @ells increased sbout 10 times during the initial recovery

o period, althmghﬂmn-PFBminiﬁalJymlyéepmuedhyafactord’

2, - mpmdtomeofﬁinﬁmaasaoftotalam
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‘The net offect of cellular deplotion of the sPl.m
mthoﬁacﬁmofnumislhminm. 8. Sinoe n~FFC seemed
’:Initial‘l‘g less affected by the rediation, their proportion in the
mlmmuatﬁrattoamﬁmﬂat&oﬂ?maﬂwmrﬁs
Gmwﬂaplmiarcpopuhﬁmthmmedthcmmimtofau
agmuamamaaym.mmmmmmmmm'
mthcnwwofn—mvggainrm&thtmperﬁmtoam
peak 45-50 days after irrediation, There was £inally a gradusl fall.



SOWRUGHTAL PEGCLDUNS AND  RUCULEE &

Prelimtnayy axporinonts alwwed that the developmant o
saintenonce of the respunse of mioe to SRC wos severely irhihiteld
Yy o single dooe of 500 rods of Xegoys. This dose umnlly rroluded a
death-rate of approximately 107 within a 30-doy period, but had no

effect on the releans of antibody hy mature FFC drwodisted jp witwo, -
oa discussed in Seotimn 2.
A Jarge-scale sxporiment was caryied out to show whethey o
. not the effect of tids dose varied when miocs were irrodioted at
a:rrmmummmmwumumemm@uum
resporse. The following times were chosenit=
22 hours befove mmummmsmmamof
£RC1= "l 1 day" group.
62 hours, 2% hours, 3 days, or 8 days after lmmmisationt-
“ @ay*, "1 day", "3 day" and "8 day" groups, respectively.
Inmnined, but undirredianted mice served ss omtyrols,
Hice from each growp were saarifiosd at frequent intervels
after irredistion, onil the levels of their iammity were estimated
by the deteraination of the mubers of splenio I'FC, both 75 ond
. 195, and thely serum haemclysin titres, The results ore show in
Fige 9, 10 end 11, and furiher dotails puwerdced 4n tadlee 2, 3 and 4.
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The data show that the immme response was affected Yy
radiation with all the regimes chosen for investigation, However
‘there appeared to be some overall differenves in the radic-sesitivities
of the wfmtmmﬂreoﬁgms show that the loweat
response io-tbo antigen was dbtainodinthi'ﬁuwi 1. day" group, i.e. those
mice irradiated before they received SRC. The next lowsst Tesponse
mgi.vmbyﬁu’" day'mxp.vhiehmimuaudbafmaw |
‘awmtuhamemﬁemwmwucwmtobaw
‘mmmﬁomaeoﬁmorsac.,
nmt,thﬁﬂemmhmmnwsmths
"sinus 2 day" group snd in the controls will be described, and
fmthcu-m»ofﬂmﬁwmmumﬁnumm
mmmrmmm.mwmwum.
’mmmormsmanmomtmhmwmw
 above baskground (see Fig. 9).mmmmtm-unm1w
'mafnuman@mmmhmmmnwm
level. nmmmnsammmtummnmmm
 rapidly, withamandoublhgtﬂmofmly&ﬁ hours, whereas
thminﬂnirra&iahdniumlydoubledminhﬁhm(m
tabla 3). Therafore tmdiftcmubetwemﬂmso MWW

mpm,ymut.smporapummmztoammvms.om

'onéaylu
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However, after day 5 the mmber of FFC in the oontrols
pusedihpuk,amﬁgmtphnagun,mhthernpmem-
tinued to develop in the irrediated mice. By day 12 the controls
had a mean of only 12,300 FFC per spleen, and this nuber was still
declining with a mean halving-time of 5 days, At this time the
© "ainus 1 dsy” mice had reached & platesu, with a mean of approximately
2,300 FFC per spleen, By day 2 both groups had about 2,00 FFC
per spleen, but theveafter the mumbers declined in each, though

alightly faster in the irrediated mioe, |

o This prolonged rise in the nusber of splenic 195 PFC following
 irradiation allowed some degree of compensation for the initial

| inhibitory effects of the radiation, but sinoe the mumsber never

- ‘exoeeded that in the controls, this oompensation wes only pertial
3 matbmnpmciaammanmudmmn.
ﬁummaum,wmmm,mnmorm

| f_prmucaor'fsm (soe Pig. 10), It should be pointed out that

'mmw phquu could not be detected early in the response with

| "mmmmmzramxwt. tut suldenly becane detectable

duringtherespmm Mmﬂmwbythmhaw already been high,

!,Radntimdehyedthnirappim,MMthmeflium

not nlml tastcﬂ at dnil.y intsmh, nligkt m'istmm: may have
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~arisem, e.g. in the "} day" group 7S FFC were not detected on the
mmaﬁ@immizaum,mmuummttesteaagammﬁl
day 11. Conversely, the "minus 1 day" group were tested on the 10th
day, when 7S PFC were deteoted. '

The two welledefined peaks (400,000 e day 6, and 390,000 on
day 10 « ses table 2) which were detected in the sontrols were
delayed end reduced to anly sbout 17,600 on day 12 and 45900 on
day 2 in the "minus 1 day” group of mices Even in the later part
of the experiment 7S FPFC were well below the contxol level, unliks the
19S FFC, Since the two peaks of the reapmnse were 8o poorly defined,
only an overall doubling time oould be calculated with any accuraay.
‘This was sbout 88 hours, compered to a second peak doubling time of
25 hours in the cantrols, - |

Wmmuctableinthemorthamemthe
"nimnldéj"grmpmﬂldayﬁ,mmanymﬁboﬂyacﬁviv
 Getected in mice killed an day 14 Prom dsy 16 awards, however,
the titre rose slowly, but steadily (see Pig. 11). Compared to this,
the rate ofhawoly.inpro&mimiatheemmhmmmpm,
Vm&aumofmwasnmamthemaayofthomspm.

A peak titre of 310 was achieved on day 6 sompared to the first

&9
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peak on day 10 in the irrediated mice of caly b, and a maximm of anly
13, even after 38 days. In the emtrols, following the peak, the titre
fluotunted before falling to sbout 100 on dsy 12, Thereafter it declined
nore steadily, with a mean halving time of approximately 13 days.
Sinmtheshapesofthem:formtm;pmutmm_
quite different in the eontrol and irrediated groups, it is of
limited value to draw conclusions based upon comparisons made at
arbitrary times after immmisation; (For imtaneo; Kennedy et al
(1965) obtainsd "survivel curves" fur the capacity of mice to
prodml%mwmthcmﬁmmhmhw,wmm
sontrols had reached the peak of their response, but the nmmbers
were still inoreasing in the irradiated mice). Probsbly it is
aore useful to ecupere peak mumbers of PFC, or peak titres, irrespective
Vofmthercrnotthwomonﬂnsu&worthonma The
tines end levels of the Gifferent peaks are shown in table 2, Incluled
:intaBIeSarethcap]xoﬁnateﬂnmmnngﬂmaoftherm

uem ﬁ.mu



Teble 2, Effect of 500 w' on Peak Rmnbg_n_ of FFC and Haemolysin Titres

TUMIOTUd  TVINSRINEIXT

L  Day | Fumber Day Fumber |  Day Titre
Control! = 45 | 165,000 (1; 6 | 400,000 | 6 | 310
Cmime 1 (1} 12 | 23 (1} 12 1,760 4(13 10 4
Gy ((11) 19 . 2,90 | (d1) 24 | 4,90 | (i1) B 13
i}y (1;' 7 i 90 16 | 17,300 T 116

700 (11) 16-22 | 3,800 e
1ldny (13 6 6,200 | 1% | 85,000 1, 128

S (5) nm | 12,800 , |

3ay | 0 Me 5,100 19 | 31,000 (gg ,;g 13?
gaay |- M9 | =00 | M9 | 63,00 5 | 10

. ® Secondary rise following redistion-induced depression

SIINSTY aNv
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Seconaary rise following radiation=-induced depression.

Approximate Doub Timavvhom of PFC and Serum Haemo
Group 28 o 7S PG | Sers Heemolysin
*Day . Tme | "Day  : Tme |  "Day | Time
| Control 1= & 6.6 (1; 6 = | 34 Tob
, . ) (41) 7-10 25 (maadmm); :
Mims 1 1412 | 46 (1; 10-12 | 21 g-2 |
day (11 16-24 : lgg ;. (overall) |
(1) 1-7 32 B-16 | 35 . =W 0P
o ind (u; 10-16 41 | | § (mean)
1-16 51 : .
1 day -6 | U | K2 | 57 125
E | 8 36
3dy *7-16 55 8-16 *12.36 8
| | M2e2 5
8asy | -9 | 26 nag | 67 000 M2 . 13 |
: | 8-19  oonst
Period which &m‘b]ing time estimated;.

Cpe pmepyrTreem e rir T e
AR LR R IS SIS

SeemTrrenT tp
[ O R

Foee s ran
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Alternatively, the overall degree of immmoeompetence
following irrsdiation may be determined by cstin‘atmg‘ the total
zroﬁwﬁmofmm‘antwdmingthopeﬁoﬁofmexpeﬁmnt.
Todothhthenlatinmumﬂcrthemninm. 9, 10 and
11 have been caloulated, and are shown in tsble 4. The sress ave
cquivalmtbommofm::days, ar titre x days, and ave
oxpresua a8 pmpr.rtims of those under the control ourves.

Zsble 4 wmmww
(Effeot of 500 rads %o whols mouse)
" ine of Trradiation in | 198 PO 7SFRC . | Serum Titre
relation to Ismmisation
Control 1 S |
=1 day | 0.05 0.025 | 0,07
* dwy *0,07 0.07 0u2l
1 day *0.13 0.26 0.95
3 days ) *0.13 1 0.13 | *0,46
8 aays w2 *0.31 0,07

*Post~irradiation part of curve only,

The data in tables 2= confirm the oonolusions dram from
the criginal figures. Irradiotion prior to immmisetion had the
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greatest overall effeci, especially on the produetion of 78 TTC;
irradiation 6 hours ofter immmization hed less effect, and et 24
hours after, still less. The three groups in whith the mice were
irradinted either before, or 6«24 hours sfter immmization will now be
compared, since different Pactors have to be considered im a
discussion of the "3 day" and "8 day" groups.

There was only & slight difference between the "minus 1 day" and
ni day" groups in their production of 195 PFC (Fig. 9), and the
curves frequently overlapped. This was refleotcd by the similarity in
the doubling timos during the first 12 or 16 days (46 snd 57 hours,
respectively), and by the similar total areas undor the curves (0.05 end
0,07 of tize cohtrol area). The *1 day" group of mice produced a
distinetly stronger reosponse, the number of 195 PFC initislly doubling
in less than 20 hours, reoching a pealk of 12,800 IFC per spleen, and with
a relotive arca of 0,13, ' |

When 78 PFC were considered (see Fig, 10) the relatiie differences
 were greeter, wifh peak aumbers of 4,900, 17,300 and £5,000 in the
three groups, and relative total produefian of 0,025, 0,07 and 0,26
respeetively, but again the "minus 1 day" group of mice was least active
and the "1 day" sroup most active, This was also reflected by the

earliest days upon which 75 ?Fc ocould be detectod, AMS enhancement
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mmtheommlan'mWBW,mtho"lday”
group from day 6, but not wmtil da,vs 10 and 11 (approzimte]y)
in the "minus 1 day" and "% day" groups. |
Intheoazeofthelmlaofanﬂbodyinthelm(ﬁg.n),
the relatiu ddfferences were still greater, but still in ths Bame
seqmncoo_i“actiﬁty. Ahightimmmrewhadinthn"nims
1 day" mice, While a titre of 116 was attained in the "} day" group,
cmparedtolzamme“lday‘m,mnmn‘rﬁhteruﬂtho
Tresponse was mmh more mﬁe. Anﬁbody beocame detactablo in ﬂu
moftb“law"u«mthmmthnotbrmm(by
dayBuappoMtodays?andB),wdﬁmﬂh‘cahoimm
much more rapidly (amibnng in only 12.5 hours at the time ofgreatut
actiﬂv). Whilotheuﬁmuﬁhmmnhighasintho
- sontrols, itmaim&at%nmllmhmm%m,
mmtmmamaertheammormnwm‘uo.ss'
of that for the oontrola. 'rhh indicated en].y a slight dspress:lon or
the omall ‘respanse, daspito ﬂ:b marked dtpuessicn m the mzm'bcrl
oflSSPFO._' |
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mmmuawmmuammmmorm
mpmnMthadalnaAymcheaanaWofﬁ.

per splaen, and hmo]qr-inm naaily detectable in the lei'un.
Irradiation appeared to slow down the synthuia of hanoly;in,
| mmumgtheammxmgﬁnofmumnon?.&tossmm
. the pericd 3-8 days. There was then & somsvhat erretis fall
mﬂwﬁh‘MISStoZbydayIZ(uaahﬂﬂng-tm%hmm),
fonovdwammtommllmhhydaym{dmmnngﬁm
18honu)._

,Inmtruttathil,ﬂum‘bulotl%mbagmhfallm
.mmmuum,m'mmtos,soo%nmm
Theymﬁmndtod&cﬁmﬁthamnh&l%ﬁnﬂf!&&hom,uﬁ
reached a minimm of 340 en &y 7. After this time, however, the
mmmhmmm,wnwatammea
rats,;an]y.dwbnggme‘wﬁhm,mtommt
Qoubling time of 6.6 hours in the controls, In faot this wes similer
to the initial doubling rates of the "mimus 1 day” and " day" groups.
_'Rmmmtmammwﬁ,mmapmmnm;m»
| ofl%l%m,wnwuinthamtmhatthhhme. The
'mnbu'ﬂmheganiofallataaiaihrratetothedeclmmtho

centrol aplcm

86
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7S PFC were still undeteotable cn day 5, and irradietion
ﬂmtherdehyodtho:l.rappara#oomtilday& The first pesk
ssened to be absent, and the main peak was both reduced from
390,000 to 31,000 and delayed from day 10 until day 19, Thereafter
ﬁwydcchmdatﬂzel&ﬁhﬁthe@hﬁdﬂ.

A somewhat similar pattern was followsd by the "8 day" group
of mice, Immediately after irradiation the mumber of 19S FFC
began to fall at a much acceleratsd rate, The mean halving-time
was only 12,3 hours, compared to over 120 hours in the omtrols. By
dey 11 the mmber had fallen to 370, and on day 12 it was anly 320,
Themﬂetmmmocme&,asinthe”}ﬂa&“m,emptﬂutm
PFC doubled at o mean rate of anoe in 26 hours oompared to
once in 55 hours. The mumber alsc exceeded the oontrol lsvel
on day 19 (2,000 compaxred to 5,000 PFC per spleem), However, this
ssemed to be temporary (or dus to individual variation), as the mumber
fe11 parcllel with, end slightly below, the oontrol level from day 2%
ctwards, o |

'Inthn”Séw”youpitmahopmnbhtoabmﬁnmmbm
of 7S FRC from the time of irrediation, There was alro an lmediate
andrapiddecline,frmlGS,OOOmdzthoB,?OOmdayu,ﬁtha
 mean halving~time of 17 howrs. This was followed by a reccvery,
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dmdngvhichthemdoﬁbledmamantiuofﬁhm (oompared
hthethuofﬁhmrsmthecmtrohfortheuomﬂmpeak),to
reath},OOOmd&yl?, approxmatelv the meuthecmtml level.
’.mma.fterbothmdemnedmpmlhl.

The serum titre seened maffectodhytharadiatim, omopt
thattb}dayﬂmmmumdlglw.uﬁvmgmunlml
sm&di@mummmmzﬁﬁuﬁmmsmm. This was
reﬂeetdbytherehtinmumderthe%dw’mﬂmtmlmma
mrig.ll,uhichmnotligniﬂcmﬂydifﬁmtovuﬂwperiﬁ
8—39daysafter1mm1uﬂm. The falls in the nmumbexrs of FFC
.meahmbymkea, althoughnotcxﬁvndemasuinthe
correnpwng relative areas in Pige 9 and 10,

Tharalatiu muinallﬂmeeﬁgunswm less
mmm«otthu“ﬁﬂay“mofmiu,mdsgainthh
ahmdmmhmaarkeﬂywbmmmmhaabemesmtea,
| uappmaﬁtoamﬁh”.



EXPIRINGHTAL PROCEDURE  AND  RESULTS 8%

It was interesting to note that in this experiment, in the
case of the 195 FFC, there was a kind of pattern in the effeots of
the radiation, Iftha"ld&v"gmupofmicamsemltﬂad,the
mumbers of splenic PTG tonded %o follow common "patimways® when
plotted graphically.

The two basic pathways were that of the controls, rising steeply
toas}wrp'peakarﬂthenfallmgrapﬁlyatﬁ:st,butatam
gradual rate fyrom day 7 onwerds, and that of the "zero time"
irradiated mice, This was represented by the "minus 1 dsy" and "3 day"
w,hﬁi@t&%msatamﬁ;ﬂmmummaphmwnh

poakofa’bout}@permlomwhmhlasteﬂmﬁl‘ﬂ:e&thd&y. At this
tiﬁtit.nergedmththlmeaﬂhgmdpam,andtmm
two pathways were not simifiaanﬂy different; It would appear from
 this limited data that the eantrol pathway Tepresents an upper "limit"
‘to the respanse at all times, Irradiation close to the time of
immmization abolishes the true "peak" of the response; since the
maximm is only reached when the irrediated patilway merges with

the descending oontrol pethways .

| Irradistion on the third day of the respanse causes the

"3 day" mice to ”M%h" from the gontrol to the irradiated patlmmay,
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6_ PATHWAYS OF 195 PFC PRODUCTION AND DISAPPEARANCE IN UNIRRADIATED

10
MICE AND MICE IRRADIATED WITH 500 RADS AT DIFFERENT TIMES DURING
IMMUNE _RESPONSE
Control ‘pathway
10° |
8 Day
3 Da
|04L"'
1 Day
10
10+
10 1 L i 1 A 1

1
0 5 10 15 20 25 30
DAYS AFTER IMMUNIZATION

35

it {112} I

g1

60Ut



EXPERIMINTAL FPROCEDURE AND RESULDS 101

_which they followed closely from the 7th day onwards. Irradiation
on day 8 hed e similar "switching® effect, except that the initial
a1 was to a slightly lower level, and the recovery at & slightly
fuster rate than the im&iated pathwey. Homr, these diffemcu
may not have been aigniﬂosnt.

In the case of the "1 day" group, the mmbers of PFC were
generally above the "gero day pathwsy®. Although the mmbers
flustuated considersbly days 6 and L, thare appeaved o be a
flattened peal, with the mmbers deolining sonewhat befure Panaliy
nerging with the ecntrol patismy, again on day Zhe

These pathways are represented disgraweatically in Fige 2.

