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ABSTRACT 

This investigation was aimed at a better_ understanding of the 

effects of single doses of ionising radiation on the.  maMstaiitul, brain, 

with,  particular reference to delayed white matter necrosis and • 

vascular lesions. The effects of previous local irradiation on 

cerebral injury and infection with B. pertussis were , also investigated. 

Hypertension inducted by renal &Maga was shown to lower the 

threshold.dose for the appearance of vascular lesions from 2,00OR to 1,00( 

-'. The latent period was ehortenedfordoses of 2,000 - 3000H. However. 

with higher *see* of 4,000R no ihorteningof the latent  

and:aniMals*vi for:the same length of timeas.the comparable group of 

nomotensive:animals. Theories to explain the phenomenonof vescuia 

irradiation damege were dismissed* 

Cerebral injury and infeetion' with B. PertueSis *ere .used to 

reveal radiation damage to neuroglialcells. The effect of dotes 

as small es 200R pould.be demonstrated three days after irradiation,., 

0erebral"injUry and infection in conjunction with previous local 

irradiation provided evidence to support the view that brain 

macrophages are prineipaLly of local origin and. are - only: to: a '1 

extent 'Uri:lied from the general circulation* 

Evidence is provided to support the general theory that 

radiation damage to revealed when cells attempt mitosis. In the 

brain there is au exceptionally slow mitctic replacement of cells en 

this accounts for the extremely long latent periods observed. 

Radiation of the developing b in under different oxygen tensions 



demonstrated protection from radiation when animals breathed low 

tensions of oxygen as compared with high tendons. 

Many glial tumours4eveloped following the deep implantation of 

chemioal cardinogens into the cerebral hemispheres so as to involve 

the subepenkvmal layer. when the carcinogen was placed superficially 

no glial.tumoure developed. 'Tumours appeared earlier in males. 
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MralPitt 7ODUCTX°N 

A. (t) lrradiation of the tent"' plIZIFOUS Wrote* 

Msrpho/ogical effects 0 ionising radiation en the *small= cestnil 

nervous system (C.1611.) were first obserweity Obersteiner (49(1 0905) 

Shortly after the discovery of radium and *.rers. He observed that 

sloe expesed to radial*, and dying withift 12 hours and 66 days after 

irradistion4  showed hemorrhagic changes in the *.singes, cerebral 

cortex, hippeompus, basal gaaglion and spinal cord. Sahel* (19%.) 

observed similar changes in radiun irradiated rabbits. 

Siam this tins, the streets of ionising radio. e on the mistral 

nervous system have been studied very extensively, spurred on, to sem 

extent, by the early use of r.rays in the treatment of intracranial 

tumours. The first reported elute e the use of zwirradiation for the 

treatnemt of mistracranial tumour was by Sranegna (1909). Ho 

reported °temporary subileative inprovenestiti atter irradiation of the 

sena by directing x.raars through the south. A review of the early 

litersture was gives by Term (1943). 

There is general &greenest that the central nervous system is 

relatively resistant to radiation danag.. A disc sf 5001 to the 

muse spinal cord will have no effect on the total number of nerve 

miles Men in old age. (fright and Jambs 1966). 



.015.* 

In a recent review by Haymaker (1962)0  it was stated that 

single dose* of x..irradiation up to 1,00 OR produced no early or late 

sorphologioal changes in the brain or spinal cord, and animals 

lived lute .Yd age. With doses higher than this, 2,000.144000R, 

verphological changes did scour, but only after a latest period of 

several ninths (Russell et.a1.1949. sad Bird and Liaderea 1958). 

The relationship between the latent period sad irradiatics dose being 

exponential (Saimaa 1961), although there was much individma 

variation. 

nth higher single doses there was vide**, at 	 21 

death with the appearance of mimetic and necrotic nuclei lawn, s 

and. interstitial, cells, se that after an exposure of 5,00011, early 

*ell death was the prodesinaat feature (Arnold et.a1.1960). Single 

doses of the order of 10,0008 or mere, will produce direct cell 

death to such an extent, that the delayed! rmdiottlia dames *Met 

Oa* no longer occur, *the cells capable of producing this effect 

being largely destreyed* (Zeman 4961). 

With doses of 50,E  the survival time (for air breathing 

aniaals) was cut to Waimea 200.400 minutes (Wright and Showell 1965). 

Of these doses, it is only those up to the interaediate dose 

ranges, 2,0004.,0008 single doses, or their equivalent fractionated 

doses, that are of practical Value. It is these dose* which are 

used in the treatment of istrecranial tumours and result in delayed 

radiation damage ef the central nervous witen. 
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(ii) Theories of latent C.Mr.S. irradiation demos, 

.Although the phenomenon of latent C.N.S. irradistion damage is 

wall decumentedt  both from a study of experimental animals and human 

material, the proms by which it **curs is still not Cully understood. 

The long latent period is particularly interesting because ge the 

apparent la* if demonstrable physiological.. biochemical and 

merphelegioal Changes until shortly or immediately before the onset 

if overt radiation dotage. 

This has previded an interesti field, for speculatiem, as to 

the pathogeneeis 'of these latent irradiation lesions. Several theories 

have been advanced which can perhaps be divided into two bread groups. 

The first of these is that the irradiation acts primarily in the 

vascular system and that a*y necrotic ohanges are secondary to 

ischemic anoxia. The other theory suggests that the primary remotion 

is en the neurones or neurseotedernal *elle (glia) or both, and that 

damage to the vascular system is St miner importance. Sims these 

two theories were suggesteds  considerable eentroversy has developed 

as to which cellular element deteraines the sensitivity of the 

Demme system. 

The literature in support of these two conflicting views will 

new be reviewed. 

(a) Primary vasoular c cage. 
4 	, 	- 

in a review coverts* many of the earlier findings in hunan brains 

treated by av eters or due therapy (ter cerebral tumours)* Lyman (1933) 
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impressed the view that the majerity of changes observed could be 

explained by a primary effect en the vascular system and that effects 

en the. nervous tissue were sf secondary importance. This statement 

1s4twertoildby observations on four dogs, irradiated with 18020 

erythana dues. In these animals*  vascular damage predominates 

with occasional associated small areas of necrosis, in the cerebral 

Mort**, optic chlasnal  hypethalanus and corpus callosum. This is a 

view supported by Warren (1943), with primary vascular damage 

resulting in ischenic changes in neural tissue, the degree of 

damage depending upon the length of latent period. Primary dasage .  

to the nervous tissue did occur, but this was not considered to be 

ispertant. 

The Tasculsr hypothesis Was fiarther anplifiedby Sahel* in 

19 o and reaffirmed later (8ohels it.a1.1962), that vascular dotage 

increased vascular pereeebility(see also Clenente.and Helot 1950' 

Producing oedema, with eventual neuronal and myelin degeneration. 

These changes were, to a large extent, seleotiVe, producing White 

natter necrosis of the rabbit's spinal cord, with doses ranging 

fro* 311000..- 11,00011 miirays. This is “eaturedeaonstratedby 

Berg and Ligon (1958), who were also of the opinion 'that the 

primary damage was of vascular origin. Irradiation of rabbit brain 

with dosessf 2,100. ..,. MOOR, showed that cystic necrosis sf white 

matter Smarmed- with irradiation dose (2000 ..-3,040R), while 

snail foci sf damp predestinated with, the lower doee (2,100R 

With dose! ef 1,500 ... 2,8508 the predominance of Vascular 

lesions was stressed (Uarberg et.4.4945, Russell et.a1.1949). 
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The latter also elpressed this view 'after the exanination, of four 

• human brains (Pennybacker and Putman 194.8), although they did 

meatiest evidence of glia.. reaction •in onacase, *Case 4. showed loss- • 

of pyramidal cells from the.cerebral cortex with associated 

• oration of large abnormal astrecytes". 

Supporting the view of the predominant role of vasadlar &page, 

is the observation that radiation induced pathogenic* preeesees may 

become progressive and spread into nongiirradiated parts of the'brain 

(Russell et441.1949), although Berg and Lindgren (1958) claim that 

x-ray lesions are strictly limited to the irradiation field. The 

rich capillary bed of the hypothalamus, it was postulated, (Haymaker 

et.a1.1962) was responsible for the high radiesensitivity of this 

"" region. 

The recent findings of Asseher and Anson (1962), that hypertension 

apparently facilitates the development of vascular lesions in the 

irradiated (1,500 3,000R) rat spinal card adds weight to the 

hypothesis of prinary vascular damage. 

The findings of Crane and %Ate (1963), enable us to explain 

.the phenomenon of vascular irradiation damage in• sore usual radio. 

biological terns. They demonstrated, using 113 thymidine cell 

labelling, that the smooth muscle cells of arteries and arterioles 

and the endothelial cells of capillaries veins and arterioles have 

a slow mitetie replacement in adult life. The ad5itional finding, 

that replacement is increased by hypertension, adds great isportande 

to the findings if Asscher and Anson. This will be discussed later 



he light of our awn finding 

(b) Primary damage to-neural tissues. 

Theories covared.by:this title can include damage to either neuroses, 

supporting glial cells or a combination of the two cellular types. 

Several of the earlier workers reported that there was asap) 

predominance of delayed radiation necrosis in white natter (Davidoff 

et.al 193S, Waphowski st.s1.194,5, Cromptia et.s1.1961), which they 

msidered to be a direct effect on neurones and glia, °both showing 

retrograde changes Fibrineld thickening of vises' walls was 

observed (Crompton et.a1.1961), but it was net oensidered that these 

produced the large necrotic areas, whioh were net, it was said, 

typical of isohenic necrosis. A similar view was held by O'Connel 

and Brunsahvig (1937), who observed vascular changes in only one out 

of five patients give* radiation treatment for intracranial gliosas. 

In this case the degeneration of neurones and hypertrophy of astrocytes 

end oligedendrocytes was most evident. The slight thickening of 

vascular walls did not appear to produce changes in the parenchyna. 

Changes were observed in glial cells 6 , 	urs after 

irradiation (Rieke sadliontputiii 1952, DrownsonAot.al.1963). 

Oligodendrecytes were considered to be the .scat sensitive poll typo 

and "necrotic cells" particularly-noticeable tithe corpus. eallosul 

after 1,2008 Make and Meatgenery 1952). Celle of theatbependynal. 

plate shaved necrotic changes with 2008. It. is difficult to drew any 

firs conclusions as to the role of these changes in delayed radiation 

:neerosis, although the view of,direct'damage to the eligedendrocyte.... 



myelin ce*plex ise.givenby Lampert st.alf,(1959). He observed, in a 

stuffy of the brain of a wonanii.dying 3 months artist irradiation 

. (5,75OR'at 2881Vday),-pronounced denyelination in the irradiate& area. 

These irradiation areas were devoid of oligodendroeyies. 'Astrocyte 

Alterations were ebserved„ with biszare- mitotic figures and many 

=sled in hypertrophied sells. 

The otteneivo studies of Arnold and. Bailey (Arnold et,a1.195k-a, 

1950, 1954c.) en the irradiation, of primate brims, all support;  the 

direst,  actionof radiation on neural parenchyna. The white latter, it 

Was reaffirsed4 was the soot radiosensitive. Abiormalsliesis was 

noteclaround necrotic areas. Slight vascular lesions, it was again 

believed, were net of inOortance:ii the pathegeneeis of the radiation 

lesions,- This dew was held by Heselor (1966s, 1966b) ohs demonstrated 

that sone Vascular °hinges occurred after direct parenchymal damage. 

For.thel*inal cord of rate, tithes and. Carsten (1961i 1961b, 1962) 

also reported selective destruction of white matter with a,:eingle dose 

of 3,500R; there was mo'apparent associated blood vessel &nage. The 

eitent-if damage. was dependant *nth', duration of the neurological 

alymptona. 414,  "(Atter* *ell formation was:observed around the necrotic 

areas, se it was postulated that they wereAestreyed at an equal rate 

',to that of white natter. 

The:detailed effects of zuiirradiation on glial, cells were reported 

by'Arield and Bailey .(1954.8). With doses of -7,000R, acute necrosis 

resulted in the irradiation field. In this necrotiO region it was. 

noted that few, if any, nicroglia:appear; actrocytes showed some 



proliferation at first but later degenerate. Lower doses of 3,000'... 

5,000R still inhibit oitter cell foraationi  although astrocytes Anwar 

to be a little more resistant. 

Palomino pingleAties of 2,370 and 1474024 Hassler 09660 

Showed that the aerial 10 thytidint uptake of the brain was quidkly 

rodueedv.This was nest narked', the subipendyeal plate where, 

fellowing2;370R. Itreduction of 80g; in the number ef labelled cells 

was observed- ta the first 2,. hours. A reduetion of135% in the sane. 

tine'intorval vas +observed folleaing the higher dose. Reduction in 

the labelling index of other cell types was also observed at'later 

intervals of tilei after irradiation. 

In4ther.investigations using )3  thynidina cell labii,ings ,Zioaan 

963) demonstreted a marked glial disturbance is irradiated rat spinal 

cerd(3,500U)i prior to the development ofparaplegia.and delayed 

radiatiOn necrosis. Tt was first. noted that stmarked increase in.  cell 

numbers occurred in white Satter pricr'tethe onset of paraplegia and. 

thatthereafters  the cel“umbersrapidly decreased.- Mil increase' 

in cell numbers Was a result of local mitotic Activity,.as was shown • 

by the high 0011 labelling index found--- in.whittymeitter. three hours, 

after can injeotion.ef.H3  thymidine !The asJoritY.Of these cells 

were nen-viable,anddied 4 rapid post mitotic death". ,The stimulus 

.fir thit high mitotic activity in the interstitial cells of the white, 

matter was unknown, although it was ,pestulatedj.Ahat it resulted fro* 

as initial reproductive *ell deathi'escurriao.et the .termination of • 

these cells' natural life span. 
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The literature cited provides very convincing evidence in support 

of both the above-mentioned theories, and so the controversy that one 

is correct and the other not, is perhaps without foundation. It may be 

better to consider an interplay between the two -opposing theories, the 

predominance of one or the other, depending on the effective dose of 

irradiation. This say then explain why workers using doses of the 

order. of 2,000 • 3,000R (Russell et.a3..194.9 Berg and Lindgren 1958) 

have supported the view of primary vascular damage, while ethers using 

higher doses, 3.500R (Zeman 1963, Trines and Carsten 1961) have heat is 

favour of a direct effect ea neurones or supporting glies 

The brain and spinal cord is a Complex tissue with numerous 

cellular elements and it might be wrong to oensider that a single 

meohanisi sot. ever such a wide range of doses. 

The present study is intended to hest the radiosensitivity of 

certain cellular elements in the brain, with the hope that it will 

provide a better understanding of the inportanoe of each in the 

phenonenen of latent cerebral irradiation daZaZer 

bependynal plate  

early development of the central mervou 

tube oonsista of an inner layer of closely peeked mitotica.Uy active 

nuclei (the ependynal layer), andmanuolear periishoral resift the 

giral layer (Kerahnan 1938). No cellular differentiation vas 

observed' in the ependymal layer, Which is of ectedernal origik and 

fres ithiota originate the preoursors of both neurones and glia. These 



celleitigrate:peripherallyto fern a layer between the epeniyael and 

marginal layers known as the mantle layer. 

At a later4tagein the develepaent of the cerebrum-the 

ependiyael'uyer'differentintes into two layers. One is a dense layer 

of neuronal and 41.1.4, precursoras  lte sub.ependymal layer.., and- the .other 

- is a iingle,leyer ef- ceibical cielles  the ependymao  which lines the 

central canel. Altoticactivity continues in the sUbependymal layer' 

Aand dells migrate cut to produce a vider.mantle laYer. 

,After birth, the eVhependymalleyer of rats amdmice is still 

present end mitetically activelatmas 1966..Balit.1961). It is a 

preninant feature in new born. miee. cenOlotely:surrounding theamterier 

harm of the lateral ventricles end extending forward as -a  cord of cells 

into the olfactory lehes -(Snart 1961). Where. the layer; passes cleee:te 

the carpus eallomums  1estreass of dollar :extend out. between the fibres. 

posterierly tie the foramen of Near* only'reenamts of the layer resin 

en the lateral side of the lateral:ventricles.. 

As the eabsel:,gtows 	spend,ymal eyer beceees reduced in 

thickness. Is a extensive cell labelling study carried out 

,kitaami 0966. 1966a), it was  ryas sheen Oat cell •!NigratioAt from the. 

eubelPenOliol'layer played en'lepertartort in the peetiatal ieure!! 

Oneidas of the rat. The Witivation'provided, by Altnante investigation 

is tes extensive te'baceentioned oesprehenaively here se that only a 

,few of the *est important peistteTelatipg:te the sigrat4,4 of cells 

'-fren the4dbependynall4ate will be quoted. .Anterierlyi theynigrate 

out to fern the internal granularlayor.of theerlfactoryhulbst while 



more posteriorly cells can be traced migrating along the fisbria of the_ 

hippecasous to • the .dentate gYrus. Here they. differentiate to form 

new granular. cells. The migration of bells from the sabopendYnal 

layer along,the white matter tracks of the corpus canon*a was 

demonstrated by Smart(1961)* 

In the  adult mouse the aubependysal layer is much -.reduced, rt • 

consists *fa iarrow.layer of•cells inmediately under -the ependyna 

to the lateral• *all of the lateral ventricles. RoStrally 

the layer extends to the tip of the _ventricles where the 'cells 

bee's° more numerous,' a; few eMtending onto the .median wall Rad Out into 

the 'central core of . the olfactory lobes. 'Caudally the layer thins out 

and disappears. The layer is widest-  towards the reef of the lateral 

ventricles' where Columns of cills.extend out - between the corpus • 

aallosum and caudate nucleus rootrall,y, and between the . hippocampal 

cortex and.'4.:.torpne.callosum caudally, besides extending between the. 

fibreeef the aorpus,calletum (Seart  196'0... 

The 3.e.yer still shows mitotic act 	the adult rat and mouse 

19i2p Bryans 1959. Snort 1961) even in -anima:sever One year 

old (Bryans). Although the siihaequent fatMof:theile newly formedcolls 

is net, definitely knewn it has been postulated that they nitrate out' 

intiothe brain sUbstenee sad thus repreient a continuous source if glia 

in the adult brain (lryammL1959,:aibUrvandIUhleibook 1944) 

• An investigation of mitotic activity in.other parte of the adult 

brain was. carried out by Hennes and Leblend (1967). They indicated • 

that a eleiciatatic replacement of cells does occur in the brain in the 
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region of the optic Wass& where it is maximal in the corpus 

Calm* andnininal in the cerebral cortex. 

Thus, two possible interstitial cell replacement rechanisms 

exist in the 'brain, one a migratory -one originating from a stem cell 

population in the subependymal layer, and the ether, a local one. 

This slow mitotic turnover of cells is a factor that should be 

considered in aAy study of delayed cerebral irradiation damage. 

Would healing in the central nervous aysten. 

One if the first studies of the origin 'of cellular types 

participating in the response to cerebral injury was carried out by 

Alortegiand Penfield (1927)'. Usinteelective staining methods for 

astrecytest aligedendrooytea and mioreglia it "AS shown that only 

microgliaandastrooytee reacted te'derabral injury, while eligodendre.. 

aytes and neurones appeared to'playno part in the react/444 

Vicreglia play a primary role in the phagocytosis ©f the 

products:of dettruction. They loose.their spider!rlikeforn as 

.0-::atisti,-4.3 the first day after injury, taking the anoebOid:forn,.-

Thiptockpeund-granulat corpuscles which aceumUlate aboUtthe would 

edge. latotic activity iiebserved in these granUlar cells the 

malt remaining until the products-Alf deetructionare reneved. 

:Hypertrophied astrocytea with shortened processes are observed:  

oloie to the margin of the wound one dayraftor injury. Granules 

accumulate in the cyteplael and the nuclei become larger.aad lesis 

dense. By the third and fourth day astrocytee are found With 

several nuclei, sucloar:divisiens were said to hams taken place by 



amitosis as no mitotic figures could be detected in this cell type. 

Later the astrocytes become fibrous and produce the radially arranged 

soar tissue found around the stab wound. 

This view was generally accepted with a few reservations. WA of 

these was the oensideration of a larger stab wound, where Connective 

tissue originating fres and_ connected with the meninges, fills the 

centre of the, wound. . The glial reaction occurs arouna. this (Penfield 

1924). 

Theie, observations have been confirmed by numerous workers 

(Linen 1929, Lewis and Swank 1953i Matzo et.a1.1958); all reaffirsdng 

the view that the microglia -are phagoeytio after cerebral injury, and 

that this reaction is associated with, a more general glial reaction 

in the fermation of scar,tistue. 

