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ABSTRACT

The object of this research was to investigate profiles of human brain and nervous
system tumours using cell culture techniques combined with ^H-MRS and
chromatographic analysis of cell extracts. In assessing the reliability of these
techniques it was found that when the culture medium, timing and procedure of
extraction were carefully controlled, reproducible results were obtained both within
a given passage number, and across passages of a cell line.
The hypothesis that transformed cells, while being distinguishable from normal brain
cells, will share some ^H-NMR spectroscopic features specific to their cell of origin
was proposed, and tested in studies of human meningioma cell lines and normal rat
meningeal cell cultures. Some attributes characteristic to meningeal cells were shared
by the meningioma cell lines, relating meningioma cells to their tissue of origin. Other
features of the spectra discriminated the transformed from normal cells.
The hypothesis that types of human nervous system tumours could be distinguished
by their characteristic ^H-NMR spectra was tested on meningioma, neuroblastoma and
glioblastoma/astrocytoma cell lines. In addition to similarities, there were qualitative
and quantitative discriminating spectral features which allowed the identification of
the tumour type. A few spectral characteristics distinguished between astrocytomas
and glioblastoma multiforme, but there were similarities between spectra from human
astrocytomas and previously published spectra from rat astrocytes.
Studies on cell lines from human primitive neuroectodermal tumours (PNETs)
revealed a characteristic metabolite pattern for cerebellar medulloblastomas, which
reflects their derivation form neural progenitor cells. This pattern discriminates
cerebellar medulloblastomas from PNETs of other locations in the central nervous
system, from normal human cerebellum, and from other human brain tumours.
Metabolite profiles were obtained at key ages during postnatal development and
maturation, from anatomical regions of rat brain where different types of normal brain
cell populations are expressed in certain proportions. These revealed that the
qualitative and quantitative aspects of the presence of metabolites in each anatomical
region studied was related to the cellular composition of that region.
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CHAPTER 1

GENERAL INTRODUCTION
The aim of the work described in this thesis was to investigate the possibilities for
using information obtained by proton nuclear magnetic resonance (‘H-NMR)
spectroscopy in lineage-specific brain tumour diagnosis, thus providing a model in
vitro with a firm scientific basis for the non-invasive diagnosis of brain tumours in
vivo. The studies performed here were also directed at gaining more information
about the metabolic pathways of tumour cells, and at offering a clearer picture of the
metabolic features that may distinguish cancer cells from normal cells.

This chapter gives a general introduction to brain tumours and their histological
classification, with particular reference to the brain tumours studied. A review of the
diagnosis and treatment methods employed in the management of brain tumours is
then presented. The final section gives a review of the approaches to studying brain
tumours in investigations by NMR spectroscopy, both in the clinical environment
(studies in vivo) and in research (experiments in vivo on animals and in vitro on
perfused cells and cell cultures).

1.1. INTRODUCTION TO BRAIN TUMOURS

Cancer is an ancient disease, which was first described as early as 5000 years ago [1].
While it still remains one of the greatest enigmas in medicine, considerable insight
into its behaviour has been gained in the last century. The term ’cancer’ actually
encompasses a variety of diseases, each displaying its own peculiarities of origin and
progression, and varying in prognostic significance. But one property that all cancers
have in common is the growth of atypical cells in an unrestrained manner.
14

One of the first definitions of tumours at the beginning of this century, given by
Powell White describes a tumour as a ’mass of cells, tissues or organs, resembling
those normally present in the body, but arranged atypically, which grow at the
expense of the organism without, at the same time, subserving any useful purpose
therein’ [1]. No completely satisfactory definition of a tumour has been formulated.
Since the exact cause and nature of tumour growth is unknown, the existing
definitions are in fact descriptions, some better than others. However, a definition
which is acceptable from a practical standpoint was proposed in the 1960s by R.A.
Willis [1]: ’A tumour is an abnormal mass of tissue, the growth of which exceeds and
is uncoordinated with that of the normal tissues, and persists in the same excessive
manner after cessation of the stimuli which evoked the change’.

The abnormal behaviour of tumour cells indicates that the cells composing a tumour
are escaping from some, if not all, the normal mechanisms which control cell growth
and anatomical arrangement.

The tumour cells may be said to be autonomous,

beyond normal control and with no survival value in the evolutionary process. The
term ’neoplasia’ is therefore used to indicate an abnormal type of growth, which
differs from hyperplasia in that it arises spontaneously, or as a result of abnormal
stimulation, and its growth proceeds irrespective of the stimulus. Neoplasia has more
recently been defined as ’an autonomous proliferative growth of the tissue outside the
normal physiological control of the host’ [1,2].

The brain and its soft tissue or bony covering, together with the nerves and pituitary
gland, may give rise to primary intracranial tumours, while métastasés can spread
from virtually any other body cancer to the brain [3]. Brain tumours are among the
most devastating and difficult forms of cancer to control. They are invariably lethal
if untreated, and strike all age groups from very young children to the very elderly.
The precise incidence of brain tumours is difficult to estimate, as neither biopsy nor
autopsy surveys give a complete picture, but ranges from 4.2 to 12.5 per 100,000.
Brain tumours are the second leading cause of cancer-related deaths for the group
between 15 and 34 years of age. The results of various autopsy surveys suggest that
1.4% of all the human tumours are in the brain, and that 49% of the brain tumours
are gliomas. Additionally, cancer is one of the major causes of death in childhood.

15

afflicting 1 child in every 650.

Brain tumours are second only to leukaemia in

importance, accounting for 18.6% of all childhood cancers. Various studies have
shown that overall there is a preponderance of a particular type of brain tumour in
different geographical regions and racial groups, age groups, sex group, or in location
in the cerebral hemispheres [2,4].

1.2. BRAIN TUMOURS - CLASSIFICATION, GRADING AND
DESCRIPTION OF THE TYPES STUDIED

The neuropathological analysis of brain tumours has been influenced throughout the
years by a number of special morphological approaches, and more recently by
techniques

of

immunohistochemistry

and

ultrastructural

immunochemistry.

Procedures such as these have provided a greater understanding of tumour
histogenesis with respect to cytoskeletal proteins, membrane proteins, growth factors,
oncogenes and growth kinetics.

In this context, a revised histological typing for

brain tumours was recently formulated by the World Health Organization.

The World Health Organization malignancy grading of brain tumours [5] is based on
the histological features (degree of dedifferentiation) of the neoplasms:
- grade I lesions include tumours with a low proliferative potential, a frequently
distinct nature and the possibility of cure following surgery alone;
- grade II lesions are generally infiltrating, with a low mitotic activity, but with
recurrence, and some tumour types tend to progress to higher grade lesions. Typical
examples are well differentiated astrocytomas, oligodendrogliomas and ependymomas;
- grade III lesions show histologic evidence of malignancy, generally in the form
of mitotic activity, anaplasia and clear infiltrative capability;
- grade IV lesions include neoplasms which are mitotically active and prone to
necrosis, generally associated with a rapid pre-and post-operative progression of the
disease.

Sometimes these neoplasms infiltrate the adjacent tissues and tend to

disseminate within the central nervous system (CNS). Typical examples are most of
the embryonal neoplasms and the glioblastoma multiforme.
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1.2.1. Meningiomas
These are primary tumours of the meninges (the covering membranes of the brain and
spinal cord), and they are composed of, or differentiate toward arachnoidal cells [6,7].
Meningiomas are common tumours of the CNS that account for approximately 15%
of all primary intracranial tumours in adults. Of these, childhood meningiomas have
an incidence of around 2%, being equally distributed between sexes. The neoplasms
usually become clinically apparent in middle age, however, with a clear female
predominance (3:1).

The complexity and variety of cell appearances seen in meningiomas reflect the
polyblastic nature of the meningeal cell.

There are several main groups of

meningiomas in the class of tumours of the meninges [5]. The first group contains
tumours of the méningothélial cells, including the ’classical’ meningioma with its
subtypes: the méningothélial (or syncytial) subtype, the transitional subtype, and the
fibroblastic subtype.

Included in this category there are a number of histological

variants. All these subtypes are regarded as benign. The other main groups include
the mesenchymal, non-meningothelial tumours (benign neoplasms), the malignant
neoplasms, the primary melanocytic lesions, and the tumours of uncertain histogenesis
- each of them with their variants. The majority of intracranial meningiomas (65%)
are either of the syncytial or transitional subtype [4,8].

Meningiomas are usually well-circumscribed masses that are firmly attached to the
dura, and their growth is typically slow and expansive.

Occasionally, they may

undergo malignant transformation and invade the cerebral parenchyma, or may even
become so anaplastic as to lose all their characteristic histological features. Poorly
defined tumour margins, marked heterogeneity, and prominent edema indicate tumour
aggressiveness [9]. In respect of location, within the cranial cavity the anterior half
is more often involved, and in the spinal canal they occur in the thoracic, cervical and
lumbar regions [4].

1.2.2. Astrocytomas
Astrocytomas are derived from pleomorphic populations of astrocytic cells, and have
an unusual capacity of stromal induction. They account for the vast majority of all
17

primary intracranial tumours. In general, males are more often affected than females.
The low-grade astrocytomas commonly occur in the third and fourth decades, whereas
the anaplastic tumours tend to arise in the fourth and fifth decades [4,9].

Astrocytomas are one of the main groups included in the major class of tumours of
the neuroepithelial tissue, being classified according to a four-tiered subtype system
developed by the World Health Organization [5]. Grade I and II astrocytomas are
typically slow growing and histologically benign, while grade III and IV astrocytomas
are malignant. The subtype of pilocytic astrocytomas (grade I) are characterised by
a low capacity for anaplastic progression and slow growth compared to the other
subtypes.

The low-grade, well-differentiated astrocytomas (grade II) have the

following variants: fibrillary, protoplasmic and gemistocytic, which are similar to the
basic morphological types of astrocytes in normal and reactive brain [4]. These
astrocytomas account for 9% of all primary intracranial tumours. They occur most
frequently in children (located in the posterior fossa) and young adults (supratentorial
location).

Anaplastic astrocytomas (grade III) are histologically formed from

multipolar fibrillary or protoplasmic astrocytes, and account for 11% of all primary
intracranial neoplasms.

They are typically lobar in location with a variable

configuration or demarcation.

1,2.3. Glioblastoma multiforme
Glioblastoma multiforme are included in the group of astrocytic tumours [5], as the
subtype of grade IV astrocytomas. This classification was based on the occurrence
of similar overall incidence of p53 mutations in low grade astrocytomas, anaplastic
astrocytomas, and glioblastoma multiforme, indicating that this gene may be involved
in the rather early stages of neoplastic transformation.

These tumours frequently develop from low grade or anaplastic astrocytomas, but may
also primarily arise with no evidence of a less malignant precursor lesion.
Histologically, they show multipolar astrocytes that are markedly cellular and
pleomorphic.

Glioblastomas represent more that 50% of all primary intracranial

tumours, occurring mostly in middle age.

They are rapidly growing, expansive

lesions that carry a uniformly poor prognosis.
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The malignant potential is also

reflected by the highest incidence of metastasis for any glial neoplasm outside the
CNS. Within the brain they invariably infiltrate the adjacent brain in an aggressive
manner. They permeate through the cerebral white matter and capsules, commonly
involving the corpus callosum [4,9].

1.2.4. Neuroblastomas
These are one of the most common malignancies of childhood, representing 8%-10%
of all cancers observed in patients up to 15 years of age. They are the most common
solid tumours in the neonatal period (median age 2 years at diagnosis), and appear to
have no sex predilection. These neoplasms are a subtype of the embryonal tumours
group, within the major class of tumours of the neuroepithelial tissue [5].

Neuroblastomas are tumours of the sympathetic nervous system, and are derived from
the ventrally migrating cells of the neurocrest. They can be found anywhere in the
sympathetic side-chain in the neck, thorax, abdomen or pelvis, but may also arise
throughout the CNS, especially in supratentorial locations. Central neuroblastomas
are highly cellular with frequent mitoses, and some cells demonstrate ultrastructural
features of neuroblastic differentiation.

Various neuron-associated growth factor

receptors have been detected in neuroblastomas, but no evidence has been found of
a neoplastic glial component in these primitive tumours [4,10].

1.2.5. Primitive neuroectodermal tumours (PNETs)
PNETs are highly malignant neoplasms derived from immature precursor cells. They
are included in the group of embryonal tumours, within the class of tumours of the
neuroepithelial tissue [5]. The World Health Organization recommended that the term
PNET should be used as a generic term for cerebellar medulloblastomas and for
neoplasms morphologically indistinguishable from the medulloblastomas, but located
at other sites in the CNS. It is assumed that all PNETs share a common progenitor
cell population, although this precursor cell has never been identified in the human
CNS.

These tumours have varying degrees of cellular differentiation and a

remarkable capacity to disseminate along the cerebrospinal fluid pathways.

The

prognosis is uniformly poor for this type of neoplasm, even with aggressive surgery,
chemotherapy or radiotherapy [4,9].
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Medulloblastoma is the most common type of embryonal tumour, representing about
25% of all intracranial tumours in children. The majority of tumours arise in the
cerebellar midline. The histopathological feature of the medulloblastoma is an intense
cellularity with relatively small cells exhibiting scant cytoplasm (the prototypical
’small blue cell tumour’). As its component cells can express markers of neuronal,
glial, ependymal and sometimes muscular differentiation, medulloblastomas have been
regarded as malignant counterparts of multipotential neural progenitor cells [4,11].

1.3. DIAGNOSIS AND MANAGEMENT OF BRAIN TUMOURS

1.3.1. Clinical manifestations of brain tumours
Malignant primary brain tumours occur with two separate peaks of incidence:
childhood and middle age. Specific clinical patterns can be determined as a function
of the histological type and grading of the tumour, and its site of origin. It has been
noted that patients with primary malignant brain tumours, especially cerebral gliomas,
present one or more of the following features: symptoms and signs of raised
intracranial pressure, non-localising symptoms such as headache, epilepsy or mental
symptoms, and focal symptoms and signs [4]. There is a delay between the time a
patient becomes aware of an initial symptom caused by a brain tumour and the time
of histological diagnosis, usually by surgical biopsy (on average 1.65 years) [8].

1.3.2. Diagnosis
Intrinsic brain tumours are the most common (40%) of all brain tumours in adults,
of which 80% are malignant gliomas. The diagnosis of intrinsic tumours involves
several stages, including the detection of the abnormality, the localization and
assessment of its extent, the diagnosis of its nature, and the specific diagnosis of the
pathology and degree of malignancy of the intrinsic tumour [2].

The greatest revolution in methods of brain tumour diagnosis occurred with the advent
of non-invasive methods of investigation, the first of which was computer tomography
(CT scanning) in the early 1970s. This imaging method introduced the possibility of
visualizing the anatomical location and extent of the tumour, and of predicting its
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nature with some degree of certainty. Magnetic resonance imaging (MRI) has added
new dimensions to imaging for diagnosis and treatment in the last decade, the first
clinical NMR scanner being introduced in 1982 at the Hammersmith Hospital,
London.

As well as allowing visualisation of the tumour within the brain and

detection of its location in three-dimensional space, the results of surgery, extent of
resection, postoperative complications or progress, effects of radiotherapy and
development of a recurrent tumour can be detected and monitored by this non-invasive
method.

The disadvantage of non-invasive imaging methods is that they do not provide enough
biological information to enable the neurosurgeon to make an accurate and definite
pathological diagnosis of the type of tumour detected. The diagnosis still remains
dependent on the histological examination of the tissue, which establishes the
pathology and degree of malignancy of the tumour, but involves the surgical biopsy
of the lesion. Brain biopsy is a profoundly invasive procedure and it is not always
applicable, especially for small tumours or those in deep locations. In addition, even
with the application of stereotactic techniques for biopsy, there is still a risk of
mortality. Less invasive techniques for diagnosis are therefore required.

Magnetic resonance spectroscopy (MRS) has developed in the last decade, providing
an alternative technique for the diagnosis in situ of the types of neoplastic brain
lesions. The advantage of MRS is that it can give information about the metabolite
content of the region examined in a totally non-invasive manner, providing a window
for observing tissue-specific biochemical processes.

Qualitative and quantitative

changes in the metabolite composition of a brain region can be detected and monitored
by MRS in vivo, and compared to the metabolic features of the normal tissue. This
way, ’metabolite markers’ can be associated to specific types of brain lesions. MRI
could be applied, together with MRS, to detect and to obtain information about the
localization and the type of tumour, reducing sensibly the time between the
appearance of symptoms and the actual pathological diagnosis.
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1.3.3. Surgery
The objectives for surgical treatment of malignant tumours were outlined in 1982
[12], as follows: 1. enabling the neuropathologist to establish a pathological diagnosis;
2. removing the bulk of tumour; 3. relief of distressing symptoms; 4. reduction of
tumour volume to permit time for adjuvant therapy; 5. removal of the tumour bulk,
which alters cells kinetics and will induce those cells that are not in cycle to resume
an active phase of growth, thus increasing their susceptibility to radiotherapy or
chemotherapy.

Until significant advances are made in the non-surgical treatment of malignant
tumours, surgery is a necessity for the reasons mentioned above. It is preferable to
perform a complete resection of the tumour, with minimal disturbance of the adjacent
normal brain. Surgical procedures in clinical practice include, apart from biopsy,
procedures such as: craniotomy (with partial or complete tumour resection),
lobectomy (removal of entire anatomical lobe of the brain containing the tumour), and
additional surgical procedures such as insertion of shunts and reservoirs [4]. Modem
surgical management has benefited from the introduction of new neurosurgical
instrumentation, including operative microscopes, lasers and ultrasonic aspirators,
stereotactic techniques and integration with CT and MR scanning, allowing better
access and maximum tumour resection with minimal damage and manipulation of the
normal brain.

1.3.4. Radiotherapy
Radiotherapy is a major form of cancer treatment which produces tumour cell death
from the effects of ionization as a result of breaks in the strands of cellular DNA.
It is one of the most effective treatment modalities in the management of patients with
intracranial tumours. Radiation can be delivered to the tumour, whole brain or whole
craniospinal axis by external beam: gamma radiation from radioactive sources (mainly
^Co), X radiation at lower or higher energies, and electron beams. Brachytherapy
may be applied using solid sources such as ^^^Ir wire implants, or ^^^Cs or ^°Co
afterloading for cervical therapy, especially for the treatment of glial tumours. The
correct delivery of radiation requires prior accurate localization of tumour by CT or
MR scanning, information which is used for treatment planning. Most radiotherapy
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is targeted nowadays, which tends to avoid normal tissues with the radiation dose
being concentrated in the target tissue. In clinical practice radiotherapy is fractioned,
being given as a series of daily treatments programmed throughout 4-7 weeks.
Treatment by radiotherapy is limited by the poor radiation tolerance of the CNS and
relative radioresistance of some CNS tumours [4,13],

1.3.5. Chemotherapy
The poor prognosis of patients with primary malignant tumours (in most cases,
gliomas) following surgery and radiation therapy has motivated the search for
effective chemotherapy.

Realistic goals in a major proportion of patients under

chemotherapy are longer lasting remission or at least delay of further progression,
although cures may be expected in about 50% of medulloblastomas or PNETs
occurring in childhood, which are highly sensitive to chemotherapy [4].

Various agents are used in chemotherapy, such as alkylating drugs (procarbazine,
bischloroethylnitrosourea - BCNU, cyclohexylchloroehtylnitrosourea - CCNU, methylCCNU),

antimetabolites

(5-fluorouracil,

6-mercaptopurine),

mitotic

poisons

(vincristine); or antimitotic antibiotics. For chemotherapeutic drugs, the therapeutic
margin between efficacy and unacceptable toxicity is small. To be effective against
neoplastic cells, a drug should reach its site of action in adequate concentration for
an adequate period of time. Various modes of application of the chemotherapeutic
drugs have been developed in order to penetrate the blood-brain barrier: systemic
administration (intravenous or oral), local (intraarterial or intratumoural), by
modifications of the blood-brain barrier, or administration directly into the
cerebrospinal fluid.
different cases.

Single-agent therapy or combination therapy is applied in

Primary chemotherapy is applied in the case of grade I and II

tumours, whereas chemotherapeutic treatment is adjuvant to surgery and/or
radiotherapy for tumours of high degrees of malignancy. Major drawbacks of this
therapeutic method are the high toxic concentrations reached by the drugs in normal
brain, which can produce severe neurotoxic side effects [2,4,13].
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1.3.6. Immunotherapy
Studies on brain tumour immunobiology have shown that there is a potential role for
biological immune factors in therapy.

Research has centred upon evaluation of

tumour cell antigenicity and the cell-mediated immune responses to the malignant
tumours. Although there is no lymphatic system in the CNS, it has been shown that
a host versus tumour reaction occurs at the site of tumour growth, probably triggered
by antigens associated with brain tumour cells. Appropriate monoclonal antibodies
raised to malignant brain tumour cells can be used as carriers for chemotherapeutic
and radiotherapeutic agents. Alternatively, adjuvant therapy with immunomodulating
agents, such as biological response modifiers (interferons, interleukins, tumour
necrosis factors), is directed at enhancing or stimulating the suboptimal immune
response of patients with brain malignancies [4,8,13].

1.3.7. MRS in monitoring response to tumour therapy
Neurological signs and symptoms of patients during or after therapy of brain tumours
are difficult for the physician to quantify and interpret. Clinical status is also affected
by factors unrelated to the patient’s tumour burden, including cerebral oedema,
seizures, and side effects of surgery and radiation therapy - such as brain necrosis
following radiotherapy or intensive chemotherapy.

The tumour status can be evaluated nowadays by modem imaging techniques, such
as CT or MR scanning.

An important indicator of success with non-surgical

treatment of tumours is alteration in tumour size, measured by imaging techniques.
MRI procedures, as opposed to CT seem to have the ability to distinguish between
necrosis of the tissue and the actual tumour. Nevertheless, estimation of size is a
rough indicator because different tumours have different rates of growth, and weeks
or even months can pass before a tumour reaches a mass large enough to measure.
Late sequelae may occur, such as seeding of the brain tumour down the cerebrospinal
fluid pathways, regional or systemic métastasés, or particular neurotoxic symptoms.
Thus, time is wasted in which a more appropriate therapy might be applied to the
tumour [4,14].
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MRS offers a non-invasive procedure to assess the progress of tumour therapy by
determining alterations in spectral metabolite peaks and specific metabolic ratios as
a consequence of treatment. Metabolic changes are determined by modifications in
metabolite peak areas induced by radiotherapy, chemotherapy, immunotherapy or
other anticancer agents. Results often indicate an early biochemical response of the
tumour to treatment, which may occur hours or even days before other tumour
modifications can be detected by histology or by anatomical changes. Parameters
detectable by

*H,

or ^’F-NMR are likely to be altered by non-surgical

therapies, therefore such parameters could be used as indicators of therapeutic
efficiency [13,14].

^*P-NMR spectroscopy in vivo can detect phosphorylated compounds in concentrations
over 100 juM, including high energy phosphate compounds (nucleoside triphosphates
(NTP) and phosphocreatine (PCr)) and their breakdown compound inorganic
phosphate. In addition, intracellular pH can be determined. It has been concluded
that tumours, which can become hypoxic or ischemic, often show altered levels of
bioenergetic metabolites. During untreated growth of tumours the levels of energyrich compounds NTP and PCr tend to decline relative to other resonances, while there
is an increase in phosphomonoesters (PME) and inorganic phosphate as the tumours
outgrow their blood supply and become hypoxic [15].

Response to therapy of human tumours has been monitored by ^*P-NMR in vivo. The
spectra from regressing neuroblastoma have shown decreases in PME levels, whereas
increases in levels of PME have been noted to be related to the regrowth of
neuroblastomas [16].

An intracranial lymphoma subjected to radiotherapy also

showed a decrease in PME and inorganic phosphate in combination with an increase
in PCr, shifting towards a spectrum characteristic of normal brain after treatment
[17]. For human breast cancer, changes in PME levels in response to therapy have
been noticed to be more sensitive indicators of response than volume measurements
[18]. After treatment either a change in spectrum to that of a severely hypoxic tissue,
or a paradoxical increase of the high energy compounds have been observed [19].
The increases in high energy phosphate compounds after tumour treatment are
interpreted by assuming that hypoxic cells become more normoxic when the demands
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for oxygen are reduced, and taking into account factors such as tumour size,
vasculature and tumour blood flow [13,14].

Such results and their interpretation

suggest the value of ^*P-NMR as a non-invasive method of assessing tumour therapy
and monitoring the oxygenation status of tumour produced by therapy. The MRS data
could be used to monitor the tumour response to ’test-doses’ of chemotherapy, and
to avoid systemic toxicity in patients with non-responsive tumours [15].

^H-NMR spectroscopy in vivo is complicated by the need for water suppression and
by signal overlap caused by narrow frequency distribution of metabolites. Therefore,
spectroscopy is technically more demanding than

because the magnet must be

shimmed much more precisely and signals from water and fat must be suppressed
[14]. Although ^H-NMR has not been used for the monitoring in vivo of drugs and
metabolites, several studies have shown that this nucleus can be employed for
detection and measurements of drugs and metabolites in body fluids.

A viable

technique to assess the efficacy of drug therapy has been shown to be the analysis by
*H-NMR spectroscopy combined with liquid chromatography of urine from patients
undergoing treatment, which can lead to identification of drug metabolites and
obtaining information on their structure [20]. This method may be applied to check
the responsiveness of a patient to chemotherapy.

^^-NMR spectroscopy can be used to detect antitumour drugs and to follow their
metabolism in the tumour. An advantage is that the
peaks [21].

nucleus gives well separated

One example is the drug 5-fluorouracil and its analogues which are

believed to inhibit DNA synthesis in tumour cells (rat prolactinomas have been
recently studied), by producing fluoronucleotides. These latter compounds have been
detected in ^^F-NMR spectra of tumours treated with 5-fluorouracil, but not in spectra
of tumours treated with its analogues, showing the efficacy of treatment of 5fluorouracil [14]. This way, it could be possible to determine whether a tumour is
’permeable’ to chemotherapy by a certain anti tumour drug.
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1.4. REVIEW OF NMR SPECTROSCOPY IN RELATION
TO BRAIN TUMOURS

This last part of the ’General Introduction’ is not, by any means, intended to be an
exhaustive literature review of the studies in vivo, in vitro or ex-vivo by MRS of
human or animal brain tumours. Over 200 studies by *H-NMR spectroscopy on brain
tumours have been published only since 1989, and more than 500 investigations of
human cancers have been reported by ^^P-NMR [22]. In this review, only some
aspects of studies by

and ^^P-NMR spectroscopy are selected, with particular

emphasis on the findings which are relevant to the work presented in this thesis.

1.4.1. Studies in vivo bv NMR spectroscopy
NMR spectroscopy provides chemically specific data from living systems in a truly
non-invasive manner, being therefore a means of investigating a tissue. Signals from
the cell populations present in that tissue are revealed in the volume of interest by
NMR spectroscopy in vivo [13].

For example,

^H-NMR spectra of brain is

particularly complex, as a consequence of contributions from different cell types. All
hydrogen-containing metabolites which are present in brain at concentrations of at
least 100 ^M can be detected in vivo, depending on the number of identical protons
giving rise to a particular signal, and on the coupling patterns. But only the proportion
of a metabolite which is mobile enough to give a signal is 'NMR visible', and there
may be more of that metabolite which is bound, and therefore NMR invisible [13,23].
Clinical studies o f human brain tumours Clinical MRS could yield information of
diagnostic or prognostic value, could aid in tumour diagnosis and grading, treatment
selection, monitoring of treatment response, and biochemical and physiological
understanding of the type of tumour investigated, allowing the non-invasive
examination of metabolic characteristics of human cancers. Accessible nuclei include
^^Na and

but most of the studies have been performed by

and

‘H-NMR spectroscopy.

As mentionixi above, ^'P-NMR spectra contain information about energy status {i.e.
signals from NTP, PCr), phospholipid metabolites (PME and phosphodiesters),
inorganic phosphate and intracellular pH. These metabolites have been found to be
27

altered in brain tumours compared to normal brain, and there are also differences
between types of tumours studied.

spectra from glioblastomas and other high

grade gliomas have shown an elevation of the PME peak and a relatively alkaline
intracellular pH [24], and in common with low grade astrocytomas they display a
reduction in the phosphodiester peak compared to normal brain [25]. The pH of high
grade gliomas seems to be significantly more alkaline than normal brain or low-grade
gliomas [25,26]. Several studies by ^^P and ^H-MRS have demonstrated that there is
no intracellular pH shift in tumours compared to normal tissue - in agreement with
the ability of tumour cells to export H^ ions to maintain its pH despite a continuous
generation of Lac due to ’anaerobic’ glycolysis - and that the accumulation of Lac
ions in tumours seems to be due to its distribution in the pH gradient across the cell
membrane [27]. Meningiomas and pituitary adenomas display markedly different ^*PNMR spectra from glial tumours, showing reductions in PCr, phosphodiesters and
inorganic phosphate, and generally the most alkaline pH [25]. The ^‘P spectrum
obtained from a cerebellar medulloblastoma in a child has not been found to present
marked differences compared to normal brain, possibly because the tumour volume
was small compared to the voxel size [28]. In fact, the problems which have to be
taken into account when interpreting localized spectra consist of the difficulty to
include only tumour tissue in a voxel, the possibility that the tumour is surrounded
by edema, or that there is spontaneous necrosis or haemorrhage - especially in
gliomas. It is also often difficult to tell what fraction of the sensitive volume contains
viable tumour, especially in cases where biopsy was performed before MRS [22].

It is known that *H-NMR spectra of tumours do not exhibit specific resonances which
would be typical of the neoplastic condition [22].

However, in comparison with

healthy tissues there are significant alterations in the levels of metabolites in tumour
tissue, as a consequence of modifications in the bioenergetic and biochemical
pathways of cancer cell metabolism [29]. At present, localization techniques and
hardware allow *H spectra to be recorded from volumes of interest of about 1 ml in
humans and 40 /xl in animals [30].
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Metabolites identifiable in ^H-NMR localized spectra from normal human brain are: Nacetylaspartate (NAA), creatine (Cr) and PCr, choline-containing compounds (Cho),
Y-aminobutyric acid (GABA), lactate (Lac), glutamate (Glu)/glutamine (Gin), taurine
(Tau), myo-inositol (Ino), and (mobile) lipids [31], Metabolic alterations observed by
*H-NMR spectroscopy in vivo of brain tumours, compared to spectra from normal
brain are reductions in signals from NAA and Cr, and increase in Cho peaks or in the
Cho/Cr ratio, and sometimes increase in signals from Lac [32-37]. It has been found
that histologically different tumours {i.e. gliomas, meningiomas, neurilemoma,
arachnoid cyst) show different spectra, and histologically similar tumours {i.e.
gliomas) yield similar spectra [34]. Significant differences in the NAA/Cr ratio have
been shown in human astrocytomas of all grades compared to normal white matter,
while the ratio Cho/Cr discriminates between low-grade and grade IV astrocytomas.
Compared to other tumours, meningiomas have a high ratio alanine (Ala)/Cr and
reduced Cr relative to Cho, confirmed by NMR of tissue extracts [35]. Metabolic
alterations such as reduction in NAA and increase in Cho have been associated with
damage or loss of the neuroaxonal integrity and proliferative glial growth, while the
increased signal from Lac is thought to provide evidence for the enhanced ’anaerobic’
glycolysis and reduced Krebs cycle in malignant tumours [32]. The ratio Cho/Cr has
been found to be significantly higher in high grade than in low grade gliomas [38],
consistent with a high phosphorycholine (PC) observed in spectra from grade IV
astrocytomas, which is thought to be an indicator of malignancy [33]. The metabolic
heterogeneity of the intracranial tumour mass has been demonstrated with ^H-NMR
spectroscopic imaging, capable of visualizing metabolic variations within distances of
about 1 cm [36]. These results are consistent with more recent findings indicating
that some differences observed in spectra in vivo may be attributable to secondary
macroscopic structural changes (such as necrosis or hypoxia) and not to inherent
tumour characteristics [39]. In order to elucidate this aspect, further correlations
between spectroscopy in vivo and in vitro are required.

Experimental tumours in animals - models to study brain tumours When tumours
in animals are used as preclinical models of human tumours, it is important to
consider how well such a model may represent the clinical situation. An experimental
tumour in an animal may represent a much greater body burden than would be the
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case in a patient, and a transplanted tumour may show different characteristics in
terms of blood supply and sensitivity to anaesthetic agents, compared to a spontaneous
tumour [13]. Additionally, the majority of tumour models used in cancer research
grow much faster than human cancers. Tumour xenografts allow human tumour cells
to be studied in a more realistic physiological environment than it is possible in vitro.
The tumours become vascularized and the diffusion gradients that occur in man (e.g.
oxygen and pH) are reproduced in the animal [40]. It is important to consider whether
the absolute size is more important than the size relative to body weight. Relatively
recent studies have used experimental tumours of 1-2 cm in diameter obtaining good
spectra or images, by localized spectroscopy [46] or localized spectroscopy and
localized spectroscopic imaging [46,48].
Studies by ^^P-NMR in vivo on experimental tumours have been reviewed in several
articles [15,19]. ^*P-NMR spectroscopy has been used to monitor tumour response to
therapy in vivo in animal tumours or in human tumour xenografts in small animals,
as no solid evidence exists that human tumours respond to chemotherapy in any
fundamentally different way from tumours of animal origin [15]. Among the first
studies of this kind was a monitoring of the effect of high doses of chemotherapeutic
agents in human tumours (neuroblastoma and glioblastoma) implanted in hamsters
[41]. Surface coil ^‘P-NMR spectroscopy has been employed in studies of tumours
implanted intracerebrally and subcutaneously in rats, for example, experimental C6
gliomas have been investigated from the point of view of the hyperglycaemia-induced
alterations in blood flow and pH [42].

The examination of pH and high-energy

phosphorus metabolic profile of C6 glioma cells implanted intracerebrally in rats has
revealed reduced PCr compared to normal brain, a decrease in the PCr/ATP ratio and
an increase in the ratio of inorganic phosphate/ATP [43].

^H-NMR spectroscopy techniques such as high-resolution surface coil MRS, localized
spectroscopy and spectroscopic imaging have been used in investigations in vivo on
intracerebrally implanted tumours. The spectral changes observed in experimental
tumours in rats are parallel to those observed in human tumours in patients Studies
on C6 glioma [44,45] and F98 glioma [46,47] compared to the normal contralateral
brain have revealed reductions in NAA, Cr and glucose, and increases in the Cho and
the 1.3 ppm peak (attributed to Lac and lipids). The monitored development of a
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human astrocytoma implanted intracerebrally in nude rats has shown progressive
reductions in NAA and Cr signals, and increases in Cho and Lac+ lipids peaks [48].
Compared to normal brain, spectra from rat gliomas, neuroblastomas, and
Schwannomas produced by inoculations of cells in rat brain have indicated common
I changes, such as the absence of NAA, and increases in signals from Cho, Lac+ lipids,
and the 3.56 ppm peak (attributed to Ino and glycine (Gly)) [49].

Surface coil ^^C-NMR spectroscopy has proved useful in studies of the carbohydrate
metabolism of experimental intracerebral rat C6 gliomas following infusion with [1*^C]glucose [50].