Fo similar pativmys were visible for 7S FFC in Fig. 10 or searum
titres in Pig. 11. KNevertheless, this observation may provide information
indicative of the Amdamental kinetics of 195 IFC producticn, as will be
discussed in more detail in Part IV,
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As has alveady been shown, a dose of 500 rads exerts its
greatest inhibitary effect when given before immmisation: The
subsequent respanse appsars to commence at a lower baokground
level and, following a delsy, develops at a considersbly slower
rate than in unirradiated mice. %The maximm nmumber of FFC
nachndhmoaopmeaudandddam&,mdgmdhbﬂwm
mmllmlmwgimw.msmmmmmﬁm-
Three large-seale experiments were pu'fu-na to inveatigate the
development of PFO ronuwing 8 range of x-my doses; The results
mmamparablt.hutmlymmtew"ofm
npemumxummm

In this experiment the doses given were O, 200, 350, 500 and
700 redse 42 hours later the nice wers immmized by & single
maumwlo’saemmmﬁnuasmmmmm
amwmmnﬁmumotnpmﬂmmmmm
_hammmmasgiuﬂnm ﬁwpud.urymmlumahminmg.u 15,
mm&mmmns.smA?wm.m 19



- PLAQUE —FORMING CELLS PER SPLEEN
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FIGURE 13 103

EFFECT OF IRRADIATION PRIOR TO IMMUNIZATION

X-ray dose (rads)
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Increasing doses of radletion reduced and retarded the
respmse, but even a doss of 70O rads 414 not abolish it,
200 yads appsared to delsy the produetian of FFC and syntheals
of antibodies by spproximately 2k hours, but this could squally well
have besn dus to a redustion in the mmber of “immmooompetent
unita” able to respond to the antigen, requiring & longer period
to reach observable levels. mmakm-ﬁuo:mmmak |
titre of haemagglutinin were also reduced by approximately the
 equivelent of & Zi-hour increment during the period of exponential
increase, and the titre of haemolysin was also soaewhat depressed.
Bmmmmteaofwdidmtmhhwm

'Thedmﬂal:lngﬁneafwthumuthuﬁulofmﬁl\-
inmmmfr&hminthem&oh, and5.4hommtbo
MMMAMM,MW%BMMWcﬁW(m
tablcS). Thomdmﬁlﬂnsﬁ:nfc-oachmwmaéaﬂ%?

 hours. ommw.mmkmwmrmmm,ooommt

66.000, or 4o 17.5% of the contwol mnber
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Table 5

LEPERIMINTAL PROCEIURE &ND RISULTS

FProduction of 195 PFC hy Irradiated Hioe |

105

DOSO

Maximum Nusbers of

(ﬁdﬂ)‘ PFC (and Deys reached) -

'mmg '.l‘iles {hours)

*Estimated Actual Rl Rate Actuu Rl Rau

. Average

-0 371,000 (4) 371a°°° (ln-) 5.2 : 1.0‘ . 8.5 1.0
200 65,900 (6) | 54,000 (5) 0 Sk | 095 . 97  0.675 |
1350 . 120,500 (W). 8750 (12) | 7.0 | 0T L1 | 077 |
500 3,000 (22): 2,70 (W) 9.6 OS5k 25 057
700 | 1,50 (20) 1,700 (22) 23 0.225 ' 43 0,20

*Estimated by inspectiom of graph (Fig. 13).

Increasing the Xeray dose to 350 rads further delayed snd

&mnaﬁtbemspme. !hepaakmerPN»Mm now

aly 10,500 (z.m), and the maximom titres of hasmolyain and
-haemagghhninvm ady 10-1% af the Sontrol peak levels (see

' Table ). - The production of EFC and both types of mﬁboﬁ was now

‘ izétiéaﬁl& slower than mmmmh,with the mean doubling
unof'&emme&byappmmwm, am‘!peaktl‘h'ndolqoa
3.5ays. |
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Table 6 Estimated Peak Numbers of FFC per spleen

and Peak Titres of Serum Haemolysin and

Haemagglutinin
; | ‘ | i
lzoso , *PPC/Spleen Aﬂnmlylin : *Haemagglutinin i
rads . !
- Max. No. % of |Peak Titre 5 of |Peak Titre:K 7 ef |
& day Controls, & day |Controls| &day  Controls |

ol 3,00 ()| W0 u% () | 00 [3%0 () 0
200 | 54,000 (5) | Wk 820 (6) | T |60 (13) | 18.5
- 350 8,750 (12) | 2.33 | 120 (20) | 10.4 | 440 - (29) 12.5
500
700

200 (W) | 072 | M0 (W) | 35 | P (@), 2.0
1,50 (20) | 0w - | - - -
‘ |

*Values. esfmfed from Fig. 13
A 0 emgu
E a0 o0n " Fig. 15 |
With 500 rads there was a distinct retardation of the respomse,

besides further depression and & comsidersble lengthening of the "lag"
phase before the nuﬁaqrs of FFC began %o rriée. Indeéd, they appeared to
 £all progressively for the first 5 days after irradistion and only
E began to rise on the Lth day of the immune response, The maximum

: fitre of sgglutinin observed was not obtained until day 24, compared

%o day 14 in the oontrols, (see Pig, 15 and table 6) and was only 80,
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compared to 3500, The pealz in the haemclysin response, with an

estimated titre of 40, occurred sbout day 14, comvared to 1150 on day 7 in
the eontrols, and the mxilun mumber of PFC fluctuated betwecn 1400 and 3000
from day 11 until dayzo, eomparod to a nharp peak uf371.000 on day 4.
The maximum doubling rate af' tm FFC was now slowexr than the averzge

rate in the ocontrols (acubling times 9.6 and 85 hours, respectively).

~ Unfortunately there was a 147 death rate among the mice which

received 700 rads, and their response could only be followed for 20

days, Serum antibody titrations were not jperfomd. but were presumably -
very lw.'} ihe nunber of FFC remsined below the unimmuniged control level
until the 17¢h day of the response, but by the 20th day it had reached
1540, 1.e. about onesthird of the day~20 oontrol level. Therefore there
‘was only & small further depression in the mmber of PFC attained,
eompared to the 500-rad group, but a considerable slowing: the mean
doubling time between days 9 and 20 was approximately 43 hours, and the
minimum (batween._ﬁa.’ia 1 and 17) was 25 hours, 4.5 times longer than
- in the eontrola. . |

As pointed out in ummu 5 (ses page 90 ) becauze of the

changed timing and kineti.es of the response to SRC follaning differant
doses of radiation it is aifficult %0 gonpare the ﬁose-—cﬁ’ecta
qua.ntitatively. A aonparison of the nmumbers of FFC or 1evaln of
:l.reulating a.nt:.boiv on any given day may yi.eld nisleading results.
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APPARENT CHANGES IN DOSE-RESPONSE WITH
TIME AFTER IMMUNIZATION
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The PFC bégm to increase rapidly in mmber in the
 eontrols soon after immmisation, whereas following the larger
doses of radiation immunisation has 1ittle effest. This results
ina atésp ddu-rezponse ourve with a horisontal "tail" (see Fig. 16).
Later, the nohtz?ola are past fhe peak of thedr response, but in
irradiated groups IFC are still increasing, Therefore the dose=.
resconse curve becomes progressively less steep, until by about

24 days after the a.ntigenia stimulus the effeot of irradiation is.
no 1on.ger spparent,

'The curve obtained on the fourth aty hed & mesn D, of shout
60 ‘rads (over the aowranga DfﬁbO'vrada),' and was therefore steeper
than the oomapwins dosesresponse curve of Kenniay. st a1 (1965),
ttie ”D; cf which was approximately 80 rads.
~ The time fastor may be avoided by somparing the maximm mumbers of
| PEC and peak titres of eireulsting satibody schieved 1n esch grovp
. '(lutabloéaxﬂkig. e |

7 Im the control mice L peak nuisber of TFO oe'm.ooo per
srleen was attainea asbout 4 days after mnmisation. IFonowing
200 rula, this was redueed to 66,000 and delayed until the sixth day.
 However, the gensral trend of the eurve would suggest that the activity



HEIGHT OF PEAK AS PERCENTAGE OF CONTROL LEVEL

FIGURE 17

DOSE EFFECTS OF RADIATION ON IMMUNE RESPONSE
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" of the indi.vidual mice killed on this day was above aierage, and

probably a more raprenezrtatzn figure wonld bave beon 5&,000, achieved

5 dm after Mmisation. Binilar best estinntes for the peak numbers

| ana their tms are also given in table 6 The delay in the response

wan nuoh more marked with aoses of 350 mdn or mnre, but as -aybe nen.

from Fig. 17, the number o:t' PFC was depreued 'by a fastor direotly

proportional to the dose of radiaticn until more than 500 rads

has been siven, Turther increasing the dose e 700 rals secmed to have

leu of‘fect and the curve tenﬂe& to ﬂatten ont. However, it was

apmﬂmtﬂylmsrﬁthdosea ofo -500 rads, anﬁhsatmnv

,valm of 97 rac‘m. Thus it was less stup than the very stoap dose=-

Tresponse curve obtained on the 4th day of the response (see Pig. 16),

although the genera.‘l. shape was sililar. l_!o "ghoulder® was apparent.
Since no attempt was made to eatiuto the (pmauma‘biy) very Amall

amounts of oirmlst.{ng antibo&y in tha mica j.mdiatea with 700 rads, -

s only doses of up to 500 radl gould be compared directly in thoir

. atrccta on peak antibody titrn and numbers of F¥C. The api;aarance
nontimei mealil of both hmnolylin aul ugglutinin were delayed,

a8 were tha PFO » anrl although the reaults were mre Variabla it also

| _appeared that there was a 11mar relatianship beheon the anu

ot radnticn and 'Bhe dspresﬁon of tha peak titres, vith ua :hmnders
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in the curves. However the relafive arfectu‘vere less, since the
curves were less steop, with B valuel of approximtely 155 rads for |
1ysin and 133 reds for agglutinMo |

Another way of somparing the responses, whicn may be more useful
for quantifying the overall level of immmity, is to ealeulate the
areas under the curves :m Pig. 13, 14 and 15 (in the w éencﬁﬁe& on page 93
in Section 5) and compare those for the irrsdisted groups. vith their
respective controls. This method of estimaticn is still affeoted by
the times chosem, but to a lesser degree than the daily doseesffeet
curves, | ‘in the oase of the 195 TFC, it is probably most accurste
from the tina of imnmisatiu (or from the time imdia‘tion, if
this osours after the responze has ecmnoed) wil about the 20th day,
when all the ouﬂel tend to merge After this time the most heavily
imdiato& gronp are favoured relative to the ocontrols, gince the
dn’ferences are thm shght aamparad to earliex- in the rasponse.
AIn the case of haemgglutinin produotion 8 somhat longer period
'mignt be ma:-e appropriatc, since the response 1 lower and more extended.
In ta’ble 7 the crcas have been estimated for days 0 - 24, The results
. are a.lsa presented graphiaany in Fig. 18. |
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Dose , m/spm Haemolysin - Hasmegglutinin

(rads) (Fig. 13) (Fig, &) (Fig. 15)
0 1.00 .00 1.00

200 0.237 0. 566 0.216
350 0,202 0,206 0,108

- 500 0.0306 0,0756 0,0112 .
70 0,0099 - .

In the case of the FFC, there was an exponential relationship
between the dose and the response over the whole dose-range tested,

15

with & mesn D_ of 149 rads. The curve for haemagelutinin profustion
~was similer, withaﬁooflﬂ) rods, However, as has been mentioned,
~ possidly a slightly longer period of study would be more aprropriate
© for & slow type of responss such as this, If this had been possible,
& less steep curve would probsbly have beem obtained,
Unlike the other curves, that for the relative areas under the

haemolysin titre curves appeared io have a "shoulder®", This would
suggest that the mynthesis of this entibody was less affected by

mme}l doses of radistion than was the production of splenic FFC, but
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DOSE EFFECTS OF RADIATION ON IMMUNE RESPONSE:
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the discrepansy may have been due 1 éxpe:imqpfa; exrrer in the anti-
body titratiqna, Over the dose=range 200-500 rar_la thg euryei fgr
total FFC and haemolysin production were approximately parallel,
imiisating similar effects of irradiation,

Whon eonsidering the overall effect of radiation on the antie
body response, especially in relation $0 immunity against poste
irradistion infeetion, this may be the most useful indicator of
sensitivity. It mey mt, however, reflest the initial rediation=
mautea danmage, since homeostatio mechaniams uy play a part as the
response prograsses.

A thi.ra. possible metbod of eomparing the effects of radiation,
~ whioh is ‘indlependent of the changed tizing of the response, is to
camnare the rates of inorease in the mnﬁen of PFC between the end
of the "leg" phase and the peak oi’ the responses This could a.lso 'be

117

applied to tho soxum titres, exeept that there were fewer pomta in the

npward parta af the CUIVoss The doubl:u;g timas for the FFC have baen

oalmzlateﬁ and are pmsmteﬁ in tablo 5. Both the fantest "ates ana

the mean re.tes :E’ox' the wholo of the rise in theix' mmbers are ahm.
Hmvever, even :z.n tha casa of PFC the acouragy with which t: ‘oiy

douhling timas can be est:.mted. s.s not very goods Horeover. interpm-

ation o&‘ tha results ia uncertain vnthout direot detemnatzon of their
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true cell cycle times. FPFC may be "recruited” from inactive precursors
throughout the response (Perkins et al., 1969) and may die or beoome

. inactive again instead of glving rise to daughter PFC. This will be
considered in more detsil in the General Discussion (Part IV).

(4i) Irradiation after Immmisation

Having studied the effects of different doses of radiation on
the nevélcpleut of the immune response, it was interesting to investigafc
~ the dose effests produced by imdiating mice already undergoing an
active responses Mice in 9 groups were injected in suscession,
 Previsely 47 hours after immmisstion they were irradinted with the
following dosest~ | :
-0, 50, 100, 200, 350, 500, 700, 1000 or 1500 rads.

Their responses ie'ra then followsd for a further 30 days, or until all
- the mice in a group had dled from the effocts ofthoX-ra,jn, a9

"&l‘smuaﬁ in Section 3 (page 7. )s Adequate numbers survived until the

© 25th day of theo responss following doses up to and including 500 rads,

- but only until the 18th day following 700 rads. The supra-lethal doses

‘of 1000 and 1500 rads caused desths from the 4th day after irradiationm,
 ®o gnat testing had to be terminated on day 9 of the response with 1000

' rads, and on day 6 with 1500 rads, | |
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Fig. 19 shows the numbers of 198 PPC per spleen in sontrols and
in mice irrediated with 200-1000 reds. Curves representing those groups
which reseived 50 and 100 reds, which overlapped the control ocurve, and
/1500 reds, which was imilar to that of the 1000-rad group, have been
‘excluded for the sske of elarity., The ratio of FFC to total spleen
cells for the first part of the respemse is shown in Fig, 20,
The development of 75 FFC is illustrated in Fig. 21, These were
not deteotable early in the response for technical reasons (ses pege 65 ),
nor in those groups irradiated with 1000 or 1500 rads.
" Haemolysin and haemegglutinin titres are shown in Fig. 22 and 23.
Further detalls of the results arc summarised in tebles 8 and 9,
end Fig. 24 and ‘25. The effeots of irradiation on t#tal cell numbers
in this experiment were discussed in Section 3, and illustrated in Fig. 5.
© Fifty and 100 rads had 1ittle effect on either the spleen call
 number, or the contimstion of the immne respanse after the second
‘dsy. However, 100 reds was sufficient to reduse the numbers of 7S FFC below
 the control values, and delay the sscond pesk slightly. Comversely, there
: uppaarea. to be some ai:iuulntioa of the levels of sireulating antibodies,
particularly haemagglutinin (see »1‘15.‘“2’3), but there was no eonsistent
| pmé@ iaﬁioating a true effect. Incfeasing :the dose to 200 rads aia
* not alter the rise in antibody titres fo any great extemt.
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Following 200 rads the rate of the 198 FFC response was slowed,

but although the peak mumber was reduced to 62,000 per spleem, about
L tims lower than in the eontrols, it was not delayed signifiecantly,
and the numbers began to fall after the 4th day. With this dose,

the reductiom in the rate of the responss was matehed by the overall

ocellular depletion of the spleens., Therefore the actual proportion
of PFC was still almost the same as in the ocntrols (see Pig. 20).
73 FFC were affected to about the same extent, but with these larger
- doses the first peak (om day 5 in the eontrols) was lost altogether,
350 rads further slowed the rate of the response; the pesk of
193 FFC was reduced o less than 17,000 and slightly delayed until
day 5. With this does, the effect on the FIC was grester than on the
total 6ell musber, and the actual proportion of FFC was slightly
‘rlmr“than in the controls on days 3 - 5 of the response. The single
peak of 75 FFC was also significantly redused and retarded, from
 almost 600,000 on dsy 9 in the comtrols to 175,000 om day 11.
| The appearance of both types of antibody was also slowed, and
somewhat reduced, although haemsgzlutinin titres were sbove the
apntx?ola mx_‘am Swl3, _ | . |
, 500 rads halted any further net incréaaé in 198 PFC, the mmber
remaining near or slightly below the level of 6500 alresdy attained

122
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at the time of irradintion. Tfowever, due %o the fall in total |
spleen ¢slls, the proportion of FFC oontinusdl to rise ot a reduced rate
until the 5th day, The sppoatanﬁe of 7¢ YFC was delayed wntil day 9, and
the pesk mmber was only 71,000, which was not reached until the 18th -
day.

With both 350 end 500 reds the musbers of 75 FFC sppeared to
econtinue to rise until tfxey reached the control level, which wns by
then doclining. Therefore the ourves merged on the greph, This was
resiniscent of the "pathways" eoncept, es described in rolation to
the 198 FFC responsos of irradiated mice (sse poge 99 ond Fig, 12),
Unfortunately too fow mice survived 700 rads to allow the 75 FFC to be
dsternined after the 18th day, 80 that a 75 peak wes never roachsd.

Vhile the mmber of 195 FPC reained fairly constant following
500 rads, both kinds of antibody contimued to acoumilate, but at
subnoraal rates, m poak titres wore _abéut 2% times lewer then in the

eorresponding controls, and in the ease of haemolysin the peck was
| delayed by about 4 aaw;. es was the first pesk of egglutinin, The
titres were shomn to be very low on days 3 and 4, following 700-1500
' Ms, but were mt determined after thls times ?mﬁably there was a
#light immse during the first 2, hours after irrediation, but this
was not maintained as the antibody-forming colls died.
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With these large doses there ﬁs mte anﬂ sharp fall in
the mumbers of 1% PFC » Which was cmiderably greater than would be
expectod from non-npoeifio celiulay doplction of the spleens. While the
rate of deeline of the PFC was related to the gose, there was not & great
deal of differemce between the three curves during the first 48 hours
following irrediation, After this time, the fall wes halted in the 700-rad
‘group, and efter s further 2 d.ays the Mem af PFC begen to rise again,
although the total aploen cell number m not besin to :Lmreau until
9 days after irrad:.ation. uoremr, the rate of increase of the PFC
was alighﬂy fester than that of splun-ropop\ﬂation. Although .
& definite peak could net ba deﬁ.md, beuuse of tha m:ice 8ying, by
day 18 the mubar had -urpuua that of tho controln, and recovery
‘seemed to be compiet'e. 75 FFC had 8180 nearly resched the eontrol
1evel by this tins, aespm ‘being almost sompletely suppressed om |
" previous da.yn. ‘ |

" The decline in 198 PFC ecntinued for l.. aam with doses af‘
1000 and 1500 rada, in bo‘kh cases reaching & level almost 40 times
lower shan on thé‘zna dayoct‘ the response, and siﬁost b times below
the nomal bankgromd mmbar of n--Pm. The mmber atabilizea at this
level in the 1000-1-&&. group, but on]y one further test (on the 9%h
day of the renponsa, 7 a.am after wldiation) was ponsibla. ‘There were
1o survivers in the xm-m group more than 4 days after irradistion,
78 FFC oould not be ﬁetacted 80 early in the response,
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Since the response was already at an active stage at the
time of irrediation, it was possible to observe simultaneous dose-
effocts during the first 48 hours mm, without the compliestions
srising from changed timing effests which were obtained in mice |
irradisted prior to immunization.v A set of dose«efrect curves is shown
in Fige .24, which is bascd upon the estimated pumbers of total spleen
cells, 199 PFC, end haenclysin and haemagglutinin titres 48 hours
after irréﬁia;tion, expressod as propertiéns of the numbers or levels in
the eontrols at this time. . | B

There was & small "shoulder” in the curve for the 195 FFC,
equivalent to 60 « 70 rads, but theresfter up to 700 rads it appeared
+o be exponentisl, with a D, of 92 rads, and en extrapolstion mumber
of approximately 2. Doses of 1000 and 1500 rads seemed relatively less
effective and the curve became more horisonfal. This might inﬁiﬁta
& maximm rete of gell«loss being spprosched, |

A similer vesult would be obtained by comparing the
rates of iﬁcrease‘ or deerease of the PFC during the reriod O - 48
-hours'fo’llowing irrsdiation, These are sef out in ‘ta'ble 8.
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Table 8 Mean Doubling and Times of 198 FFC &

first hours foll Irradistion on Se
of Response
Dose (rads) | Doubling or Halving Time
- (hours)

o | ’ o+ 8,37

50 - + 8.64

100 | | + 9.0,
200 o +14.5
350 o +50.9
500 «37.0
7 ' -20.8
1000 | 1. =840
e | -7.a