The glial roaotion in the'bypoglossal nucleus, fallowing nerve 

crush has been reported by Sjestrand (1966). tieing ea 10 thyitiame 

cell labelling technique he showed that in reepense to nerve Crush, 

glial cells synthesise DNA and divide by mitosis, and nit as reported 

by Hortege, by amitosis. Oligodendrocytes perioytes and endothelial 

cells were also shown to react during nerve regeneration, _along with 

astrocyte and sicreglia. The mitotic activity of Idoreglia was much 

higher than for any ether of the proliferating cell types reacting in 

response,  to injury. All the above observations support the view that 

the majority , of cells reacting in response to neural injury are of 

local origin. This is not a view supported by the findings of 

Zoniganark and Sidman (1963), who claimed that the majority of brain 
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macrophages were of haemategenous origin and not locally derived as 

previously believed. Their technique was to label a high proportion 

of circulating leuciocyteS*  prior, to.injUry*  with N3  tkpoidine• 

Auteradlographio studies after injury enabled then to determine the 

proportion ofl.eucooytes participating in the lesion. Pros these they 

ware able ti can elnde 01000 than 5( of theakacrephaeas appoarins in 
Oalirst two days after wounding and lees than 30 of the ones 

arriving thereafter*  arise endogenously.- All the others arise free 

circulating mononuclear Cells* probablk -minocytes. These leucocytes 

.assume ether forma in the wound area*  continue to divide And *Ay 

transfer* into brain macrephagee• . 

The above findinga.are net in agreeient with the preliminary . 

report of Hopewell and'Wright•(1967*  and rePertednote.fully in chap .3)* -

This demonstrated that the cellear reactionv.to injury could be, 

reduced by previous local irradiation. With a prior irradiation dose 

of 4000R the cellular reaction, was reduced, to half by the Seventh day 

after injurY. This result suggests that 'the majority of irate 

macrophages are nototheolotogencus origin brut are derivetfree:.:  

local. cells. . Thie'Vie is supported by t findings Of CaVeinagh 

(1960) *  who.  using the sane technique of previousrlocal - irradiation 

was able, toreport:a reduction' in the cellular-reeponse to injury of 

leriphatal:herve. Th  this capes  a previous doseof406YR proddeed 

a42.9% red11#1.on in the cellular reaction by the 14th day after nerve 

crush. Similar conclusions-were drawn to these of ESPewell And 

that the, rajority of cells were of localerigln and not derived from 

aratilatftg nononUelearcells. 



28 

Possible explanations of the findings of Konigsnark and Sidnait 

will be discussed later (Chapter 8). 

;ntracterebral infection with B. pertussis. 

Bordetella pertuesis lives on the ciliated lining of the 

respiratory tract and is the causative organic of whooping cough 

irst .used in the potency testing of B. pertussis 
vaccines in 1937 when nice were infected by the intanasal route 

(Burnett and Tiekinuso  1937). MN years later, Kendria (194.7) described 

the intraoerebral route of challenge. This was shown to correlate 

better with the field trials carried out on the potency of pertussis 

vaccines than nice challenged. by the intranasal route (Steadfast 1958). 

The similarities between the two sites of infection being the ciliated 

epitheliun of the respiratory tract and ciliated ependymal cells which 

line the ventricles of the train. Berenbaus (1960) and Iida (1963) 
have reported seeing the baoteria on the ciliated lining of the ependyaa. 

Different strains of B. pertussis have been isolated and these 

have showri to be of varying virulence for nice following ii tracerebral 

infeation. These strains can be basically classified into two groups; 
those of high virulence for nice end those of low virulence. 

The, virulent strains, eg., - strain 18/323 have been inveptigated,by. 

several workers (Dolby andStanfast1961, blyth:1959,and Pareibaun 

etial.1960). These workers have shown that afteranrinitial ehallengs* 

descef organises there is a rapid initial fall in tho'baoterial count 
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in the brain by ay much as 905. This level: wasthen maintained fer 

n shortline being followed by a rapid multiplication of the bacteria 

to give aviablacount after 24. hours approximately the same as that-

ofithe initial incoulun. Bacterial counts - then'inorease by ten fold 

daily awl all lice die when the bacterial count reaches 107 to 108  

viable organisms. 

Until recently low...virulence strains have received little 

attention and only a few brief reports existed in the literature. 

Blorth(1955) using strain 111514.1  injected 2 x 103 viable organisms; these 

multiplied slowly reaching a 183dMUIR count on.the fifth days  then 

bacterial *ousts decreased and all brains were sterile by the 21st 

day. Brown (1958) with strain 1011 injeCted 103, organisms; these 

Multiplied rapidly for the first 3, .•- .4. dale axd then rapidly disappeared 

from .the brain.' 

However, in the last few years these low virulemoe strains have 

been sore extensively studied (Adass 1968), He has shown that when 

apperminately 104-  organisms of a low virulence strain (41772) of B. 

pertussis are injected intracerebrallys  there is a 90 less of 

ergamisns over the first hour (of, high virulence strains). They 

then multiply for 24. » 48 hours to reach a peak of approximately the 

initial imoculum sises  before rapidly, disappearing free the brain. 

which was nearly sterile "by the fifth day. 

He also found that if the inoculum was raised. to between 1095  to 

106  organises the bacterial counts renamed at a high level fer fiire 
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days before they disappeared from the brain. All mice survived. 

Prior to our investigation end other studies by Adams several 

suggestions have been put forward to explain the difference in response 

-between the two :types of strains.. Lodal antibody production was 

postulated14 Anders©n (1957) and phagocytosis by Brown (1958). The 

partioipation of blood leucocyte:, connonly observed after the 

day of infection with the high virulence strains was suggeSted 

by'Berenbraun (19604 This was further supported, by the findings of 

lids etkol.(1963)- who after:the-induction of leucopenia by sUboutanasus 

injection of cortisone: was able to detect a considerable reduction in 

the LD50 of their low virulence strain (Mama I) from 2 x i06  to 

It 103 viable bacteria* 

The hypothesis that blood leucecytoe are responsible for the 

irradiacation of B. pertuesis intra7oerebral infection. was the 

starting point of our investigation. 

• The. xYgen effect. 

The effe©t of variation in oxygen tenSion.Onxidiosensitivity is 

well documented for'oells in tissue culture end in sone intent' 

naisialia*prgans. IIsing agates tumour cells -Gray et.al.(1953) was 

able to show a narkedvariation in irradiation reaponse withAifferent 

oxygen tensions. Cells irradiated. inair were more sensitive to-

irradiation then cells irradiated in nitregenby'a:facter of 3 1.4 
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Noel and Wright (1968) demonstrated a dose modifying factor of 2.69 

for growing mouse tail bones irradiated in nitrogen as compared with 

omen at one atmosphere. The sensitising effects of higher oxygen 

tensions have been successfully demonstrated for growing cause tail 

bones with atmospheres of oxygen (Bernard Flanders and Wright 1957). 

The eszestion of the oxygen effect and its potential applications to 

re.diotherepy have been reviewed Wright (1966) and in Modern Trends in 

Radiotherapy I (1967). 

However, little information appears to be available on the canon 

effect as applied to the irradiation of the central nervous system. 

Wright and Showell (1965) were able to report a protective effect for 

nitrogen breathing animals, when brains were irradiated with high doses 

of irradiation (50 400 Kraft). They were not however, able to 

demonstrate sensitisation with 100% amen, in fact slight protection 

was indicated. With lower doses, 14700 » 21.380R, a variable protection 

was obtained with anomie. for brain irradiation (Sharpies and Jacobs 

1966). This, it was assumed, was due to variation in tissue damage 

resulting from anoxia. For the spinal cord Zeman (1966) demeastratea 

a slight enhanoement of irradiation damage with 95Z oxygen (5 carbon 

dioxide) for grey matter, 'but not for white matter. A factor of 1.15 

pared with animals breathing air. This field is 

clearly 	 d of further investigation. 

F. The prodiatioa of experimental cerebral tumours 

The incident,e of tumours of meningeal and neuroSlial on 

in `the central nervous oysters accounts for only 2 57,) of malignant 



dimwits& in man (Willis 1967). The inoidenoe of sponteneous central 

new 	mystem tumours in rodente„ in particular the rat,, is a little 

hard to determine as few comprehensive investigations have been 

earned oat. 

The studies that have been undertaken however, have been 

wary unproductive regarding the discovery of spontaneous tumours in 

the central nervous system in rodents. In wild sets, 11000y (1909) 

found 10, tumours in 100,000 animals and Woolley and wherry (1911) 

-only 22 tumours in 23,000 rats but none of these were primary tumors 

of ,the central nervous system. Curtis et.als (1931) on the other bend„ 

on examination of 31,868 rats found one C.N.S. tumour, a ganglioneuroma 

of the optic nerve. 

A sPelor pattern is reported in mice. toward OM) reported 

two meningeal tumours in 700000 mice examined. 

Thus we can conclude that the incidence of spontaneou tumours 

of the central nervale, system are very low, and can probably be 

ignored is elector in the study:of the effects of cereinogens on 

the °antral tervoue system. 

The effeot of implants o the brain of 

rodenthasinet with mixed and often c ontrad dory rbaulte.Some 

rkerm have reported that oerebral tumours are not produced while 

others have produoed a high proportion of tumours, both' of 

meningsal and neuroglial origin.  



-The mouse has been most extensively used in the study of the 

effects-offohemical carcinogens on the brain, and as will be shown 

later, has until now been a more successful animal to use than the 

rat. The results howeverhive still been very variable and so in the 

previeueWork. that ie quoted I shall try and explain the various 

reialts on the basil of the difterent technique* need» 

The first significant success was obtained by Seligman and Shear 

(1939) who implanted pellets of 20 methylcholanthrene deeply into the 

brain of 20 male 03H mice. This resulted in the induotion of 13 tumour', 

11 of these being of glial origin. Shortly after this, Peers (1940) 

and Zimmerman (1941) produced similar results with the same carcinogen, 

again in pellet form, using albino and 0,H mice respectively» 

Zimmerman produoed 26 tumours (15 gloms) in 57 experimental animals, 

the pellet was quoted as being 3mm, deep within the brain. Peers 

produced 32 tumours in 87 animals of which 15 were neuroglial in 

origin. In the latter experiment it was stated that the pellet was 

placed fluthwith the surface of the brain. The pellets sere 

cylindrical and on average 2mm. in length; then by nature of their 

implantation method (trooar and plunger) the pellets would in a number 

of oases, penetrate into the brain at least 2sm. 

This early 

d in me  

es with methyloholanthrene in mice has been 

nt years by a number of workers (Table 1)* 
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TABLE 1 

Int 	rebral tumours in mice produced with methxlcholenthrene 

orker 	 No. of mice 	No. of tumours ltamours 

Sato (1963) 135 49 38 

&fast (1963) 77 23 30 

Kawsi (1963) 22. 112.  46 

Niethikawa (1963) 528 45 9 

X abide (19Q.) 107 28 

These results thua. opnfirm that - methylcholanthrene-implantedinto 

the biaini:of:mice will produce neeplasms or both glial and Mesodermal 

.origin. However the results are variable and.the percentage of 

tumours varied from 654.(Seligman and Shear) to only 1.13k by 

Nishikawa. A possible explanation.ef this is in the strain of Mille 

usedi and in support of this, bothIlishikawa and KEWAi claimed a 

higher incidence in colouredmioe than in albino strains. Other 

factors derived from these results are that sarcoMais tend to develop 

.earlierAhan glioMas, an. internal of 50 daysi,s quotedloy Peers, find 

:,8$01ays according to Haelet. The laportance of sex iivvery diffieUlt 

to ev*]uate, for Sito-ihoWed a higherincidenocin males (41) `  than, 

females (32.7%) 3  while Feera claimed the reverse with a ratio of 6s2 

famslea to • wales for glioalas although the sex of seven Other. MOO 

a was unknown. In the two resulte with the highest 



incidence of tumours*  65% (Seligman and Shear) and 52,C (Zimmerman) 

,only male mice were used. 

Another carcinogen to be used is 3414.Benspyrene$  although it 

has only been used in mice by Zimmerman (1955). He implanted lmm, 

cubes of carcinogen into the right cerebral hemisphere of 51 mice, 

47 of these survived into "tumour-bearing age" and 28 developed 

tumours,; Of these, %were glial in nature and 13 classified as 

maroomas with one mixed glio.sarcoma. Again*  as with the work using 

methyloolanthrene*  sarcomas tend to develop earlier*  245 UPI as 
, 	. 

.against-276 days for gliomes, The tumours were telpitaiy distributed 

bet Teen the' sexes, 

The other oaroinogen frequently used cerebral oarainogonesis 

is 1.24,6, dibensanthreoene. This was first used by Peers (1939) who 

implanted 5 dibensanthreoene in cholesterol pellets superficially into 

the brains of mice*  so that the pellets were flush with the surface of 

the brain4 The result of this experiment was a single tumour* a 

meningloma*  over an observation period of two years. POh years later 

Arnold and Mae n (1943) published a amore. positive result using this 

carcinogen with 11 tumours in 21 animals, Zimmerman's explanation of 

this was twofold) pure caroinogen as opposed to V in cholesterol and 

mouse woad was 	ae oppobed to the albinos 

tsf# 

attemptsto prOduce neoplasMs in rate were apt ire 

raging. In two reports by Oberling (1936)0:who placed crystals 

tenspyrine eubdurally'into albino rats, This prodrieod no gl toms* . 



three pituitaxy.adencems, and 12 sarcomas from 10 and 40 

eximals respectively. Weil (1938) also failed to produce any 

slimes in 6 rats which were injected with a mixture of dibensanthrecene 

and lard. A single car:duma developed, around which there was a 

definite glial grandma. 

About the same period Sweet and Bailey (1941) using 

met/wit:thole/Ahrens produced 5 tumours in 42 Wistar rats. The crystals 

carcinogen were implanted in the cerebrum and ()emboli= and the 

tumour types produced were three spindle-celled sarcomas, a 

fibroblastona of the cerebellum and a lymphosarooma associated with a 

glioblastoma. 

workers Zylbersgao and Scherer .(reported by 

Seligman and Shear 1939) $' produced completely negative results, the 

latter using 1% benspyrene in lard in 70, rats, and the other. using 

pure carcinogen injected subdurally into 35 otnimiklei 

More recent work, notably by Japanese workers, has produced 

in rats but the incident* obtain.d was still not as high 

in mice. Xawai (1963) at the Gunman School of Medicine has 

the most extensive study, using 20 methylcolanthrene implanted 

he subcortes cerebrum and cerebellum of 212 rate of two strains 

(Donrsu, 158 and Wistar,54 ). Tumours only (21) developed in the 

Donr7u, strain the iesults 	Winters being completely 

the 21 tumours, 13 were gnomes, 7 mesodermal and one was a mixed 

s is et result which would indicate that strain was 

&lotion of cerebral tumours. A year later 



The"importance of train :Thin is a point raised by many of 

as hers'nsing Mice in their experiments, and in an extensive 
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Ishida (1964.) with the same carcinogen produced only a sing 

nigioma in 30 animals of the Donrya strains 

The work of Delorme at the Chester Beatty Institute (personal 

oOmmunication) was again negative, only producing a single tumour, 

a meningioma, from 120 Wiatar rats, given an intracerebral, Implant 

of 3 	Benspyrene. In his experiments the pellets were carefully 

placed I 2mm. below the surface of thee , brain (fig.1) no as to 

liex half.way between the meninges and the ependyma of the lateral 

ere t saes but involving neither. Only a single tumour occurred 

where a pellet had worked its way to the surfam. 

In the above review of some of the literature on the effects 

of ehemical carcinogens in the brain a rather confused picture 

between comparative success (Zimmerman.19440943) and total failure 

(Delorme) is presented. Despite` this I feel several condlusions can 

study lOrwai noted a variation of between 60.6g,  and *5 tumours in 

different moms strains. k similar view was put forty 

Unseen= (194) after hie very extensive studies on cerebral 

earcfge nesie. 

The same thing could be stated using rats for Wietertchaire 

given near negative results. The Donryu strain on the other hand, 



Figure 1. Dorsal and lateral radiographs of a rat skull 

to show the position of carcinogenic implant (Delorme). 

60 male and 60 female six week old Wistar rats were 

implanted with 2-3mg. pellets of benzpyrene. The depth 

to which the pellet was inserted was controlled by using 

a trocar and stylet (Arnold and Sons, No.3) fitted with a 

guard set at 1.5mm. The pellet was designed to lie midway 

between the surface of the brain and the lateral ventricles, 

the position being checked at the time of operation by 

radiography. The carcinogenic pellet being made radio-

opaque by the addition of iron powder. 
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used by Kasai, produced 21 tumours although this result was not 

confirmed by /abide whose results were very comparable with those 

for 'fasters /t would appear that mice on the whole are more 

sensitive to intracerebral implants of carcinogens than rata. 

2. .The .question of carcinogen-  type.may also bye Important as 

methyleolanthrese ie relatively suottessful in the production of 

• 

 

tumours while benspyreriet  apart from the work of Zimmerman in' mites, 

hai Met with little .success. The question of -  rune carcinogen against • 

a law percentage, in cholesterol or lard was raised by Zimmerman. It 

has. however been stated by .seVeral. workers that only minute amounts 

of oarcinogen,are required. (Leiter'and Shear, 19431 Ryan and 

Shimkin 1943). The latter stated that :100% SubcutaneoUs tumours 

were prod ided in Cyli mice by 9.5ces. of bensprtiene and 0025mge..of 

methylcholanthrenii• 

3. The question of site is another factor which may be of greater 

importance. Zimmerman (1955), one of the most successful workers in 

this field always placed his pellets deeply into the brain, or to 

vote his own words "An effort was made in these experiments to implant 

the carcinogen rather deeply within the brain tissue, and in four 

instances where this resulted in the deposition of the pellet within 

the ventricular systems  epentmoblastomas developed". This was true 

of the work of Seligman and, Shear who also placed their pellets in a 

deep position, and produced a high incidenoe of tumours. Peers, on 

the other hand, in his work with dibensenthreoene, placed the 



carcinogen flush with the surface of the .brain and in doingrso 

producedonly.a single tumour, a meningioma. Other .experimente, 

carried out on the mouse are a little difficult to evaluate. as 

the worker* only state that the carcinogens were implanted into 

the brain. The exact positioning of pellets in .'the mouse brain 

may be difficult owing to its small size. 

In the rat, its larger size makes exact poiitioning of the 

pellet more feasible. ,Several workers, implanting pellete'sdbdurally, 

(Merlins*  Veil, Zilberzwand Shear) have produced.no glial tumours, 

on] a few sarcomas. 

The findings'apelortne are e'en more interesting, because-

with the pellet in- this mid position heAid not involve the meninges, 

as did the previous workers, nor ,did he involve the lateral ventrieles,. 

as did Zimmerman with.mice. No tumours resulted from this implant.',. 

Basing our work on the fin i gs of Delormeit watiAecided to 

place our, careinogens in the two positions :positions 	be did not use, 

namely, superficial and deep to involve either the meninges , or the 

lateral ventricles of the brain. 



-41 

ompin xx 

THE INFLUENCE OF MERTNS/ON OK TA TUM  BRAIN' 

IRRADIATION mon 

The cerebral. hemisphere of young adult rats of the dieter 

atrein aged 3 *- 4 months and weighing approximately 200 grams, were..  

irradiated .under chloral anaesthesia with doses of 10000, 2,0000  

3000 and 40000R,. giVen laterally through the side of the head to 

most of the cerebral hemispheres. GrOups.of six animals were irradiated 

at eaoh dose and a further six unirradiated animals were used as controls. 

The experiment was duplicated using hypertensive animals. Hypertension 

wall obtained by a modification of the KOletsiky kidney infarct method 

(190)= 

After irradiation the animals were returned to the animal room 

where they were fed on !Axons 4113 rat cake and water ad. lib. The 

animals were inspected daily and weighed at regular Intervale. 

influe on eurvivat 

Deaths'occarred 11 to 25 months. after irradi ationi the: latter 

time being approximately the normal life span of the normotensive 

non-irradiated control animals. The survival , aim of all animals 

in this experiment are given in the' form of a histogram (Table 2) 

and the results are ,summarised in Table 3 and fig. 2. In the graphs 

the mean survival times after irradiation (for practioal purposes. the 
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Table 2. Histogram giving the latent period (months) 
between irradiation and death for normotectsive 
and hypertensive irradiated animals, 

'lean latent period between irra ation and 
death for normotensive and hypertensive 
animals, against dose of 74...rays* 
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Mean survival time between irradiation and death 
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18.25 	13.0 
(1) 	(5) 

23.0 18.25 18.0 18.25 
• (5) (1) 

23.5 174 9.0 13.75 
(3) (2) 

17.5 7.5 11..25 8.5 
(5) (1) 
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(1) 	(5) 	 (4) 	(2) 

) number of animals used. 



muse as the latent period) with their associated standard errors 

are plotted against the irradiation dose. This demonstrates the 

effect of renal hypertension in shortening the latent period between 

i‘sdiation and death*  in the 1,000 to 3,00011 dose range. It also 

shams that this effect is lost with a higher dose of 4,000R because 

both the normotensive and lurpertensive animals 41 after a similar 

latent period. Itypertentsion it would appear, has lost its 

potentiating effect. 