1.4.2. Studies in vitro bv NMR spectroscopy
Investigations in vitro on extracts from tumour biopsies, perfused or cultured tumour
cells are able to give a clearer picture about the particular type of tumour studied.
Their NMR spectra are obtained at high magnetic field strengths, which offers much
improved sensitivity and resolution compared to spectra recorded from tumours in
vivo, and enable a wider range of metabolites to be identified and quantified. In most
cases, NMR investigations in vivo give spectra for the tumour investigated, but
without revealing a clear picture of the specific metabolic features characterizing the
tumour. This aspect is particularly important if the characteristic metabolite profile
of an individual type of tumour (which has certain histological features and origin) is
to be obtained. Additionally, correlations of the NMR data in vivo with results of
investigations in vitro on biopsy samples or cell cultures are indispensable as a data
base for proper assignments of signals and design of the experiments.

Nevertheless, caution in interpreting the data in vitro should be taken, because spectral
differences may solely arise from the location of the biopsy rather than from the type
or stage of the neoplasm - and indeed, heterogeneity of metabolite distributions was
noted in high resolution ^H-NMR spectra of resected brain tumours [22,32].
Therefore, studies in vitro of the biological material, which are very helpful for the
qualitative assessment of the metabolite pattern and resonance assignments, should not
be considered as a standard for the quantitative characterization of tumours in vivo.
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Studies on tumour biopsies More and more NMR spectroscopy investigations in vivo
of human brain tumours are followed by studies in vitro of biopsies from these
tumours, which offer spectra of better resolution and provide an aid to spectral signal
assignment. A large number of intracranial tumours have thus been investigated by
spectroscopy in vitro, and the results have been applied to evaluate clinical NMR
spectra obtained in vivo, non-invasively from these tumours.

For example,

comparison of spectra in vitro from tissue extracts of surgically biopsied or resected
meningiomas with clinical spectra from these intracranial meningiomas has helped in
the assignment of the in vivo peak at 1.47 ppm to Ala.

In addition, metabolite

concentrations and metabolic ratios such as Cho/Cr, NAA/Cr and NAA/Cho have
been assessed more accurately in other tumours investigated [35]. Resonances from
cellular lipids and other metabolites (including lysine (Lys)), Cr+PCr, fucosilated
compounds, have shown potential in distinguishing between biopsies of normal thyroid
and invasive carcinomas [51], in the accurate diagnosis of human ovarian epithelial
tumours [52], or in the grading of human colorectal cancers [53]. Results of this kind
might have further abilities in discriminating between different types of human brain
tumours.

Spectra in vitro from biopsies of human gliomas have led to the assignment and
quantification of the individual components of the peak at 3.2 ppm from ^H-NMR
spectra in vivo, to glycerophosphorylcholine (GPC), phosphorylethanolamine, choline,
PC, Tau and Ino [45]. Glycerophosphorylethanolamine has been identified
among the chemically distinct N-trimethyl group-containing
compounds by the further application of ^'P-NMR spectroscopy in vitro to biopsies
from human astrocytomas [33]. Water-suppressed ‘H-NMR spectra of plasma from
patients have been used to discriminate malignant tumours, from normal controls,
other non-tumour diseases, and benign tumours on the basis of linewidths of the
methyl and methylene resonances from lipoprotein lipids [54]. The study of biopsies
from primary brain tumours by ‘H-NMR spectroscopy has detected low amounts of
lipids in meningiomas and medulloblastoraas, as opposed to high levels of lipids in
acoustic Schwannomas and gliomas [55]. Investigations such as these, which reveal
the metabolic heterogeneity of primary brain tumours are important for the design of
clinical studies.
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Perfused brain tumour cells have been used in studies by MRS in order to overcome
the problems of tumour-host interactions and the ’contamination’ of tumour spectra
with signals from normal tissue. The low sensitivity of the technique requires a large
number of cells (>5x10^), concentrated within the coil receiving the signal. The
techniques used to grow and maintain cells in a good functional state for several hours
or even days during perfusion are: adhesion upon beads and polymer sheets, dialysis
devices or hollow fibre diffusion systems, agarose gel threads, and spheroids; cells
in suspension are also used [56].
^*P-NMR spectroscopy investigations on tumour cell bioenergetics and phospholipid
metabolism have been performed on tumour cells (breast cancer) embedded in agarose
gel matrix or threads, perfused with phospholipid precursors [57,58], as well as on
other tumour cell types with the purpose of examining the multi-drug resistance and
hormonal responses of tumours [56]. '^C-MRS studies in vivo of experimental rat C6
glioma have been complemented with studies in vitro of glioma cells suspended in
culture medium incubated with [l-'^C] or [6-*^C]glucose and glutamine, in order to
estimate the activity of the hexose monophosphate shunt and the rate of glutaminolysis
[50]. More recently, one- and two-dimensional 'H-NMR high-resolution spectra from
astrocytoma, glioblastoma, malignant melanoma and normal glial cells suspended in
agarose gel have been obtained, which have aided with the assignment and
identification of additional metabolite signals [39].

The same spectroscopic

procedures have been applied to suspensions in phosphate buffered saline of glioma
cells from resected human gliomas of different origins and grades of malignancy,
suggesting that Ino may be a marker for high-grade gliomas [59].

MRS o f extracts from cell cultures It has been shown that NMR analysis of cell
extracts provides a reliable method to assess the metabolites present in these cells
[60,61]. Making extracts|enablesnarrower spectral linewidths to be obtained than is
possible in vivo, and the method is of great use when identification of peaks is
unclear.

Nevertheless, attention must be paid to the conditions under which the

spectrum of the extract is obtained such as extreme pH values or ionic strength, which
can modify resonance positions, and to the fact that metabolite levels in vivo may be
altered during extraction procedures [23,29].

Quantification of the metabolite

concentrations in the extract can be done by comparing the area under the metabolite
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signal with the area of the signal from a concentration standard added to the extract.
Various extraction procedures can be used to suit the compounds of interest, but the
most common procedure is extraction in perchloric acid (PCA) of the intracellular
metabolites, and concentration of the extract by lyophilisation [62]. The advantage
is that the intracellular metabolites with small molecules are preserved intact in
extracts, while macromolecular compounds are removed by precipitation with PCA.
The requirement for NMR spectroscopy of cell extracts is to obtain enough biological
material (i.e. 10^-10* cells, corresponding to about 1 mg of protein), which is usually
feasible in the case of tumour cell cultures [56].

The advantages of working with cultured cell lines obtained from surgically resected
tumours are manyfold. Cell culture techniques are able to offer pure cell populations,
therefore the ’pure’ metabolite profile characteristic to a cell type can be obtained by
MRS, without contributions from other cell types usually present in the tissue of
origin. Furthermore, cell cultures offer a controllable system for monitoring the
behaviour of a particular tumour and the tumour biology in the absence of the host,
and of the changing microenvironment present within the host [56].

Thus, such

extracts can be used to detect fine biochemical differences between various cell lines
or types of cells.

^^C-NMR spectroscopy of PCA extracts from C6 glioma cells incubated with [1^^C]glucose has revealed that glutathione, but not glutamine is present in the spectra
from extracts, and has clarified the resonances from these two compounds [63].
High-resolution ‘H-NMR spectroscopy has been used to determine metabolite and
nucleotide concentrations in extracts of proliferating lymphocytes [62]. ‘H-NMR
spectroscopy of PCA extracts from human brain tumours and epileptic cortex has
shown that there are differences in the metabolite concentrations between astrocytomas
and meningiomas, and between benign and malignant astrocytomas [64].

Such

differences - revealed by the analysis of culture extracts from human brain tumours
prepared in the same manner - may be used in differential diagnosis of brain tumours.
A study with particular relevance for the work presented in this thesis is the analysis
by high resolution ‘H-NMR spectroscopy of PCA extracts from primary cultures of
purified populations of different neural cell types (cerebellar granule neurons, cortical
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astrocytes, oligodendrocyte-type 2 astrocyte (0-2A) progenitor cells, oligodendrocytes
and meningeal cells).

This study has demonstrated that each cell type has a

characteristic metabolite profile which can be unambiguously differentiated from the
other cell types [65]. A representative spectrum from this study is reproduced in
Figure 1.1.

Such high-resolution 'H-NMR spectra from neural cell extracts have led to the
assignment and identification of a wide range of intracellular metabolites, including:
isoleucine (He), leucine (Leu), valine (Val), jS-hydroxybutyrate (j8-HB), threonine
(Thr), Lac, Ala, Lys, arginine (Arg), acetate (Ace), NAA, Glu, Gin, succinate (Sue),
hypotaurine (HTau), aspartate (Asp), Cr, Tau, Cho, Gly and Ino.
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Figure 1.1. High-resolution H-NMR spectrum from a PCA extract of cultured rat
cortical astrocytes (see text for details). The spectrum is displayed between 0.5 ppm and 4.0
ppm. Reproduced from Urenjak et al., L Neurosci.l3(3): 981-989, 1993 [65].
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Due to the great complexity of high-resolution spectra such as the one described
above, it is very difficult to analyze completely the richness of information they
contain. The conventional approach to analysing spectra of this type has been to
assign the most obvious signals from a certain subset of metabolites, and to determine
which of these metabolites is altered in diseased compared to normal tissue, or in
response to treatment.

More recently, methods of spectral classification such as

pattern recognition techniques have been developed, and applied to analyze spectra
from both normal and tumour tissue.

Principal component analysis and cluster

analysis have been successfully employed to classify ^H-NMR spectra of extracts
obtained from animal tissues and tumours [66]. Additionally, cluster analysis and
artificial neural networks have proved successful in separating and classifying the
samples analyzed into the classes of normal tissues and tumours on the basis of their
^*P-NMR spectra in vivo [67]. Analysis by pattern recognition techniques of the data
presented in this thesis would be the next step in the interpretation of the results
described here.

In conclusion, analysis by ^H-NMR spectroscopy of tumour extracts was chosen to
perform the work described in this thesis, as a method of investigating metabolite
profiles of different types of tumours in vitro for the following reasons:
1). it allows the unambiguous assignment of resonances detected by spectroscopy

in vivo, with relevance for the potential of NMR as a method for non-invasive
differential diagnosis of the type of brain tumour in vivo;
2). it facilitates an understanding of the biochemical mechanisms underlying

spectral modifications observed during tumour growth or even in response to therapy;
3). it allows absolute quantification of metabolite concentrations.
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CHAPTER 2

MATERIALS AND METHODS

2.1. FACILITIES AND PROTOCOLS FOR CELL CULTURE

2.1.1. Facilities and apparatus
Human tumour cells present a biological hazard and they should be handled with extra
precaution.

Therefore, all cell culture work involving human tumour cells was

carried out in the sterile conditions of an Isolation Laboratory, in a Class II
Microbiological Safety Cabinet with unidirectional laminar downflow (Envair Ltd.,
Rossendale, UK) equipped with propane gas outlet.

Such a cabinet assures the

protection of cell cultures, culture technician and laboratory from infection and
contamination. Sterility of the microenvironment in the cabinet was maintained by
spraying with a solution of 70% ethanol in water before, during and after each use.
Normal cells of non-human origin {i.e. rat meningeal cells) were also handled in a
Class II Microbiological Safety Cabinet.

Cell cultures were maintained at 37®C, in an incubator with humidified atmosphere
containing 7.5% CO2 (Series 6000; Heraeus Instruments GmbH, Hanau, Germany).
Culture conditions were used to favour maximal cell proliferation. Cells were cultured
in 25 cm^ (T25), 80 cm^ (T80), and T175 cm^ (T175) tissue culture flasks (Nunc Inc.,
Gibco BRL). Culture medium and reagents were warmed at 37°C (water bath) prior
to use. Anchorage-dependent cells were cultured as monolayers in flasks coated with
poly-L-lysine (PLL: 13 /tg/ml; 175000 MW; Sigma Chemicals, Poole, UK).
Immunocytochemical labelling of these cells with specific antibodies was carried out
by plating them onto glass coverslips coated with PLL (for anchorage-independent
cells it was not necessary to coat the culture surface of the flask with PLL). An
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inverted microscope (Invertoscope ID 03; Carl Zeiss, Oberkochen, Germany;
magnification xl0-x40) was used for cell observations and counting. All cell counting
was carried out on a Neubauer modified haemocytometer. Cell suspensions were
centrifuged in a Megafuge 1.0 (Heraeus Sepatech GmbH, Osterode, Germany).

2.1.2. Cell cultures and tissue culture media
Cell cultures Cultures were initiated from a stock (bank) of human tumour cell lines
at the Ludwig Institute for Cancer Research, London, UK. Defined cell lines of
human brain and nervous system tumours, free from contaminating organisms such
as mycoplasma, bacteria or fungi were used. These cell lines were derived from
surgically resected human neoplasms, i.e. meningioma, neuroblastoma, glioblastoma
multiforme and astrocytoma tumours.

The initial resected tumour mass had been immunocytochemically characterized with
specific markers in order to determine the lineage from which cells were derived. A
diagnosis of the type of neoplasm and degree of malignancy had been obtained from
histological analysis of the tissue. The tumour bulk had been subjected to enzymatic
digestion, and a single-cell suspension was prepared. This was subsequently cultured
as described above, and a cell line was obtained. By this procedure cell lines stored
at the Ludwig Institute for Cancer Research are derived from primary brain and
nervous system tumours resected from human patients.

A few recently established cell lines from human PNETs have been reported [11] by
Dr. T. Pietsch at the Department of Neuropathology, University of Bonn Medical
Centre, Germany. Cultures of several PNET cell lines were maintained and kindly
provided for these experiments

Tissue culture media

by the above mentioned Department.

Extracellular medium was used to meet the essential

requirements for the survival and proliferation of cells, and to provide the cells with
nutritional, hormonal and stromal factors as close to conditions in vivo as possible.
The type of medium was kept constant during the cultivation of a cell line.

For most of the cell lines examined the culture medium consisted of Dulbecco’s
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modified Eagle’s medium containing 1 g/1 glucose (DMEM; Gibco BRL),
supplemented with 10% heat-inactivated fetal calf serum (PCS; Imperial Laboratories,
UK), 2 mM glutamine (Sigma) and 25 ^g/ml gentamicin (Flow Laboratories,
Rickmansworth, UK) (DMEM-FCS). Some cell lines (i.e. human neuroblastoma
lines) were cultured in RPMI-1640 nutrient medium supplemented with 10% PCS, 2
mM glutamine and 25 /xg/ml gentamicin. The culture medium for some of the PNET
cell lines consisted of DMEM high glucose formulation (Gibco BRL), supplemented
with 4 mM L-glutamine and 10% heat-inactivated human umbilical cord serum,
without antibiotics. The previously established PNET cell lines [68,69] were grown
in DMEM-FCS.

2.1.3. Reconstitution of cell cultures after storage in liquid nitrogen
For long-term storage cells were kept frozen in vials (Cryotubes; Nunc Inc., Gibco
BRL, Paisley, UK), in liquid nitrogen in a Dewar container (Jencon Scientific Ltd.,
Leighton Buzzard, UK) at -196°C. Cell lines were preserved as a suspension of cells
in their culture medium supplemented with 10% dimethyl sulphoxide (Sigma) as a
cryoprotective agent.

One vial for each cell line was removed from liquid nitrogen and thawed individually
by immersion in water at 37^C for 20-60 s.

The cryovial was sterilised before

opening by thoroughly spraying with 70% ethanol. Rapid thawing of the cell
suspension is essential for cell recovery. The cell suspension was removed from the
cryovial and placed in a 15 ml centrifuge tube (Conical tube. Nunc Inc., Gibco BRL),
and 9 ml of the culture medium appropriate for the respective cell type was added.
Freshly added medium was thoroughly mixed with the cell suspension in order to
wash the cells free of dimethyl sulphoxide, and the resulting suspension was
centrifuged at 500g for 5 min. The supernatant was removed and discarded.

Cells were resuspended in 2 ml fresh culture medium and triturated through a 5 ml
pipette tip to obtain an homogenous suspension, which was plated onto a PLL-T80
flask (or PLL-T25 when the amount of cells stored in the vial was less than 10^ cells).
Culture medium was added at a rate of 3 ml/T25, and 8 ml/T80 respectively before
placing the flask in the incubator.
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2.1.4. Renewal of medium
Nutrient medium of the cultures was usually renewed every two days for the faster
growing cultures, and every three-four days for the slower growing cell cultures.
Fresh culture medium was added at a rate of 5 ml/T25, 10 ml/T80, and 25-30
ml/T175 flask. Existing culture medium was removed from the culture flasks
containing attached cells, using a sterile Pasteur pipette connected to a suction pump.
Fresh nutrient medium was added. For the anchorage-independent cells, which were
propagated in suspension as cell aggregates, the culture medium containing
proliferating cells was removed from the flask and placed into a universal centrifuge
tube. After centrifugation at 500g for 5 min., the supernatant was discarded. Fresh
medium was added to the cell pellet (volumes characteristic to the dimension of the
culture flask, see above), mixing well to break the cell aggregates.

The cell

suspension thus formed was transferred back to the culture flask, or to a larger flask
to allow cell multiplication.

2.1.5. Preparation of the culture surface (coating with polv-L-lvsine)
PLL is a positively charged polymer that facilitates the attachment of anchoragedependent cells, acting similarly to a biomatrix [70].

PLL-coated flasks were

prepared and stored in the incubator for up to 1 month.

A solution of 13 /^g/ml PLL in distilled water was prepared and sterilized by filtration
through a cellulose acetate filter (0.22 fim pore diameter; Flowpore; ICN Biomedicals
Ltd., Irvine, UK). Different volumes of PLL solution were used to coat the surface
of cell culture flasks: 1.5 ml/T25, 2.5 ml/T80, and 5 ml/T175.
incubated at 37®C for a minimum of 15 min.

Flasks were

The solution was removed after

incubation by using a sterile Pasteur pipette connected to a suction pump. PLL was
apparent by a rainbow pattern, which disappeared when the excess solution was
removed. Caution was taken not to touch the internal surface of the culture flask, as
this could have scratched the film formed during the incubation with PLL solution,
and prevented cells from growing there.
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2.1.6. Subculture (passage) of the cells
Anchorage-independent cells that grew as aggregates were simply transferred into a
larger volume vessel (similar to the procedure described in 2.1.4).

Cells that

proliferated by attaching to a culture surface usually formed a confluent monolayer
of cells at times between 3 days (some faster growing cell lines) and 15 days (the
slower proliferating cell lines) after plating onto flasks. Cells were detached from the
culture surface through an enzymatic procedure (trypsinization), in order to be
transferred into larger culture flasks.

Trypsinization The necessary sterile solutions were prepared as follows:
1). EDTA: sodium etyhlenediaminetetraacetic acid (EDTA; Sigma) solution of 0.2
mg/ml concentration (0.02% w/v), prepared in Ca^^- and Mg^'^-free DMEM. The
solution was filtered through a sterile 0.22 /xm cellulose acetate filter (Flowpore) and
then stored at 4°C.;
2). trypsin: 2.5 mg/ml trypsin (bovine pancreas, type 111; Sigma) solution prepared
in Ca^'^-and Mg^'^-free DMEM, filtered as solution 1, stored at -2(fC and defrosted
before use;
3). soybean trypsin inhibitor: 0.52 mg/ml soybean trypsin inhibitor; 0.04 mg/ml
bovine pancreas DNA-se 1; 3.0 mg/ml bovine serum albumin (fraction V) (all from
Sigma), all in DMEM-FCS. These solutions were mixed and stirred for 15 min. for
solubilization. The resulting solution was filtered similarly to solution 1, then stored
frozen at -20®C and defrosted just before use.

Culture medium was removed from the flask containing the cell culture. Cells were
detached from the culture flask by 10-15 min. incubation at 37°C in EDTA (solution
1; 2 ml/T25, 5 ml/T80, and 10 ml/T175), followed by 1-2 min. incubation with
trypsin (solution 2; 0.5 ml/T25, lml/T80, 2 ml/T175). Cells were tapped loose from
the culture surface, and trypsinization was stopped by adding solution 3 (1 ml/T25,
2 ml/T80, 4 ml/T175). The cell suspension was removed from the culture flask and
placed in a universal centrifuge tube. The culture flask was washed with culture
medium (volume equivalent to the volume of EDTA) in order to remove all cells, and
this was added into the centrifuge tube. The cell suspension was centrifuged at 500g
for 5 min.
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Reflating (reseeding) o f cells The supernatant was removed and discarded after
centrifugation. The final pellet was suspended in 5 ml fresh medium (in order to
calculate the number of cells in the pellet). The number of cells was calculated after
counting the viable cells on a haemocytometric cell counting camera.

A further

volume of the appropriate culture medium was added in order to obtain a suspension
of 10^ cells/ml. The pellet was dissociated to a single cell suspension by triturating
it through a 25-gauge hypodermic needle. From this suspension, a volume containing
enough cells to initiate a new culture was placed in each of the flasks (2 ml/T80, or
5 ml/T175). Fresh culture medium was added up to 10 ml/T80 and up to 25 ml/T175
respectively, and the flasks were placed in incubator.

2.1.7. Freezing of cells for long-time preservation
Cultures in the late logarithmic or just pre-confluent phase of growth were selected
for long-term conservation, in order to give the highest possible viability when re
initiating a culture [70]. Cells were detached from the culture flasks by trypsinization
(Section 2.1.6). After removing the supernatant, the cell pellet was resuspended in 10
ml DMEM-FCS. The number of viable cells in suspension was calculated after cell
counting, allowing for 10 ml total volume. The cell suspension was centrifuged for
5 min. at 500g and the supernatant was removed. The cell pellet was resuspended at
10^ cells/ml density, in appropriate culture medium containing 10% dimethyl

sulphoxide (cryopreservant). One ml of cell suspension was placed in each storage
vial. Vials were packed in polystyrene boxes and placed in the freezer at -70°C
overnight, in order to ensure a temperature decrease of 1 degree/min. Next day vials
were stored in liquid nitrogen in a Dewar container.

2.2. PREPARATION OF MENINGEAL CELL CULTURES

2.2.1. Animals and Materials
Newborn to 2 days-old Wistar rat pups were obtained from the Animal House Unit,
Institute of Child Health. The following supplies were used:
1). Sterile dissecting set
2). Sterile petri dishes, universal tubes and pipettes of 5 and 10 ml (Nunc Inc.)
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3). Sterile needles (25- and 27-gauge) and syringes (10 cm^ )
4). Leibovitz L-15 medium (Sigma) supplemented with 25 /xg/ml gentamicin (Flow
Laboratories)
5). Collagenase: 13.3 mg/ml or 155 units/ml solution of collagenase (ICN
Biochemicals Ltd., High Wycombe, UK) was prepared in Leibovitz medium, and
filter-sterilized (sterile 0.22 /xm cellulose acetate filter, Flowpore).

2.2.2. Procedure
A previously described protocol [71] was used with minor modifications. Meninges
from the rat pups were dissected out in sterile conditions and placed in petri dishes
containing Leibovitz medium. The tissue was minced with a scalpel, then incubated
in a mixture of 2.5 ml trypsin, 5 ml EDTA (Section 2.1.6.), and 0.25 ml collagenase.
After incubation at 37°C for 30 min, the reaction was stopped by adding 5 ml solution
soybean trypsin inhibitor (Section 2.1.6).

The dissociated tissue was triturated

through a 5 ml pipet, centrifuged at 200g for 5 min., and the supernatant discarded.

The pellet was resuspended in 5 ml DMEM-FCS.

A single-cell suspension was

obtained by gently triturating the tissue pellet through a 5 ml pipette, followed serially
by a 25-gauge and then a 27-gauge needle and syringe. Cells were plated onto PLLcoated T80 flasks (approximatively 3 flasks per dissected brain) in DMEM-FCS (final
volume 10 ml/T80). Flasks were kept in the incubator, and the medium was renewed
every 2-3 days until cell confluence was reached. Cells were passaged at a dilution
1:5 when confluent, and were propagated in culture until the amount of cells (typically
10^-10* cells for an extract) necessary for high-resolution NMR spectroscopy was
obtained.

Independent experiments were carried out in order to obtain replicate

samples.

2.3. INDIRECT IMMUNOFLUORESCENCE STAINING PROTOCOL

An indirect staining method was performed to label cells bearing membrane (surface)
and/or internal antigens. Antibodies and staining techniques that have been described
in the literature were used with minor modifications [71,72].
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The cell population was treated with a ’primary’ unconjugated monoclonal and/or
polyclonal antibody, followed by a ’second antibody’ conjugated to fluorescein or
rhodamine.

Analysis of the stained cell populations was accomplished by

immunofluorescence microscopy (Zeiss Universal microscope equipped with phase
contrast, epifluorescence, and rhodamine and fluorescein optics) using a x63 Planapo
or a x25 Plan-Neofluor objective (final magnifications: x250, x400, and x630).

2.3.1. Reagents
1). The following unconjugated (’primary’) antibodies and dilutions were used:
- A2B5: mouse IgM, monoclonal antibody, diluted 1:4 - surface marker
- anti-galactocerebroside (aGalC): mouse IgGg, monoclonal antibody, diluted
1:5 - surface marker
- anti-glial fibrillary acidic protein (aGFAP): rabbit anti-cow IgG, polyclonal
antibody, diluted 1:200 - internal marker
- anti-fibronectin (aFN): goat anti-human FN, diluted 1:50 - surface marker.
- anti-vimentin (aVim): mouse IgG,, monoclonal antibody, diluted 1:10 internal marker.
- anti-rat neural antigen 2 (aRan-2): mouse IgG2a, monoclonal antibody, neat
or diluted 1:2, - surface marker
2). The fluorochrome-conjugated (’secondary’) antibodies (1/100 dilution) were:
- goat anti-mouse IgM-fluorescein (against A2B5)
- goat anti-mouse IgGg-rhodamine (against aGalC)
- goat anti-rabbit IgG-rhodamine (against aGFAP)
- rabbit anti-goat IgG,-rhodamine (against aFN)
- goat anti-mouse IgG,-fluorescein (against aVim)
- goat anti-mouse IgG2a-fluorescein (against cxRan-2).
3). Hank’s balanced salts solution (Sigma)
4). Ice-cold pure methanol, transparent nail varnish
5). paraformaldehyde, 5% solution in phosphate buffered saline (PBS), prepared
by heating the mixture of PBS and paraformaldehyde (Sigma) until the
paraformaldehyde powder has dissolved, then neutralized to pH 7.4 with 10 M HCl.
6). Anti-/ade solution: a 22 mM solution of 1,4 diazobicycle [2,2,2] octane (Sigma)

in glycerol.
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2.3.2. Cell plating onto coverslips
Immunocytochemical labelling of cells with specific antibodies in order to characterize
a cell line was only possible for those cell lines that proliferated in culture by
attaching to the substrate. It was important for the subsequent manipulation of the
coverslip that cells would attach to its surface. Optically transparent glass coverslips
(No. 0, 13 mm diameter, Chance Propper Ltd., U.K.) were used. Coverslips were
kept in pure ethanol in order to sterilize them and to remove traces of dirt. They
were flamed just before using, and placed into 24-well sterile plates (1
coverslip/well). The coverslips were coated with PLL by the technique described in
Section 2.1.5, adding 200 /il of a 13 /ig/ml PLL solution to each coverslip.

Microlitre volumes of suspensions of 10^ cells/ml in culture medium obtained at a
given passage stage (Section 2.1.6), were further diluted with culture medium in order
to obtain the required cell density that would allow plating of 200-500 cells/coverslip
in a volume of 50 /il-100 /il, according to their multiplication capacity. The 24-well
plates were placed in the incubator for 30 min. in order to allow cells to attach to the
coverslips, then fresh medium was further added (0.5-1 ml/well).

Plates were

replaced back in the incubator. If necessary the culture medium was renewed to
allow further cell division until the cell density required for immunocytochemical
staining was attained.

2.3.3. Staining procedure
Both unconjugated and fluorochrome-conj ugated antibodies were diluted in Hank’s
solution, and 50 /il of the final solution was used for a coverslip.

After every

incubation, cells were washed 3-4 times by immersion of coverslips in vials filled
with Hank’s solution.

Cultures attached onto glass coverslips were washed, and fixed on the coverslips by
incubation with paraformaldehyde solution for 30 min. at room temperature. After
washing off the paraformaldehyde, surface antigens (A2B5 and GalC) were visualized
directly on the fixed cells, while intracellular antigens (i.e. all classes of intermediate
filaments including GFAP, FN, and Vim) were visualized after fixation in methanol
at -20°C for 10 min. Cultures were either single-immunolabelled (with aGalC, aFN,
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and aVim) or sequentially double-immunolabelled (with A2B5, then aGFAP).

After immunolabelling the coverslips were washed in Hank’s solution, and finally in
distilled water. They were mounted face down in a drop of anti-fade solution (to
prevent fading of fluorescence in time [73]) onto glass slides, and the edges sealed
with transparent nail varnish. Coverslips were examined under the microscope. The
cells expressing the antibody of interest were counted against a total of 200 cells
examined in randomly selected fields in the centre of each coverslip. Immunolabelled
coverslips thus mounted and sealed were kept in the dark, at 4®C in the refrigerator.

2.4. CELL EXTRACT PREPARATION

Cell cultures were propagated until the amount of cells necessary for high-resolution
NMR was obtained (typically 10^-10* cells for an extract, i.e. between 2x and 4xT175
culture flasks). Extracts were prepared when cells reached 95%-100% confluence,
and always 24 hours after a final complete medium renewal.

At least two PCA

extracts (i.e. replicate samples) were prepared for each cell line or type of cell
examined. Anchorage-dependent cells were detached from all the culture flasks by
trypsinization (Section 2.1.6) and a pooled cell pellet was obtained.

Cells that

proliferated in suspension were removed from culture flasks and the suspension was
placed into a universal centrifuge tube. This was centrifuged for 5 min. at 500g,
followed by a second spin at 700g.

2.4.1. Washing of cells in PBS
Fifty ml PBS were added to the pooled cell pellet, and cells were triturated through
a 5 ml pipette, followed by a trituration through a 50 ml pipette, in order to break the
pellet. The suspension of cells in PBS was centrifuged as above, then the step of PBS
washing was repeated. The cell pellet was firstly suspended in 10 ml PBS in order
to calculate the number of cells in the sample.

Viable cells were counted on a

haemocytometer under the inverted microscope, and the total number of cells was
calculated allowing for the total cell suspension volume (10 ml). A final washing of
cells in PBS was carried out by making up the volume to 50 ml PBS, and triturating
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the cells through a 25 ml pipette. The cell suspension was centrifuged as above,
discarding the supernatant.

2.4.2. Perchloric acid extraction
Two ml ice cold 12% PCA (12% v/v, Merck Ltd.) was added to the cell pellet. The
pellet was sonicated (Soniprep 150, MSE Scientific Instruments, Crawley, U.K.) 2
times for 30 s each, at 4®C, in order to break the cell membranes and release the
intracellular metabolites. PCA extracts were further centrifuged for 20 min. at SOOOg,
4®C (cooled ultracentrifuge, Sarstedt MH2-K). Cell pellets were frozen (-20°C) and
kept for protein determination. The supernatants were further treated in order to
obtain the NMR sample.

2.5. DISSECTION AND PREPARATION OF TISSUE SAMPLES

2.5.1. Animals and materials
All animals were provided by the Animal House Unit, Institute of Child Health,
London. Wistar rats of random sex at the following ages were used: one day-old,
four, seven, fourteen and twenty-one days-old, and adults.

The following supplies were used:
1). Dissecting set and microscope
2). Labelled storage vials (cryotubes) and Petri dishes (Nunc Inc.)
3). Leibovitz L-15 medium (ICN Biomedicals), and PBS

2.5.2. Dissection of the brain tissues
Animals were killed by decapitation. The skull was sectioned on the midline, and cut
around the occipital, temporal and frontal regions, then removed to expose the
cerebrum and cerebellum. Parts of the brain were sequentially removed and placed
into cryotubes. Cryovials were rapidly immersed into liquid nitrogen, so that the
tissue was frozen instantaneously. The time between death of animal and freezing of
the tissue was between 45 s for some tissues (the ones that were removed first), and

47

10 min. for the last dissected tissues. Tissue-containing cryovials were kept at -70^C
until extraction.

The optic nerves were sectioned just behind the eyes, and the eyes were removed.
Optic nerve tracts were dissected out from under the cerebrum by raising the
cerebrum out of the skull. Olfactory bulbs were dissected out. The brain stem and
cerebellum were also removed, then the cerebrum was dislocated from the skull and
placed into a petri dish containing ice-cold nutrient medium (Leibovitz L-15). The
dissociation of meninges from the cortex, and the separation of the corpus callosum
took place under the microscope.

Cortex and corpus callosum were washed by

immersion in PBS, in order to remove all possible contaminants from the medium.

2.5.3. Extraction of tissue samples
Cryovials containing frozen tissue (Section 2.5.2) were weighed before opening. The
frozen tissue was taken out of the vial and placed in a cool mortar having the base
immersed into liquid nitrogen. PCA was added over the frozen tissue (2 ml PCA/1
g of biological material), and it was allowed to freeze. The empty cryovial was
weighed, and the amount of tissue in sample calculated by difference. After removing
the mortar from liquid nitrogen, the tissue contained in the mortar was finely ground
and thoroughly mixed with PCA with aid of a cooled pestle, until a homogeneous
suspension was obtained. All following operations were performed at the temperature
of 4°C by placing the tissue preparations either on ice or in the refrigerator, or using
a cooled-top centrifuge. The suspension was sonicated twice for 30 s each (Soniprep),
then it was allowed to stand for at least 30 min. to allow the intracellular metabolites
to be extracted. After centrifugation at 3000g for 20 min, the supernatant was further
processed, whereas the pellet was kept (-70^C) for protein determination.

2.6. NMR SAMPLE PREPARATION

2.6.1. Removal of multivalent ion contaminants and pH adjustment
Interfering polyvalent metallic ions were removed by treating the samples with a
chelating ion exchange resin (Chelex-100, Bio Rad Laboratories, Richmond, USA)
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[62,74], Chelex operates better in a slightly alkaline environment, and it thoroughly
removes traces of metals, without altering the concentration of non-metallic ions.

The pH of the supernatant (obtained as described in Sections 2.4.2 and 2.5.3) was
immediately adjusted to slightly alkaline (pH >7.5) with 3 M KOH. The supernatant was further
mixed with 5 mg Chelex per 0.2 ml sample, and left at room temperature for 1 hour,
occasionally stirring gently. Its pH was further adjusted to 8.5-8.9 by treatment with
3 M KOH, then 1 M KOH for fine pH adjustment. A centrifugation step (3000g for
5 min.) followed, in order to remove the precipitated KCIO4, and the traces of Chelex
resin from the sample. Samples were kept frozen (-20PC) until they were lyophilized.