* = FFC Lihmaains |
- = PFC docﬁnixig

Doses up to 350 rads aerely slowad the vesponse during this

- period, but vl.th 500 rada or more the slope aotuauy became negative,

B Following 1500 raas the Mer ui' PRC halvad. every 7.6 hours, ooupare&
4o s mean mumg time of a.t;. hom in the controls,
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When the 4~day titres of hasmolysin and haemagglutinin
were oonsidered, survival curves 'nroi obtained with small
shoulders equivalent to about 50 rads, and exponential slopes
between 50 and 500 rads with D, valuss of aporoximately Lk |
and 183 reds, respectively. Witil doses above 500 rads the
curves begame s!iallower. and aprarently horisontal with 700-1500
rads, Within experimentsl limits, there was good agreement between
the survival curves for 195 FFC and haemolysin in the serum. Following
the smaller doses, FFC nontiméa io sppear, although ‘at & slowed rah.
_ani new antibody was ayntheaiui. However with over 700 rads, the
response was virtually halted and antibody synthesis soon terminated.
The levels detected therefors probably represented the remsinder
of the antibody produced by the imitially-stimilated cells,

As in the case of mice irradiated before they were immmized,
the Mtial depression was follmd by & recovery in the aunbers
of PFC to mear-control levels, so that the overall symthesis of antibody
was muoh less affected than the initial inhibitica of the response |
would suggest. The overall immume response was assessed by cstimting_"
the relstive avess under the eurves in Fig. 19, 21, 22 and 23 during
the period O - 25 days after irrsdiation, The results are set oub
in table 9 and 1l included in Fig, 25 "
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-132
Table 9 Effects of Irradistion on the 2nd Day on the
: - Subsequent Development of the Ilmmune Response,
- a8 _Indicated by the Relative Areas Under the
Curves Pige 1 21, 22 &
‘Dose 198 PPC 72 FRC Haemolysin Heemagglutinin
(rads) (Fig. 19) | (rig. ) | (rig. 22) (Pig. 23)
0 3,00 .00 1.00 1,00
50 116 0,817 1.33 1.22
100 0,983 0.835 1.22 0.988
200 o3l | o062 | o3 0.976
350 oam | od6 0,755 0,561
500 | 0,094 04185 0419 0.296
700 0.0337 0.0095 0,060 0,389
1000 0.0055 | - 0.036 0.389
1500 o.0037 | - 0,001 0.105

The response a3 indicatea by the nnmbars of 195 PFC again showed

& emall ghoulder (equivalaat to 60«70 raa.s - goe Fig, 25), unlike

the correspmding "survive.l enrve" in Fig, 18 for the inmune responae

in *re-irraﬂiated miee. «

Howem, :inca the latter ourve had points

porvessonding only to aoaes of 0, 200, 350, 5oo and 700 rads, it is

~ possible that a similar s
groups had been inoluded i

mxlder would have baen detected if low=dose
n the previous expenment (see page 102 ),
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In any case, with doses in the range 100-1000 rads, the curve
for 195 PFC in F:Lg. 25 was approxmately exponential, with a D value
of 180 rads, which was a.bout 2& higher than that for 195 PFC in animals
imdiato@ before immunization. This sgain seemed to confirm the
greater degree of appareixt .radioteaistma which developl as the immm
response progressee. However, a striot oomparison of these two curves
may not 'be Justiﬁed. l‘onowing 1500 rads the mice died before the
number of PPC reached s ninimm, and no ,aigniﬁ.mce can be attached to
the shape of the surve in the high dose-rangec |

. The curve far the ;production of 78 TFC m sven more subaect
to bias with the large ﬁosea, aince the 78 responge was delqyea, while
the mice died sooner, (With the latgeat doses 1t could never be
deteoted, due to their aarly mrtality). Poasibly with doses up to
500 rads 75 FFC were less affected than 138 PRC.
| ; Haemlynin nynthasis appeared to contixme relatively e '-
{af‘facted by dosea up to 550 rada, but tnerea.ftar it f’ell uith
’incmasmg dose, apprax:.mtely in parellel with effect on 198 FFC,
a:uuwiisg for the 15.&1#@15::3 of the dsta, On the other hand, haemsgglutinin
prad.uatim. whic:h was more rea&ily &eteetpbla, eppeared to continue
for 21; honra after the 1arger d.oaea of raaiation before the titre began
to denline. 80 that auring the short period of aurvival the mean titre
oould not fall very much below the eontrol value, In any case the titres
during the first few days were oo low for accurate determination.
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Section 7: Effect of Split-Dose Irradistion

Preliminary experiments showed that there was & sparing effeot
if a total dose of 500 rads was given in two fractions of 250 rads
separated by 1 hour or more, The following experiment was designed to
eonfirm this sparing effect, and to show how the responses of mice which
had received split~dose irradiation compared to those following
various unfractionated doses,

Two doses of 250 reds were given to six groups of mice,
separated by the following time intervals:- 1, 3, 4, 6, 9 and 12
hours. BSingle doses of 350, 450 and 500 rads were given to three
more groups, » | ‘

In order to diminish variastions in the immediate effects of
irradiation, the mice were left for a mean period of 45 hours before
being injected with & standard dose of SRC. (In the ase of split-dose
irradiation, this period was caleulated from the mean time of the two
eractions). | | |

| Spl'euic plaqué&farming cells were determined before immunization,
end on days 3«20 of the reépomt. ‘The results are shomn in Fige 26 and
27,

In Fig; 26 the responses of the groups which received 250 plus
250 rads (split-doses) are shown, Also indluded is the basic curve for
PFC in $he mi¢e irradiated with a single dose of 500 rads, whieh is
also shown in more detail im Fig., 27, together with the resulis for the
other single-dose groups (350 and 450 rads).
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Referring td Fig. 26, no consistent sequence of recovery between
the six “split-dose" groups of mice was apparent, In general the
differenceswere small and the eurves frequently overlappod easch
other. However, with the exteption of a few points, all were sbovs
the 500-Tad single-dose curve betwsen the 3rd and 14th days of the
immune response, indicating that the effest of this dose inm two
fractions was less than for 500 rads as a "single shot" for all
the fractionation infernla te:_sted. The di!'fefenm weré most
marked sbout the 7th day after immmisation. Although the maximum
nunbers of PFC aitainea were sbout the same in all tha groups
irradisted with a total of 500 rads, they were reached socner with
the spls.i_cﬁose groupsg espébd.ally in that with a fractionation
interval of 6 hourss | -

It would neem; therefore, that a éparing effect oocurs, and
that this takes ploce within the first hour after irradistion,

Since thgz?e were no significant diffeﬁqnces between the FFC-
responses of the 6 sﬁlit-dose groups, the combined means of the
individual group moans were caloulated for sach aéy, and have
 been inoluded in Figs 27 with tﬁa results for the unfractionated
groupSs The vertifal lines indieate the stendard errors of the,



PLAQUE-FORMING CELLS PER SPLEEN

10

10

2
10

10

IMMUNE RESPONSES FOLLOWING SINGLE AND SPLIT DOSES OF X-RAYS

$ . .

DAYS AFTER IMMUNIZATION

350 rads :
| 250 +250rads
(H2hour intervals) . §
C 450rads
B 500 rads
| ll'nfue of
Time of immunization
Irradiation
—~~—
1 | 1 1 L | 1 1 1 1 1 1 L ]
-2 0 3 4 S 6 7 o 1 12 13 14 17 20

L7 HHNDIA

¥
-

8€E;



EXPERIMENTAL PROCEDURE AND REEBULTS

combined means, (On all other points they indicate the 957 eon-
fidence limits, but these could not be caloulated for the meens
of different groups with variances which were statistically
significambly different)e
A comparison of the poaled results for the si:lit-dose groups

and the "single BM" groups (see Fig.l'éf) shows thet on the 7th
dé.j after immunization there weré é,ppmimé,tely Srtimes as'v memy
splenie PFC in the split-dose groups as in the single-dose 5(50-
rad group, twice as many as in the 4,50-red ‘group, but 4 times
fewer than in the 350=rad group. -
| This indisates that fractionation of a total dose of 500 rads

‘resulted in a response similar to that which would be expectod if the
mice were given an intfraofionatgd 3038 of LOO-450 Tads. Thus the
sparing effect was equivalent to & dose-reduction of 3p;;r6a£imatély
 'There also appeared o be & slight sparing sffect on the
tokal spleen oell population, but the results were very verisble

Howover, it was less than that on the FPC response, 50 that the

 actual proportion of FPC among cther celletypes was generally higher

in the splitedose irradlated groups than in the 500 red (single dose)

group.

139
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Seetion 8: Regovery of Immunogompetence following Irradiation

in or&er to study the recovery of the ability to give &
normal response to antzgenio stimulus followmg irradiation, threo
main axper:’s.menta were parfomed

(1) Recovery of Immunoeompstencs as Indi ted Responses
&t Voarious Tiwes gogg_v_rg_gg 200 rads ‘ ‘ -

In the first experiment groups of mice from the same bateh
were irradiated with 500 rads at various times, and then all
"inaeciea with SRC similteneously, This slloved different lengths
of time for the :.mmune mechanism to regenerete, AJ.J. the mice ‘
were testa& L days ai'ter wmunization at a time when the maximum
difi_’erences between the responses qf-normal and irradiated mice
are 'usmlj observed (see Section 5). The results are shown in tables
1o,uana12anainmg. 2. |

The eff.‘ects of 1rmaiati.on on the "baokgrouna“ devels d‘
n—PFc, mich must be taken ::.nto amnnt when estimating small
imzmme response», have ‘been discuaseﬂ in Section 4 and are
.n.lluatratea in Fz.g. 7+ To aumar.isa- imdiation slightly
c‘lepresaen the number of n-F’.FG &ur:n.ng tha first 20 days followe |
ing trea.tment, and ﬁhﬂn the nmabar rose sbove the control background.
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In tahlo 10 (sco overleaf) the .‘mmma response has been
estimated as the inorease in FFC in the immmized groups of mice,
compared to the background level in eorrelpona.i.ng unimmumised groups,
which were irradiated ot the same time, Four pairs of unirradiated
éontrol groups were alao :.neluaa& in the experiment., The differenee
bmoenthenaanmmﬂwrorm in the imuniudaadunimi:ed
eontrols was taken as & 1007 mpme, and the responses of the
_. difforent irraiiated groups are erxpreued as perecentages in table 11,
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Table 10, PFC Re es of Control and Previous
: Irradiested Groups of Mice
Time since PFC_per S
Irradiated Immnised Unimguni ced Difference
5 mimutes 135 - -
'3 hours | 53 - -
12 " 64 u 50
2, " 70 21 &9
2 days 22 43 -21
2 " 36 2 . 8
o W 63 «19
5 " 100 19 81
7 " 40 27 13
o " 50 3 12
TR 135 63 ()
20 3,642 42 3,600
w o 16,703 287 16,136
5% ™ 117,164 127 117,037
Controls : ‘
A . 337,000 - I
B 181,000 40
o 126,000 39.
D 2ds.om T
Mycan 186,000 53 186,000
a8E (n7.ooa~295.eoo> (38’-75)’

’Logaxﬁ.thmic mean - standard error, .
(This geve the best fit to the data; see also Dresser and

WOMB » 1967) [

[
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Table 11  Percentage Responses at Different Times after
Irrodiation with 500 rads

' Reoovery Time '(ﬂays) Peroentags Response

0-10 S 0
™" | - ‘. ’ : 0.07
20 o - 149
40 8.9
% 62

Comrols 00

#100% response = incresse of 186,000 rr¢/
spleen in 4 days following immunisation

Dur;mg the first 10 daya after irradiation, the mice failed to
. Bive any aigni.f* eant rasponse to SRC within the lwday perioﬁ. By the
14th w thera ves & penihlc slight rupma “to ubent 3 tines the
baokgmuu! levele Thereat‘tor the a'bility to relpond inereased steadily,
as shmmtamenamm. 28, - -

YWhen % days elapaed bﬁ'eea irra&ia.tion and tho teat i.mmisation
the response was 627 of the mean oontrol raapnme, nnd the number of PFC -
. prodused fell within one standerd ervor of the control mesn. Therefore
the responaa was Nno 1nngar atatintiaauy Merior. but 811 the other groups
| '.tare ugnificamz.y suppmaaea.
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Basioally similar results wers obtained from entibody titrations of

the sera. Haemolysin was dotermined by the 507 haemolysis microtitre

method and by hsemolysia on agar platel (Uyeki's nethod), ‘and haemagglutinin
are presented in table 12,

was also determined.’ '.{'be results are

4=day Antibody Titres in Control and Irradiated Groups

Table 12
of Hioe
Groﬁp 30% Haemolysis | Haemolysis-in-Gel | Haemagglutinin
Irradiasted |

0-1k days <1 RS T <1
20-day 2 o TN
40-day & 190 190
h~day > 3000 1150 » 3000
Controls , 1 o :

A | 83 ) log. mean 200 ) log. mean 83 ) log. mean
B 310 ) = 129 480 ) = 480 480 ) = 267
¢ | os3) 1150 ) 480 )

H,D,  '<&-‘ 3 b 13

It a.ppamd that in control group D pa.rtial denaturation of the

semm may have occurrea, reault:mg in arxeeptmnauy 1cw titres.

Hmnr.

it :x.s diffieult to explain the extmrdinarﬂy high titres :!.n the 92¢.-
day group of irradiated mieao
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Nevertheless, moderately high titres were atiained in the first
thres somtrol groups, whereas no sctivity was detecteble in any of the
groups irradiated 14 days or 105: prior to hmuﬁisatian. A low level of
activity, both lytic and agglutinating, was preseat in the 20-day group,
and this h&d. risen oonsiderably im the 40-day group, slthough it was
stil1 sligtly less then in the combrolss

Depletion and repopulation of the spleens rollcning irradistion
was similar to that shown in Fig, 6 (pege 77). The total cell number
m alraaay recovered to 64 of the eontrol level within 14 days, and
uemd to stabilire at this level. Nmrthelou, it was between the
L4th and 20th days that the grostest recovery in the ability to produce
| ‘PFG eppeared to ooour, and no recovery at all was cbserved before the 10th
w Even a.fter 3 months :-eoovory was ntill not oomplete, Production
of both haemolytic and agglutinating antibodies followed & similar
 recovery pattern, as far as could be ascailftainod from '_the results, Thus
the recovery of immmologieal responsiveness seemed unrelated to the
general eollular‘i'apopulatim of the spleen.

(...i.) g@g_& @ of Reuggnua of Norml Mice ana Mice Irradiated with
200 rads 1 or 20 days before Im

| _ | Sinoe the kineti.cs of the immme response have been ahmm to be
altered by 1rradiation before immmisation, the reoovery of immunoe

'oompatenu was studied in more deta;i.'}. by aomgaring the response over

s uo.a-y pema.j This im performed as part of the experiment desoribed
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in Secticnls. The control and "mimis 1 day" groups were es already
described, but & "minus 20 days" group was also inoluded,

The two Madigted groups received 500 rads 1 or 20 days prior to
Smmmization, and their responses were compared to that of the controls.
198 TFC, 7S PFC and serum haemolysin titres were estimated at fraquent
intervals, and the results are shown in Fig. 29, 30 and 31, respectively,
which correspond to Fig. 9, 10 and 11 in Seotion 5, Peak mumbers of FFC
and titres of haemolysin are summariged in teble 13, and the relative
areas under the curves were also caljeulated and combined in table 14,

_Table 13  Pesk Numbers of F¥C_and Haemolysin Titres in Control
_ and Irradiated Groups of Mice

§ ' 195 PFC ’ IS PRC . Haemolysin Titre

Y ; | |
”{fﬁ;”‘ | istposk | Zndpesk  lstpesk 2nd pesk |
' day mmber!day : mxmbwdqy mmber}i.qytitra}hytitmf
. . P I
o SRR | I |
Comtrel | 4 190,000 € 406,000 10 588,0003 6 00 | - -
, N ; | ,,

®Days between irrediation and immmnigation,
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Althoqgh'the response of the "minus 20 days" group was still
considerably weaker than that of the controls, whichever paramcter
was considered, it showed conaiderable‘reoovery when compared to the
"mims .1 daj“ group, The various peaks were gm@h highé'x', end
ocourred earlier (sec table 13), vhile the curves were higher
throughout the pericd of observation (Figg 2_9-31).' The rgté of
production of 198 F¥C, although lagging sapproximately AB hours behind
the aontrols, was almost as rapid between days 3 and §, whereaa there was
alongslowriseintha"mimlaay'group. B

While the differences between the rmumbers of 195 FPC were greatest
between deys 4 and 5 (see Fig.29), the three curves did not finally
merge until sbout the 19th day, Therefore it was probably useful to
~ ccmpare the areas under the curves in this figure in order to estimate
the degree of overall recovery of the immme mechanism. 'I'_his method
was perheps still more useful for compﬁring the other two parameteré,' '

with thelr more complex curves.
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Teble 1l  Areas under Curves of Irradisted Groups of Mice in
Fig. 29, 30 & 31, as Proportions of Control Velues

198 PFC 78 FFC Haemolysin Titre

o (Fig.29) (Fig.30)  (Pg.31)
(1) ¥ims1dy 005 0,025 0.07
(44) Mirus 20 days 0,32 0,15 0.5
'nelativeaéméry- R R .
N N T

' The oversll response, as indidated in talile 1, m& gbod
: agrem betwaen 193 and 73 PR, ana hamlydn titres as indicators

o ef the mavery ot‘ the eapaad.ty to respond to SRG'. Thia D.pp.al'od to

heve incmaea npproximate]y 6 times hetwaen dlys 1end 20 followﬁ.n,g
irradiatim-

A Becond type of experiment was also performed. This wes

auimea to avoid the possibility :that the ebility to respond to |
the antigerﬂ.'o. stimulus was influenced by physiological, as opposed
to celluler, factors, Lethally (850 red”) irradiated recipient
mice were therefors used as in ;g__ ¥o "oulture chaubers® for trans=
ferred &mor spleen cells,
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The spleen cella were obtained from doner mice whioh' h§d bee
irradieted with 500 rads 1 hour, 9 days, 23 days or 9 dsys
previously™, or from unirredisted controls. Rach recipient was
injected intravensusly with 0 x 105 aonor cells from ane of the
5 pools. Therefore the only difference was that the eelll were
from irradisted enimals, which had had different lengths of time
$o recover from the effects of the radiation, or fram noml '
mice, The varianﬁ donor cells wers all injected into similar
 physiological envircnments, ' |

Some of the recipients were then injected, sbout en hour
leter, with SRO, end a1l were killed end tested cn the 7th day
after transfer. One group> received no spleen éella,‘ but was in-
Jected with the entigen, in oide:r to correst for the respanse, if
any, of tﬁe hosts themselves, . |

' The results are shown in tables 15 ana 16 =nd Fig, 32, and
were again v;sry clear-cut,

 Recipients of wnirradisted spleen cells developed 17,360
FFC 4in their om spleais following the injeotion of SRC (see

®cells were also to be transferred from a group of donors irrad~
fated 2 days previcusly, but this falled for technioal reascns.