B. Weight chanike and illeurolmieal sips 

Normot naive anima's In all the irradiated groups, animals 

lost weight in the week following cerebral irradiation. This was most 

deed in the 4,000R group where a mean weight loss of 4% was 

recorded in the first week. By the second week, in the 1,000 3p00R 

groups the slight weight loss had been regained and the animals 

had 	d weight slightly. In the 4,000R gac atp the 4% loss was 

maintained and a mean weight gain was not observed until the fifth 

(fig.3). 

nth crimes for female rats (fig.3)', whick predominate 

in all of the Normotensive irradiation grOupb (Table 3)i 
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as a percentage of the mean initial weight 
for the group. 



depression in the growth curves for the 2,000 ► 44000R group* • 

can be observed 2 . 3 months after irradiation, while in the WOR 

group there is only a alight dip in the ourvei 

Animals recover quickly from, this weight lose and follow a 

growth curve approximately parallel to that of the non...irradiated 

controlet  until a maximum weight is reached. This maximum weight 

is constant until death or shortly , before death*  depending on the 

dose of radiation administered. 

In the animals receiving 1.,000R a weight loss preceded death, 

this amotutting to • 60 to 100 gam, a less of 30 and 33% of the 

maximum weights over a 'period of times ranging from 3 to. 20 Fiteks• 

Over this period, changes • occurred in the rate normal behaviour. 

They became agresitive when handled, attempted.to bite or tojump 

out of the cage. They no longer responded when a hand was placed 

near the cage, possibly indicating blindness. Large. patches of 

hair on the back and limbs were..lost, and. the reMaining hairy• stood 

erect. 

Most of - the animals fina.1„ly succumbed overnight, but in a single 

ease Nat 80) the animal was found comatesea'with the eyes and nasal 

regions eaten entity by, the remaining animals in the cage end was 

therefore •killed. ,• 

In the 3,00011 group the picture was very siMilar. A weight loss 

of 50 « 135 grams or 23 and 45 of the animals' ataxia= weights* 



over a period of 3 - 16 seeks prior to death was seen. The 

neurological signs were similar to those mentioned in the 40000R 

group. One animal developed ulcers and scabs on the legs and feet 

to such an extent that it was killed. 'mother was found comatose 

and killed. 

ln,the 21000R group, four animals died suddenly with no weight 

loss, while the other two animals in the group lost 70 and 40 . grams 

over a short period of 2 and 3. weeks respectively, prior to Oath. 

The onlimals in the 1,000R group died at approximate4 the same 

time as the non-irradiated controls. 

AyPortensive animals The hypertensive irradiated animals, 

unlike the'norOotensive irradiated group, showed no weight loss two. 

to three month* iftesr► irradiation. No conclusions oan be drawn from 

this, as in the hypertensive group the majority of, animals were males, 

(Table 3) -. making direct comparison of weight changes impossible 

because males grow at a faster rate than femaleS. 

highest 'do (4,000R) five of the six rats in the 

group died after losing weight for a period of 6 8 weeks prior to 

130 gram or 	of the maximum body wei 

In all Irsama. eiMiler:Picture to the ,41000R group of normoteens  

rate. The sixth animal of the groups .which was the first to die five 

months after irrediation, did so suddenly with no weight loss. 
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In the group-receiving 3,0008, the lait three animals to die 
after a latent period of 51 to :13 months, showed a weight loss prior 

to death (40 . 100 grams over a period of 4,4 8 weeks), while the 

first three enimAls in the' group died without any weight loss* -One. 

of these latter three rats died suddenly while the other two beeline 

eemi.00matosed for approximately two weeks prior to death, For example, 

rat 92 which died six weeks after irradiations* 

Ten days prior to death it was found in a hunched, motionleas 

posture apart from spasmodic movements of the head to the right* 

Ulna very cold and the hair was raffled* .The pupili were small 

and the respiration rob:Iliac/if, 76 respiratiene per minute.-: :Two: 

days after thie.it showed 'signs of ImproveMent although on occasions 

it would be found hunched in the corner of the cage. However, ten 

days after the initial observations it wasagain deeply:comatose& 

and unable to. maintain an upright position*  the.limbellaokingmusolsv 

tension* The rectal temperature was recorded as 344204 as cm/Oared 

with a normal of 37.5° to 36004 eM  and the respiration rate was slow 

and irregular, 50 respirations per minute* After fUrther 

oration throughout the dewy the animalism killed* 

2. 	p of hyperteneive animals, all but one died 
suddenly without at r weight loss, the single exception lost 100 gra, 

in the relatively 	ea of one week prior to death* 

All the animals in the 1,000Rgroup died suddenly* 



20000 	3,000 

6/6b 	$/‘ 	0/6 	0/6:  

3/5 	6/6 	3/6 	1/6 Ryperteneives 

The number of Pnimels dying suddenly in the normotensive and 

hypertensive irradiated groups are giVen in Table 44 

TABLE  

Masi)).  or of Sudden AC_ Premature deaths/lumber 

of animals  

Irradiation dose 0)  

The animals in this group were not classified as having 

died premature ;deaths as they sureMnafor the sane 

length of time as the controls (Table 2) 

sudden eath is defined as animals which die ri.tht 

warning or those losing weight over an interval of not 

more than two weeks prior to death» 

PathOlOpiell findings in irradiated brain 

The histopathological changes to be found in irradiated brains 

rat the time of death can be broadly alassified into the following three 



necrotic 	as whibh were always restricted to the white mattery 

No large areas` ofnecrosis were ever found in the cerebral cortex 

Microscopic fooi of necrosis were found in the cerebral cortex'but 

these Were restricted entirely to the hypertensive grOupefanimale. 

th these large 3,y 	3,7 i re vascular lesions a 

groups:* 

erotic changes 

vasoular Changes 

other discreet changes*  i 

plate. 

changes in the saepentmel 

1. Large necrotic areas occurred mainly in the 'white matter*  with 

some deposition of calcium in a few isolated regions. Gliosii was 

Markedly absent in and around the necrotic areas. 

The areas; most commonly affected were the internal capsule 

(fig•  4) and the fibrium hippocampus (f4.5). The necrotic Areas 

are nearly totally aoellular with no noticeable gli.al proliferation 

round their borders, The necrotic area in the fimbrit hippocampue 

ocasionally extended into the hippooempus with a 	f nerve coils 

from the gyms dentatus. The optic tracts and optic hies= were 

often completely necrotic. (fig.6). 

he hypertensive animals vascular changes w  associated with 

the necrotic area. Figure 7 shows a typical necrotic fools around a 
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Figure 4. Necrosis of internal capsule. Nine month latent 
period following 4000R. H&E x110. 

Pigure 5. Necrosis of the fimbrium hippocampus. Nine month 
latent period following 4000R. H&E x110. 



f 

Not 

to, 
• 

• 

• 

rIk 
4,4sti  
,7 	It  

Jr 

4 / 

Figure 6. Necrosis of optic chiasma. Nine month latent 
period following irradiation dose of 4000R. H&E x110. 

Figure 7. Small focus of necrosis,in the cerebral 
about a hyalinated blood vessel. Hypert 
animal dying 5 weeks after irradiation.  H&E x300. 

cortex, 
ensive 
(3000R). 



superficial byalinated blood vessel in the cortex. Figure 8 shows 

slight oedematous loosening of neural tissues around a slightly 

dilated blood weasel. Thinning of cortical tisane was ale* 

countered. 

2. Discrete vascular changes were also observed and these could 

be classified into several broad groups:* 

Ileamorrhagio foci were encountered around wall dilated blood 

vessels. Yellowish brown pigment van found in the glial cells 
surrounding the blood vessel. (Fig*9)* 

b. Fibrinoid necrosis of blood vessel walls was a verg common 

feature, particularly in the thalamic and inrpotlalemic regions of 

the brain (fig.10) and were occasionally associated with what 

appeared to be micrroaneurylum (Fig.11 ) 

0* Round liiminAr bodies which contained mime calcium may be termed 

awyloid bodies, were found 	in close proximity to blood 

vessels. In some oases, they appeared to occlude the vessele.(Fig.16). 

d. Thrombo d blood vesse were ocoasionally found in t rinot nrive 

and hypertensive irradiated .animals The example demanstrated (fig. 

12) is a large.thrombus in a cortical surface vessel which was 

clearly visible to the naked e. An interesting feature associated 

with this thrombus was the small area of necrosis found a little 

more postrarially to it in the brain (fig 11). Some or these thrombi 

were clearly not of very recent origin, for evidence of vessel 
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Figure 8. Oedematous loosening of neural tissuearound a 
slightly dilated thin-walled blood vessel. 
Hypertensive animal dying 5 weeks after irradiation 
(3000R). ME x300. 
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Figure 9. Haemorrhagic focus in thalamic region of the brain. 
Animal dying 10.5 months after irradiation (4000R). 
ME x300. 
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Figure 11. Nicroaneurysm. Latent 
H&E x300. 
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interval of 11 months following 3000R. 

Figure 10. Pronounced fibrinoid necrosis of blood vessel wall in the 
hypothalamus. 10.5 month latent interval following 4000R. 
H&E x300. 
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Figure 12. Large thrombosed blood vessel on the surface of the cerebral 
cortex. Hypertensive animal dying 15 months after 
irradiation (1000R). HCE x110. 
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Figure 14. Macrophage reopening of occluded vessel. Hypertensive 
animal dying after a latent interval of nine weeks (3000R). 
H&E x700. 

Figure 15. Thrombosed blood vessel in the choroid plexus. Latent 
interval 14.25 months following 2000R. H&E x110. 
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reopening could be observed with meorophage 00110 lining the 

Vasoular oavity (fig**14)* 4colusion of vessels in the ohoroid plexus 

was another feature (fig*15)* 

Itainieed blood vessel walls were, as stated in eection. 1 found 

on the cortex of hypertensive rats. Occasional 'vessels of this type 

were-foUnd in the normoteheive animals in the thalamic rogion4(F1407)* 

3• The subependymal plates  which is a very distinct region of 

oells found around the anterior part of the lateral ventricles*  

exhibits striking changes the severity of which are clearly related 

to dose* 

/11 the.444000 and 5f00OR irradiated groups the sdbependymal layer 

_shit* is normally identified by itshigh.nuolear density (fig*18) s.1s 

not present and the eubependymal region in clove proximity to the 

lateral ventricles is almost anuolear* (144409);i' 

This is not. the case of animals receiving doses of t#000 end 

2,0004 When the sUbopendymal layer's* alcove found to be intaot* 

The example.siven inffigare:20 is of a rat receiving 2,00 end 

dying 15i- Wraiths:after irradiation, The subependyvil,plate 

case compares very Well with that of the ne*.irradiated 

(fig•48) 

Pitt of the 'seven longest airviving rat*, ( 5 months) 

highest dote 'groups*  showed changes in the corpus cal:1mm* In three 

.of these five animale changes were severe with considerable 
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Figure 16. Small group of round laminar bodies found in the 
thalamic region of the brain. Animal dying 18.75 
months after irradiation (3000R). H&E x300. 

Figure 17. Hyaline change in small vessel in the thalamic 
region of an irradiated (4000R) brain. Latent 
interval 15 months. ME x1600. 
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old rat. HecE x300. 
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Figure 20. Apparently intact subependymal layer in 2000R 
irradiated brain. Latent period 15.5 months. 
H&E x300. 
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Figure 21. Degenerative changes in corpus callosum, showing 
large cystic space. Latent period 18.75 months 
following 3000R. H&E x110. 



destruction of myelinated fibres. This results in the complete 

destruction of the organisation of the corpus canoe= and the appearance. 

of large cystic spaces (fig4,21), In one case there has been a large 

infiltration of small dark round nucleated cells which are of 

doubtful cellular type and origins  (fig.22)* In another brains  large 
abnormal multinuolette maorophages axe observed in the corpus 

oallosum (fig 23) which are in =flyways similar to the abnormal 

macrophages encountered in wounded areas of previously irradiated 

brains (fig046)* teppsition of foamy cells are also encountered" in 

the corpus callosums  (fig4.24)* 

In a single animal in the 44000R hypertensive brad» irradie 

. group that died 15 months after irradiations nuMeteus abnormal mitotic 

figuree were Observed in thesuperficial regions of the cerebral' 

cortex (fig 25). The:number of mitosis amounted to between 4005 per 

sections The mitotic figures were identified es'abnormalastrooytee  

They did not appear to be associated with any other abnprmal features 

inthe cerebral cortex.  

In one other ratI1S00011 hypertensive etvery extensive tumour o 

Sal origin was found throughouttheIbrain -,The detailed histology 

Of this and anethervadiation induced to our are dealt with in 

:..Chapter 6. 

VI* Distribution .of klesions in irradiated brains  

The degr a and site of delayed radiation changes in the irradiated 

brain varies according to the dose of radiation given. The hypertensive 
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Figure 22. Degeneration of the corpus callosum. Increase in 
the number of small dark round cells. Latent 
period 18.75 months following 3000R. H&E x300. 

Figure 23. Large abnormal macrophages in corpus callosum. 
Hypertensive animal dying 18 months after 
irradiation (4000R). 



Figure 24. Foamy cells in the corpus callosum. Hypertensive 
animal dying 18 months after irradiation (4000R). 
H&E x700. 

Figure 25. Abnormal astrocyte divisions in the cerebral 
cortex. Hypertensive animal dying 1.5 months 
after irradiation44000R). H&E x700. 



complete necrosis of the optic nerve and optio ©Unease** 

observed in three animals.of this group 

mell ate of nee is were noted in the corpus 

or rmotensive condition of the Wm,  also influenoes the type 

of lesion produced. Bach group will be considered in turn. 

1. Norms nsiwe 

141000R (Figs.26 & 27) 

Animals in this group survived for a. mean latent period of 10 

months after irradiations Their brains showed the most marked 

histologioal changes with large cystic areas of necrosis restricted 

almost entirely to the white matter. 

The large areas of necrosis were most commonly found in the 

internal capsule with all but one of the animals showing degeneration 

to some extent in this region. In one brain almost complete 

destruction of this region on the left side had occurred in the section 

examined. Both sides of the fimbria hippocampas were commonly 

affected (five out of six an mAle)s In one animal the necrotic area 

bad extended to involve the hippooampue. 

longest surviving rat in this group. It may be of importance.to mote 

that no necrotic leeions were observed in the cerebral corteXs The 

lesions that did occur were Only oocasionally assoeiated'with 

vaspular damage,e  'selves the ease with rat 25 

Slight-vasoular damage did occur in regions well away from the 

large areas of necrosis already mentioned. Regions affected were 

the mai= preopticus nucleus (two oases) and the median &meal 





Figure 26. Distribution of lesions in_ 4000R irradiated brain 
after a latent period of 9 months. 

Figure 27. Distribution of lesions in 4000R irradiated brain 
after a latent period of 10.5 months. 
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nuoleUi (one case). Gliosis was not associated with any of these 

necrotic or vascular lesions. - 

IsOCOR (rises 26 ec 29) 

As in the previous group cystic areas of necrosis were present 

but not to the same extent. They were, as before,, restrioted to the 

white matter in the internal capsule and fimbria hippocampus and 

extended into the hippocempus and corpus oallosum in the longest 

surviving animal of the group. The optic nerve and optic °Magma 

were affected in three animals of the group. Gliosie was not 

present in or around any of the neorotio regions. 

Blood reseal. changes were more.eVident than in the 44000R. group, 

Vascular damage was again restricted to the region of the' median 

preoptieus nucleus, the median dorsal nucleus in the.hypotbale us, 

and the lateral,thalamic nucleus. Amyloid bodice were evident in 

two brains. 

In one anime] there was evi.dencse of vascular ooclusiOn and necrosis 

of the - chorold plexus in the lateral ventricles, 

of the animals 

in toss groups  and this 	mainly restricted 	the choroid plexee. 

The remaining animals in the group showed no changes in the sectione 

of the brain examined. 

No abnormalities could be detected in r of the re. 
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Figure 28. Distribution of lesions in 3000R irradiFted brain 
after a lEtent period of 11 months. 

Figure 29. Distribution of lesions in 3000R irradiated brain 
after a lrtent period of 18.75 months. 



.Bypertensive  

In this series of animals OrAy those in the 4,000R group *hawed 

any of .the' large areas of necrosis that were found in the 3,0000s 

and 4,000R normotensive groups. 

4,000R (Figs 30 & 31) 

The neortatie areas, ae in the correeponaing normotenetve group 

of animals*  were found only in the white matter and this in mainly the 

internal capsule and optic chiasmas In the longest surviving animals 

in the group spatmaa were found , extensively throughout the corpus 

allosumo IA en animal surviving for 15 months after irradiation 

almost complete destruction of the central white matter in the 

olfactory bulbs had occurred. 

Blood 'vessel changes were also present•in the thalami* and 

hypothalamic regions of the brain. 

Only one animal in the group did not exhibit these gross 

irradiation changes. This was the first animal in the group to die, 

5 months after irradiation. Thickening of the muscle wall of some 

superficial cortical arteries being the only abnormal feature. 

3,000R 

Damage of the vascular type only was detectable. This damago'• 

WA restricted to the cortex and hypothslmio regions. Small focal 

f necrosis were often associated with these vascular lesions 

One animal died with marked intemal hydorcephalue 

which could not be determined* 
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Figure 30. Distribution of lesions in 4000R irradiated brain 
of hypertensive animal after a latent period of 
8 months. 

Figure 31. Distribution of lesions in 4000R irradiated brain 
of hypertensive animal after a latent period of 
14.75 months. 
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2AVOR 

As in'the preceding group the only damage found was of the 

Vascular type and was ma4s*y reetrioted to the 'highly vascular 

cerebral cortex. The vessels of the chorotd plexus were elso 

affected. 

1,0011 

Unlike the brains of the ispoqii normotensive rats where no changes. 

were found, these antmals.showed vascular damage which was associated 

with small areas of necrosis. 

One of the animale in the group died with severe internal 

hydrocephalus, possibly resulting from recent extensive haemorrhage 

in the base of the brain. 

Thus latent cerebral irradiation damage in the normotensive 

animals seems to follow a recognisable pattern. MAW:).  4,000R group 

necrotic areas axe found in the deeper white matter. Vascular damage 

is restricted to the thalami° and bypothalamio regions. A similar 

. 'picturc -emergee in the 3,000R group with more extensive vasoular 

:damage. In the longest surviving animal in these groups the corpse 

oallosuM 1.6 &Imaged, In the 2,00011 groups only vascular damage is 

present. 

In the hypertensive group of animals, the 1 000 2,0 00 and 3po0n 

groups all show vasculer damage with the occasional foci of necrosis', 

In the 4,000R group, white matter degeneration is again in evidence, the 

longer surviving animals showing damage to the corpue oallosum as in 

the normotensive groups. 
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CHAPTER XII 

IHE lairi,ECTS 0 PREVIOUS LOCAL 

IRRADIATION Cif' TER =WM, RESEOSSE .TO =Mt 

The following chapter gives en account of the prolimina.ry 

reee► lta published previously (Hopewell & Wright . 1967). The 

lts have  been amplified with the addition of a cell labelling 

technique 'similar to that used by Spector 061%1, (1965o see 
Chapter 7) and by the use of high dose rates of electronic to 

eliminate effects due to long irradiation periods necessitated 

by our Xerays source. Cerebral lesions were produced by. 

freezing from the outside surface of the Attu (see Chapter 7), 

This method reducad the risk of cerebral infection and avoided meohanical 

disturbanoe of tissues. It produoed a uniform saucer shaped lesion 

on the surface of the brain 2 - 31szt across end 0,5 - 1,0an. deep, 

The lesion was clearly depicted by the irmorporation of taypan 

which is pbageoytoeed by the macrophages in the lesion, Histologically 

nti marked (*linter reaction was observed in the initial area of 

neacrosis Which was mezinum by the seventh day. Zn 	brains that 

had been previously irradiated this cellular reacti n was reduced 

the reduction being riependent on the .dose of prior irradiation.  

The pathogenesis of the cellular reaction resulting frce freezing 

injury will be discussed later in this chapter, 

mite 

Oell 	trade within the lesion. To minimise 



these cell ()aunts were made by using the 

following standard proctelure. 	es Counts were oarried out where 

the lesion Imo 0•5trot. in depth.: Using a squired ocioular •eyeopieoe 

and on immersion lens (magnification•i1050) a proportion of 

cells were counted in four consecutive areas (006 X 0.86Nra.) 

perpendicular to the surface of,the brain (fige,g). The eye+ . 

piece vas subdivided into. 64 smaller equal squares by a.squarea 

pet 	8) and cells in alternate °Wafts of itqciarea(l x 8)1i 

perpendicular to the surface of the brain were counted. Thttil 

the cells in 32 small squares (half the field area) .were 'courtteat 

noniber of cells was estimated by ccunting nuclei in the 

ted ea it 

slide 	 these a minimum of two aeotic wen mated. 

and obvious 

artifacts which would °lowly produoe an erroneous result. 

11 counts demonstrated (Table 5).  

and D are arranged tram the depth to 

The mean cell count is calculated  from 

and expressed as a percentage of the 

the non irradiated controls (230 cells). flame 

ed by this table is the uniformity of 

n the counted area, a feature that was act anticipateit 

An g pa in the 22016T Zwrity exPartmente are made up of stn 

Attempts gore made to avoid I bloodies 
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TABLE. 5 

Cell Counts in 7 Day Brain Wound, Iniry Fade 3 Days After 600R 

Irradiation. 