2.6.2. Lvophilization and preparation of the NMR sample
Frozen samples were freeze-dried (Edwards High Vacuum International, BOC,
Crawley, UK) in order to remove all the water content. The lyophilized samples
were kept at -20°C, and each sample for NMR analysis was prepared the same day
NMR spectroscopy was performed. The lyophilized powder was redissolved in 0.50.7 ml deuterium oxide (D2O; Goss Scientific Instruments Ltd., Ingatestone, UK).
As an internal concentration and chemical shift standard, 3-trimethylsilyltetradeuterosodium propionate (TSP; Goss Scientific Instruments Ltd.) was added to
each NMR sample. Various volumes of the standard (1 mM TSP in D2O) were
added to individual preparations, according to the amount of biological material
present in each sample: 25 /^l-50 ^1 were enough for cell extracts, while for tissue
preparations 50 /d-100 jLcl of the standard TSP solution were appropriate. Finally, the
pH of the sample was adjusted to 8.9 with diluted solutions of DCl or NaOD
(Aldrich, Gillingham, UK). A centrifugation step was usually necessary to remove
the residual KCIO4 precipitate (3000g for 5 min.).

2.7. *H-NMR SPECTROSCOPY

Specific metabolite profiles from all the cell and tissue extracts examined were
obtained by 'H-NMR spectroscopy. All spectra were acquired on a Varian Unityplus NMR system (Varian Associates Inc., NMR Instruments, Palo Alto, CA)
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operating at a proton frequency of 500 MHz, at 26°-30°C. Samples were placed into
borosilicate NMR tubes (5 mm or 2 mm diameter, Wilmad Glass Company Inc.,
Buena, NJ, USA).

2.7.1. Single-pulse spectra
Single-pulse ^H-NMR spectra (approaching full relaxation) were acquired with 45®
pulses applied every 5 s. The sample spinning rate was 20 Hz, spectral width 5000
Hz and data size 32K points. The residual water signal (HOD) was suppressed by
applying a second radiofrequency pulse at the frequency of the water peak in the delay
between acquisitions. For a satisfactory signal/noise ratio 512 or 1024 scans were
accumulated and Fourier transformed with a line broadening of 0.2-0.3 Hz.

Metabolite identification in the one-dimensional spectra was carried out by:
1). chemical shift and coupling pattern of metabolites as described in the literature

[61,62,74];
2). comparison with spectra of metabolites in known concentrations obtained at the

same pH and spectroscopic conditions;
3). two-dimensional spectroscopic methods.
4). spiking of compounds to obtain assignments of unknown peaks
The following metabolites were identified from their strongest and best resolved
resonances: /?-hydroxybutyrate - (j8-HB) - 7CH3 1.19 ppm (doublet); Threonine (Thr)
- 7CH3 1.30 ppm (doublet); Lactate (Lac) -CH3 1.34 ppm (doublet); Alanine (Ala) CH3 1.47 ppm (doublet); Acetate (Ace) -CH3 1.92 ppm (singlet); N-acetylaspartate
(NAA) -NCOCH32.02 ppm (singlet); N-acetylaspartylglutamate (NAAG) -NCOCH3
2.05 ppm (singlet); 7-aminobutyric acid (GABA) - aCU2 2.30 ppm (triplet);
Glutamate (Glu) - 7CH2 2.34 ppm (triplet); Succinate (Sue) -CHg 2.41 ppm (singlet);
Glutamine (Gin) - 7CH22.44 ppm (triplet); Aspartate (Asp) -CH22.56 and 2.75 ppm
(double doublet); Creatine (Cr) -NCH3 3.04 ppm (singlet); Taurine (Tau) -SCH2
3.08 ppm (triplet) and -NCH2 3.42 ppm (triplet); Choline -N(CH3)3 3.21 ppm
(singlet);

Phosphorylcholine

(PC)

-N(CH 3)3

3.22

ppm

(singlet);

Glycerophosphorylcholine (GPC) -N(CH3)3 3.23 ppm (singlet); Glycine (Gly) -CH2
3.56 ppm (singlet); Myo-inositol (Ino) - H2 4.05 ppm (triplet).
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Metabolite quantification Amounts of metabolites present in samples were calculated
from their intensities in ’H-NMR spectra, by reference to the internal standard TSP
after baseline correction. The calculations for metabolite quantification were based
on the fact that the intensity of a given signal in the proton spectrum is proportional
to the amount of compound and number of protons contributing to that signal.

2.7.2 Two-dimensional (2D) spectroscopy
Two-dimensional spectroscopy was performed in order to aid the assignment of
certain resonances in single-pulse spectra. All 2D experiments were performed non
spinning to avoid long-term instability in the acquisition.

Homonuclear 2D-J-couvled spectroscopy (2D-J spectroscopy) This technique was
used to separate chemical shifts from spin-spin coupling constants, and to determine
the true multiplicity of couplings. Homonuclear J-resolved 2D spectra were acquired
in spin-echo experiments with a sequence of 9QP pulses applied on the observed
nucleus (^H), followed by a 180° pulse.

For each of the 64 tl increments, 64

transients were collected with a repetition time of 1.5 s, spectral width 5000 Hz and
data size 2K points. In the indirectly detected dimension (FI) the digitization was IK
number of points, which was then zero-filled to 2K, and the spectral width was 50 Hz
in order to include the greatest likely 3-bond proton couplings. Post-processing of the
J-resolved spectra required a rotation by 45° to align the J-coupled multiplet
components in the second dimension, followed by symmetrization of the data.

Homonuclear correlated spectroscopy (2D-COSY)

This technique was used for

identification of coupled resonances in the ID spectrum. Absolute value, and where
time allowed, phase-sensitive COSY spectra were acquired either using a standard
phase cycling regime, or alternatively with the application of pulsed field gradients
(PFG; 20 G/cm, duration 2 ms, rise and fall time 100 ixs) to select coherence
pathways [75]. Typically 192 transients were collected for each of 256 tl increments
(repetition time = 1.2 s; spectral width = 5000 H^. Data were collected into 2K data
points in F2, and IK in FI, which was then zero-filled to 2K. Sine-bell (for absolutevalue COSY) and gaussian (for phase-sensitive COSY) weighting functions were
applied before the Fourier transform in each dimension.
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The COSY plots were

symmetrised after initial inspection of the data for cross peaks of unequal intensity
above and below the diagonal.

2.8. CHROMATOGRAPHIC ANALYSIS

Quantitative determination of amino acids, NAA and NAAG was performed by HPLC
on the diluted NMR samples in order to complement the spectroscopic data.
Concentrations were calculated from external standards.

2.8.1. Amino acid detection
Determination of amino acids was performed by the method of derivatization with ophthaldialdehyde [76], with minor modifications.

A LiChroGraph HPLC system

(Merck-Hitachi, Darmstadt, Germany) equipped with a LiChrospher lOOHP-18
separation column (5 jum; 4 mm internal diameter, 25 cm length) was used. The ophthaldialdehyde derivatives were detected with a UV/VIS fluorometer (LiChroGraph
F 1050; excitation 340 nm, emission 450 nm). Aliquots taken from NMR samples
were diluted 5-200 fold with ultrapure water, and 150-250 )ul sample was mixed with
350 ^1 reagent containing 0.8 mg/ml o-phthaldialdehyde (Sigma) and 0.4 M boric
acid, pH 9.5. The compounds were allowed to react for 3 min. then 150 fil mixture
was injected onto the column. Elution was achieved at 40®C with a three-step linear
gradient of methanol in phosphate buffer (50 mM in ultrapure water, pH 6) flowing
at 0.8 ml/min. The gradient started at 20% methanol, increased to 35% methanol in
5 min., then decreased to 30% methanol in 30 min. and finished at 35 min. with 20%
methanol.

2.8.2. Detection of NAA and NAAG
NAA and NAAG were detected with an HPLC System Gold (Beckman Instruments,
San Ramon, CA, USA) equipped with a UV detector (wavelength 210 nm). NMR
samples were diluted 1:10 with 5 mM H2SO4and 25-50 jxl aliquots were injected onto
the column.
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NAA was analyzed by a previously described method [65], using the same conditions.
A Polyspher QA HY cation-exchange column (Merck, 6 mm internal diameter, 300
mm length) was used. Elution was performed at 55°C with 5 mM H2SO4 as mobile
phase, flowing at 0.8 ml/min.

NAA was detected with a UV detector (210 nm

wavelength; LiChroGraph, L-4000, Merck).

Detection for NAAG was carried out using an Anachem SAX (46 mm i.d., 25 cm
length) anion-exchange column fitted with a guard column packed with pellicular
anion-exchange resin (Merck) [77]. One hundred (j l \ of the diluted NMR sample was
injected onto the column. The mobile phase consisted of 0.1 M KH(P03)2 and 0.025
M KCl at pH 4.5, with a flow rate of 1.5 ml/min. NAAG was detected with a UV
detector (214 nm wavelength; LiChroGraph, L-4000, Merck).

2.9. PROTEIN QUANTIFICATION

The protein content of each sample was determined in order to reference amounts of
metabolites present in samples to the amount of protein. This offered the possibility
to compare in a consistent manner, metabolite composition of different cell lines,
types of cells, and among types of tissues. The amount of protein present in the final
PCA precipitate of the cell and tissue extracts was determined by complexing with
bicinchoninic acid [78]. This method was chosen because it offers high sensitivity in
the determination of small amounts of protein, and the final coloured complex is
stable at room temperature.

2.9.1. Reagents
1). Bicinchoninic acid (kit from Pierce, Rockford, USA). The final reagent was
freshly prepared by mixing Reagents A and B from the kit (50 volumes Reagent A
mixed with 1 volume Reagent B).
2). Solution of 1 mM KOH in ultrapure water
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3). Standard solution of 2 mg/ml bovine serum albumin (kit from Pierce). This
was diluted with ultrapure water and 1 mM KOH in order to obtain standards of 0.2,
0.4, 0.6, 0.8 and 1 mg/ml protein.

2.9.2. Protein determination
The final pellet after PCA precipitation (Sections 2.4.2 and 2.5.3) was dissolved in
1 mM KOH (1 ml for cell extract pellets, and 3-5 ml for tissue extract pellets) by
incubation at 37°C for 30 min., and thoroughly mixing the contents. Dilutions of these
protein solutions (from 1:2 dilution for cell extract samples up to 1:50 dilution for
tissue extract samples) were prepared similar to the dilutions for the standards of
bovine serum albumin. The blank (standard reference) contained ultrapure water and
20% 1 mM KOH.

Fifty fA of standard or unknown sample (diluted as described above) were mixed with
1 ml bicinchoninic acid reagent and incubated at 37°C for 30 min. to develop the
colour. The absorbency was detected on a UV/VIS spectrophotometer (UltrospecII,
wavelength 562 nm) relative to the blank, on samples cooled at room temperature.
The amount of protein in samples was calculated from the curve obtained for protein
standards of bovine serum albumin.

2.10. DATA PROCESSING AND STATISTICAL ANALYSIS

The amounts of metabolites as determined from ^H-NMR spectra and by HPLC
analysis of the samples were referenced to the amount of protein (pr.) in sample, as
nmol/mg pr., or to the amount of tissue, as nmol/mg tissue. Data from replicate
samples were averaged per type of sample. Results are presented as mean ± standard
deviation (SD). Immunocytochemical results are expressed as percent of positive cells
from the total number of cells.

Statistical analysis by Student’s t-tests, one-way or two-way analysis of variance
(ANOVA) was performed to determine significant differences among group means,
and p values are quoted without correction for multiple comparisons. The software
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package ’MiniTab for Windows’ was used.

The critical values for assessing

significance levels were obtained after performing a Bonferroni correction [79] that
allows for multiple comparisons (i.e. multiple metabolite determinations) carried out
between groups of samples. The correction was applied independently to NMR and
HPLC data sets, as a function of the number of metabolites determined.
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CHAPTER 3

REPRODUCIBILITY OF RESULTS FROM A CELL LINE
AT DIFFERENT PASSAGES
3.1. INTRODUCTION

Culture of animal cells and tissues is now a widely used technique in many fields of
research, from cell and molecular biology to other rapidly evolving fields such as
biotechnology. Conventional culture techniques consist of two basic types, primary
cultures and cell lines.

Freshly isolated cultures (primary cultures) are usually

heterogeneous and have a low growth fraction, but they are quite representative of the
cell types of the tissue from which they are derived and express specific tissue
properties. They are regarded as primary cultures until subcultured [80].

Subculture or passage of a primary culture allows a variety of procedures to be
performed, such as: the culture expansion to generate a cell line, the possibility of
cloning, the characterization, and the preservation of cells. Passaging of a primary
culture may appear in a greater uniformity of the cells, and may therefore cause a loss
of some of the specialized cells - unless care is taken to select the correct lineage, and
to preserve or reinduce differentiated properties. An example is the identification by
appropriate conditions of the cells of the 0-2A lineage [81]. The greatest advantage
of subculturing a primary culture into a cell line is the provision of large amounts of
consistent material suitable for prolonged use.

It is known that after several subcultures a cell line will either die out (finite cell
line), or become spontaneously immortalized. Cell lines are established when
immortalized cells are serially propagated in culture [80]. It is not clear in all cases
whether the stem line of a continuous culture pre-exists masked by the finite
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population, or arises during serial propagation. Because of the time required for such
cell lines to appear (often several months) and the differences in their properties, it
has been assumed that a mutational event occurs. The pre-existence of immortalized
cells can not be excluded, however, particularly in cultures from neoplasms [70].

Cultured tumour cell lines derived from primary human tumours are a valuable
research instrument, and in some experiments cell cultures are the only tools available
to expand the amount of biological material obtained from a unique tumour specimen.
The development and maintenance of tumour explants has usually proved successful,
in spite of the initial difficulty in obtaining tumour cell lines. A number of continuous
cell lines have been established, perpetuated and fully cytochemically characterized
in cell culture conditions in various laboratories throughout the world.

The

advantages of continuous cell lines are their greater growth rate to higher cell density
and resultant higher yield, general ease of maintenance in simple media, and their
ability to grow in suspension. Established cell lines contain homogeneous populations
of cells, and preserve their cytochemical characteristics in culture. Such permanent
cell lines are a source of continuous material [70].

For non-permanent cell lines such as the ones used in most of the studies described
here, observations have indicated that as the primary tissue is expanded in culture a
selection process might take place, favouring certain subpopulations from the original
tumour. This would mean that the cells which evolve to immortality may not be
representative of the malignant phenotype or genotype in vivo. For example, when
in culture conditions, some glial cell lines do not exhibit GFAP. This is a constituent
protein of intermediate filaments found only in astrocytes or associated cells, and its
presence in cultured cells is considered the best confirmation of the glial nature of the
culture [82]. Additionally, in various cell types the expression of FN, an extracellular
matrix glycoprotein has been shown to be dependent on the cell environment (i.e. in
vivo versus cell culture), and on the cell cycle [83].

The studies described in this thesis were carried out on preparations obtained from
tumour cell lines. Metabolite profiles were obtained from types of human neoplasms
of the nervous system, by 'H-NMR spectroscopy and chromatographic analysis of cell
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extracts obtained from expanded populations of cell lines. Individual cell cultures
were always started at the lowest passage available in stock, and cells were expanded
in culture in order to obtain the amount of biological material necessary for highresolution ^H-NMR spectroscopy. Thus, cells from all cell lines were carried in
culture for several (3-4) passages before the cell extracts were prepared.

A first study was therefore designed to assess the reproducibility of such experiments,
which were carried out under carefully controlled culture conditions. It was also
planned to test the reliability of the cell extraction techniques in terms of quantitative
metabolite amounts determined by *H-NMR and HPLC. A further purpose was to
determine whether the passage number - within a range of given passages - has any
influence upon these parameters.

3.2. EXPERIMENTAL

This experiment was performed on one of the tumour cell lines of human origin
available from the stock (Ludwig Institute for Cancer Research), which was derived
from a meningioma. The stability of this meningioma cell line (IN1067) allowed for
observations upon parameters with possible variability in time.

Techniques and

protocols that were going to be used for the preparation and analysis of all the
samples for all the experiments described in this thesis were used in this
reproducibility test.

Meningioma cells were immunocytochemically labelled with specific antibodies at all
stages in culture (protocols described in Section 2.3). The following antibodies were
used for cell characterization at all passages: A2B5, aGalC, aGFAP [7,71,72], aFN
and aVim [84,85]. The purpose of immunocytochemical characterization of the
cultures of meningioma cells was threefold:
1). to assess cell subpopulations present in the tumour lines examined {i.e. the

homogeneity of the cell populations present in the culture flasks at each passage);
2). to detect possible differences in the cell composition of the culture, and antigen

expression by cells, that would appear due to passaging procedures;
3). to determine the stability of a cell line.
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One vial containing 10^ cells at the third passage in culture {i.e. subcultured 3 times,
P3) of the human meningioma cell line was thawed out from the stock of cell lines
preserved in liquid nitrogen. The amount of cells was divided in three equal parts
that were plated onto three 25 cm^ flasks, as described in the protocol 2.1.3. When
cells reached confluence, each T25 was passaged into one T175 (P4) following the
protocol described in 2.1.6. Cells from each of these 3xT175 were further passaged
at confluence (P5) onto five T175 flasks (3x(5xT175)). The first three cell extracts
were then prepared at passage five (P5) when cells reached confluence. Each of the
extracts was prepared from 4xT175 (times 3, equal 12 flasks), while the remaining
parallel 3xT175 flask were further passaged, each onto 5xT175 flasks (Figure 3.1).

The passaging and harvesting steps were repeated as above, by continuously
subculturing the cells and obtaining cell extracts until P 8, each sample representing
a fresh culture from the previous passage. Three cell extracts (replicate samples) were
obtained at each passage (P5, P6, P7 and P 8), and a total of 12 cell samples were
obtained. All cell cultures were passaged or extracted when 95-100% confluent. After
harvesting, some cells from the final 4xT175 flasks (P8) were plated onto coverslips
in order to obtain an assessment of the immunocytochemical labelling of cells at P9.

Cells were harvested by trypsinization (Section 2.1.6) 24 h after a final medium
change. PCA extracts were obtained following the method described in Section 2.4.
Samples were prepared for NMR analysis as described in Section 2.6.

One

dimensional and in some cases (at P7) two-dimensional (2D-PFG-C0SY) ^H-NMR
spectra from processed cell extracts were acquired (protocols given in Section 2.7).

Quantitative and qualitative assessments of metabolites in cell extracts were obtained
from the single pulse ‘H-NMR spectra. HPLC analyses of amino acids, NAA and
NAAG were also performed on diluted NMR samples (Section 2.8).

Metabolite

amounts were referenced to the amount of protein in the sample (Section 2.9), as
nmol/mg pr. Statistical analysis was performed on both sets of data, from HPLC
determinations, and from NMR spectra.

Analysis of variance (oneway ANOVA,

Section 2.10) was carried out on individual amounts of metabolites at each passage,
against the passage number.
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cells were pla ted onto coverslips during passage, ju st before plating onto flasks; Pn - passage number n; Tn - culture flask o f n cm^ volume.

Figure 3.1. Schematic representation of the experiment assessing the reproducibility of cell culture techniques, harvesting and extraction
procedures in cell preparations within a passage number, and across passages.

Single-pulse *H-NMR spectra were acquired from solutions (20 mM concentration)
of putrescine and spermidine. Characteristic HPLC profiles of these polyamines were
also obtained by running the solutions on the HPLC column used for the identification
and quantification of amino acids.

3.3. RESULTS

3.3.1. Immunocytochemical characterization of the cells at all passages in culture
All preparations of IN1067 meningioma cell line contained cells with a flat, bipolar
or tripolar morphology at the passages studied (P5-P9). The cells had the following
general immunocytochemical characteristics: A2B5', GalC', GFAF. A very low
positive immunocytochemical labelling of cells with A2B5 was obtained at P5, but this
can only be interpreted as an experimental artifact, as no other positive labelling with
A2B5 was obtained at passages either before P5 {i.e. P4), or after (P6, P7, P 8, P9).
The strong background coloration present in the coverslips labelled with A2B5 at that
passage could be a possible explanation for such a result.

Positive immunocytochemical labelling was obtained for FN and Vim (Table 3.1).
The amount of FN expressed by cells in culture was very similar in cell preparations
at the same passage.

The proportion of FN"^ cells in culture increased with the

passage number, in a consistent manner in parallel cell preparations. Vim was
strongly expressed by the meningioma cells irrespective of the passage number ( 100%
Vim"^ positive cells). The types and amounts of antigen expression were consistent
within a passage number.

With the exception of FN, the same consistency was

maintained at all the passages examined.

3.2. Identification and quantification of metabolites in NMR spectra, and
comparison with HPLC determinations in samples at all passages

Figure 3.2 displays high-field (0.5-4.5 ppm) high resolution ‘H-NMR spectra from
cell extracts of acid-soluble metabolites of cell preparations from cultures of human
meningioma cell line INI067. These are representative spectra from each of the
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passages studied. Signals from a variety of intracellular metabolites were present in
spectra from all the preparations of the IN 1067 cell line, such as amino acids and
related compounds, substances involved in membrane synthesis such as choline, Cho,
Ino, and intermediate metabolites such as Sue and Lac.

IN1067

replicate

A2B5

ceGalC

aFN

aGFAP

aVim

cell line

samples

(%)

(%)

(%)

(%)

(%)

a

0

0

16.1+2.3

0

100

b

0

0

15.5+2.9

0

100

c

0

0

12.8+4.4

0

100

a

0.52±0.09

0

20.6+1.7

0

100

b

0.45+0.30

0

23.8+2.7

0

100

c

0.45+0.05

0

17.9 + 3.4

0

100

a

0

0

38.7+6.7

0

100

b

0

0

25.9+7.8

0

100

c

0

0

22.3+0.3

0

100

a

0

0

60.8 + 8.1

0

100

b

0

0

49.0±7.4

0

100

c

0

0

48.6+7.6

0

100

a

0

0

79.0+13.7

0

100

b

0

0

72.1 + 8.8

0

100

c

0

0

70.0+1.6

0

100

a

0

0

90.3+10.2

0

100

b

0

0

72.5+14.1

0

100

c

0

0

83.3+11.5

0

100

P4

P5

P6

P7

P8

P9

Table 3.1. Results of immunocytochemical labelling of INI067 meningioma cell line with
specific antibodies at all passages in culture. Results are calculated as percentage of
positive cells from the total number of cells. At least 200 cells were counted on each
coverslip.

At least two coverslips were prepared for each antibody or combination of

antibodies for every sample.
Abbreviations: a,b,c - parallel samples (preparations) at each passage, each preparation
representing a fresh culture from the previous passage, Pn - passage number n.
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All spectra, both from preparations within the same passage (replicate samples), and
from preparations at different passages were qualitatively identical (i.e. all identified
peaks were present in all spectra).

There were certain variations in the signal

intensities from one spectrum to another for metabolites such as Lac and Gin. Lac
content (quantification from spectra) was variable in the cell preparations (from 117.2
nmol/mg pr. to 245.2 nmol/mg pr.) depending on the rapidity of cell extraction
process, and on the dimension of the cell pellet. The Lac content in cell preparations
increases as a result of anaerobic glycolysis taking place during the extraction process.
Metabolite contents (nmol/mg pr.) at successive passages (averaged per passage
number) of the cultures examined are given in Table 3.2 (quantification from
NMR spectra) and Table 3.3 (amino acids quantified by HPLC).

Metabolites

P5

P6

P7

P8

p value

Alanine

17.8 + 1.5

16.7+0.6

17.3±2.1

15.3±4.5

0.660

Cho

25.7+1.3

27.3 + 3.6

24.9±0.5

25.2+0.5

0.927

Creatine

8. 1+ 2.8

9.3+Ô.7

9.9+2.4

9.2±2.9

0.893

Glutamate

342.9±5.7

303.2+22.1

357.9±20.5

361.3 + 8.4

0.343

Glycine

23.1+4.4

21.9+14.0

25.6+7.4

20.4+5.5

0.704

/3-HB

overlap

11.9+0.9

8.24=2.2

8.9+0.8

0.369

Myo-inositol

8.7 + 1.5

9.7+1.1

8.6+1.5

8.0+ 1.2

0.725

Succinate

20.8 + 3.0

16.4+9.1

20.1+3.7

20.6+3.9

0.474

Threonine

25.4+2.1

23.8+2.4

21.9±6.1

21.4+1.3

0.881

Table 3.2. Comparative concentrations of metabolites quantified from H-NMR spectra
obtained from samples of a cell line (INI067) at successive passages in culture. Spectra
obtained from 3 replicate preparations at each passage were analyzed by reference to TSP.
Metabolite concentrations (nmol/mg pr.) are expressed as mean of all the replicate
preparations at one passage+SD. P values were obtained by oneway ANOVA on amounts of
individual metabolites in replicate samples at each passage, against passage number (p value
for /3-HB only from determinations at P6-P8).
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Figure 3.2. Representative high-field regions of H-NMR spectra of cell preparations
from IN1067 meningioma cell line, at the passages studied (P5-P8). NMR spectroscopic
analysis was performed at pH 8.9, with 512 scans recorded on a spectrometer operating at the
proton frequency of 500 MHz. Typically 10^-10* cells were obtained for one extract. Spectra
were referenced to TSP (0 ppm). The peak marked (*) was an exogenous contaminant,
probably from the plasticware used in sample preparations. In the spectrum at PS the height
of the Lac doublet has been truncated to 2/3 of its original height in the spectrum.
Abbreviations: He - isoleucine; Leu - Leucine; Val - valine; EtOH - ethanol; jS-HB - j5hydroxybutyrate; Thr -threonine; Lac - lactate; Ala - alanine; Ace - acetate;
Glu - glutamate; Sue - succinate; Gin -glutamine; Asp - aspartate; Cr creatine;

Ch

-

choline;

PC

-

phosphorylcholine;

GPC

glycerophosphorylcholine; Cho - choline-containing compounds; Gly glycine; Ino - myo- inositol.
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Figure 3.2.
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Most of the metabolites were only determined by one of the methods, but there were
compounds such as Glu and Ala for which the quantification was possible by both
methods. The separation of Thr and Gly on the HPLC column was poor, therefore
an independent assessment for these two amino acids was not available. Some of the
compounds, such as NAA, NAAG and GABA were not NMR-visible (i.e. their
concentration was too low to be present in the NMR spectra). NAA and NAAG were
not detectable by HPLC either (lower detection limit 0.1 nmol). Other metabolites
(e.g. Asp) gave rise to signals of too low intensity to be accurately quantified from
NMR profiles.

Metabolites

P5

P6

P7

P8

p value

Alanine

36.3+1.8

32.5 + 3.6

35.5 + 3.5

37.5 + 3.5

0.770

Arginine

6.4+0 .6

7.9+1.3

6.9+0.5

7.5±0.5

0.541

Asparagine

7.9+0.7

8.1+0.4

8.6+ 0.6

8.7+1.0

0.523

Aspartate

28.3+0.3

28.9 + 3.8

29.3+2.5

27.2±2.8

0.499

GABA

0.78+0.05

0.91+0.08

0.90+0.05

0.85±0.05

0.659

Glutamine

29.6+5.5

29.3+0.82

47.8+1.3

42.7+4.9

0.104

Glutamate

336.5+9.12

353.8+4.9

347.5+19.8

356.1+24.1

0.605

Hypotaurine

3.4+0.1

3.6+0.9

3.7+0.8

5.3+0.5

0.850

Serine

25.6+1.6

26.1+0.9

27.5+1.4

30.0±7.6

0.575

Taurine

25.2+0.9

26.1+7.1

28.1+0.9

25.6+0.52

0.902

Tyrosine

11.7+1.1

13.3 + 3.0

12.8+1.7

14.7+1.0

0.890

Table 3.3. Comparative concentration of metabolites determined by HPLC analyses in
samples of a cell line at successive passages in culture (IN1067 meningioma). Metabolite
concentrations (nmol/mg pr.) are expressed as mean±SD of the independent observations for
3 replicate preparations at one passage. P values are obtained by oneway ANOVA of the
amounts of individual metabolites at each passage against passage number.
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F igure 3.3. S pectral region of interest (0.5-4.5 ppm ) of a tw o-dim ensional pulsed-field
gradient correlated spectrum (2D-PFG-CO SY) of the hum an m eningiom a cell line IN1067
(P7).

NMR spectroscopy was performed on a 500 MHz spectrometer at 26-3(fC, using the

application o f pulsed Held gradients to select coherence pathways.

For each of the 256 tl

increments, i92 transients were collected. The spectrum was referenced to TSP (0 ppm).

Ahhreviations: same as for Figure 3.2.; /5-Ala - /5-alanine^ PA-polyamines
68

Quantification was not possible for all the compounds identifiable in the spectra, for
example Val, Leu and He with signals overlapping in the region 0.9-1.05 ppm. The
quantification of j8-HB in spectra from samples at P5 was not possible due to
overlapping signals from ethanol (1.18 ppm, t).

Oneway ANOVA performed in order to test the effect of the passage number upon
amounts of individual metabolites at each passage showed high p values (p>0.5 for
determinations by HPLC, and p > 0 .3 for metabolite quantification from spectra) for
most of the metabolites, indicating a low variance throughout passages. An exception
was Gin, with a value of p —0.1 for HPLC determination, indicating a higher variance
with passage number than for other metabolites.

The identification of coupled metabolites in single-pulse spectra was confirmed and
supplemented by identification of crosspeaks in two-dimensional correlation spectra
(2D-C0SY) acquired with the application of pulsed field gradients (protocols
described in Section 2.7.2). Figure 3.3 displays a 2D-PFG-C0SY spectrum from one
of the samples obtained from IN1067 cell line. The coupled peaks with chemical
shifts of 1.7 and 3.05 ppm were tentatively assigned to polyamines. This was done
by comparison of the single-pulse 'H-NMR spectra from IN1067 cell line and from
putrescine and spermidine, and by comparison of HPLC profiles obtained from
meningioma cell line preparations to the HPLC profiles of single polyamines.

3.4. DISCUSSION

The positive labelling of meningioma cells with antibodies aFN and aVim was in
concordance with previous findings [84,85] showing that neoplastic cells retain the
intermediate filaments of the tissue of origin. The expression of Vim was constant in
cell populations, both within passages and across.

FN expression consistently increased from one passage to the next, explained by the
properties of FN as a cell adhesion molecule, whose expression has been shown to
enhance as cells are carried in culture [83]. Negative labelling was obtained for A2B5,
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GalC and GFAP, in agreement with the usual localization of meningiomas outside
brain tissue [7].

There was a remarkable consistency and reproducibility of the ^H-NMR spectra from
cell preparations at all passages, spectra being practically identical. The presence of
signals from ethanol in the spectra from cell preparations at P5 can be explained by
ethanol being used to sterilize the incubator shelves, microbiological safety cabinet,
external surfaces of culture flasks and bottles containing culture media. It is possible
that cell preparations became contaminated in the process of handling. Similar presence
of signals from ethanol in spectra from extracts of biological material has been observed
in other experiments involving this alcohol as a sterilizing agent [46].

The types and amounts of intracellular metabolites were very reproducible in
preparations within the same passage. A good reproducibility was also obtained across
passages irrespective of the passage number, as determined by the two independent
methods.

There were some quantitative variations, but within 20% of the value

obtained at P5. An exception to the rule was the amount of Gin determined by HPLC,
which was about 50% higher in P7 and P 8 than in P5 and P 6. The greatest variability
in absolute metabolite amounts was displayed by Glu, followed by Gin. Nevertheless,
the data for Glu from NMR spectra and by HPLC were in good agreement for
individual samples. The concordance between NMR and HPLC data was poor for Ala,
possibly due to an error of measurement in a crowded region of the chromatogram.
See' opposite page for a representative HPLC chromatogram.
The results from the statistical variance analysis test can be interpreted as follows:
1). the high p values obtained indicate no systematic effects of passage number on

metabolite levels;
2). any variation due to passage number is no greater than that within a given

passage number;
3). Gin is a possible exception - although the effect of passage number on Gin
concentration can not be considered statistically significant, it would be unwise to
interpret changes in Gin amounts across different cell lines without considering the
possible effect of passage number.
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3.5. CONCLUSION

Very similar results in respect of types and amounts of antigen expression were
obtained from one passage to another.

This shows either that homogeneous cell

subpopulations are propagated from one passage to the next with no differences in the
cell composition of the culture, or that there is no difference in the quality of antigen
expression that could occur during passage. Consistent and reproducible results, in
concordance for Glu by two independent methods (NMR and HPLC) were obtained in the
expression of intracellular metabolites both for parallel preparations at the same
passage, and for independent preparations at successive passages.

These results confirm the reproducibility of cell culture techniques, metabolite
extraction procedures, and NMR spectroscopy investigations, under controlled
conditions, in the preparation and analysis of the cell preparations.

Such findings

emphasize that passage number does not affect the metabolic profile of a cell line within
the range used in these studies.

Although cell culture procedures and methods of

extract preparation could be a source of variability [62], in studies such as the ones
described in this thesis these potential problems can be readily overcome if factors
including composition of the culture medium, degree of cell culture confluence, time
of harvesting, and method of extraction are carefully controlled.
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CHAPTER 4

CELL TYPE-SPECIFIC FINGERPRINTING OF MENINGIOMA
AND MENINGEAL CELLS
4.1. INTRODUCTION

Meningiomas are primary tumours of the meninges composed of, or differentiating
toward arachnoidal cells [6], which can involve the dura mater, leptomeninges or both
[7]. Meningiomas are phenotypically varied tumours, having a broad morphological
spectrum with diverse features including cell pattern, shape, products and stroma, but
they present similarities in histological and immunocytochemical characteristics,
metabolism, tumour biology etc. [6, 86- 88].
^H-NMR spectroscopy is one of the tools which has lately proved of potential interest
in the detection and identification of types of tumours, especially brain and nervous
system tumours in vivo.

‘H-NMR spectroscopy has been carried out on human

meningiomas in vivo [34,35] and on extracts prepared from meningioma biopsies [35].
Reduced amounts of NAA and Cr and a prominent Ala signal relative to normal
human brain were features of the spectra.

It has been shown [65] that purified populations of cell types derived from a variety
of cellular lineages of the CNS (cerebellar granule neurons, meningeal cells, cortical
astrocytes, 0-2A progenitor cells, and oligodendrocytes) can be distinguished
unambiguously by analysis of their ‘H-NMR spectra. Each cell population expresses
a characteristic distribution and amount of metabolites, including free amino acids and
derivatives, compounds involved in membrane biosynthesis and catabolism, and
compounds related to energy metabolism.
recognized by ‘H-NMR spectroscopy analysis.
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Thus, different cell types can be

An important question that follows from such observations that different cell types
express characteristic ^H-NMR spectra relates to the applicability of this technique to
tumour diagnosis, i.e. whether related tumour cells express similar spectra. In order
to investigate this possibility the present study was designed to examine metabolite
profiles of human meningiomas in comparison to normal rat meningeal cells.

4.2. EXPERIMENTAL

Six human meningioma cell lines were studied in comparison with normal rat
meninges.

The following human meningioma cell lines were examined: IN1067,

IN1069, IN1081, INI 114, INI 123 and IN1239 (from the Ludwig Institute for Cancer
Research). One cell line was derived from a recurrent meningioma (IN1081), while
one of the cell lines originated from a spinal meningioma (IN1239). The composition
of cultures was evaluated by immunocytochemical labelling of cells (protocols
described in Section 2.3).

Cells were tested for the presence of cytoplasmic

intermediate filaments, such as GFAP (protein specific to astrocytes in mature brain)
[71,72,84] and Vim [86,87], and also for FN [84]. Additionally, contamination by
other cells of the nervous system was assessed by testing with A2B5 (marker
characteristic to neurons and cells of the 0-2A lineage) [90] or aGalC (a specific
surface marker for oligodendrocytes) [91].

