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ABSTRACT

A large-animal model was developed to facilitate the non-invasive investigation
of the response of human glioma-derived” D-54MG (glioblastoma multiforme)
continuous cell line to therapeutic regimens. A total of 17 random-bred male cats were
implanted intracerebrally with D-54 MG human glioblastoma cells grown in
monolayer culture, after being placed into one of three groups :

1) Low-dose Cyclosporin A (80 mg/day) in 7 cats PO, weighing 4-5 kg.,

starting 24 hours pre-implant.

2) fligh-dose Cyclosporin A (120 mg/day) starting 24 hours pre-implant -

4 cats.

3) High-dose Cyclosporin A (120 mg/day) starting 10n days pre-implant -

6 cats.

An additional 3 cats were given placebo (carrier solution). Reproducible
success of D-54 MG xenotransplantation (100% - 6/6cats) was achieved only after
pre-treatment with 120 mg. CyA daily for 2 10 days prior to implantation.
HPLC-derived whole blood CyA 12-hour trough levels of 2 640 ng/ml. were seen in
successful implants. Lesions ranging from 2 to 20 mm. in diameter were seen in cats
sacrificed 27-44 days after implantation.

An in-vitro study was performed to determine the relative cell kill efficiencies
of Methylprednisolone, BCNU and Daunomycin on the D-54 MG cell line. HPLC
and 'H-NMR analyses were also performed on incubation media at various times
post-drug administration to determine the presence of changes in lactate and amino

acid levels, possibly reflecting transport fluxes of these compounds in D-54 MG

cells. Daunomycin was found to have an IC50 = 0.5mM using a colony-formation

assay - a factor of 10 times more efficacious than BCNU (IC50 = 11.7 mM) in cell

kill. Analysis of metabolite levels by HPLC revealed that daunomycin produced



significant elevations in media glutamate and taurine concentrations as well asa
significant decrease in media lactate levels - an effect which did not occur with
administration of BCNU or with untreated cells. Elevation of glutamate levels was
also demonstrated with 'H NMR media analysis although significance could not be
achieved due to greater variability in the data.

A combined in-vitro and in-vivo immunohistochemical study was performed to
determine the presence of GM2, a ganglioside cell surface antigen, on the membranes
of D-54 MG cells grown in cell culture and as intracerebral tumours xenografted into
cat brain. The presence of GM2 in-vitro was confirmed using an anti-GM2 MAb
(10-11), which also revealed a much greater abundance of GM2 in intracerebral D-54
MG tumours than in the normal host brain surrounding them. Preliminary

radioimmunoscintigraphic studies using 131I-labelled 10-11 and 125]-labelled control
MADb (MOPC-21) were also performed.

Key Words: Human glioma, xenotransplantation, Cyclosporin A, large-animal
model, glutamate, taurine, lactate, HPLC, 'H-NMR analysis, BCNU,

daunomycin, ganglioside antigen, immunohistochemistry, radioimmunoscintigraphy



PREFACE

This thesis reports a series of three studies on the D-54 MG human
glioblastoma-derived continuous cell line. The behaviour of this cell line is used to
represent the behaviour of in-situ gliomas found clinically.

The introductory chapter of this work details our current understanding of the
binlogy of brain tumours. Specifically, this includes a review of the incidence of
gliomas, their histopathological features, metabolism of key substrates such as
glucose and glutamine, and their antigen expression. Gangliosides - key components
of the cell surface antigen array in gliomas, are also reviewed. A major part of this
chapter is devoted to the methods found to-date that model the biological
characteristics of in-situ gliomas. These include the development of a wide variety of
animal models, some with autochthonous and others with implanted tumours.

Chapter II details a study that was performed to ascertain whether Cyclosporin
A could lead to the induction of the growth, in large animals, of implanted D-54 MG
human glioma-derived cells. The next chapter reports on an in-vitro analysis of
chemosensitiivity of the D-54 MG cell line to 3 drugs - methylprednisolone, BCNU
and daunomycin, as well as giving a preliminary indication of metabolite flux
aberrancies that may be induced by the latter two drugs. Chapter IV outlines a
combined in-vitro and in-vivo investigation to detremine the presence and distribution
of the GM2 ganglioside cell surface antigen in D-54 MG cells grown in culture as
well as in the form of xenografted tumours grown in cat brain. Preliminary in-vivo
radioimmunoscintigraphic studies using the large-animal human glioma xenograft
model are also discussed. The final chapter summarizes the resuits and attempts to

provide some directions that future research into this problem could follow.
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CHAPTER1 - INTRODUCTJON

Primary central nervous system neoplasms constitute approximately 10% of
all cancer-related admissions to hospital and are responsible for about 1% of all
human mortality in North America! . Eighty per cent of these tumours involve the
brain with one-half of this sum falling into the category of malignant gliomasz.
Malignant glioma and its worst case (glioblastoma multiforme) produces a 50%
mortality within 6 months, increasing to 90% within 18 months after tumour
diagnosis3.

Traditionally, treatment of malignant brain tumours consisted of surgical
extirpation which rarely, if ever, resulted in prolonged curesl. Commencing in the
late 1970's mainly as a result of clinical trials performed by the Brain Tumour Study
Group (BTSG) in San Francisco4v5, therapeutic X-ray irradiation was added to the
therapeutic regime in an effort to improve clinical outcome. Despite this combined
therapy however, the median survival rates increased from a natural history survival
of 6 months to a treatment survival of only 14 months. Chemotherapeutic agents, the
third pillar on which CNS tumour treatment rests, have resulted in only marginal
improvements in overall mortality rates. Although newer compounds continue to be
developed and different chemotherapeutic strategies (ie. multiple drug regimens)
applied, little progress with respect to increased cure rates has resulted. This
disappointing historical setting has fostered new and creative approaches to meet the
challenge of tumour therapy.

To determine both the potential therapeutic efficacy and the incidence of
undesirable effects produced by chemotherapeutic agents prior to their incorporation

in clinical studies, experimental tumour models grown both in the culture dish and



in various anatomical locations in experimental animals, have been utilized. Many of
these tumour models, however, bear little resemblance in morphology or growth
characteristics to the naturally-occurring tumour. Predictions of treatment

efficacy using such models, therefore, may contain serious flaws. In addition, only a
few parameters e.g. tumour dimensions and blood flow, can be accurately
determined in-vivo. An animal model of malignant gliomas that would faithfully
reproduce treatment responses and have the flexibility to accomodate testing of
recently-developed therapeutic innovations could have an important bearing on the
synthesis of an effective therapeutic strategy.

The main purpose of this project is to devise a multiparameter testbed suited
for the study of human brain tumours in-vivo. This testbed is based on the
development of a large- animal human glioma xenograft model which potentially has
a high fidelity to gliomas found in-situ. This model is specifically designed for use
with non-invasive methodologies and also capable of accomodating a variety of novel
administration routes, hitherto underutilized because of the size constraints found in

small animal models.

OVERVIEW OF BIOLOGY OF MALIGNANT GLIOMAS

INCIDENCE OF HUMAN GLIOMAS

Worldwide, the incidence of gliomas varies considerably from 1/ 100,0006,7
to 15/100,0008:9. The variability in this figure is in part artifactual, possibly
reflecting availability of diagnostic technology ( e.g. computerized-axial tomography -
CAT), type of study performed , availability of accurate data, size and stability of the

population base and the time course over which the study was carried out.



Studies of the incidence of brain tumours can be divided into 3 general classes of
database selection :1) Patients with brain tumours seen in a particular institution; 2)
Patients with brain tumours seen by several institutions in a particular region and 3)

General population studies.

Institutional-based surveys

The first class encompasses studies done by individuals or departments based
either on a) admissions with clinical diagnoses (chart surveys) and/or b) autopsies
with pathological diagnoses. Examples of chart surveys of brain tumour incidence are
numerous, including those done by Gudmundssen10 (Mean annual incidence = 3.02
gliomas/100,000 population - Iceland), Mancuso et al.11 (4.26 gliomas/100,000
population - Ohio), Odeku et al.6:7 (1 glioma/100,000 population - Nigeria - low
rate probably due to underreporting) and a large survey by Walker et al.12 (4.49
gliomas/100,000 population - U.S.A.)., A common feature, however, of all studies
performed within this sub-class was the substantial percentage of brain tumours
diagnosed without pathological confirmation, in one case, being as high as 80%13.

Compilation of data from patients referred to a sub-specialty are also
numerous. Analyses in this group include Zimmerman's classic comparative survey
of datal4 derived from several studies including a personal dataset (gliomas
representing 31 - 43% of all intracranial tumours) as well as studies done by Green et
al.15 (gliomas = 38% of intracranial tumours - Barrow) and others. While useful
because of the high proportion of pathologically documented cases, it becomes
extremely difficult in this type of survey to determine true tumour incidence due to a

population base that cannot be precisely quantitated. This is especially difficult in



the light of what Zimmerman describes as a "funnelling" effect of tumour referrals,
sent to the various authors for consultation due to their well-known interest in the
field. This also results in a maldistribution of proportions of different intracranial
neoplasms in a population-based registry.

Alternatively, studies of autopsied cases, as part of a compilation of general
pathology seen in an institution, have the advantage of discovering incidental CNS
tumours16-18_ Unfortunately, these have suffered from lack of specificity in
pathological diagnosis as well as a selection bias for autopsy patients that may not
accurately represent tumour incidences in the general population. Most autopsy series

in the recent past may, however, actually be classified into the following class of

studies - regional based surveys.

Regional-based surveys

Regional-based studies can be divided into data derived from a) General
Autopsies or b) Regional Brain Tumour Registries.

General autopsy data, when used as a basis for a regional-based study,
suffers from the same deficiencies that were mentioned previously with
institutional-based studies. One advantage, however, is the much larger, although
perhaps more mcbile population base from which data is collected, which partially
corrects for biases incurred with individual institutions. Studies such as those done
by Weill7, where a total of 62,142 autopsy results collected from 4 cities, in some
cases over an 80 year period, showed that gliomas were found in 0.7% of general
cases and 49% of intracranial tumour cases. Courville, in a study of 40,000
necropsiesl8 found that 0.74% of general cases were accounted for by primary brain

tumours, with gliomas accounting for 61% of intracranial tumours found.



Regional brain tumour registries serve as the basis for the data used by the
majority of brain-tumour incidence studies performed recently. Discrepancies from
true epidemiological incidences result from underreporting and lack of information on
incidental tumours, such as that found in general autopsy series. Heshmat et al.19
reports an age-adjusted annual glioma incidence of 4.37 gliomas/100,000 population
for Caucasian males with 2.25/100,000 population for Black males; 2.52/100,000
population for Caucasian females with 1.45/100,000 population for Black females in
Washington, D.C.. Cohen et al.20 determined the rate for Israelis born in Asia to be
2.8 gliomas/100,000 population (age-adjusted) whereas Israelis born in Europe
incurred a rate of 5.5/100,000 population - the male to female ratio being 1.4 : 1.
Barker et al.21 surveyed Southern England and derived a rate of 3.94
gliomas/100,000 population, gliomas representing 57.5% of all intracranial
neoplasms. The only Canadian regional-based incidence study22 gave an
age-adjusted rate for astrocytomas as 4.2/100,000 population for males and
2.7/100,000 population for females (Manitoba), with this tumour type accounting for

41% of all intracranial tumours.

Population-based studies

As Russell and Rubinstein point out in their monograph entitled "Pathology of
Tumours of the Nervous System"23, population-based studies, ie. the prospective
analysis of a small, select, stable population for a long period of time (from 30 to 50
years) are "the only ones which exemplify a consistent statistical approach to the
problem and which attempt a comprehensive epidemiological analysis".

There have not been many population-based studies performed, possibly due

to the amount of accurate data ie. the number of accurate autopsies, needed in a



surveyed population for the calculation of a true incidence of a pathology. The higher
the proportion of deaths autopsied in a selected population, the closer one comes to
the true incidence in that population. Notable contributions to this group of studies
include Percy et al.24 (70%-overall autopsy rate - Rochester, Minnesota),
Schoenberg et al.25 (38% autopsy rate - Connecticut), Codd et al.26 ( 56% autopsy
rate - Boston ) and Fogelholm et al.27 ( 82% autopsy rate - Finland).

On the basis of these studies, supported by the work mentioned in previous
sections, one can form some basic conclusions on the incidence of gliomas :

1) The median age adjusted annual incidence of gliomas varies

between 2.5 and 5.5 cases per 100,000 population per year - this subset

representing between 30 and 60% of all intracranial tumours;

2) There is, in general, a higher incidence in males than in females,

which is on the order of 1.5 : 1;

3) In most cases, a bimodal age distribution in incidence occurs with an

early peak at between 0 - 5 years and a later peak at between 60 - 69 years of

age.

4) Evidence exists for a lower incidence of gliomas among peoples of

African origin.

5) Population-based studies based on a dataset with a high proportion of

autopsies reveals many asymptomatic primary intracranial tumours growing in

older patients, first diagnosed at autopsy, that result in unaerestimates of

glioma incidence by antemortem-based studies.

6) In general, the greater the ease of access to specialized medical care, the

higher the incidence of malignant gliomas, revealing underreporting as an

important confounding variable13,



HISTOPATHOLOGICAL FEATURES

Eighty percent of malignant gliomas belong to the sub-group of fibrillary
astrocytomas, the remainder forming a group including astrocytomas of the
cerebellum, optic nerve and hypothalamus (pilocytic astrocytomas).

There are two main classifications of fibrillary astrocytomas in general use
today - the four-tiered Kernohan classification and the three-tiered system adopted by
the World Health Organization in 197928, The Kernohan method2? divides
astrocytomas into Astrocytomas Grade 1-4, Grade 1 representing the least malignant
and Grade 4 harbouring the greatest malignant potential. Grades 3 and 4 represent
two different grades of glioblastoma multiforme - Grade 3 being less malignant than
Grade 4. The WHO system30 removed Grade 1 Kernohan tumours and classed the
remaining three groups on the basis of increasing malignant potential - astrocytoma,
anaplastic astrocytoma and glioblastoma multiforme. This eliminated the moot issue
of attempting to differentiate between glioblastomas of greater or lesser degrees of
anaplasia. There seems to be a trend at present of referring to tumour class using the
WHO system. It should be noted, however, that there are no well-defined
histopathological criteria for differentiating any of the three WHO classes, thereby
requiring a reliance on the experience and judgement of the neuropathologist to
establish a pathological diagnosis.

Features that are commonly focussed upon by neuropathologists in
establishing the malignant potential of a biopsied tumour include :

1) Heterogeneity of cell populations

2) Presence of a hypercellular appearance
3) Variability in tumour cell size and shape
4) Presence of mitotic figures

5) Presence of clumped nuclear chromatin



6) Presence of necrotic foci
7) Morphological alterations in vascular and other
adjacent structures.

The primary rationale for biopsy procurement is to prove the existence of
gliomatous pathology. The boundary conditions needed to establish such a diagnosis
would be most evident in the differentiation of "benign" astrocytoma from reactive
gliosis. In this case, absence of other cell populations ie. microglia,
oligodendrocytes, satellitosis of astrocytes into cortical layers and/or areas of
proliferation of astrocytes with mild morphological variability would lead one to
suspect "benign" astrocytoma, although the bigger the biopsy, the greater the
diagnostic certainty.

Differentiation between "benign" astrocytomas and astrocytomas is subtle and
not well characterized. Astrocytomas have a greater degree of variation in the size
and shape of tumour cells as well as more hypercellular appearance.

Upon establishment of a diagnosis of astrocytoma, there are also features,
which when present, can modify estimates of survival. Pathological confirmation,
criteria reviewed in detail in Russell and Rubinstein31, of the following astrocytoma
sub-types : subependymal giant-cell, pleomorphic xanthoastrocytoma, juvenile
pilocytic astrocytoma as well as the magnocellular subgroup of the gemistocytic
astrocytomas, usually results in survival estimates longer than that generally seen
with astrocytomas.

Anaplastic astrocytomas can be differentiated from astrocytomas by several
features. There is even more variation in cellular morphology and a greater degree of
astrocytic proliferation than that found in astrocytomas. In addition, scattered mitotic
figures as well as the presence of clumped nuclear chromatin can for the first time be

discerned. Hypertrophic and hyperplastic changes in both the endothelial and



adventitial components of local vascular structures seen in tumours with this degree
of anaplasia further strengthen the evidence on which to base this diagnosis.

There is considerable debate regarding whether glioblastoma multiforme
represents a tumour which has evolved from a state of limited proliferative potential
(ie. astrocytoma) or ~n entity with an entirely unique pathological history32. It can be
localized, on gross examination, most frequently to the parietal, temporal and/or
frontal lobes (rarely to the occipital lobes) just like the astrocytomas. However, there
is a multiplicity of distinguishing features that cannot be observed in other tumours of
glial origin. Glioblastomas frequently contain foci of necrosis, which are surrounded
by hyperchromatic astroglial cells, themselves arranged in rows with tapered process
all pointing towards the central necrotic area in a pattern described as "pallisading"33.
The tumour cells show a wide range of morphology including giant and
multinucleated cells with frequent mitoses indicating a high degree of anaplasia. The
existence and especially the degree of the vascular endothelial proliferation is almost
pathognomonic for this condition. The neovascular structures contain endothelial
components that are markedly hypertrophic and hyperplastic in appearance,
sometimes to the extent of forming "glomeruloid" structures of tangled capillaries33.
The growth and invasiveness of glioblastomas is profound. Even with the best
available treatment, the median survival is only 9.25 months34. Glioblastomas may
take on a "butterﬂy"33 appearance, resulting from their spread along the white matter
tracts in the corpus callosum to the contralateral hemisphere. There is also a great deal
of anecdotal evidence documenting a "total" resection of small glioblastomas only to
have tumour recurrence in a different lobe,
frequently on the contralateral side33. Whether this represents tumour spread or an
underlying genetic abnormality in all cells of astrocytic origin in both hemispheres of

such patients, remains a mystery.
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Associated Conditions
There are four defined genetic conditions which have been associated with
malignant gliomas :

1) Turcot's syndrome - autosomal recessive (though possibly autosomal
dominant with incomplete penetrancc)214. Findings include colonic polyps
associated with colon adenocarcinoma as well as with the formation of
medulloblastoma or glioma of different grades.

2) Multiple nevoid basal cell carcinoma syndrome - autosomal dominant,
Associated with cerebellar astrocytomas215.

3) Tuberous sclerosis - autosomal dominant. Findings include "ash-leaf”
locus of depigmented skin, along with adenoma sebaceum, subepidermal fibrosis,
subungual angiofibromas, retinal hamartomas as well as periventricular calcifications
with, in some cases, gliomatosis cerebri and subependymal astrocytomas216.

4) Neurofibromatosis - autosomal dominant. Findings include multiple
cafe’-au-lait coloured areas of cutaneous hyperpigmentation, along with
neurofibromas, Lesch nodules of the iris, bilateral acoustic neuromas, meningiomas,
optic gliomas as well as an increased incidence of cerebral glioma5212’213. Recent
studies have presented strong evidence that a large gene of unknown length, labelled
NFILT, mapped to chromosome 17q11.2 plays the predominant causative role in
producing Neurofibromatosis Type 1217, Neurofibromatosis Type 2 (bilateral
acoustic neuromas) is still thought to be caused by an abnormal gene iocated on
chromosome 22218,

In addition, there are now nine documented cases of focal nodular hyperplasia
associated with CNS abnormalities - 3 with astrocytomas and 3 with

meningiomas219 There have also been sporadic reports of families in which clusters



of gliomas have been discovered. Van der Weil220 poted a 4-fold higher incidence of
gliomas among family members of glioma patients. Furthermore, there have been
case reports of monozygotic twins, both of whom were harbouring astrocytomas,
mixed gliomas, or oligodendrogliomas in addition to the more commonly observed

medulloblastomas220,

Associated Factors

There has been considerable controversy surrounding the role of
environmentally-derived factors in the development of malignant gliomas. However,
despite the many studies performed to clarify this issue, no factor has yet been
identified that can be conclusively linked to a statistically-significant replicable
increase in the incidence of these tumours.

There are a number of variables reported to be risk factors for glioma
development. These include ionizing irradiation221,222, Jead exposure223,
exposure to vinyl chloride231, exposure to farm animals225, barbiturate exposure in
children226, multiple sclerosis227, diabetes mellituszzs(inverse relationship),
blood group A229, work in rubber manufacturing224, airline pilot5230 (exposure to
gamma-irradiation), employment in the petrochemical industry232 and exposure to
low-frequency electromagnetic fields233,

A number of factors have also been found, within the factors covered by the
surveys, not to affect brain tumour incidence. These include head injuries, smoking,
alcohol consumption, oral contraceptives, birth order, birth weight, family of cancer

or congenital disease, exposure of parents to aromatic hydrocarbons.
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Glioma-associated Antigens

Surface antigens common to gliomatous tumours (and not to normal CNS
tissues)have the potential utility of enabling the differentiation of tumourous from
non-tumourous tissues.Application of monoclonal antibody (MAb) technology to the
selective expression of tumour-associated antigens can assist diagnostically in tumour
localization - in-vitro and in-vivo. In addition, therapeutic strategies have evolved by
selective tumour targetting. The first study to determine the existence of
glioma-associated antigens was performed by Coakham in 1974389, Human
astrocytoma-associated antigen(s) was detected with an assay using dye-exclusion to
determine the cytotoxicity of rabbit-derived anti-astrocytoma serum to the same
immunizing astrocytoma cells grown in culture. Since that time, a number of antigens
common to gliomatous tumours have been isolated.

Glioma-associated antigens can be classified according to their specificity as
well as their histological location. The specificity of glioma-associated antigens can be
categorized into three general classes : 1) antigens present in gliomas, but also present
ina variety of neuroectodermally-derived tumours as well as in normal CNS tissues;
2) antigens present in gliomas as well as other neuroectodermally-derived tumours,
but not present in the normal CNS; 3) antigens present exclusively in gliomas. The
histological localization of these antigens can be classified into:

1) intracellular; useful only in in-vitro diagnostic tests using fixed or frozen tissue
sections and tissue-cultured cells ; 2) cell surface antigens; useful for in-vitro
diagnostic assessments as well as having potential utility as in-vivo receptors for
immunolocalization and/or immunotherapy. Table I - 1 presents a current summary of

the antigens found in association with gliomas.
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1) Normal and Malignant Neuroectodermal Tissue

13

. . Normal CNS Tumour .

Location Antigen Expression | Expression Antibody

Intracellular | GFAP Astrocytes AM anti - GFAP (many)
$100 Neurons, Glia :i\l M, S,0,E, anti - S100 (many)
Vimentin Mesenchymal | A,ML,E, S anti - Vimentin (many)
Creatine Kinase | Neurons, Glia | A,ML, MN, MD, anti - Creatine (many)
- BB fraction S
Glutamine Neurons, Glia | A anti - Glutamine
Synthetase synthetase (many)
Cytokeratin Mostnormal | Most tumours 174H.1 MAb

cells

Cell Gq Many CNS A,MN,N, MD A2BS

Surface tissues
Leu-7 Glia A0,S HNK-1
Acidic Normal A, MD, N, MN UJ13A
Glycolipid Neuroectoderm
Thy-1 Fetal brain AN anti-Thy-i
unknown Ag Fetal brain AN PI 15313
EGFR Glia A anti-EGFR

Table I- 1. Glioma - associated Antigens.
Abbreviations: A - Astrocytomas; AN - Acoustic Neuromas; E - Ependymomas;

MD - Medulloblastoma; ML - Melanoma; MN - Meningioma; N - Neuroblastoma;
S - Schwannoma.
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2) Malignant Neuroectodermal Tissue

Intracellular | BrdU | - | meemeeee- anti-BrdU
Nuclear Ag ] - | = coeceeeees Ki -67

Cell surface | Tenascin | --—-- A 81C6
Chondroitin |  ------ AML Mel-14
sulfate
p97 Glycoprotein ? A,N,ML P96.5
GM2 trace A,ML 10-11,5-3
GD2 trace A,N,ML 3F8, 2F7, 3G6, 3A7
GD3 trace A, ML MB3.6, R24, 4-2

3) Malignant Gliomas
Intracellular| - | e | e e
Cell surface 3-iso-LM1 | oeee- A C50

Table I - 1b. Continuation of Table I - 1a.



Glial fibrillary protein (GFAP), S100 and vimentin are the most commonly-used
antigens for determination of a neuroectodermal origin for a given tumour tissue
sample. GFAP is a 49 kD protein35, with a high proportion of acidic amino acid
residues eg. aspartate, glutamate and arginine. It is localized in normal CNS tissues to
fibrillary astrocytes but is also present in non-myelinating Schwann cells, cells lining
Rathke's cleft, lens epithelium as well as Kupffer cells of the liver among other
non-CNS tissues. GFAP expression in gliomas is variable, but a correlation does
exist with malignant potential. The higher the glioma grade, the lower the GFAP
expression within the tumour39,

The soluble S100 protein is 21 kD in size and takes a dimeric form. It is
localized to both glial cells and neurons, where function has been hypothesized to
have a bearing on microtubule assembly and stability36. The S100 protein may in fact

be several different proteins37. This may account for its low specificity with value

only as an adjunct to more specific antibodies such as GFAP and HNK-1 ( a-Leu-7
MAD). In non-CNS tissues, it can also be seen in chondrocytes, melanocytes,
Langerhans and T cells38.

Vimentin (57kD in molecular weight) is an intermediate filament protein,
much like GFAP, and is associated with GFAP in immature astrocytes0, It is also
seen in virtually all cell types, associated with a variety of other intermediate filament
proteins41. Due to its perinuclear location, in contrast to GFAP which favours cell
processes, it has been hypothesized that vimentin may represent part of a second,
non-GFAP cytoskeletal network42. However, its ubiquity lowers its value as a
marker for human gliomas.

Enzymes such as creatine kinase-BB fraction3 and glutamine synthetase

have been found in normal glial cells#4 but their expression in gliomas is both
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heterogeneous and low. Some reporters have found glutamine synthetase to be useful
in confirming astrocytic derivation of GFAP-negative glioblastomas.

There are many cytokeratins in CNS tissue, with increased concentrations in
gliomas. A 200kD cytokeratin is the glioma-associated antigen recognized by the
174H.1MADBPS. It was first detected in adenocarcinoma of colon. Reactivity of
174H.1MAD to normal CNS tissues is unknown.

Both A2B5 and UJ13A MAb's recognize acidic glycolipid antigens on the cell
surface®6. The antigen specificity of the A2B5 MAb seems restricted to a ganglioside
(Gq)46. The UJ13A MADb was elicited after immunization of mice with human fetal
brain, but the specific antigen has not been characterized46.

HNK-1 MAb recognizes the Leu-7 glycoprotein on the cell surface of
astrocytomas, although it was initially raised against human T-lymphoblastoid
cells?7. It can also bind to myelin sheath components in both normal (Schwann,
oligodendrocytes) and pathological (schwannoma, oligodendroglioma) tissue.

Anti-bromodeoxyuridine (BrdU) MADb's are useful in estimating growth
fractions of gliomas, after in-situ instillation of BrdU, a thymidine analog taken up by
S-phase DNA48, There is probably a minor staining component due to reactive
astrocytes undergoing S-phase. Ki-67 MAD can also be used for the same purpose49.
This MAb recognizes a nuclear antigen seen only in dividing and proliferating cells.
Other MAb's seen in Table 1 will be discussed in a later section in greater detail. As
yet, there is no known intracellular antigen restricted exclusively to gliomas. The cell
surface ganglioside - 3'-iso-LM1 has been postulated to have just such a restricted

e:xpression50 but further tissue characterization needs to be performed to confirm this

distribution.
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Molecular Biology of Gliomas

Genetic abnormalities in gliomas were first investigated, in the late 1970's,
using analysis of cellular karyotypes. Basic investigations of chromosomal number
revealed a marked heterogeneity between cells in a given tumour, ranging from near
diploid to tetraploid and greater. One of the few trends that came to light was the
following - the greater the number of chromosomes in a cell, the greater its sensitivity
to chemotherapy51. Analysis of single clone-derived cell populations also revealed
heterogeneity in chromosome counts indicating that a mechanism existed whereby
near-diploid cells could also produce cells of great diversity in chromosome number.

In recent years, karyotypic analysis of gliomas has revealed a pattern of
non-random chromosomal abnormalities that seems to be restricted to tumours of glial
origin. General studies have shown that the basic pattern consists of : 1) gains of
chromosome 7; 2) loss of chromosomes 10 and 22; 3) major alterations in
chromosomes 6, 9p, 17q, and 19q and 4) the presence of double minutes (DM)>2,

Additional chromosome 7's have been found in other tumour types including
adenocarcinoma of the colon2,33, and malignant melanoma>4. Chromosome 10
deletions are rarely found in non-glial tumours. However, chromosome 22 loss,
either in whole or in part, is seen in a variety of neurogenic tumours including
neurofibromas33, acoustic neuromas6 and mcningiomas57:58. Double minutes are
found in approximately 50% of glioma559. They represent chromosome fragments
that usually contain multiple copies of one particular genetic sequence. DM's in
tumours were first noted as the location of multiple copies of the dihydrofolate
reductase (DHFR) gene, whose product produced the resistance seen, in some
tumours, to methotrexate0. If a DM is seen in a glioma karyotype, there is a 70%

probability that an overexpression of epidermal growth factor receptor (EGFR)



molecules will also be observed©1,

The c-erb-B2 gene, coding for the epidermal growth factor receptor protein
(EGFR)62’63 is only one of a number of genes found to be amplified in human
gliomas. Among the protooncogenes studied to-date, the most commonly
overexpressed is c-erb-B2 (80% of gliomas), followed by c-sis, with c-gli, c-myc
and N-myc also amplified in human gliomas64. N-myc is also found in
overabundance in developing human brain63. The first two genes (c-erb-B2; c-sis)
code for a growth factor receptor (EGFR) and a growth factor (platelet-derived
growth factor (PDGF) - B-chain). The last three oncogenes code for nuclear proteins
of unknown function.

The EGF receptor is a transmembrane protein that acts as a tyrosine
kinase66:67, Addition of a phosphate group to tyrosine residues seems to be crucial

to cell growth and differentiation. EGF receptor binds both EGF and transforming

growth factor (TGF)08. The EGFR gene is normally located on the short arm of
chromosome 769. In gliomas, it can be altered as well as amplified - the alteration

producing a protein similar to only the intracellular portion of the EGFR molecule’0.
TGFa is expressed only in tumours and during normal fetal development71. If an

overexpression of normal EGFR protein were taking place, TGFa. could be
postulated to have an increased effect on cell growth.

