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ABSTRACT

After treatmeat with dexamethasone (DEX), neurologic
improvement occurs in patients with brain tumors, preceding a‘
reduction in brain edema; this may be due to an effect on
neurotransmitters. To explore this possibility further, levels of
noradrenaline (NA), dopamine (DA), 5-hydroxytryptamine (5-HT),
3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA).
5-hydroxyindole-3-acetic acid (5-HIAA), Y -aminobutyric acid
(GABA) and tissue water content were measured in tumor tissue
and peritumor (parietal), temporal, and frontal grey and white
matter to determine if DEX treatment affected neurotransmitter
levels in peritumor brain tissue.

A suspension of 106 9L glioma cells or medium alone was
" xenotransplanted into the parietal white matter of adult cats.
The brains were frozen in vivo on day 15 or when neurologic’
signs were evident. Concentrations of NA and DA and its
métabolites HVA and DOPAC were decreased in peritumdr and
temporal grey matter; all monoamine levels were unchanged in
frontal grey matter. Cats with neurologic signs had the lowest
concentrations of monoamines and their metabolites in their
parietal and tempbral grey matter, and increased GABA levels in
their tufnor, peritumor and frontal grey matter. Water content
was increased in peritumor white matter but normal in grey
matter.

Tumor-bearing cats without neurologic signs and control cats

were treated or not treated with DEX (0.25 mg/kg i.v. and 0.25



mg/kg i.m.), with the i.m. dose repeated once (DEX schedule 1) or
3 times (schedule 2) at 6-h intervals. In peritumor grey matter,
levels of NA, DA, and DOPAC were decreased; DEX 2 but not DEX
1 increased DA and DOPAC levels but neither schedule reduced
white-matter edema. Tumor-bearing cats with neurologic signs
were treated or not treated with DEX 1. Four of 5 treated animals
sswproved neurologically. Treatmient shifted regional monoamine
sud GABA leveds tnw. e control levels but did not reduce brain
edema. ‘

“The findings indicate that DEX'S acute beneficial effect in
patients with brain tumor may result from elevation of the
depleted monoamine and metabolite levels and reduction of the

elevated GABA levels.
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CHAPTER 1 | REVIEW OF THE LITERATURE
1.1 Introduction

The effects of an intracerebral tumor on the function of
surrounding brain, and thus on the patient's neurologic status,
influence decisions concerning overall management as well as
specific antitumor therapy. Most patients with brain tumors
improve, albeit in a limited fashion, within 24 h after starting
steroid therapy; but, the biochei’nical events leading to their
impaired function, and the mechanisms leading to their
improvement, are poorly understood.

In the following sections, the feline 9L ghoma model used in
t-i: study will be compared with other experimental models. of
brain tumors. This review then describes the known effects of
tumors on cerebral metabolism in tumor-bearing brain and the
effects of dexamethasone (DEX) on these changes. The potential
role of neurotransmitter alterations on functions of tumor-bearing

brain and the early effects of steroid therapy are stressed.

1.2 Brain Tumor Models

Glial-origin tumors account for 45% of all intracranial tumors
(Zilch & VWéschler,' 1968). Despite i,mprovements in neurosurgery,
radio- and chemo-therapy, 90% of ‘patients with malignant gliomas

~ (glioblastoma multiforme) die w1th1n 2 years (Walker g_al 1973).



Although this is primarily due to tumor regrowth, edema of the
cerebral white matter contributes significantly to the mortality and
morbidity in these patients. The pathophysiology of peritumor brain
metabolism and associated edema is difficult to study in humans.
Serial imaging, which represents the muost effective method for
assessing tumor growth and peritumor edema, often is difficult to
achieve, and imaging to obtain control data must be performed in
separate groups of patients or normal volunteers. Testing of
experimental drugs can be done only under exceptional
circumstances and tissue sampling to evaluate correlative
biochemical changes caused by the tumor and‘ associated edema is
restricted.

Peritumor brain edema is mainly vasogenic (Klatzo, 1967). This
type of edema is characterized by increased brain water and sodium
content, increased permeability of capillary endothelial cells to’
macromolecules such as albumin, and an expanded extracellular
space occupied by protein-rich edema fluid. A widely used
experimental model for vasogenic edema consists of a small freezing‘
lesion to the surface of the brain. The origin of the resultant edema,
however, does not strictly correspond to peritumor edema because of
cortlcal tissue damage and release of tissue factors, which may
contrlbute to edema formation. Thus, definitive studles of perltumor
‘brain metabolism and edema require the development of suitable
‘animal brain tumor models.

" The ideal experimental model ' of huxﬁan brain tumors should have
the following :charactéristics (modified from Bigner, 1977): |

1) The tumor should‘be glial in composition.



2) The tumor should grow in vivo and be serially transplantable to
the animal brain.

3) Tumor take should be predictable, reproducible and umformly
fatal within a reasonable period of time. |

4) Survival spén should be long enough to permit therapy well after
the implantation procedure. |

5) The tumor should behave similarly to human brain tumors in its
response to chemotherapeutic drugs. ‘

5) The animal's brain size should be adequate for diagnostic studies
using imaging methods such as maghetic resonance imaging (MRI),
x-ray computerized tomography (CT) and positron emission
tomography (PET). |

6) The animal's brain size should be adequate for biochemical studies
of discrete brain areas.

There are several different ways of producmg brain tumors in
experimental animals; each has advantages and disadvantages
depending on the nature of the study for which the model is

considered.

1.2.1 Virally induced brain tumor models

Various types of viruses are able to induce transformation of
brain cells when injected intracranially.’ The DNA viruses,
adenovirus and papovavirus groups, and the RNA viruses, primarily
the retrovirus group, are all able to induce‘ brziin tumors ‘(Bullard' &

Bigner, 1982).



The most commonly used virus is the avian sarcoma virus (ASV).
The type of tumor produced depends on which brain region has ‘been
injected with the virus suspension. In the rat and dog, 100%
anaplastic astroytomas can be produced if virus injection is limited to
the cortex or subependymal plate (Bigner gt al., 1972, 1975;
Copeland, 1975). If the dose of inoculum is standardized there is a
high success rate; however, onset of clinical signs does not usually
occur for 1-2 months. Tumors induced by ASV have been produced
in larger laboratory animals such as dogs. Newborn beagle ‘puppies
were injected with ASV, with tumor latency ranging from 1-4
months and a success rate between 80-97% (Bigner et al., 1972,
Groothuis et al, 1981). This model has been used successfully for
studies involving ‘diagnostic imaging (Groothuis et al., 1981).

Human adenovirus 12, simian adenovirvuses 7 and 20 and avian
adénoviruses have induced tumors in hamsters, mice, and rats with
success rate between 8-93% and latency between 1-9 months.
Tumor induction with papoviruses such as the JC virus or Rous
sarcoma virus (RSV) has been. succéssful in hamsters, rats, rabbits
and monkeys but not dogs and cats (reviewed by Saris & Bigner,
1985).

JC virus has been inoculated into various types of monkeys with
success raf'af‘fw""*'hszing from 40-100% and a latency ranging from 4-40
days (Lo%don st al,, 1978; Rieth gt al,, 1980;). Recently, Schmidt%
‘Ruppin i ¢ © /7 was implanted into adult Japanese monkeys
(Macaca_ .~ ) [abuchi etal, 1985). With a 15-67 day latency,
brain tumors were induced in 11 (73.3%) of 15 RSV-inoculated

monkeys.



1.2.2 Chemically induced brain tumor models

A variety of neuro-oncogenic substances can produce neoplasia
when either implanted into the brain or administered systemically.
The main groups are polycyclic hydrocarbons and alkylating agents.

Polycyclic hydrocarbons such as 3-methylchloranthrene (3-MC),
benzpyrene, dibenzpyrene, dibenzanthracene and
dimethylbenzanthracene are effective when implanted intracranially
in pellet form. Tumors have been successfully induced in mice, rats,
and hamsters but have been unsuccessful in birds, guinea pigs,
rabbits, and monkeys. Latency varied from 2 months to 2 years with
a highly variable fumor incidence (Janish & Schreiber, 1977a).
Gliomas, ependymoblastomas, meningiomas, sarcomas,' or
medulloblastomas were produced, depending on where the agent
was placed in the brain (Zimmerman, 1959).

The most common alkylating agents used for the induction of
tumors are ethylnitrosourea (ENU) and methylnitfosourea (MNU).'
Carcinogenesis has been reported in rats,‘ rabbits, and dogs with very
variable latency (Schmidek et al., 1971; Swenburg etal., 1972
Janisch & Schreiber, 1977b). Groups of animals with MNU- or ENU-
induced tumors have not been used widely for treatment
experiments due to variable and long latency, and‘poor‘localization.,
These models are, however, valuable for the study of tumor

oncogenesis.



1.2.3 Transplanted brain tumor models

These models include all tumors capable of being sequentially
transplanted regardless of the original induction method.

There are four major types of transplantable brain tumors:

1) The murine ependymoblastoma cell line derived from tumors
induced by 3-MC (Zimmerman & Arnold, 1941).

2) The 9L, RG2, and C-6 cell lines derived from tumors induced by
either MNU or ENU (Wescher etal,, 1972; Chelmicka-Schorr gt al.,
1980; Weizaecker et al., 1981). |

3) The non-central nervous system (CNS)-derived tumor cell ‘lines
such as the L1210 leukemia model, the Walker 256 carcinoma cell
line, and the VX carcinoma cell line (Chirigos & Humphreys, 1966;
Skipper et al., 1966; Ushio et al., 1977; Morgan et al., 1982).

4) The human glial cell lines derived from human brain tumors
(Bigner et al., 1981).

The ependymoblastoma cell line grows very successfully in mice
(Ausman et al., 1970); however, ependymoblastomas are very rare
tumors in humans (less the 1% of the CNS tumors) and this limits the
applicability of this model to brain tumor research (Zilch, 1965).
Recently a rabbit model using transplanted VX-2 carcinoma has been
used for research using CT scanning and radiation therapy (Cochran
et al., 1985). There was a high rate of tumor induction and a short
latency period (8.5 days), although there was some var1ab111ty in

tumor size on a given day after tumor implantation.



The nitrosourea-induced tumors 9L and RG2 have been used for
mimy in vivo and in vitro studies, and the response to |
chemotherapeutic drugs is very similar to that seen in human tumors
(Rosenblum et al., 1980; Weizaecker et al., 1981). In Fischer 344 rats
the success rate is usually in excess of 90% with a latency of about 2
weeks (Weizaecker et al., 1981). These tumors have also been
induced in non-immunosuppressed cats (Hossmann et al., 1979,
Bayens-Simmonds et al,, 1988). Injection of 5 x 109 9L glioma cells
resulted in signs of increased intracranial pressure (ICP) 18-20 days
after implantation (79% success rate) while injection of 1 x106 cells
resulted in symptoms 14-16 days later (93% success rate) (Bayens-
Simmonds et al.,, 1988). Induction of the 9L tumors into rabbits was
not successful (Boisvert, personal communication).

Human glial origin cell lines have been now successfully
transplanted into nude mice and rats and immunosuppressed rats
and cats (Bigner et al., 1981; Maruo et al., 1982; Saris et al., 1984,

Kruschelnecky, personal communication).
1.2 Summary

There are many models for experimental studies of brain tumors;
" however, small animal models (mouse, hamster, rat) have serious

" limitations for the study of peritumor brain metabolism. Poor
dxtferentlatxon between grey and whlte matter, and small brain 31ze, -
make study with most imaging modalmes d1ff1cult and 11m1t both k
number and select1v1ty of biochemical anaiyses of regional tissue.

These problems can be largely overcome by the use of larger‘animal



hosts such as the cat, but this drastically reduces the choice of
models. ‘

Virally induced and transplantable brain tumors in cats, dogs and
nonhuman primates fit most of the criteria for an ideal brain-tumor
model: glial origin; growth in yitro with serial transplantation to the
animal brain; tumor ‘'take' predictable, reproducible, and uniformly
fatal within a reasonable period of time; survival long enough to
permit therapy; response to chemotherapeutic drugs similar to that
of human brain tumors; and brain size adequate for diagnostic
imaging and regional biochemical studies.  Additionally, virally
induced tumors are authochthonous (i.e. originating in the place
where found) and thus avoid the disadvantages inherent in
transplanted models: the necessity of invasive implantation of tumor
cells, and the possibility of tumor rejection in xenogenic hosts.
Limitations of these models are: the long and variable latency of the
tumors, which increases animal maintenance coSts and hampers
planning for experiments.

Tran. plantable tumors in cats appear to be the most‘cost~effective
model for study of peritumor brain metabolism because the tumors
can be implanted stereotactically with high success and short latency,
allowing tissue sampling at specific times. The feline 9L glioma
model may be especially suitable for neurochemical studies of

peritumor brain tissue.



1.3 Effects of Brain Tumor on Brain Function
1.3.1 Definition

Brain tumors are, in essence, foreign transplants into the brain.
They evoke pathological reactions in the surrounding brain by
various mechanisms, the two most important being:  the mass effect
of the growing tumor and changes in intracranial pressure, and the
cerebral edema around the tumor that aggravates the mass effect.
The importance of these mechanisms will be explored and their

impact on brain function will be discussed.
1.3.2 Mass effect and intracranial pressure

The connection between cerebral circulation and intracranial
pressure (ICP) is based on the principles of the Monroe-Kellie
doctrine (reviewed by Langfitt, 1982). The cerebrospinal fluid (CSF),
blood and brain in the cranial cavity are in a reciprocal quantitative
relationship. An increase in the mass of brain matter, e.g. a growing
brain tumor, must lead to a decrease in volume of blood or CSF. Up
to an ICP of about 40 mm Hg the brain can Inaintain its oxygen
supply at normal levels by reactive vasodllatlon and mcreased
oxygen extraction from blood (Mlller etal,, 1971) As ICP rises,
1schem1a and hypox1a develop, and once intracranial pressure

approximates systemic blood pressure, cerebral circulation ceases.



Intracranial pressure is quantified by mcosuring CSF pressure at
the levels of the cisternae magna or lumbar fossa. As the mass ot" the
brain expands, the CSF fluid becomes more compreqsed After a
certain point even small changee in brain volume wxll cause large
increases in CSF pressure, This is of clinical importance since rapid
changes in pressure indicate a life-threotening situation.

Brain tumors cause a mass effect in 3 ways: growth of the tumor
itself, intracranial hemorrhage in or adjacent to the tumor, and/or
increases in peritumof edema’.

