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ABSTRACT 

A crucial requirement for the stepwise, continued growth of a 

brain tumor is the acquisition of a blood suppl y from the host, i.e. 

angiogenesis. The mechanisms of copper activity linked to n~ovascular 

and neoplasth. growth are largely unknown. Ccpper ion was shawn ta be 

a cofa_tor for angiogenesis. 

We tested the effect of copper depletion achieved by a 10w copper 

diet and a copper chelator D-penicillamine, on the intracerebral growth 

of two experimental brain tumors. We developed an in vivo brain tumor 

mode 1 us i ng the VX2 carc i noma . lmp 1 antat i on of 5 x 105 VX2 carc i noma 

cells into the parietal lobe of normocupremic rabbits consistcntly 

yielded large hemorrhagic, necrotic, vascularized tumors. The cortical 

surface revealed num~rous, hypertrophied, tortuous new vessels with 

feeding arteries and draining veins similar t0 the angioarchitecture of 

ma 1 i gnant human bra in tumors. We report here that copper dep 1 et ion 

prevents tumor neovascularization and restricts tumor growth of the VX2 

carcinoma in the rabbit brain. Low copper diet and penicillamine are 

both necessary to achieve angiogenic inhibition. We also tested the 

effect of copper depletion on the 9L gliosarcoma. We observed that 

invasive growth of the tumor was blocked in rats depleted of copper. 

Electron microscopy revealed the absence of cytoplasmic extensions, 

including pseudopodia, by contrast, in normocupremic control s, cyto

plasmic extensions, typical of mobile cells, invaded the surrounding 

neuropil. Our findings link the activity of copper in vascular and 

neoplastic growth. 
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We found an increase in the peri tumoral brain water content in the 

eopper depleted animals and that eopper depletion by itself in non 

tumor implanted animal has no effect on brain water content. 

Because of the ability to pharmacologically suppress capillary 

growth induced by the VX2 carcinoma, we could test the relative con

tribution of breakdown of the blood-brain barrier compared with that of 

ang;ogenes;s in the appearance of contra st enhancement in computE'd 

tomographie examinations. We conclude from our data that tumor neo

vascularization, in our brain tumor model, is the key determinant for 

the appearance of contrast enhancement. 

The same protocol used in the brain failed ta prevent tumor neo· 

vascularization and growth of the VX2 carcinoma in the muscle of thE! 

rabuit thigh indicating the crucial role played by the milieu (muscle 

versus brain) for the growth of mal ignant tumor. In the same mannel~, 

lung metastases were not prevented. 

-
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RESUME 

La croissanc.e progressive et continue des tumeurs mal ignes du 

. ' cerveau necessite l'acquisition d'un apport vasculaire ou: anglogenese. 

Les mechanismes d'action du cuivre lies à la croissance vasculaire et 

neoplasique sont inconnus. L'implication du cuivre dans l'angiogenèse 

a cl a i rement e'té demont ree. 

Nous avons teste' l'effet d'une depletion cuprique, obtenue par ~ne 

diète pauvre en cuivre et une chelation par la O-Penicil lamine, sur la 

croissance intracerebrale de deux tumeu~s experimentales. Nous avons 

developpe' un modèle tumoral cérébral en utilisant les cellules de la 

ligne'e carcinomateuse VX2. L'implantation de 5 x 105 cellules dans le 

lobe parietal de lapins normocupremiques entraine des tumeurs voïumi-
-' 

neuses, hemorrhagiques, necrotiques et vascularisees. La surface cor-

ticale a montre' de nombreux néovaisseaux, hypertrophies, tortueux avec 
, , , 

des arteres nourricieres et veines de drainage sembl abl es a ceux 

composant l'arch itecture vascul aire des tumeurs mali gnes cerebrd les 

humaines. La rie'pletion cuprique empêche la ne'ovascularisation tumo

ral~ et arrête la croissance tumorale du carcinome VX2 dans le cerveau 
, 

du lapin. Une diete pauvre en cuivre d'une part et la penicillamine 

d'autre part sont toutes deux necessaires pour obtenir une inhibition 

de l'angiogenèse. 
, 

La depletion cuprique bloque la croissance invasive 

du Gliosarcome 9L chez le rat. Chez le rat hypocupremique la micro

scopi e el ectroni que révél el' absence de prolongements cytopl asmi ques 
, 

observes chez le rat normocupremique, prolongements cytoplasmiques 

typiques de cell ul es en mouvement envahi ssant le neuropil avoi si nant. 
, , 

L'ion cuivre est donc lie aux croissance vasculaire et neoplasique. 

lil 



La de~letion cuprique entrai ne une augmentation du contenu en cau 

péritumoral. La dépletion cuprique chez des animaux sans tumeur cc're

brale n'a aucun effet sur le contenu cerebral en eau. 

Grace ~ la possibiliti pharmacologique de supprimer la croissance 

capillaire produite par le carcinome VX2, nous avons pu etudier le rale 
"\ 

respectif de la rupture de la barriere hemato-encephillique d'une part 
, 

et de l'angiogenese tumorale d'autre part dans l'apparition du )'rn-

forcement de contl~aste au cours des examens tomodensitometri4ues. Nous 
" .1 , 

concluons a partir de nos donnees que l'angiogene:e tumorale est, dans 

notre modèle tumoral cerebral, l '~lément cle', determinant l' apparit ion 

du renforcement de contraste. 

Le même protocole experimental utilise' au niveau cirébral n'a pas 
, , 

reussi a prevenir 1 'angiogenese et la croissance tumorales du carClnome 

VX2 au niveau du muscle de la ,uisse du lapin indiquant le role cruclal 
, 

joue par le milieu dans lequel une tumeur maligne se develope. De 

façon similaire les metastases pulmonaires n'ont pas éte' empeche'es par 

'" ce meme protocole. 
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PREFACE 

This thesis is written in the form of publicatlOns, except for ttH' 

references which are cited in the final section (Bibilography) of Uns 

manuscr; pt. Chapters 2-7 are joi'1ed by linking pages (e'critcs ell 

français) to give continuity. This option is provided by Section 7 Di 

the fiuidelines Concerning Thesis Preperatio~. 

At: chapitre l, une introduction genérale de'crit l'aspect hlston 

que du domaine et les travaux anterieurs relies à la presente recher-
.-

che. Les points importants et les principales conclusions sont degalJcs 

" et regroupes ensemble dans ~ne conclusion au Chapitre VIII. 

Publications: 

*Zagzag D, Brem S, Robert F: Neovasculanzatlon and tumor gro~lth 

in the rdbbit brain: A model for experimental studies of angiogenesis 

and blood brain barrier. Am J Pathol. 1988,131:361-372 

*Zagzag D, Brem S: Control of neoplastic development in the brain: 

Copper depletion prevents neovascularization and tumor growth. Sur-.9 

Forum 1986, 37:506-509. 

*Zagzag D, Goldenberg M, Brem S: Angiogenesis and breakdown of the 

blood-brain barrier modul ate the computerized tomography contrast en

hancement of a rabbi1. brain tumor. A.J.N.R. In press 

The EM observations described in Chapter IV have been made by Dr. 

A.M.C. Tsanaclis. 

v 



~------------------------------------------------------------------------~--

( 
REMERCIEMENTS 

J'aimerais d'abord sincerement remercier mon directeur de thèse, 
, ; , 

le Dr. Steven S Brem. Ste ven a travai11e avec acharnement depuis deja 

plusieurs années sur les mechanismes impliqués dans l'angiogenèse tumo

rale. Sa recherd.e a fourni une importante contribution dans ce 

domaine. Je le remercie pour m'avoir laissé beaucoup de liberte dans 

la poursu ite de mon trava il, me permettant ai ns id' apprendre comment 

orienter et organiser un projet Ge recherche. Je le remercie aussi 

pour son enthousiasme, son support et ses critiques constructives tout 

du long de mon sejour dans son laboratoire. 

Dr. Françoise Robert gave unstintingly of her time in reviewing 

the pathological material and instructing the author in understanding 

and appreciating pathology and neuropathology. To her, because of her 

constant encouragement and supervision ~uring the course of this work. 

My appreciation and gratitude is hereby extended to Dr. Ana Maria 

Tsanaclis for her collaboration. 

Acknowledgements to Dr. David Langleben and Dr. Marvin Goldenberg, 

their many helpful suggestions were deeply appreciated. 

This experimental work was performed in the neurosurgical labora

tory at the Lady Davis Institute for Medical Research. The author 

wishes to express his particular gratitude to its director Dr. Norman 

Kalant for his cooperation and to Mrs. Therese Davila and all her team 

for their help and kindness. 

We thank Dr. Y Tanaka and Mr. J Gabor for determinations of serum 

copper levelsi Lynn Miller, harguerite Wotoczek, E.dolJard Depestre, 

Betty Stein, Marie Pierre Koubi, Phyllis Bresler, Sylvano Ordonselli 

• 
Vl 



for excellent technical asslstance; Jennlfer Mornson and ChnstllH' 

Lalande for the art work and diagrams; David Saxe, Wendy bIbis. Suzanne 

WÏlcman for photography. Ta all l extend thanks llnd my everlastin~1 

gratitude for the success of this work. Personal thanks ta Ann-Marle 

Crosby for typing this thesis. 

We thank Dr. VT Marchesi, Editor-in-Chief of the American Journal 

of Pathology for giving us the permission ta use the accepted manu

script as the Chapter II of this thesis. express indebtedness ta the 

Cancer Research Society for their personal fellowship grant for the 

l ast two years. 

Surtout et enfin j'adresse à ma femme Tania le plus grand des 

reril.?rciements pour son amour, soutien, et abnegation dont elle a fait 

preuve au cours ae notre sejour ~ Montreal. 

, 



\ . - , 

TABLE OF COtHENTS 

Page 

Abstract ....................................................... . 

R " • ,','i es ume ......................................................... . 

Preface. . .. .................................................... v 

Remerciements................................................... vi 

Table of Contents.... .......................................... vi i i 

List of Figures... .... ....... ...... ................ ....... ..... xi 

List of Tables......... ....... ...... ............... ........ ..... xiv 

1. Angiogenesis, Tumor Growth and Copper Ion ................ . 

Angiogenesis and tumor growth.... ......... ...... ...... 2 

Poor prognosis of patients with malignant 
brain tumors.......................................... 3 

Angiogenesis inhibition as a therapeutic strategy..... 3 

Brain tumors: a target for angiogenic inhibition. ..... 3 

Copper: a key factor in angiogenesis................. 4 

Copper and mal ignancies 5 

Copper and malignancies in the CNS.................... 6 

II. Neovascularization and Tumor Growth in the Rabbit 
Brain: A Model for Experimental Studies of 
Angiogenesis and Blood-Brain Barrier ................. . 8 

Abstract..... ............. ........ .............•...... 9 

Materi al sand Methods.... ....... .. ...... ...... .. . .... . 10 

Results..... .............. .....................•...... 21 

Discussion.. .....•.................................... 49 

III. Angiogenic Inhibition by Copper Depletion Prevents the 
Growth of the VX2 Carcinoma in the Rabbit Brain ...... . 57 

Abstract........... ...................... .....•....... 58 



Materi al s and ~1ethods... . .. . .. . .. .. .. . . . . . .. .. . . .. . . . . 59 

Resul ts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 

Discussion.......................... ................. 101 

IV. Copper Depletion Prevents Turnor Growth and 
Invasiveness of the 9L Gl iosarcorna.................... 107 

Abstract...................................... ........ 108 

Materials and Methods................................. 109 

Results.... ........................................... 112 

Discussion............................................ 133 

V. Copper Depletion Increases the Periturnoral Brain Ederna.... 142 

VI. 

VI I. 

Abstract. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143 

Materials and Methods................................. 144 

Results.. ............................................. 145 

Discussion. .............. ............................. 145 

Angiogenesis and Breakdown of the Blood-Brain Barrier 
Modulate Cornputerized Tomography Contra~t 
Enhancernent of the VX2 Carci noma ..................... . 161 

Abstract.............................................. 162 

:1ateri al sand Methods ...................... , . . . . . . . . . . 163 

Results............................................... 164 

Discussion......... ....... ............... ............. 178 

The Effects of Copper Depletion on Extracerebral Turnor 
Growth and Lung Metastases of the VX2 Carcinoma ...... . 183 

Abstract ........................................ , . . . . . . 184 

Materials and Methods................................. 185 

Results............................................... 185 

Discussion.. .............. ........ .................... 193 



x 

VIII. Conclusion ................................. '" ..... ....... 194 

IX. Contributions to original knowledge.. .......... ........... 197 

X. Bibliography........................................ ....... 199 



LIST OF FIGURES 

Page 

1. Turnor transfer ............................................ Il 

2. Implantation technique.................................... 15 

3. Operative views .............................. ;.............. 17 

4. Cortical surface revealing 
neovascular;zat;on and tumor. .... ......... ........... ... 23 

5. Turnor on a coronal section ..... .... ........... ............ 25 

6. Perivascular organization of the tumor cells 
in the tumor and at the margin of the tumor 

7. Interface between the central necrosis and the 

27 

i ntermedi ate zone ..........•........................... 29 

8. Cortical neovascularization after the injection 
of i nk .................................................. 32 

9. Coronal sections of the tumor on day 6,10, 14 and 18....... 34 

10. Coronal sections on day 22 ..... ........ ......... ... ....... 37 

Il. Logarithmic growth of the tumor ........ ..... ...... ........ 41 

12. Breakdown of the blood-brain barrier detected 
by extravasation of Evans blue ................. ........ 43 

13. Turnor neovascularization .......................... ........ 45 

]4. Highly vascularized tumor on day 14 ................. ...... 47 

15. Vascular proliferation observed after tumor 
infiltration of the cortex... ....... ............. ...... 47 

16. Positive correlation between tumor volume 
and tumor vascularity ...... ......... ............. ..... 50 

17. Peri tumora l edema ........•................................ 52 

Chapter III 

1. ' \.le i ght and copper dep let ion -........................... 

2. Serum copper levels in the first experiment ............... . 

60 

65 

Xl 



, 
" 3. The sunival curves ln the first experiment............... 67 

4. The cortical surface in a normocupremic (NC) animal.. ..... 69 

5. The cortical surface in an ink-injected 
hypocupremic (He) animal.......... ... .......... .... ..... 69 

6. Coronal sections in the four groups.. ............. ..... .... 71 

7. Turnor volumes in the first experiment... .......... .... ..... 73 

8. Capilluy densities in the first experiment................ 75 

9. A hypervascularized NC tumor..... .... ... ... ....... .... ..... 77 

10. An avascul ar HC tumor............................ . ... . . . ... 77 

11. Evans blue extravasation in the Ne group.......... .... ..... 79 

12. Evans blue extravasation in the He group................... 79 

13. Schematic summarj of the first experiment......... .... ..... 81 

14. Serum copper level in the second experiment....... .... ..... 86 

15. Survival curves in the second experiment. ........ ..... ..... 88 

16. Survival times in the second experiment. .......... ... ..... 90 

17. Tumor volumes in the second experiment..................... 92 

18. Vascular densities in the second experiment...... ..... ..... 94 

19. Coronal section of a NC rabbit injected with Evans blue.... 96 

20. Coronal section of a He rabbit injected with Evans blue.... 96 

21. Tumor volumes in the third experiment...................... 99 

Chapter IV 

1 . Su rv i val t i me s . . . . . . . . . .. . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 

2. Survival curves.............................................. 117 

3. The cortical surface of an Ne animaL...................... 119 

4. Extravasation of Evans blue in a Ne rat.................... 121 

5. Extravasation of Evans bl ue in an He rat................... 121 



6. Coronal section after dye injection ln a Ne rat............ 123 

7. Coron al section after dye injection in a He rat.... ..... ... 123 

8. Tumor volumes.............................................. 125 

9. L ight microscopy of the margins of 

10. L ight mi croscopy of the margi m of 

Il. Transmission electron microscopy of 

12. Transmission ~lectron microscopy of 

13. Transmission electron microscopy of 

Chapter V 

an NC tumor ............. 

an HC tumor ............. 

an NC tumor ............ 

an NC tumor ............ 

an He tumor ............ 