Primary rat meningeal cell cultures were prepared according to the protocol described
in Section 2.2, and assessed for purity by immunocytochemical labelling with aRan-2
(which recognizes an antigen present among others on the surface of rat astrocytes and
leptomeningeal cells) [92].

All antibodies used in the characterization of human

meningioma cells were also used for rat meningeal cells, except for aRan-2, which
does not label human cells.

All cells were continuously subcultured using the protocols depicted in Section 2.1.,
until the amounts of cells (10^-10® cells) necessary for high resolution NMR
spectroscopy were obtained. Cultures were harvested and extracted by the procedure
described in Section 2.4, and samples were prepared for NMR spectroscopy using the
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protocols given in Section 2.6. At least two PC A extracts were prepared for each
human meningioma cell line, and four extracts were obtained from primary cultures
of rat meningeal cells (replicate samples). Analysis by ^H-NMR spectroscopy and
HPLC, and protein quantification of all samples were carried out according to
protocols in Sections 2.7-2.9.

The results from replicate samples (nmol/mg pr.) of 2-6 extracts for each of the six
human meningioma cell lines were averaged per cell line. Data obtained per cell line
were averaged per meningioma cells.

Data from each of the 4 independent

observations for meningeal cells were also averaged. Two sample Student’s t-tests
were performed to determine significant differences among group means, and p values
are quoted without correction for multiple comparisons. The critical values for
assessing significance levels were obtained after performing a correction for multiple
comparisons (as in Section 2.10) independently for NMR and HPLC data sets (12 and
13 comparisons, respectively).

These critical values were p < 0.005 for 5%

significance level (i.e. 0.05/12 or 0.05/13), and p < 0.001 for 1% significance level
(analogous).

4.3. RESULTS

4.3.1. Immunocvtochemical and cell morphology characterisation

Preparations of primary rat meningeal cells contained flat, bipolar or tripolar A2B5
and GalC cells. Positive immunocytochemical labelling was obtained for FN and
Vim. There was over 95% positive labelling with aRan-2 antibody, showing the
purity of meningeal cultures relative to contamination with cells of the nervous
system. Within the meningeal cultures there were some GFAP^ astrocytes (4+1%).

Consistent and reproducible results in the expression of specific antibodies were
obtained in the six human meningioma cell lines (Table 4.1). The specificity of
immunocytochemical labelling was confirmed by negative results in all controls.
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Neither «GalC nor the monoclonal antibody A2B5 (which recognises specific surface
gangliosides) labelled any of the cells of the six human meningioma lines at either
early or late passage. FN, an extracellular matrix glycoprotein with adhesive
properties [87] was widely expressed by all six meningioma cell lines in all passages,
the proportion of FN"^ cells in culture increasing with the passage number.

The

expression of GFAP was either negligible in one cell line, or absent (in the other five
cell lines).

Vim was expressed by all six meningiomas (100% Vim^ cells),

irrespective of passage number or stage in culture.

Passage
number

Human
meningioma
cell line

start

end

IN1067

P6

IN 1069

A2B5
(%)

aGalC
(%)

aFN
(%)

orGFAP
(%)

OfVim
(%)

P9

0

0

29.0±8.7(P6)
82.0±8.9(P9)

0

100

P3

P6

0

0

26.7±3.4(P3)
58.6±2.6(P6)

0

100

IN1081
(recurrent)

P3

P6

0

0

26.0±4.2(P3)
78.3±3.3(P6)

0

100

INI 114

P5

P8

0

0

43.1±5.1(P5)
80.1±8.5(P8)

0

100

INI 123

P3

P7

0

0

32.2±6.4(P3)
67.0±5.6(P7)

0.5(P3)
2±0.5(P7)

100

IN1239
(spinal)

P3

P7

0

0

31.5±6.4(P3)
79.5±14.9(P7)

0

100

Table 4.1. Immunocytochemical characteristics of the human meningioma cell lines.
Results are calculated as percent of positive cells from the total number of cells. At least 200
cells were counted on each coverslip. At every passage (P) at least two coverslips were
prepared for each antibody or combination of antibodies, for each cell line. Tests were
carried out in the following combinations: A2B5 and aGalC; cxFN; aGFAP; orVim. Figures
are given for the start and for the end passage number, where these results differ for the two
passage numbers.
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4.3.2. Metabolites identified in ^H-NMR spectra, and comparison with HPLC
results
Representative high-resolution *H-NMR spectra from cultures of rat meningeal and
human meningioma cells are shown in Figure 4.1. There were qualitative similarities,
and also qualitative and quantitative differences between these categories of NMR
profiles. The metabolites giving rise to the signals in the high-field regions of the
spectra (0.5-4.5 ppm) from these cells were described in Section 3.3, Chapter 3, in
presenting the spectra from the meningioma cell line INI067.

Metabolite contents (nmol/mg pr.) of the cultures examined are given in Tables 4.2
and 4.3. In Table 4.4 selected metabolite ratios are presented for rat meningeal and
human meningioma cells. These ratios were chosen because of their relevance either
to NMR in vivo (involving Cr, Cho, Ino), or to previous work [65] identifying
metabolite ratios which could distinguish between preparations of rat meningeal cells
and other primary cultures from rat brain (involving Cho, Glu, Asp, Cr).

Within each category of cells (rat normal and human tumour), spectra were
qualitatively identical (i.e. all identifiable peaks were present in all spectra from that
category), with the exception of Cr, which was not detectable in spectra from half of
the meningioma cell lines. Signals from some of the identifiable compounds were
often too low for accurate quantification. In addition, not all identifiable compounds
in the‘H-NMR spectra could be accurately quantified because of incomplete resolution
in certain zones of the spectra (e.g. He, Leu and Val with signals between 0.9-1.05
ppm).

Quantitatively, the spectra from the meningioma cell lines displayed more variability
between different cell lines (Table 4.2), but excellent reproducibility was achieved in
replicate samples (i.e. preparations obtained from one cell line). There was very
good reproducibility in replicate preparations from normal rat meninges.

Good agreement was obtained between quantification from NMR spectra and by
HPLC analysis in all samples. The Tau content of human meningioma cell lines
could not be reliably quantified in the NMR spectra, although it was present at levels

76

detectable by HPLC. The greatest variability in absolute metabolite amounts was
displayed by Glu in human meningiomas, but the data for Glu from NMR spectra and
by HPLC analysis were in good agreement for individual cell lines.

Metabolites
(nmol/mg protein)

Rat meningeal
cells (n=4)

Human
meningioma cell
lines (n= 6)

p value

Alanine

15.6+3.8

16.3 + 3.6

0.773

Cho"

13.9+2.8

27.1+5.1

0.004*

Choline

2.0+0.4

6.2±4.8

0.124

GPC

7.5+2.2

9.1+4.5

0.526

PC

4.4+0.7

14.0+3.6

< 0.00r*

Creatine

17.6+4.8

7.3+5.8

0.003*

Glutamate

114.1 + 8.0

298.4+43.9

< 0.001**

Glycine

12.9+5.8

27.5+10.1

0.033

/3-hydroxybutyrate

6.6+1.4

13.4+8.0

0.140

Myo-inositol

5.4+1.9

18.5+14.2

0.116

Succinate

12.1+5.2

13.1 + 5.4

0.771

Threonine

12.7 + 3.5

23.8+5.7

0.009

Taurine

33.6±5.5

not measurable

< o.oor

Table 4.2. Comparative composition of metabolites quantified from H-NMR spectra of
rat meningeal and human meningioma cells. Metabolite concentrations (nmol/mg pr.) are
expressed as mean±SD.

Spectra obtained from replicate preparations for each of the

independent observations for human meningioma cell lines and rat meningeal cells respectively
were analyzed by reference to TSF. P values (two-sample Student’s t-test) are given without
correction for the number of comparisons. The results for normal cells were considered
statistically different from the results for tumour cells if p < 0.05/12 (5% level, *) or
p < 0.01/12 ( 1% level, **).
C) The data for Cho (3.2 ppm) are the sum of 3 individual peaks: choline (3.21 ppm), PC
(3.22 ppm) and GPC (3.23 ppm).
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4.3.3. Common features of the spectra of rat meninges and human meningiomas
In the light of existing data on metabolites detectable by ^H-NMR in whole brain
extracts and cell preparations from either rat or human brain [34,65,93] it is noted
that spectra from both rat meningeal cells and human meningioma cell lines were
characterized by either very low or not detectable signals for NAA, NAAG, Asp and
GABA (Figure 4.1). NAA was not detectable by HPLC (lower detection limit 0.1
nmol) in any of the samples examined, with the exception of one meningioma cell line
that contained a small amount of NAA (Table 4.3). Low NAAG concentrations were
also determined by HPLC in preparations from both rat meninges and human
meningiomas, with no significant differences between the two categories.

Compounds such as tyrosine (Tyr, 3.05, 3.15 and 3.93 ppm, all dd) and HTau (2.65
and 3.30 ppm, both t) were present in too low an amount to be detected by NMR, but
were detectable by chromatographic analysis. Complementary determinations by
HPLC showed statistically significant differences at the 1% level in the concentration
of amino acids such as HTau and Tyr and the neuroactive compound GABA, in
extracts of rat meningeal cells compared to human meningioma cells.

Spectra of preparations from rat meninges and human meningioma cell lines had
common features in the 1.0-1.5 ppm region, displaying the doublet signals of /?-HB,
Thr, Lac and Ala. The concentrations of none of these metabolites were significantly
different between rat normal and human tumour cells. Relative to 'H-NMR spectra
in vivo, Lac signals were elevated in the spectra obtained from cultured cells,
probably due to anaerobic glycolysis taking place in cells during the extraction
process. Lac content was variable in the cell preparations (from 25 to 230 nmol/mg
pr.), depending on the rapidity of cell extraction and on the dimension of the cell
pellet. The signals for Ala were relatively high in spectra from preparations of both
categories of cells compared to the typical levels of Ala detected by spectroscopy in
vivo in normal human brain [34,93].
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Figure 4.1. Representative single pulse high-field high resolution H-NMR spectra from
rat meningeal and human meningioma cells. Spectra were obtained from PCA extracts of:
primary cultures of rat meningeal cells (a), and cultures of human meningioma cell lines (b,
c). ’H-NMR spectroscopic analysis was performed at pH = 8.9, with 512-1024 scans recorded
on a spectrometer operating at a proton frequency of 500 MHz. The content in protein of
samples ranged from 5.1 mg to 8.2 mg for rat meningeal cell preparations, and from 0.92 mg
to 5.3 mg for human meningioma cell extracts. Spectra referenced to TSF (0 ppm) from the
following cell lines are displayed: b = IN 1067; c = INI 114. The peak marked * was an
exogenous contaminant, probably from the plasticware used in sample preparations. In
spectra a and b the height of the Lac doublet was truncated to 2/3 of the original height in the
spectrum.
Abbreviations'. He - isoleucine; Leu - Leucine; Val - valine; /3-HB - /3-hydroxybutyrate; Thr threonine; Lac - lactate; Ala - alanine; Ace - acetate; Glu - glutamate; Sue succinate; Gin -glutamine; Asp - aspartate; Cr - creatine; Tau - taurine; Ch choline; Cho - choline-containing compounds; PC - phosphorylcholine; GPC
- glycerophosphorylcholine; Gly - glycine; Ino - myo-inositol.
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In the methylene region of the spectra (2-3 ppm) common signals for both types of
cells included those of Gin and Sue. No statistically significant differences were
obtained in the concentrations of these metabolites between the preparations of rat
meningeal and human meningioma cells. There was a large variation in the Gin
concentration of tumour cells, ranging from 29.3 nmol/mg pr. for one cell line up to
105.0 nmol/mg pr. for another, but the averaged Gin content in human meningiomas
was not significantly different from the value for rat meningeal cells.

The methine region of the spectrum (3.2-4.0 ppm) had several common general
characteristics for both types of cells examined, including a relatively high signal for
Gly and relatively low signal for Ino. No significant difference in the Ino content
determined from the *H-NMR spectra was obtained between normal and transformed
cells. Allowing for correction of the p values for the number of comparisons, the
difference in Thr and Gly contents of the two types of cells was not significant at the
5% level (quantification from NMR spectra). The separation on the chromatographic
column was poor for Thr and Gly, therefore their quantification by HPLC was not
reliable.

4.3.4. Differential characteristics in spectra of normal rat meninges and human
meningiomas
There were also differences in the 'H-NMR spectra obtained from cell extracts of rat
meninges and human meningiomas. A prominent compound in preparations of rat
meningeal cells was Tau, while this metabolite was either not detected by NMR in
meningioma extracts, or gave very low signals in spectra. Tau was among the most
abundant free |metabolite detected by HPLC (Table 4.3.) in rat meningeal cells, and
was present in significantly different (p< 0.001) amounts in human meningiomas.
Quantification of Tau in spectra obtained from human meningioma extracts was not
possible due to overlap of the Cr signal at 3.04 ppm with one of the Tau peaks (3.08
ppm, t), and because of the complexity of the 'H spectrum where the second Tau
signal lies (3.42 ppm, t).
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Metabolites

Rat meningeal cells

Human meningioma cell

(nmol/mg pr.)

(n=4)

lines (n= 6)

Alanine

17.8 + 3.8

25.2+7.1

0.264

Arginine

2.0+0.9

6.1+2.3

0.026

Asparagine

1.4+1.0

4.9±1.9

0.018

Aspartate

20.3±0.4

27.0±14.6

0.404

GABA

5.9+0.8

0.6± 0.2

<o.oor

Glutamine

43.6±5.6

72.9 + 32.6

0.145

Glutamate

105.4+2.6

305.5+47.4

<o.oor

Hypotaurine

19.4+2.9

5.0+3.0

<o.oor

NAA

not detected

not detected"

---

NAAG

3.0+1.5

4.5 + 3.9

0.474

Serine

18.0+1.9

28.6+5.9

0.018

Taurine

38.4+4.2

18.0+2.8

<o.oor

Tyrosine

2.3+0.6

10.3±2.1

<o.oor

p value

Table 4.3. Comparative composition of metabolites determined by HPLC analyses in rat
meningeal and human meningioma cells. Metabolite concentrations (nmol/mg pr.) are
expressed as mean±S of the independent observations for the rat meningeal cells preparations,
and for human meningioma cell lines. P values (two-sample Student’s t-test) are given without
correction for the number of comparisons. The results for normal cells were considered
statistically different from the results for tumour cells if p < 0.05/13 (5% level, *) or
p < 0.01/13 (1% level, **).
C) The amount of NAA was too low to be detected by HPLC investigations in five of the six
meningioma cell lines we examined, but one meningioma cell line (IN1239) contained a very
low amount of NAA (2.9+1.7 nmol/mg protein).
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The Cr singlets at 3.04 ppm and 3.94 ppm were more prominent in 'H-NMR spectra
from normal rat meninges than in spectra from human meningioma cell lines. Spectra
from preparations of three out of six meningioma cell lines were characterized by the
absence of Cr peaks; in two other cell lines the Cr levels were below the lowest
amount in any of the meningeal preparations; in one cell line the Cr level appeared
relatively ’normal’ (16.9 nmol/mg pr.). However, overall there was a significant
difference (p=0.002) in the Cr content, and in the metabolite ratio Cr/Ino (1 % level)
between rat meninges and human meningiomas (Tables 4.2 and 4.4).

The signals for Glu were relatively higher in spectra from human meningiomas than
in those from normal rat meninges.

This was also reflected (HPLC) in the

significantly elevated (p< 0.001) content of Glu in human meningioma lines versus
normal rat meningeal cells and related to this, in a significantly different (p< 0.001)
ratio Glu/Ala.

Peaks from Cho were prominent in spectra of both normal and tumour cells. The
signals in the 3.2-3.3 ppm region - assigned to choline itself (3.21 ppm, s), PC (3.22
ppm, s) and GPC (3.23 ppm, s) - were well resolved in the spectra from both
categories of cells. A significant difference (p=0.004) was detected in total Cho (sum
of the three peaks) in rat meninges compared to human meningiomas (Table 4.2).

The relative heights of individual peaks contributing to the Cho signal in the two
categories of cells were also different. There was a significant increase (p< 0.001)
in the amount of PC in preparations from human meningiomas compared to rat
meninges. A shift was observed in the PC/PC ratio from below one in rat meningeal
cells to greater than one in the human meningioma cell lines. PC is synthesized in
vivo in the first step of phospholipid biosynthesis, whereas GPC is a phosphodiester
breakdown product of phospholipids. The predominance or otherwise of one kind of
phosphoesters in the composition of the Cho peak in these spectra may indicate
differences in phospholipid metabolism in human meningioma cells versus meningeal
cells from rat.
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M etabolite ratios

Rat m eningeal cells
(n = 4 )

Hum an
m eningiom a cell
lines (n = 6 )

p value

C ho/C r

1 .1 2 + 0 .1 8

S .5 + 2 .9

0.019

C r/Ino

3 .2 + 0 .9

0 .6 3 + 0 .4 3

<o.oor

A sp/C r

1 .2 + 0 .3

5 .6 + 3 3

0.024

C ho/A sp

G .7+ 0.1

1 .3 + 0 .7

0.120

C ho/G lu

0 .1 2 + 0 .0 2

0 .1 + 0 .0 5

0.217

C ho/G ly

1 .2 + 0 .4

1 .7 + 1 .6

0.277

G ly/C r

0 .7 8 + 0 .2 3

5 .9 ± 4 .6

0.063

T a b le 4 .4 . M etab o lite ra tio s in r a t m eningeal a n d h u m a n m en in g io m a cells, calculated
(m ean + S D ) from m etabolite concentrations quantified from the ‘H -N M R spectra o f both
categories o f cells. P values (two-sample S tudent’s t-test) are given w ithout correction for the
num ber o f com parisons. The results for norm al cells w ere considered statistically different
from the results for tum our cells if p < 0.05/12 (5% level,*) o r p < 0 .01/12 (1% level, **).

4.4. DISCUSSION

4.4.1. Meningioma cell lines in the light of their immunocytochemical
characteristics and cell types of the meninges
All cell types of meningeal tissues covering the brain and spinal cord originate in the
primitive meninx derived from the layer of mesenchymal tissue that comes to
surround the neural tube in the early development of the embryo [7]. The results
obtained in respect of types of antigen expression by the meningioma cell lines were
in agreement with the observations of common immunocytochemical features among
meningiomas [86,87]. FN and Vim expression by all the meningioma cell lines was
in concordance with previous studies on human intracranial meningiomas.

It has been shown [84] that neoplastic cells retain the intermediate filaments of their
tissue of origin and that virtually all meningeal neoplasms have a uniform distribution
of FN filaments. Additionally, coexpression of Vim and desmosomal proteins and the
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association of this type of intermediate filaments to desmosomal plaque proteins are
a combination unique to meningioma cells [86].

The negative GFAP labelling

obtained in the meningioma cells was in agreement with their cell of origin and their
usual localisation outside brain tissue [7,89].

4.4.2. Interpretation of HPLC results and NMR findings
Although there were quantitative variations for certain metabolites (especially Cr)
between the human meningioma cell lines, qualitatively identical ^H-NMR spectra
were obtained from all six cell lines examined. This fact suggests a preservation of
the characteristic metabolite profile within the type of tumour, irrespective of its
origin. Spectra from preparations of rat meningeal cells displayed similarities to those
previously reported from extracts of primary cultures of rat meninges [65]. Such
findings confirm the reproducibility of cell culture techniques, metabolite extraction
procedures and NMR spectroscopy analysis, lending more support to the results
presented in Chapter 3, in which the reproducibility of results from investigations
performed on preparations from cell cultures was tested.

Rat meningeal cells have been distinguished from other rat primary cultures of cells
from CNS on the basis of ^H-NMR spectra of extracts [65]. The presence of high
amounts of Sue and i8-HB, the absence of NAA and HTau, and relatively low
amounts (compared to oligodendrocytes) of Cr have been shown to be the
distinguishing features. These characteristics were shared by all the human
meningiomas examined in this study, with no significant differences in the Sue and
jS-HB concentrations between rat meningeal cells and human meningioma cell lines,
and an even lower Cr content in the meningioma preparations.

In addition, the

metabolite ratios Cho/Asp and Cho/Glu which have been used previously to
discriminate rat meningeal cells from rat astrocytes [65] did not differ significantly
between rat meningeal and human meningioma cells (Table 4.4). The ratio Asp/Cr,
which was more than 10-fold higher in rat meningeal cells compared to rat astrocytes,
was even higher in human meningioma cell lines, reflecting their lower Cr content.

All these features relate human meningioma cells to their tissue of origin even when
considered across these separated species. Nevertheless, there were also a number
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of characteristics (with statistically significant differences) which discriminated the
transformed from normal cells, such as reductions in Cr and Tau, and increases in
Cho (attributable mainly to increased PC) and Glu. Tau is known to be lower in
human brain than in rat brain [93,94], so it seems likely that the reduced Tau in the
meningioma cell lines reflected a species difference rather than an effect of
transformation. It is not yet known whether the dissimilarities in other signals reflect
differences across species, or differences between normal and transformed cells, but
it is possible that some of these changes may be associated with transformation.

Amongst signals contributing to Cho in spectra from all six human meningioma cell
lines studied, the PC peak predominated as opposed to a predominant GPC peak in
the 3.2 ppm region of the ‘H-NMR spectra obtained from rat meningeal cells. The
suggestion that the shift in the PC/GPC ratio may be indicative of transformation is
consistent with ‘H-NMR spectroscopy studies on normal and conditionally transformed
Schwann cells, which have revealed that the intensity of the GPC peak decreases as
the intensity of PC peak increases, concomitant with the increase in the degree of
transformation in cells (normal Schwann cells > partially transformed cells > fully
transformed cells) [K.K. Bhakoo, unpublished observations].

Raised amounts of Cho were found in preparations from human meningiomas
compared to extracts from rat meningeal cells, in agreement with the outcome of
studies performed on human meningiomas in vivo and on human biopsy extracts.
Clinical studies by ‘H-NMR spectroscopy on humans have detected an increase of Cho
levels in meningiomas compared to normal contralateral brain [35], but the differences
in distribution of individual peaks contributing to the Cho signal {i.e. PME and
phosphodiesters) can not be detected due to the decreased spectral resolution
achievable in NMR spectroscopy in vivo. ^‘P-NMR spectroscopy has shown elevated
PME signals in untreated meningiomas of human patients in vivo [88,95], as well as
in spectra from PC A extracts of resected human meningiomas [88].

A feature of human meningioma cell lines examined was their high content of Glu,
consistently two-and-a-half to threefold higher than rat meningeal cells. As previous
studies [7] have demonstrated that human meningiomas in culture have a relatively
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This hypothesis is consistent with observations that normal allosteric factors regulating
the glycolytic rate to that of the tricarboxylic acid cycle are defective or altered in
transformed cells [97]. Nevertheless, in order to test this hypothesis measurements of
pyruvate and a-ketoglutarate have to be carried out on preparations from both
meningeal and meningioma cells.

A specific feature of spectra obtained from meningioma cell lines, which was supported
by the analysis of meningioma cell preparations, was their high content of Ala. This
finding was in agreement with results of previous studies by ^H-NMR spectroscopy on
patients with meningiomas, which have revealed Ala in these tumours in vivo [35, 138].

low uptake of Glu (lower even than normal human fibroblast cultures), the question
arises as to how the high Glu content in meningioma cells might be achieved. This
could be explained by enzymatic alterations characteristic to brain tumours, and by
the high Ala content of primary meningeal cells [65]. The following explanation is
proposed for the high glutamate levels of the human meningioma cultures [96]:

One of the enzymes involved in the glycolytic pathway in eukaryotic cells is pyruvate
kinase which catalyses the transfer of phosphate from phosphoenolpyruvate to ADP,
yielding free pyruvate and ATP. This enzyme is ’turned o ff when ATP, or other
fuels including Ala are present in high concentration in the cell, and it ’turns on’
1

1

when there is a buildup of the preceding glycolytic intermediates, especially
phosphoenolpyruvate [97]. It has been shown [7] that pyruvate kinase is present both
in normal brain and brain tumours mostly as the muscle type (M), in the form of two
subgroups: M l, which is not inhibited by Ala in its action, and M2, which is inhibited
by Ala. The Ml form is present in normal brain, whilst the M2 form is predominant
in tumours. These observations, considered in the light of the results of the analyses
of amino acids - especially Ala and Glu - in rat normal and human tumour meningeal
cells, raise the possibility that there might be a relationship between the relatively high
Ala content of both meninges and meningiomas, and the regulation (inhibition or
action) of pyruvate kinase in these cells. It might be that pyruvate kinase in normal
meningeal cells (Ml form which is not inhibited by Ala) will be active, while in
meningioma cells the M2 form which is inhibited by Ala is 'turned o f f . As a result
of the inhibition of this enzyme, less pyruvate would be produced in the glycolytic
process in the meningioma cells, and phosphoenolpyruvate would be accumulated. The
implication of this process would be that as a result of the transamination reaction
Ala + a-ketoglutarate - pyruvate -I- Glu
more Glu would be produced in the meningioma cell, assuming the concentration of
Ala and a-ketoglutarate are constant. This would account for the buildup of Glu in
meningioma cells without uptake from the culture medium. Glycolysis will proceed
normally in the meningioma cells when phosphoenolpyruvate would be accumulated
and would thus 'turn on' the pyruvate kinase.

See opposite page for inserted paragraph
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The ^H-NMR profiles obtained from cell populations derived from human
meningiomas were very similar to the ‘H-NMR spectra that have been reported [35]
for extracts of meningiomas obtained from human biopsy samples. These similarities
included relatively high signals for alanine and Cho, a reduced signal for Cr and low
or not detectable signals for neuroactive amino acids and related compounds such as
GABA, NAA and NAAG.

The low or not detectable levels of such compounds

(which are present in analyses of human central neural tissue) were consistent with
the embryonic derivation of the meninges and the location of meninges and
meningiomas outside of the CNS.

4.5; CONCLUSION

These investigations showed that human meningioma cell lines derived from
specimens of primary meningiomas expressed similar characteristic metabolic profiles
even when isolated from different patients.

Furthermore, both rat meninges and

human meningioma cell lines shared a number of features, which makes them
distinguishable from other cells of the CNS.

It is interesting to note the conservation of metabolites such as j8-HB, Ala, Gin, Sue,
Ino, Thr and maybe Gly across species, and across transformation from normal to
tumour tissue. Additionally, certain characteristics were identified such as Cho,
PC/GPC, Cr, Glu and Tau which enabled the spectra from the human meningioma
cells to be distinguished from those of normal rat meningeal cells. If these differences
prove to be due to metabolic alterations in transformed cells rather than due to species
differences, they might enable neoplastic and normal tissues to be distinguished noninvasively by ‘H-NMR spectroscopy. Together, these findings raise the possibility of
identifying meningiomas in vivo by performing non-invasive ‘H-NMR spectroscopy
on patients.
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CHAPTER 5

CHARACTERISTIC METABOLIC PROFILES FROM
HUMAN TUMOURS OF THE NERVOUS SYSTEM

5.1. INTRODUCTION

Investigations during the last few years by *H and ^'P-NMR spectroscopy in vivo on
human brain have revealed that tumour spectra exhibit metabolic changes as compared
to spectra from normal brain, including abnormal metabolite concentrations, and
sometimes the presence of new metabolites. The most common alterations visible are
reductions in signals from Cr and NAA, and increases in Cho and Lac [33-37].
Additionally, ^H-NMR spectroscopy can distinguish non-invasively between some
cranial neoplasms of different histological origins [34].

Nevertheless, a recognized problem in the interpretation of spectra in vivo is the
heterogeneity of the tissue, containing both tumour and normal cells, from which the
signals arise.

Cell culture techniques that are capable of generating purified

populations of either tumour or normal cells have been used for this reason [62,64].
*H-NMR spectra from cultured cell extracts benefit from improved sensitivity and
resolution compared to spectra recorded in vivo, and can be used to monitor fine
biochemical differences between various cell lines or types of cells [65,98]. Such
spectra are also useful in monitoring metabolic changes that could be relevant for the
detection, diagnosis, monitoring and treatment of various types of tumours, especially
brain tumours in vivo.

Therefore, NMR analysis of cell extracts is a tool in

understanding the mechanisms that contribute to tumour cell metabolism.

It has been previously shown [65] that it is possible to distinguish between different
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cell types of the CNS (neurons, astrocytes, meningeal cells, 0-2A progenitor cells and
oligodendrocytes) on the basis of the ^H-NMR spectra of cell extracts from purified
populations of these cell types. The question addressed here relates to the possibility
of distinguishing between various neoplasms of the human brain and nervous system,
based on the ‘H-NMR spectra of cell extracts obtained from cell lines derived from
surgically resected specimens from human tumours.

Cell lines available from human tumours of the nervous system such as meningiomas,
neuroblastomas,

glioblastoma multiforme and astrocytomas were examined.

According to the new World Health Organization classification of brain tumours [5],
these neoplasms belong to different histological classes and groups. Analysis of the
data obtained by ‘H-NMR spectroscopy and HPLC analysis of the cell extracts was
carried out comparatively on neoplasms belonging to different classes {i.e.
meningiomas, neuroblastomas and glioblastoma multiforme), and separately on
neoplasms from the same class and group {i.e. glioblastoma multiforme and
astrocytomas).

5.2. EXPERIMENTAL

Human meningioma cell lines used in this experiment were the same as those already
described in Chapter 4, Section 4.2.

Five glioblastoma cell lines derived from

primary human glioblastoma multiforme were investigated (IN 1351, IN 1411, IN 1510,
IN2469, D-54 MG), of which one was an established cell line (D-54 MG). Three
established neuroblastoma cell lines of human origin (SK-N-MC, SK-N-SH, and
LAN-5) were studied.

Human astrocytoma cell lines of various degrees of

malignancy (grade II - IV) were examined. These were: IN1311 and IN1431 (grade
II), IN1514 and IN 1650 (grade III), and INI 103 (grade IV).

Meningioma, glioblastoma and astrocytoma cell lines were cultured in DMEM-FCS.
The culture medium for neuroblastoma cell lines was RPMI-1640, supplemented with
the same ingredients as DMEM. Protocols for cell culture and immunocytochemical
characterization of cells given in Sections 2.1. and 2.3. were used. Cells were tested
at all stages in culture with the antibodies described in the study of meningioma cell
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lines (Section 4.2). The established cell lines were immunolabelled at the passage
prior to obtaining the cell extract.

Cultures were harvested when 95%-100%

confluence was reached, and always 24 hours after a final medium change. PGA
extracts from cell cultures were obtained and further processed to obtain the samples
for NMR spectroscopy (Sections 2.4. and 2.6). Determination of the protein content
of all samples, and analysis by ‘H-NMR spectroscopy supplemented with HPLC
determinations was carried out as described in Sections 2.7.-2.9.

At least two PCA extracts were prepared for every individual cell line (replicate
samples). The results from replicate samples of 2-6 extracts for a cell line (nmol/mg
pr.) were averaged per cell line. Data obtained per cell line were finally averaged per
type of tumour. One-way ANOVA and two-sample Student’s t-tests were performed
to determine significant differences among group means, and p values are quoted
without correction for multiple comparisons.

The critical values for assessing

significance levels were obtained after performing a correction for multiple
comparisons, as described in Section 2.10., independently for NMR and HPLC data
sets (10 and 12 comparisons, respectively). These critical values were p < 0.005 for
5% significance level (i.e. 0.05/10 or 0.05/12), and p<0.001 for 1% significance
level (analogous).

5.3A. RESULTS FROM THE COMPARISON BETWEEN MENINGIOMA,
NEUROBLASTOMA AND GLIOBLASTOMA CELL LINES

5.3A.I. Immunocvtochemical characterisation of the cell lines
Consistent and reproducible results in the expression of specific antibodies were
obtained in each of the tumour cell lines (Table 5A.1).

The specificity of

immunocytochemical labelling was confirmed by negative results in all controls. The
monoclonal antibody A2B5, a marker characteristic to neurons and cells of the type-2
astrocyte lineage [90] did not label any of the cells of the meningioma, glioblastoma
and neuroblastoma cell lines studied, with the exception of a small amount of A2B5^
cells in the neuroblastoma cell line SK-N-SH.
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Cell line

Passage
number

aPN
(%)

ceGFAP
(%)

aGalC
(%)

start

end

IN1067 (MG)

P6

P9

29.0+8.7(P6)
72.0+8.9(P9)

0

0

IN1069 (MG)

P3

P6

26.7±3.4(P3)
58.6+2.6(P6)

0

0

IN 1081 ((MG)
recurrent

P3

P6

26.0±4.2(P3)
78.3 + 3.3(P6)

0

0

INI 114 (MG)

P5

P8

43.1+5.1(P5)
75.1±8.5(P8)

0

0

INI 123 (MG)

P3

P7

32.2+6.4(P3)
67.0+5.6(P7)

0.5(P3)
2+0.5(P7)

0

IN1239 (MG)
spinal

P3

P7

31.5+6.4(P3)
79.5±14.9(P7)

0

0

SK-N-MC (NB)

0

0

0

SK-N-SH (NB)

0

0

0

LAN-5 (NB)

0

0

0

IN1351 (GB)

P5

P7

100

20.8+5.1(P5)
42.9±2.9(P7)

20.1±10.5(P5)
35.5±16.3(P7)

IN1411 (GB)

P2

P5

82.4±5.6(P2)
100(P5)

18.5±7.7(P2)
31.1±2.4(P5)

3.0+1.6(P2)
2.2±5.3(P5)

IN1510 (GB)

PI

P4

90.5+8.2(Pl)
100(P4)

16.2±4.5(P1)
38.9±12.3(P4)

13.5+3.3(P1)
17.8+5.7(P4)

IN2469 (GB)

P2

P5

26.0+4.5(P2)
50.4+2.4(P5)

41.8±8.8(P2)
47.9±12.2(P5)

28.0±1.6(P2)
0(P3,P4,P5)

0

31.8±8.8(P2)
57.9±12.2(P5)

0

D-54 MG (GB)

Table 5A.1. Immunocytochemical characteristics of the meningioma, glioblastoma and
neuroblastoma cell lines. Results are calculated as percent of positive cells from the total
number of cells. At every passage (P) at least two coverslips were prepared for each antibody
or combination of antibodies, for each cell line. Figures are given for the start and for the
end passage number, where these results differ for the two passage numbers. Only one out
of 14 cell lines was positively labelled with A2B5: SK-N-SK (12.1+0.9% A2B5^ cells). All
the meningioma and glioblastoma cell lines, and from the neuroblastomas Lan-5 line were
100% positive for Vim. The other two neuroblastoma cell lines were labelled in high
proportions: 72.5+5.3% (SK-N-MC), and 85.3 + 10.5% (SK-N-SH).
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F N , an ex tra cellu lar m atrix glyco p ro tein that enhances cell ad h eren ce [99] was
ex p ressed by m en in g io m a and g lio b lasto m a cell lines, the p ro p o rtio n o f FN'^ cells in
c u ltu re in creasin g w ith the passage n u m b er.