Malignant gliomiis ‘may cause symptoms for only a few weeks
‘before massive increases in ICP occur whereas benign tumors such as
astrocytomas may cause symptoms for years (reviewed by Cobb &
Youmans, 1982). The onset of a mass effect is also dependent on the
location of the tumor. Medulloblastomas in the fourth ventricle grow
to impede the flow of CSF, leading to hydr‘ocephalus and increased
ICP, while tumors in the cerebral cortex can grow very large before
significant increases occur (Raimondi et gl., 1967). Hemorrhage is
common in or around gliomas and can lead to a sudden increase m

ICP with resultant deterioration of the patient (Bitoh et al., 1984)

1.3.3 Brain edema

Brain edema aggravates the mass effect of the tumor, thus
~ contributing to the development of neufological deficits and
intracranial hypertension. | | | | |

Peritumor brain edema is primarily vasogenic. Vasogenic brain

edema was first defined by Klatzo in 1967 as edema resulting from
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increased permea‘bility‘ of the blood-brain-barrier ‘(BBB) ~(Klatz'o,‘
1967). It is "characteriied byt

1) An increased bram water and sodlum content

2) An extracellular space expanded by a plasma filtrate contammg

‘plasma protein. |
3)‘ An increased permeability of brain capillary endothelial cells to

macromolecules | ,7

The BBB is a structural and physwlogical barner Brain capillary ,
endothelial cells are joined by tight junctions, and do not normally
exhibit pmocytotic transport of protems Amino acrds move through
the endothelial cells by active transport but larger peptides are not
| transported Structural malformations in intratumor cerebral blood ,‘
nvessels are the source of BBB disruption ‘These malformations
include fenestratlons, wide mtercellular junctions, an increase in
| pinocytotic vesicles and mfolding of tuminal surfaces (Long, 1970;
Hirano & Matsui, 1975; Waggener & Beggs, 1976). The pericapillary‘
glial endfoot barrier which forms an 1mportant part of the BBB,
mcomplete. In consequence, arterial hydrostatic pressure from
arteries within the tumor drives protein-rich fluid into the .
extracellular space’s of the tumor and surrounding brain.

In peritumor edema, the increase in water content is'greatest in‘
white matter adjacent to' the turnor; inwhite rnatter more remote
from the tumor there is a corresponding decrease in water content
‘(Hossr‘nann et al, 1979; Castro, 1986; Bayens-Simmonds et al,, 1988).
- Cortical grey matter generally has a normal water content or is only

‘slightly ~ edematous.



Hrstologlcally, neurons in the area of edema appear structurally

‘ ,normal whereas swelhng is most marked in ghal cells and there is

also 1ncreased space. between neurons . and astrocytes (Szymas &
‘Hossmann, 1984a). Astrocytes exhlblt mcreased pmocytosrs,
'probably due to uptake of protem Bram tumors also induce
increas: levels of glial f1br111ary acidic protein (GFAP) (Szymas &
~ Hossmann, 1984b)

Perltumor brain edema may not only be associated with an absent
BBB in the tumor. Phillipon g_tg_ (1984) found that the secretory-
excretory activity within memngroma tumor cells is closely
associated with the production of perltumor edema. Leukotrxenes,
known to induce brain edema, are seen in high concentrations in

brain gliomas (Black etal., 1987).
1.3.4 Clinical Neurologic Status

Neurologic signs and symptoms due to cerebral tumors may be
due to: |
1)‘Impingement of the tumor on a important structure such as a
nerve tract.
2) Associated cerebral edema causing increases in intracranial
pressure.
3) Compression of vital structures.
Signs and symptoms associated with cerebral edema progress as
ICP rises  ( reviewed by Berndt, 1982; Langfitt, 1982). Headaches,
‘often the first complaint, are perceived as intense and diffuse in

character, and frequently accompanied by vomiting. Psychological



changes, when they océur, are characterized by loss of interest,

indifference, lack of spontaneity and affective condityions. These
changes then progress to impaired memory, disorientation, and

inability to concentrate; later, there may be periods of disturbed
consciousness. | ,

Papilledema is ohe of the most common signs of cerebral edema
although its absence does not rule out increased ICP.

As brain edema and ICP increase, portions of the brain beéome
wedged into the tentorium and foramen magnum. The third cranial
nerve is stretched by transverse diéplacement of the brainstem or
compressed by herniation of the temporai lobe. Pupill‘ary'dilatation
on the side of the lesion is later followed by bilateral pupillyary
dilatation and loss of the pupillary reflex. Further compression - of
the midbrain is reflected by “extension spasms" of the extremities.

Pains in the shoulder and neck region are indicative of early
cerebellar tonsillar herniation into the foramen magnum. As the
medulla oblongata becomes 'displaced downward into the foramen
magnum, vital centers become compressed. Coma, loss of tone,
respiratory paralysis, circulatory disturbances, and bilateral
mydriasis are indicative of the "bulbocerebral syndrome”. This leads
to the death of the patient through cerebral amoxia by either
respiratory paralysis or circulatory distﬁrbanCes (reviewed by
Langfitt, 1982). |

Neurologic changes seen in patients with brain tumors may not be
due only to cerebral edema. In a small clinical study, neurolo’gic |
function was normal in four‘_patients' although ‘there wa’sk marked

focal edema as determined by CT (Penn, 1980b). White matter
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edema was produce& in cats using fhe direct serum inft‘xsiyo‘n model
(Nakamura etal, 1985). It waé concluded that brain edema with
about 80% white matter water content did not directly cause
neurologic signs. These studies suggest that factors other than
cerebral edema per se may contribute to the depressed neurologie

-state seen in patients with brain tumors.
1.3.5 Neurophysiology

In 1936, Grey Walter noted activity below 8 cpm (delta waves) ‘in
the electroencephalograms (EEG) underlying brain tumors (Walter,
1936).  More recently, Hossmann gt al. (1979) found that there was
slowing of the EEG with appearance of high voltage 1-3/s delta
waves in the affected hemisphere of 5/13 tumor-bearing cats. These
EEG changes did not ‘worrelate with the duration of tumor growth, the
water or electrolyte content of grey or white matter, the size of the
tumor, the blood flow or intracranial pressure. Some clinical studies
have shown that patients with significant peritumor edema or signs
of increased ICP demonstrate hemispheric sldwing of the EEG
Matsuoka etal., 1978; Kawase et al., 1985). However, Gaustaut et al.
(1979) found polymorphic delta activity in brain tumors that was not
specifically associated with peritumor edema observed with CT
scannning.

Somatosensory evoked potentials. were no‘rmal in three patient
, with‘ small brain tumors and white matter edema in the
somatosensory cortex (Penn, 1980a); in- contrast, a patient with a

mass Ieswn in the somatosensory cortex exhlbxted delayed response L



suggesting that the tumor itself, not the peritumor edema, may be
the cause of these changes. | |

Evoked potentials sometimes change in other brain insults that
have associated edema. After infusion of serum into the white
matter of cats (an experiméntal model of vasogenic brain edema)
there was significant reduction of the Nj amplitude with no dielay in
peak latencies of P1 and Nj ‘even when grey matter regional ;ccrebral
blood flow (rCBF) and ICP were normal (Tanaka et al., 1983). These
functional changes could be attributed to the mechanical di‘stortiyon‘ of
the cortical layer due to expansion of the underlying edematous
tissue. In experimental models with significant grey matter edema
there is a correlation between a decrease in intracortical blood flow
and a decrease in the direct cortical response (Nagao et al,, 1985).
This suggests that cortical edema or. mechanical distortion are
responsible for the suppression of cortical neuronal function.

Although Sutton et al. (1980) found no changes in evoked
potential after production of white matter edema due to cold lesion,
potentials were delayed following induction of white matter ischemia
(with associated white matter edema). This suggests that ischemia,
not the associated vasogenic edema, i‘nterferes' with axonal

functioning.
1.3.6 Cerébral blood flow and oxygen utilization
Brain tumors may also alter rCBF and oxygen utilization (rCMRO2).

Imaging with PET has revealed that in grey matter directly adjacent

to the tumor there was an area of increased rCBF and decreased
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rCMRO3 (Kawase et al., 1985; Tsubokawa et al., 1985), inkdicating‘ank’
area of luxury perfusion with vasoparalysis. Sligh‘t‘ly further from
the tumor, grey matter rCBF was decreased with corresponding
decreases in rCMRO> and normal regional oxygen extraction ratio
(rOER) (Ito etal., 1982; Taki et al., 1985; Tsubokawa gt al., 1985).
This matched reduction in rCBF and rCMROz implies that there is
primary tissue metabolic failure in this area. In experimental
studies, rCBF was decreased adjacent to the tumor (Hossmann gt al.,
1979,1986). | |

Regional CBF was also decreased in peritumor white matter
(Hossmann gt al., 1979, Ito et al,, 1982., Taki et al., 1985). Hossmann
et al. (1979) felt that the decrease in rCBF was due to increased
water content, causing volume expansion, rather than an increased
local tissue pressure, causing compression of the microcirculation, as
had been suggested by Hadjidimos glgl. (1971) and Reulen gt al.
(1972).

In the contralateral hemisphere of the tumor-bearing brain, rCBF
and rCMRO; were decreased With a corresponding increase in the
rOER (Ito et al., 1982; Beaney et al., 1985; Taki et al., 1985; Mineura
et al., 1987). These changes were suggestive of brain ischemia.
Some reasons postulated for this contralateral decrease in blood flow
and oxygen consumption were:

1) Increased ICP associated with some brain tumors.

2) Transneuronal depression ("crossed cerebral dlaSChISlS)

3) General "toxic " effect of the tumor on cerebral metabohsm
Decreases in rCMRO, have been seen in patients without

significant increases in ICP (Ito et al., 1982; Beaney et al., 1985),
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suggesting that an increase in ICP is not the only factor. Shenkin et
al., (1958) demonstrated that, in six patients with brain tumor, CBF
and O metabolism did not improve when ICP was lowered with
direct ventricular drainage. Regional CBF and rCMRO> increased in
some patients when tumor size was reduced either through surgery
or radiation (Mineura et al., 1987). This suggests that either
transneuronal depression or a "toxic" efféct of the tumor are

responsible for the remote changes in the brain.
1.3.7 Cerebral energy utilization

Cerebral energy utilization may be affected by the presence of a
brain tumor. In grey matter directly bordering the tumor there
were increases in glucose metabolites indicative of luxury perfusion
(Tsubokawa et al., 1985). In the rest of peritumor grey matter rCGU
was suppressed compared to the contralateral grey matter (DeLaPaz
et al., 1983; Tsubokawa et al,, 1985).

DiChiro et al. (1982) also noted that there was localized metabolic
suppression in contralateral cortical areas that were neurally
connected with the tumor region. This was not simply due to edema
because there was a 20-60% decrease:in rCGU but only a 10%
increase in water content. Regional CGU was also depressed
bilaterally in experimental studies (Hossmann et al., 1982, 1986;
Blasberg et al., 1986). Hossmann et al. (1986) suggested that
metabolic inhibition was not specific to brain tumors but was a .

nonspecific expression of diaschisis because it had been seen in other
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types of hemispheric lesions such as stroke and brain injury (Reivich
et al,, 1977; Pappius et al., 1980).

In cats with intracranial abscesses, blood flow was normal in
adjacent white matter despite considerable edema (Bothe gt al,,
1984). Energy metabolisni was disturbed with increased glucose
content, incréased NADH/NAD+ ratios and decreased adenosine
triphosphate (ATP) levels. The rise in NADH/NAD+ ratio suggests
~ that the metabolic disturbance was not due to a mitochondrial
deficiency, but instead to a decrease in cellular oxygen availability,
possibly due to ‘an increase in the diffusion distance of oxygen across
the enlarged extracellular space (Bourke et al., 1980). A similar
mechanism could explain the metabolic changes seen in peritumor
brain tissue. |
‘ There have been three in vivo studies on the levels of energy
metabolites and lactate in hufnan peritumor brain tissue. Two
studies found decreased levels of ATP and creatinine phosphaté (CrP)
and increased leVels‘ of lactate (Reulen gt al., 1967; Tsubokawa et al.,
1985); in contrast, Schmiedek et al. (1974) found normal energy |
1evé1vs but increased lactate when sample values were corrected for
edema. In other experimcital studies, high lactate levels were
recorded in the tumor and surrounding brain tissue (Paschen g;g_l_.,y
1987). In tumor-bearing animals with neurologic signs there were
decreased regional ATP levels in peritumor white matter (Mies et al.,
1983). Increased production of lactate is usually considered to result
from the activation of glycolysis caused by inadequate oxygen
supply. Paschen et al. (1987) suggest that this can occur ndt only in

hypoxic regions but also in areas in which respiration and ATP
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hydrolysis are not tightly éoupled, e.g., in brain tissue with an

impaired energy - state.
1.3.8 Arachidonic acid metabolism

Cell membranes are composed of a bipolar lipid layer in which
protein molecules are interspersed. In this layer lies the active
transport mechanisms for the movement of proteins and ions. When
the integrity of the membrane is disrupted, phospholipase A breaks
up phospholipids to form free fatty acids (Fig 1). Free‘ fatty acids,
especially arachidonic acid (20:4) and docosahexaenoic acid (22:6),
are rapidly released following ischemia, electroconvulsive seizures,
and other brain insults causing tissue damage (Bazan & Tureo, 1980;
Gardiner et al., 1981; Tang & Sun, 1982; Rodriguez de Turco et al.,
1983; Wolfe & Pappius, 1984; Politi et al., 1985).

Free arachidonic acid is oxidized via two pathways:
cyclooxygenase leading to the formation of prostaglandins and‘
lipooxygenase leading to the formation of leukotrienes,
hydroxyeicosatetraenoic acids (HETE's) and lipoxins (reviewed by
Needle‘man et al., 1986). In this process free radicals are also
formed.

In experimental models of vasogenic brain edema, edema can be
prevented by phospholipase Az inhibitors such as steroids while
non-steroidal anti-inflammatory drugs such as indomethacin and
aspirin  (cyclooxygenase inhibitors) generally have little effect (Chan
& Fishman, 1978; Black & Hoff, 1985). Leukotrienes are known to

cause vasoconstriction as well as being mediators of immediate
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hypersensitivity reactions (Michelassi et al., 1982; Samelsson, 1983). ‘
Free radicals are molecules which have a Jone electron in the outer
orbit. This makes them highly reactive with cell membranes. They
are normally inactivated rapidly by antioxidants such as vitamin E.
When present in large amounts, however, free radicals may damage
DNA, protéins and lipids, thus contributing to the pathogenesis of
brain edema (Chan et al., 1984).