Platelet-derived growth factor (PDGF) is a protein originally isolated from
intracellular granules in platelcts72. PDGEF usually takes one of three forms - a
heterodimer, composed of an A and a B chain or one of two homodimers - A-A or
B-B73. Carbohydrate moieties can also attach onto the molecule, resulting in a
complex of 28-30 kilodaltons in size. The normal cellular location for the c-sis gene is

chromosome 22 (with the PDGF-A chain gene located on chromosome 7)74. The
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normal function for PDGF is thought to be wound healing and tissue repairl61. In
the CNS, its mitogenic activity is suspected of preventing differentiation and
sustaining proliferation of astrocytic progenitor cells76. Overexpression of PDGF
and its receptor, may assist in driving glioma cells to increasing rates of growth.

Other growth factors or their receptors found in enhanced amounts in gliomas
include the insulin-like growth factor receptor (IGF-1I receptor) as well as IGF-1I,
setting up the possibility of another autocrine, growth factor-related loop that could
possibly increase glioma growth rates’ .

Underexpression or absence of a tumour suppressor factor can be just as
potent a mitogenic stimulus as overexpression of an oncogene product. One putative
tumour suppressor gene, the pS3 gene, has been found to be mutated in several
glioma biopsies (and resultant cell lines)78. This gene maps to chromosome 17p79.
In the four glioma samples tested, there was loss of heterozygosity seen in 100% of
cases, with mutations observed in all the remaining alleles. In 3 of the 4 cases, these
mutations were in "hot spots" in the gene that seem to mutate more frequently than
elsewhere in the sequence. This results in an underexpressed, mutated p53 gene
product that may be totally ineffective in tumour suppression’8,

Although a systematic alteration in a few genes and/or their products has been
uncovered in most human gliomas, the role they play in the intricate pattern of gene
expression in these tumours remains unknown. An entire network of connections
between many genes and many gene products needs to be elucidated before the

mechanism of tumourigenesis and its control can be established.



METABOLISM OF MALIGNANT GLIOMAS

The metabolism of malignant gliomas is complex and remains a poorly-
understood subject.. The following review is restricted to an analysis of the more
salient features of the metabolism of two of the substrates fundamental to the
synthetic and replicative functions of glioma cells - glucose and glutamate, because
these substrates or the metabolites produced during their degradation may potentially
acquire diagnostic or therapeutic significance. The last subsection of this review
describes the methodologies that can potentially monitor substrates and/or metabolites
generated by these two pathways under conditions of minimal technique-related tissue

destruction, ie. techniques that can be performed in-situ.

Glucose Metabolism in Gliomas
There are four main pathways through which glucose is processed upon

entering a normal cell. Figure I - 1 outlines the metabolic intermediates involved in

each process. The endpoints are the synthesis of 1) glycogen (glycogenesis), 2) COp
and HpO (cytochrome chain / Kreb's cycle), 3) lactic acid (glycolysis), and 4)
DNA/RNA (hexose monophosphate shunt).

In normal brain (both white and grey matter) , there is minimal glycogen
present, implying a low total rate of glycogenesis as well as a known dependence on
a continuous supply of glucose237. Furthermore, although normal glial cells derive
>95% of their energy-containing substrates (ATP, NAD, NADP) from oxidative
pathway5238, recent investigations have shown that, on average, glioma cells have
an energy-producing strategy balanced almost equally between glycolytic and
oxidative contributions239, similar to embryonic CNS tissue240, with the degree of

dependence on glycolysis increasing in proportion to the aggressiveness of the

tumour24 1 ’242
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Figure I - 1. Cellular Metabolic Pathways of Glucose. Adapted
from Timperley et al. (ref. 237).



It is now generally accepted that aerobic glycolysis is an important mechanism
through which energy is produced from hexose substrates in gliomas. The term
"aerobic glycolysis", first introduced by O. Warburg in 1930243, refers to the
phenomenon, seen in many tumour types, of high lactate production even in the
presence of normal tissue oxygenation. This, implies a high rate of glycolytic
processing of hexose substrates, mainly glucose, and/or a low rate of substrate flux
through Oy-dependent pathways such as the cytochrome enzyme chain..

How do gliomas achieve this change in substrate balance? The complete
answer is not yet known, but there are a number of leads. In general, the level of
activity of enzymes in both the respiratory chain, principally cytochrome oxidase244
as well as enzymes such as malate dehydrogenase245 and citrate synthetase in the
citric acid cycle246’247, is much reduced in these tumours. In addition, the level of
activity of some of the enzymes involved in glycolysis is increased237. Enzyme
activity levels can be altered in one of two ways - a change in the intracellular enzyme
concentration or a change in enzyme structure that affects its catalytic and/or its
cofactor rate dependence. Gliomas use both strategies, depending on the enzyme, to
effect this change. Table I - 2 gives a summary of the alterations in glycolytic enzyme
activity arranged with regard to enzyme concentration and structural alteration due to
isoenzyme shifts.

There are certain enzymes in any metabolic pathway that control the rate at
which substrates progress through the entire process. In glycolysis, these enzymes
are hexokinase, phosphofructokincse and pyruvate kinase248. In the absence of
glucose, glycogen phosphorylase plays an important role (until the minimal glycogen
reserves are depleted)249. Hexokinase catalyzes the phosphorylation of glucose to

glucose-6-phosphate, itself the branchpoint origin for the hexose monophosphate
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Isoenzyme Pattern

Enzyme Activit Comments
¥ | Normal | Glioma
Glycolytic Pathway|
Hexokinase t 1>>2 1=2 Type 2 = fetal enzyme after 36 wecks
Phosphogluco- i 13 types N.D
isomerase
Phosphofructo- 1 2,3 2,3,4
kinase
Aldolase } A,C A,C
3-Phosphoglyceratc] several N.D.
dehydrogenase ‘
Pyruate kinase -~ Mi > M2 M2 > Ml Fetal isoenzyme pattern
Pyruvate dehydro- N.D. N.D. N.D.
genase
Pyruvate N.D. N.D. N.D.
Carboxylase
Lactate dehydro- -— LDHI1- LDH4, Type 5 = increased responsivencss 1o
genase LDH4 LDHS5 pyruvate
X nophos-
phate Shunt
Glucose -6-
Phosphate 4 several N.D. Altered form in gliomas - less sensitive
dehydrogenase [NADPH]
6-Phospho- \ several N.D.
glycerate
dehydrogenase

Table I-2 Alterations in Activity of Glucose-Metabolizing Enzymes in
Human Gliomas.
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shunt250, It is decreased in its activity2> 1, which may be accounted for both by a
decrease in concentration and a change in enzyme conformation. Four different
isoenzymes of hexokinase have been found252, The vast majority of hexokinase in
normal brain is of type 1, with a small amount of the type 2 isoenzyme253. Human
gliomas contain a greater proportion of the type 2 isoenzyme, which can also be
found in fetal brain after 36 weeks gestation254.

Phosphofructokinase is the rate-limiting enzyme for the glycolytic pathway
with its function being the phosphorylation of fructose-6-phosphate to
fructose-1,6—disphosphate7-48. Its activity is also decreased (30 - 60%) in gliomatous
tissue247. Isoenzyme determinations on this enzyme have been hampered by its
instability255. Nevertheless, four isoenzyme variants have been isolated, with normal
brain, both grey and white matter, producing both type 2 and 3256, Gliomas tend to
produce type 4 as well, an isoenzyme usually seen only in the liver236, The more
undifferentiated the glioma, the more type 4 phosphofructokinase produced256.
Although activity of this enzyme is lower on average, it does increase with increasing
proliferative potential. This may be due to the increase in the type 4 component of
this enzyme257.

Pyruvate kinase, converting phosphoenolpyruvate into pyruvate, seems to be

present at an activity level approximating that of normal glial cells. The enzyme is

made up of four subunits, each of which can exist in one of three forms - K, Mj and
M2253. Whereas the M type subunit forms the vast majority of subunits found in

adult glia, the My type subunit is present in equal proportion to the M1 subunit in

gliomas, similar to the distribution seen in fetal brain2>6.



Pyruvate is a critical metabolite of glucose - the one that is converted to Acetyl
CoA which serves as the first substrate of the Kreb's cycle, or transformed into
lactate thereby completing glycolysis. To be able to enter Kreb's cycle, pyruvate must
be transported from the cytosol into the mitochondrial matrix, where it encounters the
pyruvate dehydrogenase complex259. This complex consists of multiple copies of
three enzymes - pyruvate dehydrogenase, dihydrolipoyl transacetylase, dehydrolipoyl
dehydrogenase, along with five cofactors and two regulatory proteins (protein kinase
and a protein phosphatase)259. It is known that its activity in other tissues is
modulated by extracellular oxygen levels259, Although this enzyme complex
represents the main link between glycolysis and oxidative phosphorylation through
the Kreb's cycle, the flux of substrate through this enzyme complex has never been
measured, to the author's knowledge, in either normal glia or in gliomas.

The activity of pyruvate carboxylase, the other enzyme linking pyruvate to the
Kreb's cycle (through oxaloacetate) is high in astrocytes (1.8 nmol/min/mg
protein)260, relative to other cells, and nonexistent in neurons. The activity of this
enzyme in malignant gliomas also remains unexplored.

Lactate dehydrogenase has been demonstrated to exist with higher activity
levels than are seen in normal brain261. It is also found in an isoenzyme form (type
5) that is normally detected in tissues that have low metabolic rates and undergo
periods of hypoxia (eg. skeletal muscle)262, There is also strong evidence that there
is a high rate of substrate flux through the hexose monophosphate
shunt238,263,264, One of the possible explanations for this observation is the
diversion of substrates into the production of nucleic acids needed for replication with
the accrual of some energy-rich metabolites (NADPH) in the process. Specifically,

the activity of glucose-6-phosphate dehydrogenase, the rate-controlling enzyme for
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the pathway is increased 2.8 fold in glioblastoma5246’247. This may be due to an
altered form of the enzyme which is only 70% inhibited by an NADPH / NADP*
ratio of 20:1 whereas the normal form is 100% inhibited by a ratio of only 7:1265,
‘There is also a marked increase in the activity of 6-phosphogluconate dehydgrogenase
as well. None of the other enzymes involved in this pathway, which seems to shunt
away a large portion of energy-rich substrates (approx. 3-5% in normal glia) have
been studied.

In summary, glucose in glioma cells is metabolized through two main
pathways (although others do contribute some metabolic activity) : i) Glycolytic
Pathway and ii) Hexose Monophosphate Shunt.

The exact mechanism by which metabolism is shifted away from aerobic
metabolism is unclear but it may intracellularly be due to a number of factors,
including :

1) Reduction of the activity of several key enzymes in both the Kreb's

cycle and cytochrome chain;

2) Increased activity of some glycolytic enzymes - lactate

dehydrogenase and possibly pyruvate kinase, resulting in
increased glycolytic flux, and increased levels of pyruvate as
well as lactate;

3) Increased flux through the hexose monophosphate shunt due,

at least in part, to markedly increased G6PD and 6-PGD
activity.

The role of enzymes linking the glycolytic pathway to the Kreb's cycle
remain unclear as is the role of other enzymes in the shunt pathway. Extracellular
factors (tumour vasculature, tumour cell position relative to nutrient supply, tumour

necrosis,



extracellular growth factors) that may alter availability of O3 and other nutrients must

also be considered in any solution that attempts to clarify metabolic pathway choices

made by tumours.

Metabolism of Glutamate and Related Amino Acids

Glutamate, along with glutamine, are the two most abundant amino acids
in the mammalian CNS. Glutamate itself has two main roles. It is used as a
supplementary substrate in the Kreb's cycle for both glia and neurons as well as
serving as the major amino acid neurotransmitter in the brain. Its presence and level
exert a direct influence on the metabolic fluxes of amino acids such as glutamine,

aspartate, branched-chain amino acids (valine, leucine and isoleucine) as well as
non-amino acid subsirates such as Y-aminobutyric acid (GABA) and

a-ketoglutarate266, Figure I - 3 describes the metabolic pathways involved in the
metabolism of glutamate and the other amino acids whose metabolic fluxes it
influences.

There are 3 stages of interaction between a glutamate molecule and an
astrocyte - uptake, metabolic processing and release. In general, under normal
conditions, the glutamate taken up by astrocytes is derived from that released as a
neurotransmitter from surrounding glutamatergic neurons. Glial cells, therefore, act
as the main scavengers of glutamate and, as a result, represent the major intracellular
store of this amino acid in the CNS267. Glutamate is taken up via an active transport
carrier molecule268 whose uptake kinetics are dependent on both sodium269 and
potassium270 concentration as well as on extracellular levels of glutamate and

glutamine271. This uptake is highest around pathways having a high proportion of
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glutamatergic neurons272, It has also been shown in-vitro that the rate of glial cell
uptake of glutamate is dependent upon the type of neuron that is co-cultured along
with it.

The carrier molecule for glutamate uptake in glioma cells is different from
that found in normal glia. This is evidenced by slightly different substrate specificities
when exposed to D-aspartate-4-hydroxamate. The L-isomer inhibits carrier-mediated
uptake in both cultured glia and glioma cells whereas the D-form inhibits the glioma
cells alone271, A similar effect is encountered with the use of L-glutamate-

5-hydroxamate271. This, perhaps, may partially explain an L-glutamate uptake in
glioma cells, less than that of astrocytes (K, : 21.8 vs. 67.0 mM; Vijax : 11.6 vs.

14.3 nmol/mg/min)271. However, the rate of L-glutamate uptake and sequestration in
gliomas still exceeds uptake rates for all amino acids except glutamine274,

Under ischemic stress, astrocytes fail to increase the influx through their
potassium-dependent glutamate pump, thereby contributing in part to the excess of
extracellular glutamate seen under these conditions275. No equivalent studies have
been performed on brain tumours.

Glutumate, on entering the cell, is metabolized to 2 main metabolites -

o-ketoglutarate and glutamine. The metabolism to a-ketoglutarate is achieved
through either of two pathways : 1) oxidative deamination, using glutamate
dehydrogenase (GLDH) or 2) transamination, catalyzed by aspartate aminotransferase
(AAT). In glial cells, GLDH seems to be the predominant enzyme276. Glutamine is
synthesized from the reaction of glutamate and ammonia, using glutamine synthetase

(GS) as the catalytic enzym3277. This enzyme is localized only in astrocyte5277. The



reverse reaction is also possible ie. Glutamine, going to Glutamate + NH4t,
catalyzed by glutaminase (phosphate-activated).

Glutamine in normal astrocytes is observed to be present at a higher
concentration than glutamate278v279. Therefore, in the case of high extracellular
glutamine and uptake into the cell, the reverse reaction is dominant ie. glutamine gets

metabolized into glutamate through glutaminase. This glutamate then undergoes
deamination primarily via GLDH to produce o--ketoglutarate and aspartate. The

a-ketoglutarate then either enters the Kreb's cycle or acts as a substrate for a
reamination (which ultimately also brings greater Kreb's cycle activity) using a
branched-chain amino acid (valine, isoleucine) as a co-reactant206,

Glutamate can also be transformed into the inhibitory neurotransmitter
GABA, but this occurs only in neurons, which themselves have glutamate
decarboxylase (GAD)ZSO. There are few studies comparing enzyme activities in
normal brain and that found in gliomas. C6 glioma cells have been shown to have
decreased activity of glutamine synthetase (GS) and glutamate decarboxylase (GAD)
and increased activity of glutamate dehydrogenase (GLDH)281. 50% of six human
glioma cell lines showed complete loss of immunoreactivity when exposed to an
anti-glutamine synthetase (GS) anu'body282. There are also reports of decreased
aspartate aminotransferase (AAT), glutamate decarboxylase (GAD) and GABA
transaminase activities in glioma biopsies whereas glutamate dehydrogenase (GLDH)
activity is elevated283,284,

One reason for this increase in GLDH activity may be an alteration in the
enzyme. GLDH is a hexamer of six identical subunits of MW 56,000. A recent study
has shown the existence of four distinct isoenzymes, designated - GLDH type 1, 2, 3
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and 4285, Normal cerebellum contains all four enzymes, decreasing in relative
abundance from type 1 to type 4. However, it was found that the only isoenzyme that
a human glioma cell line (U-373) produced was GLDH isoenzyme 2285, All four
isoenzymes are associated with individually distinct catalytic rates and activities.

The release of glutamate from astrocytes also occurs at a high flux (K =
0.02/min vs 0.003/min for taurine)267, This release can be triggered by elevated
potassium concentration ([K*+] > 20mM), stimulating a depolarization of the astrocyte
cell membrane267, Contrary to release mechanics in neurons, this controlled
glutamate efflux is not dependent on calcium ions275 nor is it altered by
microenvironmental stresses such as anoxia, hypoglycemia or ischemia275. To the
author's knowledge, no studies have been done to determine either the efflux of
glutamate (or any other amino acid) from gliomas or any changes in those fluxes that
may be incurred as a result of environmental stressors ( described above) or the
application of therapeutic modalities to these tumours.

In summary, under conditions of an adequate extracellular supply of
glutamine, one can make the following conclusions regarding a very complex
pathway :

1) Under most conditions, there is a net influx of
glutamate into both astrocytes and glioma cells;

2) In general, the majority of glutamate is metabolized
to produce Kreb's cycle substrates in both astrocytes
and glioma cells;

3) Glioma cells tend to lack the ability to synthesize

glutamine or GABA from glutamate.



4) Under hypoxic, hypoglycemic or ischemic
conditions, neither influx nor efflux rates of glutamate
change in astrocytes. No data is yet available on effects
of these conditions or the changes produced by

therapeutic stress on glutamate metabolism in gliomas

In-situ Assays of Metabolite Concentrations

In-situ assays, in principle, provide the means of obtaining accurate data
concerning the concentrations, intracellular and/or extracellular (depending on the
technique), of many substrates and metabolites without removing tissue from its
in-vivo environment. This, therefore, should eliminate artifacts produced by the
biopsying, preparation and destructive testing of studied specimens. In addition,
non-destructive testing provides the unique advantage of being able to chronically
resample the biochemical parameters under observation, providing a continuous
measure of these levels over a period of time in the same, frequently awake, subject.

These types of assays have only been available for widespread use in the
last fifteen years and new assays or variations thereof are being actively pursued. The
techniques available at present can be divided into two broad classes : i) invasive and
ii) non-invasive.

Invasive techniques are characterized by the constraint of having to
remove tissue in order to facilitate data acquisition. Thefe are four methods that fall
into this category. They include: 1) Cortical cup fluid analysis; 2) Push-pull cannula
sample acquisition; 3) Microelectrode placement and 4) Microdialysis.

The cortical cup was first used in 1953 and features the placement of a

cylinder in direct, gas-tight contact with the cortical surface286. The cup is filled with
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liquid similar to CSF in composition. This is replaced either intermittently or
continuously with fresh perfusate, the replaced perfusate being taken for analysis.
Although there is no damage to brain tissue, there are numerous disadvantages to this
technique, including enzymatic degradation of substrates prior to analysis, a rather
long period between sample acquisition (>20 min.) and the restriction of data
acquisition to exclusively superficial structures.

The push-pull cannula, introduced in 1961287, is a variation on the
cortical cup method in that a cannula is inserted into the brain with fluid being injected
into localized brain structures and then pulled out along with any substances that
diffused into the perfusate. Although the ability to acquire samples is more refined
with a greater variety of regions within the brain being accessible, there is
considerable tissue damage during cannula placement. In addition, the incumbent time
delay, similar to that observed with the cortical cup, can alter metabolite concentration
through enzymatic degradation.

Microelectrodes have been placed intracerebrally for many years, for both
electrophysiological recording as well as determination of the concentration of
selected compounds. There are two types in general use depending on the substrate to
be studied - a) glass ion-selective microelectrodes288:289 and b) carbon-fiber
microelectrodes290, Glass microelectrodes detect ions whereas those with a
carbon-fiber core can detect only metabolites that can be oxidized. Both have
extremely low thresholds to stress applied perpendicular to their long axis and
therefore are susceptible to breakage in-situ.

Microdialysis is the technique that has most recently come to the fore.
Although first developed in 1966291, it has flourished since its marriage to the
technique of analytic high-pressure liquid chromatography (HPLC). Although there is
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minute tissue trauma after 48 hours of electrode introduction292 (with a steady
increase in a reactive gliosis after 7 days293), the blood-brain barrier does remain
intact and both the local cerebral blood flow as well as the local glucose metabolism
returns to normal within 24 hours294. Due to the dialysis membrane (the pore size in
these can be varied to maximize molecular specificity) the cutoff for maximal
molecular weight of diffusing substances is approximately 20,000 daltons295. This
has the effect of eliminating enzymes from passing through the pores and degrading
metabolites on the perfusate side of the membrane. This methodology has been used
in both awake animals and humans with no visible after effects. Much effort has gone
into developing a formula to equate the concentrations of substances seen in the
perfusate with the actual concentrations in the extracellular fluid surrounding the

probe. This relationship has been found to depend on the following parameters :
C; = A2/t Cj (Cout (A21)/Coy (1)), where Cj is the concentration of substrate in the
extracellular space, A = constant defining the tortuosity of the diffusion path in vivo

relative to saline, o is the fraction of the total volume considered to be extracellular

space, with A2/ usually staying between 5-20, C; is the concentration of substrate

in saline (control experiment), Cout (lzt) is the concentration of substrate in the

outflow perfusate at time (lzt) and C out (t) is the concentration in the perfusate at
time 1296,

There have been numerous experiments done with this technique. Most
have been studies of normal, ischemic brain or brain "protected" from ischemia with

drugs. These studies have centered on the concentrations of jons297, dopamine and



its metabolites298:299, amino acids (eg. glutamate and aspartate300) and glucose,
along with some of its metabolites eg. lactate301_ Several investigators have shown
that the extracellular concentrations of amino acids eg. glutamate, aspartate and
GABA (or their derivatives), rise in the cerebrum after ischemic stress is applied to rat
brain. In the case of the first two substances, the increases are 274 and 270%
respectively, and in that of GABA, by 760%, after 60 minutes301, It is interesting to
note that these changes in concentration cannot be detected when the whole tissue
content of these amino acids is determined using traditional extraction techniques in
the same brain homogenates , even after 90 minutes of total vascular occlusion.
Unfortunately, the cellular origin of such elevations in concentrations cannot be
ascertained using this methodology due to the heterogeneity of cellular species near
microdialysis placements and remain to be fully described through in-vitro studies
such as those mentioned in foregoing discussions.

A team of Swedish investigators?’o2 implanting microdialysis probes into
the infarcted regions of the brains of stroke patients not only confirmed the findings
observed in animal studies but extended the observations to include rises in taurine,
glycine, alanine, tyrosine, adenosine, inosine and lactate, while finding that arginine
and threonine levels did not change significantly. Studies placing microdialysis
probes into brain tumours have not yet been performed but may give us valuable data
on steady-state CSF levels of various substances as well as any changes in those
levels that may result from therapeutic intervention.

The second class of techniques that can be performed in-situ are
considered non-invasive. There are three members to this group - 1) Single
-photon-emission computed tomographic (SPECT) imaging; 2) NMR Spectroscopy
and 3) PET Studies.
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SPECT imaging is a more advanced form of gamma-camera imaging -

depending on the emission of high-energy photons from gamma- emitting
radionuclides having relatively short tj/ (days), and capable of acquiring images of

thin slices of tissue. After appropriate processing, images as well as information
regarding brain tumour metabolism can be derived. The most commonly used

radionuclides used for brain tumour imaging include 99mTc303, 201Th304 and

1231305, To-date, they have been attached to a variety of substances, for the most

part to determine tumour location (1231-MP306, 99mTc- HMPAO304), regional
cerebral blood flow (99MTc-04307, 1231-1MP308, 1231-HIPDM304), amino acid

uptake (123I-iodo-ar-methyltyrosine309) and drug distribution (57Co-bieomycin310,
among others). The advantages of this technique include the non-invasive acquisition
of dynamic data from many regions at once, This, however, must be tempered with
the disadvantages of limited study time due to radionuclide decay, the handling risk of
radionuclides as well as limited spatial resolution ( approx. Smm ) and temporal
distribution volume. In the few studies done so far, regional cerebral blood flow
{rCBF ) in gliomas has been elevated relative to normal brain, as described using
washout curves. Meningiomas have been found to have even higher elevations in
rCBF303,

Recently, the first radioactive tissue counts were obtained showing
localization of a 1311-linked monoclonal antibody that had been injected intravenously
into a glioma-bearing pau'ent312. The antibody had shown specificity for gliomas,
compared to normal CNS tissues, in prior in-vitro and in-vivo nude mouse studies
using the D-54 human glioblastoma cell line. Although preliminary in nature, the

potential for better delineation of tumour seeding as well as the largely unexplored



efficacy of antibody-guided immunotherapy in the treatment of either meningeal
carcinomatosis or solid tumours such as malignant gliomas using a variety of
radionuclide or chemotherapeutic ligands, looks very promising.

Nuclear magnetic resonance spectroscopy, using either the 31Phosphorus
(3 1P) or the proton (1H) nucleus has also been used to determine metabolite levels in
brain tumours. This non-invasive technique relies on the ability of certain nuclei,
having quantum-mechanical spin values of = n/2, where n = odd number, to resonate
with an incoming radiofrequency wave, whose frequency is determined by the natural
resonant or Larmor precession frequency of the nucleus under study. Intensity of
the nuclear resonance, and therefore the intensity of the received signal (echo) is, in
part, dependent on the number of nuclei in the irradiated sample of tissue (eg. brain).
Therefore, in principle, one can derive a value for the number of nuclei being
irradiated. One can also isolate a nucleus attached to a particular molecular species,
throiigh an effect called molecular shielding, leading to an estimate of the
concentration of that molecule in a solution or in-vivo. Software techniques have been
developed (IS18313, STEAM314) that allow signals to be acquired from a region
localized in 3-dimensional space. As a result, an estimate of the concentration of an
NMR-visible substance can be determined from a localized region of tissue.

In numerous studies done with 31P—containing compounds (including
ATP, ADP, Phosphocreatine, phosphatidylethanolamine,phosphatidylcholine,
glycerophosphorylcholine, and glycerophosphoryleihanolanine), no differences have
been found between levels in gliomas and those acquired from normal brain315,
Furthermore, no consistent changes in pH values have been observed in comparing

the two tissues315,



1H spectroscopy has yielded more information. Several studies have
corroborated the absence of GABA in gliomas316»317. In addition, there is little or
no N-Acetyl aspartate or creatine present, in contrast to normal brain317.319, Lactate
concentrations are elevated in gliomas (whereas alanine is increased in
meningiomas)3 17-319, All of the above can serve as markers for tumour diagnosis
though their specificity is yet to be determined.
The potential of this methodology is just beginning to be explored and the
improvements to be made in the technique are many and varied. At present, there are
limits on spatial resolution (approx. 1cc.), temporal resolution (approx. 20 min.) and
spectral resolution - all determined by present-day software and hardware limits on
signal gain and noise suppression. However, there are more fundamental issues that
may place theoretical limits on the resolution of signal and suppression of noise.
These include heterogeneity of tissue in an arbitrarily-selected tissue volume, dynamic
processes occurring in-vivo systems faster than the temporal resolving ability of
NMR and the multiplicity of peaks (compounds) under other signal peaks incapable
of being resolved due to inherent peak-broadening caused by a large mass of tissue
producing inhomogeneities in a precisely-aligned magnetic field. The most
fundamental problem, however, is lack of sensitivity. At present, the solute
concentration must be above 1 mM to be detected. Although introduction of labelled
(13320, 19F321) metabolites provides a partial remedy, it may always be difficult
for NMR spectroscopy to visualize signals from metabolites at much below this level.

Positron-emission tomographic (PET) imaging is another non-invasive
test which is utilized for cerebral metabolic studies. Its development and use has been
slowest to mature due to the high capital cost as well as high maintainence costs.

Nevertheless, this technique may provide answers tn scientific questions that would
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be difficult to establish with any other technique. This method depends on the
emission of positrons from rapidly-decaying radioactive sources (minutes to hours).

Positrons travelling any distance in tissue eventually undergo an annihilation reaction

on encountering an electron, producing two gamma rays which travel 1800 apart
from each other. It is this phenomenon which enables the coincidence detectors on
opposite sides of an imaging ring to localize the position of this reaction and therefore
the position of the radionuclide emitter (within 2-3 mm). A variety of studies have
been performed on brain tumours using a variety of nuclides including those useful

for measuring regional blood volume (C130 - labelled red blood cells)322, regional
CBF (C1505, H3150)322, blood-brain barrier integrity (68Ga-EDTA,; 82Rb)322,
regional oxygen utilization and extraction (1502)322, regional glucose metabolism
(18F-deoxyglucose)323 and transport (11C-methylglucose)322, regional pH
(11C-DMO0)324, intracellular transport of amino acids (11C-methionine325,
11C-leucine325, 11C-valine325, 1 1C-txyptophan325) and drug distribution
(1 1C-BCNU, 18F—S-fluox'ouracil, 57Co-bleomycin).

It has been found that both rCBV and rCBF are increased relative to

normal brain in rnalignant gliomas322. Both values, however, gradually decrease
after irradiation as well as after treatment with corticosteroids322. Furthermore, the
integrity of the blood-brain barrier has been variable in these tumors, confirming
previous brain-slice data327, Oxygen extraction is low328, yet there is high glucose
utilization with evidence of the ratio of glucose uptake in gliomas, relative to normal
brain, increasing with tumor grade323, This can possibly be explained by the
presence of aerobic glycolysis, lending confirmation to in-vitro results, mentioned

above. Tumours also seem to have a more alkalotic pH than

39



40
normal brain324. 11C-methionine is taken up much more avidly by gliomas329. In
fact, Tovi et al.330 have found that tumour delineation using 11C-methionine PET
imaging is superior to both CT and MRI without Gd-EDTA contrast enhancement. A
rough correlation has also been found between 11C-methionine uptake rate and
tumour grade. It is the author's belief that scanning techniq: s involving
positron-emission tomography hold much promise due to the variety of metabolic

pathways that can be accurately studied with this technique.
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GANGLIOSIDES IN THE CENTRAL NERYOUS SYSTEM

Gangliosides are a family of molecules which constitute an integral part of the
membrane of most vertebrate cells. They are found in particular abundance in cells of
the central nervous system, where, for example, they can represent 10 - 15% of the
total lipid fraction of cellular membranes331 with concentrations of up to 3.5 nmol
sialic acid/ gm.wet weight tissue332. The function of these molecules within this
environment is as yet unknown, but is thought to be critical to cell - cell
communication333, synaptogem.asis334 and establishment of proper links between

neuronal pathways during development of the CNS335,

Structure and Systems of Nomenclature

Gangliosides are a subclass of glycolipid molecules. The first isolation of a
glycolipid (cerebroside), was performed by Thudideron in the 1880's. However, it
was not until 1935-8 when Klenk performed the studies on the glycolipid that
ac.-mulates in Tay-Sach's disease (GM2), that the first definitive description and
characterization of a ganglioside was achieved336,337, In 1941, Klenk degraded
some of this "Substrate X" from bovine brains and named one of the products of this
degradation as "Neurominsaure" (Neuraminic Acid), for which he proposed a
molecular formula of either C1g Hyg NOg or C11 Hy1 NOg338, Subsequent
research based on this data, using ganglioside purification (solubility difference
method) as well as degradation studies (using methanolic sulfuric acid), enabled
Klenk to conclude that ganglioside was composed of fatty acid, neuraminic acid, and

2 types of sugars, namely galactose and glucose339’340.