T h e established cell lines, either

g lio b la sto m a (D -54 M G ) o r n eu ro b lasto m a (all cell lines) did not ex p ress F N at any
stag e o f the cell cu ltu re. T h e expression o f G F A P , a m ark e r specific to astro cy tes in
m atu re b ra in , w as ab sen t in all n eu ro b lasto m a cell lines, and five o u t o f six
m en in g io m as.

A ll g lio b lasto m a cell lines expressed G F A P to v ario u s ex ten ts.

Vim

w as strongly ex p ressed by all m eningiom a and g lio b lasto m a cell lines irre sp ectiv e o f
p assag e n u m b er o r stage in cu ltu re (100% Vim'*'), and by neuroblastom as.

O nly the

cu ltu res from g lio b lasto m a m u ltifo rm e cell lines (except D -54 M G line) contained
v ario u s p ro p o rtio n s o f cells that w ere labelled by a G a lC (T able 5A . 1). T h ese GalC^
cells did not hav e an o lig o d en d ro cy te-lik e m orphology (F ig u re 5 A .1 ).

F igure 5A .1.

C ultured cells of a hum an glioblastom a m ultiform e cell line positively

im m unolabelled

with

ofGalC

(rbodam ine-conjugated

Im m u n o flu o re sc en ce m icro sco p y , final m agnification x630.
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’secondary

an tib o d y ’).

5.3A.2. NMR spectra and chromatographic characteristics of tumour cell extracts
High field regions (0.5-4.5 ppm) of representative ‘H-NMR spectra obtained from
PCA extracts from cultured meningioma, glioblastoma and neuroblastoma cell lines
are displayed in Figure 5A. 1 (meningioma spectra as previously shown in Section 4.3,
where the variety of intracellular metabolites giving rise to signals in such spectra
were also described).

There was very good reproducibility of the ‘H-NMR spectra, and of the metabolite
quantification both by NMR and HPLC in preparations from individual cell lines
(replicate samples). Spectra from cell lines within a type of tumour were qualitatively
identical {i.e. all identifiable peaks were present in all spectra from that category, with
the exception of Cr in meningioma samples, which was detectable in only three out
of six cell lines). There was generally good agreement between quantification of
compounds from NMR spectra, and by HPLC analysis.

Common characteristics were observed in the ‘H-NMR spectra obtained from the
three tumour cell types, including the presence of signals attributed to He, Leu and
Val, of metabolites such as Thr, Lac, Ace, and further downfield Glu, Cho, Gly. ‘HNMR spectra of preparations from neuroblastoma cell lines displayed a more complex
pattern in the methine region (3.2-4.0 ppm), compared to spectra from meningioma
and glioblastoma multiforme.

Signals from neuroactive metabolites such as GABA, NAA, NAAG and from Tau and
HTau were very low or not detectable in any of the ‘H-NMR spectra of cell extracts.
NMR intensities of some of the identifiable compounds, such as Asp were often too
low for accurate quantification. Metabolite quantification was made difficult by the
incomplete resolution in certain regions of the spectra (e.g. Val, Leu and He with
signals at 0.9-1.5 ppm), or Gly - singlet signal at 3.56 ppm, overlapping with signals
from the methine protons of other compounds present in the cell extracts.

Metabolite contents (nmol/mg pr.) of the cell lines examined as determined from
NMR spectra and by HPLC analysis are given in Tables 5A.2 and 5A.3.
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Figure 5A.2. Representative high-field regions of H-NMR spectra of acid-soluble extracts
from meningioma, neuroblastoma and glioblastoma cell lines. Spectra displayed were
obtained from PCA extracts of cultures of human meningiomas (a and b), neuroblastomas (c
and d) and glioblastomas (e and f) examined. NMR spectroscopic analysis was performed at
pH 8.9, with 512-1024 scans recorded on a spectrometer operating at the proton frequency
of 500 MHz. Typically 10^-10* cells were obtained for one extract. The content in protein
of samples ranged from 0.92 mg to 5.3 mg in meningioma cell extracts, from 4.5 mg to 16.3
mg in neuroblastoma cell preparations, and from 3.9 mg to 7.9 mg in glioblastoma cell
extracts. Spectra referenced to TSF (0 ppm) from the following cell lines are displayed: a =
IN1067; b = INI 114; c = SK-N-MC; d = SK-N-SH; e = IN1351; f = IN1141. The peak
marked (♦) was an exogenous contaminant, possible from the plasticware used in sample
preparations. In spectra a and f the height of the Lac doublet is truncated to 2/3 of the
original height in the spectrum.
Abbreviations:

He - isoleucine; Leu - Leucine; Val - valine; /5-HB - jS-hydroxybutyrate; Thr
-threonine; Lac - lactate; Ala - alanine; Ace - acetate; Glu - glutamate; Sue
- succinate; Gin -glutamine; Asp - aspartate; Cr - creatine; Ch - choline; PC
- phosphorylcholine; GPC - glycerophosphorylcholine; Cho - cholinecontaining compounds; Gly - glycine; Ino - myo-inositol.
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Several metabolite ratios for the cell lines examined are given in Table 5A.4. Such
metabolite ratios were selected for their relevance either to 'H and ^‘P-NMR
spectroscopy in vivo (involving PC, GPC, Cr, Ala), or to previous work [65]
determining metabolite ratios that could distinguish among purified cell populations
from brain and CNS (involving Cho, Glu, Asp, Cr, Gly, Ala).
There were certain quantitative variations from one cell line to another within a type
of tumour, but the results by NMR and HPLC were in agreement for individual cell
lines. Neuroblastomas displayed the greatest variability in the amount of Glu, while
meningiomas displayed the least. There was a quantitative variation in the amount
of Ino detected among the individual glioblastoma cell lines. High concentrations
were present in the permanent glioblastoma cell line D-54 MG (72.4±4.4 nmol
Ino/mg pr.), while in preparations from the other glioblastoma lines it was not
conspicuous in quantities detectable by 'H-NMR spectroscopy.

NAA and NAAG were not NMR-visible in any of the samples examined.
Chromatographic analysis revealed that from the glioblastomas examined only the
established cell line (D-54 MG) had a detectable amount of NAA (1.0+0.7 nmol/mg
pr.). NAA concentration was too low to be detectable by HPLC (detection limit 0.1
nmol) in one out of the three neuroblastomas, and, as reported before (Section 4.3),
in five out of six meningioma cell lines. The distribution of NAAG was not uniform
in cell lines within a type of tumour. Within meningioma lines the amounts ranged
from 1.7+1.2 nmol/mg pr. for one cell line (INI 123) up to 12.3+4.3 nmol/mg pr.
for another (INI067).

Similar variation was registered for glioblastomas: from

0.63±0.45 nmol/mg pr. (D-54 MG) up to 10.1 ±1.0 nmol/mg pr. (IN1411), and for
neuroblastomas: from 4.7±1.2 nmol/mg pr. (LAN-5) up to 14.1 ±7.4 nmol/mg pr.
(SK-N-MC).

5.3A.3. Creatine and choline-containing compounds are maior differentiating
features of the spectra of meningioma, glioblastoma and neuroblastoma cell lines

The signals from Cr were relatively intense in ‘H-NMR spectra obtained from
neuroblastoma cell lines, and virtually not detectable in spectra from most of the
glioblastoma cell line preparations. The established glioblastoma cell line (D-54 MG)
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displayed a low Cr signal. Spectra from three out of six meningioma cell lines were
characterized by the absence of Cr resonances, while in the other three meningioma
cell lines the Cr peaks were low or very low (as described in Section 4.3). There was
a statistically significant difference (p< 0.001) in the Cr content of the three types of
tumours studied, with a high content being displayed by the neuroblastoma cell lines.
Consequently, there were statistically significant differences in metabolite ratios, such
as Asp/Cr and Cho/Cr (p < 0.001), Gly/Cr and Ala/Cr (p< 0.005) among the three
types of tumours examined.

Peaks from Cho were prominent in all the *H-NMR spectra from preparations of
meningioma, neuroblastoma and glioblastoma cell lines, and the overall Cho content
of tumour cell preparations did not show statistically significant differences among the
three categories of tumours examined. The singlets in the 3.2-3.3 ppm region are
assigned to choline (3.21 ppm), PC (3.22 ppm) and GPC (3.23 ppm).

The individual signals from choline, PC and GPC were well resolved in these high
resolution spectra from all types of tumours. Qualitatively, the relative intensities of
the PC, GPC and choline peaks were the same in all spectra with PC being the most
prominent, and choline the least (Figure 5A.2). Nevertheless, there was a statistically
significant difference (p< 0.005) in the amount of PC among meningioma,
glioblastoma and neuroblastoma cell lines, with neuroblastomas containing the highest
amount of PC.

As a result, the ratio PC/GPC showed a statistically significant

difference (5% level) among the three types of tumours examined.

5.3A.4. Alanine, glutamate and ig-hvdroxvbutvrate- distinguishing characteristics
and spectral markers

The signal from Ala was prominent in 'H-NMR spectra from all six meningioma cell
lines. This peak was very low or not detectable in spectra from glioblastoma and
neuroblastoma cell lines, with the exception of one neuroblastoma cell line (SK-N-SH)
that displayed an apparent Ala signal. These qualitative observations from NMR
spectra were reflected in the amounts of Ala contained in the cell lines examined, as
quantified from spectra and by HPLC.
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M etabolites

M eningiom a
cell lines (n = 6 )

N euroblastom a
cell lines (n = 3 )

G lioblastom a
cell lines (n = 5 )

p value

A lanine

1 6 .3 + 2 .0

6 .7 + 5 .2

5 .6 + 1 .2

0 .0 0 1 "

C ho'

2 7 .1 + 5 .1

3 3 .9 ± 1 6 .5

1 3 .8 + 5 .4

0.010

C holine

Ô .2 + 4 .8

3 .5 + 1 .4

2 .3 ± 1 .3

0.227

GPC

9 .1 + 4 .5

6 .8 ± 7 .9

6 .3 + 5 .2

0.098

PC

1 4 .0 + 3 .6

2 3 .6 + 8 .7

8 .1 ± 2 .7

0.004*

C reatine

7 .3 + 5 .8

2 8 .1 + 4 .8

1 .3 ± 1 .7

< 0 .0 0 1 "

G lutam ate

2 9 8 .4 + 4 3 .9

7 9 .6 + 2 6 .8

1 1 4 .5 ± 7 .1

< 0 .0 0 1 "

G lycine

2 7 .5 + 1 0 .1

1 5 .8 + 1 .1

2 1 .1 + 3 .6

0.123

jS-HB

1 3 .4 + 8 .0

nd"

nd"

Afyo-inositol

1 8 .5 + 1 4 .2

22.3 + 11.1

nd*

---

Succinate

1 3 .1 + 5 .4

1 0 .4 + 3 .0

4 .4 + 0 .7

0.011

T hreonine

2 3 .8 + 5 .7

4 .8 + 1 .5

7 .0 + 2 .4

< 0 .0 0 1 "

T a b le 5 A .2. C o m p a ra tiv e com position o f m etab o lites q u an tified fro m H -N M R sp e c tra
o f m en in g io m a, n e u ro b la sto m a an d g lio b lasto m a cell lines. C oncentrations (nm ol/m g p r.)
are expressed as mean + SD. P values obtained from onew ay AN O V A tests are given w ithout
correction for the num ber o f com parisons.

Spectra obtained from replicate preparations o f

each cell line w ere analyzed by reference to T SF.

D ata from each cell line (independent

observation) o f m eningiom a, neuroblastom a and glioblastom a cell lines w ere averaged per
type o f tum our.

T he m etabolite am ounts averaged p er type o f tum our w ere considered

statistically different am ong types o f tum ours if p < 0 .0 0 5 (0.05/9) at 5% level (*), or
p < 0 .0 0 1 (0.01/9) at 1% level (**)•

(“") T he resonance from jS-hydroxybutyrate (1.2 ppm , doublet) was absent o r too low for
accurate quantification in 'H -N M R
glioblastom a cell lines.

spectra from preparations o f neuroblastom a and

(*) Accurate quantification by N M R o f Ino in glioblastom a spectra

was not possible (except for D-54 MG cell line) because the signal (4.05 ppm , triplet) was
too low or absent.

The established glioblastom a cell line D -54 M G contained 7 2 .4 + 4 .4

nm ol/m g pr. Ino. C) D ata for choline-containing com pounds (Cho, 3.2 ppm ) are the sum o f
determ inations for 3 individual peaks: choline (3.21 ppm ), phosphorylcholine (PC , 3.22 ppm )
and glycerophosphorylcholine (GPC, 3.23 ppm ).

Abbreviations’, nd - not detected (NM R signal absent or very low).
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There was a statistically significant difference (p< 0.001, HPLC determinations) in
the Ala composition among the three types of tumours examined, meningioma cell
lines being characterized by a high content.

M etabolites

Meningiom a
cell lines (n = 6 )

N euroblastom a
cell lines (n = 3 )

G lioblastom a
cell lines (n = 5 )

p value

Alanine

2 5 .2 + 7 .1

1 .7 + 0 .5

3 .6 ± L 5

<o.oor

A rginine

6 .1 + 2 .3

4 .2 + 0 .3

2 .7 ± 0 .8

0.017

A sparagine

4 .9 + 1 .9

6.5 + 3.1

2 .4 ± 0 .6

0.027

A spartate

2 7 .0 + 1 4 .6

13.2 + 3.9

1 6 .9 ± 1 1 .3

0.230

GABA

0 .6 + 0 .2

2 .7 ± 1 .4

0 .2 2 ± 0 .0 9

<o.oor

Glutam ine

72.9 + 32.6

3 .8 + 1 .8

4 4 .5 ± 1 8 .9

0.009

Glutam ate

3 0 5 .5 + 4 7 .4

101.5 + 38.3

1 3 0 .8 ± 1 1 .6

< 0 .0 0 1 "

H ypotaurine

5 .0 + 3 .0

6 .3 + 0 .8

3 .6 ± 2 .1

0.188

NAA

nd'’

2.7 + 2.3

nd^

---

N AA G

4 .5 ± 3 .9

8 .4 + 5 .0

4 .8 ± 4 .3

0.545

Serine

2 8 .6 + 5 .9

12.5 + 3.0

1 8 .2 ± 3 .0

0 .0 0 1 "

T aurine

1 8 .0 + 2 .8

56.1 ± 1 7 .3

3 2 .4 ± 1 5 .7

0 .0 0 4 '

T yrosine

10.3 + 2 .1

3 1 .5 ± 1 3 .1

1 5 .2 ± 4 .3

0.036

T a b le 5 A .3. C o m p a ra tiv e com position o f m etab o lites d eterm in e d by H P L C an aly ses o f
p re p a ra tio n s fro m m eningiom a, n e u ro b la sto m a a n d g lio b la sto m a cell lines.

M etabolite

concentrations (nm ol/m g p r.) are expressed as m e a n ± S D o f the independent observations for
m eningiom a, neuroblastom a and glioblastom a cell lines.

P values obtained from one-w ay

A N O V A tests are given without correction for the num ber o f com parisons.

A m ounts o f

m etabolites determ ined in replicate sam ples o f a cell line w ere averaged per cell line. Values
obtained per cell line w ere then averaged per type o f tum our. T he final results per type o f
tum our w ere considered statistically different am ong types o f tum ours if p ^ 0 .0 0 5 (0.05/12)
at 5% level (*), o r p < 0 .0 0 1 (0.01/12) at 1% level (**).

C’^) T he am ount o f NAA was too low to be detected by H PLC investigations.

(") One

m eningiom a cell line (IN 1239) contained 2 .9 ± 1.7 nm ol/m g pr. N A A , and C) the established
glioblastom a cell line (D-54-M G) contained 1 .0 ± 0 .7 nm ol/m g pr. NA A ).

Abbreviations: nd - not detected (below lim it o f detection).
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Glu was a prominent compound in the 'H-NMR spectra from meningioma cell lines
relative to spectra from glioblastoma and neuroblastoma cell lines. This was reflected
in the statistically significant (p< 0.001) difference in Glu composition of the three
types of tumours. HPLC determinations revealed that the amount of Glu contained
in meningiomas was 2.5-3 fold higher than that of neuroblastomas or glioblastomas
(Table 5A.3). There was a statistically significant difference (p < 0.005) in the Glu/Cr
metabolite ratios among the three types of tumours investigated.

In addition to Ala and Glu, there was another major distinguishing compound in the
'H-NMR spectroscopic profiles from extracts of meningioma, glioblastoma and
neuroblastoma cell lines, the ketone body jS-HB (1.2 ppm, d).

Signals from this

metabolite were present in the NMR profiles of all meningioma cell lines, while 'HNMR spectra of glioblastomas and neuroblastomas did not display the j8-HB doublet.

M etabolite ratios

M eningioma
cells (n = 6 )

N euroblastom a
cells (n = 3 )

G lioblastom a
cells (n = 5 )

p value

C ho/C r

S .5 + 2 .9

1 .2 + 0 .5

1 9 .9 ± 1 3 .5

<o.oor

A la/C r

5 .0 + 2 .2

0 .2 5 + 0 .1 5

9 .7 + 1 .0

0.004*

PC /G PC

1 .8 + 0 .4

4 .9 + 1 .2

1 .7 + 0 .9

< 0 .005*

Asp/Cr

5.6 ±3.3

0.47±0,33

7 3 .2 ± W .5

< 0.001"

Glu/Cr

70.5±50.2

2 .8 ± L 2

211.1±18.6

0.003*

Gly/Cr

5.9±4.4

0.56± 0.09

3 9 .3 ± 9 .9

0.004*

T a b le 5A .4.

M etab o lite ratio s d isplaying statistica lly sig n ifican t differences am o n g

m en in g io m a, n eu ro b la sto m a an d g lio b lasto m a cells, calculated (m ea n ± S D ) from m etabolite
concentrations determ ined from the 'H -N M R spectra o f acid extracts from m eningiom a,
neuroblastom a and glioblastom a cell lines (Asp was detected by H P L C ). O nly the ratios with
statistically significant differences are given. T he m etabolite ratios in italic characters w ere
considered because o f their relevance in discrim inating am ong purified cultures o f brain cells
subpopulations (as in text).

D eterm inations from 'H -N M R spectra from one cell line

(replicate sam ples) were averaged per cell line.

Results from cell lines w ere averaged per

type o f tum our. P values (oneway ANOVA tests) are given w ithout correction for the num ber
o f com parisons. T he m etabolite ratios obtained w ere considered significantly different am ong
the types o f tum ours if p < 0 .0 0 5 (0.05/10, 5% level, *) o r p ^ 0 .0 0 1 (0.01/10, 1% level, **).
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Figure 5A.3. Signals from choline-containing compounds in representative spectra from
meningioma, neuroblastoma and glioblastoma cell lines.

The individual singlets were

attributed to: choline itself (Ch, 3.21 ppm), phosphorylcholine (PC, 3.22 ppm) and
glycerophosphorylcholine (GPC, 3.23 ppm). There was the same distribution of the relative
intensities of individual peaks in spectra from these types of tumours (PC peak being the highest),
but there were statistically significant differences (p< 0.001, ANOVA) in the PC/GPC ratios.
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5.3A.5. Other differential amino acids and related compounds

Chromatographic determinations complemented the quantitative assessment of
metabolites from *H-NMR spectra, revealing other metabolites which were unique to
a certain type of tumour. There were statistically significant differences (1% level)
in the GABA composition among the three types of tumours, with neuroblastoma cell
lines displaying high amounts.

The content in compounds such as serine (Ser) and Tau presented differences at the
5% level -allowing for correction of the p values for the number of comparisons among the three types of tumours (Figure 5A.3).

A high Ser content was

characteristic of meningioma cell lines, while neuroblastoma cell lines had a high Tau
composition.

Although spectra from all cell types displayed signals of medium intensity from Thr
(1.3 ppm, d), there was a statistically significant difference at the 1% level in the
amount present of this amino acid among the three types of tumours. Neuroblastomas
had the lowest Thr content (Table 5A.2). The intensities of Gly signals (3.56 ppm,
s) were relatively high in NMR profiles obtained from glioblastoma cell lines, but
quantification from spectra did not show statistically significant differences in the Gly
composition among the three types of tumours.

The singlet from Sue (2.41 ppm) overlapping with the triplet from Gin (2.44 ppm)
was present in spectra from all three types of tumour cell lines. ‘H-NMR spectra
from neuroblastomas were characterized by higher Sue and lower Gin signals, while
glioblastoma spectra - with the exception of the established cell line - generally
displayed higher Gin peaks, obscuring the Sue signal.

105

GLUTAMATE

ALANINE

( p < 0 .0 0 1 )

|p < 0 .0 0 1 )
16

400

o

o

■ NBL

12

300

I
1
»

» 200

E

8

MNG

o
8
0

X

GBL

0

E
c

$

4 ■

100

I
■
■

X

0

TAURINE

GABA

SERINE

(p = 0.0 0 4 )

(p < 0 .0 0 1

|p = 0.0 0 1 )

80

5

40

4
60

30

3
5.

w 40

oi

Ê

w 20

r

1

20

10

1

0

F ig u re 5A .4.

M etabolite am ounts

(nm ol/m g protein)

determ ined

by H P L C

p re p ara tio n s from m eningiom a, neuroblastom a an d glioblastom a cell lines.

in
The

individual points in the charts represent data for a metabolite obtained from 2-6 replicate
samples from a cell line, and averaged per cell line.

Statistical analysis by ANOVA was

performed on the results averaged per type o f tum our from individual cell lines for each
metabolite.

Statistically significant differences were determined in the composition of

glutamate (Glu), alanine (Ala), taurine (Tau), y-aminobutyric acid (GABA) and serine (Ser)
among types of tumours, after correcting for the number of comparisons (n = 12 comparisons
for HPLC determinations).

P values are presented without correction for the number of

comparisons.
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5.4A. DISCUSSION OF THE COMPARISON OF MENINGIOMA,
NEUROBLASTOMA AND GLIOBLASTOMA CELL LINES

5.4A.1. Immunocvtochemical characterization of cell cultures
Imunolabelling with characteristic antibodies was performed at every passage on the
tumour cell lines investigated, in order to assess cell subpopulations present in the cell
culture at every stage. The results obtained were in agreement with previous reports
revealing that the expression of FN - which functions as a cell adhesion molecule increases as cells are carried in culture [83]. All glioblastoma cell lines examined
expressed GFAP, while there was virtually no immunocytochemical labelling for this
glial marker in meningiomas and neuroblastomas, in agreement with the fact that
GFAP expression in neoplastic tissue is considered a marker for gliomas [100]. The
expression of GalC by the glioblastoma cell lines was a surprising result that could
not be explained, taking into account the morphology different from oligodendrocytes
of the GalC/ cells present in cultures from glioblastoma cell lines. Further studies
are necessary to elucidate whether the GalC^ cells belong to a different cell lineage,
taking into account the finding that the monoclonal antibody aGalC used for
immunolabelling does not seem to be specific only for the surface glycolipid GalC,
and that this antibody may not therefore be oligodendrocyte-specific [101].

As discussed before (Section 4.4), the negative GFAP expression obtained in the
meningioma cell lines examined was in agreement with the embryonic derivation of
meningeal cells, and the location of meninges and meningiomas outside of the central
nervous tissue. A positive labelling was obtained for FN and Vim in the
meningiomas.

It is known that human neuroblastoma cell lines are composed of undifferentiated
cells, and cells in various stages of differentiation [10,102], and can express either
neuronal or Schwann cell-associated antigens in cell culture conditions. Of the
antibodies applied for the immunocytochemical characterization of cell lines,
neuroblastoma lines were positively labelled only with antibodies anti-Vim, in
percentages between 67% and 100%. No true neuroblastoma-specific antibody has
yet been reported [10].
107

5.4A.2. Comparison of NMR and HPLC data with previously published results
There were common spectral features for all the tumours examined, including most
notably very prominent Cho signals, in the ratio PC > GPC > choline. This is in
contrast to normal brain, in which GPC is the major constituent of the Cho peak [45].
The Cho/Cr ratio was consistently high in all spectra, and signals were absent from
NAA, NAAG and GABA, which are normally detectable by *H-NMR in whole brain
extracts and neuronal cell preparations from brain [65,103]. These general spectral
features of the cell lines examined were in agreement with studies carried out noninvasively by NMR on patients with cerebral tumours [33-37] and on tumour biopsies
[35], which have shown that tumours such as gliomas, meningiomas and neurinomas
are characterized by prominent Cho and Lac signals and the absence of Cr-PCr and
NAA peaks, compared to normal brain.

There was a remarkable consistency of the pattern of major resonances within the type
of tumour across ^H-NMR spectra obtained from the various cell lines studied. Such
a similarity of spectra from tumours of the same histological origin, and conservation
of the major spectral features has been observed for histologically similar tumours in
vivo, especially gliomas, in spite of their wide diversity of structures and enzyme
activities [34]. The results from examination of meningioma, neuroblastoma and
glioblastoma cell lines were also consistent with previous observations that
histologically different tumours show different ^H-NMR spectra [35,36,39].

Preparations from meningioma cell lines were found to contain significantly higher
absolute amounts of Ala than preparations from neuroblastoma or glioblastoma cell
lines. Relatively large Ala signals were present in the meningioma spectra, while in
spectra from glioblastoma and neuroblastoma they were either low or absent.
Features such as these, and the general outline of the ^H-NMR profiles obtained were
consistent with

spectra obtained from extracts of biopsies from meningiomas [35].

Studies by *H-NMR in vivo on patients with meningeal tumours [34,35] have also
noted the presence of a large resonance signal at 1.5 ppm, which is attributed to Ala.
A high metabolite ratio Ala/Cr has also been reported for meningiomas, and the
present findings were in agreement with this result. The absence of Cr in spectra
from glioblastoma cell lines can explain the high Ala/Cr ratio of this type of tumour.
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The consistency of these findings with data derived from

and ^*P-NMR

spectroscopy investigations in vivo on human tumours, and on extracts of human
tumour biopsies demonstrates the reliability of investigations in vitro performed on
cell cultures in carefully controlled conditions. It also supports the concept that the
metabolite profile of a cell type in vivo is preserved in preparations from cell cultures
of that type, as long as factors such as composition of the culture medium, degree of
cell culture confluence, time of harvesting and method of extraction are maintained
under strict control (as discussed previously in Section 4.4).

In addition, the

congruity of results in vivo and in vitro gives a positive backing to the controversial
issue as to whether cell lines are suitable for the study of their parental tumours.

5.4A.3. Interpretation of other results from HPLC analysis and NMR spectra
In all ^H-NMR spectra of preparations from the three types of tumours examined there
was the same distribution of relative intensities of individual peaks from Cho, with
the PC signal (3.22 ppm) being the most intense. This finding was consistent with
results from studies on tumour cells both in perfusion systems and in vitro [57], and
on patients with cerebral meningiomas in vivo [88,95]. A statistically significant
difference in the metabolite ratios PC/GPC (p < 0.005) and Cho/Cr (p < 0.001) was
found among meningiomas, neuroblastomas and glioblastomas, a finding which could
contribute to the non-invasive diagnosis of human brain and nervous system tumours
by ^^P and 'H-NMR spectroscopy in vivo.

There were also other metabolite ratios which displayed statistically significant
differences among meningioma, neuroblastoma and glioblastoma cell lines, such as:
Asp/Cr, Glu/Cr and Gly/Cr. These have been previously shown [65] to be among
the cell-type ’specific’ metabolite ratios that discriminate among purified
subpopulations of brain cells. Such a finding has value in the selective diagnosis of
the type of tumour by 'H-NMR spectroscopy, but it is difficult at this stage to assess
its biochemical significance.

The signal with chemical shift of 1.2 ppm, present only in spectra from preparations
of the meningioma cell lines we examined, was attributed to jS-HB by examining the
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two-dimensional spectrum from IN1067 meningioma cell line (as displayed in Chapter
3, Section 3.3). Signals from this ketone body, which plays a part in the metabolism
of fatty acids, have been observed to be present in *H-NMR spectra from purified
populations of meningeal cells [65], and from meningioma biopsies [35]. The
resonance from jO-HB has not been reported in *H-NMR spectra from human brain
tumours obtained in vivo, possibly because of a decreased spectral resolution and the
complexity of the 1.0-1.5 ppm region.

Since different nutrient media had to be used - but supplemented with the same type
and amount of serum - for the culture of the meningioma and glioblastoma cell lines
(DMEM), and of the neuroblastoma cell lines (RPMI-1640), the question arose as to
whether the differences found among the metabolite patterns of the tumours examined
were only the consequence of the different culture media. The composition in the
metabolites detected and quantified in tumour preparations was compared with the
composition of the two culture media used.

It was found that out of the nine metabolites that displayed differences with statistical
significance among the three types of tumours, six compounds (Ala, |8-HB, Cr, Tau,
GABA and PC) were not present in either of the two media used. Furthermore, no
statistically significant differences were obtained among preparations from the three
types of tumours examined, for those compounds (including Arg, Asn, Asp, Gin, Gly,
and Tyr) that were present in different concentrations in one medium compared to the
other culture medium. There were also consistent metabolites present in tumour cell
preparations that were not present in either of the culture media used (such as Sue,
Lac, all Cho). Only three of the metabolites with statistically significant differences
among preparations from tumour cell lines (Glu, Thr, and Ser) were present in
different concentrations in DMEM compared to RPMI culture medium. Nevertheless,
a high variation was registered between preparations from meningiomas and
glioblastomas (both grown in DMEM), therefore the concentrations of these
metabolites in culture media did not agree with the results obtained. While it would
be preferable to develop a culture medium that supports all cell types, the present
results suggest that the composition of intracellular metabolites of a cell preparation
does not reflect, within certain limits, the composition of its culture medium. In
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addition, direct comparison of the spectra obtained from cultures (in DMEM or RPMI
medium, both with or without PCS, or in defined medium (ultraculture)) of rat skin
fibroblasts and rat meningeal cells shows no differences in metabolite composition
[K.K. Bhakoo, I. Williams, unpublished observations].

Another novel finding of the present study was that preparations from meningioma
cell lines contained consistently two-and-a-half to threefold higher levels of Glu than
glioblastoma or neuroblastoma cell lines. No prior indication was found among studies
of intracranial tumours by *H-NMR spectroscopy in vivo, ex-viva or in vitro to
compare with this result.

Such a metabolic alteration in meningiomas would be

probably visible by NMR in vivo and could be amplified in 'H-NMR spectra acquired
at short echo times (< 20 ms) [104], in which signals assigned to Glu and Gin in the
region 2.1-2.4 ppm can be detected. The importance of this finding resides in its
clinical potential for the non-invasive diagnosis of the type of tumour by 'H-NMR
spectroscopy in vivo.

5.3B. RESULTS FROM THE COMPARISON OF ASTROCYTOMAS AND
GLIOBLASTOMA MULTIFORME

5.3B.1. Astrocytoma cell lines in the light of their morphological and
immunocvtochemical characteristics
Most of the cultures from astrocytoma cell lines at all passages were characterized by
the presence of two types of cells with different morphology, which were
bi/multipolar cells with short or long linear process(es), and bigger fibroblast-like
cells without processes. The results obtained in the expression of specific antibodies
by astrocytoma cell lines were consistent and reproducible in replicate preparations
at the same passage. With the exception of GalC, there was a uniformity of the types
and amounts of antigens expressed by all the cell lines (Table 5B.1).

None of the astrocytoma cell lines at any passage was labelled by A2B5, a
monoclonal antibody that recognizes a surface ganglioside specific to neurons and
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cells o f the type-2 astro c y te lin eag e [90].

T w o o f the cell lines did not ex p ress

G F A P , one cell line expressed it in sm all am ounts, w h ile the o th er tw o astro cy to m as
w ere labelled by a C F A F in p ro p o rtio n o f 4 0 -5 0 % .

A ll a stro c y to m a cell lines

ex p ressed strongly V im , irre sp ectiv e o f p assage n u m b er. F N w as g en e rally exp ressed
by all cell lines, the p ro p o rtio n o f F N ^ cells in creasin g w ith the passag e nu m b er.

T h e expression o f G alC by the a stro c y to m a cell lines v a rie d . T h ere w as o n e cell lin e
th at w as not labelled by a G a lC (IN 1 5 1 4 ), tw o cell lin es th at expressed G alC in sm all
am o u n ts (IN 1650 and IN I 103), an d tw o cell lines in w hich the ex p ressio n o f G alC
w as m uch stro n g er (IN 1311 and IN 1 4 3 1 ).

T h e GalC"*" cells did n o t h av e an

o lig o d en d ro c y te -lik e m o rp h o lo g y (F ig u re 5 B .1 ).

Figure 5B.1. Cultured cells of a human astrocytoma cell line positively
immunolabelled with orGalC (rhodamine-conjugated ’secondary’ antibody).
Im m u n o flu o re sc en ce m icro sco p y , final m agnification x630.
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A stro
cytom a
cell line

Passage
num ber

ofGalC
(% )

aFN
(% )

aG F A P
(% )

aV im
(%)

start

end

IN 1650

P3

P5

1 + 0 .5

7 5 .9 + 4 .5 (P 3 )
8 1 .9 ± 1 .3 (P 5 )

4 0 .0 ± 8 .8 (P 3 )
5 4 .9 ± 1 4 .3 (P 5 )

100

IN1311

P4

P6

5 1 .2 ± 3 .2 (P 4 )
4 2 .0 + 6 .1 (P 6 )

2 6 .7 ± 3 .4 (P 3 )
5 8 .6 ± 2 .6 (P 6 )

0

100

IN1431

P3

P5

1 .5 ± 0 .3 (P 3 )
3 3 .6 + 1 0 .2 (P 5 )

2 6 .0 ± 4 .2 (P 3 )
7 8 .3 ± 3 .3 (P 6 )

0

100

IN I 103

P4

P6

3 .5 + 0 .5

4 3 .1 ± 5 .1 (P 5 )
8 0 .1 ± 8 .5 (P 8 )

1 .3 + 0 .2

100

IN 1514

P2

P4

0

3 1 .5 + 6 .4 (P 3 )
7 9 .5 + 1 4 .9 (P 7 )

4 7 .0 ± 1 0 .2 (P 2 )
57.1 + 8.3(P4)

100

Table 5B.1. Immunocytochemical characteristics of the human astrocytoma cell lines.
Results are calculated as percent o f positive cells from the total num ber o f cells. At least 200
cells w ere counted on each coverslip.

At every passage (P) at least two coverslips w ere

prepared for each antibody or com bination o f antibodies, for each cell line.
carried out in the following com binations: A2B5 and oiGalC; q:FN;

ccGFAP;

T ests w ere

aV im . Figures

are given for the start and for the end passage num ber, w here these results differ for the two
passage num bers.

5.3B.2. Comparison of the ^H-NMR spectra of glioblastoma and astrocytoma cell
lines, and correlation with HPLC data
High field regions (0.5-4.5 ppm) of representative high resolution spectra from PCA
extracts of human astrocytoma cell lines are displayed in Figure 5B. 1. Glioblastoma
spectra are displayed and commented upon in Section 5.3A.2.

There was good

reproducibility of the ‘H-NMR spectra, and of the metabolite quantification both from
spectra and by HPLC for astrocytoma preparations from individual cell lines. Spectra
from astrocytoma cell lines were very similar, i.e. all identifiable peaks were
generally present in all spectra.