There has been very little work done on the arachidonic acid or
leukotriene levels of brain tuzmors‘ and surrounding brain. Black et
al. (1986) found that leukotriene levels were increased in brain
tumors and peritumor brain tissue compared to control tissue, with a
significant correlation between brain edema and tissue leukotriene
levels. One of the polyunsaturated acids in brain tumors is
arachidonic acid; areas of necrosis in brain tumors may provide a
focus for additional arachidonic acid production and resultant
formation of leukotrienes (Wolleman, 1974). Because leukotrienes
significantly increase BBB permeability when injected directly into
brain parenchyma, their presence suggests their importance in

peritumor brain edema (Black, 1984).
1.3.9 GABA metabolism

Various amino acids sach as Y-aminobutyric acid (GABA) have
been recognized: as important neurotransmitters in various parts of
the CNS (reviewed by Cooper et al., 1986). Imbalances in the levels
or turnover of CNS GABA are implicated in the etiology of diseases

‘such as idiopathic epilepsy (Bossi, 1986).
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GABA is formed by the decarboxylation of glutamate via the
enzyme glutamic acid decarboxylase (GAD). After GABA is’ released
into the synaptic cleft by nerve impulses, it is preferentially taken
up by glial cells where it is broken down into succinic ‘acid by GABA-
transaminase (GABA-T) followed by succinic semialdehyde
dehydrogenase (SSADH). In addition to producing GABA, this
pathway represents an alternative to oxidative decarboxylation for
o-oxoglutarate metabolism--the GABA shunt. |
' GABA is present in inhibitory interneurons of the spinal cord,
cerebellum and nigro-striatal complex and mediates both
presynaptic and postsynaptic inhibition (Barber et al., 1978; Fonnum
et al.,, 1978). There is strong evidence that GABA is concentrated
within the‘ inhibitory interneurons of the neocortex (Ribak, 1978;
Hendry & Jones, 1981; Somogyi et al., 1981), although GABA-
containing cells from the caudal part of the hypothalamus also
project diffusely to the neocortex (Nagai et al., 1983; Vincent gt al.,
1983).

As would be expected by its inhibitory action, a depletion of
cerebral GABA neurons or levels may lead to seizure activity (R’ibak
et al., 1979). Increases in cerebral GABA levels are generally seen in
conditions of hypoxia (Wood et al., 1968; Norberg & Siesjo, 1975b),
and also rise substantially after 30 min of global ischemia, gradually
returning to normal after reperfusion (Folbergrova et al., 1974;
Erecinska et al., 1984). Levels are thought to increase during
ischemia and hypoxia because GAD, the enzyme respons‘ible for
GABA synthesis, can operate at maximum velocity anaerbbically

whereas GABA-T, the enzyme responsible for degradation, is
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dependent on 2-oxoglutarate and NAD+, both of which decrease in
hypoxia and ischemia (Folbergrova gf al., 1974, Nordstrom‘& Sies;jo,
1978). Extracellular levels of GABA are increased in both jn vivo and
‘ in vitro situations, with levels returning to normal after
reoxygenation (Hauptman, 1984; Hagberg, 1985).

Only one study has measured GABA levels in and around localized
cerebral infarcts (Jellinger et al., 1978). Marked elevations of GABA
were seen in recent infarcts and perifocal grey and white matter,
whereas intact cortex remote from the infarction and in the
contralateral cortex had normal to slightly reduced GABA levels. In
cold lesion brain insult, GABA levels were reduced in the injured
hemisphere for one week post-insult (Ogawa, 1987). This reduction
was probably due to dilution by edema fluid since brain edema in
the injured hemisphere resolved during the same time period.
Injection of GABA agonists into the visual or somatosensory cortex
lead to defects in saccédic eye movements and in manipulative arm
movements, suggesting that pathological increases in cortical GABA
levels may affect cognitive function (Hikosaka et al., 1985; Newsome
et al., 1985).

Levels of GABA in both experimental and human glial brain
tumors are much lower then in normal brain (Mokrasch, 1971;
Lefauconnier et al., 1976; Shibasaki et al., 1979). Shibasaki g_g_a_l_.
(1979) fouhd that\g}iomas had the highest levels of GAB‘A; in gliomas,
glioblastomas had the highest, astrocytoma intermediate and |
oligodehdroglioma the lowest levels. Uptake of GABA Was markedly
- lower in human gliomas that in normal white matter, indicating a

t al.,

modification in GABA metabolism in malignant tumors (Zanchin



£ 1983). Frattola et al. (1985) found a high density of [31~1] GABA

| bmdmg sites - with GABA-A receptor characteristics in humdn
gliomas; no (3H] GABA binding was detected in tumors of nong‘lial :
defivation (meningiomas, neuromas). These workers had no
explanations for the possible functional role of [3H] GAPA binding
sites in tumors of glial derivation.

In the only study describing changes in peritumor GABA, 3-MC
induction of brain tumors caused an increase in GABA levels in the
hypothalamus and hlppocampus durmg the carcinogenic period (Von
Metzlar & Nitsch, 1981). An inhibitor of GABA-T, aminooxyacetic |
acid, increased GABA content in the brain and appeared to mcreasc
the rate of tumor induction. Animals impianted with Walker |
carcinomas showed a trend to increased GABA levels in these regions
(Von Metzlar & Nitsch, 1981).

These chanées in GABA levels, as well as those induced by
hypoxia and ischemia, suggest that the presence of a brain tumor anc
the probable jschemia associated with it may cause increased orain

GABA levels.
- 1.3.10 Neurotransmitter amine metabolism

The roles of catecholamines such as noradrenaline (NA), dopdmine”
(DA) and its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and
homovanillic acid (HVA) and the indoleamine 5-hydroxytryptamine
- (serotonin, 5-HT) and its metabolite 5—hydroxyindole-3-aceti‘c acid

- (5-HIAA) in the pathogenesis of brain mjury, ischemia, and brain

~ edema have been explored extenswely In contrast there are only a
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few reports which attempt to determine the interaction between

brain tamors, the surrounding brain edema and any changes in

" monoamine and metabolite levels.

Noradrenaline and DA are synthesized through a series of steps
from the amino acid tyrosine (Fig 2). The rate-limiting step in- this
synthesis is the activity of the enzyme tyrosine hydroxylase.
Noradrenaline-containing1neurohs are restricted to the pontine and
medullary tegmental regions; the most important group being the

locus coeruleus (LC). A group of noradrenergicfibres (medial

forebrain bundle) arise from this area and continue rostrally into the |

frontal pole of the hemisphere where they arch caudally to supply

the entire frontal, dorsal and lateral neocortex. Neurons of the LC are

thoﬁght to be involved in the following functions:

1) They exert an influence on the cerebral microcirculation by
inc‘reas‘ing capillary permeability to small molecules and by
regulating blood fiow and waier homeostasis (Raichle ¢t al, 1975;
Bates et al., 1977), although this has been disputed by Dahlgren et
al. (1981). S

'2) They elicit a rise in heart rate and systemic blood pressure,

possibly by regulating vasopressin release (Lightman et al., 1984).

3) They inhibit activity'in most target neurons (reviewed by Amaral :

& Sinnamon, 1977). |

4) They are activated by stressful ~threatening stimuli, and that
stimulation may produce behav1or characterlzed by fear.
Stlmulatxon may also selectively enhance or diminish the effect of

neurotransmitters released from other cells; in general the

function of the LC may be to contmously monitor the envuonment
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and prepére the organism to cope with emergencies (reviewed by

Neiwenhuys, 1985).

The monoamine DA is not only a precursor of NA but also a
neurotransmitter in its own right. Dopaminergic neﬁrons originate
from the cell groups A9-10 (ventral tegmental areﬂa) in the midbrain
and project tb the medial frontal lobe, entorhinal cortex and the
anterior cingulate cortex in the rat (Lindvall et al., 1974). Other
areas such as the temporal and parietal cortex appear to be
innervated in the cat (reviewed by Oades & Halliday, 1987).

Dopamine may have several roles in cortical function.
[ontophoresisj of DA onto cortical neurons leads to slow and reiatively
long-lasting reductions in spontaneous dischgrge (reviewed by Moore
& Bloom, 1978). The mesocortical new:sms are also implicated in the
control of cognitive processes, with lesiows causing learning and
attention impairment in delayed alternaiion tasks (Simon et al.,
1979). This system is also activated (increased turnover) during
stressful situations (Blanc et al., 1980; Herman gt al, 1982).
Dopamine may also act indirectly on cortical neuions; given i.v,, DA
inc‘rea‘ses cerebral blood flow, coupled to focal increases in glucose
utilization (Herstad, 1981).

The indoleamine 5-HT is synthesized from the precursor amino
acid tryptophan with the rate-limiting enzyme being tryptophan
hydroxylase (Fig 3). Serotonergic neurons going to the neocortex
originate from cell groups B6-B8 in the cranial brainstem. They
- ascend ‘through the medial forebrain bundle to distribute evenly

thoughout the neocortex. In the monkey, various cortical areas ‘may
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show considerable differences in‘density and layering of serotonergic
fibres (Takeuchi gt al., 1983).

Projections of 5-HT ‘fibres to small intraparenchymal blood vessels
in the brain may be involved in the regulation of blood flow. Many
neufoﬂs terminate in the ventral tegmental area and LC, and it has
been suggested that these 5-HT ﬁeurons may have an inhibitory
influence on NA and DA neurons from these areas. In addition,
serotonergic neurons may act to regulate the flow of CSF by
modulating the motility of ependymal cell cilia (Aghajanian et al.,
1975). |

The presence of the tumor or associated peritumor edema may
change levels of neurotransmitters in the brain.  Alternatively,
altered levels of extracellular neurotransmitters may directly cause
brain edema. If brain monoamines were altered due to the tﬁmor
there could be direct effects on neurological function. |

In brain insults with cytotoxic edema (i.e., increased uptake of
water into cells with little or no increase in gxtracellular water
content) there were profound changes in monoaminé and metabolite
levels. After triethyl-tin poisoning, decreases in NA, DA, and 5-HT
levels occur in various brain regions, with concomitant increases in
HVA and 5-HIAA (Bentue-Ferrer et al., 1985). These changes point
to an increased release of monoamines, probably due to decreased
membrane integrity. Increased levels of metabolites may be due to
increased turnover of monoamines or a result of decreased blood
flow which prevents washout of the metabolites.

In cytotoxic brain edema assoc‘iated ‘with Reye's syndrome,

decreased levels of NA and DA were found in various parts of the
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brain (Lloyd et al., 1977). This could be representative of increased
release of monoamines as increased levels of ventricular and plasma
monoamines have been seen in children affected by this syndrome
(Faraj et al., 1984; Arcinue ¢t al., 1986). Both ischemia and epilepsy
. have important components of cytotoxic edema and show similar
depletions in monoamines and increases in metabolites (Mrsulja et -

1976; Jellinger et al., 1978; Matsumoto gt al., 1984; Baran etal.,
1987).

High extracellular levels of NA and 5-HT may in themselves cause
cell damage and further edema formation. Depletion of NA levels or
inhibition of 5-HT synthesis have led to decreased edema and
improvement of cerebral metabolism in experimental models of
ischemia (Welch et al,, 1976; Maruki etal, 1982; Busto gt al., 1985).
Early studies seemed to point to a role of NA and/or 5-HT in the
formation of brain edema. An application of 5-HT to the surface of
the brain resulted in increased BBB permeability and formation of
brain edema (Osterholm et al, 1967, Mohanty et al.. 1979). But, a
later study by Docu et al. (1984), in which 5-HT was mjected
intraventriculary, failed to show any effect of 5-HT on brain water
content. In vitro studies failed to show any effect of 5-HT or DA on
cell swelling; NA induced astrocytic swelling (Bourke et al., 1983).

A cold lesion causes vasogenic brain ederha which is most similar
to that seen in peritumor brain. Pappius & Dadoun (1987) found that
there was a decrease in hemispheric 5-HT 24 h after lesioning, with a
subsequent return to normal levels. Increases in 5-HIAA lasted
longer, being significantly different from controls 4 h as well as 1, 3,

and 6 days after the lesion. Abnormalities in 5-HT turnover were
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more pronounced in po;tions of the cortex close to the lesion.
Alterations in 5-HT metabolism may contribute to functional
depression of brain after a cold lesion; inhibition of 5-HT synthesis
by p-chlorophenylalanine ameliorated the decrease of cortical rCGU
seen in traumatized brain (Pappius & Wolfe, 198321). Noradrenaline
levels were also decreased bilaterally after a cold lesion although
lev‘els of DA and its metabolites were unchanged (Pappius & Dadoun,
1986, 1987). In contradiction, an earlier study by Dave & Dastur
~ (1985) showed increaséd levels of NA and no changes in 5-HT in
| edematous gyri 3 h after a cold lesion. In other forms of CNS trauma
(whiplash, spinal cord injury), increased, decreased, and unchanged
levels of monoamines have been reported (Osterholm et al., 1971;
Nafchi et al., 1974; Boismare et al., 1985).

Very little ex'perimental work has been done on the relationship
between brain tumors and changes in peritumor monoamine
metabolism. Levels of monoamines and their metabolites have been
reported to be low both in human and experimental tumors (Ikeda &
Natazawa, 1984; lkeda et al.,1984); in other clinical studies,
alterations in CSF 5-HIAA and HVA levels did not correlate with the
type of brain tumor (lkeda & NakasaWa, 1981).

Two smail, fairly limited, studies have been done to study the
effect of a brain tumor on peritumor monoamine metabolism. Chang
et al. (1988) found decreases in cortical NA and striatal DA in rats
implanted with 9L glioma tumors, although changes in cortical NA
may have been related to the cortical edema observed. Von Metzylar
& Nitsch (1985) found that transplanted (Walker ciarcinoma) and

chemically induced brain tumors (3-MC) caused decreases in NA,
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DOPAC, and 5-HIAA in various brain regions; DA, 5-HT, and per cent |
water content were not measured. These observations suggest that
brain tumors do alter peritumor brain monoamine metabolism

although the mechanism remains undetermined.
1.3.11 ~ Summary

Brain tumors exert profound effects on peritumor metabolism.
These may be due to the tumor itself, the mass effect and changes in
ICP, the associated brain edema, or poorly understood effects such as
altered arachidonic acid, GABA, or neurotransmitter amine
metabolism. Clinical and experimental studies show depressed grey-
matter metabolism both adjacent to, and far from, the tumor.
Although edema plays a significant role in these changes, studies “
show that TCBF, Oy metabolism, rCGU, and neurotransmitter levels are
altered even in areas where edema is not Significant.