128 

130 

134 

136 

138 

1. Peri tumoral water content of the 9L g1 iosarcoma. . . . . . . . . . . . 148 

2. Brain water content of non - tumor 
implanted rats.................... ...................... 150 

3. Peritumoral water content of the VX2 carcinoma............. 152 

4. Brain water content of non tumor-implai'\ted rabbits..... .... 154 

5. $uperoxide dismutase: a key free-radical-scavenging 
system in the brain..................................... 157 

Chapter VI 

1. Computerized tomography on 

2. Computerized tomography on 

3. Computerized tomography on 

4. Evolution of the vascular 

Chapter VII. 

day 14 .......................... 

day 18 .......................... 

day 22 .......................... 

densi ty in NC animal s ............ 

166 

169 

173 

176 

1. Tumor growth in the thigh. ............... ......... ..... .... 187 

2. Development of lung metastases...... ....................... 189 

3. Lung metastases...... ......... ....... ........ .............. 191 

:-. 1 • 



Xl\ 

LIST OF TABLES 

Page 

Chapter Il 

1. Tumor VolJme, vascular density and breakdown of the 
blood-brain barrier................... .................. 40 

Chapter III 

1. Reduction of tumor size and angiogenic inhibition 
achieved by copper depletion......... ..... ......... ..... 64 

2. Copper depletion results in suppressio~ of intracerebral 
growth and angiogenesis of the VX2 carcinoma... .... ..... 84 

3. Evolution of the s~rum copper levels in the 
second exper i ment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 

4. Low copper diet alone decreases tumor size................. 98 

Chapter IV 

1. Survival time, a~d tumor size in the different groups. ..... 113 

2. Serum copper levels......................... ............... 114 

3. Serum copper levels in the electron microscope 
exper i ment. . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132 

Chapter V 

1. Evolution of serum copper levels in the rat experiment..... 146 

2. Evolution of serum copper levels in the rabbit experirnent.. 147 

Chapter VI 

1. Average serllm copper l evel s. . . . . .. .. . . . • . ... . . . . . . . . . . . . . . . 165 

2. Turnor vascularity, size, breakdown of the 
blood-brain barrier and contrast enhancement............ 179 

3. Angiogenesis and breakdown of the blood-brain barrier 
r cause contrast enhancement ............................. . 181 



" 

Chapter VII 

1. Tumor vol ume in the thigh, lung metast ases and 
serum copper levels at Ume of sacrifice........... 186 



1 

CHAPTER l 

Ang;ogenes;s, Tumor Growth and Copper Ion 



Angiogenesis, the development of a new microvasculature is an 

event common ta a variety of physiological and pathological conditions. 

It is a key step in the formation of embryonic (1) hyperplastic (2) and 

neoplastic tissues (3). NeovascularizatioJ1 furthe:--more is a hal1mark 

of several human diseases, e.g. diabetic retinopathy (4) and athel'O

sclerosis (5) collectively described as "angiogenic diseases" (6). ThQ 

interrelationof capillary endothelial proliferation and tumor growth 

has been demonstrated in numerous experiments and clinical observa

t ions. It has long been observed that tumor growth i s accompani ed by 

the growth of new blood vessel s from the host (7,8). In the 1 ast two 

decades it has been demonstrated that angiogenesis and tumor growth are 

interdependent (9-13). Tumors deppnd upon obtaining a blood supply for 

their continued growth; two phases ex;st in tumor growth: 1) Avascular 

Phase lacking blood supply, tumors exist as small population of cells, 

generally less than 3mm in diameterj growth is limited by diffusion 

gradients of local nutrients. These slow growing tumors have the 

potential to grow rapidly if they acquire a blood supply (13-16). 2) 

Vascul ar Phase where rapid exponent i al growth fo 11 ows the acqui s it i on 

of a blood suppl y leading to a prominent vascularized tumor (17-20). 

Tumors can be separated phys i ca lly or sequent i a lly from avascul ar tf) 

vascular phase (11). Tumors remain dormant surviving as tiny avascular 

nodules when artificially deprived of a blood suppl y (11). In experi

mental models, e.g. by placing it in the vitreous tumor of the eye, 

once the tumor nodule comes into contact with the retinal blood 

vessels, angiogenesis occurs, associated with explosive growth ;nto a 

large vascularized tumor (15). Studies of the sequential growth of 
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' ... 

experimenta1 gl iomas, showed these tumors al so pass through two 

distinct periods (17,21,22). Without new b100d vessels, gliomas do not 

exceed a critical diameter of approximate1y 2mm (21). 

Currently malignant brain tumors have a poor prognosis 

The current treatment of malignant brain tumors is disappointing 

(23). The one-and-five year survival rates, respectively, are on1y 45% 

and 8% (26); mal ignant tumors respond poor1y to aggressiv~ surgical 

extirpation, radiotherapy and chemotherapy (25). In mal ignant gl iomas 

chemotherapy has an 30 to 40% response rate (26) and one can expect an 

additional time of about 3 months of survival on the average (26). New 

therapeutic approaches are obviously needed. 

Angiogenic inhibition as a therapeutic strategy 

Anti-angiogenesis as a new concept for therapy of solid tumors was 

first introduced in 1971 (10,13,27). The possibi1ity of achieving this 

goal was made plausible by the demonstration of angiogenic inhibitors 

in avascular tissues such as the vitreous (28) and cartilage (29). 

Protamine (30) and heparin-cortis(lne combination (31) were a1so found 

to be angiogenic inhibitors and even able to cause regression of 

experimental solid tumors. It was then suggested that antiangiogenesis 

could represent a powerfu1 new therapeutic tool for brain tumors (15). 

Brain tumors: A target for angiogenic inhibition 

What is the evidence suggesting that angiogenic inhibition would 

be a good therapeutic approach for brain tumors? 

3 



1) Brain tumors, of all solid tumors. show thE' hlghest degn.'e of 

capillary proliferation (32) and the vascular endothella~ component 

represent as much as 40-50% of the volume of certaln g110mas and men1n

giomas (32). 2) Kinetic studies show the capillary endothellum ln 

brain tumors have a high labelling index approxi111ately 20~~ (17) con

trasted to 0.04% for normal brains and twice as high lr any other tumor 

(33) 3) Neural tumors are potential S:lurces of growth factors (34,35) 

4) For human astrocytomas the degree of caplllary proliferatlon cor

relates with the biological aggressiveness of the tumor :s well as 

clinical recurrence (15,36). 5) The abnormal rnicrovasculature ma)' be 

responsible for intrawmoral hemorrhages(37} and the occaslonal trans

formation to an endothelial sarcoma(38). 6) Infiltration of mallgnant 

tumors occurs preferentially along vascular channels (30,40). 

Copper ;s a Key cofactor for angiogenesis 

Copper ion plays a central role in the growth of new capillarles. 

What is the evidence for copper's role in angiogenesis and what was the 

rationale for our experiments? Copper ion was shown ta augment endothe

lial locomotion in vitro (41) Zn,Ca,Mn,Cr,Fe,Al,Sb,Mo were not active 

(41). Cellular shape is a crucial parameter for locomotion and migra

tion (42). The tripeptide glycylhistidyllysine (GHL) when bound to 

copper is able to cause a change in the cell shape from round ta flat 

and induces adhesion (43). Cellular flattening and adhesion are two key 

factors for cellular migration to occur (44). An ;ncrease in local 

copper preceeds the penetration of capillaries in the corne a after 

ang;ogenic stimulation (45). No change was observ::!d in the levels of 

., 



Ca,Fe,Mg,Zn,P and K in the cornea during angiogenesis (45). Copper 

sulfate induce neovascularization in the standard cornea1 assay 

(46,47). Ceruloplasmin, heparin, the tripeptide GHl are angiogenic 

only when bound to copper (48). Hypocupramic rabbits are unable to 

mount an angi ogenic response in the cornea after st imu1 at ion by PGEI 

(45). In our 1aboratory it was shown that in 50% of hypocupremic 

rabbits there was no angiogenesis induced by a variety of human brain 

tumors as opposed to 26% in the control (49). All these facts clearly 

indicate the crucial ro1e played by copper ion in angiogenesis and that 

was the rationale for our experiments. Our working hypothesis was that 

angiogenic inhibitiol" achieved by copper depletion cou1d result in 

abort i on of tumor growth and after the previ ous work done in our 

1 aboratory in the curnea, the major ; ssue was to test the effect of 

copper dep let i on on tumor growth in the bra in. Our ch a 11 enge was ta 

ach i eve ang i ogen ici nh i bit i on in the brai n and therefoïe abort i on of 

tumor growth. 

Copper and malignancies 

It has been known for years that the 1 evel of serum copper re-

flects the clinical activity \)f many tumors. Growi ng tumors have 

substantia11y increased serum ceruloplasmin 1evels. Serum copper 

1eve1s (Sel) are significantly increased in patients with malignant 

1ymphomas and Hodgkin's disease (50-57) with a positive correlation 

between sel and the activity of the lymphoma (50,51,53-56). The same 

findings exist in patients with sarcomas (58). The Sel are found ta be 

extremely high in patients with branchial carcinoma (58), malignancies 

5 



of the large bowel, stomach. urinary bladder and femal~ reproductnt\ 

system (60). CerLloplasmin is significantly increased above the normal 

before treatment in pat i ents with 1 ung cancer (61). The degree of 

elevation correlated with the TNM international classiflcation (ie, T' 

extent of primary tumnr, N: condition of lymph nodes, M: absence or 

presence of metastases). 

SCl were used as dn index to therapy response (62,63) Furthermore 

it was suggested that the ant ineopl ast ie effeet of chemotherapellt ie 

aspects eould be related to the chelation of copper ion in sorne coen-

zyme involved in tumor growth (64), 

Copper and malignancies in the CNS 

There have been very few studies of copper ion concentration in 

brain tumors. A 2-4 times greater concentration of copper ion was 

found in the tumor tissues of 29 necropsy specimens of mal1gnant brain 

tumors (9 astrocytomas, 10 qlioblastomas multiforme and 10 medullo-

blastomas) as compared to control brain tissue at dlstance from the 

tumor (65). SCl and ceruloplasmin levels are increased ln patients 

with primary brain tumors as compared to patients wlth other neuro-

logica1 diseases or healthy subjects (66). Peritumoral tissue of 91io

blastoma contains more copper than the tumor itself conversly low grade 

astrocytomas have more copper in the tumor than around (67) predicting 

a role for copper ion in invasiveness. Copper content of the cerebro-

spinal fluid is also clevated in patients with cerebral neoplasms (68). 

A positive correlation between copper levels and the degree of mallgn-

ancy of the tumor exists (68). 



...----------------- -----------------_._------------------

In summary, in a wide range of malignant tumors inside and outside 

the CNS the level of serum ceruloplasmin and copper correlates with 

tumor progression. The elevation occurs early and rises in proportion 

to tumor volume, returnsto normal after removal, and risesagain with 

extension and regrowth (69,70). Primary brain tumors sequester copper 

and induce an elevation of the levels of serum copper (66). 
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CHAPTER li 

Neovascularization and Turnor Growth in the 

Rabbit Brain: A Model for Experimental Studies 

of Angiogenesis and Blood-Brai~ Barrier 

8 



( 

·f ... 

--------------------------------------

Abstract 

A model for the study of tumor angiogenesis within the rabbit 

brain is presented. Implantation of the VX2 carcinoma provides a 

reproducible tumor accompanied by angiogenesis. We report the 

sequential growth, histology, tumor neovascularization and vascu' ar 

permeability of the tumor following its intracerebral implantation. 

Tumor angiogenesis correlates with the rapid and logarithmic intra

cerebral tumor growth. The proliferation of blood vessels in the tumor 

and the organization of tumor cells around tumor vessels are described. 

Breakdown of the blood-brain barrier (detected by Evans blue leakage) 

starts in the early stages of tumor development and becomes prominent 

as the tumor vascul ature and size increase. This model is useful for 

experimental studies of angiogenesis. 
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During the past fifteen years the field of angiogenesis research 

has relied mainly on three models for the in vivo study of capi1lary 

proliferation the rabbit (1) and rodent (2,3) corne a micropocket, the 

chorioallantoic membrane of the chick embryo (4) and the hamster cheek 

pouch. The VX2 carcinoma is an anaplastic sqU&mous cell tumor that 

results from a malignant change of a Shope-virus induced skin papillo

ma of the domestic rabbit {6}. To induce intracerebral oncogenesis and 

neovascularization,we selected the rabbit VX2 carcinoma because pre

vious experiments demonstrated 1) its angiogenic capacHies when im

planted in the cornea (1) and 2) its high rate of successful implanta-

tion, short induction time, reproducibilHy and stable histology when 

transplanted to the brain (7-10). Using this tumo) we have developed a 

model for the study of tumor angiogenesis within the brain and its re

lationship with tumor growth and breakdown of the blood-brain barrier 

(BBB). 

Materials and Methods 

VX2 TURlor Preparation 

The VX2 carcinoma was maintained by intramuscular injection of 5 x 

105 viable cells in the lateral thigh of the New Zealand White (NZW) 

rabbit with serial passage every three weeks when tumor masses measured 

2cm in diameter (Figures lA,IB). For intracerebral implantation, the 

tumor was removed from the thigh, freed of necrotic tissue, and placed 

in Hanks' balanced salt solution (HBSS) (Flow laboratories Inc., 

McLean, VA). We eut 2mm3 fragments that were passed through a Cellector 

tissue si eve mounted wi th a seri es of meshes from 520 ~ to 190 ~ open i n9 

size (Bellco Glass Inc., Vineland, NJ). The suspension, centrifuged at 
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Figure 1 Tumor transfer. A The removal of the tumor from the thigh 

of the rabbit. B - The processing of the tumor with the use 

of a cellector tissue sieve. 
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1500 rpm for 3 minutes, formed pellets that were resuspended in HBSS to 

give a final concentration of 1 x 107 cells/ml. Viable cells were 

counted by trypan blue exclusion ( 70-80% ) 

Tumor Implantation 

Sixt y adult male NZW rabbits weighing 2.5-3··kg, were anesthetized 

by i ntramuscul ar i nject i on of 6 mg/kg acepromaz i ne mal eate (Atravet, 

Ayerst Laboratory, Montreal, Quebec), and 25 mg/kg ketamine hydro

chloride (Rogarsetic, Rogar/STB Inc., Montreal, Quebec) supplemented b) 

subcutaneous anesthesia of 1% lidocaine for the scalp. We made a 3 cm 

incision alon~ the midline, reflected the periosteum, and placed a lmm 

burr hole with a surgical drill (Teledyne Emesco, George Tieman and 

Co., Plainview, NY) 5 mm to the right of the s(\gittal suture and 5 mm 

posterior ta the coronal suture, (Figures 2A and 3A) care being taken 

not to perforate the dura. The i nner tabl e of the skull was kept 

intact, (Figure 38) except for a central hole allowing the insertion of 

a 26-gauge needle attached ta a microsyringe (Figures 2B and 3C). Fifty 

microliters of H8SS containing 5 X 105 viable cells were slowly in

jected into the right parietal lobe (Figure 2C) at a depth of 2mm 

corresponding to the location of the centrum semiovale (11). 