In 1950, Blix, Svennerholm and Wernur detected galactosamine residues in brain
gangliosides341 and it was established that amine groups could be provided to
gangliosides through either neuraminic acid or galactosamine. Furthermore, prior to
the 1950's, ganglioside derived from brain was considered to be a single compound
but in 1956, Svennerholm succeeded in the separation of gangliosides into two
fractions342. The correct chemical structure of gangliosides was correctly defined in
1963343, the same year that Svennerholm proposed a system of nomenclature still in
wide use today344.

Gangliosides are a family of complex acidic lipid molecules
(glycosphingolipids) composed of a hydrophobic and a hydrophilic portion. The
hydrophobic component consists of two molecules - a base (sphingosine) linked by
an amide group to a fatty acid. Together, these two components are designated as the
ceramide moiety. The hydrophilic component consists of one or more residues of
neuraminic acid attached to one or more sugar molecules (usually galactose, glucose
and/or N-acetyl galactosamine) themselves bound together with glycosidic linkages.

More than 40 different ganglioside structures have been defined. The variations
in ganglioside structure arise from seven sources : 1) number of sugar residues; 2)
substitution of glucosamine for galactosamine; 3) addition of one or more fucose
groups; 4) number of neuraminic acid residues (usually between 1 and 5); 5)
substitution of glycolyl for N-acetyl groups on the neuraminic acid; 6) the binding site
for those neuraminic acid residues on the carbohydrate moiety and 7) attachment of
O-acetyl groups to the molecule343,

The system of nomenclature proposed by Svennerholm in 1963346 consisted of
a 3 to 4 character (2 to 3 letters, 1 number) designation of the basic ganglioside

structure accounting for the number and type of sugars as well as the number and
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attachment points of neuraminic acid residues. This system is illustrated in

Figure I -4. Any additions of fucose, N-glycolyl and/or O-acetyl groups would be
designated by a prefix using the whole word. Differences in the hydrophobic portion
of the molecule, possibly due to microheterogenity and dynamic transitions between
similar forms in-vivo and in-vitro were not included under this designation. The
identical carbohydrate structures can also be found on two non-ganglioside classes of
molecules - glycoproteins and neutral glycosphingolipids, which are glycolipid
structures that do not harbour any neuraminic acid residues. This phenomenon can, in
theory, confound positive identification of gangliosides when using methodologies
such as monoclonal antibody localization.

The Svennerholm nomenclature assumes a maximum of four sugar
residues344. This is designated by a number inversely proportional to the number of
sugar residues (ie. GM4 has one sugar, GM1 has four). The second letter (eg. M, D,
T) denotes the number of neuraminic acid residues and the G stands for the
ganglioside family (see below). A further letter sometimes appears in lower case after
these three characters (eg. GD1b). This designates the distribution of the neuraminic
acid residues on the molecule also illustrated in Figure I - 4.

An alternate classification system was devised by the IUPAC-IPB Commission
on Biochemical Nomenclature347. Although ensuring greater accuracy in the
biochemical descriptive, it is substantially more cumbersome. The following
principles were observed :

1) The number of sugars is indicated by a suffix (-base, -triose,
-tetraose or -0se), -0se3, -05€4);

2) Each hexose sugar is given its own designation (Glu -

glucose; Gal - galactose; Gal NAc - N-Acetylgalactosamine; Fuc -

fucose; Lac - lactose;
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Figure I - 3. System of Ganglioside Nomenclature proposed
by Svennerholm (ref. 346). According to the nomenclature of
Svennerholm, M, D, and T indicate 1, 2 and 3 neuraminic acid
residues (Q and P would indicate 4 and S such residues).
Symbols: circle, glucose; square, galactose; hexagon,
N-acetylgalactosamine; filled triangle, neuraminic acid.



3) Neuraminic acids are designated to be equivalent to sialic
acids and the two types, N-Acetyl and N-glycolyl, are
designated NeuAc and NeuGec, respectively;

4) Addition of acetyl, fucose or neuraminic acid is designated
by a roman numeral indicating the sugar to which the residue is
attached (counting from the ceramide end) and an arabic

subscript describing the carbon within that sugar residue to

which the group attaches itself. For example, AcNeu (a2-3) Gal

(B1-4) Gic(B1-1) Cer (Structural Notation) =
I13-N-acetylneuraminosyllactosylceramide (IUPAC-IPB) = GM3
(Svennerholm).

Although the ceramide moiety does exhibit microheterogeneity, the main

ceramide structures seen in normal human brain are eicosa-sphing - 4 -enine (C2(:.1)

(majority) and octadeca-sphing - 4 - enine (C13:1)348.

A further level of symbol reduction and grouping of gangliosides is
classification into "series" or "families"349, A ganglioside family is defined as a
linear sequence of particular sugars bound together by particular anomeric linkages.

Four such families have been designated in vertebrates349 - 1) Ganglio - (Gg) =
(GalNAcB-GalB),, - Glc -Cer; 2) Globo - (Gb) = GalP- Gal NAcB -Gala- Galp-
Glc- Cer; 3) Isoglobo - (iGb) = GalB- GalNAcB-Galp- GalB- Glc - Cer (Note B
isomeric linkage of third sugar residue); 4) Lacto - (Lc) = (GalpB- Glc NAc-), -

Gal- Glc - Cer
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Gangliosiae Distribution and Biosynthesis

The animal kingdom is phylogenetically divided into the Deuterostomia and
Protostomia. Numbers of Deuterostomia include vertebrates as well as invertebrates
(Echinodermata). The Insecta are amongst the most highly evolved members of the
Protostomia. To-date, all glycolipids isolated from this phylum do not contain sialic
acid350, Therefore gangliosides seem to be restricted to Deuterostomia, where
members of even the phylum Echinodermata contain gangliosides, albeit of unusual
form351,

Studies of ganglioside structure and distribution in vertebrates have revealed

several interesting features. All known gangliosides in vertebrates are derived from

Glcp-Cer and Galp-Cer352, By far the majority of brain gangliosides in vertebrates
come from the ganglio—family353 with the exception of frog brain gangliosides which
are derived from the lacto-family349. Although gangliosides from the other three
ganglioside families are present (with globo-derived gangliosides expressed earliest
during ontogenic development), they represent a minor component of vertebrate CNS
ganglioside content.

The occurrence of different sialic acids is both species- and tissue-dependent.
Exclusively 4-0-Acetylated sialic acids have been isolated from the horse, mule,
donkey and the Australian monotreme echidna (Tachyglossus aculeatus)354.
Although gangliosides secreted from the submandibular gland of the cow contain
sialic acids of many different types, both the pig and cow contain N-glycolyl-
neuraminic acid in much greater proportion to N-acetylneuraminic acid354. Human
tissues contain the N-acetyl form of neuraminic acid almost exclusively (as well as its
O-acetyl and O-lactate derivatives). However, traces of N-glycolylneuraminic acid
have been revealed in patients with adenocarcinoma of the colon (Hanganutziu -

Deicher antigen)335,
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Due to the predominance of ganglio-series gangliosides in vertebrate tissues,
most elucidation of biosynthetic pathways has been done for this ganglioside family.
Recruitment of substrates for ganglioside biosynthesis mandates a sophisticated level

of functional coordination of substrate transport as well as enzymatic activity in

different intracellular compazi- - - 772 overall schema of ganglioside biosynthesis
is illustrated in Figure I-§ : -.. for all carbohydrate moieties is glucose,
which through glucose-¢-nhe .. uansformed ultimately into galactose (via

UDP-glucose) and to N-Acety.g::..osamine (via ! tuctose-6-phosphate and
glutamine). Neuraminic acid is synthesized in the nucleus (linked to cytosine
triphosphate (CTP)) from a glucose derivative (N-acetyl mannosamine) and cytosine
monophosphate (CMP). The synthesis of sphingenine from fatty acids occurs in the
cytoplasm. All three components enter the endoplasmic reticulum where they are
combined into a ganglioside molecule by a series of glycosyl transferases (Gal
transferase, GalNAc transferase), NeuAc transferases and acyl transferases, all
having high substrate-specifity. This ganglioside is then transported from the Golgi
apparatus to the plasma membrane356,

The variations in ganglioside structure arise from use of 3 alternate biosynthetic
pathways for ganglio-series products. One or more of these pathways can be used
concurrently. In placental mammals and adult birds, 98% of the gangliosides are
synthesized using pathway I or II. Adult fish and other lower vertebrates seem to
favour pathway 111357,358,

Several trends have been noted in an analysis of gangliosides in 150 vertebrate
species331. In general, the higher the level of organization of the CNS, the greater is
the concentration of gangliosides within the brain, although much variability does

occur. In cold-blooded vertebrates, the ganglioside concentration varies between
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0-36-2.59 mmol sialic acid /g wet weight, whereas in mammals this level ranges from
1.29-4.53 mmol/g wet weight. In general, the higher the phylogenetic status of the
animal, the lower the number of neuraminic acid residues and the lower the number
of ganglioside factions isolated. Also the distribution of gangliosides within the brain
of most vertebrates reveals a gradual decrease in their content when traversing from
the forebrain regions to the medulla (codfish being exceptional in having a spinal
cord ganglioside concentration twice that of forebrain cortex).

In adult human brain, the total concentration of gangliosides is much higher in
grey than in white matter (964 vs 165 mg/g wet weight), higher in cerebral cortex
than in cerebellar cortex or in the basal nuclei332. The most commonly found
ganglioside in adult brain is GD1b (30% total content), followed by GT1 (28%),
GD1a (21%) and GM1 (18%). This adult pattern is reached by age 30, and remains
essentially the same for the duration of life332. There is a murked difference in
pattern, however, between an adult and a neonate359, Neonatal ganglioside patterns
reveal a preponderance of GD1a (48% total ganglioside content), followed by GM1
(21%), GD1b (11%) and GT1 (11%). There is a smooth upward transition of GT1
and GD1b (over 20 years) and a reciprocal downward transition in levels of GD1a
and GM1 (over 30 years) between adults and neonates332,

Human gliomas have a lower total ganglioside content than normal adult brain
(grey or white matter)360, This ganglioside content is inversely proportional to
tumour malignancy361. The pattern of ganglioside expression on the surface of these
cells, with allowances made for phenotypic heterogneity, is markedly different from
the pattern seen in adult glia, both in its complexity as well as in the proportions of
each ganglioside componen. in tumour biopsies, there are increases seen in the

content of GM2, GD2 and GD3 with the suggestion that GD3 expression can
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be correlated to the degree of malignancy360‘362. These large shifts in ganglioside
proportions are evident in the extreme case of glioblastoma multiforme, where GD3
predominates (20+6%), followed by GD1a (16£10%), GD1b (11+5%), GT1b
(11£3%), GM1 (10£3%) and GM2 (8+5%), GD3 and GM2 normally accounting for
less than 3% of brain ganglioside content362, In studies involving human glioma cell
lines, with all the attendant confounding variables of clonal selection, alteraton of
extracellular microenvironment and lack of host tissue interaction, it was found that
GM2 was found in 89% of the 19 cell lines tested. GD2 was found in 79% and GD3
in 68% of tuese cell lines. Moreover, in the positive cell lines testeid, 8/10 expressed
GM2 as 42-63% of total ganglioside content, with GD2 as 5-17% (5/6 lines) and
GD3 as 4-45% of total content in 8/10 lines363,

The D-54 MG human glioblastoma-derived cell line has also been found to
express 3'-iso LM1 as its major ganglioside, when implanted subcutaneously in nude
mice364 (3-isoLM1 being undetectable in D-54 MG cells grown in-vitro). Moreover
90% of the ganglioside in these subcutaneous mouse tumours was found to be
present in tee formi coataining N-glycolylneuraminic acid365, altered perhaps from
the humar: {1 by host-tissue interactions. Thus far, no equivalent studies have been

done on intracerebrally-implanted D-54 MG tumours.
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ANIMAL MODELS OF HUMAN GLIOMAS

The first experimental tumour used to model intracranial CNS tumours and
screen potentially viable treatment modalities in any systematic fashion was the L1210
CNS leukemia cell line. This tumour, originally developed in the 1940's by the
application of 0.2% methylcholaninrene to the skin of mice of the DBA strain115,
produced a disease similar to human leukemia, with tumour cells circulating in the
blood forming widespread systemic metastases. CNS lesions were detectable 2-4
days after transpiantation (106 cells, intraperitoneal route) as foci of tumour cells
attached themselves to the leptomeninges at multiple sites along the neuraxis!16 . In
amodel developed by Schlabel et al.117, using intracranial inc. "lation of L 1210
cells, a nitrosourea-derived compound - BCNU (1, 3 - bis - (2 - chloroethyl) - 1 -
nitrosourea), was first tested with the view of applying this agent to clinical needs
should encouraging results be obtained. Success of the therapy in the experimental
model and its efficacy in subsequent clinical trials] 18,119 jent strong support both
for the use of BCNU and the continued use of CNS tumour models as experimental
testbeds for novel chemotherapeutic regimes.

Realization that the cell kinetics of this and other non-neural intracranial tumours
were substantially different from that of neurally-derived neoplasms1 20-122 )ed 10 a
shifi in emphasis to tumour models whose lineage was CNS-based. A number of
these models were generated, and can be divided into two broad classes :

1) Non-transplantable tumour models
2) Transplantable tumour models

Charar:teristics of an ideal intracranial model are multifaceted and include :
1) Glial tumour origin

2) Solely intraparenchymal growth



52

3) Fatal within a prescribed, replicable period of time
4) Autochthonous
5) Fidelity to therapeutic responsiveness of human CNS
(umours

Characieristics d--...rable but whose inclusion is not mandatory, include :
1) Capability for in-vitro growth
2) Survival of transplantation into syngeneic or
immunosuppressed xenogeneic hosts
3) Replicability of anatomic location
4) Safety of tumour handling.

No model to-date incorporates all the above requirements. However,

transplantable tumour models appear more ideal than chemically or virally-induced

tumours.These models will be discussed in greater detail in the following review.

Review of Transplantable Tumour Systems
The transplantable class of tumours consists of five major tumour system
sub-types :
1) Murine ependymoblastoma
2) Avian Sarcoma Virus (ASV) - induced astrocytoma
3) Vm /dk murine astrocytoma
4) Nitrosourea - induced gliomas

5) Human xenograft models



Murine Ependymoblastoma Model

The murine ependymoblastoma model 1s 1he collective designation given to four
separate tumour lines developed in the late 1930's and 1940's by the implantation of a
pellet of polycyclic aromatic hydrocarbon - methylcholanthrene into young
mice124:125, Implantation of a 20 - methylcholanthrene pellet by Seligman and

Shear125 into 5 month old C3H mice resulted in ependymoblastoma production in

65% of twenty animals studied. Eleven of thirteen tumours were gliomas with
considerable variation in both pathological appearance on light microscopic
examination and latency of tur:»our expression, ranging from 227 to more than 500
days. Cne was found to be serially transplantabie and was designated Glioma 261.
The second of the four tumours was originally induced by Zimmerman and
Arnold in 1941124 by implanting 3 - methylcholanthrene pellets into the cerebral
subcortices of mice. The original pathological description was "typical of an
ependymoblastoma” and this designation has remained until today c¢ven though the
tumour has been described by Rubinstein126 as "poorly differentiated" and not
demonstrating "ependymal differentiation”. Bigner et al. 127 agrees that i "does not
possess in its present state of passage distinctive cellular or cytoarchitectural features
of ependymal differentiation, but rather consists of sheets of undifferentiated cells".
One feature of this ependymoblastoma, hitherto unexplained, is the presence of Type
B retrovirus particles as weil as Type C retrovirus antigens consistent with
the morphological description of components of mouse mammary tumour and
Rauscher leukemia. Ependymoblastoma A (EpA), developed spontaneously while
being cultured by Shapiro et al.128 and acquired a more malignant character,
producing death in 19 * 1.2 days with 2% 60-day survivors compared to the original



tumour’s survival of 29-30 days with 1% 60 day survival. The last of the four lines
is Glioma 26, also induced by methylcholanthrene by Zimmerman (1948)129, in this
case, into C57 black mice.

Estimated cell generation times of the four tumours in vitro have been
determined to be approximately 69 hrs for Ep, 45 hrs-EpA, 57 hrs-Glioma 261 and
55 hrs-Glioma 26128 The advantages of this model are numerous - it is a glial origin
tumour with well-defined and, with one exception (EpA), well-described kinetic and
morphological characteristics 128

The experimental animals are inexpensive and the technique simple enough to
permit 100 animals to be inoculated in one hour128, This enables many different
therapies to be tried using large sample sizes. Although pharmacokinetics of drugs
administered in the mouse is at significant variance with that of humans, the n:ajority
of chemotherapeutic studies done on this tumour conform with human tumour
results. BCNU132,CCNU133, ACNU134 and procarbazine 133 have been effective
in producing decreased growth in both systems. Mithramycin132,
cyclophosphamidc132, methotrexate!34, vincristine!33 and VM-26136 (a
podophyllotoxin) have not been effective in both tumour types. The one exception
has been the discrepancy between the success of treatment of glioma 26 with
dihydrogalacu’toll37 and its disappointing performance against human anaplastic
astrocytomasl38. The main use, it seems, of this model would continue to be in the
general screening of new drugs at moderate cost, though the exact fidelity of response
to human tumours remains to be determined. Disadvantages of this model include the
nature of the tumour itself, being a rare type of iiuman tumour and due to the initial
mandatory transplantation, not of spontaneous (autochthonous) type. Quantitation of

inoculated tumour is, in fact, impossible because the transplantation technique uses a
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solid fragment of tumour tissue. Moreover, the freehand inoculation through the skull
does not give an anatomical locus as precisely replicable as inoculation using
stereotactic instrumentation though the distribution of survival times is exceedingly

small and does not seem to be affected by this imprecision in technique.

ASYV - induced Astrocytoma Model

There are many viruses, both DNA and RNA type, that can be used to produce
autochthonous CNS tumours in several different animal models, including
mice139,rats140,141, Syrian hamsters142, rabbits143, guinea pigs144,
marmosets 143, cats146, dogs]47’148, rhesus monkeys149 and newborn cows207,
However, in most cases, replicability of interanimal growth kinetics as well as the
histological picture of the tumours produced is not attainable. One of the few
exceptions to this rule has been the behaviour of the RNA Oncomavirus C - Avian
Sarcoma Virus. This virus when intracerebrally inoculated into the cortical or
subependymal cell plate region of neonatal Fischer 344 rats produces a 100%
incidence of anaplastic astrocytomas, which in one study had a latency period of
29-119 days, producing a median survival of 69 days. Incidence of tumours is
directly proportional to the size of the inoculum and inversely proportional to the age
of the arimall50, The type of tumour produced depends also cn the site chosen for
inoculaticni31.

Forty-eight hours after the virus is inoculated, there is no detectable whole ASV
virus prescnt152. However, althoug}: tumours that result also contain no viral
particles, they not only express ASV antigens or: the cell surface but also fully
express the viral genome when co-cultivated with susceptible avian cells133, The

host animal develops a T cell-mediated antitumour immunity154 though neither the
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administration of most immunostimulants!33 nor immunosuppressants (Cyclosporin
A has not been tricd) has effected any change in survival times. Mahaley et al.156,
however, have significantly increased survival through a combination of levamisole,
BCG and killed ASV tumour cells injected subcutaneously in an effort to effect an
immune response.

There are numerous advantages to this model in that it is both autochthonous
and transplantable; can grow in in-vitro culture, produces under the right conditions,
a uniformly glial, parenchymal tumour with a latency that, though slightly more
variable than the Ependymoblastoma tumour model is still within an acceptable range.
Moreover, it also maintains a fairly good therapeutic fidelity to the human response to
BCNU157and CCNU 158, Procarbazine, however, produces a less significant
response in the rat159 than seen in clinical trials160,

The disadvantages include the variability in tumour morphologies as well as the
biohazard of working with ASV virus although there have been no reports of tumour
induction in the human or nosocomial infections due to this oncogenic vector.
Furthermore, the expense and difficulty of producing a standardized viral suspension
limits large scale general screening studies.

The major uses for this model have been to investigate the immunological
phenomenon associated with viral induction of CNS tumours and the efficacy of
immunostimulant therapy. Due to the good correlation between rat and human
chemotherapeutic trials, this model may provide accurate kinetic date on tumour

chemotherapies tested in the future.
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Vm/dk Murine Astrocytoma Model

During the course of research into scrapie sub-viral particles, Frazer in 1970
accidently discovered an unusually high incidence of spontaneously-occurring
astrocytomas in a strain of mice (Vm/dk) inbred by sib-mating from randem bred
Moredun Institute Stock161,162, The tumour was identified in all but three of the
fourteen inbreeding generations of the Vm/dk strain with a mean occurrence rate of
1.5% within the first 520 days of life. Histological examination revealed a
moderate:y anaplastic astrocytoma present in various sites within the brain but with a
strong predisposition to growth in white matter, spreading along fibre tracts
sometimes as far as the dorsal columns of the svinal cord161,

A concurrent feature of this inbred mouse strain was the occasional occurrence
of developmental abnormalities including cleft palate and cranial meningocoele which
parallels a human syndrome in which a rare familial tendency for astrocytoma
development in the male members is seen along with an increased incidence of status
dysraphicusl61. Serano subsequently established transplantable tumourigenic cell
lines from this strain in 1978163, which could then be utilized in in-vivo models for
chemotherapeutic study.

The advantages to this model include autochthonicity, as well as
transplantability. A glial cell origin tumour producing solely intraparenchymal growth
obviating the need for mechanical and therefore traumatic initiation is highly
desirable. The fidelity to human tumour reponse is as yet unknown. However, this is
the only tumour system that occurs spontaneously in experimental animals.

The disadvantages of this system include a low incidence rate, heterogeneous
tumour position and as yet uncharacterized cell kinetics and chemotherapeutic

response.
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The major use of this model will probably be in the realm of carcinogenesis

studies.However, methods of overcoming the low incidence seen in this model are

needed to improve its potential.

Nitrosourea - induced Tumours

There are a number of tumours induced by the administration of two nitrosourea
compounds N-methylnitrosourea and N-ethylnitrosourea, but only a few have been
characterized well enough and are morphologically stable enough that meaningful
therapeutic studies can be performed. They are the 9L rat gliosarcoma, C6 rat glioma,
T9 rat glial tumour and RG2 rat glioma.

The 9L gliosarcoma was originally induced by repeated intravenous injections
of N-methylnitrosourea into inbred CD Fischer rats. Three stable cell lines were
produced by alternate tissue culture and animal transplantation, the 9L line being one
of these three main cell line164.

The morphological appearance on initial examination, was of a densely cellular
tumour with a fine fibrillary background and evenly dispersed nuclear chromatin.
After six months in cell culture, the tumour started exhibiting morphological changes
and in 2.5 years of continuous culture, histological examination revealed glial cells
that were interspersed among bundles of spindle cells with vesicular elongated nuclei
and prominent nucleoli. The appearance of reticulin and collagen production was also
noted. These new features resulted in a change in tumour designation from glioma to
gliosancoma164. Doubling time of the cell population during the exponential phase of
in-vitro growth was estimated to be 18 hours and the cell cycle time to be 20 hours.
The doubling time in-vivo was discovered to be 72 hours with a growth fraction of

0.35 - 0.46 and a labelling index of 0.15 - 0.20164,



Due to its ability to withstand repeated freezing and thawing, experimental
studies were performed on this tumour in many different centres. Its ability to be
evaluated in-vitro after in-vivo growth, via the colony-formation assay165 as well as
cell kinetics comparable to those seen in human gliomasl66s167 also enhanced its
reputation in comparison to other tumour models. Chemotherapeutic studies
suggested a moderately good correlation with human studies using BCNU168,
CCNU168 and PCNU168. The effectiveness of BCNU is dependant on the time of
its administration with maximal effectiveness being achieved 16 days after
implantation. Procarbazine was at variance with human results! 18 showing little
effect though, as Bigner has pointed out122, this may be a species-specific
phenomenon restricted to the ASV-induced rat model. Radiotherapeutic
studies 170,17 Ishowed that the 9L glioma was an adequate model for prediction of
human radiotherapeutic responses. Combined treatment with radiotherapy and BCNU
w. - also effective against these tumours172, mimicking the clinical situation, though
again the timing of the dose of BCNU was critical producing a maximal effect when
BCNU was given 16 hours before irradiation.

The blood-brain barrier permeability characteristics of this tumour, however,

| differ from human gliomasl74. The tumour also seems to travel along blood
vessels 165, a phenomenon not commonly associated with human glioma growth. Its
exceedingly fast growth, atypical of human tumours, calls into question many
therapeutic results derived from studies of this model. The constant shift in
cytological characteristics164 decreases chances for strict replicability of studies and
an insignificant hypoxic cell fraction170, unlike that found in human glioma,

decreases its credibility for use in radiotherapeutic studies.



The above evidence indicates that a substantial degree of concern has developed
over the ability of this model to adequately reproduce human tumour growth and
metabolic responses and thus further studies will be required.

The C6 rat glioma has been extensively studied in-vitro and is probably the
tumour with the most detailed series of phenotypic characterizations performed
to-date. This was done in an effort to evaluate changes in phenotypic expression as
tumour cells passed from generation to generation.

This cell line was originally induced by i.v. injections of N-methylnitrosourea
into randomly-bred Wistar rats, which resulted in a glioma that had a generation time
of 40 hours and expressed S-100 protein176. However, a large variability in its
in-vivo growth characteristics177, largely due to the random-bred lineage of the cell
line and an inherent instability in its in-vitro cytological characteristics and a strong
tendency towards the development of sarcomatous features, has precluded
development of an in-vivo model for use in chemotherapeutic studies. In-vitro studies
however, may provide information beneficial to individual agent evaluation.

Similarly, the T9 cell line, originally induced by Benda et al. (1971)163, by the
administration of N-methylnitrosourea i.v. to CD Fischer rats, was diagnosed as a
high-grade astrocytoma. On subsequent passages, however, it transformed into an
undifferentiated tumour of CNS origin178 with a doubling time in-vitro of 31.8
hours and a cell generation time of 31.5 hours!79. It was utilized in a study which
concluded that subcutaneous injections of tumour tissue immunized a host against
subsequent intracranial inoculation of the same tissue178. T9 cells possess

well-expressed tumour related transplantation antigens well suited for this
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type of experimental approach but are of limited use, due to the aforementioned cell
line instability.

The RG2 rat glioma was originally induced by administration of a single dose
of N-ethylnitrosourea transplacentally, on the 20th day of gestation, to CDF-Fischer
rat fetuses179:180_ The malignant glioma appearing 7 months post-partum was
transplanted subcutaneously into syngeneic rats.

The morphological appearance of the resultant tumors was characteristic of a
differentiated glioma with a homogeneous appearance to the cells and an unusually
high nuclear/cytoplasmic ratio with uniformly dispersed chromatin material and
prominent nucleoli181, The cell doubling time was 26. 7 hours, with a cell generation
time of 26.0 hours. The ':on proliferative population numbered 2.8% of all cells. The
tumours also produced neuroglial markers such as S-100 proteinli‘l6 and 2', 3' -
cAMP -3' phosphohydrolase enzyme187. This morphological appearance as well as
the cell cycle kinetics did not change after 130 generations of in-vitro cell cuiture.
Rats inoculated intracerebrally with 10 cells survived 20.0 + 0.8 days indicating
replicability of tumour growth in-vivol79.

A colony formation assay was subsequently developed by Weizsacker et
al.182, and a multicellular tumour spheroid model has recently been constructed 183
making the RG2 tumour the only tumour, other than the 9L gliosarcoma, capable of
having both in-vitro and in-vivo growth analyzed by an array of different
experimental techniques including an in-vivo to in-vitro system. In addition, blood
flow and blood-brain barrier permeability studies184:185 have shown the
intracerebral tumour to be 100% permeable to a large molecular weight molecule
(horseradish peroxidase-HRP) making it an ideal model for the study of drug delivery
and the methods that increase this delivery in intracranial tumours.Both these

tumours, along with the T9 rat glioma line have beer implanted into cat brain for
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study using a variety of techniques including autoradiographyzos, magnetic
resonance imaging209 and 31p NMR Spectroscopyzlo.

Chemotherapeutic studies have only tested BCNU182, to which the RG2
showed resistance until high concentrations were reached. This aspect of the tumour
biology needs to be studied in greater detail before an assessment of fidelity to human
tumour response can be determined.

The disadvantages of this tumour system include, as with all other
nitrosourea-induced transplantable models, trauma to the brain on initial
transplantation. Radiotherapeutic studies, have shown that the RG2 tumour182, just
like the 9L, seems to have no definable hypoxic fraction which may limit its
usefulness in comparative analysis with clinical studies. A karyotypic analysis of the
tumour has not yet been performed.

A major use for this tumour model appears to be in the analysis of drug delivery
techniques. Although the effect of chemotherapeutic agents on this cell line remains
unknown, its features of replicability, homogeneity and stability of this cell line, may
provide valuable information on the sensitivity or resistance of the tumour to the

various agents studied.

Human Tumour Xenografts
This group of tumour models holds the greatest promise in enhancing our
knowledge of human brain tumour biology. At present however, the human brain
tumour xenograft paradigm remain largely unexplored.
Three sub-types of the human xenograft model have been studied:
1) Xenotransplantation of human glioma cells into athymic nude mice
2) Xenotransplantation of human glioma cells into imraune-deficient mice

and rats



3) Xenotransplantation of human glioma cells into rats immunosuppressed

with Cyclosporin A

Athymic Nude Mouse Model

The athymic nude mouse model has been the most extensively studied human
tumour xenograft model to-date. After an unsuccessful attempt at glioma
xenotransplantation in 1975188, the first successful transplant of a human glioma into
an athymic nude mouse was performed by Rana et al. in 197789, The model was
later refined by many workers, including Shapiro and Bigner, to the state where
therapeutic regimes could be assessed190-193,

Tumours used in the original studies were derived from brain tumour biopsies
an* were either implanted subcutaneously or intracerebrally. In one study194, 94.1%
of tumour explant types grew in subcutaneous locations with a time interval of
between 24 and 364 days taken for tumours to reach 500mm3. Though, initially the
number of animals growing tumour was only 50% "take" rate increased to
approximately 81% with serial passage. Doubling time varies from 3.0 - 19.1 days
in the exponential phase of growth. The expression of glial fibrillary acidic protein
(GFAP, expressed by glial cells and differentiated gliomas) was present in 89% of
tumours prior to serial passage. This expression decreased with serial passage to 70%
with 50% of these GFAP-expressing tumours producing decreased GFAP. The cells,
in general, became more homogeneous with serial passage.