The monoamines NA, DA, and 5-HT play important roles in brain
function both by selectively inhibiting or exciting cortical neurons
and by regulating CBF, and water and CSF homeostasis. In addition,
neurons containing these neurotransmitters interact with neurons
projecting to other brain regions (i.e., glutamatergic neurons going to
the striatum) and GABAergic cortical interneurons. Changed
monoamine and GABA 'levels, a reflection of altéred function, are
present in neurologic diseases such as ischemia and epilepsy.
Measurement of neurotransmitter amines and GABA in peritumor

brain is a first step in determining whether altered neurotransmitter
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function is a major factor in the etiology of depressed peritumor

brain metabolism.

1.4 Dexamethasone: Structure and Properties

Dexamethasone (DEX) is a synthetic analog of the naturally
occurring glucocorticoid cortisone. Cortisone is secreted by the
adrenal cortex in a circadian fashion. In humans, morning values are
the highest, with late evening secretion the lowest (Carpenter et al,,
1971); this rhythm is reversed in nocturnal animals such as the cait
(Krieger et al., 1968).

Cortisone and its analogs are composed of three fused 6-carbon
rings and one 5-carbon ring. Dexamethasone and methylprednisone
(MP)possess a C1-C2 double bond which is absent in cortisone.
Dexamethasone also has a fluorine at position 9 and a methyl group
at position 16, enhancing the anti-inflammatory action while
decreasing the mineralocorticoid effect (Fig 4). The biological half-
life is about 12 h‘for hydrocortisone and cortisone, 12-36 h for
prednisone and MP, and 36-54 h for DEX (Swartz & Dluhy, 1978).

Naturally occurring glucocorticoids stimulate gluconeogenesis in
the liver and reduce extrahepatic protein and fat stores. Synthetic
glucocorticoids are usually employed for their anti-inflammatory, not
gluconeogenic, properties. In most organs steroids decrease capill‘ary‘
permeabilty, thus decreasing edema formation. The passage of
leukocytes and macrophages into traumatized areas is impeded by a

steroid-induced decréase in local endothelial sticking: (Allis‘on et al.,
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1965). Glucocorticoids also seem to inhibit cell membrane injury,
probably by preventing lipid peroxidation caused by arachidonic acid
metabolites (Braughler, 1985). Demopoulos et al. (1972) proposed
that glucocorticoids may do this by intercalating between

unsaturated fatty acids in the cell membrane, thus shielding the
susceptible carbon double bond in the unsaturated fatty acid from
free radical attack.

Steroids are bound in varying degrees to plasma protein; but only
free steroid crosses the BBB. Interactions with individual cells
involves two mechanisms: uptake of steroid into the cell and its
interaction with cytosolic receptors, and interaction of the steroid
with receptors on the cell membrane.

When steroid enters a cell it binds to a free cytosolic receptor,
leading to transformation of the receptor-steroid complex. This
modulates gene expression which then leads to changes in amino acid
incorporation, specific protein formation, and induction of
characteristic enzymes, thus bringing about a target cell response to
hormone action. This mechanism of action is slow in onset and lasts
long after the drug has disappeared from the body.

Steroids may also interact with the cell at the level of the cell
membrane prior to, or independent of, hormone-receptor effects
mediated via gene expression (Baulieu, 1978; Sadler & Maller, 1982).
These actions are rapid in onset, short in duration and occur in
parallel with the rise and decline of hormone levels in the tissue
(McEwen etal., 1978). |

Although DEX is somewhat similar in action to cortisone, the

pattern of uptake in the brain is different. In normal rat brain 50.2 +
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' 3.7% of an administered dose of [3H]-DEX was found equally divided
in the cerebral hemispheres, with the cerebellum and brain stem
showing about the same amount of labelled DEX (24.2 + 5.1%, 24.8 +
3.0%) (Meaney & /‘tken, 1985). Seventy-five percent of DEX was
distributed to astrocytes, 25% to neurons. Cortisone receptors are
concentrated primarily in the limbic syStem (primarily hippocampus)
and in motor neurons of the cranial nerves as well as dispersed in
the reticular formation. In contrast, DEX receptors have an even
distribution over the brain, including the cortex (McEwen gt al.,
1976).

Data showing the effects of cortisone or hydrocortisone on brain
function should be interpreted with caution since cortisone and DEX
may work through different receptor sites and DEX may even block
cortisol receptors, at least in the hippocampus (reviewed by McEwen

et al., 1986).

1.5 Effects of Dexamethasone on Function of‘

Normal Brain
1.5.1 Intracranial pressure

A number of investigators have reported significant reductions in
CSF production (< 50%) when glucocorticoids were administered to
normal experimental animals (Garcia-Bengochea, 1965; Sato, 1967;

Johnson et al., 1975; Weiss & Nulson, 1976).
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1.5.2 Clinical neurologic status

Administration of exogenous glucocorticoids, including DEX, may
produce psychiatric disturbances such as depression, psychosis, or
mania in patients (Ling, 1981; Carpenter & Gruen, 1982; Sovner,
1983). Patients with Cushing's disease often exhibit psychiatric
symptoms (Carpenter & Gruen, 1982). Psychotic depression is a
subgroup of depressive diseases in which patients may exhibit
extremely high post-DEX cortisol levels (Schatzberg et al., 1983).
Schatzberg et al. (1985) hypothesiz‘ed that prolonged endogenous
hypercortisolemia could be associated with the development of
psychosis in depréssed patients. |

The effect of glucocorticoids on animal behavior is complex.
Adrenalectomy facilitated extinction of a food-reinforced straight
runway response (Micco & Ewan, 1979), impaired the forced
extmct;on of a learned passive avoidance response (Bohus & DeKloet,
1977, 1981) and reduced exploratory behavior (Veldhuis gt al.,
1982). Replacement with physiological doses of corticosterone
reversed these effects but DEX administration was ineffective. Most
doSages of DEX given to patients are, instead, in the pharmacological
range; behaviour changes seen in patients may reflect DEX effects on
membrane receptors or speed of synaptic transmission, rather then

receptor-mediated action on limbic system function.
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1.5.3 Brain water homeostasis

Studies of thie effects of steroids are generally done by
investigating adrenalectomized animals. Adrenalectomy in rats
causcd significant increases in cerebral water and Na+ content which
were prevented by aldosterone or glucocorticoids, including‘DEX ’
(Baethmann ¢t al., 1972). Later, studies using adrenalectomized dogs
showed that increases in water and Nat content were re‘stricted to
cerebral grey matter (Baethmann et al., 1982). Administr‘at’ion of
DEX did not change water content in normal brain; however
withdrawal of DEX led to increased water content (Hedley-White &
Hsu, 1980). This may have been due to DEX-induced changes in' BBB
permeability. |

Little work has been done on the effect of steroids on normal
brain water content and Nat+/K+ levels. In rats, chronic |
administration of ACTH, cortisone, corticosterone,
dehydrocorticosterone, or‘ 11-desoxy-17-hydroxycorticosterone had
no effect on brain electrolytes (Woodbury et al., 1954).

Sodium-potassium adenosine triphosphatase (Na+-K+-ATPase) is
important in the maintainence of cell water homeostasis. Cortisone‘;
and MP induced Na+/K+-ATPase activity in the brain (Stastny, 1971j
Braughler et al., 1981). Induction occurred within minutes of
intravenous administration, and the time course followed closely the

‘accumulation and ‘later‘ disappearance of MP in the tissue: (Braughler

at al 10R1)



1.5.4 Neurophysiology

Acute administration of glucocorticoids may affect brain
,exci‘ta’bility and neuronal transmission. Intrathecal administration of
p‘red‘nisone or hydrocortisone produced seizures in dogs after a 30
min latency (Oppelt & Rall, 1961). The steroid effect may also be
biph'aSic;. low—dose prednisolone increased susceptibility to
strychnine-induced seizures -while very high doses (100 mg/kg) had
the opposite effect (Mansor et al., 1956). In clinical studies, Glaser
(1953) reported seizures m patients with Cushing's disease, and
‘Glaser & Merrit (1952) showed an increased seizure rate in epileptic
patients treated with steroids. Suprisingly, adrenalectomy has also
been associated with enhancéd seizure susceptibility (Torbati et al.,
1975).

Steroids may cause singlye cell excitation or inhibition, depending;
on the type of cell and the brain region studied (Ruf & Steiner, 1967,
‘Phillips & Dafny, 1971; Dafny et al, 1973). Intravenous cortisol
administration increased the amplitude of evoked potentials in the
‘medial lemniscus, midbrain reticular. formation, and thalamic nuclei
(Feldmah et al., 1970) whereas adrenalectomy caused a dccreased
amplitude' and prolonged conduction of 'multisynaptic' evoked
potentials (Feldman. et al., 1961)

- Steroid-induced changes in neuronal excitability have been closely
»tudled in the lumbar spinal reflex pathways and in alpha motor
neurons. There were rapid dose- related increases in spinal

monosynaptic transmission after i.v. injection of high doses
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(> 15 mg/kg) of MP (Hall & Baker, 1979). Acute administration of 30
mg/kg resulted in a resting hyperpolarization and slowed initial
segment conduction; conduction velocity was increased in the rest of
the axon, indicative of facilitated myelinated axonal conduction.  The
excitability (mean synaptic response) of the motor meuron was also
increased (Hall, 1982). These effects were seen when h‘igh
pharmacological doses of steroids were given and probably reflected
membrane interactions rather then cytosolic receptor interaction.
This could explain the contradictory effects on brain excitab‘ility seen

in steroid-treated and adrenalectomized (steroid-deficient) animals.
1.5.5 | Cerebral blood flow and oxygen utilization

A study by Baethmann et al. (1979) found that, in dogs, acute
adrenalectomy without steroid substitution significantly decreased
CBF and oxygen uptake. Cerebral blood flow was normalized by

aldosterone replacement while oxygen consumption was normali zed

by addition of DEX.
1.5.6 Cerebral energy utilization
Dexamethasone did not change rCGU in normal rats (Pappius et al,,

1982). For ethical reasons clinical PET studies have lacked control

groups treated with DEX. |
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1.5.7 | Arachidonic acid metabolism

Large amounts of free arachidonic acid are only released after
various brain insults (see chapter 1.3.7); therefore, the action of DEX
on arachidonic acid metabolism will be discussed in the section
dealing with the effect of DEX on arachidonic acid in tumor-bearing

brain (see chapter 1.6.7).
1.5.8 GABA metabolism

Evidence suggests that DEX administration changes GABA content
or turnover in the CNS. Incubation of brain slices with
hydrocortisone increased tissue levels of GABA, possibly through
inhibition of GABA-T (Banay-Schwariz gt al., 1979). In another
study, however, levels of GAD and GABA-T in rat brain were
unchanged by adrenalectomy (Edwards gt al, 1980); administration
of DEX to intact rats also had no effect on these enzymes,

Glucocorticoids may also have effects on GABA receptors. The
steroids cortisone and MP enhanced GABAA receptor affinities in the
cerebral cortex, cerebellum, thalamus and hippocampus (Majewska
et al,, 1985); suprisingly, DEX, which is very similar to MP, had no
effect. The authors hypothesized that elevated levels of
alucocorticoids, recorded in stressful situations, may act as natural
anticonvulsants, thus protecting neurons from over-stimulation.  This

may be true in selected brain regions because DEX and other



glucocorticoids either cause neuronal excitation or inhibition,
depending‘ on the area studied (see chapter 1.5.3).

Inhibition‘ of GAD prevented DEX-induced decreases in blood
cortisoné levels (Acs et al., 1978), suggesting that GABA may be
involved in the mechanism of DEX inhibition of resting- or stress-
induced release of adrenocorticotrophic hormone (ACTH) from the
pituitary. Administration of DEX may prevent stress-induced
decreases in monoamines and incréases in GABA recorded in various |
brain regions (Blanc et al., 1980; Reinhard et al., 1982; Yoneda et al.,
1983).

1.5.9 Neurotransmitter amine metabolism

Reports vary on the effect of DEX and other steroids on nervous
tissue levels of NA and DA. Generally, most groups found increases
in DA in various CNS regions (Hellstrom ¢t al., 1979; Hall & McGinley,
1982; Yanase et al., 1984; Rothschild et al.,1985) although some
groups reported cither no effect or a decrease in NA levels (Hall &
McGinley, 1982; Rothschild etal., 1985; Bayens- Slmmonds etal,
1986). Effects of steroids may be biphasic; Hall & McGinley (1982)
found that spinal cord levels of DA and 5-HT were increased one h
after MP administration; but, 24 h later, NA, DA, and 5-HT levels
were all ‘significantly decreased.

Dexamethasone is thought to increase the synthesis of NA and DA.
It is kmown to enhance trans-synaptic induction of tyrosine
hydroxylase by cold stress, reserpine treatment, cyclic AMP (cAMP),

nerve .growth factor or acetylcholine (Hanbauer et al., 1975, Otten &



Thoenen, 1977; Thoenen & Otten, 1978; Tank & Sun, 1982).
Glucocorticoids may also directly induce tyrosine hydroxylase
activity (Williams et al., 1981; Tank & Ham, 1984), perhaps through a
second messenger system (Brostrom et al., 1974; Haycock et al.,

1982; Forray et al., 1985).

Levels of DA and possibly NA may be increased in the synaptic
cleft by inhibition of presynaptic uptake or decreased catabolism by
monoamine oxidase (MAO). Gilad etal. (1987) found that MP
reduced DA uptake into synaptosomes. Although adrenalectomy
increased MAO activity (Clarke & Sampath, 1975), administration of
DEX to intact animals did not decrease MAQ activity in different
brain regions. However, indirect evidence (changes in DOPAC/DA
and 5-HIAA/5-HT ratios) suggests that DEX may inhibit MAO activity
(Hellstrom ¢t al., 1979; Rothschild et al., 1985).

Post-synaptic receptor numbers and/or response may also be
increased by steroids. DEX increased the number of post-synaptic -
adrenergic receptors in astrocytoma cell cultures (Foster & Harden,
1980), although Roberts & Bloom (1981) found that adrenalectomy
also increased the Bmax of B-adremergic receptors in the
hippocampus. |

It is difficult to evaluate the effect of DEX on regional 5-HT and 5-
HIAA levels since most of the literature focuses on the effect of
adrenalectomy and replacement therapy with corticosterone.
Adrenalectomy decreased tryptophan hydroxylase activity and 5-HT
turnover in various brain regions, especiaily the hippocampus (Sze &
Towle, 1976: Van Loon etal, 1981a, 1981b; DeKloet etal., 1982).