After remova l of the needl e, the burr ho le was sea 1 ed with bone 

wax (Ethicon, Peterborough, Ontario) ta prevent reflux. The scalp was 

then closed with surgical staples and the rabbit was returned to its 

cage. A 11 procedures were performed asept i ca 11 y. After recovery from 

anesthesia, each animal was examined to be certain that there was no 

neurological in jury after the iÏ'jection. Each animal was examined 

daily for weight, level of consciousne~s, and motor activity. 
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Figure 2 The cells are injected 5mm lateral to the midline and 5mm 

posterior to the coronal suture (A) at an intracerebral 

depth of 2mm (8 and C) 
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Figure 3 The surgical field (A) coronal suture (arrow), sagittal 

suture (arrowhead). The tabla interna is kept intact except 

for a central hole (B) allowing the insertion of 26-gauge 

needle(C) 
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Experimental Protocol 

The 60 rabbits implanted with viable tumor cells were divided 

into two groups: Group A: we determined the natural history of the VX2 

carcinoma implanted in the brain of 20 rabbits. These animals were 

sacrificed when neurological deterioration occured (loss of appetite, 

gait disturbances,weakness of the extremities, left hemiparesis or 

hemiplegia, decreased level of consciousness). Time from implantation 

to sacrifice, tumor volume and tumor histology were determined.Group ~: 

we studi ed the growth of the tumor and the sequent i al deve 1 opment of 

tumor angiogenesi sand breakdowli of the BBB in 40 rabbits. After im

plantation of tumor cells, eight animals were sacrificed on days 6, la, 

14, 18 and 22. On each of these days, three rabbits were given 2% Evans 

blue, (JT Baker Chemical Co., Phillisburg, NJ) dissolved in 0.9% NaCl 

at a dosage of 2ee/kg intravenously, one hour prior to sacrifice to 

detect breakdown of the BBB (12). Another three rabbits reeeived 3ec 

of ink (Labink., K.S.C. Inc., Medford, MA) into the right common carotid 

artery, one minute before sacrifice in order to delineate abnormal 

vessels. The remaining two animals were sacrificed without injection of 

dye. 

Control 9.!:.QMQ: 15 additional rabbits were implanted with heat

k i 11 ed ce 11 s as a contra 1 for trauma and breakdown of the BBB due ta 

the i nject i on. These rabbits recei ved Evans b1 ue and were sacrifi eed 

according to the same schedu1e as Group B. 

The rabbits were sacrificed with 120mg/kg of intravenous sodium 

pentobarbital (Euthanyl, MTC Pharmaeeuticals, Mississauga, Ontario). 

After removal of the skull and the dura the cort i cal surface was 

19 



exami ned for the presence of the tumor, the degree of neovascul ari za

tion, and the amount of brain swelling or shift of the midline. 

Cortical neovascularization was scorE:d as follows: 0= no new blood 

vessels; 1+= minimal vascular ramifications; 2+= many new tortuous 

blood vessels; 3+= ma~y npw tortJOUS blood vesse~s with hemorrhages. A 

semiquantitative scale regarding the leakage of Evans blue in group B 

was established: O=nonej + = sl:ght (barely visible blue coloration); 

++= moderate (easily detectable coloration); "'++=severe (intense blue 

staining). The brains were th en removed and fixed in 10% phosphate 

buffered formalin for 6 days. The specimens were then serially sec

tioned at 1.5mm intervals in the coronal plane. The maximal diameters 

of the tumor were measured in three planes: coronal (dl), sagittal 

(d2). and transverse (d3) and the tumor volume was calculated with the 

formula dlxd2xd3x1fL6 (13). In the early stages of the tumor develop

ment (days 6 and 10) a cal ibrated stereoscopie microscope was used to 

measure tumor diameters. The presence of necrosis and hemorrhage was 

noted, midline shift to the left measured, brain stem compression 

recorded and Evans blue leakage assessed in group B. The brain slices 

were embedded in paraffin , sectioned and stained with hematoxyl in and 

eos in. 

Histologically angiogenesis was scored using the vasoproliferative 

component of the MAGS (microscopic angiogenesis grading system) scale 

(14) used to quantify angiogenesis in a variety of tumors. The micro

vessels were counted at a magnification of 200X. At this magnification 

the field examined encompassed an area of 2.54mm2. The histologic 

slides were first scanned at low magnification and the area of maximum 
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vascular density was selected for grading. This are a was usually at the 

tumor periphery. We defined the vascular density (VD) as the highest 

number of vasr:ular lumens per field (X200) encountered in the tumors. 

Each lumen lined with endothelial cells was considered an individual 

blood vessel. Although a tortuous vessel might reappear in the same 

field, each discontinuous vascular lumen was caunted as a separate 

vessel. Ten different fields in the most vascular are a of the tumor 

were caunted and only the one havi ng the highest vascul ar dens ity was 

used for analysis. Care was taken not to count interstitial hemorrhages 

or ta confuse leukocytes or tumor cells with endothelial cells. 

Statistical analysis was perfarmed using standard linear regres

sion and correlation (15). A P value <0.05 was the chosen level for 

significance. 

Resul ts 

Group A: 

Tumor Growth 

One animal was excluded from the study because it died fram un

known cause within 48 hours after tumor implantation. Tumars developed 

in 18 of the 19 remaining rabbits. Of the se 18 rabbits seven animals 

died between days 16 and 22 and eleven were sacrificed when neuro-

logical deterioration appeared between days 16 and 24. The survival 

time was 19.9 ± 2.3 days (mean ± standard deviation) for all 18 

animal s. 

Gross Patho l ogy 

After removal of the skull and the dura the tumor was evident as a 

pale mass in ten animals. In two of these ten cases the dura was 
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invaded by the tumor (Figure 4A). In all 18 anlmals the col'tlcal sur

face (Figure 4A and 4B) revealed multiple hypertt'ophled, tortuous new 

vessels (2+ in 13 animals and 3+ in 5). Brain swel1ing and midl1ne 

shift was evident in 17 animals. 

Coronal sections revealed that a11 18 tumors were localized to the 

right cerebral hemisphere, above the ventricle. Eight tumors reached 

the cortical surface. Central necrosis was evident in seven animals. 

Intratumoral hemorrhages were seen in five animals. 1here was no tumor 

spread to the contralateral slde even though severe midline shift (2 to 

Smm) and compression of the ventricular system and brain stem were 

observed in 17 tumors (Figure 5). The tumor volume was 582.6 i 126mrn3 

(mean ± standard deviation). Complete autopsies of a11 the 18 anirnals 

failed to reveal extracerebral growth of the tumor. 

Tumor Histology 

The tumors were undifferentiated with large polygonal cells, am

phophitic cytoplasm, and vesicular and pleomorphic nuclei with proml

ne nt nucleoli. Tumor cells were organized around blood vessels both 

within the tumor (Figure 6A) and at the margins of the tumor (rlgure 

68). Mitotic figures were frequent. On the basis of the vasculature 

three different zones were recognized within the tumor: an outer zone 

of high vascular density (VD=17.6 ± 3.4), an intermediate zone (VD=9 i 

2.4) and an inner zone of hemorragic necrosis (Figure 7). Hyperplastic 

endothelial cells with primitive cytological features were not seen. 

The interface between tumor and surrounding brain was obvious. Few 

perivascular mononuclear infi1trates were present, mainly adjacent to 
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Figure 4 Cortical neovascular;zat;on. A - the invaded dura (0) is 

refl ected revea 1 i ng the underlyi n9 tumor whi ch reaches the 

cortex. Feeding arteries directed toward the tumor, large 

dra in; ng vei ns and corti ca l hemorrhages (arrowhead) can be 

seen. B the tumor is not apparent, however, 

neovascularizatio~ 1S evident. Note the intracerebral 

hemorrhage (arrowhead) 
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Figure 5 The tumor induces a severe midline shi ft. The tumor margins 

are evident (arrowheads) 
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Figure 6 Perivascular organization of tumor cells. A- within the 

tumor (H & E, X400). B. - Invasive spread of tumor cells 

along microvessels (arrows) at the margin of the tumor (H & 

E, X150). 
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Figure 7 Interface between the central necrosis (N) and the 

intermediate zone (H & E, X300) 
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the tumor. The white matter surrounding the tumor was vacuolated and 

spongy in appearance representing peritumoral edema (16,17). 

Group B: 

Tumor Growth 

All 40 animals developed tumors. Three animals died before sacri

fi ce (two on day 17 and one on day 19) sa on 1 y seven an i ma 1 s were 

studied on day 18 and six on day 22. 

Gross Pathology 

On external examination of the brains, moderate cortical neo

vascularization was first observed on day 14, (0 in two animals and 1+ 

in 6). It was more marked on day 18 (1+ in 3 animals and 2+ in 4) and 

it became severe by day 22 (2+ in 2 animalr. and 3+ in 4). With intra

arterial injection of ink prior to sacrifice, the abnormal cortical 

vascular network could be furtlter delineated (Figure 8A and B). Midline 

sh i ft to the l eft was fi rst noted on day 18 in six out of seven 

animals. On day 22 the tumor was first apparent at the cortical surface 

in three out of six animalsj in one of these the dura was invaded by 

the tumor. Brain swelling as well as midline shift was obvious in the 

six animals studied. 

In coron al sections, on day 6 (Figure 9A) the tumors appeared as 

tiny, pale, barely visible plaques of 0.3 to 1.5mm in diameter. On day 

10 (Figure 9B) they remained pale and their diameter varied between 0.5 

and 2.5mm. On day 14 (Figure ge) the tumors showed a brown coloration, 

thei r di ameter ranged between 2 and 4mm. On day 18 (Fi gure 90) the 

diameters varied between 3.5 and 7.5mm, with evident midline shift (1 

to 3mm). Finally, by day 22 (Figure IOA and B) tumor diameters ranged 

31 



32 

Figure 8 Intracarotid injection of ink further delineates the 

abnormal cortical vascular network. A - The tumor is 

located beneath the cortical surface but indures 

neovascul ar; zat ion. B - The tumor appears on the cort i ca l 

surface and displays proliferating and stained microvessels 

). 
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Figure 9 Coronal sections reveal the sequential growth of the VX2 

carcinoma. A - day 6: the tumor (arrowhead) is located in 

the centrum semiovale. B - day 10. C - day 14. D - day 

18. (H & E, X3) 

1 
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Figure 10 Coronal sections on day 22. A - The tumor is located 

beneath the cort i ca 1 surface. B - The tumor reaches the 

cortical surface (H) & E, X3) 
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between 7 and 13mm. In four animals the tumor reached the cortical 

surface (Figure lOB). Central intratumoral necrosis was evident in two 

out of six animals. An intratumoral hemorrhage was observed in one 

animal. Severe contralateral midline shift (3 to 6mm), compression of 

the right ventricular system and distortion of the brain stem were 

noted in all six animals. Tumor volume (Table 1) increased in a log

arithmic fashion (Figure Il). 

Evans Blue extravasation (Table 1) appeared within thp. tumor on 

day 6 and around the tumor on cfay 14. On day 18, Evans bl ue extravasa

t ion was marked in the tumor and sl ight around the tumor. On day 22 we 

observed severe Evans blue extravasation on the cortical surface of the 

tumor (Figure l2A). The necrotic center was unstained (Figure 128). 

Evans blue extravasation was present to a lesser extent around the 

tumor. No dye extravasation was observed el sewhere in the brain. In 

control animals focal staining was detected only near the injection 

site on day 6, increased on day 10 and disappeared by day 14. 

Tumor Histology 

Tumor neovascularization (Table 1 and Figure 13) was first 

observed on day 6 (VD=5.4 ± 1). 8y day 10 (VD=9.5 ± 1.2) the vessels 

diameters appeared ta be increased by comparison with those of day 6. 

The vascul ar density increased progressively until day 14 (VD=16.1 ± 

1.1) (Figure 14). The vascular density on day 18 (13.1 ± 1.3) was less, 

due to the displacement of the capillaries by the prùliferating pool of 

tumor cell s. When there was tumor infi ltrat i on of the cortex, on day 

22. a secondary burst of neovascularization was observed (Figure 15). 

As in group A, at the same stage of tumor growth, 3 different zones 
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Table 1 - Turnor Volume, Vascular density and Breakdo_~ of the Blood-Brain 

Barrier in Grouu B 

Day of 

Sacrifice 

6 

10 

14 

18 

22 

No. of 

Rabbits 

B 

8 

8 

7§ 

611 

Turnor Volume 

(mrn
3) 

0.2 ... 0.1 

0.6 4- 0.3 -
12.6 ... ~ -- ~.:l 

69.4 4- 14.8 -
523.5 + ~16. 7 

TUInor Vascular Breakdo~~ of the BBB~ 

Densicy* 

5.4 4- ~.O 0 

9.5 ... l.~ ... 0 -
" , -~ .. - , , 

13 .1 ... 1.3 -
' 0 -• , .:l ... ~.O~ 
11.8 - 1.5"'* 

* Vascu1ar Densi-::y defineè. as the lta}:i:::l'..!:n n"...:!tber c: vascula,r lu:::ens ?e::- field 

(X200) encoun-::e:-ed in a ";UI:lO:-

t Breakdo_~ of the blood-brain ba,rrier (BBB) detected by extravasa-::ion of 

Evans blue: 0 - none; + slight:; ++ modera-::e; +++ seve::-e. Three 

Il Iwo rabbi ts èied t'rom tumor growth prio:- to scheduled day of sacrifice 

C; Outer ::one 

~ ** Interme~ia:e zone 
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Figure Il Tumor growth is logarithmic. The log transformed plots of 

tumor volume approximate a straight line with a correlation 

coefficient: r = 0.99 (p<O.Ol; y = 0.22 x -2.16) 
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Figure 12 Extravasation of Evans blue as seen on Day 22. A-

Cortical surface. B - Coronal section: Evans blue 

extravasation is mainly located at the tumor periphery. 

Turnor rnargins are evident (white arrowheads) as well as the 

limits of the blue staining (black arrowheads) 
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Figure 13 Sequential progression of tumor angiogenesis. On day 22, two 

zones appear: A peripheral zone (---) with the highest 

degree of angiogenesis and an intermediate zone (,."",.) with 

moderate neovascularization 
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Figure 14 Highly vascularized tumor on day 14 (H & E, X60) 

Figure 15 Vascular proliferation is observed after tumor infiltration 

of the cortex on day 22 (H & E, XlSO) 
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~:ere noted: an avascul ar center with large necrot i c foci, an i nter-

mediate zone with a relative decrease in the vascular density (VD-l1.8 

± I.S), and a peripheral zone with numerous capillaries {VD-19.5 ± 1}. 