An exception was Cr which displayed signals of

medium intensity in spectra from some astrocytoma cell lines, yet was very low or
not detectable in spectra from others.
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Metabolite contents (nmol/mg pr.) of the cultures examined are given in Table 5B.2
(from NMR spectra) and Table 5B.3 (HPLC determinations). The same characteristic
metabolite ratios (Section 5.3A.2) were calculated as for glioblastomas (Table 5B.4).

There were common features in the 1.0-1.5 ppm region of the spectra of preparations
from astrocytoma and glioblastoma cell lines. Signals from amino acids such as Val,
Leu, He (0.9-1.5 ppm) were present in spectra from both types of tumours, but the
quantification by NMR of these metabolites was made difficult by the incomplete
resolution in that region of the spectrum. There were similar intensities of the Thr
doublet signals in the spectra from astrocytoma and glioblastoma cell lines, reflecting
the lack of statistically significant differences in this metabolite (HPLC
determinations) between preparations from the two types of tumours.

A

distinguishing characteristic of the astrocytoma spectra was the presence of signals
from /S-HB in all cell lines, whereas the j8-HB doublet was absent in the ^H-NMR
profiles from any of the glioblastoma multiforme cell lines (Figures 5A.2 and 5B.2).

A significant difference (1% level) was obtained in the amount of Ala (determined
from NMR spectra) between the two types of tumours. The amounts of Lac and Ace
displayed large variations even among preparations from the same cell line and type
of tumour, function of the rapidity of the extraction procedure and of the dimension
of the cell pellets.

The methylene region of the spectra (2-3 ppm) from astrocytoma and glioblastoma
multiforme cell lines displayed common signals, and with similar relative intensities
for Glu, Gin and Sue.

There were no statistically significant differences in the

concentrations of these metabolites (as determined from spectra or by HPLC) between
the two types of tumours. Signals from NAA, NAAG and GABA were very low or
absent in all spectra. Chromatographic analysis detected low amounts of GABA in
all preparations, with no significant differences between astrocytoma and glioblastoma
cell lines. NAA was not detectable by HPLC (lower detection limit 0.1 nmol) in
preparations from glioblastoma or astrocytoma cell lines, with the exception of the
established glioblastoma cell line (D-54 MG) that contained small amounts of NAA.
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Figure 5B.2. Representative high-fîeld regions of H-NMR high resolution spectra of
astrocytoma cell lines.

Spectra were obtained from PCA extracts of cultures of human

astrocytoma cell lines (a = IN 1650, b = INI 103). NMR spectroscopic analysis was performed
at pH 8.9, with 512 scans recorded on a spectrometer operating at a proton frequency of 500
MHz. Typically 10^ - 10^ cells were obtained for an extract. The content in protein of
astrocytoma samples ranged from 2.7 mg to 6.5 mg. Spectra are referenced to TSF (0 ppm).
Abbreviations: same as in Figure 5A.1.

115

C ho

rrrn

Glu
Lac

A strocytom a (a)

A ce

GPC

\

S ue
Cr

Thr
Ala

vaJJ

Gin

I "I"

I

" t~

I

4.5

I

4.0

I

I “ I '■ I

val Leu lie

— 1— r— I— I— I— I— I— I— I— I— I— I— I— I— I— I— I— I— I— I— |— i— I— I— I— I

I 'I

3.0

3.5

2.5

2.0

1.5

1.0

ppm

0.5

Cho
GPC

A strocytom a (b)

PC

Glu

A ce

Lac

Ch

Cr|
S ue
Gly
Thr
L ac

Gin

Ala

Val Leu lie

Asp

T— I— I— I— I— I— I— I— I— I— I— I— I— I— I— I— I— I

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

ppm

0.5

Figure 5B.2.
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A large variability in the amount of NAAG (detectable in all cell lines) was displayed
by the glioblastomas, as shown above (Section 5.3.2).

The same non-uniform

distribution of NAAG values was registered within the astrocytoma cell lines, ranging
from below the limit of detection (0.1 nmol) in two cell lines, up to a value of
14.6+1.5 nmol/mg pr. (IN 1431 cell line).

Metabolites

Astrocytoma cell

Glioblastoma multi

(nmol/mg protein)

lines (n=5)

forme cell lines (n=5)

Alanine

2.5+0.8

5.6+1.2

< 0.001**

Cho“

8.9±7.6

13.8+5.4

0.247

Choline

1.6+1.9

2.3 + 1.3

0.479

GPC

2.4+1 .8

6.3±5.2

0.165

PC

4.9 + 4.0

8.1+2.7

0.179

Creatine

1.6+1.4

1.3 + 1.7

0.733

Glutamate

96.5+25.0

114.5 + 7.1

0.160

Glycine

3.4+1.7

21.1+3.6

< 0.001**

jg-hydroxybutyrate

1.2 + 0.5

nd

Myo-inositol

2.5+1.4

nd"

<0.005*

Succinate

3.0+1.1

4.4+0.7

0.039

Threonine

3.3+0.8

7.0+2.4

0.010

p value

Table 5B.2. Comparative composition of metabolites quantified from H-NMR spectra
of astrocytoma and glioblastoma multiforme cell lines. Metabolite concentrations (nmol/mg
pr.) are expressed as mean + SD. Spectra obtained from replicate preparations for each of the
astrocytoma or glioblastoma cell lines were analyzed by reference to TSP. Two-sample
Student’s t-tests were performed to detect differences in metabolite amounts between the two
groups, and p values are given without correction for the number of comparisons. The results
for astrocytoma cell lines were considered statistically different from the results for
glioblastoma multiforme cell lines if p < 0.05/12 (5% level,*) or p<0.01/12 (1% level, **).
C) The data for Cho (3.2 ppm) are the sum of 3 individual peaks: choline (3.21 ppm), PC
(3.22 ppm) and GPC (3.23 ppm). ('’) Accurate quantification for Ino was only possible for D54 MG (as shown in Table 5.2).
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Although no statistically significant difference was shown in the overall amounts of
Cr between astrocytomas and glioblastoma multiforme, there was a variation in the
relative intensities of the Cr singlets in ^H-NMR spectra from the two types of
cultures examined. Mostly undetectable or very low Cr signals were present in spectra
from glioblastoma multiforme, with the exception of the permanent cell line (D-54
MG) that displayed a medium intensity Cr signal (and contained 4.3±0.7 nmol/mg
pr. Cr). Cr signals of low intensity were detectable in spectra from 3 astrocytoma
cell lines, while in spectra from the other 2 cell lines they were very low or not
detectable.

Metabolites
(nmol/mg pr.)

Astrocytoma cell
lines (n=5)

Glioblastoma multi
forme cell lines (n=5)

p value

Alanine

3.0+1.3

3.6±1.5

0.522

Arginine

2.0+ 1.2

2.7±0.8

0.314

Asparagine

1.4+0.7

2.4+0.6

0.045

Aspartate

8.8+ 3.4

16.9+11.3

0.168

GABA

0.3+0.1

0.2± 0.1

0.675

Glutamine

32.9+11.9

44.5+18.9

0.281

Glutamate

95.8+25.1

130.8+11.6

0.022

Hypotaurine

1.4±1.0

3.6+2.1

0.063

NAAG

6.9+6 .6

4.S+4.3

0.409

Serine

7.5±2.6

18.2 + 3.0

< 0.001"

Taurine

10.6+5.4

32.4+15.7

0.019

Tyrosine

6.3+2.1

15.2+4.3

<0.005*

Table 5B.3. Comparative composition of metabolites determined by HPLC analysis of
astrocytoma and glioblastoma multiforme cell line preparations. Metabolite concentrations
(nmol/mg pr.) are expressed as mean+SD. Values were averaged per each cell line, and
results per cell line were averaged per type of tumour. Two sample Student’s t-tests were
performed to detect differences between group means, and p values are given without
correction for the number of comparisons. The results for astrocytomas cells were considered
statistically different from the results for glioblastoma multiforme if p < 0.05/12 (5% level)
or p< 0.01/12 (1% level).
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The signals assigned to Cho (3.2 ppm) were prominent in spectra from both
astrocytoma and glioblastoma multiforme cell lines, and there was the same
distribution of relative intensities of individual peaks (PC > GPC > choline). One cell
line from each type of tumour examined (IN1510 glioblastoma multiforme cell line,
and INI 103 astrocytoma cell line) displayed a reversed profile of the relative heights
of the Cho singlet signals (GPC > PC> choline). There was no statistically significant
difference in the overall Cho content of the two types of cultures examined, nor in the
content of individual compounds making up for the Cho peak.

Among other signals in the methine region (3.2-4.0 ppm) of the spectra, Gly singlets
(3.56 ppm) were more prominent in spectra from glioblastomas, whereas in
astrocytoma spectra these signals were low, and even not detectable (IN1514, IN1431
cell lines). This was reflected in the statistically significant differences (1% level) in
Gly amounts between astrocytoma and glioblastoma multiforme cell lines.

M etabolite ratios

Astrocytom a cell
lines (n = 5 )

G lioblastom a m ulti
form e cell lines (n = 5 )

p value

C ho/A sp

1 .2 ± 1 .0

1 .5 ± 2 .1

0.762

C ho/G lu

0 .0 9 + 0 .0 7

0 .0 7 + 0 .0 2

0.700

C ho/G ly

3 .1 + 3 .3

0.43 ± 0 .0 9

0.151

A sp/C r

7 2 .5 + 1 0 9 .8

7 3 .2 + 1 0 .5

0.821

G lu/C r

1 8 7 .8 + 2 8 6 .2

211.1 + 18.6

0.959

G ly/C r

1 0 .4 ± 1 9 .4

3 9 .3 ± 9 .9

0.169

Table 5B.4. Metabolite ratios in cultures of astrocytomas and glioblastoma multiforme,
calculated (m ean+ S D ) from m etabolite concentrations quantified from the ‘H -N M R spectra
o f preparations from astrocytom a and glioblastom a m ultiform e cell lines (Asp determ ined by
H P L C ). P values obtained from Tw o-sam ple S tudent’s t-test are given w ithout correction for
the num ber o f com parisons.

The results from astrocytom as w ere considered statistically

different from the results for glioblastom a m ultiform e if p < 0.0 5 /1 2 (5% level,*) or
p < 0.0 1 /1 2 (1% level, **).
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Signals from Ino (4.05 ppm, t) were mostly not detected in *H-NMR spectra from
glioblastomas (with the exception of D-54 MG permanent cell line, as discussed in
Section 5.4A.3). Spectra from three astrocytomas displayed medium intensity signals
for Ino, the other two astrocytoma cell lines showed lower Ino peaks. These features
were reflected in statistically significant differences in the Ino content (5% level)
between astrocytoma and glioblastoma multiforme cell lines examined.

Good agreement was obtained between quantification from NMR spectra and by
HPLC analysis for most of the metabolites, with the exception of Ala in glioblastoma
multiforme cell lines (36% error). The intensities of signals from compounds such
as Arg, Tau, HTau, Ser and Tyr were too low to be accurately quantified from NMR
spectra. These metabolites were determined by HPLC, which revealed statistically
significant differences in the amounts of Ser (1% level) and Thr (5% level) between
preparations from astrocytoma and glioblastoma multiforme cell lines.

5.4B. DISCUSSION OF THE COMPARISON BETWEEN ASTROCYTOMAS
AND GLIOBLASTOMA MULTIFORME

5.4B.1. Interpretation of the immunocvtochemical analysis of astrocytoma cell
lines
The immunocytochemical characteristics of the astrocytomas examined were consistent
with previously reported findings [105] that only a small proportion of gliomas
express antigens characteristic to normal CNS glia. The fact that all astrocytoma cell
lines examined expressed FN on their surfaces was also in agreement with their
results showing that almost all glioma-derived cultures consist of FN'*' cells, with no
apparent correlation between FN expression and the degree of malignancy. There was
a coexpression of glial cell markers such as GFAP and/or GalC with FN by some of
the astrocytic tumours studied, consistent with the fact that these antigens are not
mutually exclusive in transformed glial cells [100]. No positive labelling for A2B5
was observed in any of the astrocytoma cell lines.
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The most malignant of the tumours examined (INI 103, grade IV) was labelled in very
small amounts with «GFAP and aOalC antibodies. This result could be interpreted
as a consequence of the malignancy and anaplastic features of this tumour, leading to
a loss in vitro of specialized antigen expression characteristic to cells derived from
human gliomas, in the context of previous findings [105].

5.4B.2. Interpretation of the NMR and HPLC analysis
^H-NMR spectra obtained from astrocytoma and glioblastoma multiforme cell lines
were characterized by a consistency of the pattern of resonances within the type of
tumour. Spectra from astrocytoma cell preparations had features including low or
absent signals from Cr-PCr and NAA, and the presence of signals from Cho,
consistent with observations by localized *H-NMR spectroscopy in vivo on
astrocytomas [34,36]. There was an obvious similarity between the spectra from the
astrocytomas examined in this study (grade II-IV) with and those obtained from PCA
extracts of benign astrocytoma [64] - with the exception of a higher intensity of Cr
signals in the benign astrocytoma.

A statistically significant difference was obtained in the amount of Ala contained in
astrocytomas compared to glioblastoma multiforme, but only for quantification from
NMR spectra (which was considered more reliable than HPLC determinations, due
to possible errors of measurement in a crowded region of the chromatogram).
Nevertheless, a small difference such as this would be unlikely to be detected by *HNMR spectroscopy investigations in vivo in the clinical environment, as a
distinguishing characteristic between astrocytomas and glioblastoma multiforme. But
as the amount of Ala contained in astrocytomas is actually lower (or at the most
equal) to the amount of Ala in glioblastoma multiforme, such a feature could be a
differentiating factor between astrocytoma and tumours from other histological classes,
such as meningioma and neuroblastoma (discussion in Section 5.4A.2).

No statistically significant differences were obtained in the concentrations of
predominant metabolites, such as Cr, Cho, GABA, NAA and Glu, that can also be
easily detected in investigations by NMR in vivo. This result was in agreement with
the finding that gliomas show a surprisingly consistent pattern of resonances by *H121

NMR spectroscopy in vivo, although they have a wide variety of structures and
enzyme activities [34].

Such findings were consistent with the astrocytoma and

glioblastoma multiforme being classified in the same group (as Astrocytic tumours,
within the histological class of the Tumours of the neuroepithelial tissue) in the recent
World Health Organization classification of brain tumours [5].

Significantly lower (1% level) concentrations of Ala and Gly were found in
astrocytomas compared to glioblastomas, even compared to the other types of tumours
studied (Tables 5A.2 and 5B.2). This observation is in remarkable agreement with
studies by ^H-NMR spectroscopy of extracts from human neoplasms [64] showing a
general trend of metabolites such as Ala and Gly to be elevated in other types of
cerebral neoplasms than astrocytomas.

Statistically significant differences were obtained in the concentrations of other
metabolites in preparations from astrocytomas compared to glioblastoma multiforme.
These were jS-HB and Ino (1% level, present only in astrocytoma spectra), Ser (1%
level) and Tyr (5% level). It has been suggested [59] that the amount of Ino present
in gliomas could be correlated to their degree of malignancy (i.e. high concentrations
of Ino could be a marker for high grade gliomas), but this was not the case in the
present study where no such correlation was detected. No reference was found in the
literature to compare the finding that the metabolite profile of the astrocytomas may
be characterized by the presence of jg-HB. Such findings suggest that, along with a
similar overall incidence of the same genetic mutational events occurring in
glioblastomas and astrocytomas, there might be metabolic differences between these
two neoplasms.

An unusual finding was a ratio PC/GPC of below 1 in the following cell lines:
INI 103 (astrocytoma grade IV), and IN1510 (glioblastoma multiforme). This was
opposed to a ratio PC/GPC above 1 for the other astrocytomas and glioblastoma
multiforme cell lines examined in this study, and in other tumour cell lines [33,64].
High GPC and reduced PC signals have been observed in spectra from rapidly
dividing normal cells (such as aortic endothelial cells), whereas a very high GPC and
very low PC have been found in Schwann cells expressing oncogenes that induce
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proliferation arrest [K.K. Bhakoo, unpublished observations].

No satisfactory

explanation could be offered at present for such a finding, as the phenotype expressed
by these two tumour cell lines in terms of individual components of the Cho does not
fit in any of the categories mentioned above.

In the context of the discussion of results from the comparative study of rat meningeal
cells and human meningioma cell lines (Chapter 4), it is interesting to correlate the
^H-NMR profiles that have been obtained from purified cultures of rat cortical
astrocytes ([65], reproduced in Figure 1.1, page 35) with the NMR profiles obtained
in this experiment from cultures of human astrocytoma cell lines. It is apparent that
there were several common characteristics, including the presence of signals from
metabolites such as: the ketone body /?-HB (1.2 ppm, d), Thr (1.34 ppm, d), Ala
(1.46 ppm, d). Sue (2.41 ppm, s). Gin (2.44 ppm, t), and Ino (3.56 ppm, dd). The
striking observation is that signals from these very metabolites constituted common
spectral characteristics for ‘H-NMR profiles obtained from rat meningeal cells and
human meningioma cell lines (Chapter 4), and these were the compounds for which
no statistically significant differences were obtained when quantified in preparations
from normal and tumour meningeal cells. Although it was not the direct object of this
study to compare the metabolic profiles of normal astrocytes with these of
astrocytomas, such findings give even more support to the idea that the regulation of
these metabolites is so intrinsic to the identity of a cell type, as to be conserved across
species and through transformation from normal to tumour cell (discussion in Section
4.4.2).

5.5. CONCLUSION

The results of these experiments suggest that there are certain ^H-NMR metabolite
characteristics that allow the unambiguous discrimination among human meningiomas,
neuroblastomas and glioblastoma multiforme. Such tumour-type specific metabolites
may lead to the potential for differential diagnosis, and may allow therapy to be
monitored non-invasively by NMR spectroscopy in vivo of the human brain, following
in time possible alterations in the characteristic spectral resonances.
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Although the spectral features that could differentiate between astrocytomas and
glioblastoma multiforme are few (jS-HB and Ino, present only in spectra from
astrocytoma) there are other characteristics of the metabolite profiles that are specific
to one category of tumour or the other. The present results also reinforce the idea
that there might be certain metabolites that are so specific to a type of cell, that they
are conserved across species and through transformation from normal to tumour cell.
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CHAPTER 6

COMPARATIVE METABOLIC STUDY OF HUMAN
PRIMITIVE NEUROECTODERMAL TUMOUR CELL LINES

6.1. INTRODUCTION

Primitive neuroectodermal tumours (PNETs) are highly malignant (grade IV according
to the World Health Organization classification of brain tumours [5]), and among the
most common tumours of childhood.

They are most frequently located in the

cerebellum {i.e. cerebellar medulloblastomas), but tumours that have a similar
appearance and biological behaviour have been found in other locations in the CNS,
such as the cerebrum, pineal gland or spinal cord [106]. There is a great controversy
related to the nature and cell of origin of these tumours composed of primitive
neuroepithelial cells.

It is not known whether the cell of origin for cerebellar

medulloblastoma is unique to the cerebellum, or whether there is a primitive or
undifferentiated cell common to all portions of the CNS giving rise to tumours with
similar appearance and behaviour [106]. These tumours are therefore regarded as
malignant counterparts of multipotential neural progenitor cells [ 11].

Cell lines derived from these tumours would be a valuable tool to study the biology,
immunophenotype, lineage and metabolism of PNETs.

However, only a few

continuous medulloblastoma cell lines have been established thus far [68,69]. Dr. T.
Pietsch from the Department of Neuropathology of the University of Bonn Medical
Centre (Germany) has recently reported establishing five new human PNET cell lines
from surgical specimens [11]. Samples from several PNET cell lines have been
kindly provided by Dr. Pietsch for the present study, to be analyzed by ^H-NMR
spectroscopy and HPLC.
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This experiment was conceived in order to obtain metabolite profiles from a few types
of human PNET cell lines, and to detect similarities or differences in the expression
of specific metabolites by certain cell lines that could aid in elucidating the issues
concerning cell lineage discussed above. Due to its potential to gain metabolite details
about a sample non-invasively without any prior information about the sample, but
with high resolution and high chemical specificity, NMR spectroscopy is well suited
for this study.

6.2. EXPERIMENTAL

Cell lines derived from human PNETs were analyzed comparatively with the aim to
detect features that could help in differentiating between the categories of PNETs.
On the basis of one sample of adult human cerebellum (CB), the comparison was also
extended to normal tissue.

Some PNET cell lines were generated from PNETs of the CB, i.e. from
medulloblastomas: MHH-MED-1, MHH-MED-3, MHH-MED-4, D283-MED,
DAGY. MHH-MED-3 and MHH-MED-4 were obtained from biopsies of cerebellar
MB, while MHH-MED-1 was generated from cells recovered from the cerebrospinal
fluid of a patient with a recurrent cerebellar PNET that had seeded the cerebrospinal
fluid [11]. D283-MED and DAGY were previously established cell lines [68,69].

Other PNET cell lines (MHH-PNET-5, MHH-PNET-6) were obtained from PNETs
of other locations in the CNS. MHH-PNET-5 was obtained from a primary PNET
located in the spinal cord, while MHH-PNET-6 was obtained from a PNET with
disseminated growth in the CNS [11].

Samples were obtained for all cell lines from cultures maintained at the Department
of Neuropathology of the University of Bonn Medical Centre, Germany. Protocols
described in Section 2.4 were used to harvest the cells and obtain the primary cell
pellets, which were rapidly frozen in liquid nitrogen after the final step of washing
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in PBS. Frozen cell pellets were dispatched on dry ice from Bonn to London. PC A
extracts were prepared at the Institute of Child Health, from frozen pellets as
described in Section 2.4.2 by adding the PC A to the frozen cell pellet, and the frozen
CB tissue was extracted as described in Section 2.5.3.

All steps of sample preparation for NMR analysis, acquiring of the ‘H-NMR spectra,
HPLC determinations for amino acids, NAA and NAAG and protein quantification
in samples were carried out according to protocols described in Sections 2.6 - 2.9.
Two dimensional (2D-J coupled) NMR experiments were also performed on some of
the samples from PNET cell lines to aid in the identification of some of the peaks
present in the spectra.

Data were processed as described in Section 2.10 and

statistical analysis by oneway ANOVA was carried out to detect differences among
categories of PNETs.

The following cell lines were cultured in the same nutrient medium: MHH-MED-1, 3 , - 4 , MHH-PNET-5 and -6, whereas the previously established cell lines (D283MED and DAOY) were grown in a different culture medium (Section 2.1.2). *HNMR spectra of both culture media (determined volumes, lyophilized and resuspended
in D2O) were obtained and compared to spectra from PNET cell preparations.

6.3. RESULTS

Analysis and interpretation of NMR and HPLC data for the PNET cell lines examined
were carried out according to their classification in respect of the location in the CNS
of the original tumour, and of the morphological and immunocytochemical features
of the cell line. One category (MHH-MED) contained cell lines derived from PNET
of the cerebellum (medulloblastomas): MHH-MED-1, -3, -4 and D283-MED. DAOY
medulloblastoma cell line was considered separately, as it has unusual growth
characteristics and an atypical immunophenotype. Another category (MHH-PNET)
included PNET cell lines obtained from PNETs of other locations in the CNS, MHHPNET-5 and -6. Data from all these cell lines were also compared with data from
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one sample of normal human CB, although statistical analysis could not be performed
on results from a single sample.

Figure 6.1 shows representative high-field high resolution spectra of PGA extracts
from each category of cell lines examined, and from the normal CB. Metabolites
previously described (Section 5.3A.2) could be detected and quantified in these
spectra. The results of metabolite quantification are given in Table 6.1 (from NMR
spectra) and Table 6.2 (HPLC determinations).

Several metabolite ratios (as in

Section 5.3A.2) were calculated for each category of PNET tumour (Table 6.3).

The NMR profiles and metabolite concentrations in replicate preparations of a cell
line were highly reproducible. Spectra from cell lines within the same category of
tumour were qualitatively identical, i.e. they contained the same detectable peaks. A
more complex pattern of metabolite signals, of medium to high intensity, in the
methine region was characteristic to 'H-NMR spectra from MHH-PNET cell lines in
comparison to spectra from the other categories of PNETs and of normal CB. This
made the quantification of metabolites such as Gly difficult (singlet at 3.56 ppm
overlapping with signals from the methine protons of other intracellular metabolites).

There were common characteristics in spectra from all PNET cell lines, including the
presence of signals from amino acids such as Val, Leu, He (0.9-1.5 ppm), of Thr,
Lac, Ala and Ace. In the methylene region (2-3 ppm) all tumour spectra displayed
signals from Glu and Sue. Further downfield in the methine region (3.2-4.0 ppm)
signals from Cho, Gly and Ino were common to all NMR tumour profiles. Spectra
from MHH-PNET tumour cell lines, and from MHH-MED-3 and -4 contained Gin
peaks, which were absent in spectra from DAOY, MHH-MED-1 and D283-MED.
A statistically significant difference (p< 0.005) was obtained in the amount of Gin
(HPLC determinations) between MHH-PNET cell lines and DAOY.

There were quantitative variations in cell lines within a category of PNET.

The

greatest heterogeneity in peak intensities in the NMR profiles, and in absolute
amounts of metabolites (agreement by NMR and HPLC) was evident in cell lines
derived from medulloblastomas (MHH-MED). They displayed great variations in the
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concentrations of most of the metabolites quantified from spectra or by HPLC,
including Glu, Gin, Asn, Tau, Thr, GABA, Cr, Ino, NAA and NAAG (between 4.3
times for Glu to 154.7 times for Gin). NAAG was below the limit of detection (0.1
nmol, HPLC determinations) in MHH-MED-3 and D283-MED, while the other two
cell lines contained detectable amounts of NAAG (8.8±1.2 in MHH-MED-1, and
14.5±0.4 in MHH-MED-4).

Metabolites
(nmol/mg
pr.)

MHHPNET

DAOY

Ala

38.2+9.0

36.1+0.1

Cho

21.8+1.3

Cr

p value
HCB

MHH-MED
(!)

(#)

15.6+3.8

0.886

0.150

21.1

31.1 + 1.4

13.9+2.8

0.019

0.071

28.9

9.7+9.4

28.4+3.1

17.6+4.8

0.034

0.145

147.5

Glu

155.1+37.8

74.4+0.3

114.1±8.0

0.040

0.590

191.9

Gly

83.2+47.1

43.0+1.3

12.9+5.8

0.256

0.968

30.5

Ino

41.5+40.6

12.0+0.3

5.4+1.9

0.314

0.691

42.9

Sue

20.4+0.3

13.9+2.3

12.1+5.2

0.142

0.567

27.1

Thr

45.7+7.4

14.0+1.9

33.6+5.5

0.002*

0.273

1.2

Table 6.1. Comparative composition of metabolites quantified from H-NMR spectra of
PNET cell lines and from the sample of normal human cerebellum (HCB). Spectra obtained
from replicate preparations for each of the cell lines (independent observations) of each category
of PNET were analyzed by reference to TSP. Metabolite concentrations (nmol/mg pr.) were
averaged per cell line and results per cell line were averaged per category of tumour, expressed
as mean + SD. The following oneway ANOVA tests were carried out: MHH-PNET versus
DAOY (t), MHH-PNET versus MHH-MED (#), and DAOY versus MHH-MED.

No

statistically significant difference was obtained for the comparison DAOY versus MHH-MED.
P values are given for (t) and (#), without correction for the number of comparisons. The
results for one category of PNET were considered statistically different from the results of the
category compared if p < 0.05/12 (5% level, *) or p < 0.01/12 (1% level,**).
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Figure 6.1.

Representative high-field regions of H-NMR spectra of acid-soluble

metabolites from human cerebellum and from categories of human PNETs. Spectra were
obtained from PCA extracts of normal human cerebellum (a), and from cell lines of human
primitive neuroectodermal tumours (b-d). Spectra from the following cell lines are displayed:
DAOY - a previously established medulloblastoma cell line (b), MHH-MED-4 - a
medulloblastoma cell line (c), MHH-PNET-6 - a cell line obtained from a PNET with
disseminated growth in the CNS (d). The content in protein of samples from PNET cell lines
ranged from 0.32 mg to 1.93 mg. Spectra were referenced to TSP (0 ppm).
Abbreviations: He - isoleucine; Leu - Leucine; Val - valine; Thr -threonine; Lac - lactate;

Ala

- alanine; Ace - acetate; NAA - N-acetylaspartate; NAAG - N-

acetylaspartylglutamate; Glu - glutamate; Sue - succinate; Gin -glutamine;
Asp - aspartate; Cr - creatine; Ch - choline; PC - phosphorylcholine; GPC glycerophosphorylcholine; Cho - choline-containing compounds; Gly glycine; Ino - myo-inositol.

130

Cr

Normal human cerebellum (a)
A ce

Lac

NAA

Cho
G PC

Lac

PC

Glu
Sue

Ch

Gly

Ino

A sp

I I I

T— r— I— I— I—

4.5

4.0

3.5

3.0

T— I— I— I— I— I— I— I— I— I— I— I— I— I— I

I— r

2.5

I

I

2.0

A ce

Human PNET of the cerebellum (b)

Cho

Gly

Cr

Cr

Ala
NAA
NAAG

Ino

Thr
A sp

I

4.5

I

I

I

I

I

4.0

I T

”

I

I

I

3.5

l""l

~l

I

I

3.0

I

I

Lac

I

I

I

2.5

I

I

I"

I

' I

2.0

I

I

I

I

I

1.5

I

I

I

I

I '

1.0

I

' I

I

ppm

I

I

0.5

Figure 6.1,

131

Gly
Human PNET of the cerebellum (c)

Cho

A ce

Thr
Cr
Ino

NAA
NAAG/
S ue

Ala

Lac

\ Glu
Gin

I

I

I

I

I

4.5

I

I

I

I

I

4.0

I

I

I

I

I

3.5

r

'n

I'

I

I

3.0

I

I

I

I

I

2.5

I

I

I " I

I

2.0

I

I

■

■

I

1.5

I

■

I

1.0

■

I

I

0.5

ppm

Human PNET from the CNS (d)
A ce
Gly
C ho
Ala

Thr

Glu

Lac

S ue

Gin

Val Leu lie

Ino
A sp

I

4.5

I

I

I

I

I

4.0

I

I

I

I

I

3.5

I

I

I '

f

I

3.0

I

I

I

I

I

2.5

I

' I " 'I ~

I

I

2.0

I

I

I

I

I

1.5

I

I

I

I

I

1.0

I

I

I

ppm

I

I

0.5

Figure 6.1.

132

*H-NMR spectra from all tumour cell lines exhibited characteristic features, compared
to the spectrum from normal CB (Figure 6.1). There was a marked decrease in the
signals from NAA (2.02 ppm), which were low or not NMR-visible in spectra from
most of the cell lines.

Detectable NAA and NAAG (2.05 ppm) signals (of low

intensity) were present in spectra from DAOY. Lower, but still detectable NAA
signals were displayed by spectra from all medulloblastoma cell lines, while they were
absent in spectra from PNETs of other locations in the CNS.

These qualitative

spectral features were reflected in the HPLC determinations, that revealed the highest
NAA content in MHH-MED-4 (19.3+3.0 nmol/mg pr.) and DAOY cell lines. The
amount of NAA in medulloblastoma cell lines decreased in the order MHH-MED-4,
MHH-MED-1, MHH-MED-3, D283-MED. Statistically significant differences in the
NAA concentrations (5 % level) were obtained in the MHH-PNET cell lines compared
to both the category of cell lines derived from medulloblastomas excluding DAOY,
and compared to DAOY itself.

The most prominent peaks in the spectrum from normal CB were Cr and NAA.
Spectra from all PNET cell lines displayed a decrease in both these signals
(quantification from spectra in Table 6.1) compared to CB.

In spectra from all

tumour cell lines Cho peaks were prominent, and there was an inversion of the
relative intensities of the Cr and Cho peaks compared to normal tissue (from C r> Cho
in normal CB, to Cho > Cr in all tumours). Spectra from medulloblastoma cell lines
and DAOY displayed medium intensity Cr peaks, whereas in the NMR profiles from
PNET’s of other locations in the CNS Cr signals were low or not detected.

Although no statistically significant differences were obtained in the Cr content among
the categories of PNET tumours, there were statistically significant differences in the
’specific’ metabolite ratios involving this metabolite (Table 6.3) between MHH-PNET
cell lines and both categories of medulloblastoma cell lines. The ratio Glu/Cr was
very high in MHH-PNET cell lines, and from the medulloblastomas, in MHH-MED-1
line (13.1+4.2). MHH-PNET cell lines were also characterized by high metabolite
ratios Gly/Cr and Asp/Cr compared to medulloblastoma cell lines.
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Metabolite
(nmol/mg
pr.)

MHHPNET

DAOY

Ala

42.4+1.9

38.7+1.5

Arg

9.53 + 8.2

Asn

p value
HCB

MHH-MED
(t)

(#)

29.9+9.1

0.773

0.108

20.7

4.1 + 1.3

4.4+1.5

0.414

0.081

2.3

11.9+0.4

45.2+0.8

1 0 .1 ± 6 .6

<0.001**

0.557

1.9

Asp

73.6+0.1

22.3+2.1

18.1+4.8

0.001*

<0.001**

18.3

GABA

1.0+0.3

1.8+ 0.0

1.2+1.2

0.017

0.545

23.4

Gin

162.1±6.1

0.21+0.29

100.1 ±99.9

0.001*

0.098

68.4

Glu

157.8+13.2

70.5+0.6

136.9+68.9

0.009

0.802

144.4

HTau

14.2+0.9

9.4+0.4

5.6+7.4

0.041

0.032

nd

NAA

0.81 + 1.0

15.5+1.6

11.3+6.8

<0.001**

0.004*

95.2

NAAG

nd

8.5+0.9

5.8 + 7.P

<0.001**

0.055

15.8

Ser

38.9 + 3.8

28.2±7.3

19.5+7.7

0.391

0.012

10.2

Tau

28.0+11.1

45.9+5.0

55.2 + 35.5

0.075

0.305

37.1

Tyr

2.6+ 0.8

2.8+ 0.6

9.7±6.8

0.783

0.310

4.9

Table 6.2. Comparative composition of metabolites quantified by HPLC analysis of PCA
extracts from PNET cell lines and from the sample of normal human cerebellum (HCB).
Metabolite concentrations (nmol/mg pr.) were averaged per cell line, and results per cell line
were averaged per category of tumour (expressed as mean+SD). The following oneway
ANOVA tests were carried out: MHH-PNET versus DAOY (t), MHH-PNET versus MHHMED (#), and DAOY versus MHH-MED. No statistically significant difference was obtained
for the comparison DAOY versus MHH-MED. P values are given for (t) and (#), without
correction for the number of comparisons. The results for one category of PNET were
considered statistically different from the results of the category compared if p< 0.05/12 (5%
level, *) or p < 0.01/12 (1% level,**).
('’) The amount of NAAG was considered 0 in the medulloblastoma cell lines (MHH-MED-3
and D283-MED) where it was below the limit of detection by HPLC.
Abbreviations: nd - not detected (below limit of detection).
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Signals from Asp, GABA, Tau and HTau were too low to be accurately quantified in
NMR spectra. MHH-PNET cell lines contained higher Asp amounts than the normal
CB (Table 6.2). There were statistically significant differences in the Asp content
between PNET cell lines from other locations in the CNS than cerebellum (MHHPNET), and the medulloblastomas: both DAOY (5% level) and the MHH-MED cell
lines (1% level). Additionally, statistically significant differences were obtained in
the metabolite ’specific’ ratios involving Asp (Table 6.3).