Replacement therapy with corticosterone reversed these effects;
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pretreatment with DEX negated this normalizihg effect by blocking
corticosterone receptors in the hippocampus (DeKloet ¢t al., 1982).
In intact animals, i.p. DEX appeared to decrease 5-HT turnover in
various brain regions, including the cortex, perhaps by a blocking
effect on corticosterone receptors (Kawamura gt al.,1984; Rothschild
et al., 1985; Bayens-Simmonds et al., 1986).
In conclusion, there are no definitive effects of DEX on brain levels
of NA, DA, and 5-HT although there is evidence that treatment leads
to increased synthesis and/or decreased turnover of DA, 5-HT, and

possibly NA.
1.5.10 Summary

In addition to decreasing peritumor brain edema, treatment with DEX
may improve depressed peritumor brain metabolism through ill-
defined processes. The effect of DEX on function of normal brain was
reviewed in order to elucidate its mechanism of action.

Administration of DEX is associated with psychiatric disturbances
such as depression, psychosis, and mania; experimental studies
indicate that DEX may increase brain excitability ‘through various
mechanisms such as increased speed of synaptic transmission.  On
the other hand, there is only sketchy evidence that DEX increases
CBF, Oy metabolism or rCBF in normal brain.

Dexamethasone's positive effect on neurologic function might be a
result of stimulated neurotransmitter metabolism. Although GABA
levels are little affected, studies indicate that neurotransmitter

amine synthesis is stimulated and degradation may be inhibited by
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glucocorticoids, perhaps leading to increased tissue levels. Early
neurologic improvements in patients with brain tumors may be due
directly to this stimulatory effect and/or to DEX-induced

improvements in peritumor cerebral metabolism.

1.6 Effects of Dexamethasone on Function of

Tumor-Bearing Brain
1.6.1 Mass effect and intracranial pressure

Patients with brain tumors often have slightly elevated ICP, with
circadian changes in plateau waves of type A (wave of increased ICP
of more then 5 min duration with rapid rise and fall) and type B
(thythmic waves of increased ICP of 1/2- 1 min duration) (Brock et
al., 1976; Miller & Leech, 1975; Yamaura. et al., 1‘984). Increases in
ICP caused by plateau waves can lead to rapid deterioration in
patients due to decreased cerebral blood flow. Treatment with DEX
decreases the frequency and lowers the amplitude of piateau waves
("barostabilization") within 24-48 h. Fewer and smaller fluctuations
of ICP correspond to smaller fluctuations of cerebral perfusion
pressure and improved cerebral blood flow.

This decrease in ICP fluctuations is partially due to a reduction in
the volume-pressure response (VPR). The VPR is estimated by
measuring the increase in ventricular fluid pressure (VFP) produced
by a smail ¢! m!) increase in CSF volume in the lateral ventricle. This

is a measurement of brain elastance (AP/AV) and is equivalent to



inverse compliance. Seven patients with brain tumors were studied
prior to and 24 h after the adminiétratioh of bethamethasone (10 mg
initially then 4 mg/6 h). The VFP was not significantly reduced, but
the VPR, and the number of plateau waves was decreased (Miller gt
al., 1977) and the patients improved clinically. The decrease in VPR
renders the brain more tolerant to increases in brain edema,
delaying large increases in ICP. The ability of DEX to inhibit CSF
production or increase CSF absorption may also contribute to the
‘e‘arly decrease in plateau waves (Garcia-Bengochea, 1966; Weiss &
Nulsen, 1970).

‘The mass effect of the tumor itself can be decreased by
glucocorticoid therapy. When given for a number of days, DEX and
MP reduced the size of experimental tumors, with a concofnitant
decrease in peritumor edema (Gurcay etal., 1971; Shapiro & Posner,
1974). In yitro, both DEX and MP produced inhibition of cell growth
and caused cytotoxic damage in cell cultures of human malignant
gliomas (Mealey etal, 1971). A very high dose of MP for one day
(400 M g/ml) caused more damage than 3-9 days of treatment with
100 ug/ml. Clinically, high doses of MP produced decreases in
apparent tumor size (measured by CT) 7 days after MP
administration (Leiguarda et al., 1982); neurologic improvement
ranged from moderate to marked 24-48 h after initiation of therapy.
During long-term steroid thefapy, decreases in tumor size may

contribute to neurological improvement; however, it is unlikely that

this mechanism is responsible for the improvements seen in the first

24 h of therapy.
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1.6.2 Clinical neurologic status

It is well known that steroid treatment improves neurological
status rapidly (within hours) in patients with peritumor edema. The
level of consciousness improves rapidly, although, both clinically and
experimentally, brain edema and raised ICP do not resolve for at
least 24 h (Miller & Leech., 1977; Miller et al., 1977; Luthert et al,,
1986; Bell ¢t al., 1987). Various hypotheses for this rapid

improvement will be discussed in the following sections.
1.6.3 Brain edema

The best known effect of DEX is its ability to decrease peritumor
brain edema. This has been shown in both clinical (Galicich & French,
1961; Reulen et al., 1972; Meinig et al., 1977) and experimental
studies (Gurcay et al., 1971; Shapiro & Posner, 1974; Matsuoka &
Hossmann, 1981; Yamada etal.,, 1983).

Steroids may decrease peritumor brain edema by:

1) Reducing capillary permeability in tumors.
2) Reducing capillary permeability in peritumor tissue.
 3) Reducing edema spread and increasing resolution.
4) Increasing transport of Nat/ K+ and water across the
capillary/tissue interface either in the tumor or peritumor area.
5) Inhibiting tumor growth (see chapter 1.6.1).
Glucocorticoids have been shown to reduce capillary permeability
in experimental tumors ~(Yamada et al., 1983, 1987; Reichman gﬂ.,
1986: Nakagawa et al.,, 1987), human tumors (Jarden et al., 1935;
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Bodsch et al., 1987), and peritumor brain tissue (Yamada ¢t al.,
1983,1987); some authors did not find an increased capillary
permeability in ‘peritumbr brain (Hossmann gt al., 1983). It is
generally thought that capillary permeability is reduced by
decreasing vesicular transport or pore size in tumor capillaries. An
alternative reason was demonstrated by Bruce gt al. (1987), who
found that a protein product of malignant brain tumor, when injected
in test animals, rapidly increased capillary vascular permeability;
this effect was inhibited by pretreatment of the animals with DEX.
This suggests that factors other then structural anomalies in the
tumor may be responsible for edema production. ~Other authors have
found no effect of DEX on tumor‘vascular permeability (Hossmann gt
al., 1983; Luthert et al,, 11986). A similar effect has been reported in
cold-lesion injury studies (Yen gtal., 1985).

DEX may also reduce edema by preventing its spread through
white matter or increasing its resolution. Hossmann ¢t al. (1983)
suggested that DEX prevented spread of edema by reducingl the
water-binding capacity of extravasated proteins because, in a feline
brain-tumor model, treatment for one week with DEX led to a
decrease in peritumor white matter water content without a
decrease in extravasated proteins. Nakagawa et al. (1987) found that
DEX treatment appeared to decrease the extracellular space both in
and adjacent to the tumor; this would cause a marked decrease in
bulk flow of edema of edema fluid.

A major mechanism suggested for resolution of edema is protein
uptake by astrocytes (Klatzo et al., 1980). This decreases the oncotic

pressure in the ECF, allowing water to move into the vascular system.
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DEX did not promote uptake of protein so it must restore water and
ion homeostasis despite increased extracellular protein levels. It has
been suggested that DEX may act directly to increase transport of
Na+/K+ and water across the capillary/tissue interface, although this
has not been clearly demonstrated in peritumor tissue (Long et al.,
1966).

Treatment with DEX decreases brain edema in peritumor brain
and in other experimental models, but it is generally agfeed that the
edema is not decreased for at least 24 h after DEX administration
(Pappius et al., 1969; Maxwell et al,, 1971; Luthert gt al., 1986; Bell et
al., 1987). Thus, early improve;ment in neurological status may not

be due to a reduction in brain edema.
1.6.4 Neurophysiology

Slow waves (delta waves) in EEG patterns are associated with
brain tumors and may be related either to the tumor or associated
peritumor edema (see chapter 1.3.4). In a clinical study of patients
with brain tumors, Matsuoka et al. (1978) found that focal delta
waves changed as early as 20 min after DEX administration in
patients with clinical signs of increased ICP. They attributed this to a
reduction in peritumor edema. Because studies show edema does not
decrease for 24 hr after DEX, these changes may reflect an
improvement in brain excitability due to a decrease in the frequency
and amplitude of plateau waves and/or an early improvement in
neurotransmitter/metabolic function.  An early study by Pappius &

McCann (1969) showed that DEX diminished EEG abnormalites



measured 48 h after cold lesion injury; these changes in EEG
abnormalities did not correlate with changes in brain edema. In a
later study it was determined that the EEG changes were not due to
edema but, instead, due to epileptic changes resulting from the cold
lesion (Schaul et al., 1976). The improvement in EEG may be due to
‘the ability of DEX to improve de’pressed rCGU in this model (Pappius.
etal., 1982). |

Changes in evoked potentials‘after DEX administration‘ have not
been measured in patients with brain tumors; however, MP
prevented decreéses in cortical evoked potentials, as well as
no‘rmalizing'blood flow and preventing edema, in an experimental
model causihg cortical edema (exposure of cortex to air) (Nagao et al,,
1985).

1.6.5 Cerebral blood flow and oxygen utilization

In a feline brainétumor model, DEX treatment (10 mg i.m. total
dose, given 1 week before sacrifice) prevented the decrease in
peritumor white matter blood flow seen in unireated animals
(Matsuoka etal, 1981) The decrease in CBF in untreated animals
was proportional to the increase in water content, but treatment
resulted in normal to slightly increased blood flow even though some
edema was still present. Intracranial pressure was not elevated in
either treated or untreated animals.

Tumor-bearing rats showing;neurologic signs of increased ICP
were given or not given a single injection of DEX (20 mg/kg) (Mies ¢t

al., 1983). Untreated animals showed decreased rCBF in peritumor
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grey and white matier; treatment led to decreased white matter
edema and increased corticai blood flow. In a similar study, tumor-
implanted rats were either treated or not treated with MP (15
mg/kg/day) from 5 10 10 days after tumor inoculation; on day 10
untreated rats had a 50% reduction in rCBF in the cortex of the
tumor-bearing hemisphere.  Methylprednisolone treated rats had
significantly higher rCBF (Yamada gt al., 1983).

Reulen et al. (1972) found a mean ipsilateral increase in CBF in six
patients after 5-7 days of treatment with DEX. Buttinger et al.
(1982) found that 50% of patients studied (n=10) had decreased rCBF
before treatment. In these patients, rCBF did not increase after one
day of treatment but increased in 9/20 hemispheres after 7 days of
treatment. Regional CBF also increased in brain regions that had
normal blood flow before treatment.

" Recently, patients with brain tumors were studied with PET just
| prlor to, and 1-5 days after institution of DEX therapy (Leenders et

, 1985). After DEX treatment, rCBF gjgg__mg_d_ in all brain regions
except in edematous areas. Regional oxygen utilization remained
unchanged and increases in rOER compensated for the effects of
decreased blood flow. Regional CBF prior to therapy was decreased
compared to control values.

All the studies showing a positive effect of DEX on CBF reported an
associated decrease in brain edema; however, with treatment, rCBF

increased more than brain edema decreased.
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1.6.6 Cerebral energy utilization

It has been proposed that the positive early effect of DEX and
other glucocorticoids on neurologic status is through impfovement in
cerebral energy metabolism (Pappius et al., 1984). The work dorie to
date partially supports this. Yamada etal. (1983) showed that
days of treatment with MP significantly reversed the 25-40%
decrease in rCGU seen in tumor-bearing cortex of untreated animals.
In a shorter time study (24 h), tumor-bearing rats with neurologic
signs (n=4) given a single injection of DEX (20 mg/kg) had i‘mpr‘oved
white matter ATP levels, but no significant 1mprovement in ,
decreased rCGU (Mies gt al., 1983). lmprovement in rCGU due to DEX
have been seen in other forms of brain injury. Dexamethasone
ameliorated the bilateral depression of rCGU seen 1 day and 3 days
after cold-lesion injury (Pappius et al, 1982). Changes in rCGU in
treated and untreated animals did not correlate with changes in rCBF,
which was generally elevated. In addition, changes in rCGU occur‘red’
in the contralateral hemisphere, where there was no significant
edema. The authors concluded that the benefical effects of DEX were
due primarily to improvements in cerebral metabolism. A o
prehmmary study by Kuchiwaki et al. (1985) tends to. support this
observation. A single injection of MP (30 mg/kg) was gwen to dogs
at the time of focal infarct mductlon, 4 h later, the energy
charge/creatinine ratio was maintya‘ined“a‘t slightly higher levels in_
the non-infarcted hemispheres of ‘trez‘lted, animals ’compared with

untreated animals.



53

In the only clinical study to date, Schmiedek et al. (1976) found
that 3 days of DEX treatment (8 mg/kg b.i.d.) did not significantly
alter levels of CrP, ATP, ADP, AMP, lactate, or pyruvate in biopsies of
'peritux‘nor grey - matter.

These studies show mixed evidence that DEX and other steroids
improve d‘epryessed cerebral energy 'metaboiism. In the study b y
~Yamada et al. (1983) the length of treatment (3 days) would be
sufficient to decrease the size and mass effect of the tumor; this may

explain the positive results of MP.
1.6.7 Arachidonic acid metabolism

The effect of DEX on arachidonic acid release has not been studied
in brain tumors or peritumor’brain tissue. . Corticosteroids have an
inhibitory effect on the eniyme phospolipase Az and subsequent
release of arachidonic acid (Flower & Blackwell, 1978; Hong & Levin,
1976), perhaps by stimulating the synthesis of an inhibitory protein.
Dexamethasone inhibited brain edem2 induced by arachidonic acid
and also prevented lipid peroxidation of cell membranes (Chan, 1983;
Braughler et al., 1985). The early onset of protection, and the high
dose of glucocoriicoid required, - suggests that glucocorticbidy recéptors
’we‘re not invol‘ved;‘ insteéd," DEX probably stabilized celi membranes,
thus preventing breakdown of membrane phospholipids | |
(Demopolous gggl., 1972; Braughler et al., 1985). Treatment with
DEX could block the formaﬁon of high leukotriene levels in brain
tumors and peritumor tissue, thus decreasing brain edema and tissue

damage caused by these compounds.