At any of these five sta~es endothel ial cell hyperplasia was not ob-

served. We found a significant positive correlation between tumor 

volume and tumor vascular density (r=O.92; p<O.Ol) (Figure 16). The 

perivascular organization of tumor cells was observed as early as day 6 

and throughout the experiment. Scattered foci of petechi al hemorrhages 

of various size were first noted on day 14. By day 22 they were ma;nly 

located in the central necrot i c area. Ti ny areas of tumor necrosi s 

were first seen 011 day 14. Their coalescence by day 18 gave rise to 

massive central necrosis by day 22. In all tumors, mononuclear infil

trates appeared on day 10, mainly arc und the tumor and persisted for 

the remainder of the study. 

Cerebra l peri tumora 1 edema fi rst observed on 1ay 6, became pro

gressively more prominent and associated with vacuol ation, and 

loosening of the neuropil, resulting in a spongy appearance (Figure 

17) . 

Discussion 

This reproducible model allows the experimental study of tumor 

angiogenesi.:; within the rabbit brain. The VX2 carc;noma has been pre

viously used for the study of angiogenesis (1, 18) and its inhibition 

(19). The growth of VX2 carc;noma in the brain has also served as a 

model for tumor growth (7) and neuroimaging (8-10) but, to our know

ledge. not for the study of the interrelationship between tumor growth 

and angiogenesis within the rabbit brain . 
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Figure 16 There is a strong positive correlation between tumor volume 

and tumor vascular density (r = 0.92; Y = 0.24x-2.05) 
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Figure 17 Vacuolation and loosening of the neuropil around the tumor 

on day 14, corresponding ta peri tumoral edema (E). The 

tumor ;s located outs;de the ventricle (V) (H & E, X150) 

l. 



53 

( 



The described model is valuable for several reasons: 1) 1he pIt' 

dictable tumor type and location are associated with a stereotypie and 

wel1 defined sequence of vascular changes. 2) When compared tü other 

tissues, the normal adult brain is characterized by a capillary endo

thelium population that is quiescent and non proliferative (14,20). 

Angiogenesis is observed in tne adult br'ain in pathülogical states, 

particularly that of malignancy, and the crntrast with quiescent normal 

vessels made anglogenesis easily detectable. 3) The model allows the 

measurement of angiogenesis on both macroscopic (5) (cortical neo

vascularization), and microscopic scales (14). We observed cortical 

vascular changes that mimic those of human brain mallgnaneies (11). 

Because cortical neovascularizatlon mlght not be observed if VX2 ear

cinoma cells were implanted at a depth of 6 to 12mm wlthln the brain 

(7-10), we chose an implantation site of 2mm into the brain close to 

the cortical surface. The short distancp. between the angiogenlc source 

and the cortical blood vessels allowed for the angiogenic response, as 

has previously been described in the corneal assay (1). 

On the basis of the vasculature, we observed 3 dlfferent tumor 

zones on day 22. These 3 zones have also been observed in experimental 

gliomas (22). A second flare of neovascularization was also seen by day 

22 after tumor implantation, when the tumor reached the cortex. This 

could be related to the higher capillary density normally found in the 

cortex (23). 

A spec ifi c feature of tumor angi ogenes i sin the bra i n i s the 

breakdown of the BBB, associated with capillary prol iferation (24). 

Leakage of Evans blue was mainly observed at the tumor periphery where 



the highest degree of neovascularization appears. The permeability of 

blood capillary sprouts and newly formed blood capillaries compared to 

older blood capillaries is increased (25). Blood vessels of experi

mental (26) and human (27) brain tumors are structurally altered with 

abnormal vascular permeability. This model could be useful in further 

studies of the breakdown of the BBB induced by experimental brain 

tumors. 

We noted a perivascular organization of tumor cells that could be 

related to favorable nutritional and oxygenation gradients. A solid 

tumor cannot grow beyond a few mill i meters in si ze unt il an adequate 

vascular system is acquired (28) partially because diffusion of oxygen 

constitutes a limiting factor (29). Previous studies showed that both 

labeling and mitotic indices of mouse mammary carcinoma cells decrease 

with increasing distance from the nearest capillary (29,30). The 

attachment of tumor cells to blood vessels is also observed in vitro in 

the absence of a microcirculation (31) suggesting that tumor infil

tration preferentially occurs along vascular paths (32). 

These experiments support the concept that tumor growth in the 

brain, as in other sites (1,18,28), is a function of angiogenesis. 
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Notre modèle de tumeur cerébrale entrainant une angiogenèse evi

dente tend à démontrer qu'au niveau du système nerveux central aussi, 
1 / , 

la croissance tumorale est etroitement liee au phenomen~ d'angiogenesc 

tumorale. Une fois le modèle de tumeur cérébrale developpe, nous nOU'5 

, 
sommes attaches a tester l'effet de la depletion cuprique sur le drvr-

lopment et. la croissance du carcinome VX2. On avait dejà demontt-e que 
, 

la dépletion cuprique etait capable d'inhiber la neovascu1arlsation 
1 " 

tumorale au niveau de la cornee du lapin. Notre but eta it donc dE~ 

savoir si la dépletion cuprique pouvait prevenir l'angiogenè~;e tumorale 

et de ce fait la croissance tumorale in vivo dans le cerveau. 
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CHAPTER lU 

Angiogenesis Inhibition by Copper Depletion 

Prevents the Growth of the VX2 Carcinoma in the 

Rabbit Brain 

57 



Abstract 

We implanted 5 x 105 VX2 carcinoma cells into the parietal lobe of 

140 New Zealand white rabbits. In the first experiment we implanted 36 

rabbits divided into four groupsi I} Control, 2} pair fed, 3} acute 

copper depletion and 4) chronic copper depletion~ Copper depletion is 

achieved by a low copper diet and penicillamine, the last group con

sisting of hypocupremic animals revealed tiny avascular tumors as 

opposed to the three other normocupremic groups that disp1ayed large 

vascularized tumors. Injections of Evans blue revealed a local ized 

breakdown of the BBB in the normocupremi c groups, by cor,trast the 

hypocupremic animals showed a diffuse breakdown of the BBB. In the 

second experiment; we operated on 90 rabbits that recei ved vi abl e VX2 

carcinoma cells and la sham animals that received heat-killed cells. 

In this experiment the results of the first experiment were confirmed. 

Penicillamine alone has an effect on tumor growth without an angiogenic 

inhibitory effect. In the third experiment,we operated on 14 animals 

in order ta test the effect of a low copper di et al one. We found a 

decrea~e in tumor size but no angiogenic inhibition. ln all of these 

three experiments there was no increase in survival time in any of the 

experimental groups. These experiments represent the first angiogenic 

inhibition in the brain. We observed that both a low copper diet and 

penicillamine are necessary to achieve a significant decrease in tumor 

size and an angiogenic inhibition. 
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Copper ion is a co factor of angiogenesis (1-5), furthermore hypo

cupremic rabbits are unable to mount an angiogenic response in the 

cornea (2,5). We tested the effect of copper depletion on intracere

bral growth and angiogenesis of the VX2 carcinoma. 

Materials and Methods 

First Experiment 

Using the previous described brain tumor model. We implanted 40 

rabbits divided in four groups: 1} Control: rabbits on a normal diet 

(5301, Ralston Purina Canada Inc., Longeuil, Quebec). 2} Acute copper 

che lat i on and pen ici 11 ami ne therapy: (Acute COPTl: low copper di et 

(LCO) (Ralston Purina #5890C-1, Richmond, IN) and O-penicillamine 

(#4875, Sigma Chemical Co., St. Louis, Mo) 60mg a day per os started 

after tumor implantation up until sacrifice. 3) Pair fed: rabbits on a 

normal (#4875) but volume restricted diet to match the weight of the 

rabbits on a LCD (Figure 1). (Caloric restriction effects tumor 

growth (7 & 8}) 4} Chroniç COPT: LCD started 6 weeks before the tumor 

implantation and up until sacrifice and O-Penicillamine 6 days before 

and after tumor implantation, at the same dosage as in group 2. 

In each group, three animals were given Evans blue and two re

ceived ink by techniques described in Chapter II. 

Second Exper;ment 

We implanted 70 rabbits divided in 7 groups of 10 each. Four 

groups were s imil ar to the fi T'st set of experiments 1} control 2} 

acute CDPT 3) pair fed 4) Dexamethasone O. 75mg/day started day of 

surgery, intramuscularly, "dth a normal diet. 5} Penicillamine start

ing day of surgery, 60 mg/day per os wlth a normal diet. 6)Chronic ÇOPT 
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Figure l In early experiments (6) animals that were fed a low copper 

diet f.ail ed to 'gain weight 
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7) COPI plus dexamethasone at the same dosage as group 4 but started on 

day 14. Ten additional sham rabbits received 5 x 10 heat-kllled 

carcinoma cells, to test the non specifie effect of cerebral in jury ln 

hypocupremic rabbits. Five additional rabbits to group 1,2,3,6 were 

implanted for Evans blue and ink injections. 

Third Experiment 

We th en impl anted 14 more NZW rabbi ts to test the effect of LCD 

alone on the intracerebral growth of the VX2 carcinoma. We divided the 

14 animals into two groups uf seven: Control and LCD. 

In each experiment after tumor implantation the same follow-up was 

performed as descri bed in Chapter IL When the an i ma 1 s deve l oped 

neurological signs they were sacrificed, the brains were removed; the 

assessment of cortical findings, brain sections, measurements of tumor 

volumes, specimens preparation for histology and determination of 

capi 11 ary dens ity were performed in the same manner as descri bed in 

Chapter II. 

At the beginning of each experiment, the d3Y of tumor cells im

plantation, and the completion of each experiment, the serum copper 

levels were measured by atomic absorption spectrophotometry (9). Care 

was taken to avoid copper contamination (10) by the use of speclal 

plastics containers. 

Statistical analysis was performed by analysis of variance and 

Tukey test or modified student t test (11),a p value less than 0.05 was 

the chosen level for significance. 



Results 

First Experiment 

The results are summarized in Table 1. Copper levels of the dif

ferent groups are shown in the Table 1 and Figure 2. Groups 1,2,3 

remain normocupremic (Ne) throughout the experiment whereas Group 4 was 

hypocupremic (He) at the time of implantation. Less th an 50% of base

l ine was established to induce angiogenesis inhibition (2). 

The survival curves of all four groups overlapped (Figure 3). 

1 n the Ne group the cort i ca l surface revea l ed numerous, tortuous, 

prominent vessels surrounding a prominent tumor similar to day 22 

(Figure 4). By contrast, the cortical surface of hypocupremic rabbits 

was relatively pale with obvious swelling (Figure 5), free of tumor 

with a normal vascular network. The control animals revealed large 

vascularized tumors (Table 1, Figures 6 and 7). No significant dif

ference was observed in the two other normocupremic groups (acute 

copper depletion and pair fed). Pale laminar plaques were found in the 

He group with a 96% reduction (p < 0.01) as compared to control (Table 

l, Figures 6 and 7). 

In both Ne and He tumors, we found marked midline shift and dis

tortion or the brain stem (Figure 6). Capillary density in the He group 

was significantly (p<0.05) decreased compared to other three groups 

(Table l, Figures 8,9,10). In Ne animals we found an extravasation of 

Evans blue mainly confined to the tumor area (Figure Il). By contra st 

broad areas of Evans bl ue extravasation were observed in He rabbits 

(Figure 12). In summary (Figure 13) angiogenesis resulted in large 

vascularized tumors whereas its inhibition or "angiosuppression" led to 
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TABLE 1: Copper Depletion Results in Suppression of Intracerebral Oncogenesis and Angiogenesis 

Tu_or Vascularity 
Pcnicillaminc Scrum X Coepcr (ps/dL) ex cappillary _ Tumor Siz5 

Experimental Group_Cil) _ Diet (-S/d) Initial Implantation Death density, No./IlP F) (X volume-mm ) 

Control (9) Normal 0 62 63.5 61 15.4 + 3.9 537 + 397 

CDPT Acute (9) Normal, then 60 59 63 57 11.5 + 5.5 632 + 262 
lm" capper 

Pair-fed (9) Restricted 0 57 60 55 12 + 4.8 708 + 374 

CDPT Chranic (8) Law capper 60 63 12 9 3.3 + l 27 + 30 



Figure 2 Reduction of serum copper level by low copper diet and chela

tion. The chronic CDPT group (.) was hypocupremic at time 

of tumor cells implantation and at time of sacrifice. The 

three other groups remain normocupremic throughout the 

experiment 
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Figure 3 The survival curves of the four groups overlaped without 

statistically s;gnificant difference 
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Figure 4 The cortical surface of a normocupremic animal reveals mul-

tiple, hypertrophied, tortuous new vessels. Note the pre-

sence of the tumor 

Figure 5 Cortical surface in a rabbit injected with ink, under 

chronic CDPT. Note the normal cortical vascular network and 

the brain swelling 

• 

-.. 
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Figure 6 Inhibition of tumor growth by copper depletion in the rabbit 

brain: The three normocupremic groups displayed large, 

vascularized tumors with necrotic centers and hemorrhages: 

A: Control, B: Pair-fed, C: Acute copper dep1etion and che1a

tian. The chronic CDPT tumor (0) grew "en plaque" resulting 

in a tiny laminar nodule (arrow). Note the distortion of the 

brain stem a1so present around the tiny tumor (arrowheads) 
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Figure 7 Reduction of tumor volume by angiogenic inhibition. 

Histogram showing statistically significant decreased tumor 

volume in the tumors of the chronic CDPT animals (p<O.Ol) 
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Figure 8 Quantitative studies of vascular density indicate a three

to-four fold increase in the Ne tumors as compared to those 

treated by copper depletion and Pen;c;llam;ne 
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Figure 9 Prominent vascular proliferation in a Ne tumor (H & E, X150). 

Figure 10 Hi stologic appearance of a treated tumor: angiogenesis is 

suppressed (H & E, X450) 
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Figure 11 The Evans blue extravasation mainly located to the tumor 

area in a Ne tumor 

Figure 12 Broad areas of Evans blue extravasation observed in a 

hypocupremic tumor 
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Figure 13 Angiogei:esis results in a hypervascularized tumor. By 

contra st the cortical vascular network is normal after 

"Angiosuppression" achieved by copper depletion and 

Penicillamine that also results in a marked brain swelling 
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tiny avascular tumors with a great deal of peri tumoral swelling. 

Second Experiment 

The results are summarized in Table 2. 

A 11 the groups rema i ned Ne throughout the experiment except for 

those \Groups 6 and 7) on chronic CDPT (Table 3 and Figure 14). 

Once again, the surviv=ll curves (Figures 15 and 16) of the (l1f

ferent groups were similar except for the group after sham surgery thal 

received heat-killed cells. 

In this sham group except for two animals that died because of 

respiratory problems the other 8 animals of the group remained alivc 

and were sacrificed four months after the surgical procedure. 

Sirnilarly as in the previous exp~riment control, acute COPT and 

pair-fed animals developed large turnors. The two HC groups compa~ed to 

control revealed tiny tumr.rs, p < 0.01 (Table 2 and Figure 17). Dexa

rnethasone and penicillamine stôrted on day of surgery had an effect on 

turnor size, compared to control 1 P < 0.05. 