-T 

Rat No. J 	1 2 3 	• [ 	4 [ 	5 6 Mean cell. 

count per 

field area. 
 

Field-..  
area 

Section Number. • 

A 

1 2 1 2 1 	2 1 2 1 	2 1 2 

21-3 L.9 40 k2 33 	41 44 45 35 	38 37 41 40.67 

B 39 40 4/4- 45 46 	36 45 41 44 42 43 37 41.83 

C 45 43 35 44 6 	36 35 35 33 	38 34- 39 38.58. 

D 43 46 47 39 35 	40 49 34 36 	37 39 36 40.08 

Total 
cell 
count. 170 178 166 170 160 153 173 155 148 155 

151.5 

153 

153 

153 161.' 

M a en 
cell 17k 168 161.1:
count. 

156.5 164. 

Mean Cell Count as percentaLe or non-irradi.ated control - 70.0774 



The results are shown graphically in fig.33# It can be 

seen that the cell counts fall oft rapidly with doses up to 800R 

but that with higher doses the fall off in oellular reatition 

educed. The maximum reduction is approximately 50 with'a 

previous irradiation dose of 14000R." 

It the log of the cell counts is plotted against the exposure 

dose On a linear scale the dose response con be expressed as 

two straight lines (fi,g.310., An interpretation of these two linos 

is that they represent two cell populations. It appeared possible 

that the shallower slope might represent en anoxic cell fraction 

possibly occurring as a result of mild hypothermia at the time of 

irradiations This in turn being a consequence of long irradiation 

periods. Z'or example it took 50 minutes to.give a dos* of 41000R 

with the ltsximar 22015,  X ray machine A rat's body temperature 

can fall from approximately 370 to 3100 in this time 

Bexia.use of the difficulties of oontroll.ing body temperature - 

using conventional-220kY X•reys the experiment was repeated using 

B Me9 electrons from the linear aeoelerator.,at the Post Graduate 

Medical 8ohool liammersmith. 

This enabled all do steredlrithin a aim  

interval of 1 - 2 minutes so that all animals we 

similar physiological conditions. 

The •results obtained (fig•35) are similar to the previous 

ti using X-rsys which dismounts the hypothosie that mild 
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Figure 33. Cell counts/unit area of lesion, expressed as a 
percentage of the controls, against dose of 220kV 
X—rays. 

100 

0 
CC 
1- 
z 90  
0 
U 

LT., 80 
U cc w o. 

Z 1—  70- 

0 

J 60 - 
LU 

0 
—J 

20001,000 
	 3,000 

DOSE (X-rays) 

Figure 34. Semi—logarithmic plot of cell counts/unit area of 
lesion, expressed as a percentage of the controls, 
against dose of 220kV X—rays. 



hypothermia produces _an anoxic fraction of - yelled, 

All the results solar cited have been for pnima)8 

irradiated three days prior to injury. In ,a further study 

using fewer doses the interval between irradiation and injury 

was varied (table 6).7This produoed no significant variation 

in the response obtained even when an interval ofjdx months had 

elapsed. 

The simplest explanation of these results is that local cells 

are dataged.onirradiation and that this radiation damage is 

manifest When the °ens are stimulated to divide by injury. They 

then either fail to diVide or die* It may also follow that the 
cell population of the cerebral cortex is a static one because 

• 
the reduction in cellular reaction is not affected by.inoreasing 

the interval between irradiation and injuryaRadiatien damage 

it would appearv is "Stored up" until the oelleare stimulated 

to divide 

For thin hypothesis to be true we must postulate that the 

Majority of brain macrophages are of local:origin and not 

derived from the general circulation.  

B. pathomeneeis rof,cerebral .  

A better understanding of the pathogenesis of the Wider 
reaction to oerebral injury in normal and irradiated brain wits 

obtained from the ,study of the brain lesions of.. a. series.  of 



Cell counts per Init area of lesion as a percentaLe 

of non irradiated control 

Exposure 

Dose (R) 

Letent Period Between Irradiation and. Injury. 

3 Weeks 
	3 Months 3 Days Months 

(6) 

711.9611.55 

Fk.3-2.30 

(3) 

73.13-2.21 74.39±3.37 72.2111.69 

200 01.9 

( 2) 

400 

(5) 	 (5) ( 6 ) (5) 

61.1211.4.9 

(6) 

61.83'11.80 

(7) 

62.3012.08 

(5) 

62.26±1.87 

(5) 

2000 

6 

The fitLures in brackets indicate the .number of animals used 

in each group. 
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animals supplied with tritium labelled thymidine. This 

isotopically. labelled 1k precusor was administered either prior 

to injury or , atter injury one hour prior to death (see Chapter 7), 

Pairs of animals for each thymidine treatment were killed 

at intervals of 10 3  and 7 days after injury for both normal and 

previously irradiated brains (2,000R). This eohen provided us 

with a comprehensive pioture of the cellular reaction to injury in 

normal and previously irradiated brain up to the time (7 days) 

used extensively in our previous investigation. 

On the first day after injury the damaged area was necrotic 

and apart from polymorphs and the occasional palely stained 

nucleus it WAS completely devoid of cells In the control non 

irrediated lesion given a single injeotion of thymidine prior to 

death,* few labelled cons etre to be found in the periphery of the 

necrotic area both in the meninges (fig.%) and in the adjacent 

uninjured brain. Polymorphe were very oommon in all parts of the 

lesion. The lesion was not distinct, it, borders gredually merging 

with the normal tissues of the brain. In the comparable pair of 

local y irredieted animals, the lesions were similer and labelled 

cells were to be found about the periphery of the lesion. Only 

oasional labelled cells were to be found within the previously 

fined (fig.32) cell counting areas (Table 7). 

When animals had been injected with H3  twain* prior to 



TABLE 7 

'Total cell counts per unit area of lesion, with its 

associated cell labelling index 

1 

Time after injury (Days) 

3 	7 

A B A B A B 

"otal Lab Total 'Tab Total La Total ii7lb 	Total Lab Total Lab 

22.5 

23 

2 

4 

24.25 

25.5 

0 

0 

165.5 

176 

10,5 

7.5 

163 

1147 

30.5 

22.5 

200 

208 

4 

3 

209 

229 

5 

3 

24 

21 

3 

6 

27 

25 

0 

0.5 

102.5 

108.5 

7.5 

10.0 

119 

124.5 

2 

1 

122 

13k 

11 

8.5 

113 

124 

2 

4 

A - H3 thymidine prior to injury 	B - H3  thymidine after injury 

Eight animals were examined at each time interval after injury. Of these 

four were previously irradiated (2,000I) and four acted as non-irradiated 

controls. Each group was further sub-divided into animals receiving H3 thymidine 

either before or after injury. 
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Figure -36. Labelled spindle shaped meningeal cell at t1e 
edge of the lesion, one day after injury. Fr 
thymidine given 1 hour prior to death. Mayers x1600. 

• • 
	 fa 	

I 

1 
Figure 37. Vascular endothelial cells, labelled and in 

mitosis 3 days after injury. H3  thymidine given 
ihour prior to death. Mayers x700. 
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ry ind killed on. the first day after injury labelled 

con clear cells were to be fotuldwithin the necrotic area,' 

labelled cells were usually associated with groups of polymorph*. 

few_  were found within, or in oleseproximity.to:veasele of the 

intact meninges. .This was a feature that ciontrastiSmarkably with 

the numproue spindle shaped meningea polls labelled in this region, 

in the previous groups. Polymorphs and labelled cells possibly form,  

the main oellulair components in the counted area at this -time 

(haemotegenous ells) Na significant differences between: 

rradiated.and normal lesions could be detected. 

-Three -days after injury the appearance of the normal and 

irradiated lesions were strikingly different. In the control 

lesion' given  a single dose of 113  thymidine_one hour prior to 

death numerous labelled cells end large nuMbersof mitotic figures 

were observed. Labelled cells again predominated about the 

periphery of the lesion. Thiswas in the spindle shaped cells of 

the meninges and in cells in the brain parenchyma, in close proximity 

to the lesion The majority of these cells had small dark round 

nuclei obarsoterietto of mdoroglia although a few with large pale 

nuolei were possibly astrooytea. Mitotic' figures and labelled cells 

were also present in the lesion. Vascular endothelia oslie were 

also oommonly labelled or in mitosis (fig.37). The centre of the 

lesion was necrotic although there had been some invasion by 

polymorphs and the occasional labelled ',ell. 



In marked contrast in the comparable irradiated lesions, 

labelled cells and mitotic figures were rare (table 7). The 

occasional small group of 3 or 4 labelled cells were to be found 

in and around capillaries*  The cells my be maorophages entering 

from the blood and synthesising ENA in preparation for division 

(fig.38). A few abnormal mitotio figures were to be found (fig*40)* 

In the aniMale receiving H3  thymidine before injury, labelled 

cells were found in. the lesion but not in such large numbers as 

When the isotepe Waaadministered after injury one hour prior to 

death. A 'V* mitotic figuresiwere labelled although the majority 

Were unlabelled (figj9)0  ife'..Vasoulat endothelial Mils were 

labelled although labelled cells-were found in'elote-proximityto 

capillarieS* OnlYa:fee cella abbUt the periphery of the lesion. 

were labelled,  

In previously irradiated brain, the number of labelledcells 

in the lesion, when H3  thymidine was given before injury, were 

similar to the numbers found in the lesion of non irradiated brain 

(table 7)* Abnormal mitotioliigares and cells with 1. or 6 

mioronucleijmieronUcleated cells) were found in the irradiated 

lesion (figs* 41 & 42)* These ehanges:axe often associated with 

radiation damage which infers that these dells are of lOcal origin 

By the seventh day in they control non irradiated lesion, the 

celleit1ensity had reaehed a peak and the previously necrotic 



Figure 3. . Two large labelled cells and a mitotic figure in 
an irradiated (2000R) lesion close to a dilated 
capillary. The may be blood macrophages 
synthesising DNA and dividing in the brain lesion. 
HO thymidine given 1 hour prior to death, 3 days 
after injury. Mayers x1600. 

loia-ure 39 • Labelled mitotic figure in irradiated cerebral 
lesion, three days after injury. H3  thymidine 
given prior to injury. Mayers x1600. 



• 
• 

I 

4. 	so..• 
y'igures 40 & 4 . Anaphase bridge and micronucleated cell in 

irradiated (2000R) cerebral lesion, 3 days after 
injury. Mayers x1600. 

FigureL,-Z. Astrocyte, abnormal mitotic figure in an irradiated 
(2000R) cerebral lesion, 3 days after injury. 
Mayers x1600. 
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area was filled with cells (fig.43). Few labelled cells and only the 

occasional mitotic figure was to be.foupd when H3  t1 	was 

given one hour prior to death. InAhe irradiatedletion cells 

were larger and lessinumerous (fig.41f) and many mitotic. 

abnormalities and nmicronucleated".celle were found. Small areas 

of necrosis Were still found in the centre of the lesion of 

previously irradiatectanimals although the size of thenedrotio: 

areas 'varied. 

When 0 t4ymidine was given prior to injury, few labelled 

cells were found in the unirradiated lesion on the seventh day, 

while in the irradiated lesion a somewhat higher number of 

labs/led cells were found (table 7). The labelled °ells had by 

this time a much reduced grain count. 

In the unirradiated lesion produced by freezing two well 

defined morphological cell types were to be found. The first of 

these-types had a large pale nuclei, charaoteristic of astrocytes. 

The s000nd cell type, which was the most numerous, had a email 

dark round nuclus, characteristic of microglia. However, with 

the knowledge. that some cells enter the , lesion from the blood 

stream and that vascular endothelial cells proliferate in response 

we met conclude,that the cells with small dark round 

nuclei represent a mixed cell population of the above cell types 

with mioroglia (fig.45). All these types having this nuclear 

characteristic. 

The 'number of cells present in the irradiated lesion depends 



Figure 14-3. iTon irradiated cerebral lesion 7 days after 
injury. ME x700. 
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liligureLiAr. Irradiated (4000R) cerebral lesion 7 days after 
injury. Irradiation given 3 days prior to 
injury. H&E x700. 
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Figure14-5. Non irradiated cerebral lesion, showing the two 
well defined cell types (see text). H&E x1600. 

Figure44,. Irradiated (4000R) cerebral lesion 7 days after 
injury. Shows enlarged cells and a micron ucleated 
cell. H&E x1600. 
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on the dose of prior irradiation. Most of the cells in the 

lesion are larger with rounded cytoplasm* There is evidenbe of 

irradiation damage as "wioronuoleated cells" and mitotic Wbnormalities.  

are found (tig.46). 

In summary it would appear, that following an injury produced 

by freezing of a superficial area of the cerebral oprtez, there is 

an initial cellular reaction about the periphery of the lesion, not 

only of the neuroglial elements, mioroglia end astroeytes but also 

of. Wascular.endothelial cells and spindle shapedneningealvells. 

Followingthis there is a migration of cells into the necrotic area 

where they undergo further cell multiplication*  This cell 

multiplication, as indioated_by ()ell labelling and mitotio activity, 

reached a peak on the third day after injury. By the seventh day, 

cellular debris had been removed and the area was filled with cell... 

The function of the various. cell types reacting in response to 

injury is suggested as folloviss'Auloroglia it would appear, by the 

nature of their granular cytoplasm, play a phagocytic role. Vascular 

endothelial cella, which proliferate in response to injury, may also -

transform into phagocytes. However the primary. fUndtiaSef Mw 

endothelial cells will be the:production of new capillaries which are 

found throughout the lesion on the seventh day after injury. The 

Danction of astrooytes in the lesion was rotolear,j4o evidence. 

of phagooyosis was to be seen and so it was believed that they 

may playa pert at a later stage, in the formation of a.soaro The 

mitotic activity in the spindle shaped cells of the meninges 
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was primarily for the replacement of damaged parts of this loft. 

It was however possible that these cells may play a part in scar formation 

at a later stage. No evidence of transformation of spindle shaped 

cells into rounded phagocytio cells was found. 

The appearance of labelled cells in the lesion when 

thymidine was only given prior to injury, indicated that some 

circulatory white cells enter the lesion from the blood, They must 

also divide locally to a limited extent as the cooasionallebelled 

mitotic figure was found. However, the numbers are small and.they 

are not by the seventh day, the principal sourosof brain macrophages. 

The results show that although haemotogenoax cells:predominate 

on the firtt day after injury the principal cellular components 

thereafter are of local origin. 

It is interesting to note that in the irradiated lesion the 

number of haemotogenous celle:had increased by the seventh day as 

compared with the number.in the non-irradiated lesion (tatae 7). 

This increased.participation of haemtogenous sells 

Of the reddoed local cellular reaction. 



 

d. 

CHAPTER IV 

 

THE EFFECTS OF ItIVIOUS X.IRRADIATION CH 

INTRACEREBRAL INFECTION WITH B0RDETEZELA. earruSSIS  

    

This study was undertaken conjointly with 0.J.Agams. 

Department of Applied Immunelogy, Wright Fleming Institute. 

A. BactericlogLcal Investigation 

We have used strain 13.0.1772 of B. pertissis, whit:1.1 is of' low 

virulence for mice when injected intrecerebrellyo 

. The work of Adams (1968) 3.1ke. that of Tide. (1963), has 

icated that ciculatory.leucoeytes‘ Rig play a part in the 

eradication of low. virulence B• .pertussie infections from the 

brain. This hypothesis was based on, the' enhancement of low 

virulence infections by cortisone Cortisone Cortisone was 'injected 

subeutanOusky 2 hours before and 1 and 2 days after intracerebral 

infection with B•1772 B. pertussis. In these animals the number 

of bacteria in the brain continued to increase after the second 

day. and animas were dying on the fifth day with bacterial counts 

of 107 to 108  viable bacteria. The proposed explanation of these 

results was that mild leuoopepeniap produced by cortisone a, brings 

about the enhancement of the low virulence B. pertuesis infection« 

This phenomenon was imnsstigated -further using 4008 whole 



body irradiation instead of cortisone, to reduce the white cell . 

count, In addition, because of cur belief that-the majority, of. 

brain macrophages were of local origin, we repeated the 

experiment with the heads of the mime shielded with lead,•This 

avoided irradiation damage to local brain cello, damage that 

would become . evident should local cellsbe stimulated to divide 

by intracerebral infection, The pverall:reduction in the whits 

cell count was net significantly affected by shielding the head 

(Table 8). This is consistent with the knowledge that the stem 

moll population of these cells4s situated in the bone marrow of 

the body.  

The difference in response'hetween the two irradiated groups 

was very Marked (fig•47) and providoe very good evidence, for the 

view., that the meehaniem'responsible for the eradication' of this 

infection is of local origir4 Millais were infected with 5 x 

viable prganieme three days -after irradiation, meter an initital 

radiation in the 'bacterial manta after 1 hodr there was a rapid 

increase in the bacterial numbers. In the dnirradiattlimice-and 

these receiving irradiation to the body only,.the bacterial count 

reached a maximum 24 48 hours after infection and then rapidly 

disappeared from the brain 5 out of 10 brains being nearly sterile 

by the fourth day, Irtthm pther mediated group, where the whole' 

animal including the head was exposed, moterial octants continued 

to rise and the brains had a mean viable count of 04 105 on the 

fourth day,' This oontraets with 'a viable count of 9 x 102 in 
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the control unirradiated-animsis end 7 x 102  for the i dieted 
minimals with the heads shielded. 

In both irradiated groups the white cell count was substantially 

reduoed, The difference being that when the head was irradiated 

bacterial infection was prolonged, -but when the head was protected 

against irradiation damage the mouse was still able to eradicate the 

infeotion from the brain even though the oiroulating white cells 

were depleated. This is a result which clearly indicates that a 

local mechanism is sating in the eradication of low virulence, B. 

pertussis infection from the brain. 

In an attempt to correlate this phenomenon with our previous 

observations concerning the suppression of the cellular response 

to cerebral injury by previous irradiation a series of experiments 

were undertaken irradiating the heads of mice only. Two radiation 

doses ware selected; 1,,000R possibly the lowest limit at which 

delayed radiation changes occur, and 4001 a sub-lethal dose. 

In the first series of experiments, animals were irradiated to 

the heads only, while the bodies were shielded. This was done three 

days prior to infection, with 2.4 x 105  viable organisms. Baoterial 

counts in all three groups followed a similar pattern over the first 

twenty-four hours (fig.48), then in the two irradiated groups the 

bacterial multiplication was prolonged, while in the control group 

of animals the bacterial count remained at a constant level (3 x 105) 

for three dams, before declining on the fifth day. Meanwhile, in 
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the, taro irradiated groups ,bacterial counts hid reached betleen 107  

to 108  viableorganisms and animals were dying* A slight dose 

dependence:wee noted in animals siMilarly irradiated and infected 

and alloWed to survive after the fourth day. 10. out of 12 animals died 

in the 11000Rgroup.and 7 out of 12 animals diedin the 400R group. 

Death's occurred on the fourth to fourteenth day after infection, 

pnly a, single animal died in the control infected group of animals, 

As with previous experiments-.on the reispenge'of the brain to. , 

injury we next increased `the time interval between irradiation and 

infection to three weeks* In this,oatte .the mice were challenged with 

slightly smaller initial inoouluM of 8 x 10 viable organisms* The 

.responce'obtained foll6Wed e:very.similar pattern to,the.proVious 

series :of experiments. In- ell- three groups the infection followed a 

similar'pattern for the - first.24 hours after which the two irradiated-

groups showed a dontinued - baoterial.multiplication. while in the 

oontro group the pountdeolined - to give a mean bacterial mint of 

7 x 10 on 	-fourth day (fig.49)*, This wee in Marked contrast to 

the two'irrediatidgrouPsWhere the bacterial counts had reached 

6 x 106  and 5x 105 for the,1,00OR and 40.08 groups respectively..  

There ib.hint ofapbssible late re 	ry in the ..400R group,  
mean:bacterial count on the fourth day being slightly lower than on 

the third* The differences are however small and 86 could be due 

to chance* 

In the d final experimentin this series we allowed 
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a three month latent period between irradiation and infection. In 

this case the mioe were infected with 1.5 x 106  viable organisms 

and as in all previous experiments the infection for all groups 

followed the same courea for the first 24 hours (fig.50).. After 

this time the mean count in the control declined. In the two 

irradiated groups the bacterial oultipiication was prolonged, reaching 

a maximum in the 400R group by the third day, when it differed from 

the control count by a factor of 2D. After the third day, recovery 

occurred and by the fifth day the count only differed from the 

control by a factor of four. This is in marked contrast to the 

WOR group,  where the bacterial count was greater than the control, 

at this time by a factor of 500. 

This.  saggests that some recovery has occurred with .dose of 

400R and the brain has , partly been able to repair the'irradiation 

damage.• In the 1000R group no recovery..appears to occur in the 

three monihs.overwhich:thi44tudy was extended.., 

Possible.reoirie mechanisms will be discussed I6ter. 

iatological studies were undertaken on a - series of oontyrol 

diatea infected brains. Although no quantitative 

ion of the cellular reaction was possible (because of 

the sampling problems involved) we were able to follow the course 

of the infection in qualitative. terms. 

velua 
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Pigure5"0. Intracerebral infection with B. 1Dertussis. 