154
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Table 15 7-Dey EFC Respomses and Spleen Cell Numbers of

Reoi ts of 3 lecn Cells fram Pravious 2=
iated Donors
Time since  PFC per Recipient  Total Cells pe: R?pim
doners ;}xleen Splesen ?e’lo
Irradiated & 95% limits & 2 x standard error
Fo donor cells M.l (12.0-16.8) 22,3 (20, 5~24, 1)
1 hour 28 (24~31) 33.7 (31.3-36,1)
9 days 200 (189-210) 53,8 (k9. 5-58.0)
23 " 1510 (1370-1650) 541 (49.9-58.2)

0 " 3,10 (2970-3840) 76,2 (69,9-82.6)

Unirradisted 17,360 (15,900<18,8%0) 69,1 (6ks 1~74e0)

m_ﬁ Serum Antibody Levels on the jth Day after ths
Transfer of Normal and Irradiated Spleen Cells

Group  50% Haemolysis  Haemolysis-in-Gel Haemsgglutinin

0& 9= <1 o« <1
23-day <1 | 58 <1
s0-day 5.8 | 33 . 33
Unirrad- 33 ' 80 80

iated




EXPERIMENTAL PROCEDURE AND REFULTS 156

table 15). There was aleo moderzte repopulation of the spleens, as
oompered to the mice irradiated and injected with S3C, but no
donor spleen aells, The latter group elso hsd very few IFC,
indioating thet they thamsclves were unsble to respond significantly
to the antigenie stimulus, |
The injection of donor splesn cells from mice irrsdiated
‘shortly before swrificeallowed some @m,mwmm of
the recipients’ spleens, but probably the 1mreue in TFC was
ineignificent, No antibody wes detectsble in the serum (tsble 16).
Cells from mice irradiated 9 ém pmioully produced re=
populstion alwost within the control renge, but the FFC response
wes 5till very slight, nnd below the threshold necessery for
antibody detection, Increasing lengths of time for recovery
allowed progressively stronger responses, both in the rroduction
of FIC and the sppearsnce of circulating antibodies,
Nevertheless, even o -dsy recovery pericd for the dmor mice
was insufficiant io allcwtheit spleens to retum to the_écn‘trol
level, when testing their ability to rescnstitute resipient mice immmno-
logioally, Thus, egain, the sctivity of repopulating stem cells
appeared to preceds tho; produstion of fresh inumocompetm cells
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by a considerable margin of time, Moreover, by trensferring a
consteant mumber of cells, it is fairly certain that there was both
an overall fall in the mmber of imminoocmpetent spleen oells, and a
dec].iﬁe relative to other cell types,

While ‘the experiments in parts (i) and (414) of this section
| showed good gemeral agreement on the repopulation of the spleens of
irradiated mice with sntigen-reactive cells, there was a slight
difference which may have been due to technical reasons, Vhereas
whole mice immmnized 10 (or perhaps even 1) days) after irradiation
with 500 rads produced no detectable response to SRC (mee table 10),
recipients of cells obtained from similarly treated donors 9 days
after irradiation showed a smell PFC response (teble 15). This may
have been due to one or both of two factorsie

Firstly, the spleens were s3till somewhat depleted on the 10th
day, whereas the 50 x :l.O6 trensferrcd cells was equi.falent %o
approximately 20% of the entire spleen cell population of un-
irradieted micg, o.nd may therefpre have contained a larger mmbe:f
of immunccompetent cells then the irrediated spleens in situ,
Secondly, and more probably, the longer period between antigenio

stimulation and FIC essay (7 days, as opposed to 4) in the transfer
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experiment may have allowed the response of the surviving cells to
develop further, h

In any case the response was very minor, snd recovery was only
marked after 23Vdny:l'. .
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. Section 91 Gross Distribution of Antibody-Forming Cells
in Reletion to Aiitochthonous Spleen Nodulss

Pour experiments were performed in which sn attempt was made
to separate the nodnles which appear during the self-regeneration
of spleans following lerge doses of radiation (Brecher, Endicott,
- Gump and Brawner, 1948; Celada and Wigzell, 1966), It was
assumed that in these nodules there would be a relatively high
proportion of cells derived from surviving stem-cells, which were
stimilated to proliferate in the depleted lymphoid tissues, since
Becker, MoCulloch and Till (1963) have demonstrated that similar
nodules arising in lethally 1Matﬁ mice injected with cyto-~
logically distinct bone marrow cells are proba'b); coloniet, each
derived from a single stem cell,

Complete separation of the nodular tiMl from the non- |
proiiferating parts of the spleens was not pouiblo. but careful
d:lsaection resulted in the preparatiem of two suspenuions, one
"relatively rich in nomm cells, the cther in “*nom-noduler”
‘cells, The ratio of FFC to ether cells in sach pool was then _

estimated by plating and incubating samples, . |

By immunising the mice at different times after

1’rr§ai§tion it was hoped to show whether antigen-sensitive
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precursors were as frequent among dsveloping no&xlar cells

as among the remainder of the splenic tissues, However, the
results of such a test would bes &iffioult to interpret if there
were considersble cellemigration between the different regicns
of the spleen.

The Xeray dose used was 500 rads (whole-body), since the
majority of mice which received this had several spleen nodules
9«12 days after irradistion, After this time the nodules becams
80 large that oonfluence made them @ffioult to dlstinguish, In
a1 the experiments pooled cell mlpenlionl were used, Individual
noéhhs were not testcd nparatcly.

In each expe.rimcnt unimmnized oontrols were inelnded,

while other groups of mioo’ were injected with SRC either within

3 hours of 1m&ation \(da,y 0) or 2 or more days lster. N-F¥C, and/or
FIC arising from direct antigenio stimlns, were usayed in the
difrermt aplem regions, md sn increase in their numbers

ralative %0 other cells follaviag immunisation was teken as an
‘indicat:lcn ot the presence of S.nnmocompetmt aell:. For instance,

i€ the relative increase wm.grcatu' among noduler cells, this

would indieate that the nodules were richer in :mccmpetmt
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cells than the other regions of the spleéu. The main findings
ere summariged in table 17 which shows the results ot' the 4th
and most comprehensive axperiment of the su-.lol.

Million Spleen Cells in Hodules end Interi
ﬁismes of Mice 11 Days after Irradiation

! Group a b ‘e & e f g h |

Days Comtrol O 2 7 o8 2/8 - 1/8 8
Injected (none) : '-

Tissues (1)  40.08 3.1 42,2 40,2 222 4+ 8 40,30 10,11

Noduler L68 27,2 104 3.43 epprox. 65.6 2,18 L.00

(0,23~ (0.95- (2,31~ (a60- (1.43- @24~ (0,654
0.72) 1.36) 2,56) o.er) - 1.67) 1.55) 1,08

It wes found in tba firat throo uperimtn that in unimamized
mice there was a higher pmportim of n~-FFC smomg the nomlar tissues
than 1n the nonenodular regions of the regenerat;ng _spleens, The mesn

of these wes 1.06 7FC per 10° in the internodular regions to l.45 FFC
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per 106 in the nodular tissues, This gave a ratio of O, 73, indicating

that the intemodular tissues were relotively poorer in n-FFC than were
the nodules, In the 4th experiment the ratio was 0,47 (see group a in tsble
1.

In groups immunized mth a single injection of SRC Jate in the
experiment (4 and h), the response had only just begun by the 11th day
end the distribution of 1-FFC was quite similer to that of n-FFC
in group a. TFosalbly there was a slightly better response in the
internodular tissues than in the nodules, which resulted in faﬁot
of 0,73 and 0,85, respectively, |

Vhen the first injecticn of antigen was given on day 2, either
alone (group ¢) or followed by & second injection on day 8 (group f),
there was a much better<developed response, with a clear preponderance
of 1«FFC in the intermodular regions of the spleens, especially when
compared to the controls (ratios = 2.44 and 1,55).

J ¥hile the largest responses were cbserved in groups ® and e, in
which the mice were injected shortly after irradiatiom, with a booster
injestion on day 8 in group e, the distribution of i-PFC was inter-
mediete between those of groups ¢ end £ and of the neIT¥#C 1@ the oontrolas,
The seme 'waa‘ true in group g, which received two injestions lete in

the response,
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Thus it would appear that if the mice are immmized about the
time of nodule initiation (2~3 days after irradiation), the develope
ment of FFC is greater in the internodular tissues than in the nodules,
Immmizetion earlier or later in relation to nodule development seems
to result in a higher reletive proportion of FFC in the nodules,

This may be because FFC stimmlated by an early antigenic challenge
either become numercus in the peripheral regions of the spleen, and so
tend to be removed together with the nodules, or. possibly they have
more time to migrete into, or become engulfed by the developing nodules,
These poasibilities could therefore be classified as "contamination®
of the noduler tissues, Altematively, some nodiles may have sctually
been FFC-olones, So far inaividmi nodules have not been
analysed, but the findings of Celada end Wigzell (1966) would not
support the latter possibility.

The low ratio of FFC in the intcrnoduler tissues in mice
immnized later during the development of the nodules is probably due
to the immune responese not having developed, with the n-t¥C in
the nbaules still biasing the r_emits.
| In conclusion, it would appear that spleen nodules, whether
becsuse of physiclogical "immaturity" oﬁ because they are poor in
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SRC-responsive cells, do not provide such a suitsble environment
for the development of FFC a2 does the "mature®™ tissue of the
remainder of the spleen, Nevertheless n-FFC are relatively
numercus in the nodnles of unimmmized 1rraﬂiﬁted mice, Once FIC
development has been initiated, a second injection of entigen does
not change the relative distribution greetly, tut stimlates a
lorger response, - These findings are in genarsl agréunent with those
of Celada &nd Wigrell (1966).

164
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Scotion 10: El‘feot of Irradiation in vitro on the Immuno-
ompetence of Spleen Cells
A serdes of transfer experiments was performed in which the
responses of“ normel snd irrediated splem.cells were investigated
when "cultured in lethelly irradisted hosts, This allowed the
manipulstion of the mumber of competent cells, as well as the dose
of radiation they received,

(1) Respomse of Normal Spleen Cells to An_t_im Stimulation

in letbally Irradiated Hosts

In the first experiment 0.4 ml, volumes of phosphate-buffered
saline (PBS) containing 8 x 108 spleen cells from normal, unimmunired,
10-week~0ld donor mice were injected into similar reoipients 21-41
hours following 850 rads whole-body irredisticn, The recipiemts

were then injected with SRC about 2 hours later, Groups were killed
end the rumbers of FFC in their spleens determined ca days 3, 4, 5,
6, 7 and 10 after immnization, Verious comirols were elsc included:
no spleen .onllls, no SRC; SRC, no spleen cells; spleen cells, no SRC;
or untreated (neither irradiated nor immmnized). The resulta are
shown in tsble 18 end Fig. 33, |

Untreated mice had a mean of 121 n~TFC per 'apleen, which was
reduced to 31 within 3 dsya‘ following 850 iadﬁ, end remainéd suppressed,
These irradiated, but otherwiae untreated mice completely failed to
respond to SRC within the 10-day period, The number of ne-PFC increased
fo 72 when normal spleen cells, but ’mt SRC, were injected,
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Mice which received spleen cells began to respond to the SRC after
3 days (see Fig. 33). On day 3 the rumber of FPFC per spleen was slightly,

Teble 18, IFC Spleen in Let Irradiated Reciplents

Irrediation SRC Spleen Cells Day FFO per Spleem & 957 limits
- - - 0 120 (100-12.1;
0 122 ( 91-153
+* - - 5 }1 528'333
7 23 (19-27
6 19 (15-22
10 25 (19-30
+ - + 7 72 (51-92)
+ + + 3 52 (40-64)
4 157 (131-183
5 296 (263-329
- 6 674 (641-708
7 886 (B820-952
10 287 (240-33,,

but not significsntly, below the unimmmized background., By day &
this hed risen significantly to 157, and contimied to rise,
approximstely exponentially, with e minimm doubling time of 23
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hours until it reached a peak of 886 on day 7. By day 10 the
response had diminished, and only 287 FFC per spleen were still
detectable, - ) |
Levels of antibedy in the serum were very low in all groups,

snd never miffiolent to prodice 50% haewlysis, However, hasmolysin
was deteatable by Uyeki's method on dsys 6 end 7, with titres of

. approxi.matoli 1 end 2.4 respectively. An agglutinin titre of 1}
wes also detected an day 7, though this was insignificant on the

. other days.
(ii) Relation between Cell Number snd Response of Transferred
~ Spleen Cells o :

In & similar experiment the muber of normal spleen cells
transferred to irradiated recipients was varied from O to 60 x 10°

per mouse, All the resipients were immmnized and their spleens assayed
\& 5 )days leter, The results are -iam in Mg, 3.

Up to 1 million transferred aella had no significant effect

on the reapom of the hosts to SRC, However, :hwreuiug the nmumber

or tranatmdmmmmsto 60:10 pmdnodimeanng

rasponses, whichwhuplﬂtdmtm«vbmim soale, gave

a streight-line relstionship between the rumber of cells injected

end the rumber of F¥C o‘ofaine_d. The tlbpe (8), ecoording ¢to the equation

y=k xb
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FIGURE 34
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where y = mumber of FFC, x = number of spleen cells and k = constant,
was epproximately 1,3, m&iéating that the rasponse beosme more
efficient as the munber of tranaferred cells was increased.

The most likely explonation for this is that more than cne
immmoocmpetent cell-type may be involved in the response to SRC,
end that the probsbility of & synergistic event ocourring between them
inoreases in proporticn to the produst of their individual numbers.
troves, Lever & Makinodan (1969, 1970) have proposed a more complex
stochastic model to explain this, which will be discussed in Part IV
(see page 20). If two kinds of celi are involved, under ideal
eonditions this should result in a nlopo where g = 2, but various
fectors are likely to reduce this, e.g, one cell«type may becoms
limiting during the response if the other type is in excess, or
divides more rapidly. Such a co-operative mechanimm has oonaiderablc
experimental support, the cells involved being thyms~ and bone-merrow-
derived lymphocytes {(see page 21 in the Introduotion).

It is therefore necessary to think of the response originating
from "antigenesensitive units® (ASU) (Sheam-; Cudkowios, Commell end
Friore, 1968) which vhen stimilated give rise to FFC progeny.
in AU msy be oreated when one or more of each mnftype cone into
contact with each other in the presence of g\ntihow.
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From the mtercept of the ourve wi"th the "background” level
of FFC observed when no donor cells were injected, it mld appear
that the probebility of emn ASU occurring, or baing formed trcm
sensitive precursors among the sploen csll population, 1s not
significantly above zero when 10° cells or leas are transferred,
Since esch ASU probably gives rise to many Pm (Playfair,
Papermaster and Gole, 1965, estimatqd th1§ an 200-—1000 FFC per
precursor), the type of experiment described sbove does not indieate
the original mumber of ASU in the -apleal oell inoculum, However it
may be concluded thet the probsbility of cne or vmore AU ocourring

increnses 8 the cell mumber is raised shove 106; If it is sssumed

that each ASU produces a mean of 200 FFC by day 5, this would indicate

171

thet on sverage epproximately 4 x 106 spleen cells include ohe detectiable

AT (see Fig, 34), Similerly, ebout 10 ASU are deteotable among

22 x 106

Since only a small proportion of domor cells reach the

cells,

host's spleen (Playfeir et 8l., 1965, estimated this to be 4% in

| the om of AW to SRC), the true proportion of ASU among other
gells should be increased by a factor of approximately 25, i.e. to

cne in 160,000, The corresponding figure obtained by Playfeir et al

was one per 20,000 donor cells, Shesrer et al (19@) obtained an

intermediate figure,
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Serum antibody titres are shown in tadble 19,

Table 15. 5S-day Antibody Titres in Irradiated Recipients

mn:br::a :: cells 50% haemolysis  Haemolysis-in-gel Agglutination
3x10° <1 <1 <
10 x 10° <1 1 2h
60 x 10° b 1A 1% 8o

6 transferred spleen cells

Inoreasing doses sbove 3 x 10
resulted in increasing antibody titres, but the results were not

as consistent as those for the FFC,

(141) Effect of Irradietion on Response of Transfarred Spleen Cells

In the next experiment an attempt was made to cstimate the
vra&iosangiti?itydf’ the precursors of FFC by determining the
,nimbers of FTC appearing in the spleens of irradiated recipients
injected with a fixed wamber of donor spleon cells, A uniform
‘suspension pf normal spleen ¢ells in ice-cold PBS was divided into
© aliquots which were X-irradiated in yitro with doaes of O, .50, 100 or

200 rads at a dose-rate of 40 reds per mimute, Each recipient was

6

‘then injected with 22,3 x 10° cells frcm the aprropriate suspension
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FIGURE 35

EFFECT OF IRRADIATION /n vitro ON RESPONSE OF
TRANSFERRED SPLEEN CELLS
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(8 recipients per group). Shortly afterwards they were immunised
and thelr responses tested on the sixth éa&. The resilts are shown
in Fig. 35. |

Cantrol mice, yd:ioh were irradieted and immunized, tut received
no spleen cells, had a mean of 16 (11-20) PRC per‘ spleen, This
mumber was subtracted from the counts in the experimentsl groups to
give the response due to the transferred oells, Unirradiated cells
produced a res-onse of 2990 P?c per spleen, which was seversly reduoced
- by the in yitzo irradiation, The response following 200 rads wes only
Just signiﬁcant; at 25 PFC per spleen.

As can be seen from the grlph, the radlaticn dose-response for
the promotim of FFC was not axmmtial. " However, Makinodsn et al
(1962), who Mmincd levels of ciroulating antibody in a similar type
of uperm, obtained an expomntial aomespoase, suggesting that

_the curve shown in Fig. 35 mey have been -ubéoct to experimental error.
It may therefore be justiﬁed to eonclude fm it that the overall D
for this respomse was in the order of 42 radl, althou@x this is on],y
an approximation. ' |

The D o‘btauned by Makinodsn et al was appraﬁ,mately 70 rads,
but es shown in Section 6 (i) » the immne  response g vivo, as

" indieated by the appearsnce of FFC, seens more radiasamitive than
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when estimated from the levels of cireulating entibody, especially
when peak levels in the response are compared (see table 6).
Unfortunately the lcvels of serum antibody were too low for asocurate
determination in this experiment, so a direct comparison could not
be made,

The closest comparison between the above experiment and the
results obtained in Section 6 (1) is probsbly obtainable by consider~
ing the 4~day curve in Fig, 16 and the curve in Fig; 35, since these
both represent radiation dose-response curves cbtained at a single
time shortly before the nomsl pesk of the immine response in each
system, The D values cbteined were spproximstely 60 end 42 rads,
respectively, indicating that the precurscrs of IFC irradiated in
gitro seem more sensitive than those irradisted in the intact enimal,
Such an ‘apparent 4ncrease in the radiosensifivity may be due to the
different test system, lack of repair in the transfer situation, or
en sctual enhencement of the immediate damaging effccts of radistion
on the cells due to the conditions in yitro, Speculation must,
however, be restricted by the limitations of the date so far available,

espeoially with regard to the transfer experiment,
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It is probable that date from transfer experiments, in which
only the total mumber of PFC produced is determined, should in eny
case be transformed in order to obtain a better estimate of the
radiosensitivity of their antigen-sensitive precursors (entigen-
sensitive units; ASJ), It was shown :in Pig. 34 that incressing the
vmnﬂ:er of transfei'rea spleen cells, and therefore presumsbly the
mumbers of cells potentially able to form ASU, resulted in a
relatively greater incresse in the mmber of FFC produced, Conversely,
- reducing the mumber appeared either to reduoce the mmber of ITC pro-
duced by each ASU, or to reduce the probability of ASU deing formed,

If by killing or preventing the proliferaticn of immnocompetent
cells radiation effectively reduces the mumber of cells transferred,
it may also result indirectly in a steeper fall in the produotion 6?
TFC than in the mubers of surviving immnocompetent ceils, due to a
*dilution effeot”, Alternatively, it might reduce the muber of ASU
directly in proportion to the number of surviving mmpetct
. ce;ls, but the eotivity of maium ASU may be reduced, resulting
in fewer FFC per ASU,
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The work of Playfeir et al (1965) indioates that each ASU
gives rise to many PFC, which would require at least 6-7 divisions of &
eingle precursor cell, Therefoi'é in order to produce a significent
number of PFC the immmoccmpetent. cell or cells of &n ASU must be
sble to pass through seversl proliferative cycles. If radiatian-injury
ceansed them to die within the first few divisions, the mumber of FFC
produced would be greatly reduced, This would suggest that the rumber
of I'FC arising from dam,ged ASU would be very small compared to thoss

produced by uninjured ASU, due to differential survival at each mitod.l.

| Therefore, teking into account the apparent fall in the eﬁ‘ioiency
of the response with reduced cell mubers, even in the absence of
irrsadietion, it would seem more likely that the main cause of inhibition
of PFC-production is the killing of immmocompetent cells combined with
a "dilution effect” which further reduces the ahanéos of visble sur-
vivors coming together to form potentially active ASU, |

The numbers of FPFC, partioularly several 6011 cycles after antd-
genio stimlation, mey be approximately proportionsl to the mmbers
of visble ASU, btut the mumbers of 'ASU may be less than proportional
to the nurbers of Lmmnocscompetent cells, whether this is due to simple
dilution of all spleen cells transferred, or to imdiation—inmced
0911 death, If the same relationéhip between the mumbers of FFC and
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the_ murbers of eplem.conl indicated in Fig, 34 applies to FFC and
AT~constituent cells, it may be neconaiy to increase the apparent |

D_ obtained from Fig. 35 by a factor of 1.3 (see equation on page 169.
i.e. to approximately 55 rads, to cbtain a oioaer measure of the true
radiosensitivity of immmocompetent cells. Foseibly a similar correction
should be made when determining the radiosensitivity of the individual
oells in vivo, but this system is hardly smensble to direct experimental
manipulation,

(iv) Effect of Variations in Cell and Redietion Dose

on Rossonse of Tnsmetersed Silem Calte T e

The three previcus experiments were ali performed in preparation
for the one deseribed below, in shich an attempt was made to study the
interaction of cell muber dnd irradiation on the develomment of an immune
‘response by cells injected into the relatively homogeneous envircament of
,1ethally imaiatad host mice, In aubseotion (1). it was shown that the
development of FFC in the rocipientn was dependent upon the injection of
unirrediated nplecn cells, as well as antigen. It was also shown, for

v a ningle cell number transferred, that the response rollowed & somewhat

diffevent time-omrla from that in 1ntwt mioe and was considerably
" _ slower. Subsecticn (11) showed that the mponn at & given tims
o was highly aepmamt npcn the nmnber of cells transferrod. Subsection
V (m) ahowed that i.mrcasing doses at radiation appeared to harve the
opposite effect to incressing the mumber of transferred cells,
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If it is essumed thet radlation scts by reduoing the
nurber of surviving immmnocompetent cells, then increasing
the dose of cells trahsferred should counteract this, snd a
suitsble balance should result in similar respcnses by a
gim mumber of unirradisted cells and by a larger mmber
of irradiated cells, both populations including the same
mnber of viéble imminoccompetent cells, However other
fectors mey also opcrate and there may be certain differences
in the ré-ponu, pertioularly in its rate of development.