1.6.8 GABA metabolism

NAo experimental studies have been done to evaluate the effect of
DEX on GABA metabolism in pefitumor brain. This would be an
imﬁortant area of study since DEX-induced decreases in cortical
GABA levels could partially explain the early neurological

improvement in patients ‘with brain tumors.
1.6.9 Neurotransmitter amine metabolism

Only one study has attemped to determine the effect of DEX on
perltumor monoamine and metabolite levels. Chang et al. (1988)
found that decreased cortical NA and striatal DA levels induced by a
brain tumor were prevented by 2 days of therapy with DEX (20
mg/kg/day). Improved levels of cortical MA could be a direct result
of DEX on monoamine metzbolism, or could be secondary to
decreased brain edema in ‘that area. This preliminary report, as well
as studies in norme. rf.p.-:;a:;;::als, suggest that early changes in o
neurological function after DEX treatment may be partially due to

changes in peritumor momnoamine metabolism.
1.6.10 Summary
It is clear ihat steroids such as DEX improve neurologic function in

patients with brain tumors even in the first day of therapy. The best

known property of DEX is its ability to decrease peritumor brain



edema by various mechanisms: by decreasing capillary permeability
within the tumor, reducing the volume of edema, or increasing the
resolution of edema. Regional CBF is cecreased in edematous tissue;
however, DEX has been shown to increase rCBF by a greater degree
then the concurrent decrease in edema. Decreased cerebral edema
results in improved levels of consciousness, especially if ICP is
reduced; but, because edema is not reduced in the flrst 24 h, this
mechanism 1is probably not responsible for early neurologlc
improvements.

Early changes induced by DEX include decreased VPR, making the
brain less susceptible to volume increases, and decreased number
and amplitude of plateau waves, lessening the number of substantial
rises in ICP.

It has been suggested that a principal early effect of DEX is
stimulation/normalization of cerebral energy utilization; this
hypothesis has been substantiated in sev reral experimental studies.
In addition to its effect on cellular utilization of glucose, DEX
treaiment may affect the metabolism of arachidonic acid, GABA and
neurotransmitter amines, which may be abnormal in tumor-bearing
brain. Because there is evidence of ‘appreciable levels of arachidonic
acid and leukotrienes in tumor and surrounding tissue, and because
DEX is known to inhibit arachidonic acid metabolism, one action of
DEX may be to decrease tissue damage caused by these factors.

Levels of GABA may be raised in peritumor brain, perhaps leading
to some inhibition of cognitive function. Dexamethasone may
normalize GABA levels directly, or indirectly by increasing oxygen

ievels to neurons. Lastly, DEX is known to have direct effects on
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neurotransmitter amine synthesis and/or degradation. If
neurotransmitter amine levels are depressed in peritumor brain, as
has been suggested, DEX may cause early clinical neurologic

improvement by improving monoamine metabolism.
1.7 "~ General Summary

As this review of the literature has demonstrated, there is
considerable evidence that brain tumors affect brain metabolism. In
addition to its well known ability to increase ICI" Jisplace adjacent
tissue, and produce brain edema, the tumor may also depress brain
‘metabolism in both adjacent and remote areas. Changes in brain
neurotransmitter levels have been demonstrated in many other
neurologic conditions. A more complete understanding of
neurotransmitter alterations in peritumor brain would aid in the
design of treatment to reverse these abnormalities.

Dexamethasone has been used for more then 20 years in the
treatment of patients with brain edema, yet, investigators do not
agree on its mechanisms of action. It causes mood elevations and
increased seizure susceptibility in healthy people, possibly through
increased neuronal excitability and/or stimulation of
neurotransmitter amine synthesi’s; also, neurologic improvements in
patients with brain tumors exceed its ability to decrease brain
edema. The cause of this generalized and rapid irﬁprovement has
been the subject of much ‘speculation and study. Besides decreasing
brain edema, DEX has becn shown to decrease VPR and plateau

waves and to improve rCBF and rCGU. It also inhibits arachidonic
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acid synthesis, preventing the formation of leukotrienes, known to
cause edema. Another postulated action, little studied, may be the
ability of DEX to normalize GABA and neurotransmitter amine levels
in peritumor brain, possibly leading to improvements in neurologic

status.



CHAPTER TWO MATERIALS AND METHODS

2.1 Experimental Animals

Male and female mature random-source cats (2.2-6.0 kg)
used in Studies A, B, C, and D were obtained from Health Sciences
Laboratory Animal Services, University of Alberta, Edmonton,
Alberta. They were housed singly in laboratory cat cages. The
cats were subjected to controlled conditions of 12-h on/off
lighting schedule and constant tempefature control (21°C). Food
and water were provided ad libitum. The cats were fed Feline
Maintenance Cat Food (Hill's Pet Products, Inc., P.O. Box 148,
Topeka, Kansas 6601, U.S.A.) composed of 30% crude protein
(min), 20% crude fat (min), 2% crude fibre (max), 10% mo:siure
(max), 5% ash (max), 0.6% calcium (min), 0.5% phosphorus (min),

and 0.1% magnesium.
2.2 Brain Tumor Model
2.2.1 Culture of 9L-glioma cells

9L-glioma cells were obtained from the Brain Tumour
Research Centre, University of California, San Francisco, CA,
U.S.A. They were stored frozen at -70°C in a minimum essential

medium (MEM) coentaining 5% fetal calf serum (FCS), 500 i.u.

penicillin/ml, 500 Mg streptomycin/ml, 20 mmol L-
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glutamine/ml, with 10% dimethyl sultoxide (DMSO). Two days
before injection the suspension was thawed at room temperature
and the cells were placed in MEM + 5% FCS without DMSO until
they were in a rapid growth phase. The monolayer was then
incubated in 2.5% trypsin containing 20 mg
ethylenediaminetetraacetic acid (EDTA) at 37°C for 10 min; this
was followed by a second incubation in fresh solution. The cells
were then removed and piaced in 15 ml of MEM with 5% FCS,
counted using a hemacytometer, and resuspended in media to
the desired concentration. This cell suspension was stored at 4°C

and used within 6 h.
2.2.2 Preparation

All cats had their food removed the afternoon befc

anesthesia (approximatly 18 h). They had free access to water.
2.2.3 Anesthesina

Cats were anesthetized with atropine (0.3 mg/kg), xylazine

(2 mg/kg), and ketamin: (20 mg/kg).
2.2.4 Surgery
The head was placed in a head holder and the dorsal surface

was shaved and aseptically prepared for surgery. A midline

skin incision was made, the right temporalis muscle was partly
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reflected laterally and the sagittal and coronal sutures were
identified. A 3-4 mm diameter crziniectomy was made in the
cranium 5.5 mm lateral to the sagittal suture and 5.5 mm caudal
to the coronal suture. Using a 50 u1 Hamilton microsyringe
placed in a Brinkmann compact micro-manipulator, 50 W1 of cell
suspension or medium alone was injected 5.5 mm below the
surface into the central white matter (Fig. 5). The cells were
injected over 2 min and the needle was left in the brain for 2
min following injection so that the cells would disperse and not
flow up the needle tract. The needle was slowly withdrawn and
the bone defect filled with bone wax before closing the skin

incision. Recovery in all animals was uneventful.
2.2.5 Post-operative care

Cats were maintained on a heating pad until they were in
sternal recumbency; usually one h after initiation of anesthesia.
Animals were observed once/h for 6 h after anesthesia and
allowed free access to food one day later. Animals were
observed at least once daily for signs of infectiun and neurologic
symptoms of increased ICP; if there was anorexia or abnormal
beha{/iour, rectal body temperature was monitored and
neurologic assessment done. Procaine penicillin was
administered once daily and the surgical site cleaned if there
was evidence of localized infection at the skin incision. ~Animals
With evidence of neurologic deficit were sacrificed on the day

that they reached a neurologic score of 2. If animals became
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Fig. 5. Site of tumor cell implantation. Coronal section of cat
‘brain at coordinates +17, Horsley-Clarke method.
(modified from Reinoso-Suaréz, 1961).
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dehydrated, they received subcutaneous lactated Ringer's
solution; however, no animals received DEX unless indicated in
the protocol. All animals were cared for in accordance with the

guidelines of the Canadian Council of Animal Care.
2.3 Administration of Dexamethasone
2.3.1 Schedule 1 (DEX 1)

Tumor-bearing and control cats (n=6/group) were given DEX
(0.25 mg/kg i.v. and 0.25 mg/kg i.m.) with 0.25 mg/kg i.m.
repeated in 6 h. Other groups of control cats (n=6/group) were
not treated or treated with vehicle alone (0.1% sodium
metabisulphite, 0.15% methylparaben and 0.02% propylpdraben
in distilled water) at the same dosage schedule as DEX 1.
Animals were sacrificed 2 h after the second dose of DEX or

vehicle.
2.3.2 Schedule 2 (DEX 2)

Tumor-bearing and control cats (n=6/group) were given DEX
(0.25 mg/kg i.v., 0.25 mg/kg i.m.) with 0.25 mg/kg i.m. given 3
additional times at 6 h intervals. Another group of control cats
(n=6) were treated with vehicle alone at the same dosage
schedule as DEX 2. Animals were sacrificed 2 h after the second

dose of DEX or vehicle.



2.4 Clinical ‘amination
2.4.1 Neurologic Assessment

Immediately before sacrifice or first drug administration, cats
were assessed for neurologic evidence of increased ICP according
to a standardized scoring system (Table 1). Depression is
defined as lassitude and decreased interest in surroundings with
ability to respond normally to stimuli. Somnolence is defined as
lassitude and decreased interest in surroundings with decreased
response to stimuli. = Stupor refers to an animal which is
responsive only to deep pain stimuli. Animals were considered
to have neurologic signs of increased ICP if they had somnolence
and anisocoria (grade 2 on the scoring system). These animals
were used on the day that they exhibited these signs. They
were assessed immediately before the first administration of
DEX 1 dosage schedule and every 2 h after until they were

anesthetized for in vivo freezing.

Measurement of intracranial pressure

)
har

Intracranial pressure was measured immediately prior to in
vivo freezing in anesthetized animals. It was measured by
inserting a saline-filled 20 g needle into the cisternae magna.
The needle was then connected via saline-filled tubing to a
Tektronix Blood Pressure moaitor. ~Confirmation of the presence

of the needle in the subarachnoid space was done using the
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NEUROLOGIC SCORING SYSTEM

0 No Neurologic Deficits

1 Anorexia and Depression

2 Somnolence and Anisocoria

3 Somnolence, Anisocoria, and Hemiparesis

4 Stupor, Bilateral Abnormal Pupillary
Reflexes, and Hemiparesis/Hemiplegia

5 Coma

Table 1. Neurologic scoring system to determine neurologic
signs of increased intracranial pressure.



Valsalva maneuver which increases ICP. The pressure increased

by at least 5 mm Hg during this procedure.

Brain Tissue

3
W

2.5.1 Freezing in situ

Fifteen days after xenotransplantation, tumor-bearing and
shani-operated animals were examined for neurologic deficits.
Clinically normal animals were tranquilized with xylazine (2
mg/kg) then anesthetized with halothane, N2O and Oz. Animals

were paralyzed with gallamine triethiodide (2 mg/kg) and

ventilated using a Harvard ventilator or Bourke infant ventilator.

Body temperature was maintained at 37°C with a heating pad.
The femoral artery was catheterized and arterial blood pressure
determined using a transducer attached to a Tecktronix moniter.
Blond-gas levels were measured using a Micro 13 pH/blood gas
analyzer (Instrumentation Laboratory Inc). Immediately before
in vivo freezing, the blood gases and pH were normal: pH 7.25-
7.42, pCOz 28-36 mm Hg, pO2 greater than 120 mm Hg. The
mean arterial blood pressure was between 70-110 mm Hg. The
head was frozen in vivo with liquid N using a modification of
the method of Welsh & Rieder (1978) then removed, and stored
at -30°C until dissection. Control animals were frozen using the
same methods. Untreated and DEX 1-treated cats with
neurologic signs were sacrificed on the day they had a

neurological score of 2.



2.5.2 ‘Regional dissection of brain tissue

The heads were thawed to 0°C and the brain removed in a
cold room at 0-4°C. The brain was removed and sliced coronally
at the site of tumor injection, and the presence of a tumor
verified. Hemorrhage was noted, if present, and the diameter of
the tumor was measured along the dorsal-ventral and medial-
lateral axes. The larger measurement Was considered to be the
"diameter" of the tumor. Any other pathological findings, such
as midline shift, were also noted.

Representati\}e samples of tumor, peritumor (parietal) gréy
and white matter, frontal grey and white matter and tempo'ralf :
grey matter from both hemispheres (Fig. 6, 7, 8) were dissected
out and either used or refrozen on dry ice. Samples were stored

at -70°C until analysis.
2.6 Equipment
2.6.1 Gas chromatograph

A Hewlett-Packard (HP) 5880A gas chromatograph equipped
with a 15 m narrow-bore SE-54 (1% phenylmethyl polysiloxanc)
capillary column (HP), a 63Ni- electron-capture detector, a HP
7672A automatic sampler and an HP 5880A GC terminal was
‘employed. Helium was used as carrier gas with a’ flow-rate of 2
ml/min. A mixture of argoh-methane (95:5) at a flow-rate of 36

ml/min was used as make-up gas. The 'injection port
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Fig. 6. Regional brain sampling areas at the site of tumor
- implantation. ‘Coronal section of cat brain at coordinates

+17, Horsley-Clarke method.
(modified from Reinoso-Suaréz, 1961).

1.  parietal grey matter
2. parietal white matter

3. temporal grey matter
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Zig. 7. Regional brain sampling areas in the frontal cortex.‘
Coronal section of cat brain at coordinates +24, Horsley-
Clarke Method. (modified from Reinoso-Suaréz, 1961).

1.
2.

frontal grey matter
frontal white matter
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Fig. 8.