Animals were infected 3 months after irradiation to the 

head only. 



The brains of mice infected intraeerebrelly with B. pertuesis, 

of both control and irradiated groups, were examined blitologically 

et intervals of 6- hoUrs and 1, 2, 30  ‘and 7 days afterlinfection 

with approximately 10 viable organisms. Two to four, brains were . 

examined in each group for each time interval. ColoeMidorhich 

arrests mitoses in metaphase was injected sahoutiusously i hours 

prior to death. 

As little as 6 hours after infection,l-mitetio figures were 

observed in the controls and irradiated greupedv. These mitotic 

figures were found:in three places; in close'proXimity to the 

lateral ventriclespin the ventricular space and finally, a 

oonaiderable number appeared to be between openAymal. dells. (figs.  

51 &52). 

From the first day , of infect i.on onwards, 

variation in the brains of animals in the same group was 

considerable This is perhaps indicative of the wide variation 

in bacterial counts observed with similarly infected anima/ 

In the control infeote animals, mitotic activity of brain 

cells 	on the,first and second days but by the third 

OOMO brains were apparently normal. pmall. olummLof 

mononuclear cells, believed to be of local Origin* were Observed 

in the ventricles. Poly morphs were: observed in the oheroid plexus 

when the bacterial counts in the brain were highest. 

tOlogioal 

In irradiated infected brains many abnormal, mitotic figure 
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Figure51. Mitotic figures(m) in the brain, between ependymal cells 
and in the ventricle 6 hours after infection with 
B. pertussis. H&E x700. 

Figures-2_, Mitotic figure in the choroid plexus of the lateral ventricle 
6 hours after infection with B. pertussis. H&E x1600. 



and cells with many micronuclei are found«' For example figure 

53 shows a brain irradiated with 40OR oath* third day of 

infection, an anaphase bridge and micronuoleated cell are observed 

in the lateral ventricle. Celle with several small nuclei, 

"mioronuoleated" cells, were found in the brain in close proximity 

to the ventricles (figs54). 

The observation of mitotic activity on the fourth 47 was 

perhaps indioative of the prolonged high level of infection, again 

some 

 

of the mitoses are abnormal. Figure 55 ohms an abnormal 

mitosis in a brain on the fourth day of infection, the antmA)  

having previously received i WOR local irradiation. 

In the brairrairradiated mice, as in the non*irradiated controls, 

polymorpha were found within the ohoroid plex4e by thestedond or 

third day. 'After this time ae the bacterial numbere'continned to 

increase*  there was a gradual infiltration. of both the ventriettaire 

space and cerebral parenchyma by polymorphs. 

By the fourth to the seventh day most of the brains 

preViously irradiated mice developed a marked internal hydrocephalus 

(fig.57), which may have resulted in the death of the animals. It 

at this time that colonies of bacteria are clearly evident on 

ependymAl lining of the ventricles (fig,56). 

The above histological observations support the view that the 

principal mechanism for the eradication of low virulence S. pertuseis 



At. 

:11 

f 	4111141111k#-.41. 
Figure 3.  Abnormal mitotic figure (anaphase bridge) and micronucleated 

cell in the lateral ventricle 3 days after infection of 
irradiated brain (400R) with B. pertussis.H&E x1600. 

Figure61t. Micronucleated cell in the brain in close proximity to 
the lateral ventricle 2 days after infection of irradiated 
(400R) brain with B. pertussis. HO x1600. 



Figure 55. Large abnormal mitotic figure in the lateral ventricle 
of an irradiated brain (1000R) 4 days after infection 
with B. pertussis. H&E x1600. 
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Agures- ic,. Colonies of B. pertussis attached to the ciliated ependymal 
lining of the lateral ventricle. i+-Louse dying of infection 
5 days after challenge. Mayers x1600. 
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infsotion from the mouse brain is of local origin* The observations 

show that intracerebral infection stimulates cell division in the 

brain. Dividinsj cells were observed in the brain between 

ependymal cells and in the ventricles and so it would appear that 

migr 	of cells takes place from the brain into the ventricles. 

In the irradiated brains, mitotic abnormalities as well as 

micronucleated cells are observed* These features are often 

associated with irradiation damage. These abnormalities result in 

cell death thus reducing the ability of the brain to eradicate low 

irirulence. B.:pertUssis infection. 



CHAPTER V 

THE .OXYGEN' EFFECT AND BRAIN IRRADIATION 

Introduction 

The embryonic and foetal central nervous systems  in marked 

contrast to the adult is very radiosensitive (Pugh 1.962) and 

many abnormalities developed even with very low doses, Hicks 

et, al. (1954, 1957) showed that the primitive neardblaata and 

spongioblasts were seleetively damaged by ionising radiation in 

foetal life. The degree; and extent of irradiation damage 

decreased with the age of the foetus but inoreased with the dose 

of. irradiation. The general thesis was that the radiation dose 

became leas and leis effective as gestation pregrepeed. 

This increasing radioresistance continued into postnatal 

life until in the adult rat brain a dose of 1 	R.produced no 

detectable changes and animals appeared normal-even into, old age.. 

The time sequence during which`radieation resistance develops' 

in the neonatal period has been fully investigated by Yamasaki et•al. 

(1962). Irradiation in the first 3 - 4 days afterbirth produoed 

severe neurological changes over a wide range of radiation doses 

-1•00004. Five deye after birth only W.; of the animas 

receiving a dose of 30CR developed a lack of co-ordination and 
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weakness of the hind limbs from the third month after irradiation.. 

By the fifteenth day after birth no neurological signs occurred 

even after a dose of 100001t 

These findings were associated with a redaction in body 

groith and head growth. Xeitelitylme also *pendant on the 

age:of-the rats and dose of irradiation. 

The weight of the brain stem, cortex and cerebellum was 

reduced following the irradiation of the brain of two day old 

rats with 75011 (Sobjeide et.a1.1962),. 

Because of the high radlosensitivity of the nestling rat 

brain as compared with the adult this age was selected for 

demonstrating the oxygen effect in the central nervous system. 

The known suppression of brain weight being a useful indicator 

of radiation sf reet. 

irradiated on the seventh day 

several reasonso- 

t enabled wide 'range of 	 dictionirrie 	dose* to be used without.  

the sk-of.bighmortality (Yamasaki et.al.reported appreximate4 

9O/ mortality with 1,OOOR whole'brain irradiation:given between the 

first and fourth dAy, but after this time the mortality rate 

follOwing 10000R dropped to a very low value). 

At even' 440, the brain.ii still relatively undifferentiated 

This 
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and still only about one-third of its adult weight, which is 

reached at approximately 8 . 10 weeks of age (fig4,86). 

In addition only the left half of the brain was irradiated, 

the other side being used as a control for evaluating the radiation 

effects. This avoided comparing the irradiated half brain weight 

with that of normal non-irradiated controls of comparable age, 

as these- animals are heavier than animals in the irradiated group 

(table 9)• This was observed by Tamaseld. .U814(1962) following 

whole brain, irradiation of young rats. This would have introduced 

another factor which Would have been -difficult to control as brain 

weight is related to body weight (Donaldson 1908)4,, This may account 

for the lower half brain weight in the non irradiated controls as 

compared with the normal half brain weight (table 9). 

Groups of five onevreek old rats were irradiated with doses 

of 200 	000R to the left side of the head. The right side of 

the brain was shielded with lead,i The irradiated animals were 

enclosed in a sealed vessel to *doh gas was supplied at various 

oxygen concentrations i.e. ?, 20 (air), 100% and 300%. The gas 

in all experiments vat supplied at 3 litres/min and an interval Of 

five minutes was allowed for equilibrium to te'reached before 

exposure to Xdirays. 

Animals.were killed 1, 3 and ?week* after irradiation. The 

brain was exposed by removal of the parietal bones and fixed by 

immersion in 15.,1, acetic acid in 10 forma saline solution. After 
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fixation fora minimum period of 48 hours the brains were.cerefully 

dieseoted.out and withextreme.care sliced into two halves along 

the mid line. The two halves of the brain were quickly blotted 

dry and weighed eeperntely one torsian.belanoe. The radiation 

effect was expressed.  as the weight'of . the irradiated half of the: 

brain (left) ae a percentage of the non irradiated - half .-(right). - 

The ehanges in brain 'weight recorded were small (fig.58 and table 

10) with a maxieWn reduction of 15.5% between the two halves oft* 

brain in animals irrediatedwith 103008 under 	(hyperbario) 

,oxygen and killed thrieweeks after irradiation. With such small 

changekin brain weight variation in radiation effects with 

different oxygentensions was oorrespondinay smeller with some 

overlap of groups when the standard errors were incorporated.' The 

results do hewever'ehow a consistent trend over the whole range of 

doses used for all time intervals investigeted/  after irradiation. 

This is demenstrated most clearly by the'doso response curves 

obteinid'for animals killed three weeks after irradiation. In 

figure 58 the two extremes/  7% end 300 (7,41e4,haVe been plotted out  

with their'assooiated standard errors. If the difference between. 

these two'extremes of oxygen tension are considered together then 

they ere significantly different within the V,  limit,too., P<0.05. 

(The detailed analysis of the results_ are given at the end of this.  

chapter). 

The dose modifying factor between the two extremes of oxygen 
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NOVI bait brain weight as a pex+aentag. of non-irradiated control. 
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where indicated ( 
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Figuregg. Irradiated half brain weight (left half) as a 
percentage of the non irradiated control (right 
half) against dose of 220kV X-rays, irradiation 
being given under different oxygen tensions. 
The associated standard errors are given for 
brains irradiated under atmospheres of 7% and 
300% (hyperbaric) oxygen. 

7% oxygen 

lAr 	20% oxygen 

100% oxygen 

• 300% oxygen. 



tension varies au the two, dose response curves are not parallel. 

The dose modifying factor inoreaeing with irradiation dose. 

Taking two, intermediate points on the 30W,  oxygen curve, dose 
. 	. 

mo4fYing factors'of 1.85 and 2.1 respectively were found as 

compared with 77. oxygen. Thus it would appear that the &se 

modifying factor for r:C oxygen as compared with .300Y- oxygen is 

of the order of 2 for irradiated developing brain. 

Thus, as in other tissues, low;  oxygen tensions .w13.1 protect 

against radiation damage, while 'high oxygen tensions, in 

particular hypertaric oxygen, will, sensittee the developing 

central nervous system to radiation damage. The latter was 

suggested by Van den Brenok et.a3.0 (1968) .-for the adult. human 

after the evaluation of 557 patients receiving irradiation 

of' the spinal cord, under hyperbario oxygen conditions., 

O. 	aas an indicator of radiation effects  

The reduction in the amount of hair growth after irradiation 

also provided a visual demonstration of the variation in radiosensitivity 

with oxygen tension. This was only observed in the intermediate 

dose range (400 600R). 

In the example cited, the 3 animals of. the same litter were 

irradiated at one week of age with a dose of 400R, and observed 

1 week later (fig.59). The middle animal in the group was 

irradiated in air and showed slight reduction in hair growth. The 
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Figure59. Teduction in hair growth one week after irradiation 
(400R) as an indicator of variation in radio—
sensitivity with oxygen tension. 

Figure 60. Variation in the amount of hair growth, 4 weeks 
after irradiation, as an indicator of increased 
dose due to acattered radiation. 
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animals on the left and right of fig. 59 were' irradiated under 

they twoextremes of:oxygen concentration, 7% and. 3005.. In the 

latter the reduction in hair growth is more pronounced while in 

the animal irradSas►ted in an atmosphere of 	oxygen, no obvious 

reduction in the amount of hair growth can be detected. Thus we 

oonolude, as was shown for the effects of these oxygen teneione on 

the radioeensitivity of brain, that low oxygen tensions.Proteot 

against radiation demote, while high pressure -oxygen eensitises 

the nestling rats epidermis, to radiation demo. 

Following irradiation with 1,03014 the reduction in hair growth. 

was most marked with eventual epilation. This occurred with 

irradiation under ell oxygen tensions, no differential in response 

being obseived. This dose did however provide us with an 

interesting biological indicator of en increased radiation dose, 

resulting from lower energy scattered X.reys and photoelectrons. 

One week after irradiation-(1,000R)' the side of the head 

sod to X«-rNys is clearly defined by 	reduction in hair 

h. (Fi 103). In the following week hair loss continued so 

that b the end of the second week little or. no hair was found on 

the irradiated side of the head. Regrowth of hair was slow and 

as 	 eresting to note, that Just to the left of the mid line 

regrowth was more delayed than the remaining part of the 

dieted side of the head, This probably indicates a higher 

sure dose in this region because of the formation of 

photoelectrons and lower energy X...reYs from the edge of the lead 
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shielding (Rdbertson 1956), These lower energy radiations, 

in particular the photoelectrons, will loose their energylin 

the first few millimetres of tissue,, thus giving a higher dose 

in this region, 
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ATYPEZOIX 

Statistical test  

The significance of the response to irradiation between the 

two extremes of oxygen tension was determined using the standard 

error of the difference between the two means. 

S.F. difference between 2 ,mans w JSEi2   + SE22  

The results for each group are given. belowt— 

Dose (R) Dirt. between the 1% 
3CXX7,,  ovorgen subgrcupe 

SSD 
SSD 

2.1 1.11 1.89 <0406 

4.8 2.44 1.96 <0.05 

600 1.04 459 <0.001 

1#000 5.6 . 2.71 2.07 <0.04 

Three of these four results are ,significintly different 

within the 5% limit and the fourth is nearly so. The 

results taken as a whole do prove statistically 

signifioantly different within the 5-A,  limit.. 
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/n this !study we hey* set oat tb investigate the effects of 

chemical oaroinogens on two Implantation sites vithin the brain. 

In eaoh oase, cerebral tiesee vas in contest with the oarolnogento 

pellet, but they were positioned, so that in 'one ge,oup the pellet 

was in -contact with the meninges, while in the second group the -

of the lateral' ventricles wee involved* - nese two groups 

the following peragraphe be referred to as *supeiitioial" 

respetitively (fig.61), 

The experiment was also arranged 

carcinogenic types, namely nett ylaolentb,rene end bong:vette, and 

also the importance of sex in the induction of cerebral tumours 

Forty 	• of the 13pregue Bewley strain, (20 

6 weeks received intrenerebral implants of csaroinogen* 

of carcinogen, ighing 3 	mg* were obtained by 

in half their tiring a maximum pellet 

ith the Operated dental herr* 

small hole we produoed to allow easy passage of the carcinogenic 

pellet* After a small inoieion had been made in the overt/Ong dare, 
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Figure 61 . Diagram showing position of deep and superficial 
carcinogenic pellets. 

40 

20 males 	 20 females 

10 MCA 	10 BP 	10 MCA 	10' BP 

5 	5 	5 	5 	5 	5 	5 	5 

'Figure [2.. Distribution of animals. 
MCA- methylcholanthrene, BP- benzpyrene, 
D- deep, S- superficial. 



pellets were implanted into the exposed cerebral cortex according 

to the following standard procedures- 

"superficial" implantation. 

The pellet was placed on the surface of the brain and 

pushed very carefully into the brain substance until the pellet was 

flush with the meninges. 

2.' . "Deep" implantation. 

The pellet was held in a fine pair of forceps 

into the brain..to a standard.depth of 3 4• 

nd inserted 

The implants were arranged to give eight separate groups of 

five animals. For each sex ten were given metbAchlanthrene and 

ten benspyrene and each of these were further subdivided to give 

five with deep and five with superfioial pellets (fig.62). The 

animals were then observed at regular intervals for signs of • 

neoplasms. On the death of the animals the heads were removed. The 

brains were exposed and fixed in 1 acetic acid in 1O formal saline. 

A general post.mortem examination was carried out on 755 of animals 

to ascertain cassee of death other than cerebral tumour. 

After • fixation the brains were dissected 	sliced 

The carcinogenic pellet was removed at this 

B. Results 

The results obtained over the 2 years duration of the 

experiment were clear. In the group of twenty animals where the 



to differences between the tw 

pellet of carcinogen was implanted deeply fifteen tumoure.developeds 

in the twenty animals where the pellet was placed superficially 

only four tumours developed. Intwo:of these Superficial" animals 

the pellet was found to be.doeply.situated at autopsy so in further 

analysis of the results they will be considered with the group of 

animals With deep pelletst; On this basis the resultware summarised 

in figure_63. This dhows a 77% (1702). inOidenoi of tumours in the 

deep group and 11% (08) in the superficial group.- A more detailed 

analyiis of the results is given in the histograms (figs. 64 

ercinogen type (figs. 48: 65). 

.04411/3  tdethyloolanthrene eight out of twenty animals 

produced tumours and ofthese seven were from the "deep" group. 

In a similar group of animali where benspyrene wasUse4 eleven 

tumours'were induced and ten were from deeply situated pellets, The 

numbers are too small to allow_any firmoonolusions to be drawn as 

inogenic types. 

The importance of mar (figs. 66 & 67) 

Considering all the tumours nine were in males andte6.in 

females; clearly no significant difference.-. If the results are 

d more cloieltwith particular reference to the time of 

deveIopmentof tumours from deeply situatedpellets en interesting. 

feat emerges. In the "deep" group nine male and seven emale"glial 

tumours deVeloPed's  (with a single Choroid plexus tumour in another 

female). However in the first thirteen months sevenIumoure 
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Figure 63. Summary of results showing distribution.. of 
experimental brain tumours. 

intracranial TUmours: Rats 

Ependymoblastoma 6 
Glioblastoma multiforme 5 
Spongioblastoma 1 
Oligodendroglioma 1 
Astrocytoma 1 
Mixed oligo./astro. 2 
Choroid plexus tumour 
Meningeoma 
Unclassified 

1 
1* 
1* 

19 

* Carcinogens superficial 

Table II. Type and incidence of experimental intraeranial 
tumours in rats. 
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BENZPYRENE 

Figure 04-. Intracranial tumours produced with benzpyrene. 

M ETHYLCHOLANTHRENE 

Figure Lc. Intracranial tumours produced with methylcholanthrene. 
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MALES 

Figure (A). Intracranial tumours in males. 

FEMALES 

Figure 0. Intracranial tumours in. females. 



developed in males but only two occurred in females. On the other 

hand in the second thirteen month period the position was 

reversed with five tumours in females and only two in melee. 

Thus it appesrs that gliomas are more common and develop earlier in 

males than females. Later in this chapter other evidence will be 

disouseed in support or the vier that cerebral glial %amours are 

more common and tend to develop earlier in males than in females. 

!free's of Immature death 

all long term experiments oftrite type the health of 

the experimental animals and the risk of a premature death from 

other causes must be considered. The influence of premature 

interourrent death can test be interpreted by ewamia ng each group 

In the 	benepyrene group (f *Ws  00% (WA's) tumOurs 

developed where the pellets vere iasplanted deeply but in the 

corresponding group of superficial animals no tumours developed 

(0/5) The mean tsmartearing age in the deep group was 

12 months. In the aperficial  getup 	 but one 

'which died prematurely with*. moribral oboes s) 

this 12 month period. In the methelcolanthroine 

.69) 66% (4/6) tumours developed in the deep 

group of swims  s while all the superficial. animals lived beyond 

the mean tumour bearing age, i.e., 13 month* 

In the two retool* groups (riga° 111 71) both deep and superfia 

ea for a similar length of tire and so it could be 
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BENZPYRENE 

Figure 68. Intracranial tumours in males produced by benzpyrene. 

METHYLCHOLANTHRENE o-- 

Figure 69. Intracranial tumours in males produced by methylcholanthrene, 
Carcinogen deep in error. 



BENZPYRENE 

Figure `(O. ntracranial tumours in females produced by benzpyrene. 
Carcinogen deep in error. 

METHYLCHOLANTHRENE 

Figure '11. Intracranial tumours in females produced by methylcholanthrenc. 
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argued that both groups are just as likely to have developed 

cerebral tumours., 

Xt might_ be argued that fewer tumours developed after an 

implant of a euperficial pellet because the animals died too early 

and that Wmoure would have developed had the animals 

Other workers have pointed cut Weever that meningsal sarcomas and 

other sarcomas harm a shorter,induction period than gnomes* 

Thus, it appeared that the, site of implantation wag of the.  

utmost importance in the induction of cerebral tumours in rats:-

is . When tllemeninges were involved only the occasional sarcoma 

developss 

In 'a midway position between the meninges and the lateral 

ventriolee no tumours were induced (Delorme):  

n the carcinogen pellet was iiplanted deeply so, that 

involves the lateral ventrioles a high proportion of _tumours 

were induced and Meet of these were of filial 

Histological observations 

The types of tumours induced varied between different animals 

and in some 040011 between different parts of the tumour maim in 

the same animal. All tumours produced from deeply implanted pellets 

were identified as being of glial origin with a single exception. Of 

the two tumours originating from a superfioial/y situated pellet 

one was olassified as a meningeoma (of two types) and the other, 
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markably different from any other tumour, remained unclessif ied. 