All of the five NC groups (control, acute COPT pair fed, dexa

rnethasone and penicillamine revealed similar vascular densities (Table 

2, Figure 18). Vascular density was markedly decreased in the He 

groups 6 and 7, (p < 0.05). Evans blue studies showed extravasation 

s;milar to the first set of experiments (Figures 19 and 20). 

Third Experiment 

The evolution of copper levels are presented in Table 4. 

The mean survival time was similar in both groups (Table 4). 

Turnor volume (Figure 21) was significantly smaller (p<O.Ol). 

Capillary density was similar in bath groups (Table 4). 

\' , " , 



TABLE 2: Copper Depletion Results in Suppression of Intracerebral Oncogenesis and angiogencsis of the VX2 Carcinoma 

Experimental 
Group 

1) Control 

2) CDPT, acute 
post-implantation 

3) Pair-fed 

4) Dexamethasone 
.7Smg/kg/day 

5) Penicillamine 

6) CDPT, chronic 

7) CDPT, chronic 
Dex<!!!!ethasone 
• 75mgjkg/day 

N 

14 

13 

13 

9 

9 

12 

10 

Diet 

Normal 

Normal, then 
low copper 

Restricted 

Normal 

Normal 

Low copper 

Low copper 

Penic~llamine 

(mgjdélY) 

0 

60 

0 

0 

60 

60 

60 

Survival 
Days 

(X + SD) 

16.8 + 1.3 

20.5 1- 4.5 

18.2 -1 2.8 

18.8 + 4.0 

16.8 + 4.3 

18.3 1 5.4 

2r 2 1 2.3 

Tumor Vascularity 
Vascular Dcnslty 
(X + SD, No./lIPF) 

15.9 -t 3.6 

12.3 + 5.6 

1l.B + 4.3 

:J.O + 1.0 

13.3 + 1.2 

3.2 + l. 2 

4.1 + 0.9 

Tumor Si7C 
_ Volume 3 

(X ~ SO,mm ) 

506 + 3/~/1 

696 4 395 

611 + 318 

185 + 153 

112 + 95 

26 + 25 

29 + 18 

CD 

-"'" 

, 
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TAnu: 3: Serum Goppcr I.c"el:; (X ~ sn, '1r./dI) 

Group IlIlial IlIIplalililLioli DC<1lh 

1) Control 62.0 ~ 17 .1. (,1.5 1 17.0 (11.0 1 (). l 

2) l\e\llc Clll'T 59.0 + 12.6 Ct(,.O 1 5.1 (>3. J 1 1 LI 

J) Péllr-fcd 57.'. + 13.3 (10.0 1 IO,! 5',. () 1 Il.1 

1.) DexameLlw sone 73.0 , 19.1. .')'J,U 1 17,(, (,1 • • l, , IL l, 

5) Pcnlcillallllllc 7'1.5 of lO.6 ()1.2 f 111,0 6(l. () 1 1 1. Il 

6) ChJ:ontc CI>l'T 62.0 + 17.2 12.2 1 9.0 9.0 1 'J.I 

') Chl-ollle CIJPT 75.1 of 15. () (1.C) 1 3.0 (1. B , 1. 'J 

+ dCK •• ml hasQne 
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Figure 14 A low copper diet six weeks before tumor implantation is 

necessary to achieve hypocupremia as observed in chronic COPT 

group ( • ) and in the chron i c CDPT and dexamethasone group 

( 0 ). The other g;ve groups remained normocupremic through

out the eÀperiment 
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Figure 15 There is no increase in survival time by addition of 

dexamethasone to chronic CDPT; D~xamethasone alone; of 

Penicillamine alone. The sham implanted animals demonstrate 

chronic CDPT by itself ;5 not able to cause the death of the 

animals 
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Figure 16 Histogram presenting in a different manner the lack of 

increase of survival tirne in any of the groups injected with 

viable tumor cells 
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Figure 17 CDPT and CDPT with dexamethasone result in significantly 

smaller tumors (p<O.OI). Dexarrrethasone administration and 

Penicillamine have an effect on tumor volume (p<O.OS) as 

compared to control 
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Figure 18 Angiogenesis failed to occur in the two chronic CDPT groups. 

The effect of Penicillamine is not med1ated through an 

angiogenic inhibitory process 
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Figure 19 Coronal section in a normocupremic rabbit injected with Evans 

blue revealing an ~xtravasation of the dye ma:nly localized 

to the tumcr area 

Figure 20 Coron al section in a hypocupremic rabbit injected with Evans 

blue reveal ing a diffuse extravasation of the dye in and 

outside the tumor 
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Croup 

Start 

Control 63 + 17.3 

CDPT 72 + 14.2 

TAilLE J,: V.ffcc\.s oC a I.ov CoppeT." Die\. on the VX2 Carcinoma 

Average SCL 
Surgery 

69 + 15.6 

32 1- 9.7 

Sacrifice 

77.3 + 11.6 

38.6 t- 6.1 

Survival 
Days 

16.5 -+ 2.3 

16 + 1.3 

TumoT." 3 
Volume (mm ) 

643.9 -+ 383 

J 51 -+ 93.1 

Vascular 
Density 

16.4 + 4.2 

13.715.4 
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Figure 21 A low copper diet alone results in a significant decrease in 

tumor volume,p<O.05 
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Oiscussion 

This study represents the first inhibition of tumor growth in the 

brain achieved by angiogenic inhibition. lt further supports the 

concept of close interrelationship between angiogene~is, copper ion, 

and intracerebral tumor growth. The vascular density in the He tumors 

was similar to that of the controlateral hemisphere indicatlng fllat 

angiogenesis failed to occur. 

Whatever the mechanisms, this study is consistent wlth others, 

pharmacological inhibition of angiogenesis in vivo results in preven

tion of tumor growth beyond a tiny size (12). To our knowledge this 

study represents the first example of angiogenic inhibition ln the 

brain. We were able to change the biology of the tumor and to arrest 

tumor growth by means of copper depletion and penicillamine. ln the He 

animals, tumor cells appeared viable similar to cells of VX2 carcinoma 

maintained in the avascular environment of the rabbit vitreous (12). 

Despite the dramatic reduction in tumor size and inhibition of 

angiogenesis, there was no ;ncrease in survival time in the HC rabbits. 

It is likely that the marked degree of periturnoral swelling and midline 

shift with distortion of the brain stem were responsible for the death 

of the He animals. In addition J Evans blue studies revealed broad 

areas of extravasation in these HC brains indicating a diffuse break

down of the BBB. 

Because of the large peritumoral swelling observed around eOPT 

tumors (Figure 14), we then tested the effect of steroids on both eOPT 

and Ne tumors, as steroids are known to be pl'tent antiedematous (13) 

1 l \ 1 
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and ant i tumor (] 4) agents. We al sa wanted to test the effect of 

penicillamine alone on tumor ~rowth. 

The resul ts of the second experiment confi rmed the fi rst one. 

Tumor volume and vascular density were significantly decreased in the 

hypocupremic a~ compared to normocupremic groups. Penicillamine in

nibited tumor growth without an effect on vascular density suggesting a 

mechanism not mediated by an angiogenesis inhibition, 

In early experiments in our laboratory (6) and in other institu

tions (15) it was observed that both a low copper diet and penicill-

amine were necessary for a complete angiogenic inhibition. Our data 

clearly show that the effect of chronic CDPT on tumor volume is more 

marked than either low copper diet alone or penicillamine alone. We 

observed in the second experiment that penicillamine by itself failed 

to inhibit tumor angiogenesis, in the same manner we observed that a 

low copper diet by itself does not result in angiogenic inhibition. 

The mechanism of action of copper ion in angiogenesis is uncertain 

(16). Copper ion has been shown to play a role in the growth of 

hepatoma cells (17) and in healing of wounds (18). The understanding 

of the different steps of the angiogenic process is important in order 

to elucidate the possible mechanism of action of copper depletion 

resulting in angiogenic inhibition. The morphogenesis of a capil1ary 

involves a sequence of events. Angiogenesis which mainly originates 

from sprouting small venules (19), starts with the local degradat~on of 

the basement membrane (20),then mobi1ization of the endothelial cells 

towards the angiogenic stimulûs takes place (19,21,22) resulting in the 

formation of a solid sprout. Endothelial cell proliferation th en 
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occurs (23-25) fol1owed by the canalization of the solid bud. Flnally 

the periendothelial stroma is formed. 

Three major stages exist in the angiogenic process: 

- enzymatic degradation of the basement membrane 

- endothelial cell locomotion 

- Endothelial cell proliferation 

Which of these compùnents can be altered by copper depletion? 

1) Copper depletion, and collagen 

The inhibiting effect in tumor angiogen~sis may be related to the 

role of copper as part of the oxidase system of the cupro-proU~ln 

lysyl-ligase that crosslinks the lYSine residues of collagen (26). 

Type IV collagen, a main component of the basement membrane (27) modu

lates tre growth of endothelial cells (28) and has a key role ln 

end a the 1 i a l b e h a v i 0 r and cap; 11 a r y 1110 r p h 0 9 en e sis ( 2 9 ) . C 0 P P e r 

depletion is known to induce defective collagens (26,30), that might 

interfere with angiogenesis. Furthermore lysyl-ligase is n~cessary for 

migration of endothelial cells and angiogenesis (31) and present in 

tumor cells and inactivated by chelating agents (32). 

2) Copper depletion and fibronectin 

The growth of endothelial cells is modulated by fibronectin, 

(28,29,33) whose synthesis is regulated by copper concentration (34). 

Copper salts induce the synthesis of fibronectin and low levels of 

copper blacks its synthesis (34). 

3) Copper depletion and fibroblast growth factor (FGF) 

The hypothesis that perhaps the affinity of the angiogenic factor 



FGF for heparin is copper-dependent (18) was further supported by 

recent findings that FGF can be extracted by its copper affinity (35). 

4) Copper depletion and tumor necrosis factor (TNF) 

It has been recently shown that macrophage-induced angiogenesis ;s 

mediated by TNF-O< (36) that most probably contain a metal-binding site 

for copper (37). It was shown that sodium azide, a strong chelator for 

copper is able ta inhibit the action of TNF (38), due to its chelating 

abilities (37). It is conceivable that either copper depletion and/or 

penicillamine administration result in the inactivation of TNF. 

5) The effects of Penicillamine 

We observed that penicillamine alone had an effect on tumor growth 

without obvious evidence of angiogenic inhibition. Penicillamine has 

both an action on collagen synthesis, able to induce a defective 

collagen by prevention of collagen cross linking (39,40) and interfere 

with collagen degradation by collagenase inhibition (41). 

In addition to its effects on collagen (39-41), D-penicillamine 

inhibits mitogen-induced human lymphocyte proliferation (42). This 

proliferation inhibitory effect is synergistic with copper salts (42). 

Copper combines with penicillamine forming copper penicillaminate and 

prevents the oxidation of penicillamine to penicillamine disulfide that 

is an inactive compound (43). This property of copper might explain 

the lack of effect observed in the Acute COPT animals. Penicillamine 

inhibits the growth of the $-91 mouse melanoma (44) and was used in the 

treatment of human melanomas (45). Because tyrosinase, a vital 

respiratory enzyme present in greatly elevated levels in melanomas (46) 

is a copper dependent-enzyme (26) and depend upon its copper moiety for 

lO~ 



reduction-oxidation changes (45), the action of penicillamine mlght be 

related to its copper chelating effect. 

Whatever the mechanisms underlying the observations reported here. 

the previous findings link copper with angiogenesis. Clearly much 

remains to be done to further elucidate and dellneate the roles played 

by copper and copper depletion in angiogenesis and tumor growth. 
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les précédentes experimentations révélent et démontrent clairement 
, 1 

qu'une diete pauvre en cuivre et une chelation par la D-penicillamine 

(OCTP), resultant en une depletion cuprique chez l es animaux, est en 

mesure de prévenir l'angioge0èse tumorale et du même coup la croissance 

tumorale. Chacune des deux composantes du protôtole DCTP a separement 

un effet sur la croissance tumorale mais pas d'effet inhibiteur sur 
, 

l'angiogenese tumorale. Ensemble elles ont un effet net sur l'angio-

genèse et la croissance tumorales. 
1 

Une importante question pers i ste: l'effet observe sur 1 e carci-
1 

nome VX2, est-il egalement retrouve dans une autre tumeur cerebrale 

experimentale? Nous avons choisi le gl iosarcome 9l qui constitue 
, \ 

l'equivalent d'une tumeur primitive du systeme nerveux central a 1 'op-

pose" du carcinome VX2 qui pourrait / \' etre rapproche d'un modele metasta-
1 1 

tique ceY'ebra 1 . 
1 1 

Nous allons donc maintenant presenter les resultats 

obtenus chez des rats Fisher injectes avec des cellules malignes de la 
1 

lignee cellulaire tumorale gliosarcomateu~~ 9L. 
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CHAPTER lX 

Copper Depletion Prevents Turnor Growth and Invasiveness 

of the 9L Gliosarcorna 

107 



( 
Abstract 

We implanted the 9L 91 iosarcoma in 86 Fisher rats. In the first 

experiment we showed a significant decrease in tumor size achieved by 

the CDPT protocol. In the second e),!1eriment we observed at the 

ultrastructure levei that the invasive growth of the 9l gliosarcoma was 

entirely blocked in rats depleted of copper. In animals made 

hypocupremic by diet and chelation with penicillamine, the brains 

contai ned tumors sharply demarcated from the adjacent neuropil. 

Electron microscopy revea1ed the absence of cytoplasmic extensions. In 

normocupremic animals we observed cytoplasmic extensions associated 

with a marked degree of peri tumoral invasiveness. 

108 



" 

To test the effect of copper depletion on another experimental 

tumor we repeated the above experiments using the 9L rat gl ioma. The 

need for the use of a 9L gl i orna 1 i ne was obvious for many reasons: 1) 

to know if the effect observed ",ith the carcinoma line wou1d be again 

observed with the glioma 1ine indicating that·,angiogenic inhibition 

achieved by copper depletion is independent of the tumor histiotype, 2) 

in the hierarchy of malignant histiotypes, gliomas are among the most 

vascular (1) and potent source of endothel ia1 growth factors (2) ; 3) 

the capillary systems of the 9L gl iosarcoma is similar to that of human 

tumors (3). 

Materials and Methods 

First Experiment 

Cells of the 9L glioma~ originally induced by N-nitrosomethylurea 

(4) were st~red in liquid nitrogen, and passaged twice before implanta

tion. The cells were cultured in 2ml of incubation medium (MEM Alpha 

Medium, enriched with 10% fetél1 calf serum, supplemented with 10ug/ml 

gentamycin), kept in a humidified incubator at 30 C, and the medium 

replaced twice a week. Confluent cultures were split at a ratio of 

1:500, subconfluent cells harvested, and the medium removed. The cells 

were washed with phosphate buffer soluti~n (PBS), trypsinized, and 

detached frcm the dish. The trypsin was inactivated by re-exposure ta 

the medium. After centrifugation at 1000 rpm for ten minutes, the 

pellet was resuspended in PBS ta a concentration of 107 cells per ml. 