Established human glioma-derived cell lines were then transplanted

subcutaneously into mice195. Only 4 of 15 lines produced tumours in this model.
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The factors correlating best with tumourigenicity were percentage of colony
formation in soft agar, saturation density and percentage of bizarre multinucleate
giant cells. Growth of tumourigenic cell lines produced lcc turnour volumes in17-
19 days.

There have been only scant reports of xenograft response to chemotherapy.
Preliminary studies by Shapir0196’197 show marked variability in tumour response
depending on the patient of origin. One tumour was very responsive to the
nitrosoureas tested (BCNU, CCNU, methyl-CCNU, PCNU) and resistant to
procarbazine, the second umour line showing greater resistance to nitrosoureas than
to procarbazine.

Another study showed significant but variable decrease in tumour growth to a
single i.p. dose of 25mg/kg BCNU198 | Therapeutic synergism between radiation
and BCNU has also been reported199- Mithramycin administration produced no
effect, correlating with clinical experiencezoo. The potential of this tumour model is
still largely unexplored. Its major future use, with the high expense of 1naintaining
cell and animal lines and the inherent difference in response to chemotherapy between
tumours originating from different patients, remains as a pre-clinical screen, aiding in
the individualization of chemotherapeutic protocols to the selected patients.

Although the change in growth rate in serial passage may indicate the selection
of faster-growing cell sub-populations causing decreased reliability of trial results, the
substantiation of this caveat still remains to be elucidated.

The following two models are still to be explored with respect to response

natierns to chemotherapeutic stressors but may represent the future of such research.



Immunodeficient Mouse Xenotransplant Model

In 1978, Bradley et al.20! artificially immunodeprived 6 week old CBA inbred
mice by thymectomy followed by exposure to a lethal dose (900 rad) of radia.'~n and
reconstitution with injection of syngeneic marrow cells from normal sex-matched
donors. A 44% "take" rate was achieved initially with subcutaneous implantation of
human glioma cells with a 5 month delay before a palpable mass was observed.
Similar experiments by Saris et al.202, using anti-rat thymocyte serum wit.. or
without irradiation (sub-lethal) in neonatal and adult Fischer rats demonstrated an
86% intracranial tumour "take" with the combined treatmen: in adult rat: md a 100%
“"take" in neonatal rats given ATS alone. However, the growth rate variability was so

great as to preclude in-vivo treatment studies with this model.

Immunosuppressed Rat Xenograft Model

Only two studies have been perform.ed to-dae using an immunosuppressed
animal as intracranial tumour host202,21 Immunosuppression ‘was achieved
through the use of Cyclosporin A (CyA), a fungal derivative204 that selecidvely
suppresses T cell function0 thereby inhibiting cell-mediated immune response to
tumour xenotransplantation.In a study perforined by Adams et al.203 treaiment of
the rats with 10mg/kg CyA commencing 3 days prior to tumour inoculation resulted
in a 70 - 100% mortality within 20 - 44 days. Cytogenetic analysis reveaied no
difference between cultured tumour cells (D-54-MG human glioma ceil line)
pre-implantation and in-vivo tumour-derived cells. Doses of 10 - 50mg/kg/day CyA
resulted in significant weight loss in all doses in females and at 15mg/kg/day or
higher for males. 10% mortality was seen only i~ males given 30 and 50mg/kg/dity
CvA doses.
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Conclusions

Hurnan turilour xenog «i-fts appears to provide an advantage in assessing the
effects of therapy on CNS tumour behaviour but the practical implications of this
bright new prospec. :main to be assessed.

A future goal of this form of research would be to institute a treatment for all
CNS tumours regardless of individual variation. However, this objective will be fully
realized only through :he use of the diverse array of models and t.chniaues that
workers now have at their disposal. It is through this type of research :hat a more
comprehensive understanding of the fundamental biolugical constructs essential in

governing the spectrum of tumour response will be achieved.
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THERAPY OF MALIGNANT GLIOMAS
Therapy of malignant gliomas can be grouped into two broad classes:
surgical and adjuvant. Adjuvant theranies are considered to be of three main types : i)

radiotherapy; ii) chemotherapy and iii) immunotherapy.

Surgical Treatment

After a presumptive diagnosis of a malignunt intractania’ mass lesion is made
on the basis of clinical presentation and diagnostic tests such as CT, MR and cerebrai
angiography, there are three surgical options which {:csent themselves - 1) biopsy; 2)
subtotal resection and 3) total resection of the turnour.

Stereotactic biopsy of iz tumour is performed in debilitated p-tiznts or a
tumour which is deep or in a particularly eloquent region of the brain80. This
procedure is utilized to provide a pa:hological diagnosis or to aspirate a cystic area
within the tumour80.

A suLiotal res.:ction is the most commonly-performed surgical intervention
in glioma patients, a:....4gh it has been difficult to prove that this option offers
significant improvement in survival over biopsy alene. Nevertheless, a logica)
argument can be made for debulking as a means of providing some intracranial space
to perhaps delay the onset of mass effect and facilitate tolerance to radiotherapy. in
most cases, a subtotal resection is the most that can be performed owing to the highly
infiltrative nature of high-grade gliomas. f lesions are well-localized, surgically
accessible and low-grade, total resection of the tumour can be attempted. There is

some data showing improved survival in this subgroup of tumours31.



68

Radiotherapy

Five basic -trategies have been utilized o administer radiotherapy to glioma

patients - 1) external-beam radiation - y- or heavy-particle; 2) external-beam therapy in
hyperfractionated doses; 3) external-beam therapy with radiosensitizers, including the
use of neutron capture effects; 4) interstitial brachytherapy and 5) photoradiation
therapy.

In 1969, a postoperative propective randomized clinical trial was performed
by the United States Brain Tumour Study Group (BTSG) on 222 atients, 90% of
whom harboured a glioblastoma multiforme, the rest having anaplastic
a .;trocytomas4s5. This study was carried out to e+ luate whole-brain radictherapy
(170-200 rads/day for 5 days/week to a total of 500U-6000 rads) versus i)
cheimotherapy /BCNU) alone; ii) radiotherapy pius chemotherapy and iii) supportive
care. Patients receiving postoperative supportive care survived 14 weeks (inedian
post-surgical survival); chemotherapy (BCNU) - 19 weeks; radiotherapy - 36 weeks
and radiotherapy plus BCNU - 35 weeks. This data showed that radiotherapy was
indeed an effective adjunct to surgery for malignant gliomas4.

Subsequent studies, performed by Fulton et al.82, have shown that
increasing the number of doses per day (one versus three/day) and shortening the
total treatment time (4 1/2 versus 6 weeks), again with a total dose of approximately
6000 rads, produced a significantly lengthened survival time (59 weeks for
hyperfractionation versus 29 weeks for conventional (once/day) fractionation. Fulton
et al.82 also used misonidazole as a putative radiosensitizing agent in one arm of the
same study. Misonidazole was found to be no more effective than radiation alone

when median survival times were compared.



Interstitial brachytherapy, ie. the implantation, on a chronic basis, of
high-activity radioactive sources within the resection cavity of a glioma, is usually

restricted to tumour recurrences. Although a number of radionuclides have been tried

eg. 19840, 192183 it is 1251 with low-E Y-emissions that appears best suited for
recurrent tumour therapy. 1251 permits a high turnour dose to be given with minimal
-rradiation to surrounding brain. Tumour doses of up to 12,000 rad have been well
tolerated in the short-term84. Some patients, however, have experienced a sudden
deterioration in neurological status after brachytherapy, due to radiation-induced
ncerosis with concornitant edema - a condition very difficult to distinguish from
tumour growth using non-invasive teciniques. In general, patients receiving
brachytherapy tend to have longer survival times than nen-rreated patients (one study
with 41 patients having a median survival of 35 weeks after recurrence of
glioblastoma, compared to control - 27 weeks)83. One basic obstacle, however, to be
overcome by any form of radiotherapy, i« the radioresistance of glioma cells.
Although no large-scale randomized, prospective trial of interstitial brachytherapy has
been performed, results of preliminary siudies look encouraging.

Photoradiation therapy has been attempted in a number of centres, the first
trials being performed in 198086-88, Photoradiation therapy relies on the instillation
of a photoreactive compound which ideally is selectively taken up by brain tumours
alone and effects cell kill. The light of the appropriate wavelength activates the
compound within the cell, causing multiple destructive interactions with the cell
membrane, cytoplasm and nucleus89. Although enough data has been collected to
prove that this technique is capable of tumour cell destruction, in-vivo results have
been equivocal90. Problems to overcome include lack of enough specificity to control
destruction of normai tissue, penetration of light to the depths needed to eradicate

tumour?1, suboptimal laser light sources which need to be adjusted to

oY
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maximize cell kill while minimizing tissuc heating and development of photoreactive

drugs activated at the longer wavelengths needed to achieve greater tissue penetration.

Chemotherapy

Chemotherapeutic interventica in malignant gliomas has involved trials of
many different drugs including many members of the nitrosourea family of
compounds (BCNU92:93, MeCCNU94, PCNU93, AZ:NU96), procarbazine?3-97,
hydroxyurea98, dianhydrogalactic0199, etoposideloo, VM-26101, bleomycinlo:Z
and cis-platin 103, Results with these drugs, alone or in combination, have been, in
general, disappointing. Most studies huva produced equivocal resulis, due mainly to
cither their ireffectiveness or intoleranc. of patients to side effects.

Tumour cell defense mechanisms may play a decisive role in this resistance
to drug therapy. One mechanism is the presence of enzymes which can repair damage
to DNA produced by the various types of chemotherapeutic agents. An example of
this type of repair is mediated through the methylreductase (Mer) enzyme, repairing
nitrosourea-caused DNA methylations. Not all tumours have this enzyme104. One
possible solution to this type of resistance is to screen tumours for the presence of
this enzyme and to treat patients in whom the enzyme is found lacking.

Another mechanism for drug resistance is the presence of the P-glycoprotein
molecular pump which ejects certain drugs eg. anthracyclines, from the cell as fast as
they enter it. It has been shown that radiotherapy increases the proportion of cells
producing P-gi;-xcoprotcinw5. One solution to this def-cse mechanism appears to be
the administration of calcium channel-blockers such as verapamil, nifedipine, along
with the chemotherapeutic agent. Calcium channel-blockers have been shown to

block the aztion of this tumour drug pump106. Although major efforts in



chemotherapy research for malignant gliomas continues, it seems fair to conclude that
more work is required to bring chemotherapy into the mainstream of glioma

treatment.

Immunotherapy

Use of the patient's own immune system to combat tumours
(immunotherapy) has been a concept that has intrigued investigators for several
A~~qes, Numerous attempts that have been made to achieve this goal have been

/ith disappointments. This has been, at least in part, due to the nature of the

. . .mmune system in patients harbouring gliomas. Specifically, depressed B and T
cell responses have been demonstrated in these patientslm, with decreased T-cell
counts and lower IgM leve:s consistently seen. Anergy in glioma patients has been
shown to be roughly proportional to the tumour grudcl()s. In addition, glioma cells
seem to have developed numerous mechanisms to enable escape from T-ceil mediated
damage. These mechanisms include : 1) defective tumour immaunogenicity; 2)
protection provided by an extracellular mucopolysaccharide coat and 3) production of
immunosuppressive molecules109.

Immunotherapy can be classified into: 1) active specific immunotherapy
(vaccines); 2) cellular immunotherapy and 3) molecular immunotherapy (MAbs).
Active specific immunotherapy was the first immunotherapeutic modality
attemptedlm. Howeve:, all attempts to-date have not been successful, perhzps due to
failure at disarming tumour-protective mechanisms.Cellular immunotherapy has also
been considered as an immunotherapeutic option for many years. The latest attempt at
cellular immunotherapy has been the intracavitary instillation of lymphokine-activated
killer (LAK) cells along with recombinant interleukin-2 (rIL-2). In summary,
autologous peripheral blood lymphocytes are exposed to rIL-2 (in-vitro)110. then
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re-infused or placed back into a surgical resection cavity where LLAK-mediated killing
is purported to take placel 11-113, Although some tumours do regress, most do so
only temporarily. This form of immunotherapy is also dependent on a continuous
maintenance supply of IL-2. Most studies have reported disappointing
results.111-113

Tumour-infiltrating lymphocytes (TIL's) are also being studied for tumour
kill efficacy. TIL's, which are harvested directly from the patient's tumours have
been shown to produce more specific and more potent cell kill in-vitrol 14, However,
one major drawback is the acquisitios +# sufficient numbers of TIL's to effect
treatment. Research in this field con . : . al*hough it is still too early to predict the
efficacy of this approach.

Successful treatment of human gliomas may ultimately necessitate a
multimodal approach combining surgery, radio- and chemotherapy as well as
immunotherapeutic modalities. However, more work is needed to understand the

basic biology of these tumours and the defense mechanisms they utilize.

Application of Monoclonal Antibodies to the Management of Tumours.
Ability to produce large quantities of monoclonal antibodies, through a
process developed by Kohler and Milstein in 1975366, has made a tremendous
impact on the feasibility of using immune-derived targetting molecules to localize and
precisely deliver exogenous substances having the potential to detect or significantly
alter the growth pattern of tumours. Numerous reviews have been
performed367’377 on strategies that could be employed and both the technical and
tumour-derived obstacles that need to be overcome to achieve specific tumour

targetting. Therefore, this overview will focus un constraints to which this
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methodology must adhere, characteristics of both the tumour-associated antigen as
well as the antibody-ligand complex, that could yield potential advantages or
disadvantages in in-vivo efficacy.

Most tumour-associated antigens accessible to monoclonal antibodies
are proteins, glycoproteins or glycolipids. There are many important characteristics
that any tumour-associated antigen (TAA) must have to provide for in-vivo antibody
binding in a high enough concentration to achieve adequate visualization or
efficacious cell kill. These can be divided into three groups : 1) Level of Antigen
Expression; 2) Degree of Antigen Movement and 3) Antigen Accessibility.

The level of expression of any chosen tumour-associated antigen must first
be significantly greater on tumour cells than on surrounding normal cels. In addition,
the absolute number of TAA molecules must be large enough such that the probability
of antibody binding to any individual cell is maximized.

Studies by Schlom and others367 have revealed that the level of TAA
expression is remarkably heterogeneous. This heterogeneity can be temporally and/or
spatially dependent. Specifically, only some tumours in a given category will express
a particular TAA. Moreover, only some cells in a given tumour will express a
particular TAA - in some instances, with a pattern that observers have noted to be
reminiscent with that of a "patchwork quilt"368. In other cases patterns are
determined by tumour depth, oxygenation states and a multitude of other
aniatomically-based variables. In many cases, these cells also express this particular
TAA only some of the time, modulating their expression in accordance with cell cycle
stages369. Prior treatment with standard radio-/chemotherapy or even surgery could
modulate expression of these TAA's as well, although this potential complication has

received minimal investigation so far.



Adaptations to these constraints on antigen expression levels include the
selection of 2 TAA shown to be present at high concentrations as well as at levels

highcr than for normal tissue. Antigen selection can also be restricted to those TAA's

shown to undergo limited modulation. The use of 3~ and ‘y-interferon has been
shown to upregulate expression of selected TAA's370,371 Radiotherapy (low doses
continuously over a long period of time) as well as the use of some drugs, €.g.
adriamycin, in some tumours, have been shown to shift cells into cell cycle stages G2
and M372, a point at which a TAA may be ; ceferentially e; -essed.

The mobility of a TAA, due to pher.si=.2a such as ir::2ralization, capping or
shedding can affect the target antigen. Internal:zauon of antigen, especially when
bound to antibody, can be beneficial and even essential in the case of some
drug-linked antibodies that rely on this <ffect to achieve cell kill. On the other hand, a
capped or shed antigen could prove to be a great liability if bound to antibody with the
subsequent movement of the entire antigen-antibody complex into the bloodstream.

Degree of accessibility of a TAA depends on many ractors, some of which
are related to the structure of the TAA and some dependent on the architecture, both
microscopic and macroscopic, of the tumour itself. TAA structural characteristics that
may hinder accessibility inciude steric hindrance from neighbouring molecules on the
cell surface or may be due to thi moleculs's own conformational changes while
positioned within the membrane.

Tumour-related variables include size of the tumour (smaller tumours are
easier to penetrate), necrotic areas, as well as size, distribution and concentration of
vasculature. There can also be a blood-tumour barrier, formed as a result of the

attachment of antibody to the periphery of the tumour, thus blocking the infiltration
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routes for subsequent therapeutic molecules. Intensity of fibrotic reactions and, of
particular importance to gliomas, tumour-mediated breakdown of naturally-occurring
barriers such as the blood-brain barrier, can also influence accessibility of TAA's to
targetting MADb's. Solutions proposed to increase antibody accessibility to TAA's
include: 1) local instillation of antibodies; 2) use of lower-affinity antibodies to reduce
the blood-tumour barrier ; 3) the use of hyperosmotic diuretics, such 4s mannitol to
attempt to increase blood-brain parrier permeability; and 4) radiation rretreatnient.

Constraints determined by the antibody-ligand complex car be grouped into :
1) monoclonal antibody pharmacokinetics; 2, antibody-ligand stabiiity- = st
responses and 4) antibody preparation.

To maximize visualization as well as potential therapeutic efficacy, the
antibody has to be 1nade in such a fashion as to maximize its on-site dwell time ie.
penetration of natural and/or tumour-induced barriers. This is usually accom;lished
by adjusting the size of the antibody while mai-taining antigen spe:ificity or by the
use of mechanical means to open up harriers. Use of MAb fragments such as F(ab)
and F(ab)) has assisted investigators in this endeavour. In one study373, human
glioma xenografts in nude mice were treated with Mel-14 (anti—chondroitin) MAD in
three different forms : whole IgG, F(ab)7 and F(ab) fragments. MAb was
administered intravenously. It was observed that antibody penetration of the

blood-brain barrier was enhanced with the F(ab)) fragment. Although the F(ab)

fragment produced better penetration, TAA specificity was markedly reduced.
Anthody-ligand s:ability is critical to immunoconjugate administration. The
chelate must be as resistant as possible to: i) enzymatic degradation until bound or

internalized within the cell; ii) degradation because of properties of the ligand itself
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e.g. ligand radiolysis. The chelate must also not interfere with the ability of the MAb
to bind to its target. The last two criteria can be screened prior to in-vivo
administration while the first can only be eliminated using animal or clinical trials.

Most MAb's are produced from hybridomas derived in whole or in part from
mouse cells. As a result, introduction of MAb's from such a source into humans
produces a host immune response - a human anti-mouse antibody (HAMA), the
MADb being treated as a foreign antigen374,375, This makes the tikelihood of side
effects with repeat MADb injections quite high. There have been two methodologies
developed to try to minimize this response. The first approach, using
immunosuppressants (eg. corticosteroids, cyclophosphamide) has met with only
limited success207. The second approach has been to use genetic engineering to
"humanize" the murine-derived MAb376, Humanization involves taking the genetic
sequence of the murine MAb, determining the critical (antibody-bindir<)) regions and
linking this partial sequence with the gene sequence of a human MAD of the same
isotype (minus the critical sequence). This gene fusion is then inserted into a recipient
cell "factory", usually E. coli, where the fusion protein can be produced in large
quantities. Murine variable regions have been transferred in this fashion into human
antibodies, resulting in a TAA-specific murine-derived antibody that can be up to
98% human. This chimeric MAb minimizes the HAMA response because very few
foreign antigenic epitopes are present to be recognized by host Bor T lymphocytes.

Elimination of contaminants such as pyrogens, viruses, bacteria and
extraneous protein must be performed with as much stringency as possible. The
consequences include side effects of MAb administration resulted in increased
morbidity and/or mortality.

The choice of ligand in immunoconjugate constraints depends on diagnostic
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or therapeutic strategy. In immunolocalization, the choice is usually radionuclide well

visualized using a vy -camera. Recent choices for such radioimmunoscintigraphic

studies include 1317, 1111p, 99mT¢ and 67Ga. For immunotherapy, recent
experiments have been performed377-37" with B-emitters such as 131, 90y, 67¢y,

186Re and o-emi. ‘ers such as 21 1At and 212p;,

One advantage of radicimmunotherapy (RIT) over chemoimmunotherapy is
the lack of having to bind to each cell - RIT being able to kill, in some cases, 50 or
more cel: diameters from the bindin g site of the immunoconjugate377. Usfortunately,
however. gliomas are known to be notoriously radioresistant. Perhaps MAb
"cocktai’. of combined RIT and drug-linked MAb's may eventually be successful.
Although specific immunotherapy is still in its infancy, the possibility of inducing a
tumour-specific résponse from the host imruune system, may make it the most

promising therapeutic modality.

n-Vivo Localization of Monoclonal Antibodies to
-intigens associated with Intacranial Tumours,

The first recorded attempt of in-vivo administration of radiolabelled antibody
(heteroantiserum) to a brain tumour-associated antigen was performed by Day et al. in
1965380, although 1311-1abelled human serum albumin had been successfully
visualized after accumulation by a human glioma in a study done as early as 1951381,
Since that time, a variety of studies have been performed on the biodistribution and
pharmacokinetics of a number of putative glioma-specific MAb's, administered both
intravenously382 as well as intrathecally/intraventricularly383, Most in-vivo work
has been performed on human glioma xenografts implanted into an animal model,

such as the nude mouse. Studies have also been performed on monkeys to assess



ncrmal brain permeability of MAb's384,

The glioma-associated antigens targetted thus far with MAb's are either

membrane-associated proteins (tenascin/81C6 MADb; ferritin/anti-ferritin MAb's

(many); epidermal growth factor receptor/ a-EGFR MAD), glycoproteins (p97/ p96.5
MAD), proteoglycans (chondroitin sulfate/ Mel-14 MAD) fetal-brain antigens (UJ 13A

antigen/ UJ 13A MAD) or as-yet uncharacterized tumour antigens (cervical CA

antigen/ CLN-IgG MAD) (see review - pg.13). The 81C6, a-EGFR, p96.5 and
Mel-14 MADb's have been shown to specifically localize to human glioma xenografts
in nude mice. 1311-labelled 81C6 and Mel-14 MAb's have also been shown to cause
significant tumour growth delays in intracrebrally-implanted tumours grown in the
nude mouse model using the D-54 MG human glioblastoma cell line373,384,
Furthermore, tumour regression has been shown to occur following administration of
90y -1abelled p96.5 MAD in subcutaneous xenografts of the U-251 glioma cell line
with the intravenous administration route used above372,

Lack of a large animal model thus far has precluded studies of the
biodistribution, pharmacokinetics and efficacy of intrathecally-administered MADb's.
Patients diagnosed with neoplastic meningitis were selected for treatment with one of
a panel of MAb's by Coakham et al.385 - these patients having previously failed on
conventional therapy. Selection of the MADb treatment was performed by first
screening CSF-borne tumour cells with a panel of MAb's. Each of the five patients in
this study harboured a different primary tumour, only two of which were
CNS-derived. After treatment with up to 45 mCi of 1311, improvement was noted in
all cases, excepting a patient with teratoma who died within 6 months of treatment. In
fact, one patient harbouring a pineocytoma achieved a remission lasting at least 22

months,
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At last report, 15 such patients had undergone intrathecal therapy using one
of a panel of MAb's, with 1311 doses of up to 60mCi. Improvement was seen in
63% of patients, with three patients exhibiting myelosuppression and two patients
developing seizures at the 60mCi dose386. The biological availability of specific
intravenously- administered MAb was <0.005% of injected dose (UJ13A-glioma).

Biological t1;p was biexponential with a rapid clearance (t1 /2 = 1.8 hrs) followed by

a slower loss (t]/ = 53 hrs.) from blood382, Clearance of intrathecally-administered
antibody ranged from 15 to 42 hrs from the CSF (4 patients), 70 to 92 hrs from the
blood (5 paticnts)385. Tumour clearance for the UJ181.4 MAD for the pineblastoma
has been measured to be between 150 to 250 hours (one patient)383. Recently, Brady

et al.387 has used a 131]-labelled -EGFR MAD in the treatment of 14 patients
harbouring malignant gliomas. Of these patients, a response was seen in 8/14 cases.
More experience is needed with MADb's of a variety of different
antigen-binding specificities, isotypes and ligands to substantiate the efficacy of this
treament modality. However, the innate advantage of increased dose delivery to
tumour when using the intrathecal route of administration for glioma-specific MAb's

may result in enhanced survival rates.
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CHAPTER II - DEVELOPMENT OF A LARGE-ANIMAL MODEL OF
HUMAN GLIOMA IN IMMUNOSUPPRESED CATS

INTRODUCTION

Primary central nervous system neoplasms constitute approximately 10% of
all cancei-related admissions to hospital and represent the cause for approximately 1%
of all human mortality in North Americal. Eighty percent of these primary tumours
involve the brain and fully one-half of these tumours are gliomatous in nature. The
more malignant types (malignant astrocytoma and glioblastoma multiforme) are
clinically characterized by a rapidly progressive debilitating course with a uniformiy
fatal outcome. Current therapy consists of surgical biopsy and/or extirpation,
followed by post-operative irradiation and chemotherapyz. Despite this combined
therapeutic assault, median survival rates have only marginally increased3.

It is the non-surgical (ie. chemo- or radiotherapy) modalities that hold
greatest therapeutic promise; however, largely due to the lack of an intracranial CNS
tumour model that faithfully reproduces human glioma behaviour, conclusive animal
studies directed at specific glioma treatment strategies have not been possible.
Furthermore, little .ntratreatment data on growth rate parameters has been acquired
from experimental intracranially-placed tumours, further reducing the ability to
adequately characterize existing tumour models.

In the experiments reported here, we have observed the reproducible
intracerebral growth of the D-54MG human glioblastoma cell line as well as the
TEG671 rhabdomyosarcoma cell line using orally-administered CyA. In addition, we
have grown both tumour types in subcutaneous locations allowing for studies

comparing the effect of the peritumour environment on tumour growth characteristics.
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MATERIALS AND METHODS
Karyotyping

Karyotyping was performed to substantiate the similarity of the genotypic
characteristics of the D-54 MG cell line as compared to previously published
reports%3. 0.15ml Colcemid was added to a T-25 flask of D-54 MG cells - passage
66, and incubated x 3hrs at 37 C. 2ml of 0.25% trypsin in Hank's BSS was added.
Suspension was placed, with washes from the flask and 2ml of DMEM with 10%
FCS, into a centrifuge tube. After centrifugation (1000rpm x 10min.), hypotonic
solution was added to supernatant which was then placed in a 37 C water bath x
17min. The mixture was fixed with methanol/acetic acid and left overnight at 4 C,
The solution was spun and refixed thrice. 4-5 drops of fixed suspension were then
dropped onto a cold, wet slide which was left overnight at 60 C. Slides were
trypsinized for 15sec., rinsed in 70% and 100% ethanol then quickly dried. Giemsa
stain {PH 6.8) was applied for 3min. and thereafter the slides were rinsed twice,

dried, and made ready for examination.

Pharmacokinetic study

Three random-bred cats were sedated with Ketamine IM (Parke Davis,
Morris Plains, New Jersey) (20mg/kg) and catheterized via the internal jugular vein.
Cats were given 60mg CyA PO pre-sedation. Intravenous blood samples were taken

att=0,1,2,3,5,7,10, 12, 24, 36 and 48 hours. An exponential curve -fitting
analysis program was utilized to determine the t1 /3 of orally-administered CyA in

cats.



Animals and CyA Treatment Protocol

Twenty random-bred male cats, weighing 3.5 - 5 kg. were quarantined for
21 days after receipt. All animals tested negative for Feline Leukemia virus and given
no immunization. Animals were fed ad libitum. Cyclosporin A (courtesy Sandoz
Canada Inc.) was administered as SandimmuneR oral solution (Cyclosporin A
100mg/ml in Labrafil/olive oil.This solution was then transferred into
commercially-available emptied cod-liver oil capsules (2 sizes-approx. 0.45 and
0.9ml) into which 0.4ml (40mg) and 0.8ml (80mg) of CyA solution was placed,
respectively. Aficr quarantine, cats were placed into one of four treatment groups : 1)
80mg CyA in 2 divided doses PO-starting 24 hours pre-implaht (6 cats); 2) 120mg
CyA in 2 divided doses (80mgqAM + 40mgqPM) PO-starting 24 hours pre-implant
(5 cats); 3) 120mg CyA PO in 2 divided doses, starting 2 10 days pre-implant (6
cats); 4)120mg placebo solution (olive oil carrier solution for oral preparation -
courtesy Sandoz Canada Inc.) in 2 divided doses, starting 10 days pre-implant) (3
cats). An additional 8 cats were split into the following three groups: 1)
Intracerebrally implanted TE671 human rhabdomyosarcoma (80mg CyA in 2 divided
doses PO-24 hours pre-implant) - 2 animals; 2) Subcutaneously implanted TE671
(80mg CyA in 2 divided doses PO-24 hours pre-implant) - 2 animals; 3)
Subcutaneously implanted D-54 MG (same as above) - 4 cats. All animals receiving
CyA underwent weekly blood tests to monitor liver function (SGOT, SGPT, Alk.
Phos., Total Protein, silirubin, Calcium and Magnesium), kidney function (BUN,
Creatinine), and hematological function (Hemoglobin, Hematocrit, Complete blood
count with differential). In addition, the 6 cats receiving 120mg PO CyA/day starting
10 days pre-implant had CyA trough levels drawn at days 10 and 17.
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Tumour Implantation

D-54 MG human glioblastoma-derived continuous cell line and TE671
human rhabdomyosarcoma (both cell lines - courtesy Dr. D. Bigner - Duke
University) were used in all implants. Both were cultured in RPMI 1640 with 10%
fetal calf serum and antibiotics (Penicillin/Streptomycin). Passages 66 through 70 of
D-54 MG were used in intracerebral and subcutaneous implants. Passages 218
through 220 of TE671 were also used for implantation. After an overnight fast,
animals were anaesthetized with Saffan (Alphaxalone-Alphadolone - courtesy Glaxo
Ltd.) using an induction dose of 0.75ml/kg. (9mg. Alphaxalone and 3mg
Alphadolone per ml. solution injected over a 1 minute period). The animals were
intubated and the cephalic vein catheterized using a 20-gauge intravenous catheter.
The animals were subsequently maintained on doses of 0.5ml titrated to respiratory
rate and corneal reflex elicitation. Their heads were shaved, positioned in a stereotaxic
head holder and cleansed with povodine-iodine solution. A 2.5cm. midline scalp
incision was made. Two Smm diameter burr holes were placed, one on each side of
midline, Smm. posterior to the coronal suture.