The tumours were grouped together as, shown in table 11. In 

some oases the tumour was said to be of single cell origin while in 

others, small isolated regions of other possible tumour types were 

occasionally found. However, a tumour was only identified as truly 

mixed if its parts formed a major contribution to the total tumour 

mess or if, two cell types were clearly intermingled throughout the 

tumour mass as in the case of the mixed•oligoastrocytoma. 

The smallanomalies mentioned above will be discussed in the 

detailed description of representative tumours which is to follow. 

This animal was found dying 260 days after implantation of 

2.4 mg. of metbilabolanthrene into the deep position. It 

exhibited extensive neurological symptoms with lack of motor 

co-ordination and "righting" responses. Respiration rate was slat 

animal was killed. When the parietal bones were removed a slight 

separation of the sagittal suture was interpreted as being indicative 

of increased intracranial pressure in life. 

Atter fixation the..brain'w s sliced and the pallet . boated; : t 

clearly, involved the' left lateral ventricle. The tumour mass was 

very extensive, infiltrating into much of the the; mic region of the 

brain and extending posterially : through the inferior colliculus 

region.into the cerebellum. The tumour was restricted to the side 

of the carcinogenic' implant but the opposite - half of the brain was 
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distorted by the tumour mass. Encroachment into the ventricular 

space was minimal. 

The greater part of the tumour was made up of large round or 

oval cells with grossly pleomorphio nuclei (fig. 72). The cells 

were to a laxge extent unipolar with the nucleus situated to one 

aide of dense clear cytoplasm. Dinars mitotio figureswere a 

common feature. The ()answer* closely pecked and where, necrotic 

areas had developed cells tended to palisade with the cytoplasmic 

tails pointing into the necrotic space. This is an arrangement 

of tumour cells commonly observed around blood vessels (fig.73). 

The occasional thrombosed blood vessel was observed within the 

tumour mass. This tumour was olasaified as a glioblastoma 

multiforme. 

RAT 201 

The rat wee found dea 15 months after implantation of 

thylcholanthrene. The pellet at autopsy was found, protruding 

into the lateral ventricle (fig.74). The tumour was large  and 

extended fromthe floor of the ventricles onto the surface of the 

.brailm The remaining brain was grossly disteTted due to the,larg 

sire of the tumour. In other sections, tumour can be found 

extensively overlying the meninges. 

The oells were of medium sire, with regular, pale nuclei shoeing 

a'fine ohromatin pattern. - The cells.wore moderately packed and -

showed alendanoy to lie in sheets particularly in the tumour mass 
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Figure'12.. G-lioblastoma multiforme: Bizzare mitotic 
and multinucleate cells. ME x1600. 

Am" 
figure 

Figure-13. Glioblastoma multiforme: Palisading of cells 
around dilated blood vessel. 1 x700. 
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Figure-14-* Slice of brain showing position of carcinogenic 
pellet and cerebral tumour. 

Figure 75. Mpendymoblastoma: Shows multinucleate cell and 
the organisation of cells into layers. HeeE x700. 



that had extended over the meninges (fig.75). The cells also 

tended to palisade around small areas of necrosis. Ocoasionel 

aultinuoleate and micronuoleated °ells were observed as well as 

bizzare mitotic figures' This tumour was classified as an 

ependymoblitstoma• 

RAT 211 

Died 15 months after a superficial implant of methyloholanthrenes  

the pellet at post mortal was found to be implanted on the surface 

of a large white tumour mass" 

s °logical observations revealed that the tumour mass was 

made up of two very distinct tumour types which bordered on each 

other but did not to any large extent intermingle, The most 

characteristic feature of one of these tumours was the interlacing 

bundles of .long narrow spindle phaped oelle (fig•76)• The.nuoloi 

were pale, narrow and rod shaped, with a fine,chromatin structure -• 

and a single nuolealue. The cells were elongated and resembled 

fibroblastic The tumour was not highly vascular and there was a 

lirge'oentral area of 'necrosis, This could be termed a .fibroblastio 

meningioma, 

The 	tumour was very uniform in appearanaet  the wells 

being slightly polygonal although in many tutees the cells were 

not clearly defined. The nuclei were relatively large and central 

placed within the cell" They had a fine chromatin net with a 
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igure 7 6. 	 meningioma. H&E x300. 

Figure /7. Syneitial meningioma: Shows slight palisading 
around dilated vessel. H&E x700. 



variable number of'  nucleoli. 

The-cells exhibit slight palieading around the numerous dilated 

capillaries found within the tumour mass (fig. fl) and around small 

areas of neorosie, 

Thie tumour oould - be described as a eynoltial meningeoma, 

RAT. 2006 

Thcanimal-wae fetind dead 270 days after an iMplant of 

methyloholenthrene into the. deep.position,' The pellet-,Was found 

`'in contact with the roof`.. of the lateral ventrieleafter death,' 

Histologically we obeerired a large cystic tumour occupying, :  

the fronto.parietalregion of theHbrain, The tumour was made up of 

two types of cells; one with a large pale. nucleus with abundant 

Sdritio qytoplaemi presumably astrooytes, and the other.cells 

with a small dark round nuclei were probably oligodendrocytee, . 

The two cell types are in approximatelyequal proportions (figf /8). 

There were nu rode neurotic areas, some filled with clear..  

fluid. The cells with large pale nuclei tend to palisade arpun 

these neurotic areas (figa9)• There were a few pleomorphio areas. 

The tumour could be called a mixed oligo-astrocytoma. 

RAT 203 

This rat'reoeived 'a' pellet of metbyloholanthrene deeply 

implanted- into the.  brain, Evidence ofraisedAntracranial pressure 



.04 12W 
ledk:14 * * 

	

t 	
11  • 4. FA. 

	

alb 	40  s 

1. _gure --(g. Mixed oligo—astrocytoma. H&E x700. 
41P 

• 

• 	- 
41.6 4 . , Mr 5 	411} 'lb il  

	

. 	.'9111 44  4-... 0#41  . spr •All - m OP• -4#6  . OP • .. , 4.4t 
, • 4, • . .. 

fitt,  
41 41) 

	

11. . 	 • ,A • • 	• 0 ,. 04 t, 
f 	a 	AI • 

	

r  • 	• 4  • .. • 40  SW •• 
• 

4 40Y 4 * 
A 	 41, • LIP  e0 

• e Wook 
• ••41, • 	 * 	

ista 
. 9  • 	,ii  JIP  0 - *4' • * 44 Nir 

4 

I • 

10,• 
• •A 

N Ai •It 4.0 • f 

• 

, 411141,  4•4„ 
• . - 	a • -4' • • • 	I 	a 

. Of  

• i• • * • At 	di 
at 	• ' • 

s 	is a 	w ifr 110-  • 	• 
4/ • 

41  

10.'4 r J. 

ii
i °is 0 • 
le 

• 4 	* 	, 

• 
Pigure71. Mixed oligo—astrocytoma: PalisP.ding of estrocytes 

around a necrotic area. H&M x300. 



142 

was present at death, with marked Separation of the parietal bones 

along the mid line. 

This very extensive tumour (=ivied the area between the roof -

of_ the lateral ventricles and the surface of the brain. The 

tumour extended through the frOnt parietal region into the 

**nobelium where the tumour cells were more closely pecked than 

in the other regions (fig.80). 

The small, oval, central nuclei were surrounded by highly 

vacuolated cytoplasm, Showing many processes (ti g.81). This 

highly vacuolated cytoplesmitires the tumour a very spongyeppearanoe. 

This is a feature which has been lost to a large extent in the 

cerebellum. Pleomorphism was another feature of the tumour. large 

areas of necrosis existed around which palisading occurred. 

This tumour was classsified as a spongioblastome. 

:EAT 236 

This animal died 12 months af er'a deep intracranial implant of, 

benspyrene. Post mertem'revealed-a very extensive tumour centred' 

on the left lateral ventricle 

The tumour waft made up of Meal round as is with dark, round, 

often pyknotic nuclei, characteristic of oligodendrocytes 'The 

tumour mass was relatively avae3ular and largeereatef necrosis 

were a common feature, with the pilisading or cells around them. 

Another charaoterietio feature was the orientation of the tumoar. 
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Figure 81. Cells with highly vacuolated cytoplasm 
characteristic of a spongioblastoma. H&E x700. 



cells into rose, in much the same way as oligodendrooytes are 

found along myelinated nerve fibres (fig.82). 

This tumour is classified as an oligodendropytoma. 

RAT'216 

The animal was found dead 26 months after implantation of 

methyloholanthrenes The pellet was found in an enlarged lateral 

ventricular spade surrounded: by tumour...Whit% was almost entirely' 

restricted to the ventricular space with only limited infiltration 

into the surrounding brains. - A most striking feature was the large 

dilated capillaries and.numeroue blood spaces. This tumour clearly 

involved the ohoroid plexus (fig.83)* 

Nuoleiwervemall.and round, similar to the normal epthelial 

cells orthe ahoroielplexus although the normal' single la Yered 

arrangement of these callow** lost. Ihese:oelle were intermingled 

with a considerable amount of aupporting:strona of vasoularised 

connective' tisane. 

In the tumour infiltratingbrain, the small nucleated cells 

tended to have highly vacuolated cytoplasm. 

of position and similar ties.with the' normal chordid 

be:described as a tumour of the choroid plexus. 

D. Conclusions 

If the cUmulative tumour number in the deep group of rats is 
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Figure $`3 . Tumour of the choroid plexus. 1-1:2 x300. 

PigureS2. Oligodendrocytoma: Shows organisPtion of cells 
into rows. Hail  x700. 



plotted against time for males -and females separately then two 

...nearly distinct curves are obtained (f44,84). The incidence of 

superficial tumours is plotted in a similar fashion for comparison 

y"illustrating that more,tumours develop froM deeply situated pellets. 

The curves for male and female tumours indicate that tumours. 

in males tend to develop earlier than in females. This oorrelates 

very well with the incidence of glial tumours in MOM4 If the 
results ofjenmanand Smith (1954) for adult gliomas are plotted 

graphically in the mannerusedfOr the incidence of experimental 

tumour*, 4 pair of similar curves are produced (fig.05). 

Sowed(' the conclusions arrived at by the above authors also 

agree.with our findings. Male cerebral glial tumours are more 

common than in females in, the ratio of 443 This is a point they 

emphasise, adding that they knOw of no author, having found a 

predominande of glial tumours in females. They also state that in 

the case of their predominant tumour type,"glioblastoma, the 

highest grequenoy appears one decade earlier in males 40 - 49 ye s 

es opposed to 50 4. 59 years in females. 

This predominance of glial tumour* in melee is also found. ii 

children,as was reported by Bodian end Lawson (1952, Table 12). 
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Figure $y Cumulative number of experimental cerebral tumours, 
in male and female rats, against time in months. 
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TAME 12 

In 	cranial glial tumours in children 

.Male 

MeduUoblastoma 

Astrocytoma 32

34  

Subependymal glioma 3 

69 

Female Total 

17 51 

23 55 

6 9 

The simplest explanation of the predominance of glial turnouts in 

males is that they are in some way 'testosterone dependant, a view 

that was expressed by Penman and Smith to explain the high incidence 

of glial tumour* in the male, The continued growth of. the male rat 

brain may-be of importance or at least a related phenomencii(fig.86). 

In addition to itspossible: e in the induction of, oerebral 

tumours, testosterone was also shown to be important:in:the growth 

of transplanted cerebral tumours (Auttyn"andlablonovsksyai 1965)* 

These workers showed that castration Of male rats will reduce the, 

percentage ,"take of .ssvera?,Iypes of intracerebrally transplanted 

tumours in non aragenelo animals. The protective effects of 

castration disappeared after the administration of testosterone* 

.The final question to be answered is, why do gliomas only 

develop when the carcinogenic pellet is implanted into the deep 
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32 

btigure qt... Comparison of the growth, by weight, of male 
and female rat brain. (S/D strain) after birth. 
In the female growth of the brain is maximal 
by the tenth week after birth, while in the 
male the brain continues to grow. 



position? The possible explanation of this is that in this 

position the pellet is in contact with *ells of the subependymal 

layer. This is a primitive layer of cells whichare probably 

mitotioally active throughout the life of the animal (Allen 1912), 

and are therefore prone to tumour induction, The subependymal 

layer has been suggested (Globus & Xulhenbeok, 1942; 1944; 

Kulhenbeck 1947) as the site of origin of several glioma types in 

tne.n, 

E. Radiation Carcinornenesis 

In approximately 70 rats irradiated with various doses and 

survivitfor at least three monthe after irradiation, two 

intracerebral tumours:developed. A'.rew Or these animals survived 

for periods of up to two years sitar irradiation although the 

mean survival time was less than one year. 

RAT 75 

This animal, id:Wilms hypertensive, died 19 months after 

cerebral irradiation, i ,000R. A large, very diffuse, tumour was 

found throughout the brain, Anteriorly it was found on the left 

side of the brain, in the region of the oaudste nucleus, between 

the fibres of the corpus oallosum and extensively in the hypothalamus. 

Areas or necrosis were present in this latter region. The left half 

of the corpus cellos= and the brain parenchyma around the fourth 

ventricle was heavily infiltrated with tumour. The white matter 

traoke of the internal capsule showed only slight infiltration.  



— 151 4. 

The tumour also extended back into the cerebellum where 

involvement of the ventricular spaces was much more in 

evidence. 

The cells were small and round with small dark round nuclei.: 

Eyknotip and microneucleated cells were often found. In so sells 

the nuclear chromatin was separated into two or three'parts within 

an oval nucleus (f g.87). This type of cell was most common in 

the cerebellum and was only found occasionally elsewhere. These 

cells show no distinot organisation other then to - aggregate around 

blood vessels (fig.88). 

Identification of this tumour was difficult, as it does not 

readily fit into any common tumour group. The tem microglial 

tumour may be applied. 

EAT 854 

This animal received 400R three months prior to oerebral 

injury and death, The tumour at autopsy, appeared as a blue patch 

(trypan blue) on the surface of the brain, It was slightly larger 

than, and on the opposite side of the brain to the frozen 

cerebral lesion. 

Hiastologiaially the tumour occupied a position between the 

of the lateral ventricle and the meninges, although some Irma*** 

of thehypocampus did Occur. Cells are small and slightly 

elorkgated with small oval nuclei and only occasional mitotic figures. 



Figure g7. Rat 75. Radiation induced cerebral tumour, shows subdivision 
of nuclear chromatin into two or three parts. 
H&E x1600. • • 
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Stell.areas of necrosis occur with palisading of cells around. 

them (figs89). Calls also aggregated around blood vessels.(fig.90)s 

This tumour was not classifieds 

Theo it would appear that radiation is slightly carcinogenic 

to nervous tiesues 
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Figureqn. Rat 854. Palisading of cells around a necrotic area. 
FXR x700. 

igure90. Organisation of tumour cells around a small blood vessel. 
H&E x300. 
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CHAPTER VII  

AND METHODS 

The. aniiall.used. in the following investigations were as 

WistarRits 0  for normotensive and hypertensive brain 

irradiation (*dune). 

Sprague Dawley Rats Cerebral injury (adults) 

Cerebral careinagenesis (weanlings) 

Half brain irradiation (litters, 7 days) 

Theilers Original albino mites B.:pertuseis infection',  

. (young:adult females): 

Anaesthetics 

Rate; Chloral. hydrate 300 mg/Kilo body weight, 	solution I.P. 

Mice; Sodium pentabarbitone (Nembutal) 60 mg/'Kilo body weight 

15 solution I.P. 

A. Irradiation tedhnictuee  

In all irradiation experiment where only a small area of 

tissue was exposed care was taken to ensure that the animal 

was held firmly while the irradiation was in progress. Shielding 

was suitably placed to protect other areas against direct exposure 

and to , reduce exposure by scattered radiation. A layer of lead 

2nea thick was considered suitable for this purpose in the 220 kV 
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'Cerny experiments, for this will reduce the dose to the shielded 

•_ parts to less than 15. In the electron experiMents 1.6cma of 

aluminium *as used. 

Adult Rats (1800.4250 arms) • 

The /made were firmly ,supported in a specially construoted 

hinged perspex clamp (fig.92)• The two upper incisors were plaoed 

through the hole in the lower half of the clamp and the upper half 

of the clamp was gently tightened down on top of the head. With 

the head firmlyclamped the rat could be fixed into position in the 

irradiation box (fig.91), 

The perspex boxWas fitted with an sir inlet and outlet so the 

animal:could be supplied with air in its. confined position 

throughout 'the irradiation.: The rectal temperature of the animal 

was recorded,throUghout the irradiation with en eleotrio therm000uple 

type thermometer. Air flow was maintained at i litre per min.. by. 

a Prookter pump. 

The animals were irradiated through the side of the head via 

a.semiciroular port 1 2cms. diameter:(fig.93), This method had 

thy added advantage of aypidintirradiation'of_the respiratory tract 

and alimentary oe.nal which is very important in animals receiving 

high dosesand expected to survive for long periods of time. 

The two points of the semi.ciroulat irradiation port Were 

aligned between the posterior corner Of the eye and the ear, these 

`being two positions which enabled the irradiation port to be 



Figure cii Radiograph showing position of rat in irradiation 
apparatus. 

a 

rigure91* Radiograph of rat skull showing position of 
circulPr irrpdintion field (2em* dianeter) used 
with MeV electrons. The positioning of the 
hinged clamp, used to secure the head, is shown. 
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Medulla spinalis 
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Figure13. Pr.diograph of rat's skull showing position of 
semi-circular irradiation field (diameter 1.2cm.) 
used with 220kV X-rays. 

Os occipitale 
pars basilaris 

Sagittal section of a rat's head indicating the 
region of the brain irradiated with 220kV X—rays 
(cf. figurecnc). 

CRAIGIE (1963) 



positioned accurately. The region of the brain irradiated with 

:220 ky.X-rays is shown in fig.94. This was the olfactory lobes 

and the majority of the cerebral hemispheres. The cerebellum was 

not irradiated. 

Adultilats (180-250 g) 8 MeV electrons 

The animals were restrained as mentioned in the previous 

section but in this case the animals were fixed horizontally in 

a partitioned Perspex box. Irradiation was given laterally through 

the side of the head, through a 2om. diamter hole in aluminium 

shielding (fig.92). Animals were in this case irradiated lying on 

their backs and not as in thc previous experiments with 22015 

X.rNys, on their sides. 

Suckling Vats (10A5 grms 

In this case it was- esSentiallhat the animal vas 

secured very firmly as it was intended that only half:the-animal'al 

briin.waii'irradiated. It wtenotnecessarY to - anaesthetise these 

small, 7740 Old ahltalai 

The apparatus for securing the rats was constructed from thin 

flexible tempered copper strips that were bent over the neck, 

behind the ears and over the snout. The rest of the bodywas held 

down with farther strips of copper. The heed was time held firmly 

and the brain irradiated through the top of the oalvarium. 

Positioning of the 2.ad shielding over the right side of the 
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head was performed with extreme care* The edge of :the lead 

being placed on an imaginary line between the tip of the snout 

and the mid-point between the ears*. The remainder of the body 

below the base of the skull was shielded by a tunnel'of lead* 

A very useful means of checking the accuracy of the 

irradiation was to examine the animals one to two weeks after 

irradiation. At this time in a majority of the animals, a 

considerable difference in the amount of hair growth on the irradiated 

and non-irradiated sides of the head was observed. An animal 

irradiated on the, seventh postnatal day with 1,000R and observed 

one week later is shown in, fig. 95. 

'Toting adul.tizioe (15 20 grins) 

rot all the 400R irradiations (to the head only, bogy 

only, and whole body:irradiation) a oylindriCal box, divided into 

seven radially arranged oompartments was used, This box was a 

suitable size for fixing into the cone of, the X.7ray madhipe, , so 

that the whole borwaS in the - itradiatiOntield.: The various 

combinations of irradiations. could then be formed by placing 2mm 

.lead over the head or bodies of anaesthetised animals* 

A 'similar apparatus to that used in the irradiation of 

suckling rats Wits used for the irradiation of mice with the higher 

dose (1,000R), although in this case the an 	 mels were ansesthetiSed 

(Stembutal 	I.1,40, This apparatus reduced scattered 

radiation to the body, which proved a prdblem when the previous 
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Figure 95. Two week old rnt showing reduced hair growth 
on left side of head one week after irradiation 
(1,000R). The veil defined area indicates that 
lead shielding was placed accurately, on the 
mid line, at the time of irradiation. 
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apparatus was used for this higher irradiation dose. Exposure of 

the body to scattered radiation was indicated by a gradual 

reduction in the leucocyte count following irradiation. 

E. DosimetrY 
A s far as possible in all experiments the dose of radiation 

administered was monitored with a Baldwin Farmer Sub-standard 

&Waster. The probe of this instrument was inserted into a 

Vix-D" tissue equivalent phantom and placed in the X.ray field 

in a comparable position to the irradiated animals. This material 

has equivalent scattering properties with regard to Xarays as 

tissue. Where continuous monitorint  with the Baldwin Farmer 

Dosimeter was not possible, as in the case of the pressure ohamher 

experiments a transmission ionisation chamber was used in 

conjunction with a vibron electrometer. 