In this experiment a aingle radiation dose of 90
rads was given to normal spleen cells suspended in FBS, The

response of 10 x 10_6 normal cells was aompared to that of

60 x 106 irradiated cells from days k4 to 8 inclusive, The

6 nomail end 180 x 106 irradiated cells were

‘responses of 60 x 10
v also compered (from day 3 to day 7). All four responses could

be compered during the overlapping p riod from day 4 to day 7.
'(If-hééi"baeﬁ intended to transfer 360 x 10% irradisted cells into

k’the fonrtﬁ group of mipients,‘ vgiving a 36=fold overall cell dose-range,
Bﬁt ‘thia‘mmbér‘ was too grest to be injected,)

- Ir ‘t'hé: Do_‘ for ﬂmmooompq’amt ¢ells is taken as apyroﬁmateiy
55 rads (aee Seotion (iii)), thé survivel following 90 rads should be
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* in the order of 4%, 4.e, sbout a 25-fold decrease in their
mmber, Therefore it was hopsd both to aver and to under-
‘compensate for this remefion, but in the event it may have been
. marginslly under-conpensated for, The higher muber (60 x 10°)
of unirradisted cells was also included so that a direct comparison
could be mede between the i-eipohles of equel mmbers of normal and
irradiated spleen cells, with no compensaticn for the effects of
irvadiation, Ths results of the PYC estimations are conbined in
Pig. 36, while the serum titres are shown in Mg, 57 and 3,

Fairly consistent Tesults were cbteined by all methods

 of detm:lnation, excert the 50% haemolysis-in-suspension method,

. This seemed inmrﬁ.cimtly sensitive and too varisble, and was

- ignored, l‘ortunato]y, however. the haml;sil-inogel method of

_Uye.»d was 'r_ery satisfactory and gave clear-out answers, As far as

the z-esuit- of these two methods could be compared, they appeared to be
acupatible with each other, o

: Both the numbers of splenic IFC and the titres of haemolysin end

agglutinin incre_ased_ approximately exponentially in e11 four groups of.
mice, In those which were tested on the Bth day efter transfer (those
vhich received €0 mlhcn irradiated or 10 .millio_u unirradiated spleen

~cells), the reaponse‘ seemed to have passed ite pesk,
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The numbera of FFC in the groups which received 60 million
normel or 60 million irrediated cells were 'quita, similar on days
4 - 7, and both had mean doubling times of approximately 13,2 hours
during this period (from day 3 in the former group), Both types
of ciroulating entibody acoumuluted in the serum slightly faster
in the group receiving unirradiatedvcolls, but the difference was
only maried for the lynthelia of haemgglntinin.

10 million normal cells gave -a poorer response than &0
million normal eeils, whichever parameter was considered, The
doubling times of the PTG seemed to be rathar varisble, but on
average were slightly lenger (16, 3. hours) in the 10-million-cell
group, 8o that the difference between the two groups increased from
3 times on day 4 to 6 times on day 7. There was a simllar divergence
in the haemolyain snd sgglutinin titres, with differences on the 7th
day of 6 and'il..'times, respectively.

With 180 x 10° irragiatea cells, the response seemed to start
at a higher level, but to develop at a somewhat slower rate then with
66 million unirradisted cells, '.fhe mean doubling time 'of the IFC
~ was 19,4 hours between days 3 end 7 (compered 4o 13,2 hours with normal
cells), and by the 7th day both groups which had received 60 million -

3
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cells had larger rumbers of splenic FFC, In the case of the

hamlynih and sgglutinin titres, there were similar differences

mtho rates of ecoumletion or‘ circulating antibody, withl dcubling
timn‘ of 14,3 compared to 11;14 hours, and 4. 5 compared to 9.5

hours, respeotively. However, dzr.’mg tha b - 7 day pﬂiéd both

types of antibody appeared to incorease faster than the mumbers

of PFC would suggest. Agein, by the 6th end 7th days the highest titres
" were obtaine& in the 60-million fzxﬁrradiated—colls group, '

While the munbers of PPG inoreased faatcr i.n the group
,reod.ﬂ.ng €0 mi.l].itm irradiated spleen cells than in that receiving
180 million irradisted cells (with a doubling time of 13,2 compared
t0 19.4 hours), there was littlo difference in the retes of accumalation |
of cireulating antibodies, Haemegglutinin titres were consistently
lower with the lower mumber of oells, but the titres were almost
identioal when haemolysin levels were considered,

Comparing mn‘adiated oclla injected into irz'adiated recipientl,
the haemolynin response, and ths nunbers of PFC, seemed directly
related to thc number of cells transferred by the 7th day of the
resgonée.* Earher in the responss the difference was less marked,
indicating a somewhat faster rate of response with a 1arger cell

nwnber.
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Ilowever; with 60 million or 180 million irrediated cells there
was little difference in the responses, except thot it.aﬁpeared to
start slightly sooner with the larger _cell mmbezj, but‘ tb procega at
a slightly slower rate, |

An equal number of normal cells gave about the .samelres;:onse as
irradiated cells when the number of PFC were compared, bu"t o faster
response when the ciroulating antibody was measureds I_t appeared thnt
in this experiment a dose of S0 rads only had & small eﬁ’ect on thé
response to SRC, equivalent to an aprroximately 3-&‘01& reduction in
the transforred ccll mmbers o |

. This was an unexpectedly small effects The donor cells were:
irradiated wnder slightly different eonditions: t{he cell .Buspen'sion
wns placed in flot plastic Petrd dishes, instead of plastie tubes,
as in subsection (iii), and the dose rote was 205 rads per m:mute,
compared to 40 rads per minute, due to a shor&er target distance.
Otherwise the oonditions and treatment were the sane, The cells
wore suspended in FBS and kept cold throughout the prenaratzve
procedure, ond wore only in the Petri dishes for a few mmutea.
~ Anoxie would seem less likely in this experment than in the nrmoua
cnee Another difference was that the recipient mice were :i.njected with
SRC before, instead of after, ;theipleen cell transfer. Howevéf,
in a preliminary éxperimnt this had rio effect on the reéponées of

normal cells, . It may possibly have
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altered the dose-responses, both to irradiaticn and cell-munber
variation; although this seems unlikely., It did, however, facilitate the
experimental operations somewhat,

The results appeared rather irregular fyom the grarhs, snd this
may have blased their interpretation to scme extent, Foesibly the
results for the FFC numbers were most representative cn the 6th day

of the response, The relative numbers at this time were as follows:~

Kumber of spleen cells o Relatiye No, FFC
10 million normal - s 1.0
€0 "  irradiated T L7
0 " morml 1 33
180 "  drradeted 1 4
Even s0, they were not consistent with the results in subsectioms (ii)

and (i11). Inoreasing the number of normal cells from 10 to 106 ,

should have resulted in an increase in the rusbers of FFC of at least
6 times by the 5th dsy, and perha.ps‘ras mich as 10 times (61"). -
Moreover, even inoreasing the muber of irradiated cells to 180 x 10°
should, according to the results in mﬁaecnon (441), heve at best |
been only mrﬁciént %o compensate for the effests of irradiaticn. ‘ |
compared to the response by 10 x 105 normal é‘eu-, whereas 1t resulted
in a markedly stronger responio. _ Therefore it appeared thet neither
ceu-éose variation, nor m;mm;z‘, had u mich effect as expected,

 but the effect of cell muber wes the more important,
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(73]

A11 that cen be concluded is that the immme response is grester
with higher mnbers of tfanaferred cells, and the effect of an increase
" in the cell mmber is partially offset by irrediation with a dose of
% rads. It is aifficult to decids whether the inconsistencies in
the results are due tb experimantal error, to minor differences in
tenhniquo, oi' to the use of non-syngeneic mice, The latter possible
ocause of varistion may be particularly marked in the transfer-typs of
" experiment, elthough it may not affect the experimmts with imtact
mioe, | -
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() General Observations
The introduction by Jerne of the haemolytic plaque technique

made possidble a closer study of the effects of irradiastion on the
immune response. In partisular, it permitted observations on the
- immediate effects, even aftcr antibody production had reached sige
nificant levels. Freviocus methods, such as antibody titration,were
limited by the relatively long half-life of antibody molecules, com-
pared to antibody-forming cells, The fluorescent antibody technique
of Coons (Coons, Lednc & Comnnolly, 1955) was also limited by the
possible superfioial uptake of antibody onto inactive cells which
might have persisted after active synthesis had ceased, With plague-
foming cells antibody is cnly released when conditions are suitable
for active meteboliam, |

~ Berenbaun's study (19668) was the first to show the true radia=
mensitivity of antibody-formation in animals one or move days after
the injection of erythrooytes, He showed that FFC began to decline in
mmber, oompared to the controls, almost immedistely after irradiation,
whether the mice were irradiated on the first, third, sixth or
twentieth day of the response, Moreover, the mumber always fell to
8lightly below the background level following a dose of 450r. Although
this was ‘followed by a slow recovery, it indlosted a much greater
rediosensitivity in immmized mice then had formerly been supposed,
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‘The results in Sections 5 end 6 confirmed end axtendeé this

~ cbservetion, However, they also agrwd better with the earlier findings
of Talieferro, Telleferro & Janssen (1952, b) that the response appeared
‘to be less radiosensitive if the animlts.:w_ere irradieted after imunisation
than before, Nevertheless, there still scemed to be & mignificant

speoles difference between the response of rabbits and that of mice.

It was nerver possible to aohieve with mice any degree of enhanced

sntibody production as ocbtained in irrathated rebbits (e.g.

- Taliaferro et al (1952); Dixom and McConshey (1963))s

Whn the e!'fects of different doses of radlation on the sub~

“ sequmt immne respome were comi&red (soe Part III, Section 6 (1)),
g thre_t main fectors were apparent, ‘1) The maximm number of PFC
which appeared ims rrogressively ra&wed by imread.ng doses, 2) The
. time befm the nurber rose significmtly sbove the bankgi-ound was

, 'aa.ao pmgrusiwly lmgthmd. 3) Even sfter this 1&3, the rate of

‘ prodamtim of m was slowed with thn hrgu' doses,

(11) Pogsggh Omaes of Rigas_i_og Em“ s

'Ihesa obmutims !mposc certain ra-triatiom. Smce tho

| -mximnnmmber ofmnnotthham, and in faot dirruabyafactor

of about 100 ‘betwecn controls and m:l.ce h-radiated with 500 rads, it
would appea:r that the 198 PFC mponle is limited either by the
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aveilebility of the antigem or is intrinzically limited by the effects
of the irradistion, It is unlikely that it is terminated by the build~
up of antibodys even if 75 antibody is the main sgent of "feed-back"
repression (MBller and Wigeell, 19655 Wigsell, 1966a, b; Mbller, 1968),
it is probsbly relatively ineffective in heavily irradiated snimels,
since 7S FFC seem equally éxppresud by irrsdistion,

The 'proées-mg" of entigen by macrophages had been suggested as
e possible radiosensitive step in the response to certain antigens
(Gallily and Feldman, '19673 Pribnow and Silverman, 1967). However,
there is 1ittle evidence that the funotiom of macrophages in the
response to strong antiganl,‘ such as SRC, is 80 radiosensitive that
doses of S00 reds or less would have eny great effect. As has already
been deporibed in Secticn (14) of the Introdioticn, the upteke of
entigens by phagooytio cells is not directly affected by sublethal
doses, snd irrediated mmMn are still sble to transfer a
specific immnologioal stimilus $o unimmuzized reaipient enimals
‘ (Unamé and Askones, 1968) or tissue oultures (Roéaman, 1969) .
'The converse is aloo unlikely; namely that radiation stimulatcs
Me- to take up and destroy inocreased quantities of antigen,
since trsnsferred splecn cells respond as strongly to SRC injected
2 asys previously into lethally irradiated mice es to SRC injected
immediately after trmrez? (unpubliehed observations). |
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Therefore it appears most likely that the response is mainly
determined by the number of vieble cells which ‘actually respond to
the antigen, If their murbers are raduced by'irrad:latim, this would
explain the apparent lsg in the response; until this time the nuuber
of survivors would be too low to provide an appreciable increase in
the mubérs of DFC, since thers are already in the order of 100 neFFC
per spleen present before immmnizatiom, which are not greatly affected
by irradiation (see Part III, Seotion &4).

A veduction in the mubers of cells initially able to respond to
the antigen would also aceount for the reducticn in the peek rumbers
of THC ettained if the mmber of divisions during the proliferative
response were constant, However, direct evidence is not yet availsble
to confirm this’,b although it appears that even with multiple antigenic
stimilaticn 75 FFC will not proliferate indefinitely. MSller (1968)
 serially passaged spleen cells from SROw-immni ged mice through lethally
irradiated resipients, which were also injested with SRC, The FFC
ceased dividing efter an estimated 38-40 divisions,

. The bésii'.. estimate for the Do of & dose-response curve in which
the pesk nmbm of 195 FFC were plotted sgsinst the dose of radietion
{see Pig, 17) was 97 reds. If the immme response wers a simple |
process this might reflect the radiosensitivity of the precursors of
PFC,
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ﬁmwer, ‘the change in the rate of production of PFC requires &
more complex explsnstion, In other simpler radicbiological situations
in which proliferating cells mft‘e:." such an initial depletion in
. their mumbers, the survivors usually mitiply at  normal or near-
normal rate following a don-depmdmf lag defore mitoxis recommences
(Alper, 1957). This results in a growth curve approximately parallel
to that of unirradiated controls, but lagging behind them by a factor
related to the surviving fraction and the mitotia delay,

Although epproximately psrallel "growth curves" for 19S PFC were
obteined following doses up o about 350 rads (mee Pig. 13) , with
 higher doses their Jevelorment slowed, This was observed con-
sistently in several cx;erimntl in which doses of 500 rads were given
(see also Fig. 9, 27 and 29, and compsre with Fig. 2).
 Three @ frevent kinds of explanation for this divergence in the
experimental curves nll be oonsiderod that the mviwra were in
- an unfevourable mironment, that maizﬂy cenl wi.th leng cyole times
mrvived :eradiatiou, or that the overall nuzbers cf FFC observed
- depend upen 8 domplex balmo betivocn rép'eated "pecruitment” events
end proliferation on cme hand, anﬂ aell*lon on the othar. all of which

| 'may be affected by irra&iation. | | |

The first of these possibilities is unlikely to be of importance
os ﬁmsfmed Spléen colli"‘giu' xﬁodaratély' good ‘r_esﬁxénbu to SRC
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vhen injJected into heavily ‘irradiated recipients, Indeed, with amall

6,

numbers (8 x 10°), the response in mice given 850 rads was es fast

as that of mice irradiated with 500 rads, which were not reconstituted,
Viith 60 x 105 cells the response was almost as fast as in mice given
only 350 radl. '

The second possibility alsc seems unlikely, If there sre IFC- |
precursors which are both less radiosensitive and slower to divide
than the majority of precursor cells, this would be expected to show
as an upward inflexion in the dose-response curves with raaiﬁtion
doses sufficient to reduce the mumber of faat‘-dividing, sensitive
precursors below the level of surviving more resistent cells, Although
"levelling-out” of dose-response curves was observed in some cases
(see Fig. 16, 17, 24 end 25), this appeared to be due to different
cmsea, e.g. the presence of n~FFC which made it impossible to
determine very low lev;oll of FFC production, or may have been insig-
xiificant because too few experinntaldstornﬂ.naﬁons were possible,
¥hen the overall produstiom of FFC following doses of radiation up %o
700 rads was considered (see Fig. 18), the dose-effect appea.réd to be
exponential over the complete rangs tested, The same seemed
| true in Fig, 25, in the ocase of irradiation given on the second day
of the response, at lesast with donﬁ up to 1000 rads, ~ (The etfoct' of
1500 rads could not be followed long enough for a significant com-

parison to be madc)
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Itvmldlm, themforo, thatthuonnnproducﬁonofmm
nmited by e l:l.ngle class of rsdiosensitive precursors, and a more
complex expianaticn for thc observed aloving of the response mst be
. considered, '

(1i1) Stochistic Models for Immns Response

Variouc'atoohastio modeh have been proposed to explain thn
observed rates of inorease in the nunbers of FFC following n'radiation,
~ and also the relation between muzbers of spleen cells snd FFG prodused
in different culture systems, | . -

Those of Berenbaum (1966s, b), which he proposed to exjlain the
sffects of in n vivo m-aauﬁm and the effects of a mitotic mhmfor, were,
on his own sdxission, probably oversimplified. Another mm siggested
by Datton snd Mishell (1967%), although still unming ‘ -m;h immno~-
~ competent cell-type to be involved, represented an advanse in fthat 1w
_ was suggested that the precursors of TFC were also ;sroufei-atmg in
response to the untigwlo stimilus, "Rocruitwt" of aotivo ¢
£rom thm prumsoru was ummd to oocur thrmg}mtt tho ponod or
uponenual increase in thudr mmbeu, remltim in a more rapid z-atc
" of increese than cell divi;icn alone would mcmnt_tor; Moreover, |
since the precursors were inoreuing exponcnthlly, 80 thante of
new reoruitments would inarease until it finally overtock the mumber
of produrlou néj.lu'blo. | o
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However, neither of these models took into acacunt the probeble
synergistic roles of thymis-derived and bone marrow-derived lympho-
cytes suggested by the classic experiments of Claman, Chapercn and
Triplett (1966a, b). Indeed, in yitro at least, it seems likely that
[ thizi 6911-type, the macrophage, is also necessary in the response
to SRG (ﬁosier and Coppleson, 1968), These are probably also necessary
in vivo, at least in order to obtain a maximal respomse, but the effect
- of varying thed.r mmber carmot be studied in the trensfer~type of
axperhent ’ o-i.ng to the persisting activ.i.ty of donor~derived maoro-
phages (Roseman, 1969). | |
The mecrophages, which may be sopn;-atod in yitro by their

 adherence to plastic,. ave very officient at teking up SRC and trans-
ferring the immnogenic stimilus to the ncn-adhering lymphoid cells
(Monier and Goi:plucn, 1968),. This function is not significantly
affected by previous irradiations of the macrophage donors with doses
of up to 1000 r,, but the ljmphoid' cells are highly radiosensitive
(Roaemah, 1959). Both types of ljmphoid cell appear to divide in

reapmise to}t.he antigenic stimulus (bavies et sl., 1967; Claflin and
Snithies, 1967; Tannenberg and Mslaviy, 1968), tut while the
pmnferatin response is mueh strengex- among thymis-derived cells,
only the bone marraw—darﬁ.vad cells begome mﬁho@»synthesizing cells (Pm)
(Davies et al., 1967; Nossa et al., 2968). |
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. It appears that the thgms—du-ived cells havc an uudlnary
ﬁmotion, but the nature of this 15 still ummm. Probably their
~ presence snables the wtﬂ.vatcd marrow-dsrived cells to tronsfom into
sotive FIC, or rd.nl the prohnbinty of_thu oocurring, and they may |
. almo accelerate px?pnfcration of PPG or inoresse the rate ‘o‘f antibody
. syntheals, Direot cellular contast is almost certainly necessary for
the -ﬁ@m« process, Mosler '(1969) demonstrated the importance of
the formation and mn:lntmnoo of olusters of spleen cells for the immune |
~ response to SRO gum Most PFC were fonndto be pronnt in the
clusters, and eaah oluster umn; contained several H’G, but all of
' the seme lpcciﬁ.city‘ In cnlturu oontuinmg e uoond type of red cell,
m of the seacnd -peud.ﬁoity alnya oocmod in separate clusterl.