Regional brain sampling areas.
(modified from Reinoso-Suaréz, 1961).
1. parietal grey matter
2. fronmtal grey matter
3. temporal grey matter
4. caudal cerebrum (used for MAO experiments)
==sdPo- site of tumor cell implantation |

Lateral view of brain.
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temperature was maintcined at 200°C. The oven program was
a‘s follows; initial temperature of 140°C for 0.5 min, then
increasing at a rate of 5°C/min to 180°C. This témperature was
maintained for 0.1 min, then the temperature was increased at a

rate of 8°C /min to 310°C where it was maintained for 3 min.
2.6.2 High-pressure liquid chromatograph

The apparatus consisted of a solvent delivery system (model
M45, Waters Associates, Milford, MA, U.S.A.) equipped with a
WISP automatic injector (Model 710B, Waters Associates,
Milford, MA, U.S.A.) set to inject 20 Ml. Separation was achieved
on a Cig reVersed-phase column (3.9 mm x 15 cm) (MBondapac,
Waters Associates, Milford, MA, U.S.A.) in association with a Cjg
precolumn (M Bondapac (Corasil), Waters Associates, Milford, MA,
U.S.A). The compounds were detected on a glassy carbon
electrode (Model LC17 Bioanalyfical Systems (BAS), West
Lafayette, IN, U.S.A.) set at 0.75 V versus a Ag/AgCl reference
electrode and regulated with aﬁ amperometric jdetector (LC-4B
Bioanalytical Systems (BAS), West Lafayette, IN, U.S;A.) with the

range set at 2 nA with offset 0-10 nA.
2.6.3 Liquid-scintillation spectrometer
Ex vivo monoamine oxidase (MAO) inhibition studies were

performed using a radiochemical procedure (Wurtman and

Axelrod, 1963), and the radioactivity was counted using a
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Beckman model LS 7500 (microprocessor-controlled) liquid
scintillation spectrometer coupled to a Datamex Model 43
printer. The LS 7500 is a soft-beta counting spectrometer - with
300-sample capacity and is equipped with Autométic Quench
Compensation’' (AQC), 'H-Number quench‘ monitor, keyboard
operation, program editing feature, and 10-library counting

programs in an unalterable memory.
2.6.4 Glassware

Glass tubes were cleaned by washing with tapwater and a
solution of biodegradable Sparkleen (Fisher Scientific Co.) They
were ‘kthen placed in an ultrasonic cleaner (Mettler Electronics)
containing a solution of Decon 75 concentrate (BDH Chemicals),
20 ml to 1 litre, and sonicated 3 separate times for 20 min
intervals. = The tubes were washed in an electronic dishwasher
(Miele Electronic G715) in wash-rinse mode with distilled water
then air-dried in a mechanical convection oven (Model 23,
Precision Scientific Group).

The grinding tubes and pestles were cleaned by washing with
tapwater and a solution of biodegradable Sparkleen (Fisher

Scientific Co.). They were then sonicated in the same manner as

the glass tubes, rinsed with tapwater followed by distilled water,

and air-dried in a mechanical convection oven,
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2.6.5 Block heaters

A Reacti-Therm Heating Module (Pierce Chemical Co.) or
Multi-Blok Heater No. 2090 (Labline Instruments), both with
adjustable temperature control, were employed in the GABA

analysis procedure.
2.6.6 Balances

A Mettler AE 160 or Mettler AE 1603 was used for weighing
of all biological samples or chemicals used in the various
analyses. These balances were also used to weigh tissue samples

in order to ascertain their percent water content.
2.6.7 Tissue homogenizers

Homogenization of brain samples weighing 150 mg or more
was done at a 2 speed of 7,000 rpm using a TRI-R Model S63c
variable speed laboratory motor with a Teflon glass pestle and a
glass grinding tube (clearance: 0.1-0.15 mm). ' ‘

 Brain samples weighing less than 150 mg were homogenizéd
manually using a 1.5 ml glass tissue grinder and pestle (Radnoti

Glass).
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.6.8 Centrifuges

2.6.8.A  Bench Centrifuge
A Sorvall GLC-2B or Sorvall GLC-1 General Laboratory
Centrifuge (Dupont Instruments) was used for low-speed

centrifugation.

2.6.8.B  High-speed centrifuge
Centrifugation of the homogenate of brain samples 2150 mg
was performed in a Damon-IEC Model B-20 (heavy duty)
refrigerated high-speed centrifuge. Samples were centrifﬁged at

10,000 rpm for 15 min at a temperature of 0-4°C.

2.6.8.C  Microcentrifuge
The centrifuging of brain homogenate of small samples (brain
samples less than 150 mg) was done in a MSE Micro-Centaur
microcentrifuge. The homogenate was centrifuged at 15,000

rpm for 1.5 min at room temperature.
2.6.9 Shaker/Mixer

A IKA-VIBRAX-VXR® (Janke & Kunkel GmbH, Sweden) tube
shaker was used to shake the tubes in the extraction phase of
the GABA assay. A benchtop Thermolyne Maxi Mix 1® (Sybron
Instruments, Dubuque, IA, U.S.A.) vortexer was used for

vortexing of individual tubes.
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2.7 Chemicals

All chemicals, drugs and bioactive amines used are shown in
Table 2. A Corning AG-3 or Corning Mega-Pure (3 Litre
Automatic) still was used to produce double-distilled water for
use in analysis. The derivitizing agent, pentafluorobenzoyl
chloride, neurotransmitter amines, metabolites and amino acids
were stored at 0°C. Stock solutions (1 mg/ml) of
neurotransmitter amines, metabolites and amino acids were

stored 2t 2J°7" and replaced with fresh solutions every month.

2]
o0

Tiscsue Measurements

2.8.1 Measurement of water content

Microfuge tubes (1.5 ml, Bio plas) were pretared, then
weighed with the tissue sample. The tubes were dried at 30°C
for 72 h, cooled then reweighed. The water content value was

expressed as:

9% water content = wet_weight -dry weight x 100

wet weight
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Table 2. Chemicals

The following is a list of the names of the chemicals employed in
this study and their respective suppliers or manufacturers

Chemicals Suppliers or Manufacturers
(-)-noradrenaline (NA) HCI Sigma Chemical Co.
dopamine (DA) HCI (St. Louis, Mo., U.S.A)

homovanillic acid (HVA)

5-hydroxytryptamine (5-HT) creatinine sulfate
3,4-dihydroxyphenylacetic acid (DOPAC)
5-hydroxyindole-3-acetic acid (5-HIAA)
3,4-dinydroxybenzylamine (DHBA) HBr
epinine (EPI) HCI

a-methyl-p—tyrosine

Y-aminobutyric acid (GABA)

methylparaben
propylparaben
pentafluorobenzoy! chloride (PFBC) Aldrich Chemical Co.

| (Milwaukee, WI., U.S.A))
Triton X-100 Terochem Laboratories

(Edmonton, Alta., Canada)

chloroform (ACS) BDH Chemicals
methanol (HPLC grade) - Toronto, Ont, Canada
isobutanol

toluene (ACS)



Table 2 (continued).

hydrochloric acid

sodium bicarbonate

potassium chioride

parchloric acid (70%)
ethylenediaminetetracetic acid (EDTA)
ascorbic acid

decane

isobutanol

methano! (HPLC grade)

sodium phosphate dibasic anhydrous
sodium acid phosphate.
dimethylsulfoxide (DMSO)

sodium metabisulfite

hydroxytryptamine binoxalate, 5-[214C]

(specific activity 55 mCi/mmol)
phenylethylamine HCI, 2-[ethyl-1-14C]
(specific activity 50.2 mCi/mmol)

isopentane (2-methylbutane)
octyl sodium sulfate

dexamethasone, 4 mg/ml
(Decadron Phosphate®injection)

galiamine triethiodide, 20 mg/mi
(Flaxedil 100%)

xylazine hydrochloride, 20 mg/mi
(Rompum®)

ketamine hydrochloride, 100 mg/mi
(Ketalean®) |

~ atropine sulfate BP, 0.6 mg/mi
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Fischer Scientific
(Fairlawn, NJ., U.S.A.)

New England Nucleur (NEN) -
(Lachine, P.Q., Canada)

Eastman Kodak
(Rochester, NY. U.S.A.)

Merck, Sharp and Dohme Canada
(Kirkland, P.Q., Canada)

Rhdne-Poulenc Pharma Inc.
(Montréal, P.Q., Canada)

Haver-Lockhart Inc.
(Calgary, Alta., Canada)

M. T. C. Pharmaceuticals
(Cambridge, Ont., Canada)

Glaxo Laboratories
(Toronto, Ont., Canada)



8.2 Analysis of regional brain levels of
catecholamines, 5-hydroxytryptamine and

metabolites

Brain regional concentrations of NA, DA, 5-HT, DOPAC, HVA
and 5-HIAA were determined by high-pressure liquid
chromatography (HPLC) with electrochemical detection (Kim ¢t
al., 1983). The mobile phase was composed of monosodium
phosphate (10 mM), EDTA (0.5 mM) and sodium octyl sulfate (5
mM) in 850 ml distilled H2O and 150 ml methanol; this solution
was adjusted to pH 3. A flow rate of 1 ml/min was used. Brain
regions were homogenized in 10 vol of ice-cold HCI104 (0.1N) |
containing ascorbic acid (0.05 mmol), EDTA (10 mg%) and
epinine or DHBA (internal standard) using a ground glass
homogenizer (1.5 ml, Radnoti Glass), then centrifuged at 15,000
rpm for 1.5 min. An aliquot (20 M1) of the supernatant was
injected into the HPLC system.

Amine and metabolite concentrations were calculated using
the ratio of peak areas of compounds of interest to the peak arca
of the internal standard. These peak-area ratios were compared
to those in a standard (calibration) curve which was prepafcd for

each batch of analyses (Fig. 9, 10).
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A typical HPLC run of authentic standards in the analysis
of catecholamines, 5-HT and acid metabolites. The
concentration of the standards was 50 ng/ml. DHBA (25
ng/ml) was used as an internal standard. The run was

complete in 35 min,
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Fig. 10. A typical HPLC run on an extract of cat brain frontal cortex.
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2.8.3 Analysis of regional brain levels of GABA

The method used for analysis of the levels of Y-aminobutyric
acid (GABA) was based on the procedure developed by Yeung et
al. (1986) Brain regions were homogenized in at least 10
volumes (10 ml/g of tlSSUC) of an ice-cold mixture of methanol 6
M aqueous hydrocholoric acid (9:1).

The homogenized brain regions were then placed in mrcrofuge
tubes (1.5 ml, Bio Plas) and spun at 5,000 rpm for 1.5 min. A 20
11 portion of the supernatant was used for analysis. a-Methyl-
‘p-tyrosine (400 ng) was added as the internal standard. The |
supernatant was dried under a stream of nrtrogen and
redissolved in a solution of one drop. of concentrated hydrochorlc
acid in 1 ml of distilled isobutanol. The reactlon tube was
flushed with nitrogen just prior to capping and heated at 100° C
’for 30 min. After the reaction tube, contamlng the 1sobutanol
was allowed to cool, isobutanol was evaporated under a stream ‘-
of nitrogen at 50°C. - Chloroform (1 ml) containing 5 };1 of PFBC
solution and 1 ml of saturated aqueous sodium bicarbonate ‘was
added to the residue.  The samples ‘were shaken for 30 min,
spun at 3000 rpm‘fo‘r 1 min and the aqueous layer aspirated off.
The organic layer was washed with one ml of distilled water k
before being evaporated to dryness under a stream of nitrogen
The residue was redissolved in 500 Ml decane and a 1 Ml aliquot
of the decane phase was injected onto a gas chromatograph.
| Known amounts of authentic samples of GABA corresponding

- to 10-‘1‘000 ng plus a fixed amount of internal standard, -
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methyl-p-tyrosine (400 ng), were placed in tubes and carried
through in parallel with each set of samples. St‘a}ndar‘d curves
were made by measuring the peak—area‘ratios of GABA to the
internal standard recorded by the GC integfator and plotting this
against the known concentrations of GABA. Concentrations of

~ the biological samples were recorded in Mmoles/g (Fig. 11, 12).
2.8.4 Monoamine Oxidase Assay

A modification of the inethod of Wtirtman & Axelrod (1963)
was used for the measurement of ex vivo MAO activity. The
caudal one-third of cat cerebrum was homogenized in ice-cold
isotonic KCl to give a 1:5 (w/v) homogenate. A portion (25 M) of
the brain tissue homogenate was added to all tubes except
blanks, to which only isotonic KCl (25 M1) was added. All tubes
were placed on ice and 250 M1 of 0.5 M sodium phosphate buffer
(pH 7.4) was added to each tube. Suitably diluted solutions of
radiolabelled 14C-5-HT (substrate for MAO-A) or 14C B-
phenylethylamine (PEA) (substrate for MAO-B) were added to
all tubes (to give final concentrations of PEA and 5-HT of 35
uM). The tubes were then incubated at 37°C for 20 min. After
the tubes cooled to room temperature, 2 N HCl1 (200 u1) was |
added to each tube to stop the reaction. Toluene (6 ml) was
added to all the tubes and the mlxtures vortexed for 3 min. The
two phases were separated by centrlfugatlon at 2500 rpm for 5
min, and the tubes were then kept in the freezer at -70°C for at

least an hour until the aquedus layer was frozen. The toluene



Fig. 11.
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A typical GC run on authentic standard in the analysis of
GABA. The concentration of the standard was 1000 ng.
o -Methyl-p ~tyrosine (400 ng) was used as an internal
standard. The run was complete in 22 min. |
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Fig. 12. A typical GC run on an extract of cat brain frontal cortex.



layer was decanted into scintillation vials containing 9 ml of
scintillation fluid (4% Butyl-PBD in toluene: Triton X-100, 2:1).
The radioactivity (épm) of each sample was measured in the
liquid scintillation spectrometer. The % MAO inhibition was

calculated as:

% MAO inhibition= 100- corrected sample (cpm) x 100

mean corrected control (cpm)
Corrected sample and control values were obtained by

subtracting the blank values.
2.9 Pathology

Three cats were euthanized with intravenous pentobarbitol
upon onset of clinical signs of increased ICP. The brain was
immediately removed, sliced coronally, and placed in 10%
‘buffered formalin. After‘fixa’tior‘l was complete, the slices were
embedded in wax and stained with hematoxylin and eosin (H+E),
phosp‘hotungstic acidic hematoxylin (PTAH), or glial fibrillary
acidic protein (GFAP) or S-100 stain.

2.10 Statistical Analysis

A factorial experiment analysed by 2- or 3-way analysis of
variance (ANOVA) permits the separation and evaluation of the
effects of wwo (or more) factors operating in a single

experimental design. The factors in this study were a) the
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‘presencé of the tumor, b) dexamethasone treatment, and c) the
brain hemisphere from which the tissue sample was taken, A
significant effect, as shown by ANOVA, means that statistical -
differences exist among the treatment groups. In addition, use
of ANOVA permits the detection of interaction effects between
two (or more) factors. The term interaction means that factor A
may have a different effect when operating in the presence of
factor B than when factor B is not present. For example, both the
tumor and DEX treatment change neurotransmitter levels; in
tumor-bearing brain, levels increase after DEX treatment
whereas in control brain the same treatment decreases levels.

Further - statistical analysis using 1-way ANOVA followed by
the Newman-Keul's test was necessary to determine which
particular group of animals had significantly higher or lower
values. Sometimes 3-way ANOVA showed that either the tumor,
DEX treatmeﬁt, or the hemisphere from which the sample was
taken affected neurotransmitter or water content values, but, the
differences were so small that they were not significant between
individual treatment groups.