For all practical purposes the X..ray field can be considered 

to be in the form of a cone emitted from the focal spot of the Xsray 

tube. Thus, all points of equal radius from the (*viral axis of 

this cone will receive approximately the same exposure dose. 

In all experiments therefore, all animals or the parts of 

animals to be irradiated were placed on a circle the centre of 

which was the central axis of the irradiation field« In like 

manner, when continuous exposure measurements were being taken 

with the Baldwin Farmer Dosimeter, the probe was placed 'on this 
same circle. 



Dosimetry for the electron experiments wore carried • oat in 

that of Wright and Beeley (1960)+ 

a 

first used by Koleta (1959). tinder 

median dorsal incision was made through 

When the above type of 001102UOtte monitoring was not posadble 

tx smtssaion type ionisation chamber was placed in the radiation 

field above the apparatus. The is n.iaation current was measured 

with a Ohre% electrometer with 240 'Volts (colleoting voltage) 

across the chamber. 

The electrometer wasp calibrated by **sparing a constant 

reading on the elsotrometervith the exposure dose recorded with 

a Baldwin Farmer Dosimeter at the required position in the 

irradiation apparatus. Prom the exposure dose recorded the time 

rewired for any particular exposer* dose can be calculated. The 

electrometer can then be used as a check that the dose rate does 

not alter (constant electrometer reading as before) and any slight 

adJuatments made in the X-ray set controls made to keep it so. 

y reflection of the skin to either aid. the kidneys could be 

exposed through a small secondary incision in the mnseleiwall, 

Yet was caref0117 dissected sway from the renal artery and Wein. 

On the right aide ligation or both the artery and vein resulted 

in infarction of the 'bole kidney. On the left side a small 



ripe in blood pressure of 621=11g present for bled for a 

2 4. 22 months (table 13). 

iz 'arct was produced by ligation of the interior branch of the 

left renal artery (figs. 96 & 97), this was the only modification 

to the Koletsky 810th0a (anterior renal artery) and produoed 

Milder , hypertension. 

One week post operatively an infarot involving the posterior 

third of the left kilt :ay was very clearly defined. The totally 

infaroted right kidney was large 'and pale at this time (figs. 98 

99)4 

The blood pressure of animals was measured pre operatively 

and two to three weeks poet operatively using the method of 

Byrom (1963). When the blood pressure had reached a level of 

140tmu. Hg or above the animals were irradiated. 

At death the heart was weighed as an extra check on the 

degree of hypertension in life. The mean heart weight was 
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inferior 
renal artery 

Pip:ure 9(0. Operative ligation of the inferior branch of the 
left renFl artery. 

Figure 97. Diagrammatic representation of the operative 
area, showing the three branches of the left 
renal artery the inferior branch being lir,F.‘ted. 



Figurelca. Post—mortem dissection of rat killed one week 
after ligation of the inferior branch of the 
left renal artery and total infarction of right 
kidney, showing necrotic right kidney and pallial 
necrosis of left kidney. 

Vigure ̀ 1 1. Partial necrosis of left kidney (as above). 
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TAM: 13 

r 
Normotensive Hypertensive 

obn 

Heart weight 
(grams) 

0.64± 0.03 

016 

1.26-+  0.09 

017 
•-• 

Blood Pressure 
(mm. Hg.) 

IJ 
... 

92.8-+  1.1 

620 

154± 2.0 

•29 
I 

41 

• Number of animals. 

Correlation of heart weight and blood pressure for normotensive and 
hypertensive animals. 

D. Cerebral inlay, 

Cerebral lesions were produced by freezing from the outside 

Snreace of the skull• The simple applicator consisted of a brass 

oylindee,Mom diameter and 10.2om l with a small 0 opper 

applieator labor 2* 5 em long of 	 O.D.jeei 	at 	end. The end 

of this probe was sealed with Wier solder and filei flat. The 

whole apparatus was then insulated with * layer of oettot V901 held 

in place with adhesive tape. The tip of the applicator tubs was 

left exposed. The apparatus was then filled with a freezing mixture 

of Dry' 10014001 isopropyl alcohol 4.42°0 
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Ptior to injury the rat was anaesthetised and the left 

parietal bone of the skull exposed by a email median incision 

of the skin overlying the skull. The periosteal membranes 

were scraped away and excess blood removed from the exposed bone 

with sterile webs' This was essentials  if rapid attaohment of the 

freezing probe was to be attained. Supporting the head under the 

lower jaw, the exposed parietal bone was held against the cold 

tip of the applicator tube. A few drops of saline were added and 

within seconds a firm attachment had been obtained between the 

skull and the freezing apparatus (fig•100). 

The tine of application was dependant upon the size of the 

animal, varying from 15 mins for a rat under 200g to 20 mina for 

rat of 350gand over.. 

After injury theiskin incision :wee closed `bg two eilkAiutures. 
Bleeding was slight and no infection reealted!  At the_ time of 

injury the rate were given a single injection of 35 trypan blue 

in water intraperitoneally at a dote of 15mgetkilo body weight. 
This wee to facilitatee - finding the lesioket autopsy. Under 

d tions.trypan blue is not taken up by the -brain as i.t 

is unable 	 orolisthe blood brain barrier. Thus;e when the brein 

. , weis injured this barrier in broken-down and trypan blue was taken 

up at.thesite of injury (fig.101). 

At a predetermined time after injury the aailm4Le were killetd 

with an overdose Of Nembutals  the parietal bones removed and. the 



Figure loo. Cerebral lesions were produced by freezing from 
the outside surface of the skull. The probe of the 
freezing apparatus is shown attached to the 
exposed left parietal bone. 

1 	 1 cm. 

 

Figure tot. Slice of brain showing saucer shaped lesion on 
the surface of the cerebral cortex. 
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corona slice of brain containing the 'Celan removed. This alio, 

of brain was fixed by immersion in a,15 acetic acid in fOr, form4 

saline solution, 

B. Bactstriolomr 

PaOtrial strain  

The B 1772 strain of B. pertussiahtsbeen.used throughout 

this study. This strain ie or, low virulence for mice when injected 

introcerebrally« It has an ID50 of the order of 10 °5 

organisms,, A challenge dose of less than this produce*-a transitory 

infection with the brains ultimately. becoming sterile. 

Medium 

B. 	medium re grown on Borde 

Peeled sliced potatoes 2500g. 

Analar glycerine 2°0m1. 

Distilled water to makeup 10 litres. . 

The potatoes re dispersed in a gause bag and cooked its, the 

glycerine water until they were soft. The bags were removed 

from the fluid and: allowed to drain. The volume was then made 

up to 10 litres* 

B -Sodium chloride (Analar).  

Distilled water to make up to :10 litres.' 

The two eolutions‘were mixed, added to Baato Agar (2g per 100 ml.) 

and autoclaved for 30 rains at 101b.p.sii.. 



19" 	91119.r.to  
The bacterial strain was grown from the tresses-dried .state OR, 

B.A. =alma at 34% for 72 hrs. The second iehr subculture from 

this was used for the mouse ohallenge. 

The brains were homogenised et half speed in a M.S.E. hamogenisar 

X171 ow 

Two-layer plates were Useds'the bottom layer consisting of 

20m1 of the base and 	top layer with 12m1 of 20% horse blood 

added to the base. 

' easamine Itskid Solution  

Cameo amid 40g. 

Sodium obloride 16g. 

Distilled water to make up to 4 litres. 

ted to fa 7.4. and 	sutoolaved for 20 mine at 
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for one minute.. The homogenite was then centrifuged at 15000 

r.p.m. for.90 see. in an International RefrigeratedAtentrifuge. 

rechnal dilutions of the supernatant were Made in tg Oasamino acid and 

the bacterial counts estimated by the method of Miles and Misra '(1938) 

on:B.G. medium. 

Three drops of each of three suitable dilutions were spread. 

on each plate;and bacterial counts were madeesetere possible from 

drops containing 40 . 80 organisms. 

Letpoolote counts 

Bloosives taken (0.5m1) from the brachial arteryand diluted 

' in 0;p95m1 of g* acetic acid solution Which.leas'coloured light blue 

with gentianviolet..The dilution fluid lyses the red cells and a 
3 total. white cell count was made on Oilnis of blood in a Neubauer 

Cell. The number of male counted s 200 gives the *usher of white 

eel la perm,  of blood.  (Debts and Lewis 1963) 

F. Cell labellim5 and Autoradiovan4c Technique  

Thymidine is a wpeoific precursor of chromosomal D,N.A. and is 

incorporated into the cell nucleus when D.N.A. synthesis occurs. 

For autoradiography tritium labelled thymidine is injected in the 

form of thymidine 6.T(n) (Radiochemical Centre, Amerahwm). The 

cells gynthesising D.N.A. in preparation for division will incorporate 

the radiochemical and thus nuclei will become Libelled with tritiums 

epecifia activity of 5.0 ouries/WW and a 



concentration of 1m040. The tritium label is, attaohed to the 

pyrimidine ring of thymidine. Tritiumi which hap a half life of 

12.5 years, decays to helium by the *misstep of nuolear electrons. 

Plectrons emitted by tritium have an average energy of brir and a 

maximum range:of 6).1 in tissue. 

Two series of rats were injected with tritiated thymidine 

intraperitonealIy in . ss dose of 1p0 per'gram bodY.weight. 

(a) Three injection* were given at six hourly intervals so that 

the Iast injection was given 12.15 hours prior to cerebral injury. 

This is similar to the method employed by Spector et.al.(1965) for 

,labelling a high proportion- of white cells in the blood before the 

initiation of an inflammatory reaction. All free thymidine is 

-incorporated within one hour of the final injeotion and so no 

circulating precursor remains available for utilisation by dells 

in response to the inflammatcryAnsult .ThuOt follows that NAY 

libelled cells found: in the lesion must have originated froM the

unless recycling of the labelled, precursor occurs. 

-(b) Inthesecond series of experiments only a single injection 

of tritiated thymidine was administerekafter injury and one hour 

prior . to death. This will be incorporated into :c 	synthesising 

mNdi.. - in the lesion. No interference is encountered with labelled 

cells from the blood as - none will be circulating in the blood at 

thii time 

The correlation of counts from these two groups enable us to 

make some assessment as to the ProPortiml of cells of.haematogenous 
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and local origin in the cellular reaction to terebtel injury 

Bistoloidosa technique  

The specimens are dehydrated and embedded in paraffin wax in 

the normal way* 

Duplicate serial sections for coating with nuclear emulsion 

iere.cut at 5)t floated out on distilled water and picked up on 

specially coatiWilidei* 

Coating solution' 

▪ Boiled distilled water 10044 

Add gelatin 0*5 firms* 

• Cool and add 045.441 &via chrome alum* 

4. Filter and apply thinly to well cleaned slides.  

Sections were allowed to. dry slowly for.  24 hours after which 

they were dewaxed, hydrated and washed for 30 min* The slides 

were allowed to dry until they were just damp*  

The remaiming procedure mustbe carried out in a dark room 

with a dull red safety light* 

The nuclear mulsion (K2iIlford) is removed fromits peaking 

end . heated in a ater bath at 60°C until liquid. In this state it 

can be diluted with an equal volume of distilled water aid poured 

into a warmed Coplin jar maintained at 60°10* 

Pairs of slides were planed back to back in the e sion for 
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2 mi. 3 seas. After drying the endeavors placed in a light-tight 
box, exposed at 490 for periods of .3 and 6 weeks and then 
developed. 

Slides were developed for 5 min, in glass slide racks with 

Kiadak, D 193 developer and fixed until clear with Johnsons Fixsol. 

After washing the sections were stained, dehydrated and mounted. 

G. .Staining Methods 

Ehrlieha Haematorylin and Eosin Stain (H & N)  

1 	Xylol to remove wax.,.,.... ****** 	mine 

2, 	Absolute alooholv.,.. 	* . ** 	mina) 
) To remove xylol 

• 955 Alcohol. •••••• v. •••• vv. • ......... 2 mina) .  

Place slides in Ehrliohs Baematoxylin to stain nuclei,for 20 min, 

5.. Wash in running tap water till blue 

6. Differentiate in 4r aoid/alcohol for a few seconds 

Wash till blue again and examine under the miorosoope 

Nuclei should be blue while roost other structures should be 

colourless, 

8. 'Wash in running tap water for a further 15 min. 
9. Place slide in leosin for 1 . 2 min. 

10« Differentiate eosin in running 'tap water for 	 minntes 

At this stage the nuclei should be blue while the cell cytoplasm 

Should be pale pink. 



gm• 

1000 ml. 

0.2 gels. 

i gm« 
50 gms. 

50 gam* 

Dehydrate ctioirts in 95% alcohol. • •••• .**2 min. 

Absolute alcohol 1* •••• •••4 min. 

Absolute alcohol.  11 ••••• 

12. Piece sections in xylol until ,clearetl .. the-section should now be 

transparenU 

Wipe excess viol and mount in,Dammar Xylol. 

• Results:: 

Nuclei 	blue 

Collagen ••• 	pink 

Muscle & EBOta*****bright pink 

Mayerss'Haemalum 

Used to stain nucleiin Autoradiographa.  

Constituents.ofMayees:-

Baamatoxylin 

Distilled water 

Sodium iodate 

Citric Sad.  

Chloral hydrate 

Potash,  slum 

Staining' methodi. 

10 	Dewex in xylol. • • ••• 41011••••••••••••41,wwootre$41, 	Mtn • 

Remove xyioi in absolute alcohol 	2 mina, 

Wash in distilled water. 

4. Stain with Mayeris Haemalume 	5 mine. 

5. Blue in running tap water. 



Dehydrate in 9 5% alcohol.' ****** •••••*60 2 min.,  

absolute alcohol.'! 	**. 	2 mina. 

absolute.alcdhol.11..... ...a.2 mina 

in xylaliitind mount in Dammer xylol. 

H. 	 seure Apparatus (figs;102 & 103) 

The apparatus was a modification of that used at the MAlt MRC 

Royal Poet Graduate Medical School,. Hammersmith and the Paterson 

Laboratory, Christie Hospital, and Halt Radium Institute, Manahester 

20. 

The apparatus was constructed from 1.2=0 mild steel to 

produce a chamber 6.3cm deep and 30.5cm in disuneitr. The 1.2cm thick 

perspex lid was clamped to the chamber by a 102cm steel lid, and 8 

bolts placed around the, circumference of the lid. A 10.7cm diameter 

irradiation port was provided in thin Upper steel lids A large 

Synthetic rubber "0" ring produced an effective seal between the 

chamber tiro the perspet lid. 

The chamber was fitted with inlet and outlet needle valves, 

pressure guage and pressure safety valve. A 1.2cm. diameter hole 

was provided for insertion of the Baldwin Partner probe in the 

preliminary dosimetry. This hole can be closed off after use with 

a large bolt, 

Mire nniraalecheld by special 001)1)04  holders attached to a 

perspex disc which could be lifted in and out of the chamber with 

ease, were irradiated on each oeoasion., 



gure 	erbario oxygen irradiation chamber. 

a3. 	,agram of hyperbario oxygen.mediation 

chamber. 

Islr.dwinlet needle valve. 
0.V. 4.outlet needle valve. 
P 	•pressure gauge. 
A 	inlet for Baldwin Farmer Dos eter 

probe. 
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ClIAPTM VIII 

DISCUSSION  

A. Latent cerebral irradiation damage  

This study has confirmed that for normoteneive animals doses 

of 1,0001t produce no apparent morphological changes in the brain 

and animals live into old age* With higher doses, 2,000 w  4,000R, 

after a latent period of many months, morphological changes do 

occur and animals die earlier than controls. The mean latent period 

between irradiation and death is olearly dose dependant although 

considerable variation occurs in the length of the latent period 

for animals in the same irradiation dose group, For example, 

with a dose of 4,0008 the latent period varies from 6 to 151 months. 

In thin latent period between irradiation and death, or the 

appearance of terminal neurological signs, the rats ehowed no 

evidence of brain irradiation other than a weight lose recorded 

2 iv, 3 months after irradiation. A. possible explanation of this 

is that it represents some change in the vascular bed of the brain 

producing a non lethal cerebral disturbanoe and a lose of appetite 

the rat* :Evidence of vssoular impairment due to irradiation 

after this time period being provided by,the work of Assoher et.al.  

(1961) from the irradiation of mesenteric arteries and by Sams 

(1965) following the irradiation of bone marrow in the mouse tibia* 

The latter showed that with doses of 20300g, bone marrow of the 
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mouse tibia quickly recovered from local irradiation damage, but 
. 	. 

this recovery was notmaintained.aad nine weeks after irradiation 

there was a further degeneration of the memo* oavity. This it was 

considered. war due to an impairment of the:Vaspular system. 

Assoher (1961) aliso quoted an-interval.of2 months before the 

sensitisation of irradiated blood vessels to hypertensive damage. , 

Et postulated that after this length of time post irradiation changes 

occurred in blood vessels. Eowever he wasunable to find any 

histological evidence to support thia:vieve 

The present findings showed that with dowse Of 3,0008 :and 

“CORs  large areas of necrosis were Totted in the brain. These 

necrotic areas were Prinoipally_foundin the White matter and were 

in a majority of cases not apparently associated with eay vascular 

&stage. This is. an observation that has been previously reported by 

other workers (Arnold etsa1.1954, Innes end Oaratee 1961). In 

marked contrasts animals that died after 211000R shaved no damage to 

white matter and only. vascular irradiation lesions occurred. -Vascular 

lesions were also found in animals receiving the two higher.doses 

but these were restricted to the thalamic andiviothalamio regions. 

of the brain which have numerouslaood vessels. The view that the 

tath Yaucralarity of the ,hypothalamic region accounted for its 

radiosoneitivity was postulated by Eaymakar (1962). From this *LOW 

point, one would expect that the other highly vascular-region Of' 

the brains  the cerebral cortex, would also show vascular damage. 

This however is not, the cases  and folloiving all doses of 
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radiation the cerebral cortex is.apparently devoid of 

morphological changes of either the vaidnlar or necrotic **000 
It would appear that vasaular lesions 

3,0008 thanany of the other'Obases* 

Perhaps related to this morked,variation in morphological damagoti 

is the variation In neurological ragas prior to deaths with the 

tea higher doses animals became - disturbed and lost weight fori. 
3 - 20 weeks prior,to-death* This could - be direlo the' slow 

degenerative changes. observed in the white matter. Of the 

nermotensive - anithalt receiving the loWer radiation,dotteof 2,000R 

most died suddenly Without warning and only a few showed 

terminal_neurolegieal symptoms. ThisAs possibly indloative 7 of 

a wadden vascular aocident resulting:froth vamoualt irradiatipp 

-damage 

the 3,00OR'end . 4,000R irradiation groups no correlatimalmmIL 

apparent between the duration of the neurological symptoms and the 

extent of white matter damage* The irradiation damage oibilumnromr 

*hew some correlation with the length of the latent periods This 

was particularly marked in , the 44000R group* The first animal 

(Rat 80) died after 6 months and exhibited marked neurological 

symptoms but only had degenerative changes in the, .optic, chins 

th increasing latent period necrotic areas appeared in the internal 

psule and the fimbria hypocampus and in the last animal to die 

(after 15 months) there were in addition degenerative changes in the 

a callosum* 
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/A the hypertensive groups- of animals radiation doses of 

1,000. 3,000R shorten the latent interval between irradiation' 

and death. -ThejathOlogleal changes found on the death of the 

animals were only vascular or vascular-induced and so it would 

appear that with these doses hypertension accelerates the appearanoe 

of vascular irradiation damage.- This confirms the findings of 

Assailer and Anson (1962) who observed ettimar changes following 

the irradiation of_the spinal cord in hypertensive animals Our 

experiments *hosed that irradiation damage to blood vessel wallswerei' 

AA might be expectedt  found in the highly vascular regions of the 

brain; the hypothalamus's  cerebral aortas and choroid plexus. The 

appearance of vaecularlestmls4n the cerebral cortex, contrasts 

markably.with the lack of such lesions in the normotensive 

irradiated animalsiF Hypertension alto lowers the threshold dose 

fot vmmilar  radiation damage.,  

Perhaps more interesting is the apparent inhibition of the -. 

hypertensive effects with the 400i. dose of 41000.R. The animals 

live fOrapproximitely. the same length or time as the 4,000R 

.:normotensive contrasJ44ome.extensive neorOsi in.the white m0 

ie also soon. As in thecorrespondinghormotenstte animals the 

extent of the white matter damage_is in proportion to the length 

of, the' 	period. The-effepts of hypertension on accelerating 

the a0Pearance of. vascular radiation'damige appears to hive lost its 

street.. 



The simplest explanation of these results is that there are 

two modes of radiation injury, one vascular, which is most 

effective with doses of 2,000 - 3,000R for normotensive rats. 

The other type of radiation damage is an indirect action on 

white matter resulting from damage to the gIial supporting cells. 

This being most clearly seen with doses of 3,000 . 4.„000R. Thus 

in hypertensive animals the vascular irradiation damage with doses 

of 2,000 3,000R was accelerated but with a dose of 4,000R no 

shortening of .the latent period occurs. 