Antim-bearing maorophagu may aat as mloi in the fomation of

olnstm. This my be tho uphnation ot tha ‘small ngphocytes ochserved
: cluatering around sensitised macmphagn ia rahbit lplnn cell ti-mc
cultures by Han'is (1965).
o By analyaiag the resultn from g!!._g.g aphen cell cultures
' mathmtiollly, Mosier and Coppleson (1968) m:ndod that three
cell-types were involved in the lmmmne respmu to sac. “This wes

o possible beoause cne type of cell (mnly mmphages) could be

" largely separated from the moiadn of the aplnn cell populaticn,
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" which included the two other kinds (lymphoid cells), by their

adherance to plalt.to. The numbers of adhering and mn-adhering,

or total spleen cells, cculd therefore be vu-:!.od with respect to

each other. FFC were pmdmed in'mceufuny-immisod cultures, |

and their mmbm were plotted logarithmically sgainst the variable .

class of 'éan-' (also plotted logarithmically). (Por en example of

this type of dou-.rrect curve see Fig, 3 :ln Part I1I, Seotimn

10 (14).)

Vhen the adherent cells were vari.ed in musber while non-
adhmlng oalln were in excess, the nlopo on tho romlting graph

- had a slopa or aprroximately 1. This proved tho mmsity for the

cellstype 1n the former population, However, when the nunmber. of non-

adhering aolls was varied the elope was increased to about 1.9 This -
was mterpreted as being due to the intcnction of two more cells=types.
in the non-aa:erent popalation. As their individnal mﬁ:m wers -
inoreaaed (in &:I.rect proportion to the total cell mmber), 8o the

, probahility of interactions increa:ed spproximately in proportion to
" the product of the individual mmber-, Finally, when the total (un-

. neparatea) oell populatiun was inoreased in omentraticu, the
resulting &osa-—effect curve had a alopa of about 2.6. 'i‘hus the renpouu
seemed to imrea.se almat proporh.m %o the promct of all three

cell-types, Other explanations were posaiblo, but Mosier and
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Coppleson ooncluded that this was the most likely.
 Mskinoden end collsborators (Grovu, Lever & Mnkimdan, 1969,

1970), using a @lfferent culturs system, csme %o a & farent conclusion, -
Spleen cells from unimmmized mice were placed in diffusicn chanbers,

as described by Nettesheim, Mekinodan end Chadwick, (1966), together
with SRC, and these ware implanted intraperitcmeally in irradiated
reaipient uﬁoe; PFC were determined at tho"po'ak of the response,

This method had the a.dvantags that the spleen cell concentration could
be incmaed considerably sbove that required for an optimal response
in the gm cultures of Mosier and Copplnan (1968). who used the
| method dmloped by Mishell snd Dutton (1966).
Increuing the cell mmber up to 12 x J0°

was equivalent to €0 x 106

6 per chamber, which

per ml., resulted in a dose-response curve

with a slope of 2,75, similay to that cbtained by Mosier snd Coppleson
with unseparated spleen oell mispensions, However, as the number was
mrthér,i.xicraased, the number of P?G-i_zicreaud only umuh, il.0, the
slope changéd abmntly t§ approximately 1. Such a cell ccnomtration could
not be studied by Mosier and Gopplolcn (1968), who were limited to about
20 x 106 oells per ml,

It therefore appeared that one cell-type 'beeama ]:lndting with the
larger starting mmbers, Conversely, as the cell mmber was reduced, |
so the proportion of nonmapmmng cultures inoressed, To reconeile |
these ﬁnaix;gs, Groves et a1 (1970) proposed e more ccmplex stochastic

model,
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They suggested that the limiting celltype was ome of the lymphoid
cells, which was termed the "entigen-reactive cell" (ARC), while the
second type coneisted of FPFO-precursor cells (m). These correapondod
to tlumrderind and bone marrow-derived lymphooytes, respecta.vely.
However, the interaction between them was not simple; it was postulated
" that cme to |év§ral m_'cénld be stimleted by each antigen-activated ARC,
: but.- that this nunber was ‘Ija:lted. The form of this atimiation was

unknown, but the result was presumed to be the transformstiom (or
%ecmitment*) of FC into active FFC, snd may well have involved a
mitotic stimlus (Davies et al, 1967). FFC then inoreased in

number by pronferatim. In the whole spleen this probzbly results in the
‘appearance of haemolytic "foci”, which are rich in FFC (Kermedy, ‘
Siminovitoh, T411l & McCullosh, 1965; Flayfair, Papermaster & Cols, |

1965; Berenbaun and Stringer, 1970). ' B

~ As the number of F0 and ARC was inai'naed, so the pu'm:oabi.'L:i.*t;.:v |

of interaction would imovease approximately in proportion to their
proc‘mct; until all avaiiabh sites on each ARC would be filled during

the short period in which they were postulsted to be active, There-
after,-as, théfne]:l i aomentz'ation was further increased, the mmbar‘

of TFC could only increase in direct pwportzon to the number of

ARG, aaming eaeh PG to give rise to a ocmatant mmber of daughter

PFO, irrespective of cell aoncentration. '
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Groves ot al (1970) did not dlscuss the role of macrophages, but

the work of others (Mosier and Copplescn, 1968; Roseman, 1969) would
vsuggest that with cell mmbers at which ARC are not the limiting
cell-type, increasing the concentration of antigen-sensitised macropheges
will inoresse the chanaes of FC and ARC interacting. Agein the
meshanism is unknown, i’rior interaction between ARC and macrophages
=AY be necessary for their initial activation, or it may :lmreue or
lengthen this, |

 When considering the results in Section 10 (1), it is unlikely

that ARC would be in the "saturated” conditicn which makes them the
limiting cell-type, nimo o total of 60 x 10° spleen cells were dispersed
thioqmt the body of an entire méule, and would therefore be well
below the threshold concentration for this. The cell-types may
therefore be thought of as being effectively independent, except that
" macrophages fran'the recipient mouse would be in o-onniderablo‘ axcess,
 Groves ot al (1970) estimated the frequency of ARC to sheep

erythrocyt#a to be appx-oximtﬁ:‘i per 140,000 ipl«n cells, or about
3000 per whols spleen, Owing to the oulturing affiaiemy (6.57), this
was reduced $o 1 per 2,2 x 106 eoui,"thc mﬁc eltinnt-d‘uperimtam.
It was postulated that if foci of FFC emong Spleen tissues were
analysed, each would reqzirc a minimm of one Aotive ARG, Probably o
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one would be sufffcient, since Playfeir et a1 (1965) cbserved an
aversge of 1 foous of hamnolytio activity to de proaund by tranlfmug
5 2 10° nomal splemn oslls into frradisted hosts, Agsin correcting
'toroolldnu,‘themofjiwmmtodulpcm,ooo cells,
_ nhcui?ti‘-'uurhighntht_m:tm.ofﬁmdd(1970). Applying
similer corrections, the estimate of Shearer et al (1968) was 1 n
40,000, and that in Sectiom 10 (1i) was 1 in 160,000, All thess
'mmnumm:mthemumuumam strains of
mios and different culturing systems, | |

Further experiments by Makinodan's group (Perkins, Sado & Makindan,
1969; Ssdo, Perkins & Makinodsn, lm)mlwlylhdmm |
on the events following sntigenic stimlstion, In the primery response
h@d&gnmﬁmdn&waﬂmﬁfwﬂimmmuamaﬁ
hours, and all mpemiw cells appeared to be Mmmiu 1abelled
'mmnmaam Inthclmmryaapouccf&tparm |
spleen cells in diffusion chenbers proliferstion commenced within 10-30
minates, Thmiuamjmrmmm-mnmmér |
'PFC begin to rise, It appeared thst the first recruitnmt evems |
cacurred very eerly, ﬁmmmmmswx-zm-mum -
 first mitosis, S
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Proliferation end further transformstion of FC ocourred in a non-
random marmer, resulting in a "steircase”-like increase in the mumbers
of both 7% end 19S TFC, It appeared that PFC divided approximately
synchronously, each giving rise to two dmughter FTC, while at the same
time new FFC were recruited. In the primery response the height of
each "step” was equivalent to a 2,5- to aixfold inorease, while in
the ssoondary response recruitment was still grester, giving increases
of 10- to 40-fold, | |

| Despite thc: staircase-type of response, the overall rate of FFC
production was approximately exponentisl. Therefore it is probsble
thet 4RO snd perhaps also KO were caused to divide by the inmitisl
antigi;nia' stimlus and also incressed exponentially. . This allowed
the number of possible recruitment everts %o inorease gorrespondingly
as the respanse progressed, Dus to repcafod rbnuitmgnt the
observed doubling times of the F¥C were shorter tham the mean
generation tine, as indlcated by the period between successive "steps”.
| Eqﬁmtea”of each were as follows:e

' : .198"1’?6 ‘ 6 - 8.5
198 F¥O 1 g6

75 PFO 5 8-
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In the secondary response it is likely that the majority of FC -
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were "memory cells” produced in 1arge mmbers dnrlng rrimary hlmnh- :

ation, These would account for the massive recruitment and very
repid increase in 7S FFC, lﬁmmhﬁmb@rmitedto a
greater extent from previcusly unstimulated precursors.

It was on the question of proliferation and contimuing recruite
ment of precursor cells that the models of Groves et el (1970) and
Perkins et sl (1969) seamed somewhat uncorrelated, dsspite the
co-authorship of Makinodan, This may have bun due to insufficient
deted] having been published rather than to smy dlssgresment betwsen
the hypotheses, Hovever, s alternstive explenation may not only
make their experimentsl findings fully competible, but also correlste
more easily with the obaomtiom in this thuia:

‘(:lv) ‘New Smmn:lc Model

1. Ponoﬁug the initial contact with antigen, thyml-derivod ARC
are stimlatod to divide (Davies et al, 1967). It is not clear
whethur or not the bone marrow-derived precursors of FFC (FC) are
also ntimlated to divi.de indspmdmtly, but this is possible, since

in one of their mupl of mice Devies et al (1967) detected cells of

bona marrow origin (bearing the T6 ohrcmomne "mnzker“) in mitosis,

- Howm, divisi.on of unauoahtad FC is not a prerequidtc for the

,omation of this moch
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|2, Activated ARC may intersct with PC at any time during the

pm'lod of antigezﬁ.c stimlation, altlwugh this may be restricted

to sertain periods during each nﬂ.totic oyclo. The mechanim of

this mteractim is uncertain, but possibly each ARC beaz'a a

receptor site on its mambranoe to which antigen may hin& RO

may heve sinilar sites, wherefon it may be possible for the

antigen particles to form a "bridge® holding the two kinds of cell

together, Thz presence of excess antibow; by combining with rthe antigen,

 may prevent such bridge formstiom (ses below). However, once it has
‘occumd, the antigen will be proteeted; At the same time this

will prevent further uptake of anugein. end the magnituds (end perhaps

the arstion) of the jmunogenic stimilus nn therefore be limited -

~ unless the asaooiation is a:!.mpted. . When the antigon beoomes exhausted
proliferation will terminate, ARC assoosted with IC are termed |
sRC* (Groves et a1, 197%0). RGeassoclated PO will elso divide,

probebly aynchronously, while the stimilus persists, reslting in

the fozmatim of a haemlytic focus, | '

R '5. It is only necessary to postulste a 1 to 1 ratio of FC and

- ARC in each newly formed mo* However, due tp cell division the

" murbers of each will increase exponentially am-m; the subsequent

proliferative phase, Finally the ARC will cease dividing, end this

will ceuse FC to terminate INA aynthesis, and either die or transform,

. perhsps ivnté.“'memory cells", ' .
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4, Pormation of mc" will ooour indcpmdmt],y of each other,
ARG not interacting with IO during the first ccucyolcmvdivid.
end each dmghter cell may form an ARCT, or divide again without
interacting with FC, Therefore in the absence of IC the mmber of
| RC may insrease muan&rormumzégth of time. However,
cnce mmmmmm‘n vulhcumblotointurantwith
more FC muu dimohtod before the Antigcnio stimulus is

5 Wmt;'>th‘o‘ [rolifarative phase recruitment of IC into
antibody-secreting PO will coour, probably in synchrony with cell
division, but only & fraction of the F0 in sny foeus will be recruited
each cell cyele. 'ﬂnrofm the focl will grow imto clusters of
ARG, FC and FIC, all prolifersting. This limited recruitmet will
sllow the mmbers of precursor oslls to ineresse approximately
'upmmtmls umtmauormmmnmwmxy
It would alw z'uult in a stairum pattm of m development.
. Vhere this alffers radicauy f:-om tho model of Groves et a (1970)
is in tha cmtmt"mio batween rc and fRC at a1l indtial cell-
 densities, Mow this cowld be consistent with thelr observations will
" be desoribed below, .
It is poas;blc that K ina rocuu stimhted to hmme PrC
) ~earJy in tha mponne may ceass proliferating artcr 4 few dvisions
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(Perki.ns ot al, 1963).  If they contimed tnti'body synthesis for a while,
 they would appear as unlsbelled FFC, such as were obsarved, partiouhrly
later in the logarithmie pbue of the reSponu, even follmdng several
injections of radicactively lebelled thymidine (Perkins et al, 1969).
However such cell-loss would be offset by new recruitments, Therefore

' the "stepa® cbeerved may be the ngt' product of cell division, loss end
reomi‘hnet;t of F¥C,

(v) Effects of Dissooiation and Irradietion on the Contimustion of
Antibody Synthesis ,

Dissociating the oells of a heemolytio foous may be equivalent
- to dissociating the cell clusters which form during the immme
response in m (Mosier, 1969). If this was done at an early
| stage intho mpnnu i.t was praventedfran developing, Hmrm,
if the clustm ‘were allowed to rorm. the response contimed,
Both r‘fomtion and the development of PPG were inhibited by
| speoiﬁc mtiunm, although mmal serum or anti.lem of &
different specificity had no effect. Antim had Iittle effcct
~ on intact olusters (Hoaiu.', 1969; Larget al, 1959), nor was it
»effeqtivc in wlowing the response in elready immnised intect mice
for # period of at m.m hours (Méller and wig.ou, 1965). It
is likely, tharbfére, that antigen is essential in the interaction
between thyms and bone marrowederived lymphoid cells, since sntie
serun would specifically bloek its binding with entibody-like sites
on the lymhooyte membranes. - |
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As alresdy suggested sbove, the ARC may actuslly ceause thety
associated FFC to become inactive, This would explain the ebility of -
: _aissocsiatea PFC, taken from immmirzed mice, to contimus secreting -

mum for long periods of time (Makinodan et al, 1966; Sado, 1969 -
see also Section (iv) of Intro&otioﬁ).' Noreover, their activity
was unaffected by irradiation with doses of 5000 or 10,000 . if
cult\u'ed in &ffusion chanbers, However no new FFC were prodused, and
the original cmes had a mean helf-1ife of sbout 5 days, If, by separsting
PFC from ARG, the mitogenic stimlus were alno cut oﬂ’ ( probahly the _
handling imolvod during tho imaiation pmecé.u-e would cause some
‘dteruption encmg the cultured oon-), FFC would no longer be induced
to divi&o, either until they Mana terminal cclll, or else io
die fyrom the dfacts of the radiation 1n the case of thc méuroﬂ
oellu. The actual process ef arrtibow synthuia ia pmbab].y |
- unaffeoted aigni!‘:lcantly by such doses (see Part III, Section 2).
comemely, in the mm animal the celluler maciations are
| _probably not disnmted and the pctmtially lethal mitogcnio stimlu-
my still be received by the sctive PFC. ‘l'his mld acgount for
. "their very rapid disappearance in ;;___ (see Sectionl 5 end 6 (11)).
A aose of 350 rads was auﬂ‘ieimt to arrelt the res;mm, Ihil'
| 1arger dnses caused the TFC to cease funotionim conaiderably moro
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rapidly than during the normel decline in their numbers following the pesk
| of‘the response ’(seevrig.. 19). Emigration from the spleens may have |
| contributed to this féll, bntvt_hia ssems unlikely.
(vi) Effects of vm:gig in de__n N%. and Doge s of Radistion
Despite the apparent miltiple recruitment of IFC indicated by
the results of Perkins et al (1969), the stochastic model of Groves
et al (1970) seemed to iadiéate‘ that FC and ARC ecobined at en early
phase during the response, and that the meen mumber of FC per sre®
m datemima by their relative cémmtratim from 1 up to & maximum
lindt, Therefore a few days later, st the pesk of tho response, the

. mamber of PR pu"fecus was pu-oportioml %o the mm'ber of FC per ARCY

S ¢ s mc (ma pansibly FC) were mnrmung, and &d not interact

at first thelr concentrations would ehange end this could affect the
‘mormwmmmmwiththemc.

J:n ths memat:m model 21l Ano" would be similar, if not
1dmtical, in tho relative rumbers of ARG and FC, Howarer, if the

i.nit.to.l nambers were very m, esg. with 1685 than 10° cells cultured

to per difthlim nhamber, the nunber of ARC to a single mt:z.gem may ’be

oorl, ‘und 2 i;alsc. rether infrequent, Thererare no interackions may
ocm for some time until several ARC sve resent., FRE™ formed at
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thie time might still proliferate for the umual period, but at the
time of assay the foci would still be amsll, or quite possibly
undetecteble (sinse Berenbaum and Stringer, 1970, have shown how
aifficult it is to determine the numbers of small hasmolytic fool with
sccuracy), Indeed, no intersstions may ocour during the period of
sntigenie excitation and the sulture may give & negative result,
even though ARC are presents R

Averaging the results of pé@pa of aimilsr eultures, each
responding at a dfferent time, or failing to respond, would result
in an overall "péek" in tha response when the majority of responding
éultures reached their individuel pesks, However, since they m'v,
.h‘ave started to respond at different times, st this time only some
will contain fool vith the maximum rumber of FFC (after which the
numbér decnnes) s end the mean mmber will sppear sub=optimal,

In fthe case of diffusion chanber gultures with meny oells (in
excess of 12 x 106i‘ , or perhaps nomnl inteot mice, the probability
of the ARC present initislly :f;ntemf;ng with 0 may be sufficiently
high for a1l of them to becoms ARC™ within the first one or two
aell oycles, Therefore they will in effect be synchronized, end all
eultures will begin responding sbout the same time. All will then
reach their peaks epproximately dmltmemaly and uil; appear at this
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time to have the marimm possible mimber of FFG pu'focus The muber
‘of fool will also be directly proportional to the mubers of cells
initially present, no ingreass in ths mmbers of ARC having taken
place, snd £RC will be the limiting cell-type.

With fewer cells initially the probability of an ARC interacting
with & FO in time to develop into a detectable foous, or to produse
large mmbers of FFC will depend upon the product of thelir individual
cmomtuuon;.' Agein, in this situstion the presence of sntigen-
sensitised macropheges mey further incresse the probsbility of mich
intersction, and so the eommtﬁtion of the latter may be important.