The cells were implanted into 70 adult, 240-255gm, male, Fisher 344 

rats. 
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After anesthesia was induced (intraperitoneal pentobarbital, 

3.25mg/lOOgm) with the cranium seeured in a stereotaxie frame, we made 

a 2em i ne i sion al ong the mi dl i ne of the scalp over the vertex of the 

skull, and a 1.3mm hole drilled, 3111m to the right of the saggital 

suture and 6mm anterior to the frontal zero plane. (5) 

With a 26-gauge Hamilton syringe, 10 pl, 1x10S cells, were in

jected slowly, 1.5mm into the fronto-parietal lobe. The opening in the 

skull was sealed with bone wax, to prevent reflux of cells, the edges 

of the scalp were closed with surgical staples. We divided these 70 

rats into 7 groups of 10 animals each. 1) Control; rats fed a standard 

diet (Ralston Purina #5001) ad libitum 2) acute CDPT; rats under a 

normal standard diet up until tumor implantation and then receiving a 

low cappe}' diet (Ralston Purina #5890) and D-Penieillamine injected 

daily, subcutaneously, Img/gm, mixed in 3 ml of saline, started after 

the implantation. Penicillamine was prepared fresh, passed through a 

0.2 u millipore filter. 3) ~clir-fed; rats receiving the same standard 

diet but in a restricted way in order to match the weight of the copper 

depleted animals and rule out the effect of calorie nutrition on tumor 

growth (6) 4) Steroids; dexamethasone O.75mg/kg/day injected intra

museularly (lM) from day of tumor implantation up until sacrifice and 

under a normal standard diet. 5) Penieillaminej started after tumor 

implantation in the same dosage as group 2, up until sacrifice. 6) 

Chronic CDPT; low copper diet for six weeks before the implantation and 

up until sacrifice and penicillamine for six days before and after 

tumor impl antation in the same manner as group 2 and 5. 7) Chronic 
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CDPT :: 5teroids; Dlet and Penlclllamine reglmen identlcaql ta group 6 

and dexamethazone 0.75 mg/kg/day lM, started on day 14 after tumor lm

plantation. When the animal presented neurological deterioration the 

animal was sacrificed with an overdose of pentobarbital, the skull 

removed, and the brain placed in phosphate buffered saline for 10 days. 

The brain was then eut coronally with slices of 1.5mm thickness and 

emoedded in paraffin. In each group 2 animals were injected with 2% 

Evans blue in the Femoral vein one hour before sacrifice. 8) Ten 

additiona' sham rats fed a low copper diet and receiving 0-

Penicillamine in the same manner as group 6 were injected w;th Ix10S 

heat-killed cells contained in 10 pl. 

Second Experiment 

We operated on 16 Fi sher rats and impl anted tumor le11 s as pre

viously described. The animals were divided in two groups 1) Control 

and 2} CDPT animals. Each group was subdivided into 2 subgroups, 4 ani

mals were sacrificed on day 10 and on day 15 after tumor implantation. 

At time of sacrifice after pentobarbital anesthesia, each rat 

underwent a craniectomy. The tumor with the surroundi ng bra in was 

removed en bloc, yielding a 2x5x8mm cylinder which was recut to 1mm 

cubes, ilTmersed for one hour in 3% glutaraldehyde in a.IM cacodylate 

buffer. The tissues were post-fixed in 1% osmium tetroxide, dehyd

rated, and embedded in Epon. Thin sections were stained with uranyl 

acetate and lead citrate and examined with a Phil1ips 301 transmission 

electron microscope (EM). 
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In both experlments at the start, the implantation and sacrifice 

we took 1 ml of venous blood from the tail, measured the serum level of 

copper with a Perkins-Elmer 403 atomic absorption spectrophotometer (7) 

avoiding contamination (8). Statistical analysis was performed by 

analysis of variance and Tukey Test (9) a p value less than 0.05 \'Ias 

the chosen level for significance. 

Results 

Fi rst Experiment 

The results are summarized in Table 1. Neurological deterioration 

was s;milar to that presented by rabbits. 

Group 1-4 were normocuprerni c throughout the experiment. (Tabl e 2) 

Group 5 was normocupremic at time of tumor implantation but became 

hypocupremic at time of sacrifice. Group 6 and 7 were hypocupremic at 

tirne of surgery and at the time of sacrifice as well. 

Surv;val time (Table l, Figures 1 and 2) 

Group 4 (dexamethasone) and group 7 (CDPT + dexamethasone) had a 

significantly longer survival time (p<O.Ol) 

Cortical Surface 

The turnor was apparent on the cortical surface in all the rats in 

groups 1,2,3,5 (Figure 3) and was seen in l, 3 and 2 animals in group 

4,6 and 7 respectively. Evans blue studies (Figures 4 and 5) and 

coronal sections (Figures 6 and 7) revealed marked differences between 

NC and HC animals. 

Turnor volume (Figure 8) 

Chronic CDPT group was significantly different from control, acute 

CDPT and pair-fed groups (p<O.OI) and from penicillamine group 

.1. • _ 



Experimental 
Group 

1) Control 

~ 

2) CDPT, acute 
post-implantation 

3) Pair-fed 

4) Dexamethasone 

• 75mg/kg/day 

5) Penicillamine 

6) CDPT. chronic 

7) CDPT, chronic 
Dexamethasone 
.75mg/kg/day 

TABLE 1: Copper Depletion Prevents the Groowth of the 9L Gliosarcoma 

N Diet 

9 Normal 

10 Normal, then 
low copper 

8 Restricted 

10 Normal 

10 Normal 

10 Low copper 

10 Low copper 

Penicillamine 
(mg/day) 

0 

Img/lgm 

0 

0 

Img/lgm 

1mg/lgm 

1mg/1gm 

Survival 
_Days 

(X + SD) 

13.7 + 1.6 

14.7 + 2.2 

14.8 + 1.7 

27.1 + 2.0 

17.4 + 2.6 

17.6 + 2.6 

24.8 + 5.5 

Tumor Size 
- Volume 3 

(X .:!: SD.mm ) 

117.9 + 56.8 

118.1 + 49.0 

114.2 + 41.9 

3.0 + 2.4 

98.3 + 42.0 

41. l + 20.1 

10.7 + 7.9 

'~ 
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TAnl.l~ 2: S~["lIm C(;pper l.eveJ s (X t SO, .1Ir,/d 1) 

Group lnlial IlIll'lantaljol1 \1.,.\ t Il 

--------~-------------------------~~~~~--~~~~----~----------~--------------~--------------- ---

1) Control 105.8 ~ 20.1 121.9 ~ 30.0 110. R 1 \/ • l, 

2) Acule CDrT 107. 5 f 1(,.3 113.8 1 20.9 2U. l, 1 1 • r, 

3) Palr-(cù 121.3 1 26.6 123.1, 1 lIl. (, IU8J, 1 HI. " 

l,) Dexamclhnsollc 126.4 + 27.4 123.6 1 28.0 136.0 , FI .1\ 

5) Penicillaminc 90. 1• ~ 21,.1 108.9 , 20.2 )o.1J 1 1.11 

6) Chronic CDPT 96.3 -t 26.1 29.6 t 6.3 9.9 , \ . (, 

7) Chrollic CDPT 116.0 t 30.1 29.9 , l,. 7 ) 7.2 f '1.1 
+ ùcxamLhasollc 

f-' 

'-' 
.f>. 
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Figure 1 Survival time of the different group of rats. Chronic COPT 

coup 1 ed to dexamethasone and dexamethasone al one si gnifi-

cantly increased the survival time 
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Figure 2 Surviva 1 curves: Chron; c COPT with dexamethasone started 14 

days after tumor impl antat ion (..., and dexamethasone started 

day of surgery (-0-) result in longer survival Ume. Sham 

animals (-6-) 1 ive up until sacrifice four months aftp.r the 

beginning of the experiment 
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Figure 3 In a Ne rat the tumor was seen at the 1 evel of the cortical 

surface. The tumor has a large exophyt; c component. Note 

the neovascularization (arrows) 
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Figure 4 In Ne rat the Evans blue extravasation is localized to the 

tumor area 

Figure 5 In He rat the Evans blue extravasation is diffuse, localized 

in and around the tumor 
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Figure 6 On coron al section the Evans blue extravasation is localized 

ta the tumor area in a NC rat. Note the exophytic growth of 

the tumor 

Figure 7 On coron al section the Evans blue extravasation is found in 

and around the tumor in a HC rat 
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Figure 8 Tumor volumes: Chronic COPT decreases tumor size of the 9L 

gliosarcoma (p<O.05). Oexamethasone and chronic COPT coupled 

with dexamethasone started 14 days after tumor implantation 

have a marked effect on tumor size (p<O.Ol) as compared ta 

control 
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(p<O.05). Steroids and chronic CDPT groups were different früm groups 

1,2,3,5 (p<O.Ol). 

Hi stol ogy 

By means of light microscopy we were unable to establish capillary 

density beeause of the tremendous amount of vascular lumens observed in 

all groups. An obvious difference was observed at the boundari es of 

the tumors between group 6 and 7 and groups 1,2,3 and 5. In these Ne 

groups there was a clear infiltration by the tumor of the surrounding 

tissue (Figure 9) By contrast in groups 6 and 7 the border was well 

demarcated without infiltration (Figure 10). 

Second Experiment 

Serum copper levels are presented in Table 3. 

The ultrastructure of the neoplastic cells was similar in both the 

NC and CDPT groups. Tumor cells contained large, irregular nuclei with 

cl umps of chromat; n apposed to the ; nner nuel ear membranes; bi zarre 

mitotic figures were abundant. The eytoplasm was eleetron dense due ta 

highly developed rough endoplasmic reticulum and numerous free ribo

sames. The mitochondri a appeared normal; the Golgi apparatus was 

poorly developed. Intermediate filaments were rare. Numerous slender 

interdigitating cell processes ùr pseudopods were noted, occasionally 

displaying gap junctians. The extracellular space was enlarged with 

seant y fine granular material. 

There were striking differences, however, between the two groups 

at the boundary between the tumor and the neuropil. In the Ne group, 

the border was ill-defined. Neoplastic cells penetrated the neuropl1 
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Figure 9 Light microscopy of the 9l gliosarcoma implantad in a Ne 

Fisher rat: There is a marked degree of peritumoral 

invasiveness. (H & E, X4S0) 
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Figure 10 Light microscopy of the 9L gliosarcoma implanted in a 

hypocupremic Fisher rat: The tumor edge reveals the absence 

of infiltration in the surrounding neuropil (H & E, X450) 
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TABLE 3: Serum Copper Levels in Control and Treated Rats (ug/dl) 

Stag2 Day N Control CDPT 

SLart 0 8 116.3 + 14.6 143.8 + 13.6 

Cell Implantation 42 8 119.3 j Il. 2 23.5 + 15.3 

Ten-Day-OId Tumor 53 4 156.0 + 111.3 6.0 + 5.3 

Fiftean Day-DId Turnor 58 4 L67.8 j 2.1 17.0 + 3.6 -

~ ... 

~_J 

W 
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(Figures 11 and 12), infiltrated the matrix between astrocytic feet, 

axons, glial ce" bodies, neurons, and capillaries. By contrast, in 

the CDPT group, a 11 e i ght tumors were arranged as tiny nodules, 

sharp ly demarcated from the adjacent neuropi 1 . At the tumor edge, 

there were no cytoplasmic extensions of neoplastic cells, a score of 

zero by an "invasion index" (14), i.e. there was no invasion into the 

neuropil (Figure 13). 

In both treated and control groups, the capillaries appeared norm-

al, free of injury. Each brain showed peritumoral edema, 

characteri zed by en largement of the astrocyt i c feet cont iguous to the 

basement membrane of the sma 11 b l ood ves se l s. The neuropil further 

than 2 mm From the tumor edge, however, appeared normal. Although the 

tumors were 1arger on day 15 than on day 10, there were no differences 

in ultrastructure. 

Discussion 

In the first experiment we found a statistlcal 5ignificant de

crease in tumor size in CDPT, Dexamethasone and CDPT plus dexamethasone 

groups. Steroids have a well known effect of glial growth (10). We 

observed a striking di fference at the tumor edge between HC and NC 

groups. The EM experiment confirmed this difference at the level of 

the ultrastructure of NC and HC tumors. The use of the 9L gliosarcoma 

for the study of copper depletion and penicillamine on tumor invasive

ness presented a clear challenge: 1) invasiveness i s a key feature of 

malignant glial cells (12) and persists even after transplantation to 

non-neural tissue (13); 2) Sarcomas are highly invasive (14); 3) Among 
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Figure 11 Transmission electron micrographs of the tumor edge in 

normocupremic rats, ten days after implantation. The tumor 

cell (T) i s apposed to the external surface of the basement 

membrane of a small blood vessel (L-lumen) and sends 

pseudopods (arrows) between an astrocytic process (A) of the 

neuropil (N) (x 9000) 
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Figure 12 The tumor cell (T) embraces a normal blood vessel (L). At 

the lower left corner, the cytoplasmic extension of the tumor 

cell entrapping an astrocytic process (A) - an example of 

invasiveness into the neuropil observed in Ne tumor (x13,OOO) 
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Figure 13 In CDPT rats, 15 days after implantation, there ;s a 

distinct, well-defined border between the tumor cells (1) and 

the neuropil (N) (x 17,000) 

,./ 
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various experlmenta1 brain tumors the 9L gl iosarcoma was found to be 

the most invasive (15). 

The absence of invasion in the hypocupremic animals might be 

explained by the possible interferences of copper depletion and peni

cillamine with one or more of the three steps required for neoplastic 

invasion (16). 

1} Adhesion of the tumor cell to extracellular matrix (ECM) proteins 

2) Enzymatic degradation of the matrix 3) Locomotion of the tumor 

cell s. 

Adhesive proteins particularly fibronectin and collagen are 

abundant in the ECM of malignant glial and non-neural tumors (17). 

Fibronectin modulates cell locomotion (18), controls extravasation of 

malignant cells (19) and stimulates the adhesion and spread of 

carcinoma and sarcoma cells in the extracellular matrix (20). Low 

copper levels block the synthesis of fibronectin (21) Low levels of 

copper (22) and Pen i c ill ami ne (23) i nduce defect ive co 11 agen that 

interferes with attachment of invasive cells (24). The tripeptide GHL, 

a copper carrier induces adhesion of malignant cells (3) adhesion being 

a key step for cell locomotion (25). 

The previous preliminary findings link the activity of copper with 

tumor invasiveness, further experiments need to be done to determine 

the exact role of copper in the invasive growth of malignant tumors. 

· ... , 
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Les precedentes experimentations conduites chez le rat Fisher avec 

le gliosarcome 9L, nous ont fait découvrir un autre effet potentiel de 

la depletion cuprique sur la biologie tumorale: l'inhibition de l';n-
~ -' " vasion tumorale. Le volume tumoral des animaux DCTP s'est revele etre 

significativement plus petit que les animaux controles. Les resultats 

fournis par la microscopie e'lectronique demontrent clairement l'absence 

d'invasion tumorale chez les animaux DCTP. Ces re'sultats sont parti

culierement significatifs quand on connait le potentiel invasif du 

gliosarcome 9L avec ses composantes gliale et sarcomateuse. 
, 

La simil itude des courbes de survie observee chez les animaux 

normocupremi ques et hypocupremi ques et 1 es resultats obtenu s apre~ 

injection intraveineuse de bleu d'Evans chez le lapin et le rat nous 

ont fait soupçonner l'existence d'un édeme peritumoral severe, respons

abl e de l a mort des animaux hypocupremi ques. Pour tester cet te hypo-
, . -' 

these nous avons etudle le contenu d'eau present autour des tumeurs 
, , 

cerebrales (carcinome VX2 and gliosarcome 9L). De plus nous avons 

mesure' le contenu hydrique du parenchyme cérébral chez des animaux 

normo et hypocupremiques non-porteurs de tumeur cerebrale et nous avons 
... / 

essaye de determiner si la depletion cuprique avait un role dans la 

genese de l'edeme cérébral défini comme etant une augmentation du 
, '" contenu cerebral en eau. 
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CHAPTER Y.. 