This hypothesis may-be explained in cellular terms It would 

appear that hypertension and, vascular irradiation damage are in 

many ways suppletentary• It has been demonstrated that irradiation 

will'oensitise blood vessels to hypertensive damage (AssOheret.a14. 

1961) and hypertension will facilitate vascular irradiation 

damage (Aesoher and Anson 1962)." From thete findings of, Assoher 

it would appear that hypertension and radiation affect blood vessels 

by a,similar mode of action, Some - ofthe end results are the same, 

for example fibrinoid necrosis and:hialine. changeOf arterieta 

arterioles. 

The obeervations of Byrom (1963) that hypertension 

causes a localised constriction of retinal arteries in,  

be importaht•; These changee precede and may produce the vaidilaie 

lesions so typical of hypertension., 

Mailer changes, possibly in the musOle elements of the 

maaraall could be envisaged in irradiated arteriesw: In 
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moderately irradiated vessels a slow depopUlation of these cells 

will occur because irradiated cells :die on attempting diiision. 

A few remaining viable cells could multiply'in-response to this 

Dell loss and produce 'clones or clumps of cells at irregular 

intervals along the blood vessel. These clumps of cells or clone, 

could produce similar vascular constrictions to those observed in 

hypertension and from this the ensuing vascular irradiation 

lesions. With high doses of radiation (44000R) the number of 

viable cells will be reduced and the mitotic replaoement of cells 

suppressed, so that the vascular irradiation phenomenon seen with 

moderate doses is lost. This hypothesis is based on the fact that 

irradiated cells die when they attempt mitosis* Using this 

hypothesis the effects of hypertension can be explained. Crane 

and Dutta (1963) have demonstrated an increase in cell labelling 

with. H3  thymidine in the muscle and endothelial cells of vessel 

walls with hypertension* This increase in cell labelling indicates 

an increase in the mitotic turnover which would in turn result in 

'an acceleration of vascularirradiation damage. A comparable 

exaulble can be quoted for akin (Shaven and Wright 1967))  in which 

irradiation damage was shown to develop earlier if mitotic stimulants 

such as formalize were applied after irradiation or conversely later 

if the mitotic activity was depressed by keeping the animals in the 

cold. 

The findings of severalworkers:(Smart and Leblond 1961, Hammes 

and Leblond 1966) haveehown that the neuroglial population of the 



adult brain, is not a static one, but that a slow mitotic 

replacement. of celle occurs. Thus, when irradiated cells die 

on attempting division a gradual depletion of nedroglial, 

supporting Cells wouldocodr. This poisibly . resultsin the 

marked lie' diiturbances observed by Zeman (1963) in white 

matter prior to the onset of radiation necrosis. 

The.high radiotionsitivity of white Matter may be explained 

by the findings of Hommeiandleblond (1967) for it would appear 

thatin'white matter the mitotic replacoMent of glial dells is 

greatest, The cerebral cortex,` which 'shows no delayed radiation 

necrosis, was repotted-(HoMmes and Leblond 1967) to have the 

lowest glial mitotic turnover. Further evidence will, be provided 

later to support the view that the. Corebral cortex has an apparently 

static cell populatiert. 

The observations from our own experiMental materialthe 

.edbepenitymal plate it, completely devoid of ,cells 	doses 

of 3,000 44006R may provide another explanation of del d 

radiation neetbsis. 	is these dose* which produce radiatiOn 

necrosis of White Matter while with the lower-doses where such 

hecrosisdoes not- Occur the- sdhependymal layer remains intact., 

The findings of Smart and Leblond (1961) suggests that newly formed 

differentiated or. partly differentiated neuroglia migrate out 

along the white matter tracks of the corpus Cello:Num. Thum: 

removal of thiestem'Oell populatiOn may have'detriMental effects 



n the areas of brain they suPp1y4 Damage to, this stem cell 

population may explain why radiation necrosiis in White matter 

appears to progress with increasing latent interial,. • Clearly, 

the _effects of radiation on the mitotio' activ*ty and migration of 

cells froLa the subependymal Plate requires' further investigations 
• : 

Thus. ,it is reasonable to conclude that two mechaniims are 

at work following the-  irradiation of brain*. The predominance of one. . 

or the other depending on the dose.  of 'irradiation*. This hypothesis 

suggests two other possible lines offinvestigation. 

What are the effects of irradiation on the mitotic activity 

and migration of cells from the suhepen4mal plate? 

Will irradiation produce .similer -  changes in the retinal.  

vessels 'of the. eye as were produced by, hypertension (Byrom 

1964)? 

1,00al Brain Macrophsgae 

The of feets of previous local brad# etian on the reaction of 

brain to freezing injury and to infection with B, pertussis 

provide evidence to support the view that brain macrophages are 

mainly of local origin and are not derived solely from the general 

airculation* Our general view is that mioroglia are the princiipal 

source of brain macrophages* The phageertio action of these swells 

being demonstrated by Ifortego (1914 following cerebra' injury 

and by Leber 0930 after cerebral 
"lation with colloidal 

solutions and bacteria. 
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The general hypothesis to explain the effects of previous 

irradiation on cerebral injuri and infection is that local cells, 

of 	the majority are mioroglia, are damaged on irradiation. 

This damaseyis latent'until the cells are stimulated to divide, by 

injury or infeestioa„ when they fail to divide or die. This 'woad 

Inevitably result in .a reduction- in the cellular reaction to injury 

Or an inability of the moilse braih to eradicate the, pertussis 

info° ion..Evidence of mitotic .stimulation was reported following 

both types of Cerebral insult. In previously irradiated brain, as 

might be expected, mitotic abnormalities were foOnd. Comparable 

examples to this haveteen quoted for thyroid (Doniaoh 1955), liver 

(ftiaren et a1.1960) and peripheral nerve `(Cavanagh 1968). These 

have .11 demonstrated irradiation abnormalities following mitotio 

stimulation at various intervals of time after irradiation. 

,Thegeneral hypOthesis,to explain the effects of previous 

irradiation on cerebral injury and infection is that local cells, 

ofwhich the majority are microglia, are damaged on irradiation. 

This damageis latent until the cells are stimulated to divide, by 

injury or infection, when they fail to diVideor die. This would 

inevitably result in, a reduction -in thecellular reaction to 

injury or an inability of the mow* brain to eradicate the, B. 

pertUseii infection„ Evidence.of,mitotie stimulation was 

reported following both types ,of cerebral insult. In previouily 

/rradiatid brain, as might be eneoted, mitotic: abnormalities were 

to be found. Comparable examples to this have been Noted for • 

tayroid:(Doniach:1959), liver (Weinbren et:9.10960) and peripheral 
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nerve (Cavanagh 1968). These have all demonstrated irradiation 

abnormalities following mitotic stImnlation at various intervals 

of time after irradiation* 

For this hypothesis to hold true we wet assume that the 

majority of brain macrophages are of local origin and not derived 

from the general circulation* 

This view is supported by our cell labelling study, which 

confirms that after the first day, the majority of the cells 

reacting to a superficial cerebral injury, axe► of local origin. 

The study also Showed that a fez haemotogenotte cells enter into 

the cellular reaction and that in the lesion of a previously 

mediated brain their participation was increased. This it was 

stalated, was a direct consequomme to the reduced local reaction 

d this may to some extent explain the dose response curve 

obtained (fig*84)* 

donolusienereached as a result of the present experimenW 

are not in keeping with the findings of Konigmark and Sidman (1963) 

thymidine cell libe/ling.toohnigals-reported:that 

'brain' macrophages were of general. circulator, 

his explanation we can Offerfor this apparent 

that the lesion used by Konigsmark and Sidman Was 

1'21 silage hypodermic needle) as compared with 

the large freezing lesion used in the present study. Thit 

• lesion; May produce a correspondingly mnaller local reaction, as no 

developed and the needle track disappeared with time. 
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mechanical lesion as opposed to a freezing injury mey also evoke a 

f rent response. 

ftether possibility is that recyoling of H3  thymidine occurs. 

Prim labelled }NA being liberated from labelled lutemotogenoue 

*ells dying in the wound area. This is one of the explanations 

offered by. Konigsmark and Sidman to explain the appearance of 

labelled endothelial cells in the lesion (H3  thymidine had only 

been given prior to injury) • To quote directly from their paper 

"A leuoocyte transforms direotly into an endothelial cell, eta 

macrophage might empty its debris into a vascular lumen and then 

remain in the vessel well as an endothelial cell, or finally 

enaothelial °ells and *mioroglials cells might receive labelled 

ffOm cells dying in the wound area . 

n when 11 thymidine wee given before injury 

no labelled vascular endothelial cells were observed although 

labelled cells were found within the vascular lumen and in the 

brain in close proximity to vessels.  

Recovery 	 tion de.nage 

methods used to demonstra 	a 	damage to 

e some very interesting differences occurred when the 

interval between irradiation end cerebral insult was increased. 

With injury to the cerebral. carte no recovery or accentuation 

of the cellular reaction was apparent over an interval of six 

Thus it would appear that the g]ial cell population of the 



cerebral cortex - Shows little:or no mitotic Dell replacement so 

that:the irradiatiOn damage remains dormant until thecells:are., 

stimulated to divide by. injury. This. view of a static Dell 

population could explain the lack of radiation necrosis in the 

cerebral cortex. - 

In marked contrasto when mouse brains. Wen infected with 

B. periassis three months after irradiation (400R), there 

appeared to be some recovery from the irradiation damage. .Nith a. 

higher dose of 1i00014 no recovery from irradiation damage seemed 

to occuruAtjeast in the three months of this.  study. 

In B. pertussie intraoerebral infection the bacterial colonies 

attached to the ciliated lining of the ependyma) are in close 

proximity to the mitottoally active cells of the subependymal 

plate. The mitotic activity of this layer will initially be 

depressed by irradiation. If' the cells of this layer react like 

a normal stem cell population, then the viable undamaged subendymal 

cells that remain after a dose of 40012 will continue to divide, 

replacing the layer and producing new viable neuroglial cells in 

much the same way as bone marrow after irradiation. These new cells 

will migrate out into the brain parenchyma and replace non viable 

cells damaged by irradiation. Thus*  when the mice are:: infected 3 

months after, irradiation some degree of recovery is apparent' 

Another possible explanation it that tha eradication of the 

infeotion is solely the function of the subependymal layer. If 

this view is correct then any recovery in the ability of the brain 
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to eradicate B. pertussie infection from the brain will be an 

indicator of,:regovery of the eubependymal layer from the radiation 

damage. A combination of:both these hypotheses is an equal 

possibility. Olearlys-a,study of the effects of radiationOn the 

sUbependymallayer and its rate of recovery from a whole range of 

doses might elucidate this point. 

.Cerebral C*rcinogeneeis  

,The main'factors.:regarding implantation site and the 

'importance of sex in cerebral caroinogenesishwie been discussed 

in the relevant chapter. Thui, here it is only necessary to discuss 

the main point that glia.ltumbure are only produoed by chemical 

carcinogenelf the carcinogenic pellet is implanted deeply within 

the brain so as to be in contact with the sdbependymal layer. 

IMplantation of the carcinogen into the cerebral cortex, which ha* 

been shown totave a relatively static) glial, population, will 

produce:no gIial tumours.: Not only are cells of the subependymal 

layer mitotically active but they are also undifferentiated, which 

poseibly accounts for the diversity of tumour types produced. 

From all these studies it would appear that the cells of the 

Asibependymal plate, which have until now received little'attentions  

should be more extensively studied for their possible role in both 

normal and pathOlogioal processes. 



4t4rnormotensiee animals,; losei Of 1,f0OOR produce no morphologioal 

changes in the brain and animals, have a normal life !palm. 

2. Dome of 2,000R only Produce vascular damage, althOugh.thia type of 

damage is not restricted to this dose level. 

3. D08108 Or 3,,000 and 4,0008 produce seleotive necrosis of white matter1  

the extent of which depends on the length of the latfnt period« 

4. Hypertension accelerates the appeiranoe:ofVeacula“rradiatice 

damage, with doses of.2 opo. 31000R and lowers the thredhOld dose 

to 1,000R6 

5# VasoUlardasage in hypertensive irradiated animals is -restrioted' 

to the highZy vascular regions of the brain 

6. Hypertension appears to locate its' effects followinghigher doses of 

4 00OR and animals die at the seas time as tote Vic, 	normotensive rata, 

7. Teo modes of radiation damage are proposed for the brainuveloular 

damage which is most effective between doses of 2,000 3,000R and 

damage to the OW supporting cells. This is most effective between 

domes of 3,000 41000R 

8. Both theories of radiationdamage are bailed on cell death 

occurring at mitosis. The slow mitotic replacement of cells in the 

brain a000unting for the long latent period between irradiation and 

the onset of damage 

9. it was suggested that radiation 

blood vessels by similar. modes. 

10. Radiation effects on the subependymal layer may be 

the p mess of delayed radiation necrosis of white matter 
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11. The majority of cells, reacting in response to a freezing cerebral 

injury are of local origin. The predominant cell type being taioroglia, 

although estreaytis, meningeal cells and vascular endotholiodoills 

also taki.part. 

12. Onlya few diroulatorY cells enter into this cerebral reaction to 

injurrand to some extent they atwidelocal4,, 

Dime with doses as small as, 200R. previeus local irradiation, of the . , 

brain will depress the local oellular reaction to injury-40 This reducted 

local, reaotion- poisibly results in an-inoreased haemotogenens cell 

reaction. 

14. The cellular reaction to injury, was independent albs time 

between irradiation and injury. The reduced cellular reaction was 

dose dependant. 

15 The oellalar population of the cerebral .eortex.,itazrelatively: 

static one and this may explain the licleof delayed radiation 

necrosis in this region. 

16. B. Pertuisis infection fee limited to theiventricular,ipaoes of the 

brain. The organiims amp found attaehod tothe ciliated lining of the 

ependymt. 

17: The mechanism responsible for 

from the mouse brain is of local origin 

18. Local ii;radiatien of the, brain with, doses as smal 

depress the local defence mechanism to B. pertussis infection. 

19. 84, pertussis infection stimulates a local cellular reaction with 

mitotic: figures visible in the ventrioles between ependywal cells and 

in the brain in close proximity to the ventricles. Mitotic abnormalities 

are to be found in previously irradiated and subsequently infected brains; 



20. Unlike the reaction of brain to a freezing injury in the cerebral 

cortex, the reaction of the brain to this ventricular infection with 

B. pertuusis is not completely independent of the time between 

irradiation and infection. 

21. The partial recovery of the brain from. laver doses of irradiation 

is possibly a function of the subependymal plate, either direotly or 

indirectly. 

22. Irradiation depressed the postnatal growth of the brain. The 

amount by which growth was suppressed was dependent on the irradiation 

dose. 

23. Using half brain irradiation it was posfAble to chair a consistent 

variation in the radiation response for different oxygen tensions« 

Low oxygen tensions were shown to protect, and hi& omen tensions 

were shown to provoke radiation damage. A dose modifying factor of 

approximately 2 was quoted between the two extremes 300!: oxygen and 

75 oxygen. 
24. Reduction in hair growth in suckling rata prov 

indicator of the oxygen effect in these mammals. 

25. Experimental gnome are only produced when the chemical carcinogen 

is placed deeply in the brain so as to impinge on the sabependymal layer. 

26. °limas are more common rand tend to develop earlier in males than 

females. The possible importance of testosterone in the induction of 

a was discussed. 
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EFFECT OF PREVIOUS X-IRRADIATION 
ON THE RESPONSE OF BRAIN 

TO INJURY 

By 
J. W. HOPEWELL and E. A. WRIGHT 

(Reprinted from Nature,,Vol. 215, No. 5108, pp. 1405-1406, 
September 23, 1967) 
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Effect of Previous X-irradiation on the 
Response of Brain to Injury 

THE normal adult mammalian central nervous system 
shows no early or late morphological effects,  after a single 
dose of X-irradiation up to 1,000 rads1,2  and even with 
doses of 2,000-4,000 rads there is a delay of many, months 
before damage appears3.4. 

In spite of this absence of morphological change after 
moderate doses of radiation we have shown that the 
cerebral glial reaction to injury is diminished after both 
small and larger doses (200-4,000 rads) and, furthermore, 
that this change seems to be independent of the time 
between irradiation and injury. 

Brains of Sprague-Dawley rats, of both sexes, 3-4 
months old were irradiated, under chloral anaesthesia 
(300 mg/kg intraperitoneally), to single doses of X-rays 
of 200-4,000 rads. Irradiation was given laterally to 
both cerebral hemispheres through a semi-circular port 
of diameter 18 mm, in 2.5 mm of lead shielding. Doses 
were given at 90-95 r./min, 220 kV, 15 mamp, with 0.5 mm 
of copper and 1.0 mm of aluminium as added filtration. 

At intervals of between 3 days and 6 months after the 
irradiation a small superficial area of the brain was 
injured by freezing through the calvarium. This method 
was used because it gave regular results without the neces-
sity of opening the skull and thereby avoiding the risk of 
infection. For this a cooling device was used which 
consisted of a copper tube, filled with a mixture of solid 
carbon dioxide and alcohol, at one end of which there was 
an applicator tube 3 mm in diameter. This tube was 
placed in contact with the exposed left parietal bone of 
the skull for a period of 15-20 min depending on the size 
of the animal. A single intraperitoneal injection of 1 per 
cent w/v trypan blue (0.5 ml./100 g body weight) was 
administered at the time of injury so that the exact loca-
tion of the lesion was obvious when the brains were 
removed 1 week later. 

The animals were killed 7 days after injury with an 
overdose of sodium pentobarbitone ('Nembutal'). The 
cerebral hemispheres were removed and fixed in 1 per cent 
acetic acid in 10 per cent formal saline. The slice of brain 
containing the centre of the lesion was slowly dehydrated 
in alcohols and embedded in paraffin wax. Sections 5v, 
thick were cut and stained with Ehrlich's haematoxylin 
and eosin and mounted in the usual way. 

The normal response to this freezing injury was necrosis 
followed by cell division and infiltration commencing at 



the periphery of the lesion. This was clearly marked at 
3 days, and 7 days after the injury the saucer shaped area 
was uniformly populated with cells (Fig. 1). They were 
approximately 2.5 mm in diameter and 0.5—F0 mm deep. 
To minimize subjective errors cell counts were made to the 
following standard procedure. Counts were always made 
in an area where the lesion was 0.5 mm thick. Using a 
squared graticule eyepiece and an oil immersion lens 
(magnification 1,050) cells were counted in four consecu-
tive areas 0.086 x 0.086 mm, perpendicular to the surface 
(Fig. 1). The number of cells was estimated by counting 
to the nearest whole nucleus found within the graticule 
area. 

Up to five consecutive serial sections of each lesion were 
mounted on a slide and of these a minimum of two 
sections were counted. The mean number of cells counted 
in each section for controls was 230. 

The results, for rats irradiated 3 days before injury, are 
shown in Fig. 2. The numbers of cells/unit area are 
expressed as a percentage of the non-irradiated controls. 

With selected doses we varied the period between 
irradiation and injury and observed a similar reduction 
in the cellular response, although so far the numbers of 
animals in these groups have been small (Table 1). 

The simplest explanation of this is that glial cells do 
not show radiation damage until they are stimulated to 
divide, when they either fail to divide or die. This "storing 
up" of radiation damage is possibly caused by the slow 
turnover of glial cells in normal conditions, so that re-
placement does not take place to any extent. Similar 
examples can be cited in such organs as the liver, skin and 
thyroid5-7  where the radiation damage can be accelerated 
hy the introduction of factors which influence the rate of 
mitotic activity. The observations' that the latent period 
before death after irradiation of the spinal cord could be 
greatly reduced by hypertension could have a similar 
basis. 

The hypothesis that previously irradiated local glial 
cells die on attempting cell division is dependent on the 
assumption that most of the cells originate endogenously. 
The findings that a considerable number of the macro-
phages in brain lesions are haematogenous" seem to dis- 

Table 1. CELL COUNTS/UNIT AREA OF LESION 
Cell counts/unit area of lesion as percentage of control 

Exposure 	Latent period between irradiation and injury 
dose (r.) 	3 days 	3 weeks 	3 months 	6 months 

200 84.5 ± 1-4 (5)  84-3 ± 2.5 (3)  81.9 (2) — 
400 75.5 ± 1.6 — — 68.5 -(2) 

2,000 61.1 ± 3.5 (5) 62.5 ± 2.5 (4)  58.5 (2) 62.5 (2) 
Results are expressed as a percentage of controls, with standard errors 

when three or more animals were used. Figures in brackets indicate the 
number of animals used in each group. 



Fig. 1. Lesion on the left cerebral hemisphere of the brain of the rat, 
indicating the four areas (0.086x 0.088 mm) used for cell counts, where 

the lesion is 0.5 mm thick. 

0 
	

1,000 	2,000 	8,000 	4,000 
Dose (r.) 

Fig. 2, Cell counts/unit area of lesion, expressed as percentage of the 
controls, plotted against the dose of 220 kV X-rays. 



agree with our results. Thus further work is in progress 
to determine whether our results can be completely ex-
plained by a reduction in local glial cell proliferation, or 
whether some more complicated mechanism may be 
operating. 
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