Asn (HPLC

determinations) was the metabolite by which DAOY could be differentiated both from
cell lines generated from PNET of the cerebellum (p < 0.001), and from cell lines
derived from PNETs of other locations in the CNS (p < 0.001). The concentration
of GABA (HPLC analysis) in the PNET cell lines was much lower (10 times to 100
times) than in the sample of normal CB (Table 6.2). The highest amounts of this
neuroactive amino acid were expressed by cell lines such as MHH-MED-1 (2.7+1.3
nmol/mg pr.) and D283-MED (1.5 ±0.05 nmol/mg pr.), while MHH-MED-4 cell line
contained the lowest amount of GABA (0.12+0.01 nmol/mg pr.).

Metabolite
ratios

MHH
-PNET

DAOY

Cho/Asp

0.30+0.02

1.4+0.1

Cho/Glu

0.15+0.03

Cho/Gly

p value

MHH-MED

HCB

(t)

(#)

3.1 + 1.4

<0.001“

0.004*

1.6

0.41+0.01

0.56+0.41

o .o o r

0.121

0.05

0.33+0.19

0.72+0.01

0.75+0.40

0.060

0.106

0.31

Asp/Cr

8.5+5.7

0.78+0.01

0.65+0.27

0.104

<0.001“

0.12

Glu/Cr

26.5+21.8

2.6+0.3

5.3+5.4

0.002*

0.015

1.3

Gly/Cr

11.6+6.3

1.5+0.1

2.9+1.3

0.072

0.002*

0.21

Table 6.3. Comparative metabolite ratios calculated for PNET cell lines and for the
sample of normal human cerebellum (HCB). The following oneway ANOVA tests were
carried out: MHH-PNET versus DAOY (t), MHH-PNET versus MHH-MED (#), and DAOY
versus MHH-MED. No statistically significant difference was obtained for the comparison
DAOY versus MHH-MED. P values are given for (t) and (#), without correction for the
number of comparisons. The results for one category of PNET were considered statistically
different from the results of the category compared if p< 0.05/12 (5% level, *) or p< 0.01/12
(1% level, 1 .
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There were no statistically significant differences in the amounts of Ala among
preparations from the cell lines examined, and the values for Ala in tumours were
similar to the values in the sample of normal CB (both quantification from spectra and
by HPLC, Tables 6.2 and 6.3).

Spectra from all tumour cell lines displayed medium intensity signals of Thr (1.3
ppm, d), as opposed to low Thr peaks in the spectrum from normal CB. This was
reflected in higher amounts of Thr than normal CB being expressed by all PNET cell
lines. There was a statistically significant difference (p< 0.005) in the Thr content
of DAOY cell line and of the MHH-PNET cell lines.

There were several unidentified signals of medium to high intensity in the single-pulse
(ID) ^H-NMR spectra from PNET cell lines (with the exception of DAOY), including
a doublet at 1.14 ppm, signals at 1.28-1.3 ppm, and a singlet at 3.4 ppm. 2D-Jcoupled NMR experiments performed on preparations from MHH-PNET cell lines
revealed the nature of the signals with the chemical shift around 1.3 ppm. These
homonuclear 2D-J resolved spectra demonstrated that there were two resonances
overlapping at the chemical shift of around 1.3 ppm, which were a doublet (attributed
to Thr on the basis of metabolite identification methods described in Section 2.7.1.),
and a singlet (Figures 6.2 and 6.3). But this information was insufficient to clarify
the nature of the singlet at 1.31 ppm. The 2D-J coupled spectrum confirmed that the
resonance at 1.14 ppm was a real doublet.

6.4. DISCUSSION

This present study is probably one of the first investigations by ^H-NMR spectroscopy
on cell lines derived from human PNETs. Studies in vivo on this type of tumour have
been carried out using MRI techniques as a diagnostic tool in indicating the site of
primary growth of the tumour and the deformity of the adjacent structures [9], but no
reference was found in the literature to studies by *H-NMR spectroscopy on human
PNETs, either in vivo or in vitro.
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Figure 6.2. Single-pulse H-NMR spectrum with an expansion of the
FI
(HZ)

region 0.9-1.5 ppm (bottom), and expansion of the same region of the
homonuclear 2D-J resolved unrotated spectrum (top right), both obtained
from MHH-PNET-6 cell line. Spectra were obtained in conditions described
in Section 2.7.

The signal at 1.3 ppm is composed of a doublet (J

approximately 6.2 Hz) and a singlet, while the signal at 1.14 ppm is a true
doublet (J approximately 6.4 Hz).
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The establishment of cell lines derived from specimens of PNETs, and subsequent
maintenance and efficient continuous growth of such cell lines can be problematic.
Therefore studies in vitro are difficult. In addition, the occurrence of this type of
tumour mainly in children up to 15 years of age, and its location in the midcerebellum
also makes investigations in vivo by ^H-NMR spectroscopy difficult, both in research
studies and in the clinical environment.

The relationship between medulloblastomas of the cerebellum and PNETs of other
regions in the CNS is quite controversial, due to the still unresolved problem of
histogenesis of the cerebellar medulloblastoma [5].

It is supposed, although still

disputable, that all PNETs arise from a single primitive multipotential cell population
believed to be the subependymal layer, which has the capacity to differentiate into one
or more types of neural cells - such as astrocytes, oligodendrocytes, neurons, ganglion
cells, or melanocytes [106].

Various teams of researchers seem to agree that

cerebellar medulloblastoma is an embryonal tumour, but it is not known yet whether
it is derived from an immature precursor cell (the so-called embryonal medulloblast),
or from a cerebellar stem cell with potential for neuronal, glial or muscle cell
differentiation.

Immunohistochemical and histological studies have shown that

differentiation in the medulloblastomas occurs along two lines: glial and/or neuronal
[107], but it appears that the trend is predominantly towards neuronal rather than glial
differentiation [108,109].

In this context, one of the most important and at the same time surprising findings of
this study was that all ’typical’ medulloblastomas (located in the CB) could be
distinguished from PNETs of other locations in the CNS.

The distinguishing

attributes were several metabolites and metabolite ratios, including NAA, Asp,
Cho/Asp, Asp/Cr and Gly/Cr. These characteristics have been shown to be among
the ’cell type-specific’ features able to distinguish between different neural cell types
[65].

A great heterogeneity was revealed from a cell line to another of the amounts of
metabolites expressed by the medulloblastoma cell lines (the MHH-MED group, and
DAOY) examined. These differences could not be accounted for by the culture media
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used to grow these cells. All MHH-MED cell lines and MHH-PNET cell lines were
grown in the same nutrient medium, yet there were statistically significant differences
among these cell lines in the expression of certain metabolites. Furthermore, the
culture medium was identical for DAOY and D283-MED, yet their ^H-NMR spectra,
and metabolite expression were very different. In addition, spectra from all the cell
lines (with the exception of DAOY) displayed an unidentified doublet signal with the
chemical shift of 1.14 ppm, which was not present in spectra from either of the
culture media (spectra from culture media not shown). Until the metabolites that are
responsible for generating these peaks have been identified, it is difficult to assess
their relevance to lineage-specific cell type recognition by ^H-NMR spectroscopy.

A possible explanation for the heterogeneity in metabolite expression by the
medulloblastoma cell lines could be their several degrees and directions of
commitment in differentiation towards various lineages of the CNS.

These cells

arising from neural progenitors do not express neurofilaments, but markers associated
with the earlier stages of neurogenesis [11]. According to their immunophenotype,
the medulloblastoma cell lines examined in this study represented various stages of
neuronal differentiation, D283-MED being the most advanced. MHH-MED-3 had an
’early neuronal’ phenotype, while MHH-MED-1 and -4 were rather undifferentiated
[11]. This was also in agreement with the finding that the ratio Cho/Asp, which has
been shown to be the lowest in neurons compared to other cell populations of the
brain [65] was lower in normal CB than in MHH-MED cell lines.

There was also a lack of correlation in medulloblastomas between the degree of
neuronal differentiation of these cell lines and the expression of NAA and of GABA.
The highest concentration of the neuroactive amino acid GABA seems to be
characteristic to neurons among all cell populations of the brain [65]. In the present
study the highest concentrations of GABA were found in MHH-MED-1 and D283MED, whereas cell lines such as MHH-MED-3 and -4 expressed the lowest amounts
of GABA.

Among the cell lines studied there were some that displayed in their spectra detectable
signals from NAA, which is regarded as a neuronal marker [35]. Cell lines such as
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MHH-MED-4 and DAOY expressed the highest amounts of NAA, although they lack
markers for an advanced stage of neuronal differentiation (i.e. neurofilaments), in
common with primary medulloblastoma samples that do not show features of terminal
neuronal commitment [11]. Within the category of cell lines derived from PNETs of
the cerebellum (medulloblastomas) - excluding DAOY - the relative amounts of NAA
in the cell lines that expressed it (MHH-MED-4 > MHH-MED-1 > MHH-MED3 > D283-MED) were in the opposite order to the extent of neuronal differentiation
apparent from their immunophenotypic features (D283-MED > MHH-MED-3 > MHHMED-1 and MHH-MED-4) [11]. Cell lines derived from PNETs of other locations
in the CNS than cerebellum did not express NAA (undetectable in the NMR spectra,
and under the limit of detection by HPLC determinations). There did not seem to be
any evidence for advanced neuronal features or neuronal channels in these cell lines
[T. Pietsch, unpublished observations], to correlate with the presence of NAA.

One of the key peaks in assigning cell lineage for the purified populations of neural
brain cells has been NAA, as significant concentrations of this metabolite have been
found in oligodendrocyte-type-2 astrocyte (0-2A) progenitor cells and in neurons
[110]. In this respect, the higher levels of NAA found in less differentiated PNETs
and specifically in the PNETS of cerebellar origin {i.e. medulloblastomas) in this
study are difficult to explain. It is not yet known whether, or at what levels neuronal
progenitor cells express NAA. Although NAA levels increase in the rat CNS during
the postnatal development and maturation [111,112, and results presented in Chapter
7], the relative contribution of the neuronal and 0-2A lineages to this increase is
unclear. Therefore, it is not possible to say whether the NAA levels observed in PNET
cell lines are typical of dividing neuronal progenitors of the cerebellum. There is a
possibility that the expression of NAA by medulloblastomas reflects in fact their origin
from a progenitor cell with the phenotypic characteristics of an 0-2A progenitor cell,
rather than of a neuronal progenitor. Nevertheless, the highly significant differences
in NAA levels between cerebellar medulloblastomas and PNETs from other CNS
locations may suggest differences in lineage origin for these tumours, as well as
differences from other tumours of the CNS [96, and results in Chapters 3-4].

Statistically significant differences in several metabolite ratios were found between the
types of PNETs examined.

All ratios involving Cr were specifically elevated in

PNET of other locations in the CNS, probably because the Cr content of MHH-PNET

141

cell lines was generally lower than compared to the medulloblastoma cell lines. The
only statistically significant difference between DAOY (medulloblastoma cell line
characterized by an atypical phenotype), and the other medulloblastomas examined
(MHH-MED cell lines) was the metabolite Asn. No statistically significant differences
were detected in other metabolites or metabolite ratios, but this could be due to the
heterogeneity of the medulloblastoma cell lines as a category, as mentioned above.

The above differences need to be regarded in the context of many similarities between
the cell lines examined. The ‘H-NMR profiles obtained from preparations of cell lines
derived from PNETs displayed common features irrespective of their location in the
CNS, immunophenotypical features or growth characteristics. These features include
prominent signals from Cho, low or not detected signals from NAA, NAAG or
GABA, and a reduced Cr signal compared to Cho peaks.

This result was in

agreement with investigations by ‘H-NMR spectroscopy on various types of human
CNS tumours, such as gliomas (astrocytomas and glioblastoma multiforme),
meningiomas and neurinomas, showing a decrease in signals from NAA, GABA, Cr
and an increase in Cho peaks in these tumours compared to normal brain [34,39,45].
The characteristics of the spectrum obtained from the sample of normal human CB
were consistent with studies by localized ‘H-NMR spectroscopy of human brain
[34,104].

6.6. CONCLUSION

The results of this study suggest that medulloblastoma cell lines have a characteristic
metabolite pattern detectable by ‘H-NMR spectroscopy, reflecting their derivation
from neural progenitor cells. This pattern discriminates cerebellar medulloblastomas
from PNETs of other locations in the CNS, from normal CB, and from other brain
tumours. Such findings may lead to an improved non-invasive NMR-based diagnostic
tool in vivo, especially for the childhood tumours that present a diagnostic problem
prior to bioj)sy - such as brain stem tumours where biopsy is difficult and dangerous.
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CHAPTER 7

REGIONAL AND DEVELOPMENTAL STUDIES
OF RAT BRAIN
7.1. INTRODUCTION

Recent work [65] has shown that purified populations from individual cell types of
normal brain have characteristic metabolic patterns that can be discriminated by
application of *H-NMR spectroscopy, even by looking at only a few metabolites, such
as NAA, Cr, Cho, Gly. Nevertheless, no systematic attempts have been made to
correlate the metabolic content of different cells to their regional and developmental
expression in the brain, although developmental studies have been carried out in vivo
or in vitro on brain tissue or on whole brain.

Studies in vitro on whole mouse brain [113], or on rat cerebrum and cerebellum [114]
have assessed the metabolite concentrations at several developmental ages up to
adulthood. Investigations by ^H-NMR spectroscopy have included studies in vitro on
whole rat cerebrum at key ages during the development and maturation of the brain
[112]. Spectroscopy in vivo has been used in attempts to quantify metabolites present
in different anatomical regions of the human brain in adulthood and senium [115].

In line with the studies on tumour cell lines from different classes and types presented
in this thesis, it would be valuable to correlate the possible lineages of these tumours
with the normal counterparts from which such tumours are derived. For example, in
an attempt to generate a biological understanding of gliomas, glioma cell biology has
been studied in parallel with normal glial development [116]. Related to this, it was
considered useful to obtain and study the metabolite profiles from normal regions of
the brain during postnatal development, correlating the cellular composition and
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timing of the cell populations with the spectra from each brain region.

The organization of the various brain regions is as follows: The cerebral cortex is
formed of a thin layer of grey matter that covers the entire surface of the cerebral
hemispheres.

Anatomical divisions such as cerebellum, brain stem and olfactory

bulbs contain both grey and white matter in particular arrangements, whereas corpus
callosum is formed of pure white matter. The eye (retinal) tissue contains neuronal
bodies and retinal macroglial cells, while the optic nerve is formed of the axons of
the retinal neurons (both myelinated and unmyelinated processes) [117].

The main components of brain grey matter are the cell bodies of nerve cells (neuronal
bodies), combined with glial cells (protoplasmic astrocytes and microglia, and
oligodendrocytes arranged closely to neuronal cell bodies). The main components of
white matter are the neuronal processes with oligodendrocytes arranged in rows
between myelinated fibres, fibrous astrocytes and microglia. The total complement
of neurons is present at birth, and no new neurons are formed later by any precursor
cells or by division of neurons [116,117].

Oligodendrocytes and type-2 astrocytes are derived from a common bipotential
progenitor, the 0-2A progenitor cell that exists before birth in the rat. At the time
of birth, dividing 0 -2A progenitor cells begin to generate oligodendrocytes, which
will enwrap large axons of the CNS with myelin sheaths. By the 7th postnatal day
high amounts of oligodendrocytes are generated,

in association with the

commencement of the myelination process. After the 7th postnatal day, the first type2 astrocytes appear, which will extend processes associated with axons at the nodes

of Ranvier (regions between consecutive myelin sheaths where ion fluxes occur during
transmission of impulses along the myelinated axon). Type-1 astrocytes appear before
birth, being derived via another glial lineage from type-1 astrocyte precursor cells.
These type of glial cells, and their precursors offer a substrate for growing axons
[116].

This study was conceived to investigate developmental changes in metabolite levels
during growth and maturation of the brain. The analysis was carried out on different
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brain regions where different types of normal brain cell populations (i.e. neurons,
type-1 astrocytes, 0 -2A progenitor cells, oligodendrocytes, type-2 astrocytes,
microglia etc.) are expressed at different developmental ages in different proportions.

7.2. EXPERIMENTAL

Tissues from rat brain at key ages during postnatal development and maturation were
analyzed by 'H-NMR spectroscopy and HPLC. The brain regions examined were:
cerebral cortex (CX); corpus callosum (CC); cerebellum (CB); brain stem (BS);
olfactory bulbs (OB); optic nerve (ON) and eye (EY) at ages from postnatal day 1 (PJ
to adult (i.e. Pj, P4, P7, P14, P21 and adult). The number of animals of a certain age
used was calculated in order to obtain enough biological material for each tissue
examined: 40 of Pf, 30 of P4; 30 of P?; 10 of P 14; 6 of P21 and two adults. It was not
possible to dissect the CC from the mass of cerebrum in Pj rats. In addition, meningeal
membranes were difficult to separate from CX in rat brains after P7.
Adult rats were over 3 months old.
Each experiment was carried out twice. Dissection of the tissues was conducted
according to protocols described in Section 2.5.2. Tissue samples were frozen in liquid
nitrogen as soon as possible after removal, and PCA extracts were obtained from the
frozen tissues as described in Section 2.5.3. Samples were prepared for NMR analysis
according to Section 2.6. Analysis by 'H-NMR spectroscopy and HPLC of the tissue
samples was carried out according to protocols in Sections 2.7-2.8. The quantification
of spectra was performed using the software package PERCH' (PEak reseaRCH,
University of Kuopio, Kuopio, Finland, 1993), which became available only at this stage
of the project. Single-pulse spectra obtained on the Varian Unity-plus spectrometer were
imported into PERCH, in binary type files. The spectra were fitted in the frequency
domain, and in each spectrum the water signal was considered as reference for the
lineshape and linewidth of all peaks. Peak areas were obtained after deconvolution of
the spectra and simulation with integral-transform fitting and total line-shape fitting.
This was done by advanced matematical computations (with repeated iterations until the
smallest residual was obtained), thus representing the best baseline fitting for the whole
spectrum rather than for each individual peak. An example of a deconvoluted spectrum
is shown in Appendix 1. Quantification of metabolites from NMR spectra was carried
out for each experiment only once. Results are presented as mean (with range values).
The amounts of metabolites (quantified from spectra and by HPLC analysis) were
referenced to the wet weight of tissue in the sample (nmol/mg tissue).
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Figure 7.2. Example o f the agreement of NMR and HPLC data for alanine (a) and
glutamate (b). Metabolite concentrations (nmol metabolite/mg tissue) are given for rat
cortex at key ages during the development and maturation o f rat brain, as determined
in one o f the two independent experiments.

7.3. RESULTS

7.3.1. General features of the ^H-NMR spectra from tissue extracts
*H-NMR spectra from most of the brain tissues examined at various developmental
ages contained, in the high field regions, signals from intracellular metabolites such
as amino acids and related compounds, substances involved in membrane synthesis
including choline, Cho and Ino, and intermediate metabolites such as Sue and Lac.
There were qualitative and quantitative differences in the expression of metabolites
within a brain region with increasing age, and in different brain regions at the same
age. Consequently, each sample of brain tissue gave rise to a characteristic NMR
profile in terms of categories and proportions of compounds present.

A general increase with developmental age was found in the amounts of metabolites
present in different anatomical brain regions. Charts displaying the concentrations
(nmol/mg tissue) and evolution patterns of several metabolites in the tissues examined
are displayed in Figure 7.1. The variations were sometimes linear, sometimes with
one or two maximal values appearing as sharp peaks at various developmental ages
in these plots. The metabolites presented were chosen due to their relevance to NMR
spectroscopy in vivo, and also in order to be able to compare with previous studies
of brain metabolites by NMR in vivo and in vitro. They include amino acids present
in the cerebral free amino acid pool, neuroactive metabolites and compounds involved
in the cell energetics and signalling pathways.

There was good agreement in the quantification of metabolites: a) from ^H-NMR
spectra and by HPLC (see Figure 7.2 on the opposite page), and b) from NMR spectra
when detected by direct measurements and by PERCH. Compounds which were present
in too low an amount to be detectable in spectra were quantified by HPLC analysis (see
Table 7.1 - only HPLC results given for the metabolites quantifiable by both methods).

Of the compounds that were quantified only from the 'H-NMR spectra, Thr had a
general tendency to increase postnatally and it did not show much quantitative
variation an ong the brain regions examined, but higher values were characteristic to
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ON tissue. Suc displayed an upward trend with age, in a non-linear pattern, for most
of the brain tissues examined. Lower concentrations were present in CC compared
to the range of values for other tissues, whereas the highest Sue concentration was
reached in tissue of adult EY. Gly was usually present in higher concentrations in
grey matter-containing regions than in white matter containing tissues. The highest
values were attained in BS. ON was the only tissue where the Gly concentration
increased continuously from neonate to adult, while in the other tissues there was
decrease of the Gly concentrations with age.

Asp (quantified by HPLC) was among the metabolites for which a general increase
with developmental age was obtained in all the regions of rat brain examined. The
content of Asp was higher in CX (grey matter) compared to BS, CB and OB (tissues
containing both grey and white matter), which was higher than in CC and ON (tissues
containing white matter). The highest concentration of Asp in adult brain was
characteristic to OB.

The methine region of spectra (3.2-4.0 ppm) obtained from all brain tissues at all ages
was very complex, sometimes making the quantification of metabolites such as Gly,
and the assignment and quantification of individual peaks of Cho difficult. Signals
from Cr were most prominent in all spectra, and the intensity of Cr peak (3.04 ppm)
was higher than any of the Cho peaks (Appendix 2).

Spectra from most of the brain tissues examined displayed very low signals from
amino acids such as He, Leu and Val. Signals from these compounds, overlapping
in the region 0.9-1.05 ppm were more intense in spectra from CC. Nevertheless,
quantification of these compounds from the NMR profiles was difficult due to
incomplete spectral resolution. Signals from Tau (3.08 ppm and 3.42 ppm, both t)
and Ino (4.05 ppm, t) were present in spectra from most of the samples examined
(Appendix 2).
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EY
Ala
Asp
Cho*
Cr*
GABA
Gin
Glu
Gly*
HTau
Ino*
NAA
NAAG
Sue*
Tau
Thr*
Tyr

PI
m ean
0 .6 0
0.21
1 1 .4 8
2 .9 2
0 .0 7
0 .6 6
1 .3 8
0.71
0 .1 5
0 .1 7
1.11
0 .0 9
0 .8 5
0 .0 8
0 .6 3
0 .1 4

range
0 .3 7
0.01
-------------

0 .0 4
0 .2 4
0 .8 5
—

0 .1 3
—
—
—
—

0 .06
—

0 .1 4

P4
m ean
1 .1 0
0.41
7 .2 3
2 .6 2
0 .0 8
0 .9 8
2 .6 8
0 .4 0
0 .3 0
0 .5 6
0 .5 9
0 .0 7
1.25
0 .6 8
0 .8 2
0 .4 5

range
0 .0 0
0.02
—
—

0.00
0.09
0.36
—

0.03
—
—
—
—

0.12
—

0.11

P7
m ean
0 .6 3
0 .5 5
15.21
3 .8 0
0 .0 8
1 .4 2
3 .3 3
0 .2 5
0 .5 6
0 .3 3
0.61
0 .0 7
1 .4 8
0 .8 4
0 .9 0
0 .1 6

range
0.16

0.07
—
--—

0.09
0.02
0.26
-------

0.30
------—
—
—

0.21
—

0.09

P 14
m ean
1 .3 3
0 .3 5
1 0 .6 8
2 .8 6
0 .2 0
1 .15
2 .0 2
0 .7 7
1 .17
1 .05
0.61
0 .1 4
2.01
1 .9 8
0 .2 6
0 .2 8

range
0.42
0 .06
—
—

0.12
0 .6 6
0 .92
—

0 .66
—
—
—
—

0.41
—

0.09

P21
m ean
2 .5 8
0 .4 4
1 7 .2 6
4 .6 0
0 .2 6
2 .1 9
2 .6 9
1 .2 4
3 .9 7
1 .7 0
0 .1 5
0 .0 8
3 .2 3
2 .6 3
0 .4 5
1 .1 9

range
0 .17
0.06
—
—

0.09
0 .98
0.23
—

2 .4 7
---—
—
—

0.92
—

1.80

Ad
m ean
2 .5 9
0 .4 5
9 .6 0
6 .1 6
0 .4 0
2 .3 5
2 .2 2
2 .8 4
8 .6 3
1.61
0 .5 2
0 .1 0
3 .6 0
4 .9 0
1 .3 5
0 .1 8

range
0.04
0 .0 3
—
—

0 .25
0.19
0 .4 0
—

2 .2 6
—
—
—
—

2 .49
—

0.02

Table 7.1. Concentrations of metabolites in neuroanatomical rat brain regions at key
ages during postnatal development and maturation of brain (nmol/mg tissue). Metabolite
concentration values are given as mean with range. The metabolites marked (*) were the ones
quantified only from 'H-NMR spectra using the software package PERCH (Section 7.2).
Only the values from HPLC determinations were given for those metabolites (amino acids,
NAA

and

NAA G)

Abbreviations'.

for which the quantification was possible by HPLC.
Pn - postnatal day n; EY - eye; CX - cerebral cortex; CC - corpus
callosum; ON - optic nerve; BS - brain stem; CB - cerebellum; OB olfactory bulbs; Ala - alanine; Asp - aspartate; Cho - choline-containing
compounds; Cr - creatine, GABA - 7-aminobutyric acid; Gin - glutamine;
Glu - glutamate; Gly - glycine; HTau - hypotaurine; Ino - myo-inositol;
NAA - N-acetylaspartate; NAAG - N-acetylaspartylglutamate; Sue succinate; Tau - taurine; Thr - threonine; Tyr - tyrosine.
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- weight of the sample of rat adult cortex: 0.25 g (250 mg) tissue wet weight
- determined protein content of sample: 13.3 mg
- NAA concentration in rat adult cortex (determined from NMR spectra):
6.37 nmol/g tissue wet weight (as in Table 7.1 opposite)

therefore:

- interconversion nmol/g wet weight to nmol/mg protein for NAA in adult cortex:
6.37

X

(250/13.3)= 119.7 nmol NAA/mg protein

Example of conversion of metabolite concentration from nmol/g tissue wet weight
to pmol/ing protein

CX

P4

PI

P7

Ad

P21

P14

m ean

range

m ean

range

m ean

range

m ean

range

m ean

range

m ean

range

Ala

1 .4 8

1 .16

0 .40
0.26

1.21

0.37
0.04

1 .7 3

1.30
2 .69

1 .5 2

1 .0 3

0 .46
0 .23

0 .7 3

Aap

1.16
0.64

2 .6 9

1.36
2.31

Cho*

7 .4 3

9 .95

6.01

Cr*

5 .4 9

7.71

7 .0 9

GABA

0 .4 4

Gin

2.81

Glu

4 .5 9

GIv*

1.81

HTau

0 .0 3

0.36
2.49
2 .4 0

1 .20

0 .6 3
1 .90
4 .1 3

0.71
1.39
2 .1 7

0 .2 3

0 .00

1 .05

—

1.51
5 .41

—

5 .2 3

mmmm

4 .7 9

9 .9 6

—

5 .5 4

-------

9 .3 5

1 .6 8

1.61
1.70
4.61

1.71
3 .5 8

0 .04

0 .0 7

0 .2 0
0.68
1.82

0 .2 0
0 .78
0 .94

2 .1 3

0 .0 9

» »

1 .0 7

0 .00

0 .0 7

0.01

0 .6 0
1 .8 8
3 .5 0

0.01

0 ,0 0

0.01

2 .8 4

1 .2 5
5 .2 7

—

2 .2 2
8 .8 6
0 .6 8

6 .0 8
0 .7 6

0 .2 4

—
—

1.24
2.72
3 .68
—

0 .03

Ino*

0 .2 0

w

0 .3 6

____

0 .4 0

1 .3 4

____

1.01

....

2 .5 2

—

NAA

1 .1 7

____

0 .8 7

____

1 .25

3.11

____

5 .4 6

____

6 .3 7

—

NAAG

0 .2 9

mmmm

0 .2 6

0.41

mmmm

0 .3 3

—

0 .7 6

—

Suc*

0.71

-------

0 .8 3

—

0 .6 4

—

Tau

1 .1 8

0 .04

0 .0 7

Thr*
Tyr

1 .0 2
0 .61

____

00

w

1 .3 3

■■■■

1 .2 3

1.31

-------

4 .7 7

0 .2 0

3 .7 8

1.14

1 .2 8

0.19

____

0 .67

0.81
0 .8 0

» »

0 .35

1 .2 4
0 .6 8

1 .4 8
0 .5 4

range

m ean

range

m ean

range

m ean

range

m ean

range

m ean

range

0 .9 9

0 .6 0
0.03

1 .3 8

0.27
0.12

2 .2 0

2 .2 0

0 .6 0
0 .08

1 .1 8

0 .7 0

0.91
0 .16

1 .0 6

0 .18
0.04

3 .7 6

mmmm

2 .2 6

mmmm

0 .7 5

mmmm

mmmm

6 .2 8

mmmm

5 .7 6

mmmm

2 .9 3

mmmm

0 .3 6

0 .29
0 .27
0 .16

PI
m ean

0 .3 2

P4

0.01

P7

n.d.

Aap
Cho*

n.d.
n.d.

0 .2 2
1.45

Cr*

n.d.

1 .73

mmmm

1.4 7

GABA
Gin
Glu

n.d.

0 .1 0

0 .1 0

n.d.
n.d.

0 .9 0
1.19

0 .1 0
0 .26
0 .96

Gly*
HTau

n.d.
n.d.

0 .55

mmmm

0.51

mmmm

0 .0 8

0 .08

0 .0 6

0.01

Ino*

n.d.

0 .0 4

0 .0 6

mmmm

0 .4 2
1.1 5

0 .8 7
1 .2 9

0 .03

P 14

Ala

w

—

0 .0 0
0.23
0.39

0 .5 4
0 .4 7

0 .8 0

0.89

1 .0 3
0 .9 4

0 .66

—

Ad

2 .7 6

0 .7 6

mmmm

0 .21

mmmm

0 .0 3

0.02

0 .0 0

0 .0 0

mmmm

1 .5 8

mmmm

1 .0 8

mmmm

1 .37

mmmm

0 .1 3

0.06

0 .2 9

0 .9 8

0 .6 0

1 .5 7

0.36
0.72
0 .9 0

0 .3 3

2 .7 4

—

P21

0 .2 0
0 .08
1.13

0 .3 0

0.39

0 .9 4
2 .7 8

1 .4 6

NAA

n.d.

0 .6 6

0 .6 0

mmmm

2 .2 9

mmmm

2 .0 0

-------

2 .2 2

mmmm

NAAG

n.d.

0 .2 0

0 .1 6

mmmm

0 .2 5

____

0 .1 5

-------

0 .3 2

-------

Suc*

n.d.

0 .2 4

0 .2 4

mmmm

0 .7 0

mmmm

0 .7 4

mmmm

0 .4 9

mmmm

Tau

n.d.

0 .8 3

0 .67

0 .5 0

0.02

0.12

2 .1 6

2.01

0 .7 5

1.04

Thr*
Tyr

n.d.
n.d.

0 .7 0
0 .3 2

0 .8 5
0 .5 5

mmmm

0 .40

1.51
0 .3 0

mmmm

0.22

2.71
1 .7 7
0 .7 4

0.11

0 .6 0
0 .3 3

0.17

ON

—

PI

P4

mmmm

P7

0.10

P 14

mmmm

Ad

P21

m ean

range

mean

range

m ean

range

m ean

range

m ean

range

m ean

range

Ala

1 .0 9

1 .06

0.38
0.19

2 .3 5

1.02
0.21

1.7 7

0.62
0.26

1 .9 7

0 .2 7

0.31
0.17

1.21

Aap

0.08
0.01

0.36
0.77

Cho*

1 .0 6

5.7 5

5 .3 6

mmmm

4 .6 0

mmmm

4.6 1

mmmm

3 .8 0

mmmm

Cr*

1 .1 2

2.9 7

-------

2 .8 5

-------

7 .7 9

mmmm

5.61

mmmm

7 .8 0

-------

GABA

0 .0 7

0 .1 0

0.06

0 .0 7
1 .7 0

1 .8 2

2 .0 8

1.11
1.41

2 .9 0

0.06
0.89
0.77

0 .0 7

1 .6 0

1.93

0.01
0 .14
0 .87

0 .1 5

0.71

0.06
0.64
0.36

0 .0 9

Gin

0.07
0.36
1.46

0 .8 6

----

0 .4 8

mmmm

1 .6 6

mmmm

2 .2 8

mmmm

2 .4 5

mmmm

0.11

0.04

1 .6 3

0.09

0.06
0 .47
0.21

0 .4 4

1.63

0 .3 0

1 .5 3

0 .3 9

0.61

0 .7 2

1 .1 8

Glu

0 .8 3

Gly*

0 .6 6

HTau

0.31

0.26

0.17

0 .06

0 .0 9

0.09

0 .1 3

0.11

Ino*

0 .3 0

----

0 .3 6

----

0.91

mmmm

3 .0 9

mmmm

3 .2 5

mmmm

6 .0 5

mmmm

NAA

n.d.

----

n.d.

----

0 .1 4

mmmm

0 .0 0

mmmm

0 .3 3

mmmm

1 .1 4

mmmm

mmmm

0 .8 9

mmmm

1 .6 9

mmmm

4 .5 8

____

1 .8 9

____

0 .1 0

2 .1 2

NAAG

n.d.

----

n.d.