D-54 MG cells (1 X 107 cells), previously trypsinized and pelleted by gentle
centrifugation (1000 rpm x 5 min.) and then mixed in equal volumes with 1% methyl
cellulose in RPMI 1640, were inoculated in a 100 pl. volume, Smm deep to dura,
into each burr hole, through a Hamilton syringe fitted with a 22-gauge needle overa 3
min. period. Cells were implanted bilaterally to increase the tumour take rate/ animal.
Delay time between inoculations was 5 min. Cells were allowed to spill out subpially
over the cortical surface. Both burr holes were sealed with bone wax and the incision
closed with interrupted sutures. Cats were then monitored twice daily for tumour- or

CyA-related signs and sacrificed, after NMR imaging, when signs of neurologic



deterioration appeared. Animals not spontaneously presenting with signs were

sacrificed 82 days post-implant.

Histopathological examination

Cat brains were removed within 2 hours after sacrifice and gross
morphological characteristics were noted. Brains were fixed in 10% formaldehyde for
2 24 hours, then cut in coronal sections. The sections were paraffin-embedded and
cut into 8y serial slices which were then stained with hematoxylin and eosin. They
were then examined for tumour presence and dimensions, cellular morphology as
well as extent of iymphocytic infiltration. Statistical analysis was performed using the
Chi-square test with the Yates continuity correction for small sample sizes. P < 0.05

was considered stastistically significant.

NMR Imaging

A single-slice, multi-echo experiment was performed on cats at least 21 days
after implantation using a 2.35 T Bruker 40-cm bore magnet. An air-tight animal
containment cylinder was constructed to prevent contamination of the surrounding

area with allergens or pathogens (see Appendix I). Eight echoes in the spin-echo
experiment were recorded with Tg = 26.5 ms. and TR = 3 s., after centering on the

position at which the greatest tumour diameter was observed. Furthermore,
Gadolinium-DTPA (Gd-DTPA) (courtesy Berlex Canada, Inc - Lachine, Quebec) - 1
cc. IV over 2 min., was administered to several additional cats (4.4-5.0 kg.),

implanted after the main studies were completed, in an attempt to increase delineation
between tumour and surrounding tissue. Tg = 26.5 ms and TR = 0.5 sec. for this

small series.
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RESULTS
Karyotyping

A determination of chromosome number was performed on 50 D-54 MG
tumour cells in culture. 70% of these cells had chromosome counts of 70 - 73
chromosomes, however some cells had fewer than 68 chromosomes and others had a
greater number, up to a maximum of 76 chromosomes (see Fig. 1). Five of these
cells taken from the mid-range of chromosome number were karyotyped and a
representative set of marker chromosomes is shown in Fig. 2. This set contains 15 of
18 marker chromosomes previously described for this tumour cell line and both the
karyotype as well as the distribution of chromosomal markers compare favourably to

previously published reports3-6.

Pharmacokinetic s.:1dy

This study was performed to ascertain the appropriate dosing schedule for
oral Cyclosporin A. The time-to-peak concentration for a 60 mg oral dose in all 3 cats
was 3 hours. A representative study is shown (Figure 3). The average half-life of

CyA in blood was determined to be 13.6 + 2.5 hrs.

Tumour implantation

Thirty-three percent (2/6) of D-54 MG tumours implanted intracerebrally
with a preparatory regime of 80 mg PO CyA/day, commencing 24 hours pre-implant,
grew into macroscopic tumours. In Group 2, with an increased dose (120 mg/day)
for an equivalent length of time (24 hours), the take rate was 60% (3/5 animals).
Group 3 animals, exposed to a high-dose (120mg) regime for an increased length of
time (2 10 days), grew tumours in 100% cases (6/6 animals) although the actual

turour take rate is only 75% (9/12 inoculations - P < 0.05). All cats in this last
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group achieved growth of right-sided implants. However, cells implanted into the left
hemisphere invariably grew into smaller tumours and in 50% (3/6) of cases did not
establish tumour nidi. A case-by-case synopsis of this last series can be found in
Table 1. None of the 3 placebo-fed cats developed tumours, on a macroscopic or
microscopic level (0/6 inoculations). The cat sacrificed earliest (due to the appearance
of signs of increased intracianial pressure), on coronal sectioning, revealed a cystic
tumour with a necrotic centre (B-1; 15 days); all other tumours had no such necrotic
focus. The 2 cats implanted intracerebrally with TE 671 rhabdomyosarcoma grew
tumours - both dying of mass effect 13 and 17 days after implantation. A low-power
H&E section of brain revealed the necrotic centre of the tumour, which, on gross
examination, was filled with a viscous red-tinged fluid.

All animals received CyA dosing from initiation of treatment until sacrifice
or death. Two cats implanted into the right flank with TE671 cells grew tumours,
which, after 28 days, averaged 1.5 - 2.0 cm. in diameter. On sectioning, these
tumours invaded v.nderlying muscle, but not overlying skin. Of the 4 cats implanted
subcutaneously with D-54 MG cells, only 1 developed a macroscopic tumour (2 cm
diam.), at 28 days post-implantation. All 4 initially developed macroscopic tumours
which had a peak diameter of approximately 3cm. at 2 weeks post-implant, but
underwent progressive diminution in size until at 4 weeks there was neither
macroscopic nor microscopic evidence of tumour tissue. All biochemical parameters
tested were within normal limits, although 2/20 (10%) and 1/20 (5%) of the animals
developed gingival hyperplasia and intussusception, respectively. The minimum CyA

12-hour trough level in Group 3 was 640 ng/ml.
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NMR Imaging

There was considerable difficulty resolvin g tumour tissue on the 1st echo of
a multi-echo NMR Image (Figure 4), but by the 2nd and especially the 3rd echo, even
with the general disappearance of signal, one could clearly delineate tumour/edema
from normal brain, although differentiation of tumour from surrounding edema still
remained a matter for speculation. Gd-DTPA markedly increased the contrast (cf. pre-
and post-injection - Figure 5) in the area in which blood-brain barrier (BBB)
breakdown occurred, which, according to previous studies’s8, represents the main

body of the tumour

Histopathological examination

On gross examination the tumours resultin g from the D-54 MG implants
were pale yellow, firm and distinguishable in texture from surrounding parenchyma.
Histologically, the neoplasms extended from the cerebrum into the subarachnoid and
subdural spaces. In some cases there was invasion into the overlying subcutis, as
well. The subdural extension was in most cases greater in the anterior-posterior plane
from the implant site, than in the lateral direction. Extensive invasion was present into
the surrounding brain. The histomorphology of the tumours was characterized by
solid sheets of polygonal cells interspersed with occasional giant cells. Mitoses were
frequent throughout (Figures 6 and 7). Some perivascular lymphocytic cuffing was
present and was associated with minimal penetration into the tumour tissue in some
cases, but was completely absent in most.

It was interesting to note that in an animal that expired 3 days after
implantation (prior to the commencement of the study) no tumour cells were present

within the injection track but there was an extensive infiltration of lymphocytes and
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fibroblasts at the site of injury. There were, however, numerous, viable D-54 MG
cells in the subarachnoid region surrounding this site, many with mitotic figures.
Differences were also seen between D-54 MG tumours grown in subcutaneous and
intracerebral sites. Whereas sheets of closely cohesive polygonal cells were observed
in intracerebrally implanted tumours, the subcutaneously implanted tumours had a
more sarcomatous appearance with whorls and haphazard arrangements of fusiform
cells as well as striated organization of cell sheets.

One cat was also implanted (pre-study) with both D-54 MG as well as TE671
cells, both of which grew into macroscopic tumours. On microscopic examination
these neoplasms showed distinct differences, with the TE 671 lesion being much
more densely populated with anaplastic, pleomorphic cells, as well as containing

multifocal areas of necrosis (Figure 8).

DISCUSSION

Numerous attempts have been made to establish a replicable model of a
human tumour in an immunocompetent large animal, going as far back as 195110,
Various methods have been utilized to overcome the response of the host immune
system to the insertion of a nidus of foreign tissue, including the use of: 1)
immune-protected areas for implantation such as cheek pouch (hamster!1) and the
anterior chamber of the eye (rabbit!2:13, amon g others14-16); 2) exogenous
immunosuppression - including total body irradiation?, antithymocyte serum?,
cyclophosphamidel7 and steroids9:18; 3) implantation of a fast-growing tumour into
a partially immunoprotected area - human choriocarcinoma in brain (monkeylg).
However, the great majority of these attempts were not successful and the remainder

proved to have limitations with respect to the size of tumour produced or
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incongruity of the host implant tissue type when compared with the site of origin of
the implanted human tumour.

The advent of Cyclosporin A20 has radically altered both the survival of
organ transplant recipient as well as the scope of studies on the rejection of grafts of
various tissue types. Cyclosporin A is a fungal metabolite which binds to
peptidyl-prolyl cis-trans isomerase (PPlase),which in turn inhibits
isomerase-dependent refolding of proteins21. This may be one mechanism necessary
for the activation of transcriptional activators includin g those involved in the
activation of lymphokine genes such as interleukin-2 (IL-2) and gamma-interferon.
Inhibition of the activation of these genes would therefore block production of these
lymphokines, necessary for T-cell activation. Use of Cyclosporin A in xenografting
human neural tissue into mammalian CNS began with Stromberg et al.22 who grafted
fetal human (6.5-8 wk) neural tissue into rat brain, achieving 100% survival of
grafted tissue at 140 days. Adams et al.4 grafted D-54 MG glioblastoma irito rat
brains with a 70-100% tumour-related mortality in 20-44 days. Our results have
shown the presence of viable D-54 MG tumours 2 - 20mm. in diameter in cat brain,
27-44 days after implantation in 100% cases. In addition, these tumours as well as
TE 671 human rhabdomyosarcoma can be grown in both subcutaneous as well as
intracerebral locations.

The D-54 MG cell line was utilized because of previous work showing it to
be the most tumourigenic giicma cell line out of 15 cell lines tested23. Male cats were
used because of the appearance of a consistent gender discrepancy in weight loss
when CyA was used in xenografted rats#. Oral administration of CyA was chosen
because of the ease with which it could be administered and the avoidance of

problems associated with the intravenous vehicle - Cremophor EL, namely



vasoconstriction and histamine release (cf. Albrechtsen et al.24). One possible
explanation of the uneven outgrowth distribution of bilaterally-implanted tumour cells
may be methodological i.e. the time delay (approx. 5 min.) between cells implanted
first into the right hemisphere, followed by the left-sided implant. Pelleting, as well
as the addition of Methocel may decrease access to the nutrients present in the
surrounding medium, perhaps contributing to cell death in-vitro pre-implantation.

The observation that tumour cells remain viable and initially grew only in the
subarachnoid space with subsequent invasion into the cerebral hemispheres
(unpublished observations) has led us to believe there may be trophic factors
conducive to tumour growth present in the cerebrospinal fluid (CSF).From these
studies,we suggest there may be three major prerequisites for successful growth of
human tumours in the mammalian CNS (cf. Bjorklund et al25):;

1) Adequate number of viable tumourigenic cells;

2) Adequate level of immunosuppression present for a long enough period

of time prior to transplantation;

3) Immediate access to a nutrient supply (eg. CSF), pending the

establishment of a permanent blood supply.

Whether or not xenografted tumours are capable of withstanding host cell
mediated immune responses after withdrawal of exogenous immunosuppression also
awaits studies in progress.

The large animal human glioma model presents several potential advantages
over the currently used athymic mouse/rat model. These include: 1) larger cranial
vault volume allowing for increased initial tumour cell implant volume and increased
size of resultant tumour; 2) high tolerance of oral Cyclosporin A and relative paucity

of significant side effects; 3) facilitated visualization of a) in-vivo serial NMR images
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monitoring tumour growth and b) in-vivo radioimmunoscintigraphic studies utilizing

tumour-specific monoclonal antibodies. To s 1e use of a large animal
model of human glioma confers the ability to « ve 1ited range of
administration routes (eg. intrathecal/intr....in- . . parenteral) and in vivo testing

modalities, both invasive and non-invasive, that con be brought to bear in a study of
brain tumour therapy. This may facilitate the development and ease the subsequent

evaluation of innovative and efficacious approaches to this as yet incurable condition.
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Figure II - 1. Karyotype Distribution of 50 metaphases from the D-54 MG cell
line (passage 66).
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Tumour Dimensions

Cat Time unt)] CyA Dose B.W Trough [CyA]
Numbear Secrifice 7 Hmg/h e 10,17d|  (A/P x lat. x depth)
A-143 38deys | 120mg/d | 46kg | 2.24; 3.10 . :g"‘g’l‘_ﬁv’:‘t’:
A-162 27 doys 120mg/d | 4. 2.95; 2.42 R - 5x3x2 mm
Y I 4.3kg L - no growth
B-1 1Sdays | 120mg/d | 4skg | 0.75;0.64 R ;:;Ezggzm
R - 20%10%5 mm(cystic
B-14 a4doys | 120mg/d| 38kg | 0.93;291 N 20k 10%3 mm(ey
R - 20X10X5 mm
B-2 38 days 120 mg/d | 4.1kg | 2.93;4.60 L - 20X10x1 mm
R -20x10X12 mm
B-30 41 days 120 mg/d| 4.1kg| 0.94;1.45 L - 3x5%2 mm

Table I - 1. An analysis of the 6 cats receiving 120 mg/d CyA, starting > 10 days
pre-implant (i.c. and s.c. indicate intracerebral and subcutaneous, respectively)
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D-54 MG MARKER CHROMOSOMES
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Figure II - 2. Marker chromosomes found in a representative
D-54 MG cell (grown in tissue culture). Roman numerals
indicate chromosomes previously assigned (ref. 4). DM indicates
double minute. 'frag' indicates unassigned chromosomal
fragment.
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[CyA] (mgi)

Figure I - 3. Representative time course of blood [CyA] values after administration of
60 mg. of CyA dissolved in olive-oil carrier solution. Analysis performed using
HPLC on samples of whole blood.
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Figure II - 4. Six coronal NMR images of cat brain (B-116). Images
a) - f) represent echoes 1, 2, 3, 5, 7, 8 of a multi-spin-ccho
T2-weighted (TE = 26.5 ms., TR = 3 sec) sequence.
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Figure II - 5. Four coronal NMR images of cat brain (B-116) with
a single right-sided D-54 MG implant taken pre- (mage a)) and 2,
5 and 10 minutes post-Gd-DTPA contrast enhancement (Images
b) - d)). Imaging parameters include: TE = 26.5 ms., TR = 0.6 sec.
(1st echo shown in each case).



Figure II - 6. Photomicrograph of D-54 MG glioblastoma
multiforme implanted into cat brain showing interface between
tumour and brain. H&E stain (X 115).

Figure II - 7. High-power photomicrograph of Figure II - 6.
H&E stain (X 620).

wh
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Figure II - 8. Whole-mount coronal section of cat brain taken 70
days after being implanted with D-54 MG (solid arrow) and 13 days
after TE671 implantation (open arrow). Preparatory regime of 80
mg/d CyA PO, commenced 24 hrs. pre-implant. H&E stain.



CHAPTER III - REGULATION OF EXTRACELLULAR
SUBSTRATE LEVELS BY D-54 MG HUMAN GLIOBLASTOMA
CELL LINE

INTRODUCTION

Glucose and glutamine represent the two main substrates used by the central
nervous system to drive the metabolic pathways used in energy production and
neurotransmitter synthesis. Glucose is metabolized through four pathways upon
entering a neuron or glial cell - 1) Glycolysis, producing pyruvate and lactate with
concomitant controlled energy release; 2) Kreb's cycle/Cytochrome chain, pyruvate
undergoing degre-ation to COy and H0; 3) Hexose monophosphate shunt,
producing purines and pyrimidines for nucleic acid synthesis (minor); and 4)
Glycogenesis, producing glycogen (minox). For its part, glutamine takes part in
energy subs_trate synthesis through its conversion to glutamate, which enters the
kich's cycle after its metabolism, both through deamination (glutamine

dehydrogenase - GDH) and transamination (aspartate aminotransferase - AAT) to

t-ketoglutarate. Glutamate also serves as a precursor for neurotransmitter synthesis
as well as itself being the major amino acid neurotransmitter found in the CNS.
Human glioma cells in-vitro have been shown to exhibit activity along most of
these metabolic pathways. However, a major difference with respect to normal glial
metabolism is the different priorides assigned to and therefore the altered flux of
substrate input through these routes. Malignant gliomas, for the most part seem to
subscribe to the energy production strategy of "aerobic glycolysis" , first proposed by

O. Warburg in 19301, who described an increased flux through the glycolytic



pathways, with accompanying high lactate levels, even in the presence of an adequate
supply of oxygen. It has also been demonstrated that glutamine uptake and
metabolism is substantially different from that observed in normal gliaz.

1H-NMR spectroscopy possesses the ability to determine the concentrations of

various metabolically-active substances, both in-vitro3 and more recently, in-vivo®5,

However, the precision with which estimates of those concentrations are made in
complex biological solutions eg. blood, cell culture medium, has not been well
studied.
Therefore, the purpose of the present study is three-fold:
1) A comparative analysis of the chemosensitivity of the D-54 MG human
glioblastoma-derived cell line to three drugs - a) Methy! prednisolone;
b) BCNU- a nitrosourea derivative widely used i the chemotherapy of
malignant glioma and c) Daunomycin - an anthracycline derivative.
2) A determination of the relative fluxes of a variety of metabolically
-active substrates, including such NMR-visible ones as lactate,
glutamine, glutamate and alanine, between D-54 MG cells and the
surrounding culture medium.
3) A comparison of the errors that accrue in the determination of
concentration, in in-vitro IH-NMR spectroscopy and other more
commonly used techniques suct & “igh-pressure liquid chromatography

(HPLC) and analyses done with 2nzymatic techniques.

156
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METHODS AND MATERIALS
Colony-Formation Assay

D-54MG human glioblastoma-derived continuous cell line (passage number 70
- courtesy Dr. D. Bigner, Duke University) was grown to approximately 80%
confluence in monolayer culture using 60 mm. diameter Falcon culture-plates
(optimal medium volume - 5ml) containing RPMI 1640 (Grand Island Biological
Co., Grand Island, NY) supplemented with 10% heat-inactivated fetal calf serum,
20mM N-2-hydroxyethyl- piperazine-N-2-ethanesulfonic acid buffer (HEPES),
1001U/ml Penicillin, 100 mg/ml Streptomycin, 2.5 mg/ml Fungizone, ImM sodium
pyruvate and 2mM L-glutamine. Plates were incubated in 5% CO» at 379C. For

chemosensitivity experiments, D-54 MG cells were mechanically harvested with a
Pasteur pipette, washed with PBS, and resuspended in the same medium at a
concentration of 5 x 105 cells/ml (as counted by hemocytometer). Cells were then
plated in quadruplicate at concentrations of 100, 500 and 1,000 cells/plate and left to
equilibrate overnight before addition of drug. All drug solutions were freshly
prepared on the day of their administ:ation. 1,3 - bis (2-chlorethyl)-1-nitrosourea
(BCNU) was dissolved in 3 ml sterile absolute ethanol and 27ml of sterile PBS,
providing a stock solution at 3.33 mg/ml. Dilutions were made and the drug was
administered in doses of 20, 40, 60, 80 and 100 mM, resulting in 12 plates/dose.
Methylprednisolone was similarly administered in doses of 20, 40, 60, 80, 100 mM
after dilution of 40mg/ml stock solution (Mix-o-Vial). 10mg Daunomycin HCI
crystalline solid (Sigma) was mixed in a glass volumetric flask with 100mi sterile
PBS, providing a 100ug/ml stock solution, from which final doses of 1,5,10,15
and 20 pg/ml were administered to the cells in-vitro upon mixing with culture

medium. All cells underwent drug treatment for 2 hours. Solutions were then gently
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removed, plates rinsed twice with PBS, then incubated for 7 days in the original
medium. Subsequently the number of colonies ( >50 cells) on each plate was
counted using an inverted microscope (Bausch and Lomb - Rochester, NY) after

fixing and staining with 70% isopropyl alcohol and methylene blue.

Cell Culture Procedures for Metabolic Assays

D-54 MG cells were grown to confluence (approx. 1x107 cells/plate) in
150mm diameter Petri plates in culture medium described above. At confluence,
medium was replaced with 43.0 ml fresh medium. BCNU and Daunomycin stock
solutions were made up as previou-ly described, on the day of their administration.
There were 4 experimental groups : 1) Media control (no cells, no treatment; 2) Cell
control (confluent cells, no treatment); 3) BCNU and 4) Daunomycin, each done in
triplicate. 1.5ml of media was removed from each plate at time 0, 0.5, 1, 2, 3, 4.5, 6,
7.5, 9,12, 24 and 36 hrs. Immediately after t = 1hr., 1ml of drug solution was added
to the 38.5ml. medium remaining to attain a final drug concentration of 100 mM -
BCNU and 50 pg/ml - Daunomycin, which was left for the remainder of the
experiment.

After the 1.5ml sample was removed, it was split 3 ways - 450yl from 2 of the
3 plates fort =0, 1, 3, 6, 12 and 24 hours was placed in an Eppendorf tube to which
15mg of sulfosalicylic acid was added to lower pH. This solution was centrifuged at
16,000g in an Eppendorf centrifuge (model #5145) x 10min. The supzrnatant v/as
removed, filtered through a 0.22um syringe filter, pH determined to be less than or
equal to 2.0, and stored at -700C awaiting amino acid analysis. 200ul was taken from
each of the 3 plates sampled at all time points in the experiment and stored in glass

tubes containing sodium fluoride and potassium oxalate at -70°C to undergo
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enzymatic analysis for lactate. S00uI was taken from 2 of the 3 plates at all time
pc 3(t=0,05,1,2,3,45,6,7.5,9, 12, 24, 36 hours), placed in an Eppendorf
tube and stored at -709C for NMR analysis.

Preliminary experiments done with standard solutions of lactate and amino acids

ensured that no loss of metabolites occurred during processing and storage.

HPLC An:*5is - Amino Acids

25ul of filtrate was diluted with lithium citrate buffer (0.27M, pH 2.2). The
equivalent of 2ul of sample was injected in a 10ml total volume into a Perkin-Elmer
HPLC fitted with a Series 10 HPLC Isocratic Pump for continuous delivery of
o-phthaldehyde (0.20ml/min) used as the pre-column derivatizing agent and a
4-solvent Titanium Biopump, delivering a separation gradient of lithium citrate, 0.24
to 0.64M with a pH change of 2.75 t0 7.50. The separation lasted 96 minutes and
was itself performed using a 5y High Speed Lithium Cation Exchange column
(Pickering Cat. #0373150). 1-alkylthio-2 alkylsubstituted amino acid derivatives
were detected by measuring fluorescence usin g an LS-5 Luminescence Spectrometer
at excitation and emission optima of 340 and 455nm, respectively. Each sample set
was calibrated using both a control sample and a concentration standard of known

precision.

Enzymatic Assay Lactate Determination

Enzymatic assays were performed with a Du Pont Automatic Clinical Analyzer,
using a modification of a method developed by Marbach and Weil, employing the
oxidation of lactate to pyruvate. 40l of sample was analyzed within

24 hours of collection, injected into the sampler along with 4.960ml of Tris buffer.
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Reaction then occurred within a proprictary (Du Pont®) chamber containing 120U
lactate dehydrogenase, 27 mmoles NAD, 60 mg dihydrazine sulfate (trapping agent)
and NaC.1 (nH adjustment). The formation of NADH (proportional to lactate
concentration) was measured with a dual-beam spectrophotometer, set at 340 and
383nm. Determination of protein concentration was performed using D-54 MG cells
grown in 35mm plates to confluence (1.5 x 106 cells/plate) using the aforementioned
medium. Confluent cells were rinsed twice with DMEM, then extracted with 3 ml of
3M perchloric acid (49C) which was neutralized, after protein precipitation with 1M
N&OH. The partially soluble protein was heated to 40°C for 30 min. to increase
solubility. Mixture of cell debris and solubilized protein was then centrifuged and
supernatant filtered (0.45um syringe filter) to remove debris. Protein concentration
was assessed using the Bio-Rad® protein assay. Statistical analysis was performed
vith a one-way ANOVA, using the Scheffe multiple comparison procedure. P < .05

was considered to be statistically significant.

NMR Analysis - Amino Acids

Eppendorf tubes were taken directly from storage at -70°C and lyophilized.

Samples were reconstituted in 99.6% D20 and lyophilized again. A second

reconstitution was performed with 490ml of 99.996% D70 and 10ml of 12.5mM
disodium-2.2-dimethyl(-2-silapentane-5-sulfonate) (DSS; chemical shift standard).
IH NMR spectroscopic determination was performed using a 90°-ACQ pulse
sy 7 M7 (Nicolet Instruments) narrow-bore analytical spectrometer
*Model NMC-1280 with a tggo = 9.9ms and t ACQ = 10sec (T =2.17sec.). 32

scans were needed to achieve a S/N ratio > 50. Integration of glutamine, glutamate

and alzuine psaks was performed using the NMC Software Package (Oxford

Instruments).
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RESULTS
Colony-Formation Assay

The colony-forming ability of D-54 MG cells was determined after exposure to
tnree different drugs - Methylprednisolone, BCNU and Daunomycin. Figures Il - |
and III - 2 provide a comparative analysis for the first two and the third drugs,
icspectively. There was a considerable difference between all 3 drugs.
Methylprednisolone had nc effect on the clonogenic ability of D-54 MG cells. BCNU

however, had some effect on colony formation. Exponential curve-fitting revealed
taat the iIC50 = 11.7 mM, with even a dose of 100 mM not achieving - log cell kill.

This is at variance with the sensitivity to nitrosoureas predicted by the Mer-
phenotype of the D-54 MG cell line (R. Day 111, personal communication).
Daunomycin achieved a high degree of cell kill using very low drug concentrations.

Curve-fit analysis revealed that an ICs( = 0.5mM was achieved for this drug, a

20-fold improvernent in cell kill efficacy over BCNU.

Lactate Determination

Preliminary experiments on the effect of preparation and storage of lactate
samples showed a 3% decrease in lactate concentration over a storage period of 96
hours, but no loss afier 24 hours. Media control plates maintained a steady lactate
level of 2.62 * 0.33 nimoles/I throughout the 36 hour course of the experiment.
However, untreated D-54 MG ceils showed a linear rise in lactate concentration over
24 hours, with some evidence of plateauing from 24 to 36 hours. The linear rate of
rise over the first 24 hours was 0.36mM/hr. plate. Assuming that 1) the only source

of lactate was the D-54 MG cell line in monolayer culture; 2) 1 x 107 D-54 MG
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cells/plate at confluence;  3) a steady-st * .. vrlume approxii.aation of 34.75ml/plate,
and 4) no lactate was degraded or utilize.: .., ... > cell line, then one can calculate that,
on aver.ge, a single D-54 MG cell at confluence with adequate nutrition, produced
36x10-12 moles/l-hr-cell x /1GHn  ?4.75ml. = 1.25 pmoles of lactate per hour
per cell.

BCNU produced no change in this rate of rise oi lactate levels at a dosc - ¢
100uM. However, 50pg/mi (89mM) of daunomycin produced a
statistically-significant (p < .21) decrease in lactate production into the media, with an
18% lower concentration in media nfter 24 hours relative to uitreated cells ~igure
I - 3 gives a graphical representation of the aforementioned data. Figure il - 4 gives
a similar representution of the effect of the 2 drugs on protein levels with time, which
is a direct measure of cell detachment, presumably prior to ceil death. This reveals a

similar drop in protein levels (25.4% - p < .05) as measured by the Bio-Rad protein

assay.

Amino Acid Analysis - HPLC

In control experiments, there was a ret increase in concentration of only two
amino acids - glutamate, which changed from 311+ 1imMat t=0to 1142+ 18
mM at t = 24 hrs and alanine which rose from 132 +9mM att =0 hr to 355+ 12mM
att=24 hrs Figures III - 5, III - 6 and III - 7 show the pattern of alteration in levels
of a variety of amino acids over a 24 hour period in plates containing untreated D-54
MG cells. As can be observed from these graphs, the remainder of the am.ino acid
levels decrease with time.,

Treatment of D-54 MG cells with BCNU did not produce any significant

differences in amino acid uptake in most amino acids studied. The . ".y
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possible exception is aspartate, although this increase was not statistically significant
at 24 hours. (Figure III - 8).

Treatment of D-54 MG cells with daur.omycin pr.duced significant changes in
most amino acids studied. The most profound vhange is again seen in gutamate
ievels which are significantly elevated over contro! at 12 hours (p < .0, with the 24
hour value being 234% higi:er than control values taken at the same codng e lue
which would be significant if not for the uncharacteristic 70-fold incicuse in staitaard
deviation for the value at 24 hours. Other amino acid values are not only elevated with
respect to control valnes but are also elevated from initial conditions. ‘I siese include
phenylalanine, tyrosine, threonine, asvartate, alanine, taurine and glycine with the
latter two changing 250% (p =.02) and 60% (p > .05 - NS) over control values ut 24
hours.

Table I1I - 1 summarizes the amino acid levels seen at 24 hour in control,
BCNU and Daunomycin treated cells. There seem to be 3 different pati.~ = uof change
seen in the time courses of #mino acid ! -vels. The first, exemplified in Figure Il - 9
with glutamate but also seen with taurine and glycine, shows a large difference
between daunomycin-treated cells and those in the other 3 groups. The second pattern
(Figure III - 10) shows a n=t uptake of amino acid from the media in both untreated
and BCNU-treated cells but daunomycin-treated cells reflecting values approaching
those seen in media. This pattern is seen with valine, leucine, isoleucine,
phenylalanine, tyrosine and threonine. The last pattern (Figure III - 11), seen with
glutamine and asparagine produced little change in levels of these amino acids in
daunomycin-treated cells over the duration of the experiment, although not only the
control and BCI~ . values but the media values also decrease with time. GABA was

not seen in any of the amino acid determinations.