: In uhori, the model of Groves et al (1970) postulates a reduction
© in the mmber of IC per ARC™, whereas the sbove dsscribed version of
it postulates a delay in ARO™ formation, limiting the mmber of FFC
produced within the period of investigation, |
Wbéma‘thé:‘eriae& model semms superior to the éﬂginalj.a in it
- pred:ictim'of_ ihe slowing end delaying of the overall appeargxico of

. P¥0, For the purposes of discussion, the effect of irradiation will

e é{mated. with &isappearance of precursor cells (ARC and FC) and will
be e@ifaiem to“ a redxcﬁm in the cell mxmber. However, it is un~
likely ,‘I:hait tho mubers of aotivity of macrophages are affectsd in the

* short-tem by irradistion,
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Considering first s mmall reduction in the optimal muiber of cells
per culture or the spleen of a mouse imdiated with a lmall doso or
redistion (e.g. 100 rads), the mizbers of ARC and FC will be reduced
corrsspondingly, Howmr, it Wil min probable thst ARC™ formation
will still ocour sarly in th. relponu and th. rosponses of mumn
fool of FFC l‘illb. tairly lymhroms, mahing thoirpukn about the
same time as in eontrols (4.e, cultures with an optimm cell rumber or
unirradisted spleens). The height of the consined peak of all fool per
lphmorculmnvinﬂwnforebo&muypmporﬁmltothom«
of ARC present initially, | o

If the misbers of FFC are followed throughout the exponentiel
periodﬂmywillbe seen to rise nbanthobwkgrmmd lavel first in
the eontrols, and shortly uftmarén in the reduced cell group. dne to
the mmaller mumbers _1nit1111y reoruited, therutter the curves will
rise in parallel, with the controls always ibuv& the second group by »

factor appraﬁmtely equal to the initial reduotion in mac. The pesks
will ooour about the same time, _ " | A

With & greater reduction in the ooll muaber (or a dose of perhaps
200 yads), some ARC may at :t'u-st fail to come imto contact with IC of
the corresponding specificity end the dsvelopment of their fool will
be aslayed clightly, However the muber of ARC™ will be slightly
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" inorsased dnc to free division of such ARC before interaction, There~-
_aftermvinberccruitadmdl mmvmm.fod st similar

rates, but some may lag cne or two oollvmln behind the others,

| __mxile'thn. reduction in the total mumber of FFC produced may be

sngf;tzy 143- than the initisl redustion in the mumbers of ARC, due

to the increased mumber of ARC™, the individual foed will mot attain
. their pesk FFC mmbers simltanecusly and the oversll peak mumber will
still be approximately proportional to the mmber of MRS initially |
- pfe#ent 'Overall, the aevélomt of 'PFG will stiil pu'llhl the sontrols,
but the lagvillbegreater, andthtpuk. byhiubroadmod, will be
slightly delayed. | . o o

Byumthedataatwumm,itmbopolubhto |

' quantitate the effec'ts of z-ca.\wod oell m-, or Mation lppm-f |
'An.mately. Groves et al (1570) estimated the muber of ARG per normal
mouse splemtobaintheoraworm Beversl other suthors
: estimated similar i‘iguru (xmay et al, 1965; Pmmir ot al. 1965). .
, while others o‘otainea closely ounpatibh results (Shew et nl, 1969;

" see also Pert III, Sestion 10 (b)). Asamingthcb ormctobam-t
| closely reflected by ths relative w.m- of FFO pom attained ronomg

subsegamt immmization, a valuo o:!' 100 rads -hauld bc e fair lppm
'”‘A‘imation (.ee Fig 17)s - B



Therefore a redustion to 37 of the spleen oell musber of a mml
mouse would be approximst ely equivalent to the eﬂ‘eot of 350 rads, and
would result in a reduction from about 1000 to 30 in the munber of ARC
per spleen, If T°C were equally affected the chances of intera;:tioh
within the first cell cycle would be approximately 1000 times lower
then in a normal spleen, “Thia would Wst»omiw ds‘.hy
before all ARC became activated and possibly some would pass through
the reactiva phase without begaming ARC™, |

, Nevertheless, probebly the majority would beoome active in the .
first few cycles end again the mubers of IFC would riu at the normel
rate thereafter, 2gain below and baﬁind the controls, The ‘pesk mmberk‘
would 'be expected to be about 0.03. of that in céntrola; Msﬁll
further flettened and the mean time delayeds '

A dosze of 500 rads (cr an equivalent lm—fo.t.d reduction :’m the
oell mmber, using the above D_ to estimata the relationship) might

- pemilt in verv vide vanations develnping between mios ¥hich were

\ariglnany fdentical, since the mesn nmber of ARC would be in the
ovder of only 7. As«uming the number of ARG per aplem to follow

" a Polsson @istribution {see Part II, page 57 ), the standard errer of

7 wonld be apnroximately .:,.5, 80 mico misht mll heve between &4 and
10 iRO, reflwb!mg normal statistioal Variation. Some might now
a1 to respond at €11 for several cyoles, while individual "
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ARC™ may begin proliferating socmer in other mhall_(or |
oultures). The overall effect would be esynchwomy of the response,
both within mtﬁ.vi&ul spleens and groups of mice, Vithi.n individusl
'foczthemmbarl of FFC will ltillincreueat anomalratc,’but some
 may pass their pesks before others have reached significant mumbers,
The probability of' an ARC® forming will increase with time as the pree
| cursors divide so the responss in an individuel will also tend to

" aontimue building up nntu unresruited ARC cease to be reactive (or

- the antigen is destroyed or mtnliaod with antﬁ:ody).

Therafore the total muiber of FFC .pervindivim mey inocrease
erra:tically,: ‘bu£ if é group of splesus a;-efpooloa, t_hi.a may resilt in a
smoother curve with a slope gonsidersbly less than in the controls.
Due to the larger mmﬁér of ARG™ -Apmarmg :mt& in the response, the
peakmaybe extemdedlongmughtomet the domram of the
controla, wb.en tha mmbera of PFC are plotted graphica.uy

Due to the combinad effml of uéneing and dslaying the
response, e camParxson of the numbers of TFC prumt in all groups
at the tme of the control ;peak will ahmr very wide divergm, whmas
ir tha peak numbers of each gronp are oompued, 1rrnpeotivc of the
time they are mama, the aimrm will be mioch less, What was |
lost due to delnying the rasponn may bo pmrtly mﬂe up by tho
pro]iferation of ARG bef‘ozn notivatins ¥O, A'uo &ao to the httw
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cause, vhich may act es an autcmatio homeostatic regulatory meehanism,
~ the ovez;all production of P?c will be considerably less depressed then
 the initial reéuction sn ARG might suggest, The two methods of assay
‘wight well give D values of 60 and iOO reds, respectively (see Part
. III, Scotion 6 (i)). | B
| With lethal doses of redistion, or very few cells in culﬁ(_..zwg.:,
ture, same individusls may £ail to respond to the sntigemie stimulstion
fue to total loms of ARC. If thess have & D_ of 100 rads, 700 rads would
reduce the mean number of survivors per spleem to less then 1, while
‘follcwing 850 rads only shout 2 mice in 10 shculd respond at all, |
Furthemmore, even if a single surviving IRC 18 present, few, if
| any, of its deughters may ever interact with EC, Althou_gh Groves
et a1 (1970) postulated the letter to exceed ARC in number by a fastor
of sbout 5 in nommal spleems, very few would be expected to survive
850 rads, particularly if the survivors do not proliferate, Hence
even mjec{-.ing b;me marTow 69115' will fail to restore immmological
responsiveness 80 long as ARC are absenh. Similarly, injeoting thymus
coll.s mll also fail to elioit a reanonse, aue to the absenee of bons
mamw—derivea 'r’C. The respones o‘bsemd following 700 rads (see Part III,
Section 6 (1) and Fig. 13) was s0 mach dela;yed that it mey hsve been
initiated by new mc produged 'by the thyms. This ma;v have rerresented
the beginning of recovery of irmmne capaoity, rather than a response |
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by the oelis present at the tima of inaection.
(vii) Reaovg_:_z of Tmmmne Rew |

consi.dering the recovery of the immme system ralloning
irmdution (ue, also, Pm III, Seoticn 8), it will be exrected
to bo limited mainly by the _proceaning" of thymus-derived 1ymphocytal
bafore they can becoma ARC, This view is shered by Gregory and La:}tha.
(1970). Tyan, Gole & Nowell (1966) estimated cells responding to s
ﬂlograﬁ requirodaperiodofaboue w&yamt}wmimnmmt of
the thymis to acquire Wompetmco, and this may mll be a;nﬁlar
to that required in the &enlopm@t of cells reactive to erythroéytaa.

ARC are themselves derived from @11: originating in the bone
marrow (MeGreger, 1968; Doria end Agarossi, 1969) (or the liver in the
foetus - Umiel, Globerson & Auerbech, 1968), so in heavily irradiated
animals the m:mbqr of stem cells will be much reduced for a mumber
of days, vf‘urtha- delaying the appesrance of ARG precurscrs, and the :
supply of these may remain sibnormal for severel wecks, Therefore |
4t is not surprising that immmocompetence does mt begin to recover -
fc& at leaﬁt 10 days and is still less then in gontrols 3 montha afte:r.'
irradistion with 500 rads (see Part I1Y, Section 8).

By injecting bone marrow suspensions into mice irradiated with
925r, , Shearer and Cudkowies (1969) induced recovery of the immne
systen considersbly sooner then in unrestored mice, With 10° gells,
30% of recipients had recoversd fully after approximstely 30 dsys. In
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a similar experiment, Gregory and matha (1976) showed that the injeotion
of thymus eells as well as bone warrow cells resulted in immodiate |
restoration of the response, but their relativer effectivenss fqil with time,
rresumsbly due to the regemeretion of thyms-derived gells in the |
recipimts;

23 was shovm in 'Segtion 8 (3ii), immamological unrespoxiaiveneur
was due to the lack of irzmnwcampetént cells, end not ‘co other factors.

(vits) Soleen Wodules

In Part III, Section 9, the immmoccmpetence of spleen ncdules
was assessed very crudely, and shown to be slightly vsulmormal, with
respect to the remainder of the sple& Frobably thig wai due to the
oells arising in the nodules being of direet bone RMEYTOW érigin. and
therefore locking in #RC, aithough FC may have been produced in them.
Since thymus-derived Yymphocytes move freely in the ciroulation
* (for instence Mofregor, izecunagh & Gowans, 1967; Milier * hﬁtéhcll.
‘1968) s activated ARC moy enter ihe nodules ar‘;d. iﬁitiate the develomment
ef fool of PFC.‘ However,‘ A may- alreaadr be pressnf in the older parts of
the apiem,. or nerhops these moy have & better blocd :mi:p]y._ Théreférq _'
FFC develorment msy be initiated esrlier in theze regicns, This would
result in the hicher concenti'atioxm of txC observéd in the intrancdular

tissues about the eieventh daye
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Celsda and Wigsell (1966) cbtained evidance that clones of PFC
arose randomly among nodules and inoreased in size and murber with time,
This would be consistent with the entry of surviving migratory ARC
from other tissues, but it could also be due to IC also entering vis -
the cireulation, and not deing derived from the original stem cells of
the nodales, |
(ix) Sparing Effect | |

Tt was shown in Part III, Section 7, that & small sparing effect
coourred 1f a total dose of 500 reds was given as two fractions one or
more hours apart, when the ability to reapond to a aubsequent indeoﬁoa
of SHC was testsd, The effest appesred approximately eqivalent to rwm
the total dose to ebout 425 rads, ; |

Sugh sparing effecis are more usually associated with the
production of sublethal demage within cells which, if allowed to
repsir, results in reduced cell-desth. In biological systems
in which an accummlation of sublethal demage occursu_b‘e'fcre the
| first lethal events, the ’sm'*vivaﬂ. curve o'ntaincd followihg a single

dome of radiation shows a "ahculﬁer” ’ .sqﬁi#alent to the thioﬂxold of
effeotiveness, vhen the mumber of survivors is plotted logarithmieally
against the dose (Elkind & Suttén, '1950) Although the data in the
studies reported here arc rather varlablc f‘o* raambmloglcal

anelysis, there does not appear to bs auch a shoulder in the
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corresponding unfractionated dose response curves (see f‘ig. 16, 17 and
18), at least when FFC sre cmgim except for m.oné uncormected
with this. The results of Kennedy et el (1965) wm ooaxparabis‘
those shown in Fig. 16, but sgain showed no shoulder when plotted
as dose-response ourves, A shoulder of appreximately the expected
width was, however, obtsined when mice were irradiated during
the'imﬁxvaev response (see Pig, 24 end 25), but this was not a strictly
comparsble situation, , | v . ' '
Two different kinds of explanation will be suggested to reconcile
the cocurrence of a spering effect with the sbsence of & shonlder,
r_irst‘zj,, the effoct of the first fraction of radiation may cmse
the rolealo of a"mn—spediﬁc stimulatory facior, e. g lymchodetin,
which may cause the undamaged collﬁ ) 1~ egzter 2 more r.'aistant part. of
fhe cell cyelo. Perhaps this produces rise in the ieiels of engymes "
associated w:.th INA synthesis whlch ma,, non-s;:eciﬁcally renair
part of the demage cuased by the first do='e of rodiation,
Al'ce:métively, FC may nomxally be in 2 state in which sublethal
' injury is rej paired, but the svmval curve” for the rromcﬁm of

“IFG is exponential becanse ARC are not shle to do this. It has alraaw y
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‘been suggested that in the normal spleen, or in animels exposed only to
anall doses of rediation (when & "shoulder effect® would be most marked),
the response is drectly linited by the mmber of thymis-derived ARC,
Therefcre incressed recovery of the bone marrow-derived IC will have
1itt1e effect, except possibly for a mrginal apesding of the comonoe-
', ment of therr'espmn. o _
 Pollowing 500 rads, however, the survival of FC will be important,
but the effect (according to the model proposed earlier) will be to
shorten the lag period before ARG™-forming interactions take place.
The m@w. of the FFC peak will not be significantly affected, although
it would cocur rather esrlier. This would agres quite well with the
cbservations illustrated in Fig, 26, | |
Te numaxizo. thcrepuirof mbmmwmmmmlb
beoblaured'bythe 1nnk of repair in ARC, However, thinwmt apply
tothoeffwtlofraﬂlﬁonmthmudphwootthem
response, sinoe both ARG and FC may then be proliferating and equally able to
repedr miblethal damage. |
(x) Contimstion of Response after Initial Peak |
| So far 1ittle attention has been given %0 the kinetics of the
- response following the initial pesk in the mumbers of 195 FFC, nor has
this been considered in the stochestic models of others, However, it
would seem probable from the similsr effects of radiation on the mubers
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of FFC thrc_mshmxt the response (Bembmm, 1966a, ond Part III..
~ Seotion 5) that the basic proliferative process is similar,
Some ARC mey escape activation at first, while now cells may be

| p:?oduoed contimicusly in normal mice, It is not inoomedvablc-

that the precursors of ARC and FC m alreaqv antigen-specifie, and may
also be stimilated by the antigen to producs new immmocompetent cells,
Therofo;-é while the concentration of antigen exceeds that of antibody,
new foci of I¥C may be initiated osontimucusly, Since this will

_probably only occur at a slow rate, the overall height of the response
will not be very high. (If 1000 ARC stimileted similtenecusly produce
_ ap@akofz.ilo51>1?c, eaahfoéntmldonmocantainohlyaoo
. FFC before geasing to funstion). | "

Altmtively a proportion of ARC may respcua more alovl; ma/or

for a _longer period, and ®o contime theresponse beyond the time
' when the majority beocme inactive, Indeed this may be the case in the
produgtion of 78 FFC. Shaam and Cudkowios (1969) end Shearer et n
| (19(9) ‘-ugguted on the basis of transferring 1imited mmbers of spleen

' cells %o iethnny irradisted recipdents that 1% m, 75 F¥C snd hasm~
agglutinin-produoing oells arose from MMt mtiéen-smﬂtin
units (ASU; equivalent to ABC™ in the nomenalature of Groves et al, .
1970). These cocurred at &ifferent frequenaies, those produsing 195 0
bd.ng approximately twice as mmercus as the othexr types. It would not,
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therefore, be surprising if they miltiplied at different rates, More-
over, there may well be at least two types of TS EFC ASU, each produsing
aaapax?atepetk; mummm:pmdtothomlk:oblmdonday-
6 and 10, as reported in Part III, Seotion 1 (see Pig, 2).
| Cells prohcim agglutinina ("rosette~forming cells") were not
assayed in these studiu, but thm was oconsidersble similarity between
eh-rmnurmmmmwwaam»a. o e
similer cellular basis may underly thedr pmmcuon. '
Recently, Playfair (2970) has pu.'euntod evidence mggost.'m of &
direct mspombyulhpmemmthobmmofnﬁcetosm, :
- which remilted in the appoarm of direct FIU in the spleens of
lethnlly irradiated rocipient.l.‘ Such & thgms—indopmdent respnuq '
was predicted by Tyan et al (1969). The runber of FFC produced was
low, but increased in direct mpomontotmnmbcofmm :
cells transferred, '.l'hey also lppnrad hls lumpti'blo %0 the
tolmsonie m of oycloﬂu-phnda. ma were postuhtod to bolmz
toa seaond clnu of I, Indircct evidence muggested theu might aluo
mathnpzm, but mbabnmmmmmmm orth.cyp- |
| which mist intersot with ARO, | |
Therefore the mmbers of splmic TRC cbserved in mtact moe my '

~ be derived mainly from synergistically pro&adm (Pcz), but elso from
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drectly produced FC (F0,). While these mey have &ifferent radio-
sensitivities, the difference is unlikely to be grest and so the
responses may be similarly depressed by irradietion., However, since
1o interaction with ARC may be involved, there should be little delsying
effect on the IC,, except possibly that produced by sublethal damage
which is repalred before pmllfanﬁen coumenoss. No radiobioclogical

' date 1s availsble as yet," 80 further speculation cn the implications of
" much & second populetion is not advissble.
| '!hmappearad,onthowholo,tobequitegoodagremtm
the remults t'er‘19s end 7S FFC, when these wers both studied (see

Part III, Seotiom 5), The sppearsnce mamm:otn-mm
| delayed, and their general levels dspressed by irradiation (Fig, 9 and
10, and Table 4). When mice were irradisted on the 8th day of the
_ reupomo, 'bath 195 and 78 FIC diuppured rapﬁ.dly from the spleens,
B Althmﬂu 1% m fell more rapidly. this may have been because they

: wera elresdy deolining, whereas 75 FFC were spproaching thedr second
peak end the suvivers may have been zore gc?tive, Altématitely,‘ i:hin
| nay h&n‘ rarlcctod. 'y futer rate of tumonr mong 198 cells,
| Heverthelns, the difference in their mm times was less than
5 hours, '
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(x8) ZEstimation of Cell Cyole Time

As suggested in Seotion 6, the rate of disappéarance of 19S FFPC
(ses Pig. 19) follovlng the largest ﬂﬁuﬁ (1000 and 1500 rads) msy |
be closely correlated with the celiA oycle fim_ &uring theiy production,
FFC are likely to remain active until caused to divide, when damage
insufficient to prevent the synthesis of antibody may be sufficient
to cause death during, or shortly after, mitosis, Therefore this
would indicate that approximately 50% of FFC reach their next mitosis
within 7.6 hours, and that this may be equivalent to ther mean length
of interchsse, Allowing 2,4 hours for mitosis, the éstimt@. cell cycle
tine of 195 FFC would be sbout 10 hours, If mitosis tekes lomger, this
estimate should be inoressed, but if it is. shorter, or if cnly a brief
phase in mitosis is sensitive to these doses of radiation, it should
be decreased. Perkins ct al (1969) eétimtaftm mean F¥C cycle time
in ﬁlw pu::lmry response to be about 8.;'5 houru, if the “ﬂzelf" times duying
the "staircase” rise in their mmbm were aquivﬂmt to this, The
" results were therefore quite eompatible, '

Tennenberg and Meleviye (1968) ; using the dm'bla-—labelnng
‘teohnique of Wimber ond Quastler (1963), estimated the mesn oyole

' 'timeoflssmctebelshows. Howcm,aspointodoutby»

‘Perkins et al (1969), ‘the umpticns ‘they maaa were uuitabl.a t‘or thn ‘
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snalysis of randomly dividing colla,_"mr‘eu FPC appear to inorease nome

randomly, Therefore their conclusicns may have boen scmewhst bissed,

(=) Apparent Changes in Rediosensitivity

_ It was indicated in Part III, Section 5, table -ll-, that the overall
Pl'ﬂmm of FFC was least affected by a dose of_ﬂJO rads whem given

2 hours after immnigation (not counting irradiation om day 8, after

the I%Pmpelk had been pu_ud). This 'Itl noted in all the parameters

‘.detemimd, partieularly in the production of circulsting hasmlysin,
Bererbmm (1966s) took the view that the radiosensitivity of the
i.mnoompctm ocnsmmnkontbnrywtlyat diffauut times

.dm-ingthe:mpoau,mw ludlmlppueatrallinthcra&o-

mitivityor the rnponu refleated an increase inthdrmnber-.

no mm. 1- available to oontrad:tct thh, exaept that tha mtiboﬂy-

_ teleas:bu ctpanity of F¥C is not affected d@iﬁ«nﬁy by sublethal

- - doses of . radiatica. Homu, since 4hese ere also pronrerating cells

(C1atiin & Smithies, 1967) they remain highly sensitive when stimmlated

to divide, | | . | ,

" The stoohnstia modol propoud in this Discussion would also prea.tct
~ that the mmbers of immmocompstent oells (ARG end FO, end posaibly
slso PPC) would have inoressed in number 24 hours after immmization,
Therefors the mumber of survivors would presuinably inevease proporkicnately,
" 80 ensbling the response to contime mommpimythm in mﬂmlatcd
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arimals, As has already been suggested, a dose of 500 rads would reduce
the muubers of surviving cells to 0, 7%, assuming & D of 100 rads, In
the case of ARG a mean survival of 7 per spleen would therefore be
expected without antigenic stimulation, It would appear possible from
| Fig, 9 that dissocoistion of ARC-FC clusters may hgve ocourred, or more
probably that dead partner cells may heve beem shed, leaving fres ARC and
FC. The resulting "growth curve® of 195 F¥C atd ot appear dissimilar to
| ‘that obtained following a dose of 350 rads given before inmunization (see
'Fig. 13). This would indtoste the survival of approximstely 30 ARC
per spleen, which would be expected if 2 doublings hhd already ocourred
in the originel mmber since immmigzstion, The peek was reached cn the
6th day after immmixation in each curve, following a slower than normal
- rate of inoreass, and was followed by an extended irregular platesu,
According to the model, dissocisted surviving ARC snd FC may have
intaractad a second time, possibly following some proliferation, and would
form unsynchronized foci reaching individusl pesks st various intervals.
Irradiation 6 hours after inmmizetion was less effective then irradia-
tion 24 hours befdre injecting the entigen, Since prolite:ation d4id not -
sppesr to begin for 12 hours (Perkins et al, 1969), it seeus un- |
likely that there was any significant increase in the mmbers of
. immmoccmpetent cells, slthough some surviving KO may slready have
received & mitogenic aumnurmnaac which were to receive a lethal
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dose of radiation, These might then doubls, prdﬂ.ding a snall
_Gompensatory effect to thet of irradistion. It is also possible that
metebolie changes following contact with antigen, particularly within
K0, may inorease their abllity to survive or repair radistion injary,
In any case, the response was much less marked than in mice irradisted
a further 18 hours lsater, | | '
¥hen 500 reds was givam on the third day of the response the

murhers otARﬁ and IC were probably very large, as were those of
TFC, Eowever the responss not only declined very rapidly, but was
slow to m. ‘l‘hérefom 1t would sppesr that cells alrndy in
- active hamol,ytio roei. may not dimciatt, even thw@z perhaps 997 are
' killed. 'fhe antigenio stimilation may then mwm 1ts ocourss mg the
survivors, luving them inactive, | | | '
_ However, as suggented previoully, the presance of ant:lgen may
| sﬁmlatc thnpz-o&mtionuffnubimnmompetm ccmottheoorru-
pond:ing apuiﬁoity. It may thmfm be that the survivors from amng
| ‘the:enwoelh promce the appmt movm lm arterthe 7th day.