« —

0 .0 6

Suc*

0 .7 9

----

1.28

— -

0 .8 8

1.46

3 .1 9

1.80

1 .5 2

0.41

2 .0 6

1.13

0 .7 5

0.13

0.51

1.9 2

—— -

1 .45

mmmm

3 .3 5

mmmm

1 .4 3

____

1 .5 3

0 .1 2

0.09

0 .4 7

0.09

0.41

0 .35

0 .4 7

0.05

0 .1 5

Tau

1 .7 2

Thr*

1.01

Tyr

0 .0 6

0.03

1 .6 3

1 .2 3

mmmm

0 .2 0

Table 7.1,
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BS

PI

P4

P7

m ean

range

m ean

range

m ean

Ala

0 .9 4

0 .8 4

0 .5 6

0.11
0.12

2 .3 3

Aap

0.74
0.04

0 .8 5

Cho*

6 .3 3

----

6 .5 5

— -

Cr*

6 .0 2

—

7 .5 7

—

GABA

0.91

Gin

3 .4 3

Glu

3 .7 7

GIv*

3 .0 9

HTau

0 .0 2

0 .04
1.12
1.10
-------

0.01

1 .3 6
4 .9 4
4 .6 9

0.04
0.35
0.21

m ean

range

m ean

range

0 .7 2

0 .4 5

1 .5 8

0 .26
0 .9 7

0.12
0 .57

—

4 .9 3

—

2 .0 4

—

1.71

——

6 .2 0

——

7 .3 5

—

7 .0 8

0 .5 0
0.38
1.13

3.21

0.41
1.85
0.98

1 .7 0

1.41
8.11
2 .7 3
6 .2 6
7 .0 9

Ad

range
2.31
0.94

m ean

1 0 .4 2

P21

P 14

range
0 .38
0 .34

3 .2 4

3 .2 0
5 61

3 .3 7

-------

4 .1 3

——

5 03

0 .0 5

0.04

0 .0 9

0 .12

0 .0 7

—

0.07

2 .4 3

2 .6 6
5 .4 8
2 .6 7
0.01

0.41
1.09
1.23
—

0 .0 0

1 .1 8

0 .8 5
2 .6 9
3.01
2.31
0 .0 2

—
—

0.29
1.30
1.04
—

0.03

Ino*

2 .8 6

—

2 .4 0

—

3 .2 3

mmmm

1 .9 0

—

2 .3 7

—

2 .9 7

—

NAA

1 .8 9

—

2.31

—

2 .9 3

-----—

3 .7 6

—

4 .6 0

—

3 .8 6

—

NAAG

0 .5 8

—

0 .7 3

—

1.07

-------

1 .1 7

—

1 .2 0

—

1 .3 9

—

Suc*

1.31

—

1 .4 2

—

1 .4 3

—

0 .7 2

—

0 .4 8

—

0 .5 2

Tau

2 .1 2

0.53

Thr*
Tyr

0 .6 8
0 .1 0

0.1 0

CB

—

0.25

0.81
0 .5 4

0.04

—

P4

PI
m ean

1 .1 0

range
0.79
0.21

m ean

1 .55

0.77

1 .17
0 .2 7

0.33

—

m ean

0 .06

1.2 5
0 .4 6

0.26

—

P 14

P7

range
0.88
0.25

0 .3 7

range
0.51
0.27
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7.3.2. Comparison of the tissue spectra and metabolite evolution patterns
*H-NMR spectra obtained from extracts of CX displayed signals from NAA at all
ages, but the relative intensity of NAA increased with age up to a maximum value in
adulthood. This reflected the sharp elevation in the concentration of NAA in rat CX
during the postnatal maturation and development (HPLC analysis), CX being the
tissue which in adult brain displayed the highest NAA content.

An increase in

concentration with age was also observed for other neuroactive metabolites such as
GABA, Ino and NAAG (quantification both from spectra and by HPLC), the
maximum being attained in samples from adult CX (Figure 7.1). Doublet signals of
medium intensity from Ala and Thr were present in spectra from CX at all ages, but
the pattern of evolution of Ala showed an overall upward trend.

The Glu

concentration increased dramatically with age up to P21 (8.9 nmol/mg tissue). There
was a sharp concentration increase from P, to P4 for metabolites such as Tau and
Cho, followed by a decrease to a minimum at P21 (Tau) or in adult (Cho). For Cr,
a stepped increase postnatally up to P14 (maximum value) was followed by a decrease
to the minimum value around P21.

Differentiating features of the ^H-NMR spectra from CC compared to spectra from
CX were higher intensity signals for Ala, NAAG and Gly (relative to the intensity of
the Cr peaks), the presence of the /?-HB doublet, and a slightly more complex pattern
of resonances overlapping in the 3.2 ppm region (Appendices 2.3 and 2.4). The
amounts of metabolites per tissue weight were usually lower in CC than in CX for the
metabolites examined, with the exception of HTau. The concentration of HTau, and
of compounds such as Cr, Cho, NAA, Glu, Ala and Tau attained maximum values
in tissue at P 14. The increase in Glu was similar to CX, but less gradual.

The

evolution patterns of metabolites such as Gin, GABA, Ino, Tau and Cho were similar
as in CX, but delayed for Tau and Cho. CC displayed the lowest concentrations of
Cho in adult brain tissue.

Spectra obtained from extracts of CB had similar characteristics with spectra from CX
preparations, with the exception of a more complex pattern in the region 3.0-3.5 ppm.
The concern rations of metabolites in the two tissues were usually different but similar
evolution patterns were observed for Glu, Ala, Tau, HTau, Cr, GABA and Ino, with
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maximal concentrations reached at P? for Cr and free amino acids (Gin, Ala and Tau).
Compounds such as Glu, GABA, NAA, NAAG and Ino increased in concentration
with age, reaching the maximum value in adult CB (NAA had a smaller increase with
age than in CX). There was the same time-course for the evolution of Cho as in CX,
but with a greater drop in the CB tissue (Figure 7.1). Higher concentrations in CB
compared to CC, CX and OB of the same developmental age were attained by
metabolites such as Cr, Cho, Gin and Ino.

Spectra from BS tissues at all ages were similar to spectra from CB samples, but there
were differences in the time-course of variation of metabolite concentrations during
postnatal development and maturation.

The Ala concentration increased to a

maximum around P 14, and this was the highest value of Ala concentration observed
in any of the tissues examined at all developmental ages. NAA (and to a lesser extent
NAAG) increased continuously until adulthood, but the increase in NAA was less
dramatic than in CX. Ino peaks were present at all ages in the spectra, the evolution
with age of the Ino concentration showing an overall increase. Metabolites such as
Glu, Gin, Cr and Cho had analogous upward profiles of evolution in BS after birth,
with a maximum around P 14.

Tau was the only metabolite which showed a

progressive depletion during the growth and maturation of the postnatal BS. Tissues
such as BS, CX, CB and OB displayed low concentrations of HTau at all ages, with
values ranging between 0-0.13 nmol/mg tissue (Table 7.1).
^H-NMR spectra obtained from samples of OB had similar appearance with spectra
from CX. There was also a similarity in the amounts of metabolites such as Ino, Ala,
Cr, Gin and HTau per amount of tissue present in these two brain regions, but they
had different evolution profiles with developmental age. Lower NAA and Cho, but
higher GABA, Glu and Tau were characteristic to samples from OB compared to CX
of the same age. OB had the highest concentration of Glu and GABA of all brain
tissues examined at all ages, and displayed the highest increase in the concentration
of GABA from neonate to adult (i.e. from 1.0 nmol/mg tissue (range=0.2) to 8.6
nmol/mg tissue (range=3.2)).

There was a progressive depletion in time of the

concentrations of Cho and Gin from neonate to adult OB, while the Ino concentrations
displayed a progressive increase with age. Compared to other brain tissues of the
same age, OB samples contained the highest amount of Tau per amount of tissue.
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Figure 7.1. Concentrations and evolution patterns (charts) of several metabolites in
various brain regions at key ages during the development and maturation of brain.
Amounts of metabolites were referenced to the amount of tissue in sample (nmol
metabolite/mg tissue). For each anatomical brain region the results for 10 metabolites are
represented; see a) - glutamate (Glu), glutamine (Gin), alanine (Ala), taurine (Tau),
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spectra obtained from ON samples were of poorer quality than spectra from the other
brain regions, due to very reduced amounts of biological material avcdlable for
preparation of tissue extracts (Appendix 2.7).

Nevertheless, there were features

differentiating ON spectra from NMR profiles of other brain regions presented so far,
including the absence of signals from NAA and GABA, and high Ala and Thr signals
(compared to Cr peaks). There was a dramatic increase with developmental age in
the concentrations of Cr and Ino, and an upward trend for Glu and NAA. NAAG
became NMR-visible in samples from ON only after P7. This was consistent with the
results of quantification of NAAG by HPLC, showing an elevation of NAAG
concentration in ON with age (NAAG was below the limit of detection in samples
before P7). ON displayed the highest NAAG and Ino concentrations in adulthood of
all the tissues examined. Ala and Glu in ON reached similar values to CX, and the
evolution of Glu and Cho was also similar. There were lower values of the amounts
of metabolites per amount of tissue in ON than in CX, with the exception of Ino and
HTau (Table 7.1).

NMR profiles from retinal (EY) tissue at all ages had several discriminating features
compared to spectra from other brain regions, such as the presence of /3-HB doublet
and the absence of signals from NAA, NAAG, GABA.

There were also lower

signals from Glu and Gin, and higher signals from Sue (Appendix 2.5). This was
consistent with the EY samples displaying the lowest concentration of Gin and Glu
of all brain regions examined. The concentrations of NAA, GABA and Ino were also
low, whereas the concentration of Cho was consistently high. In fact, EY displayed
the highest concentration of Cho at all developmental ages. There was a massive
increase (about 60 times from neonate to adult) in HTau and Tau with developmental
age, and HTau reached the highest concentrations among all tissues of the same age
examined (Table 7.1).

The values and evolution patterns for Gin and Ala were

similar to CX.
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7.4. DISCUSSION

jThis is probably the first ^H-NMR study of independent brain regions throughout the
development and maturation of the CNS from neonate to adult. The concentration of
metabolites present in several brain tissues at key ages during brain development were
assessed by *H-NMR spectroscopy correlated to HPLC analysis of the tissue extracts.

In the development of rat brain from neonate to adult, the first three weeks (up to ? 2i)
are the phase of the most rapid growth, characterized by extensive changes. This
multitude of changes, although smaller in brain than in other organs, involve an
increased rate of cerebral protein synthesis, and definite structural and functional
alterations of the cerebral tissues leading to the maturation of cell populations present
in brain. There is a higher exchange rate between free and protein bound amino acids
than in adults.

The developmental changes are not linear, due to the fact that

alterations in metabolite transport are not necessarily parallel to the developmental
changes in concentrations of metabolites. The most likely factors involved in changes
in the metabolite pool seem to be intracellular metabolism and membrane transport,
together with possible regional heterogeneities of certain enzymes [112,114,118].
There is also a decrease in brain water content, which probably explains the overall
increase in metabolites per wet weight.

This study showed that a uniform change taking place in tissues such as CX, CB, BS,
ON and CC was an increase in the concentration of Cho in the first days after birth
up to a maximal value around P4-P7 (P14 in CC), and decreasing after that to the adult
values. These results were in agreement with a previous study on the whole rat brain,
where a slight increase in the overall concentration of Cho was followed by a tailed
decrease to P21 [112]. There is no consensus about the chemical species that give rise
to the Cho peak in vivo, but it is likely that PC, GPC, free choline, acetylcholine, and
plasmalogen are responsible for the complex peak at 3.2 ppm [119]. It is known that
the major fate of choline in the brain is acetylcholine synthesis, and that the rate of
de novo biosynthesis of choline in the brain is negligible - the main supply being the
uptake from the dietary Cho [120]. Consistent with these observations, the initial
increase in the concentration of Cho in the tissues mentioned above could take place

157

in order to support a higher synthesis of membrane phospholipids in neuronal and
glial cells, and of acetylcholine in cholinergic neurons [121]. An unexpected result
was that retinal tissue displayed the highest amount of Cho per amount of tissue at all
developmental ages, and it had the highest concentration of Cho among adult brain
of all tissues examined.

It has been shown on cultures of purified cell populations that oligodendrocytes
contain the highest amount of Cho per amount of protein, while cortical astrocytes and
neurons contain less [65]. In these conditions, the finding that among cerebral tissues
examined the highest content of Cho in adulthood was shown by CX (4.8 nmol/mg
tissue), whereas CC had the lowest Cho content (0.75 nmol/mg tissue) appeared
controversial.

Such a result could be accounted for by the possible errors of

quantification of Cho from NMR profiles, due to the complexity of the region around
3.2 ppm in spectra from brain tissues. Firstly, the assignment of individual signals
was very difficult due to a complex structure of the Cho peak (see above), and
secondly, other compounds such as glycerophosphoethanolamine, phosphoethanolamine, and possibly carnitine could also have contributed to the signals of Cho (most
of these spectra seem to contain ethanolamine or possibly phosphoethanolamine especially the retinal cell extracts). No independent method for the quantification of
the individual components making up for the Cho peaks was available.
In the individual brain tissues examined, the evolution of Cr concentration with age
followed a general upward trend up to P21. Cr evolution showed maxima around P7
(in BS and CB) or P 14 (in OB, ON, CX and CC). This time-course coincided with
the period of most active myelination in rat brain, which takes place in the first three
weeks after birth, and with the finding that the greatest increase in the amount of
creatine kinase - an enzyme that may be involved in meeting the energy requirements
of myelinogenesis - occurs during the first 12-15 days postnatally [122]. The results
were also in agreement with previous observations from developmental studies on
whole rat brain, showing that the concentration of Cr and PCr increases during brain
maturation up to P21 [ 112].

It was found that the amount of Cr was higher in CX than in CC or ON at all
developmental ages. This does not appear consistent with the data regarding the
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cellular composition, when considering the characteristic metabolic features of these
tissues, derived from cell culture work [65]. As opposed to CX (grey matter), CC
and ON (white matter) both contain high populations of 0-2A progenitor cells in the
early stages of the brain development up to P7, after which their main cell population
consists of myelinating oligodendrocytes which have been shown to contain the
highest amount of Cr [65] and creatine kinase [122,123] compared to neurons and
astrocytes.

But such a result could be explained by the finding that grey matter

contains in fact higher concentrations of PCr than white matter [123]. Cr in vitro is
the sum of Cr+PCr in vivo because hydrolysis of PCr to Cr occurs in the process of
tissue extraction [35]. Additionally, adult rat grey matter is characterized by a higher
creatine kinase activity [123] than white matter. The similar values and patterns of
evolution for Cr values obtained for brain regions such as BS, OB and CB were
consistent with the comparable cellular composition of these tissues containing similar
proportions of both grey and white matter.

Relatively low amounts of NAAG (compared to the NAA levels) and a low increase
of NAAG concentrations during brain development were displayed by the brain tissues
examined, with the exception of BS where NAAG increased markedly (about 2.5
times from neonate to adult), results which were both in agreement with previous
studies [111,124].

An unexpected finding in the context of the observations that

NAAG seems to be located within discrete neuronal populations [124] was the high
NAAG content of adult ON. NAAG concentrations increased in ON up to adulthood
reaching values even higher than BS.

No evidence was found to support the

observation that NAAG concentration is higher in white matter than in grey matter
in adult brain [94], as lower values were obtained in CC than in CX.

It has been shown that NAA, which is primarily located in neurons [77,125] and
regarded as a ^H-MRS neuronal marker [35], is also found in 0-2A progenitor cells
in even higher amounts than in neurons, and in immature oligodendrocytes [110]. A
compatible finding in this context was that all rat brain regions studied displayed
progressive and substantial increases in the NAA concentration with developmental
age, in agreement with other observations [111]. This result was consistent with
studies on whole brain indicating that the overall amount of this neuroactive
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metabolite ncreases about 6 times from birth to the 20th day postnatally [126].

The quantity of NAA in brain varied regionally and with developmental age, in
agreement with results from other studies [111,126]. The highest increase in the
NAA concentration (7 times) from neonate to adult was shown by CX, followed by
CB and CC (5, and 4 times respectively). CX displayed the highest concentration of
NAA in adult brain, in agreement with previous studies demonstrating that grey
matter contains higher amounts of NAA than white matter in adult brain [94,126].
The smallest increase in the NAA concentration in the developing brain was
characteristic of retinal (EY) tissues, consistent with the finding that EY is the tissue
that contains the lowest levels of the enzyme involved in the synthesis of NAA from
acetylcholine and Asp [126].

The substantial increase in the NAA concentration between P7and P21 in brain regions
such as CB, OB, and BS was consistent with the finding that the period of most active
myelination is between day 9 and 20 after birth, and with the suggestion that NAA
may act as a donor of acetyl groups for lipid synthesis, especially for myelination
[110]. It is not yet understood why in adult brain, even when active myelination has
ceased, NAA concentration remains high [111]. It has been shown that NAA in adult
rat brain seems to be located primarily in neurons [77].

All individual tissues studied displayed an increase in the concentration of NAA, and
a general depletion of the Tau concentration during brain development and maturation,
in agreement with previous studies showing that after birth there is a reversal from
the fetal situation where there is a low NAA and a high Tau concentration [127]. The
profile of evolution of Tau in rat brain showed an initial increase in the concentration
of this amino acid in most of the tissues (up to around P4 or P7), followed by a
continuous decrease to the adult value, consistent with the tendency observed in whole
mouse brain [113]. In agreement with the observation that the regional distribution
of the non-essential amino acids is heterogeneous [118], there was a great regional
inhomogeneity in the Tau concentrations at the developmental ages examined. The
highest values in the neonatal rat brain were found in the OB, and the lowest in EY
(retinal tissue), while BS was the tissue that displayed the lowest concentrations of
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Tau in adult brain. Tau was the metabolite displaying the largest quantitative changes
during brain growth and maturation, consistent with other observations [114].

Retina (EY) was the only tissue of those examined that displayed a tremendous
increase of the Tau concentration from neonatal to adult value. This finding could be
explained in the context of the roles attributed to Tau in the CNS, of an inhibitory
neurotransmitter or neuromodulator [45], as retina contains inhibitory intemeurons.
Furthermore, this result was consistent with the important role of Tau in vision, as
revealed by dietary studies on other mammals (e.g. cat), which have shown that a
dietary deficiency of Tau can be associated with retinal degeneration [128]. A finding
compatible with the fact that HTau is the immediate metabolic precursor of Tau [65]
was the expression of HTau at high levels by the retina tissue, with a parallel pattern
of evolution with age for Tau and HTau.

HTau, which has been shown to exist at high levels only in purified populations of
0-2A progenitor cells and oligodendrocytes [65], was found among cerebral tissues
in significant concentrations only in CC an ON, tissues which contain these types of
cells. The concentrations of HTau in the other cerebral tissues examined were low
or very low, in agreement with previous studies [93,112,114].

Another big quantitative change in the brain tissues examined was a progressive
increase in the levels of Glu during development, in rates varying between 1.3 and
2.6 times, in agreement with other observations [114,118]. The increase in the Glu
concentration has been shown to be one of the characteristics of brain maturation
[129]. Consistent with the observation that in mature brain Glu is the most prevalent
neural amino acid [130], regional differences in the expression of Glu were obtained.
Tissues such as ON, CC and BY contained the lowest amounts, whereas CX had the
highest content of Glu at all developmental ages. These findings were in agreement
with previous studies indicating differences between grey and white matter in the
distribution of Glu, and consistent with the fact that this neurotransmitter is
neurophysiologically functional in cortical tissue [118].
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It is known that Glu and related metabolic compounds (GABA and Gin) are present
in high amounts in the pool of free amino acids characteristic to the brain [130]. Of
the brain regions examined BS, OB, CB and CX displayed high amounts of GABA
which increased steadily from birth to adulthood, consistent with the observation that
a rapid increase in the concentration of GABA occurs perinatally [118]. The initial
increase in Gin content was continued until adulthood in tissues such as CX, ON, CC
and EY, whereas in the other regions it was followed by a decrease with
developmental age.

A postnatal increase in the concentrations of amino acids

including Glu, Gin, Asp, GABA, and decrease in Ala and Gly was observed in all
cerebral tissues examined, associated probably with changes in the transport of amino
acids, and consistent with observations on whole mouse brain [113]. These findings
support the idea that a development of the metabolic processes, TCA cycle and other
enzyme systems takes place in brain, by which energy for structural maintenance is
provided [113,118].

Grey matter-containing tissues had a higher GABA, Glu, Gly and Asp content than
tissues such as CC and ON.

The finding that there were differences in the

concentrations and patterns of evolution of these compounds in the regions examined
was in agreement with observations that the distribution of neurotransmitter
metabolites follows the neuroanatomical areas, being the highest in regions where they
are neurophysiologically functional [118]. A novel and unusual observation was that
the highest GABA content of all tissues in rat brain at all developmental ages including in adulthood - was present in OB.

Ino was the compound that showed a continuous increase with developmental age in
all brain tissues examined, consistent with observations on whole rat brain where the
free Ino content increases 2-fold in the first 8 postnatal weeks [61]. Tissues such as
CC, EY and ON displayed the lowest concentrations of Ino, whereas the highest Ino
content was characteristic of CX, possibly in concordance with the functions that have
been suggested for Ino in brain, including a ’growth requirement’ for cells, an
osmoregulator, or even a storage form for glucose [130].
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7.5. CONCLUSION

The results of this study were in agreement with findings from developmental studies
on whole rat and mouse brain, and from investigations on regions of adult rat and
human brain.

This study showed that the qualitative and quantitative aspects related to the presence
of metabolites in each brain tissue at all key ages during brain growth, development
and maturadon were linked to the cellular composition of the tissue:
1). the highest values for NAA were found in grey matter as opposed to white
matter;
2). compounds such as Cr and Cho were present in the highest levels in CX and
ON, tissues rich in astrocytes and oligodendrocytes, cells which have been shown to
contain high amounts of Cr and Cho;
3). the presence of HTau in CC and ON was consistent with the metabolic profiles
of 0-2A progenitor cells and oligodendrocytes, cells composing these tissues.

The novel findings of this study on anatomical regions of rat brain at various
developmental ages were:
1). metabolites such as Cho, Tau and HTau were present in the highest
concentrations in retina (EY) tissue at all ages examined;
2). the highest GABA content at all developmental ages was characteristic to OB;
3). the highest concentration of NAAG in adult tissue was obtained in ON.
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CHAPTER 8

GENERAL DISCUSSION AND CONCLUSIONS
The work described in this thesis was mainly carried out on extracts obtained from
cultured cell lines derived from surgically resected human brain and nervous system
tumours. In addition, extracts from cultures of normal rat meninges and from rat
brain tissues were investigated.

Apart from gliomas (cell lines of glioblastoma

multiforme and astrocytomas), human tumours such as meningiomas, neuroblastomas
and primitive neuroectodermal tumours were studied.

Cell cultures were

characterized at all stages in culture by immunolabelling with specific antibodies. All
metabolite extracts were qualitatively and quantitatively analyzed by ‘H-NMR
spectroscopy, followed by chromatographic (HPLC) determinations.

8.1. SUMMARY AND GENERAL DISCUSSION

The evolution of tumour classification has been correlated with the development of
methods for identifying the normal cells from which tumours arise.

Purely

histological criteria for tumour classification have been gradually supplemented with
cytogenetic and immunocytochemical analysis. For example, the antigenic phenotype
of the most common type of human brain tumours, gliomas, has been examined in
vitro and in situ with antibodies which had been useful in studying normal glial
populations in rodents and humans. It has been found that there is a remarkable lack
of correlation between the antigenic and the morphological classification of individual
tumours, and that the families of tumours recognized by immunocytochemical analysis
are substantially different from those recognized by the analysis of cytology [116].
Consequently, it has become of increasing interest to apply new tools to the study and
characterization of gliomas, and of brain tumours in general.
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NMR spectroscopy is a technique which, since it was discovered 50 years ago, has
been applied to physics and chemistry, and more recently to biochemistry, physiology
and medicine. ^H-MRS is particularly important for the study of biological systems
in vivo and in vitro as it can give a metabolic picture of the hydrogen-containing
metabolites present above a certain threshold concentration in the sample analyzed.
The *H-NMR spectrum in vivo is an average (over the sensitive volume) of all the
tissue types, and for a given tissue type, of all cell types and extracellular space [23].
Therefore, one of the main points concerning ’H-NMR spectroscopy in vivo is to what
extent the spectral data contain cell type-specific information, ’fingerprints’ of the
types of cells in the volume of interest. This issue is of particular concern in the case
of brain tumours, as to whether the individual cell populations of a particular type of
tumour contain cell-specific metabolite markers, or whether the ratios of metabolites
detected by MRS in vivo are sufficiently specific to a cell type to allow the
contribution of a given cell type to the spectrum to be determined. It has been shown
recently, in the analysis of pure populations of neural cells by ‘H-NMR spectroscopy
in vitro that there are indeed both cell type-specific metabolites, and characteristic
metabolite ratios that could distinguish one cell type from another [65]. Thus, it
appears that the metabolite patterns revealed by 'H-NMR spectroscopy are as specific
for a given cell type as are cell morphology and antigenic phenotypes. These results
suggest that ‘H-NMR spectra may serve as alternative or complimentary markers to
antigens in cell recognition [30].

In this context, ‘H-NMR spectroscopy was employed in the experiments described in
this thesis in order to detect metabolite markers, or metabolic ratios characteristic to
each of the types of brain tumours studied, in conjunction with immunocytochemical
techniques of characterization of cultured cells from the tumour cell lines studied, and
with the chromatographic analysis of cell extracts.

Questions have been raised many times about the value of findings from experiments
carried out on cell cultures, and about the reproducibility of results obtained in such
studies.

These issues are important, as cultured tumour cell lines are a valuable

research instrument, and in some cases - including the work carried out in this thesis cell cultures are the only tools available to expand the amount of biological material
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obtained from a unique tumour. Questions have arisen because it is known that the
dynamic properties of cell cultures are sometimes difficult to control [70], and that
both the cellular composition and the biochemical characteristics of a cell culture can
be influenced by factors such as the type of medium, the type of serum, the culture
vessel and different additives [131].

The results presented in Chapter 3 have a bearing on these concerns. It was found
that under conditions when cell culture medium, serum supplement of the culture
medium, culture flasks, temperature, incubation conditions, degree of cell confluence
at passage, procedure and timing of cell harvesting, and the metabolite extraction
method are maintained constant throughout the experiments performed, the results
obtained employing these techniques are reproducible.

The study described in

Chapter 3 demonstrated that the passage number of a cell line did not affect the
metabolic profiles obtained from cultures of that cell line, within the range of passage
numbers used.

Furthermore, this study confirmed that although cell culture

procedures md methods of extract preparation could be a source of variability [62],
in studies performed in carefully controlled conditions, these potential problems can
be readily overcome.

The results from the cell type-specific fingerprinting of rat meningeal cells and human
meningiomas, presented in Chapter 4, reinforced the findings revealed in Chapter 3
about the reproducibility of cell culture results in carefully controlled conditions. ‘HNMR spectra from primary cultures of rat meninges were very similar to previously
reported spectra obtained from populations of rat meningeal cells [65]. Furthermore,
it was found that all human meningioma cell lines displayed similar

^H-NMR

profiles, which also showed striking similarities with *H spectra reported from extracts
of meningk mas from human biopsy samples [35].

A finding with potential relevance for the ability of ^H-NMR spectroscopy to be used
as a tool for non-invasive differential diagnosis of human tumours was the presence
of distinctive features in spectra from rat meninges compared to spectra from human
meningiomas. These dissimilar features were metabolites and metabolite ratios such
as Cho, Cr, Glu, Tau and PC/GPC, which if proven to be independent of species
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differences but due to the transformation process, might enable neoplastic tissue to be
distinguished non-invasively by ‘H-NMR spectroscopy from normal tissue [96].

Results presented in Chapter 4 revealed that there were also common features shared
by normal rat meningeal cells and human meningiomas, which made them
distinguishable from other pure populations of neural cell types [65].

These

metabolites - including jS-HB, Ala, Gin, Sue, Ino, Thr and possibly Gly - appeared
to be conserved qualitatively and quantitatively across species and across
transformation from normal to tumour tissue [96]. These findings were also mirrored
in the results presented in the second part of Chapter 5, where ^H-NMR profiles from
human astrocytomas were discussed. It was found that several qualitative spectral
characteristics (resonances from jS-HB, Ala, Gin, Sue, Ino and Thr) were common to
preparations from rat astrocytes and from human astrocytomas. Results such as these
led to the conclusion that there might be certain metabolites that are so specific to a
type of cell, that they are conserved across species and through transformation from
normal to tumour cell.

It has been shown that metabolic characteristics of cancers have features in common
with other cells that have a high rate of proliferation, and that some of the attributes
of metabolite patterns obtained by ^H-NMR spectroscopy in vivo and in vitro from
brain tumours are non-specific manifestations of the replacement of normal brain with
disease [221. For example, NAA, a neuronal marker [35] is also reduced in most
brain diseases, including stroke, epilepsy, multiple sclerosis, dementia and metabolic
disorders [22]. Elevated Cho has been found in chronic multiple sclerosis plaques
[132] and epilepsy [133]. Increased Cho (especially PME) also occurs in benign
processes, such as myeloproliferative disorders, in neonatal brain and liver, and in
inflammatory processes such as viral and alcoholic hepatitis [22].

Hence there

remains the need for identifying more specific metabolite markers for types of human
brain tumours, that should be detectable by ^H-NMR spectroscopy.

The results presented in Chapter 4 of this thesis, from the comparison of metabolic
profiles of different human brain and nervous system tumours are of great relevance
to this issue.

Metabolite patterns in vitro obtained by ^H-NMR spectroscopy in
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conjunction with HPLC, from human meningiomas, neuroblastomas and glioblastomas
were analyzed comparatively. Statistically significant differences were found among
those brain tumours belonging to different classes and groups [5], in metabolites such
as Ala, jS-HB, Cr, PC, Glu, Thr, Ser, Tau and GABA, in the PC/GPC ratio, and in
the metabolic ratios of Cho, Ala, Asp, Glu and Gly to Cr. These findings suggested
that it is possible to discriminate unambiguously among meningiomas, neuroblastomas
and glioblastomas, irrespective of their source, on the basis of their ^H-NMR spectra
[134].

The results obtained from the comparison of human glioblastoma multiforme and
human astrocytomas presented in Chapter 4 revealed that - in line with the recent
classification by the World Health Organization of these brain neoplasms within the
same group, of astrocytic tumours [5] - there were considerable metabolic similarities
in their ‘H-NMR profiles.

In addition, statistically significant differences were

obtained in the expression of some metabolites (including Ala, /3-HB, Gly, Ino, Ser
and Tyr) by glioblastoma multiforme and by astrocytomas, which suggested that -apart
from a similar overall incidence of the same genetic mutational events occurring in
these brain tumours [5] - there might be metabolic differences between these two
neoplasms.

Another experiment relevant for the potential use of ‘H-NMR spectroscopy to detect
metabolite characteristics specific to types of human brain neoplasms, and for the
future of NMR as a tool for non-invasive differential diagnosis of brain tumours, was
the investigation of cell lines derived from human PNETs. It is hoped that, on the
basis of metabolite features characteristic to cell lineages of neural cell types [65], this
study could also aid in elucidating questions concerning the cells of origin for this
group of embryonal tumours. The findings presented in Chapter 6 from the metabolic
profiling of human PNETs of various locations suggest that it is possible to
discriminate cerebellar medulloblastomas from PNETs of other locations in the CNS,
from normal human cerebellum, and from other brain tumours. The results showed
that PNETs of the cerebellum (medulloblastomas) have a characteristic metabolite
pattern reflecting their derivation from neural progenitor cells [135].
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In the light of all these studies carried out on tumour cell lines derived from various
classes and groups of brain tumours, it was considered useful to be able to associate
the possible lineages of these tumours with their normal counterparts. The intention
was to correlate the metabolic content of different populations of rat neural cell types
as previously described [65], with their regional and developmental expression in the
brain. No other study involving metabolic characterization and profiling by ‘H-NMR
spectroscopy of pure white matter during brain development was found in the
literature.

The experiments described in Chapter 7 produced metabolite profiles from anatomical
regions of normal rat brain during postnatal development, where different types of
normal brain cell populations are expressed in certain proportions at key ages during
development and maturation. The results of this study showed that the presence and
amounts of particular metabolites in each brain region were linked to the cellular
composition of that region.

It was found that grey matter (which contains the

neuronal bodies) had the highest NAA concentration, as opposed to white matter; that
cortex and optic nerve tissues, which are rich in astrocytes and oligodendrocytes
contained the highest concentrations of Cr and Cho; that corpus callosum and optic
nerve tissues which contain high proportions of 0-2A progenitor cells and
oligodendrocytes, contained the only significant amounts of HTau [136].

Although none of the individual metabolic characteristics observed in the studies of
various types of brain tumours described in this thesis appears to be specific for
cancer, there is yet untapped information in the spectra obtained.

Improved

specificity of the spectral metabolic information contained in the ‘H-NMR profiles
might result from the analysis of a multitude of spectral characteristics using linear
discriminant analysis or pattern recognition algorithms, such as the ones applied to
high resolution spectra from cancer tissues and normal tissues [66,67], or to ‘H-NMR
spectroscopic images of major intracranial tumour types [137]. Analysis by pattern
recognition techniques in artificial neural networks of the data presented would be the
next step in the interpretation of results described here.
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In order to determine the clinical utility of NMR spectroscopy in oncology, the
sensitivity, specificity and diagnostic accuracy of this method needs to be assessed.
Studies of prognosis and treatment response in patients with brain tumours require
large patient populations with the same type of tumour, in a similar location, and
managed in the same way [22]. The specificity and diagnostic accuracy of NMR
spectroscopy might be improved by making quantitative comparisons between brain
tumours and other brain lesions, by using spectroscopic techniques such as multivoxel
localization to overcome heterogeneity, proton decoupling of

acquisitions, short

echo time ‘H-MRS, and by applying computerized methods of spectral analysis, such
as artificial neural networks.

8.2. CONCLUSIONS

The work described in this thesis has shown the following:
1). The results obtained using cell culture techniques are reproducible when all the
procedures related to the growth of cell culture, harvesting and extraction of
intracellular metabolites are carefully controlled;

2). Within a certain range of passages, the passage number of a cell line does not
affect the metabolic profiles obtained from culture of that cell line;

3). It is possible to differentiate between rat meningeal cells and human
meningiomas on the basis of their ^H-NMR spectroscopic profiles - a finding with
potential relevance for the use of ^H-MRS in the non-invasive tumour diagnosis;

4). There appear to be certain metabolites that are so intrinsic to a type of cell as
to be conserved across species (e.g. rodent/human), and across transformation from
normal to neoplastic cell;

5). It is possible to differentiate among human meningioma, neuroblastoma and
glioblastoma multiforme on the basis of certain metabolites and specific metabolite
ratios from ‘H-NMR profiles of cell lines derived from these types of tumours;
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6). In addition to considerable metabolic similarities between astrocytomas of all

grades of malignancy and glioblastoma multiforme, there appear to be also metabolic
differences between these two neoplasms;

7). It is possible to discriminate human cerebellar medulloblastomas from primitive
neuroectodermal tumours of other locations in the CNS, from human cerebellum, and
from other types of brain tumours on the basis of their ‘H-NMR spectroscopic
profiles;

8). The *H-NMR spectroscopic profile of human medulloblastomas reflect their

derivation from neural progenitor cells;

9). The quantitative and qualitative metabolic constitutions of the anatomical
regions of the brain reflect the cellular composition of each region at key ages during
the development and maturation of brain.
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Appendix 1. Example of spectral fitting with deconvolution of the observed spectrum by
the software package TERCH’ (spectral region displayed is 2.05 - 2.7 ppm).
a) - observed spectrum;
b) - fitted spectrum
c) - difference between observed and calculated spectrum.
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Appendix 2.1. ^H-NMR spectrum o f adult brain stem (rat)
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Appendix 2.2. ^H-NMR spectrum o f adult cerebellum (rat)
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Appendix 2.3 . ^H-NMR spectrum of adult cerebral cortex (rat)
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Appendix 2.4. ^H-NMR spectrum of adult corpus callosum (rat)
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Appendix 2.5. ‘H-NMR spectrum of adult eye tissue (rat)
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Appendix 2 .6 . ^H-NMR spectrum of adult olfactory bulbs (rat)
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Appendix 2.7. *H-NMR spectrum of adult optic nerve (rat)
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