Amino Acid Determinations - NMR,

Figure III -13 shows a typical IH NMR Spectrum taken of media surrounding
D-54 MG cells. Although showing trends in relative values of alanine, glutamine and
glutamate similar to those results obtained with HPLC, the standard deviation in
values, sometimes exceeding 50%, prevented any differences from attaining statistical
significance. Table III - 1 also records the increase, relative to control values for the
three amino acids that could be adequately identified and separated from neighbouring
peaks. Figure III - 12 shows the glutamate values in media, as determined by Nhvi.
spectroscopic techniques {cf. Figure III - 9), with untreated, BCNU and
daunomyc .- . zsited D-54 MG cells. Neither GABA nor N-acetyluspartate were

observed in :ny NMR Spectra.

DISCUSSION

There ave a number of results presented in the preceeding section that require
closer examination. The Mer phenotype has been extensively studied as a predictor of
tumour sensitivity to the nitrosourea class of chemotherapeutic agems7’8. Importance
of this potential predictive ability is manifest in the status of nitrosoureas as the most
commonly-used chemotherapy for gliomas with the mechanism of nitrosourea
resistance postuliited to be the repair of nitrosourea-mediated DNA damage by a
methyl-reductase enzyme (Mer). The parent cell line of the 1J-54 MG tumour cell line,
A-172, is Mer negative9. The results of the chemosensitivity studies on the D-54 MG
cell line in this study however, are inconclusive, with a flattening of the cell survival
curve at high drug doses. This flattening may be artifactual in nature owing to BCNU

degradation between its administration to low-dose plates and high-dose plates.
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The preliminary finding that dannomycin produced a cell kill comparable to that
seen with BCNU at one-twentieth tie dose confirms the findings of other recent,

preliminary efficacy studies of this ;rug on in-vitro glioma cell lines10:11, A study

by Matsumoto et .11 has shown that the IC50 of 5 glioma cell lines for adriamycin

varies between 5 and 34 mM, with the A-172 line having an IC50 = 15.0£1.5 mM -

one order of magnitude below our findings with daunomycin. Nevertheless,
anthracycline derivaz'ves hiuve been shown to be more efficacious than BCNU in,
albeit, a small number of glioma cell lines in-vitro. A mr ¢ extens’ , formal in-vitro
comparison between these two trzatment modalities remains to be performesi.
Anthracycline derivatives are used extensively in the treatment of other tumour types
such as leukemias and lymphomas. Clinical studies have observed that even
daunomycin concentrations below 100ug/ml in CSF can cause substantial morbidity
(seizures) and mona]itylz’l 3. For this reason, neurochemotherapists have refrained
from the use of this class of drugs in-vivo due to direct toxicity to normal brain. This
remains a substantial problem to be overcome once in-vitro testing is completed.
There are three mechanisms through which daunomycin (daunorubicin) is postulated
to affect cells : 1) DNA intercalation; 2) inhibition of DNA topoisomerase II,
preventing proper unwinding of DNA and 3) free radical formation. Since the first
two mechanisms take one or more cell ccles to achicve a substantial effect, one can
hypothesize that the majority of the early effects (within a few hours) of daunomycin
seen on ccll metabolism should be through the mechanism of free radical formation,

producing reactive molecules interacting with cell membranes.
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The preliminary finding of a substantial rise in glutamate and taurine as a result
of daunomycin treatment and the accompanying decrease in lactate production,
relative to control or BCNU-treated cells, may be an important external manifestation
of the effect of environmental stresses on intracellular metabolic processes.

In studies on human glioma biopsies, there was a net uptake of glutamine,
glutamate, alanine, valine, glycine, tanrine, GAE 4 and phenylalanine into the celll4.
Neuroblastoma clones have shown uptake of tyrosine, tryptophan, phenylalanine and
glycine that is concentration- dependent15. C6 rat glioma cells havc been observed to
avidly produce lactate, glycine and GABA and to take up :!:::amate, aspartate and
glutamine 19,

Normal glia, when immersed in norma! extracelluiar concentrations of amino
acids, reveal a net intake of glutamine into the cell, but no net flux (ie. dynamic
equilibrium) of either glutamate or taurinel 7. There is also no preduction of GABA in
astrocytes because of absent glutamate decarboxylase (GAD) activity, although
uptake from extracellular sources does occurl”. C6 rat glioma cells therefore have at
least one metabolic pathway substentially different from those present in human glia
or glioma cells!0 (in-vivo IH NMR Spectroscopy has also been unable to observe
GABA in human gliomas).

In control cells in this study, a net uptake of all studied amino acids (cf. Table
1), except glutamate and alanine, was observed. It has been shown that glutamine is

metabolized principally + glutamate, which itself enters the Kreb's cycle (through

alanine and a-ketoglutarate) 18, There is also a decreased flux of all substrates
through both this cycle and the cytochrome chain, due to decreased activity of some
TCA enzymes as well as cytochrome oxidase, in systems such as glioma cells that

have a relative dependence on aerobic glycolysis for energy production19-22, It is
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therefore possible to hypothesize that in the event of an exmracellular excess of
glutamine, a condition not observed in other studies, that an excess of glutaraie may
arise if the rate of glutamate synthesis from glutamine exceeds the rate of entry of
glutamate into the Kreb's cycle. In such a case, a net efflux of glutamate may occur.

Although the total rate (including deamination) may possibly be slower than
that of glutamine synthesis, the rate of transamination of glutamate alone (aspartate
aminotransfe) be tzst enough to produce an excess of alanine, witich
may then bc¢. 1 therefore account for the net increase in alanine
concentration seen in this study. Recent data does point to an alteration in GDH
isoenzyme type present in a human glioma cell line23. This may produce a decreased
ratc of deamination, leaving additional glutamate for transamination. In any event,
many further studies would need to be performed, including the use of radioactive
tracers, to lend credence to this hypothesis.

It was also observed in this study that, under stress, the release of glutamate
markedly increased and that taurine levels were also elevated (as compared 10 a slight
decrease in control cells). Work with normal glial cells suggests that hypoxic,
hypoglycemic or ischemic stress does not produce an efflux of glutamate24,
However, the application of hypoosmotic stress does elicit a significant efflux of both
glutamate and taurine23. Taurine is postulated to act as an inhibitory neuromodulating
substance, antioxidant and osmoregulator. Its release is slower in onset and in its time
to peak values than the stimulated release of glutamate under the same conditions2.
In addition, taurine release is dependent on both K+27 and glutamate levels2 in the
extracellular space. Therefore, it may be possible that the action of daunomycin at the
cell membrane level may induce a release of both glutamate and taurine into the

surrounding medium.



1H NMR Spectroscopy could potentially provide useful data on metabolite
concentrations in-vivo but it is hampered by its inherent lack of sensitivity, and
decreased precision relative to commonly-used in-vitro techniques such as HPLC and
enzymatic assays. Results from this study lend strong credence to these assertions,
especially with data obtained under controlled in-vitro conditions. If one adds the
confounding variables of tissue inhomogeneity, hidden peak components, decreased
S/N in whole-body systems (resulting in longer scan times ard lower absolute S/N)
as well as increased peak broadening and localization eix: =. - v be difficult to
accurately determine in-vivo metabolite levels. Solutions to thie.' conundrums await
further technical advances.

In summary, the metatolism of glucose and glutamine in glioma cells and their
relationship to the metabolic pathways in normal glia is complex. The preliminary
findings of this study reveal that under conditions of excess glutamine, there is a net
efflux of glutamate and alanine, of unknown origin, from untreated D-54 cells.
Furthermore, daunomycin was found to be more efficacious than BCNU in
preventing D-54 MG colony formation and its application resulted in a net increase in
efflux of both glutar iate and taurine from these glioma cells. l1H NMR Speciroscopy
incurred greater errors than HPLC or enzymatic techniques in determining metabolite
concentrations in complex solutions of biological origin in-vitro. Metabolic pathways

underlying these metabolite fluxes and the observation of these fluxes in-vivo remain

to be observed.
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Figure III - 5. Aspartate (CH-ASP), serine (CH-SER) and taurine
(CH-TAU) levels in the incubation medium of untreated D-54 MG

cells with time.
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Figure IIl - 6. Threonine (CH-THR), glycine (CH-GLY)
and glutamine (CH-GLN) levels in the incubation medium of
untreated D-54 MG cells with time.
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time.
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determined by HPLC.
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Relative Glutamate level

| S L v Y M T T L T T v

o 5 10 15 20 25 30 35 40
Time (hrs.)

178

A Media

© Control

o BCNU

¢ Daunomycin

A Media

O Control

O BCNU

¢ Daunomyrcin

Figure ITI-12. Glutamate levels in incubation medium of untreated,
BCNU- and Daunomycin-treated D-54 MG cells with time, as

determined by integration of peak areas in 1H-NMR spectra.

Reference is glutamate level from the most accurately determined

peak area (t =9 hrs.).
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Amino Acid

HPLC Analysis

1H - NMR Analysis

C-24 B-24 D-24 C-24 B-24 D-24
Taurine 10£0 741 3946 | e | e | e
Threonine 10410 8942 208483 | e | e ] e
Asparigine 2051 19816 28410 | e | e | e
Glycine 1661 14744 3332103 | eeeeee | e | e
Valine 97+1 12345 189454 | e | e | e
Methionine 1252105 | 4714 e A [ L
Leucine 127498 | 20744 346494 | ceeeee | e b e
Phenylalanine |sg+0 5144 18437 | e | e | e
Aspartate 18612 254447 | 281277 | e | e | e
Serine 11544 8511 250482 | wmeeeem | e | e
Glutamate 1142418 | 1072480 | 2673£741 | 80819 682457 10594232
Glutamine 1225¢32 | 1183:102| 562+147 76999 647497 557153
Alanine 35512 | 269429 | 4254127 520109 309438 5524211
Isoleucine 19845 2162 300480 | e | e | e
Tyrosine 6241 5846 109433 | eeeee | e | e

Table III - 1. Amino acid levels seen at t = 24 hours, in medium
incubating D-54 MG cells, as determined by HPLC and 1H-NMR.

* indicates significance level of p < .05.
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CHAPTER IV - IN-VITRO AND IN-VIVO LOCALIZATION OF GM2
GANGLIOSIDE TO D-54 MG HUMAN GLIOBLASTOMA-DERIVED
CELLS USING IMMUNOHISTOCHEMICAL TECHNIQUE

INTRODUCTION

Gangliosides are integral components of cellular plasma membranes. Previous
studies have noted that species with higher levels of CNS organization tend also to
contain higher levels of gangliosidcsl. Humans have been observed to harbour the
highest ganglioside content among 150 species studied, with human brain tissue
having the highest levels of any human organ - gangliosides representing 15% of the
total lipid content of neuronal plasma membranes!. The function of gangliosides
remains unclear although their expression seems to correlate with dif‘erentiation of
embryonic and tumour cells in-vitro2. These molecules may also be involved in

cell-cell communication3, as well as synaptogenesis4.

Ganglio- series gangliosides (GalNacf- Galp) - Glc-Cer) predominate within
membranes of CNS cells, with both levels of particular gangliosides and their
anatornical distribution adhering to a prescribed pattern of expression. This
expression pattern is itself modulated in accordance with the different stages of CNS
development. The level of gangliosides is highest in grey matter, substantially lower
in white matter and decreased even further in glial-derived tumours>. Analysis of
ganglioside content in human gliomas reveals a pattern that is substantially altered
with respect to both the total number of gangliosides found as well as the quantity of
selected ganglioside components. Specifically, the ganglioside most abundantly
expressed in adult brain is GD1b, followed by GT1, GD1a and GM16 . The major
brain ganglioside in human glioma biopsies is GD3, followed by GD1a, GD1b and



GT1b’:8. Although not as prevalent overall, major relative increases have been noted
in the expression of both GM2 and GD2 in these tumours8. Moreover, in-vitro cell
culture of glioma cell lines has revealed that although GM2 is present in small
quantities in normal brain, it was found to be a major glioma-associated ganglioside,
expressed in 17/19 cell lines tested and representing 42-63% of total ganglioside
content in eight of these cell lines?.This makes the GM2 ganglioside potentially
useful in techniques utilized to discriminate between normal and gliomatous tissue.

The D-54 MG human glioblastoma-derived cell line in particular has been
shown by gel electrophoresis to contain GM2, when grown in-vitro. This tumour cell
line has also been intracerebrally implanted as a xenograft in a large-animal tumour
model, using cats immunosuppressed with Cyclosporin A.

The 10-11 monoclonal antibody has been found to bind specifically to the GM2
ganglioside in tumour tissues of various types. The purpose of this study, therefore,
is two-fold :

1) To determine the presence of GM2 ganglioside within intracerebrally-

implanted D-54 MG xenografted tumours;

2) To present preliminary radioimmunoscinti graphic data obtained after the

administration of 131I-labelled 10-11 MAD into the intrathecal space of

D-54 MG tumour-bearing cats.
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METHODS AND MATERIALS
Immunohistochemical Staining of Cultured Cells

D-54 MG cells (passage number 70) were maintained in Nunc LabTek
8-chamber slides using RPMI 1640 culture medium supplemented with 10%

heat-sterilized fetal calf serum and antibiotics (Penicillin/Streptomycin). Cells were

quickly rinsed with PBS three times at 220C (RT), then fixed with 2%
glutaraldehyde in PBS for 3 minutes. Reduction of nonspecific background staining
was performed with 10% horse serum in PBS for 30 minutes. Cells were rinsed then
incubated with primary antibody, which was left for 24 hours at room temperature
(220C). Cells were then rinsed three times with PBS. Secondary antibody was then
applied for 1 hour at RT. After three PBS washes in 30 minutes, avidin-biotin
complex (Vector) was applied for 1 hour at RT. Cells were then rinsed with PBS and
chromogen applied for approximately 5 minutes (until deep brown staining observed
in positive wells). Counterstaining was then performed with hematoxylin and Scott's
tap water after rinsing with 0.1M Tris buffer and distilled water. Primary antisera
used were purified monoclonal IgM mouse antibody to GM2 ganglioside 10-11
(courtesy of Dr. P. Livingston, Memorial Sloan-Keitering Institute) at Smg/ml
concentration; purified mouse IgG monoclonal antibody MOPC-21 (Sigma) at 1:100
dilution; purified IgM monoclonal antibody to CA50 antigen C-50 (Pharmacia,

Sweden) at 1:4 dilution. Secondary antisera used were biotinylated anti-mouse IgM

( 7y chain-specific) (Vectorlabs) at 1:100 dilution and biotinylated anti-mouse IgG (1
chain-specific) at 1:200 dilution (Zymed; California, U.S.A.). Chromogen was made
up just before application - 0.01g diaminobenzidine tetrachloride (DAB) dissolved in
20ml 0.1M Tris buffer at 4 ©C. 70l of 3% hydrogen peroxide was added, the pH
adjusted to 7.68 and solution filtered through a 0.45um filter.



Immunohistochemical Staining of Tissue Sections

D-54 MG cells were implanted into cat cerebral cortex, 10 days after cats had
been initiated on an immunosuppressive regimen of Cyclosporin A (120 mg PO/day).
NMR Imaging was performed to assess tumour size at 3 weeks post-implantation .
Tumour-bearing cats were sacrificed after evidence of mass effect had been noted.
Brains were removed after intracardiac perfusion with 2% glutaraldehyde at 4 oC.
Whole brains were further fixed with 2% glutaraldehyde for 24 hours, followed by
20% sucrose for a further 24 hours to cryoprotect tissue. Brain tissue was then

sectioned and tumour-bearing blocks were covered with Tissue-Tek OCT
Compound. Blocks were then immersed in isopentane maintained at 77 OK. After

flash freezing, 6 um. thick frozen sections were cut at -20 OC and sections placed on
individual glass slides. Immunohistochemical staining was then performed as
described above. Stained sections were coverslipped with glycerol-gelatin (Sigma).

Sections were also stained with hematoxylin and eosin to further delineate tumour.

Radioimmunoscintigraphic Studies

Two cats (1 bearing D-54 MG intracranial tumour; 1 control cat) were utilized in
this preliminary experimental series. D-54 MG human-glioma bearing cat was imaged
using a 2.35T 40cm-bore Bruker NMR Spectrometer, 21 days after tumour
implantation. During imaging, turmour size was more accurately delineated using IV
administration of Gadolinium-DTPA (0.2 ml/kg over 2 minutes) coupled with the use

of a spin-echo sequence - TR = 600 ms and Tg = 26 ms. 24 hours after tumour

visualization, a 4-French Silastic® catheter was implanted into the intrathecal space

with its tip situated 3 mm inferior to the inferior margin of the fourth ventricle. The
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non-tumour bearing cat was catheterized in the same fashion. Cyanoacrylate adhesive
and fascial sutures were utilized to fix the catheter in place. The distal end was
connected to a small (0.1cc) reservoir above the skin surface and the 3 cm. incision
(at the level of the upper cervical vertebrae) was closed in layers with 3-0 Dexon.
Anti-GM2 monoclonal antibody 10-11 (IgM) and anti-myeloma protein
MOPC-21 (IgG) were labelled using the iodogen method, with 131y and 1257,
respectively. The resultant immuno-reactivities were then compared to those of
unlabelled antibodies using an ELISA assay - absorption being determined by a
Titertek Multiscan Plate Reader with filters set at 405 and 540nm. 4,8-diaza-
3,6,6,9-tctramethylundecane-2,IO-dionc-bisoxime (HMPAOQ) was also labelled with
99mTc¢ 10 minutes before administration. Both cats were anaesthetized with IV
Saffan (Alphaxolone - alphadolone; Glaxovet, U.K.) (1ml/kg induction dose with
0.5 ml maintenance doses titrated to respiratory rate and corneal reflex) and injected
IV with 40MBq 99mTc-1abelled HMPAO. A series of radio-immunoscintographic
scans were then taken at 10, 30 and 60 minutes post injection using a Searle
PHo/gamma IV Camera coupled to a low-energy (99mTc) parallel-hole collimator.
Data acquisition was performed using an on-line ADAC CAM II clinical acquisition
processing unit. After the 99mTc study was complete, both cats were given a bolus
of (37MBq of 1311-labelled 10-11 + 17MBq 1251-labelled MOPC-21) in a total
volume of 0.5ml. into the intrathecal space. Radioimmunoscintigraphic scans were
then performed of both head and body gamma emissions at t = 0.1, 1 and 24 hours
(control cat) and at t=0.1, 1,20 and 24 hours (D-54 MG tumour-bearing cat).
Cats were then sacrified and appropriate organs removed, weighed and samples

placed in scintillation vials for a differential (1311 vs 125]) count using a Beckman

185



186
gamma counter. Before sectioning, the removed D-54 MG-bearing brain was placed
on the gamma-camera in an attempt to visually distinguish tumour from surrounding
brain. Thereafter, percentage dose/gm tissue values were then determined for both
1311 and 125]-labelled MAD's using a calculated injected dose of 1.0 x 109 cpm for
1257 and 1.15 x 109 cpm for 1311,

RESULTS
In-Vitro Immunohistochemical Studies

The specificity of anti-GM2 ganglioside immunostaining of D-54 MG human
glioblastoma-derived cells is illustrated in Figure IV - 1. D-54 MG cells in culture
show marked reactivity to the 10-11 monoclonal antibody, indicating the presence of
GM2 antigen. At higher magnification , it can be discerned that most of this staining
is observed to be forming a ring at the cell membrane. An irrelevant antibody, C-50,
of the same isotype (IgM) showed essentially no staining of D-54 MG cells. Both
C-50 (IgM) and MOPC-21 (IgG) were used as negative antibody controls for this
experiment, both of which remained unstained. Negative controls for technique
included incubation without primary antibody followed by either anti-IgG or anti-IgM

secondary antibodies. These two wells also showed no reactivity.

In-Vivo Immunohistochemical Determinations

The relative specifity of 10-11 monoclonal antibody for intracerebrally
xenotransplanted D-54 MG cells in cat brain can be seen in Figures IV-2to IV - 5.
The distribution of staining is determined by the location of the tumour. The ring-like

distribution in immunostaining of cells (Fig. iV - 3) provides additional evidence of
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the cell surface location of GM2. Staining with a non-specific antibody (MOPC-21)
is negative (Figure IV - 5) as is immunostaining (of tissue sections) without the use
of primary antibody.

Preliminary tests compared three different methods of fixation. Perfusion and
immersion of brain for 24 hours was performed in : 1) 4% formalin; 2) 4%
paraformaldehyde and 3) 2% glutaraldehyde. It was found that the intensity of
staining with 10-11 MAb was most marked with the 2% glutaraldehyde, although the

brain was only lightly fixed for distances greater than 5mm deep to the cortical

surface.

Radioimmunoscintigraphic Studies (Preliminary Results)

Gamma-camera images obtained from the heads of both the control and
tumour-bearing cats are shown in Figures IV - 6,7 and 8. There is no visible
difference in the distribution of 1311-10-11 antibody at t = 0.1 and 1 hours between
the control and D-54 MG bearing cat, which was implanted Smm posterior to the
coronal suture and 2mm to the right of midline. At 20 hours, there is a suggestion of
increased uptake anterior to the main antibody depot, present also on a lateral image,
in the head of the tumour-bearing cat. This phenomenon disappears, however, at 24
hours with both control and experimental head scans showing no visible difference in
appearance. An extrathecal depot of 131.1abelled MAD, formed possibly due to
inadequate sealing of the CSF entry point of the intrathecal catheter. This depot was
found to contain approximately 90% of the injected dose of 1311 and therefore
reduced the to:al intrathecal dose to this degree.

Body scans done at t = 0.1, 1 and 24 hours revealed a progressively increasing

degree of antibody uptake in the spleen with time (Figure IV - 9 and 10). This,



however,may be influenced in part by slow leakage of antibody from extrathecal
depot into the circulation. Distribution of the antibody inferiorly into the spinal
intrathecal space was also noted, especially in the D-54 MG-bearing cat.

An autopsy performed on the D-54 MG cat at 24 hours post-MAb
administration revealed a superficially-growing intracerebral tumour, yellowish-white
in colour, measuring 5mm (L) x 3mm (W) x 2mm (D). This correlated well with a
Gd-DPTA enhanced NMR image performed at 21 days post-implantation, which
showed blood-brain barrier disruption extending 2-3mm. deep to the cortical surface
on the right side, near the midline (Fig. IV - 12). A gamma camera image performed
on the dissected brain, however showed no asymmetries in the count distribution.

Analysis of 1311 and 1251-MAb uptake (Table IV - 1) in different organs,
revealed that the tumour uptake/gm tissue of 1311 . 10-11 was 2.77 times greater than
uptake of the surrounding tissue in the ipsilateral parietal lobe. However, it was also
noted that uptake of the control MAb (MOPC-21), relative to surrounding brain, was
elevated to the same degree. Splenic uptake was shown to be the highest of any
extracerebral organ, confirming the in-vivo results but 1251 ¢ounts more than doubled
those from 1311. On an organ-by-organ basis, the whole liver uptake however,
exceeded that of the spleen. Total body counts were low, again possibly because of

the effect of an extrathecal depot of 1311 and 1251-labelled MAb's.

DISCUSSIGN

The antigen specificity of the monoclonal antibody 10-11 has been well
characterized by Natoli et al.10 10-11 MAD has been found to be non-reactive to a
variety of gangliosides including GM1, GDla, GT1, GD2, asialo-GM2, GM3, GD3

and GD4. Competitive inhibition assays using GM2 also produced specific inhibition
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of immunoreactivity of the 10-11 monoclonal antibody. The use of the C-50 antibody
as negative control was predicated on the absence of reactivity of this MAb in
previous ELISA studies on the D-54 MG cell line (data not shown) as well as a
finding by Svennerholm et al.11 based on an electrophoretic analysis.This data
showed that the CA-50 antigen could not be detected in extracts of D-54 MG grown
in tissue culture, which was surprising in light of the fact that CA50 (3"-iso-LM1)
antigen is the major monosialyted ganglioside in D-54 MG cells when grown as a
solid tumour subcutaneously in nude micel2. The in-vitro studies performed in this
paper provide preliminary confirmation the previous studies12:13 showing the
presence of GM2 as well the absence of CA50 antigen in D-54 MG cells grown
in-vitro.

The normal distribution of GM2 ganglioside in humans is restricted to CNS
tissues in adults but is also present on the surface of many embryonic cells. This is in
contrast to the mouse where GM2 has also been found in liver!4. In malignant tissue,
GM?2 has been isolated in tumours of neuroctodermal origin, including melanomas
and neuroblastomas]3. Glioma tissue, in the form of fresh biopsy material or grown
in monolayer culture, has been shown to contain GM2 (as well as GD2 and GD3) in
far higher concentrations than normally found in adult CNS tissue’S. In fact, 17 of
19 human glioblastoma-derived cell lines were found to contain GM2, with the GM2
content in 8 of these lines representing 42-63% of the total ganglioside content of
these cells?. The D-54 MG cell line when grown in tissue culture, produced GM2
more than any other monosialyted ganglioside (with GD1a being the major
oligosialyted ganglioside component)l?’. Serious consideration however, was given
to antigenic modulation of this ganglioside, in light of the presence of this
phenomenon with the CA50 antigen in the same cell line. The results of the in-vivo

immunohistochemical studies in this study show that considerable amounts of GM2
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are produced by these cells, despite a marked environmental transition from cell
culture medium to immunosuppressed xenogeneic cerebral ;issue. In addition,
although the majority of the tumour cells stained positively, there was a considerable
degree of heterogeneity in antigen expression within the tumour mass.
Radioimmunoscintigraphic studies have been performed on patients harbouring
malignant gliomas as early as 1951 16, The earliest use of a radioactively-labelled
monoclonal antibody as a putative targetting agent for glioma localization in humans
was recorded by Phillips et al. in 198317, Since that time, a number of studies of this
type have been performed using both intravenous and intrathecal administration
routes. In a preliminary study, Kemshead et al.18 could not demonstrate specific
uptake of 1311 1abclled UJ13A MAD injected intravenously, but showed up to 20:1
specificity ratio after intrathecal administration of 1311.UJ 181.4 (specific) and
1251.HMFG2 (nonspecific) into a pineoblastoma-bearing patient. In 1986,
Richardson et al.19 showed that intravenous administration of MAb (UJ-13A) in
glioma patients resulted in a biological t 1/2 = 179 hrs. in tumour compared with 130

hrs. from normal brain. The disappearance of this antibody from blood was found to
be biexponential with average t1/2's of the fast and slow components, being 1.8 and

53 hrs., respectively. Sequestration of the injected dose in those studies was found
to take place in the liver. Further study of the intrathecally-dosed pineoblastoma
patient revealed a biological t1/) (UJ 181.4) of between 150 and 250 hours whereas
CSF concentrations of both specific and irrelevant antibodies decreased withat 1/2 of
12.7 - 16.9 hrs20. Moreover, intrathecally-injected MAb was found to be present in
greatest amounts in the periventricular white matter and in the leptomeninges (caudate

nucleus did not show MAb accumulation)21. In contrast to intravenous studies,
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neither liver nor splenic uptake could be demonstrated with this administration route.

Any definitive interpretations derived from the preliminary
radioimmumoscintigraphic data presented in this paper would be premature. One can
delineate some data trends, that may be borne out with study of a large sample size.

In the single animal from which data was obtained, intrathecal administration of
pair-labelled MAb's did not produce any MAD uptake that could be designated as
specific.In addition, non-specific enhanced MADb uptake by the tumour was observed.

This lack of specificity may be artefactual due to confounding variables such as
a difference in isotype between control and glioma specific MAb's, the presence of an
extradural MAb depot and even the possible presence in the CSF of halogenases
capable of cleaving iodide-MAD linkages must be accounted for. Uptake by the spleen
was also observed, with 1251-1gG concentration more than twice that of 1311-IgM
MAD. This could possibly be explained by a slow absorption of MAb into the blood
from the extrathecal depot with the lower molecular weight MAD diffusing faster than
the heavier MAD. A direct comparison of this data with previously-performed studies
cannot be made because of the absence of published data on intrathecally- injected
MAD uptake by human gliomas.

In summary, the presence of GM2 ganglioside and the absence of 3'iso LM1
(CAS50) ganglioside antigen on the cell surface of the D-54 MG human glioblastoma
cell line has been confirmed in-vitro. Moreover, the maintenance of the expression of
GM2 antigen in D-54 MG cells grown intracerebrally in immunosuppressed cat brain
tissue has been shown. As well, the specificity of 10-11 MAb localization to tumour
tissue, prepared in tissue section was demonstrated. Finally, preliminary trends reveal
an increase in tumour uptake of MAb's relative to surrounding brain, although
specificity of this phenomenon to a putative glioma-specific MAb could not be seen in

a single experimental subject.



Further research to ascertain the veracity of these preliminary trends is

required.Because of a critical lack of effective treatments, a similar sense of urgency

exists with regards to establishing the intrathecal glioma-specific MAD approach as a

viable and efficacious alternative in the treatment of malignant glioma.These projects

are now feasible with the development of a human glioma in a large animal xenograft

model.

REFERENCES

1)

2)

3)

4)

5)

6)

Hilbig, R., and Rahmann, H. Phylogeny of vertebrate brain
gangliosides. Institute of Zoclogy, University of Stuttgart-
Hohnenheim. In: Gangliosides and Modulation of Neuronal Functions,
H7:333-350, 1987.

Hilbig, R., Lauke, G., and Rahmann, H. Brain gangliosides during
life span (embryogenesis to senescence) of the rat. Develop, Neurosci.,
6: 260-270, 1984.

Bremer, E.G., Hakomori, S.1. Gangliosides as receptor modulators.
Adv. Exp. Med. Biol., 174: 381-394, 1984.

Rahmann, H. Possible function of brain gangliosides in survival in the
cold. Adv. Exp. Med. Biol., 152: 307-314, 1982.

Fredman, P., von Holst, H., Collins, V.P., Ammar, A., Dellheden, B.,
Wahren, B., Granholm, L., and Svennerholm, L. Potential ganglioside
antigens associated with human gliomas. Neurological Res., 8: 123-
126, 1986.

Suzuki, K. The pattern of mammalian brain gangliosides-I11. Regional

and developmental differences. J. Neurochem., 12: 969-979, 1965.

192



193

7) Fredman, P., von Holst, H., Collins, V.P., Granholm, L., and
Svennerholm, L. Sialyllactotetraosylceramide, a ganglioside marker for
human malignant gliomas. J. Neurochemistry, 50: 912919, 1988.

8) Traylor, T.D., and Hogan, E.L. Gangliosides of human cerebral astro-
cytomas. J. Neurochem., 34: 126-131, 1980.

9) The Eighth International Conference on Brain Tumor Research and Therapy.
J. Neuro-Oncology,7: $33-S37. Abstract. Netherlands: Kluwer Academic
Publ., 1989.