: By id1ling the ma.jaruy of the iniﬁdlywlﬁmlatod PFC, 11: may be
o potsible that gome of the celll vhich mmally prmhca tha mﬁmﬂon
- of tho msponu are bﬁng amma. !hedrmbar-uiu bc
:very low, t‘htc to Maﬁon, and thardm the respcnu will appear
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| slow. Fevertheless it contimies to rise until it equals the muber
‘of PFG produced by the cmti-ou lete in the ielpbnaa ‘Because there
are few mrvivorl, the Tesponse may by chamc resembh that of the
initial responss of mice irradisted prior to unmisation, and follow
the same pathny" (see Section 5).

| Themmtpplywlmtluuﬂ.«mirﬂdhtaﬂat other times
an-ing the mpease, e.g. on the 8th day.
(xi11) Discrepanoy between 198 FFC Fusber end Hasmolyxin Titre

" In ihﬁvw desoribed in Part III, Sectich 5, it was noted
that the titre of hasanlysin detected in the group of mice irradisted
- 24 hours attar mmm (the “aay 1" group) remained at a higher
level than in the eontrolufromabout ﬂwuthdayottherespom
orwerds, Although it was slower to develop than in the control group,
this persistence, instead of the normal i&eoline, resulted in an overall
haemolytic activity 95% of the oomtrol level during & 39-day period
(as estimated by comparing the arm cn the graph; see toble &), The
.oorremding prodncticn of 198 FFC was only 1}% o!' the eontrol levﬂ.
aml.ng the seme pmoé. ! |

. More reoent 1nvesti.gationl (not aeacrlbed) sumast that :lt is

improbable that extra-splenic aﬁ.tes of haenoly:in aynthenis acoount for
this apparmt disorepenoy, and in sny cese it mlébe afficult to .
explain why these were not as severely aﬂ'eated by irradietion as
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iplemic m. Since the volnma of blood obtained per mouse appeared
to be anghtly less from the irradisted mice than from normal '
' animals (althou_ﬂx this was not quantitated acourately), the total
emcunt of antibody may have been non-specifically "concentrated® in
- the smaller blood volume, This would be detected as & higher titre,
- Another possible explanation is that mv degres of seleotion
takes place as the response proceeds, which progxissivoly increases
- the affinity of the antibody produced; This process might be more
marked in the irradiated mice, If it were the case, the same muber
of PIC might prodios an entiservm of higher titre, However, it is
' difﬁ.cult" to understend why such a selective process sho’ui& be more ‘
effective in irradiated than in normal sise mcd,,pmmmzy as the
munber of antigen-reactive cells is probably drastically redced by
the radiation, The only suggestion which can be offered at present
is that antiga\-reactive recursors are prefermtidll,y astimlated to
produce fresh immnocomnetent oella which play a more importamt part
| in the later developnent of the imme reaponae. Sehmm maur
operate at this level, causing ¥C of higher efficlency to become
. m.s.labu. In unirradiatea. mice, dus %o the rapid neutranzauun of
antigen by the anthem, ‘the precursor cells ma.y ‘be less stz'mgly
' stimlat_e&,
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Assuming this to be correct, it would follow that only thoss
precursors which interact most strongly with SRC would be stimileted
to divide, Therefore when ix?ré.diated at 24 hours the proportion of
high-sffinity precursors would be elevated, and would be reflected
by an increased umber of survivors, Irradiation before immmiszation
would result in fewer total surﬁving precursor cells, and no seleaticn.
Irradiation & day after imumizetion results in a stronger PR Teaponse
and the antibody produced b;theu may have above-normal affinity.
(xiv) 1 mthesis in Irradi ala |

Related to ’the increase in the mpanu it mgﬁon is dllw
mtiltmit&htim aftu'imi.lﬁmtlthlwmof echanoemmt
(see alec Introauotion, Sestions (1) and (iv)), Such erhancement has
been obteined by seversl groups :atuaying rabbits (g.x. Taliaferro
ot a1, 1952; Dixon & ucl%mhoy, 1965). but hes not been reported
in mice, It was never cbserved in these studies, and species
differences meem the most likely emplmatim. Bower it maw be
J'wortlvofafewcamanta. o

- Buah enhanced output of antiboaias appeared correlated with
hyperuactiva phm cell pwnfmtim within the &phtcd mmc
tissues (Dixon & MoSanshey, 1963)s Perhapa FC, cnce stimilated to
divide by »activated ARC in rebbite, may have the _abinty to contime
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| pmonferat;ng spontansously until ceused to stop, . Irradietion may
K111 many of both types of cell, but some EO may survive while
thelr regulating ARC dle or are disscciated from them; Therefore
‘these FC (or FFC, as they may have beoome) increase until their
runbers more than compensate for the initisl loss, No further
recruitment of unstimlated cells would be expected, and this would
sgres with the cbservation that the rate of inoresse in the antibody
levels was alower than normsl, The reaponse may only terminate due
to spantanecus dqgeneratim'cf the PO, In the mouse, on the other
hand, FFC may require & contimious mitogenic stimlus fyom ARG
‘to proliferste, although they msy be sble to oontinue antibody mm:
- (xv) EMM&M
The nature of "natural pluquo-fomi.ns cen- rcmnim mu'esolvea.
Kermedy ot al (1965) pointed out thet these were too few in number
to acdount for_ all the preeursors of FFC, ahiph thay\ eat_imatea to be
sporoximately 5000 per spleem, Moreover it was shown in Pert IIT,
Section 4, that their runber changed cnly s1ightly following irrade
| _hticm, whereas in Scctions 5 end 6 1%: me shown that the immmne
respunle varied ﬂanly with tha time an& dose of ra&iatiom .
‘ordin (1968) detected n-qu in the spleens of mﬁmmizea gm-fme :
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moe, Therefore it is prebsble that they erise spontemeously, and
not in direct response ¢o ahﬁgshic stimilation, even to antigenn
with commom antigenio determinants to those of SRC. They were slm
by Wigsell (1966€) to be unsffected by specifie 75 antierythrocytie
serun, Following 500 rads of X-rays their mmber declined slowly,
before recovering, indicating that n-F¥C belong to a slowly turringe
over population of cells (mes Pig. 7). '
It was noted in Scoticn 9 that neFFC were relatively frequemt
among spleen nodules in irradiated mice, Therafore they
probadbly arise rapidly, but seem imahla to respond to SRC. Possibly
they represent PG which have slready passed the immmosompetent phase
and om 1o longer interact with ARG, They may therefors be terminal
 bone marrowedsrived cells which are contimslly replaced by fresh FC,
It would be desirable to have more informsticn concerning their
significance and activity,
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V. CONCLUSIONS: NEW ADVANCES AND FUTURE STUDIES SUGGRSTED

It was ecnoluded that the principal cmse of the inhibitory
effects of fomising radistion on the immme response is due to

the death of immneccmpetent lyaphoid cells, Although the
precursors of mecrohages may be killed by rediation (Virolainen,

- 1968), mature macrophages spparently continme to fimotion normally
following sublethal doses (Murematsu et al, 1965). Dus to their
-loss &uring the normal turnover of these cells, the phagooytic
 oapacity of the animal may doclino tmporrarily, but there was

no direct ovidenca from these ltudio- that this l‘xul.uv .
}aig’niﬂ.omt( effoot on the rcsponﬁ <o SRC.

" The lymphoid cells which take part in this response are
probably of two main classes, thymus-derived and bone mm-asrind
(Mitchell and Miller, isse a,b), which ’co-ap.un with each other,
However,> direct response by bons marrow-derived cells to the
. entigenic stimulus may contribute to & lesser degree (Hiyfd.r,
1970). Both ocell types undergo mitosis before Mn& pre-
cursors are "reoruited" to become PFC (Davies et 81, 1967; Nossal
et a1, 1968), end it is probebly before or aurxng this aitigmg
induced proliferation thet the dmgo caused by irradiation exerts

236



CONCHJSIDNS' NEW ADVANCES AND FUTURE STUDIES SUGGES'I‘ED 237

its lethal erfectu. FFC already reoruited may contimie antibody
synthesis for seveul deys despite lethal doses of rnaiation (Sado,
1969) » provided the mitogenie stimulus s cut off. 'I'ho effeot of this
oeu-lduing may bc mm- to a roam:tion in the concentration of

' lymphoid cen- 1n tiuno cultures.

In those studsea it was oblorved that the 1ma Tesponse was
reduced, dolay.d and slmred by mm.um at varltms timen 'beforo
and after immmnization, A otoghutio mac_l based on that of Groves
et a1 (1970) has been proposed to explain t,hn'. in terms of changes
in the mmbers of visble cells, While this model is still highly
speculative, it appears to be compatible both with the major findings
reported 1n tho mmt litmturc and with most of th‘ additional
obmtions herro. To this extcnt » this thucll ﬂprennts an

attnpt to intexute ths ﬂ.mungs of many other mathors md o

. proﬁ.do a bnin for future investigntim.

New ﬁndingl momaea the following:-
1. An nppruimtc value for ths Oxygen Enhancamt
B amo of mature PFC irradiated in m was obtui.md,“ |
 but their comparatively lov rediosensisivity v
| ﬂ.ruw knewn,. :
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Berenbaum (1966s) had alrveady shown that the immme
response could be inhibited tunporaril;r_,by irradiation

st any time following the injecticn of SRC. However,

the experiment desoribed in Part III, Section 5, was

more exteneive than his and included results for 75 FFO
~and haemolysin titres, as well as 193 F¥C, Similarities

in the mzbers of 195 FFC in the different groups of

Arradiated mice were noted,

When » direct comparison was made betwsen the mumbers
of 193 FPC and the levels of hassolysin (as far as

~ this was possidble), both similarities and discrepancies
were noied. A tentative explanation for the differences

~ was proposed,

Effects of different doses of radi;tion prior to immmi-
sation were described, and the difficulties involved

in obteining useful 'ddle~r0lp9nl0 curves were discussed,

‘The D_ for the survival of the immmnocompotent cells

-involved in the respcase to SRC was estimated to be
approximately 97 rads, although the "survival curve" cbtained
b days efter immunization indicated a D_ of cnly ebout 60

rads, The overall 'mdiosen_dtiﬂtj of the immme response
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was estimeted from an integrated dose-effect curve,
the D_ of which was in tp& order of 150 n&s._ The
possibis z-eaacnh for this wide range of results was
disouned in terms of the changed z-atc of thc 1mme |

| rolpemo and the theoretieal mdtl.

Dose-response curves were also obtsined for the first

‘time when mice were irradiated two days after immﬁttioh.v

That for 195 FIC also indicsted a D_ value of betmesn
90 and 100 rads for thedrlpmsorl (or their associated

t}wu-derivéd cflle). From tha maximm rates of

v dimppeax-anco of 198 m, thelr mean cell ayclc time

1

8.

mantimatedtobemthaordarofmhw:. ,
A spering effect was shown for the first time in the
m nechaniin by the use of frgctionﬁted umdiéticp.
The recovery of immmocompetence following irradiation
has been studied by mamr prdvioua imestigatort, but an
oxperimsn‘b in thele studies provided addit:lom.l Mcmﬁou |

.on the kinetios of the reapense in partitlly recovered nzlec.

The use of the splem cell transfeor systum ahowed that
roaovgx'y was acoompmied 'by the re-uppcaranoe of immmoe
compctent cells, | | | )
In:o'mgﬁon additionsl to that of Celada md Vigsell
(1966) on i:he appmanée of FFC in si;_lean nodules of
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irradiated mice was presented in Part III, Section 9, but
. the conolusions were !:lm:llar.
9. . Result: obtained in Section 10 nning the spleen cell
transfer system were nomt ‘disappoi.nting and should be
repested, _An aprroximate ‘eatiniate of the sensitivity
of the precursors of F¥0 to irradietion in vitro was
obteained, tut a degree of uncertainty was introdiced
by the need to use a correction factor 4o compansate
for the non-linear relationship between the mumber of
0911- tmsfmed end the mupber of F¥C proanoed. The
-~ best astimata for theiy D was 55 rads. No clear effect
of varying the number of cells or the dose of radietion
~ on the rate of appeerance of FFC was obgained, although
| the.reipcns'e‘uaaedmore rapid with & larger rnumber of
tifansfmed spleen ct(n'un.v

Several nnel of investigation in this thuis are
far from complete end further atudy mght be mﬁ.tabh.

. Experiments are a!.ready in progress to determine the
 radiosensitivity of mature FFG irradiated in yitre with greater
sccursoy, Others ere dssigned to determine the relstive importance
of TPC in extra-splenio sites in nommsl and irradieted mice.

240
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It would aléo be of considersble interest to study the effects of
radiation on transferred thyma end bono marrav cclla in experiments
similar to those of Claman et al (1966 e, B

More complex, perhaps, vould be an iﬁvestigati.on of the
cell cyolo times of the precursors of e in normal md irradhted
mice, to determine whether this is affected 'by irradiation, or whether
the apparent slowing of the response is due to dehyed recmitmnt
of FFC, A | ,

Also the festors which limit the peak mubers of F¥C require
i.nvestiga'tion., and a compmtin study of mige f and z"abba.t; might be of
- perticulsr interest. Related td this, an 'mn'.m of the'haemlyuo

. efficienay of the antibody pmaucea by PFC at a«zr:m stages in the
response of normal end 1rx-aaiatad nrlce mlgxt provide e ai.reot
uplamtion for the appavent discrepamy between the mubers of IFC
and thc titre of antibody mportoa in Part I1X, Section 5,

~ The pmmu role of macrophages in the res;mme %o &zc
.15 still unknown. Posaibly tissue oulture uparments would be

| most fruitful in defteminmg tnis,

Use of the cell transfer systun muld allaw a cmnparatin
study of thc effeots of imizin,g snd nltra-violet raa:.ation on-
immocompetmt cells, which has not yet been done, Si.mnarly, 4
it mld alau facilitate a atudy of the effest of snoxia on their

sansithity.
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As knbwleage of\the mechanism of the immine response
increages, mc will the value of experiments using it in order to
elucidate the effeots of radiation on biclogioal syatem in

general,
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COMPUTER PROGRAM

PLAQUES;

"BEGIN""REAL™UTAL, 56,VAR, 5E,VARC, SEC, PFC, VP, VC,U, L, UT, LT, T,

RAT,CELL,X,A;

*INTEGER"™J ,I,N,MICE, NUML,NUN2,K,C,CDASH;
HREAD"NUML ;

| "FOR™J $=1"STEPM1"UNT IL"NUML "DO"

"BEGIN""READ"NUMZ,N,T;

"BEG IN""REAL"MARRAY"Y[1:N1;

"FOR"K :=1"STEP"1"UNT IL"NUM2"DO"

"BEGIN""READ"A,VP,VC,C,CDASH, MICE;

TOTAL:=58:=0,0;

"FOR™I :=1"STEP™ "UNTIL"N"DO"

"Bmm"m"r[ 1l;

TOTAL:=TOTAL4Y[ I];

S56:=55+¥[1]*Y[1];

, "END";

Xs=C/CDASH;

SAMELINE;

"pRINT™ “L7"°,ALIGNED(3,2),4,

‘L ve=",ALIGRED(S ,z) ,VP,

“*L*ve=",ve, |

“L*,DIGITS(4),C, * CELLS COUNTED IN VOL,

~

268



COMPUTEZR PROGRAU

ALIGNED(2,2) ,X,

‘L MICE=" ,nxcn'sgz)_.mxcza, “12°;
"FOR"I :=1"STEP"1 "UNTIL"N"DO"
“PRINT"ALIGNED(4,0) ,Y[11, '.'51’ S

VAR :=(SS~TOTAL#TOTAL/N) /N-1) ;
SE:=SQRT(VAR) ;
TOTAL:=TOTAL/N;

"pPRINT" “12° MEAN=",ALIGNED(5,2) ,TOTAL,
““L°VAR =",VAR,
” "L’s,b.-.:‘,sm;'

PFC $=VP*TOTAL/HICE;

VAR : =VP#VE/MICE /MICE+VAR® (1/N-1/VP)
‘8E:=SQRT(VAR);

L:=PFC-2%5%3;

Us=PFC+2#35;

LT::Prc-rr*ss ;

UT : =PFC+T*SE;

"PRINT*® “L2°PFC/SPLEEN=",ALIGNED(7,2) ,FFC,

“’L°VAR =',VAR,

*’L*s.E.=",SE,
*°L 2PC/SPIZEN +,~ 25.E, C,L,  “s2°°,U,

*“L*95% C.I., PFC/SPLEEN °,LT,”’s2'°,uT;
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CELL:=CDASE#VCHy /MICE;
VARC:=CELL¥CELL/C;

SEC:=SQRT(VARC);

L=CELL~2#SEC;

Us=CELL+2%SEC;
"pnm""m‘cEmS/spmm=‘,scAmDu),cm.L,
“*L°VAR =°,VARC, |
"L‘S.D.:‘,SEC,

“‘L‘CELLS/smeN +,= 25,B, *,L,”"s2*°,u;
mr::pﬁ:/cnmms; |

VAR : =RAT*RAT* (VAR/pm/pmu/cS 3

SE ;=5QRT(VAR);

Li=RAT~2%5B;

U=RAT+2%8E;

"PRINT" “L2°PFC/;,6 CELLS=" »FREEPDINT(4) ,RAT,
*“L*VAR =",FREEPOINT(5),VAR,

“’L*s.E.=",FREEPOINT(4),5E,

~ Ly 4

*’L°PFCy8 CELLS +,~ 25.E, “,L, "s2*°,U;
"END™; -

TEND";

“IND"

”END";
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