Copper Depletion Increases the Peri tumoral Brain Edema 



Abstract 

We measured brain water content in rats and rabbits that had been 

implanted with viable tumor cells and brain water content of animals 

that had not been irnplanted. These experiments had been conducted in 

normocupremi c and hypocupremi c rats and rabbits. 

We demonstrate that copper depletion, achieved by a low copper 

diet and penicillamine, incl'eases the cerebral peritumoral water con-

tent but fails to increase the brain water content in non-tumor-implan-

ted animals. These findings support the hypothesis that the hypo-

cupremic animals with small tumors had a survival time similar to that 

of normocupremic animals with large vascularized tumors, hecause of a 

severe peritumoral edema leading ta brainstem distortion, brain hernia-

tian and death. 
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The endothelial cells of cerebral capillaries compared to those 

outside the central nervous system are characterized by 1) tight 

junctions (zona occludens) 2) an increased number of mitochondria 3) 

sparse pinocytosis 4) lack of fenestrations and 5) the apposition of 

astrocytic foot processes to the endothelial basement membrane. These 

properties are responsible for the formation of the blood-brain barrier 

(BBB) (1-4). 

In both the VX2 carcinoma and 9l glioma intracerebral tumor growth 

we observed in the HC animals the presence of a severe swel1ing mainly 

of the right hem; sphere where the tumors were 1 ocated. In order to 

further elucidate the mechanisms underlying the development of this 

peritumoral swelling, we measured brain water content (BWC) in the 

brain of normocupremic and hypocupremic animal s, implanted and non 

implanted with tumor cells. 

Haterials and Hethods 

We implanted 10 Fisher rats with the same technique previously 

described (Chapter IV). These animals were divided in 2 groups of 5 

animals each. 1) Control 2) CDPT rats. Ten additional non-tumor-

implanted rats were divided in 2 groups. 3) Control brain without 

tumor implantation. 4) Chronic CDPT rats without tumor implantation. 

Twenty NZW rabbits were assigned to the same four groups. 

One method of measuring water content is ta determine the weight 

of fresh and subsequently dried tissue specimens and express the amount 

of water as the difference between fresh and dry weight (wt), or: 
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tissue fresh wt - tissue dry wt 
% tissue water = x lOO(5} 

ti ssue fresh wt 

To insure accuracy we dried the tissue for 96 hours since tissue drying 

time may extend beyond 24 hours (6) 

The tumor implanted animals were sacrificed when they developed 

neurological signs. The non tumor implanted animals were sacrificed 8 

weeks after the beginning of the experiment. At time of sacrifice a 

cube of (4x4x4mm in the rats and 6x6x6mm in the rabbits) of the im

mediate BAT was removed and weighed with an analytical balance (type 

HI6, E Mettler, Zurich, Switzerland). They were then pl aced ; n a 

dessicator (Pyrex, Corning 3118 Fisher Scientific, Montreal) Quebec). 

The samples were weighed aga;n after 96 hours of dess;cation. 

Results 

Serum copper levels are presented in Tables land 2 

In the tumor implanted animals we found a greater BWC in the CDPT 

group (p < 0.05) (Figures 1 and 3). In the non implanted animals there 

was no difference in the BWC (Figure 2 and 4). 

Discussion 

Brain edema is defined as an increase in cerebral tis,ue water 

content leading to an enlargement of tissue mass and volume (7) Our 

findings demonstrate that COPT increases the peri tumoral BWC of the 9L 

gliosarcoma and the VX2 carcinoma, but fails to increase BWC of CDPT 

non-tumor-implanted brains. 

What are the possible explanationrof the increased brain water content 

around COPT tumors as compared to control tumors. 

1 4 ') 



l'''~!~ 

TABI,E 1: A - Serum Copper I.evels in TÛi!lor-Implanted Rat.s 

<:roup Start Day of Surgery 

Control 131 + 6.5 126.3 + 16.2 

CDPT 131.6 + 21.6 20.0 -t 7.9 

B - Serum Copper Levels in Non-Tumor-Implanted Rat.s 

Group Start Sacrifice 

Control 136.7 + 29,1. 1112.2 t 19.67 

CDPT 129.8 + 8.7 38.2 t Il.65 

Sacrifice 

132 + 16 

6.6 + 1.5 

~~. 

1--' 
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Group 

Control 

CDPT 

Control 

CDPT 

TABLE 2: A - Serum Copper I.evels ln Tumor-lmJ,lant.ed Rabbits 

Slart 

69 + 21loS 

71 + 17.3 

Slart 

7l + 16.2 

81 1- 27.3 

Hay of Surgcry Sacrifice 

7/1 7.6 68 + 12.3 

20.3 1 Il.2 22 + 5.9 

n - Serum COJ~~r Levels in Non-Tumor-lmplanted Rabbits 

Sacrifjce 

69 t 17.11 

21.5 1 7.9 

,..,., 



Figure l In Fisher rats implanted with 9L gliosarcoma the peri tumoral 

water content was increased in chronic COPT animals as 

compared to control (p <0.01) 
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Figure 2: There ;s no difference in the brain water content in control 

and chronic COPT Fischer rats that have not been implanted 

with tumor cells 



o 
o 
T""" 

o 
CO 

o 
lt) 

~ 
0... 
o 
Ü 

c 
"ffi 

L 

m 
CO 
E 
L 

o 
Z 



" ) 
• Jf_ 

Figure 3 In NZW rabbits implanted with the VX2 carcinoma the 

peri tumoral water content was increased in chronic COPT 

animals as compared to control (p<O.Ol) 
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Figure 4 There is no difference in the brain water content in control 

and chronic CDPT rabbits that have not been implanted with 

tumor cells 
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1) It was recently demonstrated that cranial irradiation re-

sulting in a suppression of macrophage-mediated angiogenesis induced a 

higher water content around a cold lesion as compared ta control 

without irradiation (8). Neovascularization might have a role in 

reabsorption of extravascular fluid ("sink theory"). 

2) Superoxide dismutase (500) scavenges oxygen-derived free radi

cals (9). 500 catalyses the decomposition of the superoxide anion as 

follows: 2H+ + 202-'H202 + 02. SOD is a key enzymatic (Figure 5) free

radical-scavenging system in the brain (10). In Eukaryotes this reac

tion is catalyzed by a copper-zinc protein which is present both in the 

cytùsol and in the mitochondrial intermembranous space and also by a 

manganese enzyme which is found in the mitochondrial matrix (9,11,12). 

Oxygen-derived free radicals cause cerebral edema (13). Copper deple

tion results in a decrease of the SOD activity (14) with a rise of the 

oxygen-derived free radicals able to induce cerebral edema (13). It is 

concievable that in our experiment the severe copper depletion led to 

an increase peri tumoral edema via this mechanism. 

3) Horseradish peroxidase injections in the lateral cerebral ven

tricles or in the subarachnoid space of cats revealed that a fluid 

ci rcul at i on through the central nervous system occur vi a paravascul ar 

pathways (15). Because of the lack of vascular proliferation observed 

in the hypocupremic tumors, the paravascular fluid circulation might be 

decreased as compared ta hypervascular normocupremic tumors leading to 

an increased cerebral edema. 

Cap;llary permeability in the brain adjacent ta tumors (9L 

gliosarcoma and Walker 256 carcinosarcoma) ;s reduced (16). This 
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Figure 5 Superoxide dismutase is an important free-radical-scavenging 

system in the brain, from (9) 
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reduction could be detrimental to the del ivery of water-soluble and 

rapidly binding drugs (16). BBB modification increases therapeutic 

effi cacy of chemotherapy for brél in tumors (17). CDPT i nterferes with 

the capillary permeability around brain tumors that could possibly lead 

to more effective chemotherapy. 

The exact mechanisms by which copper depletion increased peri

tumoral edema are not known, these findings, however, will spur onward 

new interests in understanulng the relationship between copper deple

tion, breakdown of the BBB and peri tumoral cerebral edema. 
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Apres avoir demontre l'existence d'une augmentation du contenu en 

eau autour des tumeurs chez 1 es an i maux CDPT nous avons entrepri s 
, ' 

l'etude du probl eme de l' appari t ion du renforcement de contraste au 

cours des examens tomodensi tometriques. En effet il exi ste dans la 
, . " 

litterature neuroradiologique un debat a ce sujet. Certains affirment 

que le renforcement de contraste est principalement du à la rupture de 
, ~ 

la barriere hemato-encephalique (BHE) alors que d'autres pronent que la 
" -' ne'ovascularisation tumorale est le principal element determinant le 

renforcement de contraste. 

L'existence d'une rupture de la BHE dans les tumeurs hypervascu

laires (normocupremiques) et les tumeurs avasculaires (hypocupremiques) 
. , , 

nous a permis d'etudier les mechanismes lies a l'apparition du renfor-

cement de contraste au cours des examens tomodensitometriques. 

160 



~. 

CHAPTER YI 

Angiogenesis and Breakdown of the Blood-Brain Barrier 

Modulate Computerized Tomography Contrast Enhancement 

of a Rabbit brain tumor 
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Abstract 

Because of the crucial role played by tumor neovascularization in 

contrast enhancement, we studied the CT imagi ng of a transpl antabl e 

rabbit brain tumor, the VX2 carcinoma that induces angiogenesis and 

breakdown of blood-brain barrier associated with contrast enhancement. 

Turnor detection by contra st enhancement follows the peak of angio

genesis. Inhibition of angiogenesis, by copper depletion and penicill

amine, leads to avascular tumors that lack contrast enhancernent. 

Furtherrnore, there was no contrast enhancement in brain adjacent to the 

tumor of normocupremic rabbits or within the hypocuprernic tumor, 

despite the breakdown of the blood-brain barrier, without the con-

comitant presence of angiogenesis. We conclude that contrast enhance

ment of intracranial tumor ;s dependent primarily upon the prolifera

tion of the microvasculature. 
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Contrast enhancement (CE) is one of the main radiological mani

festations of central nervous system tumors; it is not observed, how

ever, in a1l tumors (1). The mechanisms that cause the CE of braln 

tumors are not entirely known but remain important to the interpreta

tian of CT scans. These mechanisms relate to breakdown of the blood

brain barrier (BBB) (2-5) and to tumor neovascularization i.e. angio

genesis (6-12). 

The rabbit VX2 carcinoma, has been useful for radiological re

search (13 -15). It a 11 owed us to study tumor angi ogenes; sand break

down of the BBB (Chapter II). We compare the serial CT images, extra

vasation of Evans blue (EBE), and histology of normocupremic (NC) and 

hypocupremic (HC) tumors. 

Materials and Methods 

We implanted 5 x 105 cells of the VX2 -::arcinoma into the right 

parietal lobe of 36, 3kg, male New Zealand White rabbits, according to 

the technique previou~ly described in Chapter II. We divided thr 

rabbits into six groups of six animals each: four for CT imaging, and 

two for study of the BBB. Turnor size and histology were determined in 

each of the six animals. Groups 1,2,3,4,5: Control animals and group 

6: CDPT animals. CT studies were performed on an Elscint Exel 2002, 

with the following settings: circle diameter, 140mmj x-ray current, 

40mA; voltage, 140KV; scan time, 10.5 sec; slice width, 3mm; and an 

image matrix, 340/340. The brains of the rabbits were imaged in the 

coronal and axial planes before and after intravenous administration of 

3ml/kg of iothalamate meglumine (Conray 60, Mallinckrodt Laboratories, 

Ontario Canada). 



Group 1 was scanned six days post-implantation, and immediately 

sacrificed. Groups 2-5 were li kewise studied on days 10, 14, 18, 22, 

respectively. In group 6, a CT scan was performed only when the animals 

developed neurological deterioration (gait disturbances, decreased 

level of consciousness). The brains were removed and fixed in 10% 

phosphate buffered formalin for six days. The specimens were sectioned 

coronally at 1.5mm intervals and correlated to the CT coronal scans. 

Evans bl ue i nject ions, measurement of tumor vol umes, and de ter

mination of vascular density were performed as previously described in 

Chapter II. 

Blood samples were taken in al1 the animals at the beginning of 

the experiment, at time of surgery, and at time of sacrifice for serum 

copper determinations (16). 

Statistical analysis was perfomed by analysis of variance and 

Tukey test, a p <.05 was considered significant (17). 

Results 

1) Serum copper levels are shown in Table 1. Groups 1 to 5 were NC 

throughout the experiment, whereas group 6 was HC at the t i me of the 

tumor ce" implantation and sacrifice. 

2) The mean surviva1 time (MST) in group 6 was 19 + 1.8 days. 

3) CT findings: In the NC anima1s, there was no tumor detection 

at any time without contrast infusion. Even with contrast infusion, 

there was still no visua1 ization of the tumor on days 6 and 10. 

Start i ng at day 14 the tumor fi rs t showed a dense round homo

geneous well defined enhancement (Figure 1A,S). As the tumClr en1arged, 

it became more ova1 (day 18: Figure 2A,B). Finally, on day 22, patchy 
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TABLE 1: Average Serum Copper Levels 
a 

-------
Group Day of No. of SlarL • Il,, Y nI 1 lili/or ».Iy of 

Sacrifice R.Jhb j ts ÎIlII' 1.1111.11 j Pli ~;;} C 1 i f i ( (' 

-----
6 6 7J.] .!: 10.3 (,2.1 • .!. CJ,IJ fI;~ .07 ..!. 1) .1.2 

2 10 6 70.0 .!: /0.2 (,I .1 .!. Y. 'i (,0.62 .!. H.<)) 

J li. 6 57.0.!: 10.6 (,L. I ) .!. B.Z r)" • 2 !: '1,81 

4 18 6 62.2 .!: Il.5 (./, • f, ! 'J.') (r'J .82 ~ l 'j • 2 () 

5 22 5
b 

61.8 :!: B,8 (, J • 1 ..!. If.:! (, 1. /) 5 ..!. (). L H 

6 19 ± l.8 6 69.5 .!: 12.8 1 1 • ') .!. ]. (, 7.1, .!. l, ./.1 

aOal.' expr~ssed in rr./d1 

hSixlh anilIIdl exclllded bec,lq:-,c of de,llb priOl" II) 5clle""lt'" d .. y (If CT 

": --



Figure 1 Coronal (A) and axial (8) cuts on day 14. The tumor appears 

as an enhancing nodule of the right high convexity (arrow-

heads) 
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Figure 2 Coronal (A) and axial (8) cuts on day 18. The tumor appears 

as a large homogenous enhancing mass on the right 
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areas of decreased attentuation appeared within the center of the tumor 

(Figure 3A,B). The lesion itself remained very well defined at all 

t imes. A CT scan was not performed on one animal of group 5 due to 

death before day 22. The tumor was visualized with CT in all the other 

NC rabbits studied on day 14,18,22. 

The CT in the HC animals appeared normal even after injection of 

contrast materi al. In both NC and HC groups we fa il ed ta observe peri

tumoral edema. 