10) Natoli, E.J., Jr., Livingston, P.O., Pukel, C.S., Lloyd, K.O,, Wi=gandt, H.,
Szalay, J., Oettgen, HF., and Old, L.J. A murine monoclonal antibody
detecting N-acetyl- and N-glycolyl-GM2: Characterization of cell surface
reactivity. Cancer Res., 46 : 4116-4120, 1986.

11) Mansson, J.-E., Fredman, P., Bigner, D.D., Molin, K., Rosengren, B.,
Friedman, H.S., and Svennerholm, L. Characterization of new gangliosides
of the lactotetraose series in murine xenografts of a human glioma cell line.
FEBS Letters, 201 109-113, 1986.

12) Fredman, P., von Holst, H., Collins, V.P., Granholm, L., and
Svennerholm, L. Sialyllactotetraosylceramide, a ganglioside marker for
human malignant gliomas. J. Neurochemistry, 50: 912-919, 1988.

13) Fredman, P. Gangliosides in human malignant gliomas. In: Ledeen, RW.,
Hogan, E.L., Tettamanti, G., Yates, A.J, and Yu, R.K. (eds.), New Trends
in Ganglioside Research: Neurochemical and Neuroregenerative Aspects, 14:
151-161. Padova: Liviana Press, 1988.

14) Ledeen, R.W., Hogan, E.L., Tettamanti, G., Yates, A.J., and Yu, R.K.
(eds.), New Trends in Ganglioside Research: Neurochemical and

Neuroregenerative Aspects, 14: 634. Padova: Liviana Press, 1988.



194

15) Tai, T., Paulson, J.C., Cahan, L.D., and Irie, R.F. Ganglioside GM2 as a
human tumor antigen (OFAI-1). Proc. Natl. Acad. Sci. USA, 80: 5392-5396,
1983.

16) Chou, S.N., Aust, J.B., Moore, G.E., and Peyton, W.T. Radioactive
iodinated human serum albumin as tracer agent for diagnosing and
localising intracranial lesions. Proc. Soc. Exp. Biol. Med., 77: 193-5,
1951.

17) Phillips, J., Alderson, T., Sikora, K., and Watson, J. Localisation of
malignant glioma by a radiolabelled human monoclonal antibody. J.
Neurol.Neurosurg. Psychiatry, 46: 388-92, 1983.

18) Kemshead, J.T., Jones, D.H., Lashford, L., Prichard, J., Gordon, 1.,
Breatnach, F., and Coakham, H.B. 131-I Coupled to monoclonal antibodies
as therapeutic agents for neuroectodermally derived tumors: Fact or fiction?
Cancer Drug Delivery, 3: #1, 25-43. Liebert, M.A, Inc., Publ., 1986.

19) Richardson, R.B., Davies, A.G., Bourne, S.P., Staddon, G.E.. Jones,
D.H., Kemshead, J.T., and Coakham, H.B. Radioirnmunolocalisation of
human brain tumours: biodistribution of radiolabelled monoclonal
antibody UJ13A. Eur. J. Nucl. Med., 12: 313-20, 1986.

20) Coakham, H.B., Richardson, R.B., Davies, A.G., Bourne, S.P., Eckert,
H., and Kemshead, J.T. Neoplastic meningitis from a pineal tumour
treated by antibody-guided irradiation via the intrathecal route.

British J. Neurosurgery, 2. 199-209, 1988.



195

21) Benjamin, J.C., Moss, T., Path, M.R.C., Moseley, R.P., Maxwell,R.,
and Coakham, H.B. Cerebral distribution of immunoconjugate after treatment

for neoplastic meningitis using an intrathecal radiolabeled monoclonal

antibody. Neurosurgery, 23: 253-258, 1989.



190

, -

Figure I'V - 1. Composite images of in-vitro immunorcactivity of
10-11 (anti-GM2) MAb to D-54 MG cells. Image a: C50 (IgM)
MADb; b: MOPC-21 (IgG) MAD (negative controls for primary
antibody); ¢: no primary antibody with IgM secondary MAb: d: no
primary antibody with IgG secondary MAb; e: 10-11 (IgM) MAb
with IgG secondary MADb; f: 10-11 MAb with IgM sccondary
MAD. ABC methodology (X 115).
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Figure IV - 2. Photomicrograph of a Tissue Section of D-54 MG
human glioma cells grown as a xenograft in cat brain. This section
is stained immunohistochemically with 10-11 MAb for GM2
surface antigen. This representation shows the tumour-normal brain

interface. ABC methodology (X 115).
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Figure 1V - 3. High-power photomicrograph of a Tissue Section of
D-54 MG human glioma cells grown as a xenograft in cat brain.
This section is stained immunohistochemically with 10-11 MAb for
GM2 surface antigen. This representation shows ring-like staining

of cell membranes within the tumour. ABC methodology (X 390).
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Figure IV - 4. Photomicrograph of a Tissue Section of D-54 MG
human glioma cells grown as a xenograft in cat brain. This scction
is stained immunohistochemically with 10-11 MAb for GM2
surface antigen. This representaion shows absence of staining in

brain tissue surrounding the D-54 MG tumour. Artefactual staining
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Figure IV - 5. Photomicrograph of a Tissue Section of D-54MG
human glioma cells grown as a xenograft in cat brain. This section
is stained immunohistochemically (ABC) with MOPC-21 MAb
(control). This representation shows absence of MAb-linked
staining within the tumour i.e. no contrast _between tumour and
normal brain regions. ABC methodology (X 115).
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Figure IV - 6. Radioimmunoscintigraphic image obtained by
injection of 1311-10-11 (anti-GM2) MAb into the intrathecal
space of a D-54 MG human glioma-bearing cat (intracerebral
tumour). Head image taken at 1 hour post-injection of an
anteroposterior view.
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Figure IV - 7. Radioimmunoscintigraphic image obtained by
injection of 1311-10-11 (anti-GM2) MAD into the intrathecal

space of a D-54 MG human glioma-bearing cat (intracerebral
tumour). Head image taken at 20 hours of a right lateral view.
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Figure IV - 8. Radioimmunoscintigraphic image obtained by
injection of 1311-10-11 (anti-GM2) MAb into the intrathecal
space of a non-tumour bearing cat. Head image taken at 1 hour of
an anteroposterior view.
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Figure IV - 9. Radioimmunoscintigraphic image obtained by
injection of 1311-10-11 (anti-GM2) MAD into the intrathecal space
of a non-tumour bearing cat. Head image taken at 22 hours of a
left lateral view.



NORN CAT €8 WIN I-131 10-11 BOOV

Figure IV - 10. Radioimmunoscintigraphic image obtained by
injection of 1311-10-11 (anti-GM2) MAD into the intrathecal
space of a D-54 MG human glioma-bearing cat (intracerebral
tumour). Body image taken at 1 hour of an anteroposterior view.
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Figure IV - 11. Radioimmunoscintigraphic image obtained by
injection of 1311-10-11 (anti-GM2) MAD into the intrathecal
space of a D-54 MG human gliggwg-bearing cat (intracerebral
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Figure IV - 12, Gd-EDTA enhanced coronal NMR image of the
D-54 MG tumour- bearing cat 21 days post-tumour implantation.
Note small area of hyperintensity in superficial region of right
parietal lobe corresponding to the tumour implantation site.
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Anatomical 125-1 125-1 131-1 131-1
s;zc(:::;ca % dose / organ % dose / gram | % dose/organ | % dose/ gram
Heart 0.210 0.019 0.105 0.009
Lung 0.549 0.031 0.458 0.026
Spleen 0.810 0.074 0.330 0.030
Liver 2.30 0.035 1.10 0.016
Kidney 0.402 0.034 0.192 0.016
Cerebellum 0.110 0.019 0.150 0.025
R occipital 0.052 0.025 0.013 0.009
lobe

L occipital 0.118 0.039 0.054 0.018
lobe

R parietal 0.080 0.018 0.046 0.010
lobe

L parietal 0.098 0.025 0.044 0.011
lobe

R frontal 0.095 0.034 0.035 0.009
lobe

L frontal 0.110 0.024 0.029 0.009
lobe '
Tumour 0.003 0.063 0.0012 0.025

Table IV - 1. Comparative tissue uptakes of 1311-10-11 and

1251-MOPC-21 labelled

injection.

MAbs 24 hours after intrathecal
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CHAPTER V - CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE RESEARCH

This thesis has endeavoured to present three novel facets to the study of brain
tumours. The first study presented data which documented the development of a new class
of brain tumour model - the human-large animal glioma xenograft. The second study
presented evidence of flux differences in specific metabolites of both glucose and glutamine
in D-54 MG cells as a result of exposure to chemotherapy. It also suggested that
daunomycin is more efficacious in killing D-54 MG cells than BCNU. The third study
identified the GM2 ganglioside as being a component of D-54 MG cell membranes in a host
tissue environment that may be similar to that found in naturally-occurring tumours.

Each one of these three threads can be interwoven to produce an integrated
investigational approach that may provide new insi ghts into both the biology of brain
tumours and clinical approaches to their management that any one thread alone could not
achieve.

Taking the large number of possible variations on each theme in turn :

1) Large animal human glioma xenograft -
a) Expansion of the model - this can be achieved by implantation of any
number of different tumour cell lines, both glioma-derived and non-glioma derived

(for study of metastatic disease) to see if growth occurs, in one or multiple locations.

In addition, models of neoplastic meningitis could be established using a number of

cell lines. This cat model could also serve as a testbed for the growth of other

tumours, including those of non - CNS origin, implanted into various body cavities,

i.e. pleural and peritoneal spaces.
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b) The role of Cyclosporin A in tumour formation - this could be
investigated by varying the dose, the timing of administration and cessation of the
drug at different times pre-and post-implantation.Novel immunosuppressants, €g. FK
506 and rapamycin, could be assessed for efficacy of action as well. Combinations of
immunosuppressants should also be investigated.

¢) The action of host immune response - this could be assessed by
examination of the origin of cellular immune response (TH, TS, Tp) to xenografts.
Furthermore, investigation of T cell receptor subtypes can be initiated. Similar studies
can be performed with B cells as well as antigen-presenting cells. The effect of the
turnour on surrounding brain as well as the effect of different host tissues on the
morphology, antigen expression and ultimately transcription and translation of genes
can also be examined. The presence of any tumour-derived immunosuppressive
factors could be studied as well as the secretion of growth factors into the

extracellular space.

d) The effect of various therapeutic modalities - these can be studied
using both invasive and non-invasive methodologies, after single or multiple doses or
in combination with other chemo- or radiotherapeutic regimes (some restriction may
be necessary due to the presence of Cyclosporin A).

2) Metabolite flux rates -

a) Study of the mechanisms of abnormal metabolite production -
studies of kinetics in both normal glia and glioma cells, of enzymes such as GDH,
AAT and phosphate-activated glutaminase in an attempt to understand increased
glutamate production levels. Similar studies could be performed focussing on
pyruvate carboxylase and the pyruvate dehydrogenase complex to elucidate evidence
for the cause for switching from an oxidative system of energy production to that

dominated by aerobic glycolysis.



b) The role of the cell membrane in metabolite flux control - this can be
studied using electrophysiological techniques along with monoclonal antibodies or
inhibitors of ionic and/or molecular groups to ascertain the normal controlling
mechanisms of substrate flux through the glioma cell membrane under the stress of
radio - or chemotherapy.

¢) In-vivo metabolite assessment - the in-vitro results may replicate
in-vivo studies using both invasive and non-invasive techniques. In-vivo
microdialysis would be a natural first choice as it is one of the few methodologies
capable of measuring solute concentrations in the extracellular space. This
methodology is useful both in animal studies as well as in patients. Non-invasive
techniques such as NMR Spectroscopy of various nuclear species as well as PET
imaging, in concert with the probes for glutamate, taurine and other potentially
treatment-sensitive molecules may ultimately provide a modality useful in
non-invasively providing a fast, accurate and sensitive prediction of the efficacy of
new therapeutic modalities.

3) Ganglioside Antigen Expression -

a) Determination of Glioma-specific gangliosides - some putative
candidates (3“-iso-LM1) have been discovered but may not be optimal due to
antigenic modulation. GM2 as well as GD2 and GD3, although present in minimal
quantities in normal brain may not be as transiently expressed. Tissue section
determination of expression of all four of the above antigens using
immunohistochemical methods, not only on sections of D-54 MG tumour in cat
brain, but of a variety of glioma cell lines in-vivo as well as human tumour biopsies

should establish the expression of these antigens and their proclivity for modulation.
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b) Augmentation of Ganglioside Expression - studies using B -and

y-interferon have been shown to augment a variety of ganglioside or glycoprotein
antigens in human tumours. In-vivo administration prior to MAb-directed therapy
presents an inviting route of study.

¢) Localization and Therapeutic MAb studies - these studies would use
techniques such as radioimmunoscintigraphy and single photon emission
computerized tomography (SPECT) imaging to study the biodistribution and
pharmacokinetics of MAb's of many different types (IgM/IgG isotype, targetting to
gangliosides and non-ganglioside antigens), administered intrathecally or intoa
tumour cavity immediately after resection, using a variety of different radionuclides
for diagnostic as well as therapeutic studies. Non-radionuclide studies can be
performed, an example of which could be the intrathecal administration of
daunomycin linked to the anti-GM2 monoclonal antibody with observation of
glutamate or taurine concentrations in the extracellular space of intracerebrally-
implanted D-54 MG tumours using in-vivo microdialysis in cats.

Once the boundary conditions of these three entities, the model, the tumour
targetting mechanism and the predictive assay of tumour response are more fully
delineated and the methods refined, a powerful new set of tools could be created, the
use of which together may provide information that could not only be important in
basic studies in neuro-oncology but could also produce a novel set of diagnostic and

therapeutic approaches that may assist in the eradication of this devastating disease.
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APPENDIX I - IN-VIVO NMR SPECTROSCOPY

INTRODUCTION

Magnetic resonance spectroscopy has been utilized in the elucidation of
chemical interactions in solids and liquids - both pure and in the form of solutions,
since the seminal experiments on this methodology performed by Bloch and Purcell
in 19461,2, The field upon which it had and is still having its greatest impact is the
investigation of the 3-dimensional structural configuration of molecules and binding
characteristics of their ligands. This work was and is currently being performed using
extremely high field magnets (up to 16.2T) that are equipped with central bores
sometimes not more than a few millimetres in diameter. The resolution of biological
compounds and their structure, especially in purified, simple solutions containing a
small number of molecular species, is truly impressive.

In the mid-1970's, the first practical experiments were performed using
magnetic resonance spectroscopy on living systems. Pioneers such as R. Richards,
G. Radda among others, created the field of in-vivo NMR spectroscopy by placing
first living tissue, then whole animals in instruments that of necessity had wider bores
and far higher energy requirements, due to the design constraint of maintaining a
high-strength magnetic field over a greater spatial volume. The first such spectra
were acquired using the 31p nucleus in muscle tissue.

Similar acquisition parameters were used on human brains in-vivo with
resultant 31P spectra in these relatively low-field systems (approx. 2T) being of

simple form, providing relative concentrations of ATP, ADP, Phosphocreatine (PCr),

inorganic phosphate (P;), phosphodiesters and phosphomonoesters. In addition, the

chemical shift of P; from PCr provided a measure of pH within the volume from

which signal was acquired.



Human brain tumours, noted for tissue heterogeneity on a gross as well as
microscopic level, were studied using 31p acquisition techniques.These studies did
not reveal any overriding "tumour signature” in the metabolite pattern, as compared to
surrounding brain or the brains of normal volunteers. pH changes were also
considered 10 be variable in degree and consistency.

In general, the obvious first choice of nucleus for spectroscopists to study

was 1H due to its high concentration and ubiquity in biological systems. However,
most of the 11 was bound in H20, forming a peak so massive that other 1H peaks

representing biochemically-important metabolites such as lactate,
creatine/phosphocreatine and neurotransmitters were obliterated. The solution to this
problem, 1H spectra acquired using HpO-suppression techniques4, has only been
widely available in the last four years. Another problem that has been almost
completely brought under control has
been in the acquisition of spectra from accurately localized in-vivo volumes. Various
Jocalization routines have been developed in the last three years, with stimulated-echo
acquisition mode (STEAM?) and image-selected in-vivo spectroscopy (ISIS9) being
the two most commonly-used software packages. Hardware improvements that also
assisted in selectivity include the use of surface coils of various configurations.
Although the volume of interest (VOI) could be significantly reduced in 1H
spectroscopy by virtue of its higher concentration, the first human brain tumours
studied were analyzed with VOI's of approximately 64cc. The findings in gliomas
included higher lactate levels, little or no N-acetylaspartate, little or no
creatine/phosphocreatinine and no GABA7-10, However, these data could not be
considered conclusive due to the significant degree of tissue heterogeneity that would

exist in a 64cc VOI taken from cerebral tissue, normal or abnormal. The purpose of
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the present study was therefore two-fold :

1) To acquire a 1H spectrum of potentially-high homogeneity from a human
glioma, in the form of intracerebrally-implanted D-54 MG human glioma-derived
cells forming a 1-2cc turnour in immunosuppressed cat brain.

2) To correlate the relative concentrations of these metabolites with perchloric
acid (PCA) extracts of D-54 MG tumour tissue removed immediately after 1H
spectroscopy.

METHODS AND MATERIALS
Animal Preparation

D-54 MG human glioma cells were implanted into animals as discussed
previously. At three weeks, an NMR multi-spin-echo image was acquired to
determine the presence of tumour growth as determined previously. At four weeks,
the animal was prepared for NMR spectroscopic analysis in the following manner :

1) A pre-anaesthetic preparatory dose of 0.1ml/kg

Atropine IM was given to prevent excessive salivation;

2) With the animal under human restraint, 1ml/kg Saffan (see
Chapter IT) was administered into the cephalic vein. Anaesthesia was
achieved within 30 seconds of Saffan administration;

3) A 3 French cuffed endotracheal tube was positioned in the trachea
and cuff blown up with 5 c.c. air;

4) A #20 intravenous catheter was inserted into the cephalic vein and
flushed with saline;

5) A 60cm plastic extension was connected to a 3-way stopcock, which
was connected to the IV catheter. This entire arrangement was then
flushed with saline to remove trapped air;

6) 0.5cc Saffan doses were administered as needed for maintenance of



anaesthesia. These doses were titrated to corneal reflex, toe-pinch
response, respiratory rate and cat movement;

7) A respiratory rate monitor with rubber bellows sensor

attached by 10m. plastic tubing to an amplifier system with LED
readout (M.Sc. thesis: Karim Al - Daoudi - U.of Alberta, 1989) was
then fastened with Velcro straps around the abdomen of the animal and
the operational status of the device was checked;

8) Cat was then placed in an acrylic animal-constraint device designed
to fit in both wide-bore and medium-bore NMR instruments (see
Figures 1-3). String was placed around the paw with the IV line and
fastened to a hole drilled into a flange on the side of the chamber to
prevent accidental IV line disengagement. The IV line was brought out
through the front of the chamber and the respiratory rate monitoring
line was brought through a hole in the back of the chamber. The head
of the animal was positioned between two foam pads and the lower jaw
fastened to a ramp running from the floor of the chamber. The NMR
surface coil was then positioned such that it lay horizontal with respect
to both the top of the head and the floor. The 6cm copper coil, tuned to
the resonance frequency for IH @ 1.5T (67.63 MHz.) was also
positioned such that the coil's anterior-posterior diameter lay along the
midline of the head. In this way, signals from both cerebral
hemispheres could be acquired with equal ease;

9) Cat was then transported within the closed chamber to the Philips
wide-bore 1.5T magnet;

10) The animal constraint device was placed inside the magnet and

connected to an airflow system (two 10m hoses connected to a Filter

211



Queen vacuum cleaner) which maintained the inside of the chamber
under negative pressure relative to room air;

11) A standard multi-slice multi-echo sequence with 3mm cuts
established the location of the tumour in coronal section;

12) Individual multi-echo scans were acquired to precisely determine
the maximal diameter of the tumour in the coronal plane;

13) The software package was then switched from imaging to
spectroscopy. This necessitated rebooting the computer as the two
programs were incompatible with each other;

14) A spectroscopy sequence was designed as in Figure 6, using ISIS
as its basic localization sequence, overlaid with DEPTH pulses to

narrow the transmission volume of the surface coil, binomial pulses as
well as inversion-recovery pulse timed to suppress the HyO peak by a

factor of 5,000. Lastly, surface suppression pulses were used to
suppress unwanted signal from superficial regions of the head;

15) A volume of lcc was selected such that the edges of the VOI

were all within the tumour in the coronal plane;

16) 1H spectrum acquisition lasted for approximately 20 minutes for
the full 128-scan cycle;

17) A similar spectrum was obtained from the contra-lateral hemisphere

with the VOI at the same relative position within the coronal plane.
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RESULTS

The results of a phantom study documenting ISIS localization ability are
shown in Figure 7. The outer phantom is filled with 50cc SmM N-Acetyl aspartate
and the inner phantom with 1.3cc 50mM lactate, both being instilled just prior to
spectral acquisition. As one can discern, the NAA peak decreases and the lactate peak
remains approximately the same height as the ISIS VOI's decrease in size. At lcc
VOI, one can still visualize a small NAA peak. This is due mostly to slightly
off-center positioning of the VOI on the small phantom. However, one can also, from
this spectral series, determine that the signal-to-noise ratio is low. Figure 6 presents a
representative spectrum acquired from the tumour hemisphere (VOI - 2.25cc). Lack
of spectral resolution does not permit identification of individual peaks. Use of an

acquisition volume size of 1cc did not permit resolution of any peaks above the

background level of noise.

DISCUSSION
Further efforts to acquire a 1H NMR spectrum from a 1cc VOI in a D-54 MG

glioma-bearing cat were halted for three principal reasons :

1) The signal-to-noise ratio produced by the hardware/ software
combination on the Philips system did not permit identification of any peaks from a
1cc volume. This loss of signal (or increase in noise) could be due to losses incurred
by: a) hardware component including the surface coil (due to low Q in construction),
the preamplifier, the coaxial cables transmitting the signal back to the data analysis
module; b) Software routines such as surface suppression pulses and binomial pulses
that may take out a small portion of relevant signal along with irrelevant signal. In
addition, the putative concentration of even the most abundant of the NMR- visible

metabolites that may change with treatment eg. lactate, are in the 1-5 mM range which
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is at, or slightly below the limit of detection for the hardware and software utilized
with the Philips magnet. The relatively low field strength of the Philips magnet
(1.9T), not designed for animal use, also contributed to the low signal intensities
seen. This difficulty with sigual-to-noise leads to the second constraint;

2) Inadequate spatial resolution - not only did the VOI have to be
increased significantly (8cc) to acquire signals with S/N = 5-10:1 but the exact
position of the VOI could not be ascertained within the brain. The reason for this was
the inability, at the time, for a transfer of data to be completed using Phillips system
software, between imaging and spectroscopy. Consequently, even if a signal of
high-enough intensity were to be acquired, one, at the time, could never be confident
whether or not the signal came from the implanted tumour;

3) Inadequate spectral resolution - cat studies were being done
concurrently with in-vitro studies on both PCA cell extracts and media. Both
correlative approaches are inherently flawed - PCA cell extracts measuring only
intraceilular metabolite and media analysis measuring only extracellular metabolites
(in an artificial environment) whereas, in-vivo 1H spectroscopy, in theory, detects
metabolites in both spaces. Nevertheless, the 1H spectra of the PCA cellular extracts
had two major technical problems associated with them - firstly, the presence of a
very complex set of peaks, many of which overlapped each other, making it almost
impossible to determine relative concentrations without major errors being introduced
during data analysis. Secondly, the concentration of metabolites when extracted from
even 107 cells grown in monolayer culture was frequently in the low mM range.
From data presented in chapter 111, one can discern that this range was at the low
range of accurate detectability even for a 7.05T magnet.

Media experiments, therefore produced spectra of sufficient spectral

resolution and simplicity to be able to produce the data shown in chapter II1.
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Applicability of these findings to in-vivo work however, is fraught with problems.
Unfortunately, the peaks that may potentially be of predictive value (glutamate,
taurine) are found in the midst of a multitude of other peaks, making them extremely
difficult to adequately resolve and quantitate with the current spectral resolution of
the Philips system.

There is much progress being made to increase the S/N ratio and to maximize
both the spatial and spectral resolation. The first change, made by C. Hanstock et al.
was to initiate 1H spectroscopy experiments on the higher-field (2.35T) Bruker
magnet in addition to continuing work to improve the resolution of the Philips
magnet. A preliminary test result (C. Hanstock, personal communication) has
produced a 1H spectrum from 9L rat gliosarcoma in cat brain resolving a much
greater number of peaks with a S/N ratio of at least 20, from a lcc. volume. This is
more typical of what has already been achieved in brain tissue in other
laboratories 10:11, To further increase S/N for selected inetabolites, 13C-decoupled
1H spectroscopy can be utilized12. This involves the administration of 13C-glucose
(or any other important substrate) in a quantity large enough such that a major portion
of the substrate concentration (and therefore that of its metabolites) is labelled, over a
short period of time (usually a few hours), with 13C. Sophisticated editing
techniques can then be used to edit out individual metabolites from amongst a
number of non-labelled peaks, taking advantage of the difference in homonuclear
J-coupling constants between 13C and 1H and12C and 1H in labelled versus
non-labelled metabolites, respectively, This technique has already been used by
Rothman et al.13 to visualize lactate (using C3) and glutamate14 (using C4) and
would be admirably suited to acquire data on at least these two metabolites from small

VOI within brain tumours.



In summary, work on this study did not progress due to lack of sufficient
spatial and spectral resolution on the Phillips magnet to perceive potentially important
metabolites present in concentrations inherently too low to be seen at present. Major
adjustments in both hardware and software, performed after postponement of the
study, will enable increases in spatial, spectral as well as temporal resolution
sufficient to accurately determine concentrations, and in the future, fluxes of these

potentially-relevant indicators of the metabolic activity in tumour cells.
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APPENDIX II - AUXILIARY METHODS

METHOD 1 - MONOCLONAL ANTIBODY
RADIOIODINATION
Sugof Iodogen® was dissolved in 50 1. chloroform and pipetted into a 12

x 75 mm. glass test tube. The solution was allowed to evaporate under N2 onto the

test tube walls. 10-11 (IgM) and MOPC-21 (IgG) MAbs were centrifuged in a
Centricon® tube containing a filter permeable to solutes of < 20kD molecular
weight, thereby producing a MADb solution concentrated to approx. 3mg/ml. 100l
of this concentrated solution was mixed with 2 mCi 1317 or 1251 (Nal) and 30u!
of 0.5 M phosphate buffer (pH 7.2) @ 20°C. After removal of 2 pl. of this
solution, the rest of the mixture was transferred to the Iodogcn® coated test tube,
where the iodination reaction was allowed to proceed with gentle agitation for 2
minutes. After the 2 minute incubation period, the reaction mixture was transferred
to a microcentrifuge tube containing 20 pl. of 1.0 M Nal27] (cold). 2 pl.of this
solution was removed and added to 10 ml. of PBS/ 1% BSA containing 50 pl. of
1.0 M Nal271 (cold) to undergo TCA precipitation.

The rest of the reaction mixture was then added to the top of a minicolumn
prepared in the following manner - 6 gm. of Biogel P-100 size exclusion gel was
mixed with 200 ml. PBS/Azide in a 500 ml. beaker @ 90°C. The mixture was
allowed to settle and cool to room temperature and was then decanted to remove
fines. Three washes of 100 ml. PBS/Azide at room temperature were then used to
remove remaining fines by settling and decanting. The washed solution was then
diluted with buffer to make a 75% slurry. 0.5 ml. PBS/Azide was pepitted into «

minicolumn, to which 3.0 ml. of the thoroughly mixed 75% slurry was then



added. After this column packing was allowed to settle, the column was washed
with 10 ml. PBS/Azide before use.

After the reaction mixture was added to the top of the minicolumn, the
column was spun at 1000 rpmina Dynac® centrifuge or equivalent for 2.5
minutes. Two 100 pl. PBS washes were then added to the top of the column and
the centrifugation repeated in a clean 15 ml. centrifuge tube containing a new 5 pl.
microcentrifuge tube for each centrifugation.

2 pl. of each microcentrifuge tube solution (containing purified labelled MAb) was
then withdrawn and added to 10 ml. of PBS/1% BSA containing 50 pl. of 1.0M
Nal27] (cold) for labelling efficiency testing using TCA precipitation. Aliquots
(microcentrifuge tubes solutions) showing greater than 97% of 1251 or 1311
precipitated (ie. > 97% of 1311 or 1251 bound to the MAb) by the TCA method
were then pooled and used in subsequent studies.

The TCA (trichloroacetic acid) precipitation method of testing labelling
efficiencies consisted of taking 2 1. of reaction mixture and adding it to 10 ml. 1%
BSA (bovine serum albumin). 0.5 ml. of this solution was reacted with 0.5 ml.
20% TCA. The precipitate was centrifuged in an Eppendorf table-top centrifuge @
14,000 rpm x 1 minute. After 2 more washes of 1 ml. 20% TCA (with
subsequent centrifugations), the precipitate was counted using a Beckman gamma
counter. The following determinations could then be made :

% protein bound activity = precipitate count / counts in precipitate + washes

(i.e. total counts).

% radiolabelling efficiency = MAb-bound Activity / Total Activity added

Specific Activity = MAb-bound Activity (Ci} / Amount MAb (M)

Standards for this procedure include :

1) Unreacted MAb and 1251 or 1311 (2u);

2) Reacted MAb with cold (1275) added (2u!;
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METHOD 2 - CYCLOSPORIN TROUGH LEVEL ASSAY (HPLC
METHOD)

Whole blood samples were mixed continuously in heparinized or
EDTA-coated blood tubes for 20 min.at 20°C. 1.0 ml. of whole blood was
pipetted into a 15 ml. culture tube. An internal standard (Cyclosporin D - 750 ng.
in 750 pl. of 10 mg/l methanolic solution) was added, followed by 2.0 ml.
180mM HCl solution. A 10 second vortex treatment was used to lyse the cell. 10
ml. HPLC-grade diethyl ether was added to the lysate after which the tubes were
mixed (after being tightly capped) for 20 minutes. Solution was then centrifuged at
3000 rpm for 10 min. The ether layer was pipetted into a second 15 ml. culture
tube to which 2 ml. 95mM NaOH had been added. The organic phase was washed
by inversion 15 - 20 times. A final centrifugation (3000 rpm x 5 min.) was

performed, after which the ether layer was transferred into a ciean 16 x 100 mm.

etest tube to dry under Ny at 450C. Extracts were reconstituted with 0.2 ml.

solvent (70% CH3CN) and 100 pl. was injected onto a reverse-phase C1g (1.5

cm. x 4.6 mm.) column, kept at 80°C. Solvent flow = 1.0 ml./ min., using a

Hewlett - Packard HPL.C isocratic pump system.



APPENDIX III - DATA
EXPERIMENT 1 - HPLC AMINO ACID ANALYSIS - D-54 MG

MH - Media HPLC; CH - Control HPLC; BH - BCNU-treated cells

(HPLC); DH - Daunomycin-treated cells (HPLC). Amino Acid

Abbreviations - see Table ITI - 1 (p. 180 in text).

TIME MH-TAURINE MH-THREONINE MH-ASN MH-GLY MH-CIT
1] TIMED 20.0 232.0 421.0 270.0 121.0
21 TIMEDO 16.0 178.0 315.0 204.0 85.0
3| TIME T 14.0 161.0 . 303.0 180.0 84.0
4] TIME 12.0 168.0 304.0 172.0 76.0
S| TIME3 14.0 185.0 314.0 193.0 87.0
6] TIME3 15.0 187.0 324.0 201.0 89.0
71 TIMEG 14.0 170.0 313.0 201.0 100.0
8! TIMEG 15.0 171.0 309.0 193.0 96.0
9| TIME 12 14.0 147.0 211.0 182.0 " 108.0
10| TIME 12 12.0 128.0 184.0, 154.0 96.0
[ 1 TIME 24 16.0 175.0 228.0 209.0 156.0
1ol TIME 24 17.0 160.0 223.0 207.0 150.0
MH-ASP MH-SER MH-GLU MH-GLN MH-ALA MH-AAB
1 296.0 350.0 382.0 4366.0 149.0 .
2 242.0 261.0 308.0 3244.0 92.0 i
3 210.0 232.0 250.0 2934.0 90.0 L
4 194.0 233.0 309.0 2713.0 83.0 o
5 "215.0 247.0 335.0 2886.0 94.0 i
6 215.0 260.0 347.0 3006.0 98.0 .
? 247.0 248.0 307.0 2971.0 101.0 o
8 217.0 250.0 279.0 2899.0 95.0 o
9 186.0 226.0 276.0 2720.0 112.0 °
10 154.0 193.0 246.0 2326.0 101.0 .
1t 236.0 260.0 301.0 2973.0 136.0 o
12 2217.0 253.0 267.0 3064.0 128.0 b
13 o [ [ . [ ] L)
14 [} [} [} ) [ ] L]
1S . o [} ° ] [}
16 ) ° [} L] ) [
17 [} ° [} © [ ] [ ]
18 [} [ o . [ L]
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MH-UAL | MH-MET | MH-LEU | MH-PHE | MH-ORN | MN-HIS

1 266.0 119.0 486.0 133.0 . .

2 191.0 89.0 371.0 99.0 . .

3 186.0 78.0 336.0 91.0 . .

4 172.0 2.0 318.0 85.0 . )

S 189.0 85.0 348.0 94.0 . .

6 199.0 88.0 365.0 98.0 . .

7 205.0 90.0 359.0 100.0 . .

8 187.0 82.0 345.0 94.0 ° .

9 163.0 ?2.0 322.0 81.0 o .

10 142.0 65.0 277.0 ?2.0 . .

11 190.0 90.0 374.0 95.0 ] .

12 181.0 89.0 368.0 97.0 o o

13 . ] L] . ) °

14 L] [ ] ° ° P °

1S ] ) . . . .

16 L4 L] [ ] L] e .

17 e ) L) e - -

MH-CYS MH-ILE MR-TYR MH-TRP MH-LYS MH-ARG CH-TAY

1 187.0 482.0 129.0 o ° . 16.0
2 149.0 362.0 95.0 o . o 14.0
3 122.0 339.0 86.0 . ° ° 15.0
4 127.0 321.0 83.0 i . . 15.0
5 141.0 351.0 91.0 . . . 14.0
6 144.0 371.0 93.0 . . o 15.0
? 142.0 367.0 92.0 . * o 12.0
8 133.0 350.0 89.0 . . ° 13.0
9 136.0 295.0 78.0 . . o 14.0
10 125.0 260.0 1.0 . . . 13.0
11 157.0 355.0 95.0 . o o 10.0
12 153.0 342.0 95.0 . . . 10.0
13 . . . ] . . .
14 ° [ [ ] . . .
1S ° . . e . . '
16 . . e . . . ]
1?7 . . . . . . .
18 . ° e . . . .




CH-THR CH-ASN CH-GLY CH-CITY CH-bL..L CH-MET CH-LEU
! 166.0 250.0 209.0 123.0 175.0 86.0 360.0
2 162.0 282.0 203.0 108.0 183.0 91.0 359.0
3 170.0 287.0 191.0 93.0 171.0 82.0 333.0
4 165.0 313.0 199.0 96.0 183.0 83.0 352.0
5 149.0 2722.0 178.0 94.0 159.0 76.0 305.0
6 166.0 282.0 172.0 82.0 157.0 3.0 299.0
7 167.0 276.0 172.0 103.0 154.0 70.0 283.0
8 157.0 263.0 167.0 92.0 146.0 68.0 274.0
9 141.0 270.0 180.0 96.0 139.0 68.0 263.0
10 119.0 247.0 165.0 86.0 121.0 59.0 239.0
11 104.0 204.0 166.0 116.0 98.0 200.0 58.0
12 104.0 206.0 167.0 113.0 96.0 51.0 197.0
13 ° . ° o ° L] °
14 ] L} [ e o o [
15 . ° ) . ° o e
16 . L} ° o o L] .
L e ] - - a - - - -
CH-PHE CH-ORN CH-HIS CH-ASP CH-SER CH-GLU CH-GLN
1 92.0 ® . 199.0 261.0 321.0 2829.0
2 100.0 . o 197.0 256.0 306.0 2019.0
3 89.0 ° i 188.0 242.0 359.0 2631.0
4 93.0 . . 183.0 247.0 3?22.0] 2810.0
) 81.0 4 167.0 216.0 337.0 2492.0
6 79.0 . o 151.0 213.0 370.0 2319.0
? 77.0 i L 1572.0 197.0 420.0 2155.0
8 2?7.0 ] . 154.0 194.0 526.0 1976.0
9 69.0 o . 182.0 181.0 651.0 2174.0
10 63.0 o . 164.0 148.0 611.0 1924.0
11 ° . . 188.0 118.0 1130.0 1248.0
12 58.0 o * 185.0 112.0 1155.0 1203.0
13 . . . . . . N
14 [ . ° o [ [ .
15 . . . . . 'y .
16 . . . . . . .
1? . . . . ° .
18 . . ™ . . °
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CH-ALA CH-AAB CH-CYS CH-ILE CH-TYR CH-TRY CH-LYS
1 126.0 ° 93.0 335.0 92.0 . .
2 139.0 . 100.0 333.0 93.0 . .
3 149.0 L 141.0 321.0 87.0 o .
4 150.0 . 145.0 335.0 91.0 . .
5 134.0 ° 121.0 297.0 80.0 . .
6 124.0 . 1172.0 295.0 79.0 . .
? 188.0 . 105.0 282.0 74.0 . .
8 149.0 ° 122.0 272.0 74.0 o .
9 224.0 . 108.0 262.0 3.0 * .
10 202.0 . 96.0 231.0 67.0 . .
11 364.0 . 92.0 202.0 62.0 ° .
12 347.0 . 93.0 195.0 63.0 . *
13 . - . . . .
14 [} . [ L) . ] .
15 * ° L) ° L] . .
16 ° ° . [ . ] .
1?7 . ) . ] . . -
CH-ARG BH-TAU BH-THR BH-ASN BH-GLY BH-CIT BH-UAL
1 . 16.0 153.0 269.0 195.0 84.0 172.0
2 L 16.0 152.0 272.0 192.0 80.0 170.0
3 o 15.0 132.0 233.0 162.0 65.0 139.0
4 . 16.0 136.0 249.0 183.0 74.0 153.0
5 ® 18.0 150.0 262.0 198.0 89.0 164.0
6 . 15.0 129.0 231.0 173.0 80.0 146.0
? o 15.0 120.0 233.0 174.0 87.0 147.0
8 o 16.0 132.0 263.0 169.0 89.0 151.0
9 o 13.0 126.0 229.0 161.0 102.0 1372.0
10 o 14.0 124.0 238.0 159.0 107.0 137.0
11 o 8.0 91.0 194.0 150.0 127.0 107.0
12 o 7.0 88.0 202.0 144.0 120.0 93.0
13 L] [ . . [ . .
14 L] [ [} . . ] .
19 [ . [ . . . °
16 o . e L] . . .
17 [ . L] ] . . .
i8 L) o . . 0 . .




BH-MET BH-LEU BH-PHY BH-ORN BH-HIS BH-ASP BH-SER
I 84.0 340.0 87.0 o . 182.0]  244.0
2 82.0 339.0 86.0 b 175.0 247.0
3 70.0 288.0 74.0 L . 151.0 207.0
4 76.0 314.0 79.0 . . 158.0 221.0
S 78.0 333.0 83.0 o . 169.0 230.0
6 70.0 287.0 70.0 . . 150.0 200.0
? 69.0 272.0 68.0 . o 159.0 185.0
8 69.0 274.0 75.0 . o 152.0 194.0
9 65.0 269.0 73.0 . o 178.0 162.0
10 65.0 261.0 68.0 o o 194.0 168.0
11 50.0 210.0 54.0 ° o 287.0 93.0
12 45.0 204.0 49.0 . . 221.0 78.0
13 [ [ [} [} ° [} °
14 [ . [ o o [ [}
19 . . . ° ] [ °
16 . . . ° . .
1?7 . . ® ° ° [} ]
18 . [ . o [ °
BH-TRP BH-LYS B8H-ARG DH-TAU DH-THR DH-ASN DH-GLY
1 * b 14.0 165.0 249.0 200.0
2 . . . 16.0 150.0 237.0 192.0
3 ° . ° 21.0 166.0 261.0 207.0
4 . * * 20.0 151.0 240.0 199.0
5 . . . . 20.0 168.0 244.0 194.0
6 . o . 19.0 152.0 272.0 188.0
? . o . 21.0 168.0 285.0 196.0
8 o . o 21.0 152.0 272.0 203.0
9 . ° . 23.0 153.0 227.0 203.0
10 ° . ° 22.0 170.0 269.0 228.0
11 e . ® 35.0 149.0 284.0 260.0
12 o . . 44.0 267.0 . 406.0
i3 L] [ ° o . L] °
14 ° (] ° [ [ L] .
19 [ [ » [ [ [ °
16 ° . . . [ . [}
17 [ . . . . . °
18 [ [ [ [ [} [ [
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DH-CIT DH-UAL DH-MET DH-LEU OH-PHE OH-0RN DH-HIS
1 111.0 182.0 88.0 360.0 91.0 B .
2 102.0 175.0 83.0 345.0 90.0 ° .
3 100.0 185.0 90.0 369.0 92.0 . .
4 111.0 181.0 85.0 352.0 91.0 o .
5 104.0 169.0 83.0 356.0 84.0 ] .
6 100.0 162.0 76.0 314.0 85.0 ° .
? 110.0 165.0 81.0 311.0 92.0 . .
8 119.0 166.0 81.0 319.0 83.0 . .
9 116.0 142.0 71.0 264.0 72.0 . .
10 132.0 168.0 88.0 319.0 97.0 . .
11 115.0 151.0 79.0 280.0 92.0 . .
12 173.0 227.0 118.0 413.0 145.0 * °
13 ] [} ° . [ . [
14 [ [ . [] . . .
15 [ . ° o . . [
16 ] . . . . . .
1? o . e . [ o [
18 (] L . [] L] . °
DH-ASP DH-SER DH-GLU OH-GLN OH-ALA OH-ARB DH-CYS
1 194.0 249 305 2980 124 . 163
2 182.0 237 250 2924 121 . 157
3 190.0 250 356 2936 144 . 167
4 178.0 234 308 2898 146 ° 156
5 166.0 231 396 24?5 151 . 144
6 189.0 230 396 2648 146 . 125
? 193.0 227 595 2430 184 . 127
8 198.0 224 544 2617 190 . 128
9 189.0 202 936 1719 231 . 116
10 2272.0 225 1073 2020 260 . 127
11 227.0 192 2149 458 335 . 104
12 336.0 308 3197 666 5195 . 157
13 L] [ [ (] L] ] L]
14 [ [} [} [ [ [} [
15 ® [] . ] ° . L)
16 [ ° . . L] [ .
1?7 [} [ . L] [ L .
18 . ) . . ] L] .
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DH-ILE | DH-TYR | DH-TRP | DH-LYS | DH-ARG | TIME(HRS.)

1 334 91 . . . 0
2 322 88 . . . 0
3 350 95 . . . 1
4 333 88 . . . 1
5 311 84 . o . 3
6 294 81 . 3 . 3
7 288 85 . 3 . 6
8 294 82 . . . 6
9 237 79 . . . 12
10 285 93 . . . 12
K 244 86 . . . 24
12 357 133 . . . 24
13 [ . L] . . °
14 . [ [ . [ [
15 . . . . . .
16 . [] [ ] [ .
1?7 ° . . ° [ .
[ . ] . ] .

237



EXPERIMENT 2 - NMR AMINO ACID ANALYSIS - D-54 MG

M - media; C - control; B - BCNU-treated cells; D - Daunomycin-treated cells

ALA -alanine; LAC - lactate; GLU - glutamate; GLN - glutamine.

Time(hrs.) | M-LAC | M-ALA | M-GLN | M-GLU | C-LAC | C-ALA

1 0 . 3 . e| 395.15| 358.20

2 0 . . . o| 284.51| 308.00
3 500| 410.51| 502.03| 1414.86| 659.44| 485.68] 571.23

4 500| 349.38| 341.92| 1291.22| 445.61| 286.66| 272.72

5 1.000| 447.51| S591.58| 1492.26| 504.44| 254.32| 192.67

6 1.000| 430.76| 419.26| 1424.14| 755.41| 294.06| 253.57

? 2.000| 384.61| 449.11| 11?3.5?| 569.65| 419.27| 333.78

8 2.000| 339.58| 438.26| 1074.30| 628.48| 540.21| 652.64

9 3.000] 334.37| 468.11| 1120.74| 492.26| 545.47| 523.74

10 3.000| 292.69| 299.86| 1021.67| 492.26| 582.47| 609.22
11 4.500| 314.31| 394.84| 1201.23| 541.79| 442.84| 350.06
12 4.500| 323.58| 283.58| 1129.82| 470.17| 492.51| 286.29
13 6.000 . . ) o| 917.42| 620.08
14 6.000| 309.25| 299.86| 1092.87| 411.76| 680.26]| 359.56
15 7.500 . . . e| 793.38| 280.86
16 7.500] 215.08| 192.67| 828.07| 287.71| 253.24| 153.32
17 9.000| 355.20| 443.69| 1247.67| 585.13| 895.22| 335.14
18 9.000| 312.95| 249.66| 1000.00| 382.45 3 .
19 12.000| 435.16| 377.20| 1449.12| 645.61) 1044.63| 370.42
~20 12.000| 410.91| 355.49| 1386.99| 476.78] 462.41| 461.32
21 24.000| 213.82| 191.31| 708.97 o] 612.33| 597.01
22 24.000| 292.03| 257.80| 1070.17| 392.68) 1598.30| 442.33
23 36.000| 408.61| 362.27| 1396.49| 670.17| 775.68| 519.67
24 36.000| 269.71| 251.01| 1056.14| 407.01|1712.19| 510.47
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C-GLN C-6LY B-LAC B-ALA B-GLN B-GLU D-LAC D-ALA

11 1207.01] 585.96| 318.19| 331.07 1084.21| 47?2.19| 259.20] 233.27
— 2| 1046.43| 399.78| 403.51| 526.45 1164.08| 656.34] 396.48| 318.36
3] 1362.22| 808.04| 409.38] 301.22 1242.10| S596.49] 348.58| 282.22
a|l 907.12| 281.73| 525.99| 534.59 1493.62| 811.14| 344.30| 274.08
51 747.36| 326.31| 498.55| 605.15 1167.18| 640.86]| 453.35| 401.62
6l 851.39| 321.18] 359.10| 364.99 959.75| 507.73| 463.48| 533.24
21 1171.92| 733.73] 581.69| 512.89 1476.78| 498.4S| 386.36| 312.07
8] 1368.42| 671.82| 468.93| 377.20 829.32] 427.26] 545.08] 645.86
91 1250.77| 619.19| S547.03]| 470.82 1185.725| 634.67]| 347.22] 226.59
10| 1114.55| 600.61| 554.04| 310.71 1074.30| 526.31] 531.84| S514.24
111 885.44| 517.02] 684.90| 568.52 1585.15| 829.72| 436.02| 426.05
12| 940.00| 455.10] 384.61]| 200.81 696.59| 343.65| 487.04| 510.17
15[ 1a55.10] 783.28| 777.40| 540.02 1337.46| 826.62| 691.33| 512.89
14| 1024.56] 578.94| ?772.723| 390.77 814.24| 416.78] 625.22| 370.42
15| 1161.40] 600.00| 717.62) 434.19 1207.45| 712.07] 374.29| 313.43
16| 402.47] 229.10] ?99.53| 344.64 1101.75| 561.40] 726.19| 420.62
17| 1143.85| 536.84] 918.98| 526.45 1241.48| 72°.55| 537.09| 233.3?
18 b e| 829.16| 345.99| 1178.94| 715.78 764.90) 375.84
19] 1091.22] 578.94f 1191.43| 546.81 1352.94| 8?3.06|1000.00{ 578.00
20] 1068.11| 721.36]| 1108.50| 359.56 785.96 | 592.98| 969.62| 576.66
21| 839.00] 801.85] 1411.31] 336.49 715.78| ?22.80] 1362.80| 701.49
22| 698.24| 814.03]| 1398.61| 282.22 578.94| 642.10] 1190.26| 402.98
23| S592.98| 803.50| 891.13] 379.9% 421.05| S504.64| 1427.49| 522.38
24| S519.29| 831.57]1747.59| 451.83 610.52| 880.70]1509.05{ 515.60
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D-GLN D-GLU Column 18

1] 869.96] 303.40 .
ST 486.06 .

3| s520.12 .

Li 374.61 .

[ ‘0, 448.99 .
., i _¢4] 656.34 .
Tho: G203 390,09 .
T g 1433.43| 823.°2 .
9| <©44.27| 882.35 .
10| 1241.48[ 718.26 .
11| 981.42| 541.79 .
12] 1043.34| 653.25 .
13] 1176.47| 764.70 .
14| 1171.92] "536.84 .
15| 814.24| 414.86 .
16] 863.77| 489.16 .
17| 699.69| 442.72 .
18] 807.01| 649.12 3
19] 1083.62 | 1000.00 .
20| 1027.86] 8726.16 .
21| 665.63|1222.91]. .
22| 448.91| 894.73 .
23| 554.38] 1256.14 .
24| 557.27 .

1102.16
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EXPERIMENT 3 - ENZYMATIC LACTATE DETERMINATION

Time (hrs.) Media Control BCNU daynomycin Column 6

1 Time 0 2.03 2.67 2.79 2.850 0

2 Time 0 2.38 2.66 2.86 2.930 0

3 Time 0 2.41 2.68 2.72 2.730 0

4 Time 0 3.2? 2.66 2.76 2.780 g

5 Time 0 1.90 2.69 2.72 2.855 0

6 Time 0 3.26 2.60 2.82 2.850 0

? Time 0.5 2.76 3.20 3.26 3.280 .500

8 Time 0.5 2.62 3.12 5.26 3.390 .500

9 Time 0.5 2.74 3.18 3.16 3.310 .500
10 Time 0.5 2.66 3.01 3.22 2.680 .500
11 Time 0.5 2.72 3.19 3.29 3.230 .500
12 Time 0.5 2.81 3.09 3.20 2.600 .500
13 Time 1 2.53 3.26 3.56 3.090 1.000
14 Time 1 2.69 3.50 3.51 3.450 1.000
15 Time 1 2.66 3.41 3.4? 3.080 1.000
16 Time 1| 2.6? 3.44 3.42 3.350 1.000
1?7 Time 1 2.62 3.33 3.52 3.640 1.000
18 Time 1 2.54 3.28 3.46 3.690 1.000
19 Time 2 2.57 3.86 4.06 2.830 2.000
20 Time 2 2.5? 3.90 4.10 4.020 2,000
21 Time 2 2.66 3.85 3.98 3.680 2.000
22 Time 2 2.67 3.86 4.06 3.970 2.000
23 Time 2 2.?21 3.83] ° 4.05 2.850 2.000
24 Time 2 2.71 3.74 3.92 3.700 2.000
25 Time 3 2.69 4.44 4.80 3.870 3.000
26 Time 3 2.70 4.62 4.63 4.230 3.000
2? Time 3 2.68 4.5? 4.68 4.130 3.000
28 Time 3 2.76 4.56 4.54 4.380 3.000
29 Time 3 2.68 4.44 4.60 4.200 3.000
30 Time 3 2.74 4.52 4.72 3.946 3.000
31 Time 4.5 2.68 5.28 5.29 4.810 4.500
32 Time 4.5 2.63 5.25 5.54 4.290 4.500
33 Time 4.5 2.63 5.38 5.35 4.710 4.500
34 Time 4.5 2.64 5.04 S.18 4.760 4.500
35 Time 4.5 2.70 5.29 5.28 4.220 4.500
36 Time 4.5 2.70 5.30 5.09 4.910 4.500
3? Time 6 1.98 6.33 6.29 4.690 6.000
38 Time 6 2.00 6.44 6.22 4.760 6.000
39 Time 6 3.33 6.12 5.89 5.830 6.000
40 Time 6 3.20 6.16 6.18 6.080 6.000
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Time (hrs.) Media Control BCNU daunomycin Column 6
41 Time 6 2.81 6.17 6.01 5.560 6.000
42 Time 6 2.68 6.10 5.83 5.500 6.000
43 Time 7.5 2.57 6.98 6.53 6.160 2.500
44 Time 7.5 2.58 6.80 6.57 6.050 7.500
45 Time 7.5 2,51 6.88 6.92 6.100 ?7.500
146 Time 7.5 2.42 6.80 6.96 6.000 2.500
147 Time 7.5 1.99 6.81 6.47 6.010 2.500
48 Time 7.5 2.03 6.96 6.37 5.860 2.500
49 Time 9 1.87 8.25 6.78 6.640 9.000
50 Time 9 2.26 7.69 .51 6.880 9.000
51 Time 9 1.98 .86 ?.09 6.780 9.000
52 Time 9 1.95 8.05 6.81 2.000 9.000
53 Time 9 1.94 2.85 ?.13 6.860 9.000
54 Time 9 2.23 2.94 .50 6.810 9.000
55 Time 12 3.13 9.35 8.80 8.020 12.000
56 Time 12 2.39 2.19 . 7.610 12.000
57 Time 12 2.98 ?2.49 9.97 ?.740 12.000
58 Time 12 3.13 2.5?{ 10.24 7.930 12.000
59 Time 12 3.14 9.34 8.94 8.060 12.000
60 Time 12 2.55 7.05 . 7.620 12.000
61 Time 24 2.71 13.91 L 11.360 24.000
62 Time 24 2.75 14.02] 14.34 11.460 24.000
63 Time 24 2.71 13.92 . 11.730 24.000
64 Time 24 2.89 14.17] 14.12 11.390 24.000
65 Time 24 2.67 13.96 . 11.680 24.000
66 Time 24 2.79 13.87 . 11.180 24.000
67 Time 36 2.76 14.6?| 15.67 12.940 36.000
68 Time 36 2.76 14.7?]| 15.40 12.910 36.000
69 Time 36 2.73 14.84| 15.10 12.010 36.000
70 Time 36 2.90 i4.76| 15.66 13.000 36.000
1 Time 36 2.80 14.80] 15.50 12.470 36.000
72 Time 36 2.78 14.49| 15.59 12.230 36.000




EXPERIMENT 4 - PROTEIN DETERMINATION - D-54 MG

Abs. - Absorbance

LvGroun Time Abs. 1 Abs.2 Abs. 3 Aug. Abs. Column 7

1 c-1 0 .695 .644 . 670 .604

2 c-2 0 .700 677 210 696 .630

[ 3 c-3 0 .689 .705 .687 .694 .628
) c-4 0 .695 .692 .682 690 .624
5 c-1 1 .643 .705 699 .682 617

[ 6 c-2 1 .689 .673 .645 .669 .603
? c-3 1 .697 710 602 696 631

8 c-4 1 .740 .740 737 739 673

9 c-1 3 719 .55 754 .743 677
10} c-2 3 .695 .690 .675 687 621
1 c-3 3 .680 .656 .635 .657 .592
12 c-4 3 615 631 .590 612 .546
13 c-1 6 258 160 .730 749 .684
14 c-2 6 .705 .705 .700 .703 .638
15 c-3 6 .642 .674 647 .654 .589
16 c-4 6 275 .804 .805 795 .229
17 c-1 12 744 .70 .743 752 687
T c-2 12 756 227 227 237 671
19 c-3 12 730 134 .743 .736 .670
el c-a 12 321 264]  .740 742 676
21 c-1 24 .550 .680 620 667 .601
22 c-2 24 .720 745 .2490 735 .669
23 c-3 z4 .720 695 210 708 643
24 c-4 24 730 .30 725 728 .663
25 8-1 0 .690 .680 . 685 .619
7 B-2 0 -630| .630 655 .638 523
Y B-3 0 .650 .650 .620 .640 .575
28 B-4 0 .650 .680 .650 .660 .595
29 B-1 1 .640 .640 .625 635 .570
30 8-2 1 .620 .640 615 6257 .559
31 8-3 1 .610 .650 670 643 .578
32 B-4 1 .625 .650 .665 640§ .581
33 B-1 3 .747 .729 .705 327? 662
34 B-2 3 220 265 .215 733 .668
35 8-3 3 .10 220 .697 709 .644
36 8-4 3 .650 .630 .700 .660 .595
32 B-1 6 .664 .650 626 647 .581
38 B-2 6 .744 270 841 .785 220
39 B-3 6 REE .760 750 762 .696
40 B-4 6 .245 .?30 715 .730 .664
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Group Time fbs. 1 fibs.2 Abs. 3 flug. Abs, Column ?
41 B-1 12 .630 .640 .640 .637 5?71
42 B-2 12 o . ° . .
43 B-3 12 .660 .690 .690 .680 .614
44 B-4 12 .745 .730 1S5 .730 .664
45 B-1 24 680 710 .690 693 .628
46 B-2 24 670 .705 .705 .693 .628
47 B8-3 24 .610 .650 .620 627 .561
48 B-4 24 .690 .740 .72C0 21 651
49 D-1 0 .680 .705 215 .700 .634
50 D-2 0 .68S .695 .690 .690 .624
St D-3 0 660 .650 .685 .665 .600
52 -4 0 715 .780 .750 .748 .683
53 0-1 i .680 .685 .660 675 .610
54 D-2 1 .650 .683 665 .666 .600
55 D-3 1 .640 .660 675 .658 .593
S6 D-4 1 .640 670 .635 .648 .583
5? D-1 3 .595 .590 .600 595 529
58 0-2 3 .540 .610 .610 587 .921
59 D-3 3 .590 .594 597 594 528
60 D-4 3 .560 .580 599 =YX St
61 D-1 6 652 .700 .682 678 613
62 D-2 6 .650 .670 .650 657 591
63 D-3 6 .670 .670 .680 673 .608
64 D-4 6 .660 .645 .660 .655 .590
65 0-1 12 .540 .530 .540 537 41
56 D-2 12 .585 .600 .600 .995 .529
67 D-3 12 97?5 .570 .560 .568 .503
68 D-4 12 .620 .630 .650 .633 .568
69 D-1 24 .480 .480 490 | .483 .418
70 D-2 24 .460 .450 460 .457? .391
1 D-3 24 .440 .460 .450 .450 .385
22 D-4 24 .420 .440 410 .423 .358




ll’roteinl (mq/sample)

{Protein] (mg/1.5 H# 10E6 celis)

1 727 14.549
I 759 15.179
3 257 15.131
| A 152 15.035
5 743 14.858
o 727 14.537
7 760 15.195
8 811 16.223
9 816 16.311
10 .748 14.962
1 212 14.248
12 658 13.164
13 824 16.472
14 768 15.364
15 709 14.184
16 878 17.564
17 827 16.544
18 808 16.167
19 .807 16.143
20 814 16.287
21 724 14.481
22 806 16.127
23 274 15.484
24 .798 "715.966
25 246 14.922
26 690 13.798
27 692 13.838
28 716 14.320
29 686 13.218
30 674 13.427
31 696 13.9:9
32 700 13.999
33 797 15.934
34 804 16.087
35 275 15.500
36 716 14.320
37 700 13.999
38 867 17.331
39 838 16.769
40 800 16.006
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[Protein] (mg/sample)

(Protein] (mg/1.5 H 10£6 cells)

41 .688 13.758
42 . .
43 .740 14.802
44 .800 16.0006
45 .756 15.123
46 756 15.123
a7 676 13.517
K3 .784 15.685
49 .764 15.284
S0 152 15.043
51 222 14.441
52 .822 16.448
53 734 14.681
54 223 14.465
55 .714 14.280
56 702 14.039
57 .638 - 12.754
S8 .628 ‘ 12.554
59 .636 12.222
60 616 12.513
61 738 ~ 14.754
62 212 ' 14.240
63 732 14.641
64 210 14.200
65 567 11.549
66 .638 12.754
67 .606 12.112
68 .684 13.678
69 .503 10.065
70 471 9.422
1 .463 9.262
22 431 8.619
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EXPERIMENT 5 - IMMUNOREACTIVITY EXPERIMENTS

MONOCLONAL REACTIVITY TO D-54 MG HUMAN GLIGBLASTOMA
CELL LINE IN-VITRO (ELISA)

MONOCLONAL D-54 MG MONOCLONAL D-54 MG
ANTIBODY REACTIVITY ANTIBODY REACYIVITY
MEDIA CONTROL 0 B27.1R10 (IgG) +
B37.43R352 (lgM) o+ B28.2R1 (IgM) +
320H.14 (IgG) +++ -+t B45.1R31 (IgM) +
184H.3 (IgQ) 4+ -+t B45.3R2 (IgM) +
320H.22 (IgG) +++ B45.7R1 (IgM) +
B67.30R11(IlgM) +++ 50H.9 (IgG) +
B32.2R20 (IgM) ++ -+ B25.10R30 (IgM) 0-+
49H.8 (IgM) 4 - +++ B45.24R1 (IgM) 0-+
B45.1R31 (IgM) ++ C50 (IgM) 0
318H.1(IgM) P G242 (IgG) 0
B67.24R11 (igM) + -+t 28 other MAb's 0