4) Histological findings: 

In NC tumors, a slight capillary proliferation first appeared on 

day 6. The vascular density increased progressively until day 14 when 

neovascularization was prominent (Figure 4). 

By day 22, large vascularized tumors accompanied by central ne

crosis were present in all NC rabbits . The cortical surface revealed 

many enlarged tortuous peri tumoral vessels. 

The tumors in the HC groups were tiny, pale, laminar plaques with 

91% less volume compared to the controls (p<O.OI). The cortical surface 

of HC rabbits showed a normal vascular pattern. Microscopically, the 

tumor cells retained malignant features and appeared viable, but the 

capillary density was close ta that of a normal brain indicating that 

angiogenesis failed to occur. 

5) Evans Blue Studies: 

In NC animals (group 1-5) EBE appeared in the tumor area by day 6 

and by day 14 around the tumor. By day 18, EBE was prominent (2+) in 

the tumor and brain adjacent to tumor (BAT) and finally by day 22 we 

observed a severe (3+) EBE in the tumor present at a l esser extent 
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Figure 3 Coronal (A) and axial (B) cuts on day 22. The tumor appears 

as an ; nhomogenous mass wi th areas of decreased attenuat ion 

in the center rel ated ta tumor necros i s. Note the ring 

enhancement (arrow) 
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Figure 4 Progression of vascular density in NC animals. CT tumor 

visualization correlates with peak tumoral angiogenes;s 
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around the tU:ilor. The He animal!) in group 6 revealed marked EBE both in 

and around the tumor. 

In summary, (Table 2) in NC rabbits, tumor CE, allowing tumor 

detection was possible or,ly when tumor angiogenesis was prominent by 

day 14. In the HC rabbits, even though the tumor volume at time of 

sacrifice was 1arger (46.8 i 26.6mm3) than the tumor volume on day 14 

(13.2 ± 2.2mm3) in NC rêlbbits, no tumor was visualized on CT, even 

after contrast materia1 injection. EBE was observed at an stages on 

the NC tumon and on day 14 around them in HC tumors EBE was noted in 

and around the tumor. 

In Ne an i ma 1 s, necros i s was observed on CT on day 22 when i t was 

grossly apparent. On day 18, we observed necrosis and punctate hemor

rhages wi th 1 ight mi croscopy, but not by CT scann; ng. 

Discussion 

Currently, two interrelated mechanisms explain the CE of tumors on 

CT: 1) breakdown of the BBB with pas!»age of iodine across the basement 

membrane of th~ capillary bed into the tumor (2-5); 2) Tumor neovascu

larization leading to increased intravascu1ar 1eve1s of iodine (6-12) 

i.e. "computed angiotomography" (6) with positive correlation between 

CE and the degree of vascularity (7). Because of the newly discovE'red 

abil ity ta pharmacol ogi ca 11y suppress capi 11 ary growth i nduced by ex

perimental brain tumors by means of copper dep1etion we cou1d test the 

relative contribution of BBB breakdown compared with angiogenesis. 

CE appeared on day 14 in Ne tumors and failed to appear in 

1arger He tumors (Table 2) excluding size a10ne as a main determinant 
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of CE. In the He group, the EBE demonstrates the breakdown of BBB both 

withi n the tumor and the peritumora l area. CT scans of these HC an i -

mals, however, t'ailed ta reveal enhancement after iothalamate meglurni

ne injection. In He. tumors, angiogenic inhibition likely prevented CE. 

On the other hand CE appears in Ne mali gnant tumors that contai n 

numerous new blood vessels. 

The permeability of newly formed capillary sprouts compared to 

that of mature capillaries is increased (18). Normal capillaries of the 

brain maintain the integrity of the BBB (19) but the blood vessels of 

experi mental (20) arld human (21) brai n tumors are structura lly a ltered 

and have an i ncreased capi 11 ary permeabi l i ty. In the se NC rabbi ts the 

combined effect of tumor angiogenesis and breakdown of the BBB i s 

1 inked to the appearance of CE. 

Evans b1ue binds to albumin and ftas a molecular weight (MW) of 

68,500 Daltons (22) whereas the iothalamate meglumine that we have used 

has a MW of 800. c'ompari SOii of MW does not expl ai n the passage of Evans 

blue across the open BBB whtreas contrast materi al does not cross. ro 

explain the paradox between the appeiirance of EBE a~ld the absence of CE 

we suggest that active metabolic uptake of albumin-bûund compounds is a 

function of intracerebral tumors (23) and that the appearance of iotha

lamate depends largely on other mechanisms, e.g. neovascularization. 

We conc1ude from our data (Table 2-3) that in our brain tumor 

model, angiogenesis is the key determinant for the appearance of CE. 
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Nous avons donc dernontr~ que dans notre modèle tumoral ccirébrdl 

utilisant le carcinome VX2 chez le lapin, la neovascularisation tllll10-
, l , 1 

rale etait l'element determinant et principal dans l'apparition du 

renforcement de contraste au cours des examens tomodensitometriqllcs. 
l , '" 

Nous nous sommes ensuite pose la question a savoir Sl le mernc 

protocole DCTP utilise' dans les experimentations cerebrales avail un 

effet sur la croissance extracerebr~le dans le muscle et sur le 

development des metastases pulmonn;res du carcinome VX2 . 



CHAPTER Yll 

The Effects of Copper Depletion on Extracerebral Turnor 

Growth and Lung Metastases of the VX2 Carcinorna 
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Abstract 

We observed that the same protocol CDPT that could inhibit tumor 

growth in the brain had no effect on the growth of the VX2 carcinoma in 

the thigh. In the same manner lung metastase~ were not prevented. The 

importance of the mi lieu where a mal i gnant tumor grows and the 

difference between brain and muscle are discus~ed. 
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We addressed the quest ion: wou1 d the same protoco1 treatmf:!nt CDPT 

be equally or more effective to b10ck the growth of extracerebral 

tumors e. y. growth of the VX2 carc i noma ; n the thi gh and wou1 ri copper 

dep1etion prevent metastases by inhibition of tumor neovascularization. 

Materia1s and Methods 

We injected 5 x 105 viable cells of the VX2 carcinoma in the 

1atera1 thigh of 72 ~ZW rabbits, 5 cm proximal to the knee at a depth 

of 1 cm, in the vastus 1atera1is muscle on the right side; care was 

taken not to inject intravascu1ar1y. The rabbits were divided in two 

groups of 36 anima1s each: Control and CDPT. Four animals in each 

group were sacrificed 4,8,12,20,24,28,32 and 36 days after the tumor 

implantation. At time of sacrifice the tumùr of the thigh and the 

1ungs were removed. We measured the maximal diameters of the tumor in 

three planes, trans- verse (dl), dorsoventra1 (d2) and caudorostral 

(d3). Tumor volume was ca1cu1ated with the formula dl x d2 x d3 x ~ /6 

(l). The outer surface of the 1ungs were examined to detect and count 

metastatic 1ike foci. After fixation in 10% phosphate buffered 

forma1;n for 6 days we sectioned a 1 mm thickness slice of the right 

upper lobe, 5 mm apical ta the main right pulmonary fissure. The 

slices were embedded in paraffin, sectioned and stained with 

hematoxylin and eosin. We then counted the number of metastases foci 

in each slide. 

Results 

Copper 1evels at time of sacrifice are shown in Table 1. 

No significant differences was found between the two groups 

(Table 1) in the thigh (Figure 1) or lungs (Figures 2 and 3). 
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'rAnLf~ 1: Serum Copper I.evelc;, Tumor Growth j Il the Thigh, and I.ung Metastases 

Day of Serum Copper Level~ Tu.or Growlh in the Thigh (cm
3

) No. of Lung Metastascg 
Sacrifice Control CDPT Control CDrT Control CDPT 

- - -- -~ -- -

4 72.2 + 11.6 18.2 1 13 0.2 + 0.3 0.3 t 06 0 () 
- -

8 86.5 1 17 JI 23.7 1 5 l.B 1.7 2.5 + 1.7 1. 0 + 0.8 0.8 1 0.9 

12 91.0 + 25.13 19.0 1 8 8.3 + 5.Y 3.7 + 1.9 5.2 + 4.6 7. '3 1 4.t 

16 83.2 of 16.7 19.5 1 5 17.13 + 8. 1 12.7 + 5.2 7.0 + 4.8 15. ? · H.':> 

20 65.7 t 16.5 23.6 1 7.5 31,.9 1 11 12.4 1 2.7 8.5 + 8.3 23.3 1 71. L 

24 78.0 + 39,1, 25.2 1 1,.5 lilL l, 5.2 19.5 i 12.7 73 + 2. 1 12.2 • 1 (1. 7 

28 92.7 + 37.9 24.2 1 2.5 47. l, + 1 7 23.6 t 16.2 12.7 + 4.9 10.0 · 6.:? 

32 84.5 t 31.1, 18.3 1 2.8 68.6 + 13 52 ~ 3.7 32.5 + 31.4 12 . () + B.O 

34 78.2 1 19.3 11.6 1 10 101).2 1 53 111 1 58 152.3 + 37.6 6l.7 • 57. 5 
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Figure l There was no significant difference in the progression of 

tumor volume in the thigh between control and CDPT groups 
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Figure 2 Therewas no significant differencein the development of lung 

metastases in control and CDPT groups 
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Figure 3 Multiple metast~ses could be seen on the outer surface of the 

lung in both groups on day 36 
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Discussion 

The same protocol COPT that had an ;nh;bitory effect on the 

intracerebral growth of the VX2 carc;noma had no effect on its growth 

in the th; gh nor on the deve 1 opment of 1 ung metastases. The mil i eu 

where a mali gn ant tumor grows ha s a cr it i ca 1 importance. The 

morpho 1 ogy of the C6 as t rocytoma i mp 1 anted in the bra in or in the 

ill iacus muscle of the rat WC1S found to be entirely dictated by the 

tumor env;ronment (2). Vessels of lymphoma were also found to be 

different whether they were located in the retroperitoneal cavity or in 

the brain (3) 

Cerebral capillaries are different from those outside the central 

ncrvous system (CNS), tight junctions, increased number of 

mitochondria, lack of pinocytosis and fenestrations. With the 

apposition of the astrocytic foot processes to the basement membrane of 

the endothelial cells the blood-brain barrier is formed (4-7). The 

tissue uptake of copper from 67 Cu -l abelled ceruloplasmin after 

intravenous administration to normal and tumor-bearing rats was found 

to be very low in the bra in (8). Copper content i s very hi gh in the 

muscle (44%) as compared to 11% for the brain (9). It;s conceivable 

that despite the general copper depletion of the COPT animals some 

copper was still available in the muscle. It is possible that a more 

severe copper depletion (achieved i.e. by a different schedule in 

penicillamine administration) would succeed to inhibit tumor growth in 

the muscle of the thigh. 

These experiments add a new dimension ta the differences between 

CNS and the remainder of the organism. 
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We showed that copper depletion, achieved by a low copper diet and 

D-penicillamine, was able to inhibit intracerebral tumor growth of two 

experimental tumors the VX2 Carcinoma and the 9l Gl iosarcoma. We 

described a model of intracerebral tumor growth allowing the study of 

tumor anglogenesi sand breakdown of the blood-brain barrier. Copper 

dep let ion pre vent s tumor ang i ogenes i sand growth of the VX2 care i norna 

implanted in the rabbit brain. Despite the dramatic reduction in tumor 

size there was no increase in the survival time in the hypocupremic 

rabbits. We found a diffuse breakdown of the blood-brain barrier in 

these animals (detected by extravasation of Evans blue) and an increase 

in the peritumoral water content indicating an increase in the peri

tumoral brain edema as compared to control normocupremic animals, this 

severe brain edema causing brain herniation leading to the death of the 

animals. Low copper di et and peni cill ami ne are both necessary to 

achieve angiogenic inhibition. 

Copper depletioninhibits the invasive growth of the 9l gliosarcoma 

in the Fisher rat brain. In the same manner as in the rabbit VX2 

carcinoma there was no increase in survival time in the hypocupremic 

rats. Evans blue injections revealed a diffuse breakdown of the bîood-

brain-barrier in hypocupremic animals as opposed to dye extravasation 

mainly located at the tumor area in normocupremic rats. The peri

tumoral edema was significantly increased in hypocupremic rat as com

pared to normocupremic rats. Copper depletion by itsel f in non tumor

implanted animals has no eff~ct on brain water content. 

Tumor angiogenesis is the key parameter for the appearance of 

contra st enhancement in computerized tomography scans. The CDPT 
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protocol described here has no effect on tumor growth of the VX2 carei

noma in the thigh or on the lung metastases. 

lhe findings described here link eopper ion activity to neoplastic 

and vascular growth. It was suggested that angiogenesis is but one 

example of the more general biological phenomenon of tissue invasion 

(1) and the three steps of neoplastic invasion - adhesion, matnx 

degradation and migration - are also the basic eomponents of the angio

genic cascade (2,3,4). Our findings further support this concept. 

These results indicatè that pharmacological suppression of angio

genesis, by copper depletion halts the growth of experimental tumors in 

the brain. Angiosuppression as a "biological modifier", could repre-

sent an important, new strategy for the treatment of human braln 

tumors. 
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CONTRIBUTION ORIGINALE l 

Nous avons developpe' un modèle tumoral cerébral utilisant le 

ca rc i nome VX2 permet tant l'étude experi menta 1 e de l' ang i ogènese turno

rale et la rupture d~ la barrière hemato-encephalique in vivo dans le 

cerveau du lapin. Ce modèle reproductible)demontre qu'au niveau du 

cerveau aussi, la croissance tumorale est essentiellement dépendente de 

l' angi ogenese. 

Nous avons demontre' que la de'pletion cuprique obtenue à la fois 

par une diète pauvre en cuivre et par la D-penicillamine, était en 

mesure d'inhiber l'angiogenèse et la croissance tumorales du Carcinome 

VX2 implant~ dans le cerveau du lapin. La diète pauvre en cuivre d'une 

part et la penicillamine d'autre part sont toutes deux necessaires pour 

inhiber l'angiogenèse. 

Nous avons observé que la dépletion cuprique e'tait capable de 

freiner l'invasion et la croissance du Gliosarcome 9L. 

Nous avons établi que la dépletion cuprique entrainait une augmen-
~ , , 1 

tation de "edeme cerebral peritumoral. 
. ' .' , . Nous avons determl ne que l' ang l ogenese tumorale eta l t l' el ement 

capi ta 1 pour l' appari t i on du renforcement de contraste au cours des 

examens tomodensitometriques. 

Nous avons observe' que le même protocole capable d'inhiber la 

croissance du carcinome VX2 dans le cerveau n'avait pas d'effet sur la 

croissance du carcinome dans le muscle de la cuisse, renforcant l'im-
, 

portance du mil i eu ou 1 es tumeurs mal i gnes se deve 1 oppent et ajoutant 

une nouvelle dimension aux differences entre système nerveux central et 

autres organes. Enfin ce 
,. '" , 

meme protocole DCTP n'a pas empeche 1 e 
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developpementdes metastases pulmonaires chez les animaux porteurs du 

Carcinome VX2 au niveau du muscle de la cuisse. 

1This section is a mandatory requirement of Ph.D. Theses submittcd 

to the Faculty of Graduate Studies and Research, McGill 

University, Montreal. 
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