Correlation between white matter water content and tumor
diameter was done using correlation coefficient analysis. Tumor
‘diameters in the different groups were compared using l-way
analysis of variance (ANOVA) followed by the Newman Keul's
test.  Values from untreated tumor-bearing, sham-opérated, and
control animals were compared using 2-way ANOVA with
repeated measures. All values were transformed to the natural

log (Inx +1) before analysis. If there was no effect of side, sid"es
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were pooled and 1-way ANOVA was done to determine the
effect of the tumor. Individuals means were compared post-hoc
using the Newman-Keul's test.

Results from tumor-bearing and control animals at the
different dosage schedules were compared using 3-way ANOVA
to determine the effect of tumor, drug, and hemisphere and any
possible interactions. All values were transformed to the natural‘ ‘
log (Inx +1) before analysis. Since this required equal numbers |
in each experimental group, values were randomly removed
from some of the groups before analysis was performed. If
there was no effect of one or two of the factors, then 2-way -
ANOVA or l-way ANOVA was done. Individual means were
compared post-hoc using the Newman-Keul's test. Values from
vehicle-injected animals were compared to controls using 2-way
ANOVA.

The statistical packages used were Statworks and Cricket
Graph (Cricket Software, Philadelphia, Pa., U.S.A). The statistical
programs for 3-way ANOVA and the Newman-Keul's test were

kindly provided by Dr. Andy Greenshaw.



CHAPTER THREE DESCRIPTION OF THE STUDIES

3 The Problem

The presence of a brain tumor is known to regional cerebral
blood flow, oxygen consumption, and glucose utilization in
adjacent and remote brain tissue, but its effect on brain
neurotransmitter levels has received little attention (see sections
1.3.6, 1.3.7). Because brain neurotransmitter levels are
disturbed in other brain insults causing brain edema, it is
possible that there may be altered neurotransmitter function in
peritumor brain tissue (see chapter 1.3.10).

Dexamethasone, a synthetic glucocorticoid, is used in the
treatment of various CNS disorders, most notably peritumor
brain edema (see chapter 1.6.3). It improves local cerebral
gluéose utilization in edematous brain tissue (see chapter 1.6.6)
and decreases peritumor white matter water content (see
chapter 1.6.3). Generally, DEX causes improvemeht in neurologic
function before brain edema is decreased (see chapter 1.6.2).
The hypothesis that brain tumors may change peritumor
neurotransmitter levels and the possibility that DEX may exert
an early beneficial effect on neurologic function through
alteration of brain levels of brain neurotransmitter amines, their

metabolites, and GABA was explored.



3.1 Study A
Characterization of the Feline Brain Tumor
Model

3.1.1 Hypothesis

A larger laboratory animal model for the study of peritumor
brain metabolism was needed in order to obtain data for
biochemical studies that required several tissue samples from
each site. It was proposed that the production of intracerebral

9L glioma tumors in cats would be suitable for these studies.
3.1.2 Objectives

The objectives of this study were to:
1) Determine the success rate and latency of tumor induction
using a standardized inoculum of tumor cells.
2) Determine the gross and histologic characteristics of the 9L
glioma and surrounding brain.
3) Determine the magnitude and location of brain edema

produced by the 9L glioma.
3.1.3 Design
Forty-seven adult mongrel cats were fasted overnight and

anesthetized with atropine (0.3 mg/kg), xylazine (2 mg/kg) and

ketamine (20 mg/kg) and implanted with 1x106 9L glioma cells
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(2.2.1-5). Fifteen days later, a group of cats (n=28) was
anesthetized and the brains frozen in vivo. These animals did
not display abnormal neurologic signs at time of sacrifice. This
brain tissue was subsequently used for studies B and C.

On the day that they first exhibited abnormal neurologic
signs, another group of cats (n=13) was either euthanized with
pentobarbital (n=2) and the brain removed for histologic
evaluation, or were anesthetized and the brains frozen my_x_y_g_
(n=10). One animal died before in vivo freezing could occur. ’fhe
frozen brain tiésue was used for studies B and D. Six animals
implanted with 9L‘ glioma cells did not develop any neurologic
signs of increased ICP by 3-4 weeks post-implantation. ~ Upon
postmortem exam there was no gross visualization of brain
tumor. One of these animals was used for histologic studies.

In all animals the brain was cut coronally through the site of
tumor injection and the caudal slice of the brain examined for:
a) Presence of a tumor or needle tract.

b) Hemorrhage in or around the tumor.

c) Size and shape of the tumor.



3.2 Study B
Neurologic Status, Levels of Neurotransmitter
Amines, their Metabolites, and GABA in

Untreated Tumor-Bearing Brain
3.2.1 Hypothesis

Brain tumors cause alterations in cerebral blood flow and
metabolism in adjacent and remote brain (see sections 1.3.6,
1.3.7). In other forms of brain insult such as ischemia and
triethyltin intoxication there are profound alterations in brain
neurotransmitter levels (see sections 1.3.10, 1.3.11). Increases
in ICP due to the mass effects of a brain tumor and the
associated vasogenic edema may cause brain ischemia. However,
it is unknown whether the presence of a brain tumor influences
brain neurotransmitters and GABA in the absence of significant
increases in ICP.

It was proposed that the presence of a brain tumor in animals
without abnormal neurologic signs of increased ICP would be
associated with alterations in brain neurotransmitter amines or
GABA. The effect of a tumor in animals with abnormal

neurologic signs was also assessed.
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3.2.2 Objectives

The objectives of this study were to determine whether the
presence of a brain tumor altered neurologic status, and/or
concentrations of neurotransmitter amines, their metabolites,
and GABA in regional brain areas both close to and remote from
the tumor in animals without abnormal neurologic signs, and
whether the presence of neurologic symptoms indicative of
increased ICP had any efféct on these changes. In addition,
levels of neurotrans‘mitter amines, metabolites, and GABA were

measured in the brain tumor itself.
3.2.3 Design

Thirty adult mongrel cats (2.2-6.0 kg) of both sexes were
used. There was a control group (n=9), sham-operated group
(n=6), and two groups of tumor-bearing animals. Cats {(n=9)
which did not exhibit any abnormal neurologic signs and cats
(n=6) which exhibited ahisocoria and somnolence (neurologic
signs of increased ICP). Except for control animals, which did not
receive an intracranial injection, cats were fasted overnight,

anesthetized with atropine (0.3 mg/kg), xylazine (2 mg/kg), and

ketamine (20 mg/kg), and implanted with 1 x106 9L glioma cells.
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ln Vivo Freezing of Brain

Fifteen days after xcnotransplantation, tumor-bearing and
sham-operated animals were examined for neurologic deficits,
Clinically normal animals were tranquilized with xylazine (2
mg/kg) and anesthetized with halothane, N2O and O3, the head
was frozen in vivo using a modification of the method of Welsh &
Rieder, (1978). The head was removed and stored at -30°C until
regions were dissected out; control brains weré frozen using the
same methods. Tumor-bearing cats with abnormal neurologic
signs were sacrificed in an identical fashion on the day that they
first exhibited signs.

The head was later thawed to 0°C and dissection of brain
regions was done at 0-4°C in a cold room. Sections of brain were
analyzed for water content, with adjacent samples taken for
neurotransmitter amine and GABA analysis. These samples

were stored at -70°C until analysis.
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3.3 Study C
Neurologic Status, Levels of Neurotransmitter
Amines, their Metabolites and GABA, and
Water Content in Tumor-bearing Brain of Cats
Without Abnormal Neurologic Signs: Effects of

Two Dosages Schedules of Dexamethasone

3.3.1 Hypothesis

Dexamethasone has been used for over 20 years in the
treatment of patients with brain tumors. Although one of its“
main actions is to decrease peritumor brain edema, it has been
well demonstrated both clinically and experiiaentally that
neurologic status improves before edema is decreased (sce
sections 1.6.2, 1.6.3).

In study B the presence of a brain tumor decreased regional
monoamine and metabolites and altered GABA levels in animals
without abnormal neurologic signs (see chapter 4).
Dexamethasone is known to change neurotransmitter levels in.
normal brain (see sections 1.5.8, 1.5.9); It was postulated that
DEX treatment would normalize neurotransmitter amine and
GABA levels to control values in tumor-bearing animals that did

not exhibit abnormal neurologic signs.
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3.3.2 Objectives

In this study, control cats and tumor-bearing cats without
neurologic signs of increased ICP were not treated or treated
with DEX 1 or DEX 2 dosage schedule. A separéte group of
control .cats were ndt treated or treated with vehicle at the same
schedule as DEX 1 or DEX 2.

The objectives of this study were to determine whether:

1) The administration of DEX at two different dosages altered
a)  neurologic status,
b)  brain nedrotransmitter amine, metabolite,
or GABA levéls,
c) bra‘in‘ water content
in regional brain areas bdth close to, and remote from, the tumor
in cats without abnormal neurologic signs.
2) The administration of DEX, at two different dosages, altered
levels of neurotransmitter amines, iheir metabolites, and/or
GABA and water content in the brain tumor.
3) There was a drug- or vehicle-associated change in neurologic
status, brain “lc‘évels of neurotransmitter amines, their
ﬁmetabolites, and/or GABA, or alterations in brain water content

in normaly ‘control brain.
333 Design

Adult mongrel cats were anesthetized with xylazine (2

mg/kg), and ketamine (20 mg/kg). 9L glioma cells (1 x 106)
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suspended in 50 1 of culture medium were injected 5.5 f‘mm
into the central white matter of the brain. |

Tumor-beering and eontrol cats (n=6/group) were given DEX,
or left untreated. Separate groups of animals (n=6/group) were
not treated or treated with vehicle at the two dosage sc‘h‘edulehs
to determine the effect of the vehicle. Two dosage schedules of
DEX were employed; DEX 1 (0.25 mg/kg i.v., 0.25 mg/kg i. m)
with 0.25 mg/kg i.m. repeated 1n 6 h or DEX 2 (0.25 mg/kg i.v.
and 0.25 mg/kg i.m. with 0.25 mg/kg i.m. given 3 more times at
6 h intervals).  The head was removed and stored at -3’O°C‘ until
regions were dissected out. All tumor-bearing animals were
sacnflced at 15 days post- 1mp1antat10n For the treate’d animals
sacrifice was timed to occur ai 2 h followmg the last dose of DEX
or vehicle. Ammals were tranquilized with xylazine (2 mg/kg)
and anesthetized with halothane, N70, and O and the head was
frozen in vivo. | |

The head was leter thawed to 0°C and dissection of brain
regions was done at 0-4°C in a cold room. ‘Samples were taken
for determination of water content, and regional
neurotransmitter amine, metabolite, and GABA analysis. The

latter were stored at -70°C until analysis.
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3.4 Study D
Neurologic Status, Levels of Neurotransmitter
Amines, their Metabolites and GABA, and
Water Content in Tumor-bearing Brain of Cats
with Abnormal Neuroclogic Signs: Effects of.

DEX 1 Dosage Schedule
3.4.1 Hypothesis

Treatment with DEX improves neurologic function within a
few hours in patients or experimental animals with signs of
increased ICP (see sections 1.6.2, 1.6.3). In study B (see chapter'
4), neurotransmitter amine and metabolite levels were
decreased and GABA increased in the brains of cats with
neurologic signs of increased ICP (see chapter 4). Based on
observations made in Study C (see chapter 4), where DEX
administration tended to normalize rleurotransmitier levels, it
was hypothesized that the time course of clinical improvement
with DEX treatment may be related to changes in brain

neurotransmitter levels.
3.4.2 Objectives

In this study, tumor-bearing cats with neurologic signs. of
increased ICP were not treated or treated with DEX 1 dosage
schedule. The objectives of this study twere to determine

whether there was a DEX-associated change in neurologic status,



levels of neurotransmitter amines, metabolites,. GABA, or brain
water content in brain regions of tumor-bearing cats with

abn‘orm‘al neurologic signs.
3.4.3 Design

Adult mongrel cats were anesthetized with xylazine
(2 mg/kg), and ketamine (20 mg/kg). 9L glioma cells (1 x 106)
suspended in 50 M1 of culture medium were injected 5.5 mm into
the central white matter of the brain. = Subsequently, some
tumor-bearing animals were not treated (n=8) and others were
treated (n=5) with DEX 1 (0.25 mg/kg i.v. and 0.25 mg/kg i.m.
with 0.25 mg/kg i.m. repeated in 6 h) on the day that they first
exhibited abnormal neurologic symptoms. Animals were
assessed and scored neurologically before administration of the
drug, ahd every 2 h after until they were anesthetized (6 h
later), to determine if there was ahy effect of the drug on
neurologic signs. Animals were tranquilized with xylazine (2
mg/kg) and anesthetized with halothane, N20O, and Oz and the
head was frozen in vivo. Immediately before in vivo freezing,
‘the intracranial pressure was measured at the level of the
cisternae magna. The head was removed and stored at -30°C
until regions were dissected out.  For the treated animals,
sacrifice was timed to occur at 2 h following‘the last dose of DEX.
The head was later thawed to 0°C and dissection of braih regions
was done at 0-4°C in a cold room. Samples were taken for

determination of water content and regional neurotransmitter
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amine, metabolite, and GABA analysis. The caudal one-third of
the cerebrum was frozen and later used for MAQO assay. These

samples were stored at -70°C until analysis.
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Cat Groups

Cats implanted —=1.
with 9L tumors

(n=47)

é | \2.
not suitable for \

histological, ' 3.
neurochemical or

water content \
analysis (n=195)

4.

\

S.

\

6.

Sham-operated —— 7.
cats (n=6)

=8

\9.

Control cats
(n=15)

Vehicle-treated — 10.

N 11.

cats (n=12)
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Cat Subgroups Study
Used for ' histology A (n=33)
Study A (n=3) [%,2,5,7,8]

without abnormal
neurologic  signs
NO TX (n=9) (for study C, n=6)

without abnormal B (n=30)

neurologic signs [2,5,7,8]

DEX 1 (n=6) ‘

without ~abnormal

neurologic  signs

DEX 2 (n=6)

with abnormal C (n=54)

neurologic  signs [2,3,4,8,9,

NO TX (n=6) 10,11]

with ~abnormal

neurologic  signs

DEX 1 (n=4) D (n=10)
| [S,6]

sham-operation = (n=6)

compared with tumor-bearing
cats (n=9) (for study C, n=6)

compared with

vehicle-treated
cats. (n=6) o

treated with DEX 1 schedule (n=6)

treated with DEX 2 schedule (n=6)

Fig. 13. Flow chart illustrating the number ( ) and the subgroups
[ ] of cats used for histological, neurochemical and water content

analysis in each study.



CHAPTER FOUR RESULTS

4.1 Study A |
Characteristics of the Feline Brain Tumor
Model

4.1.1 Success rate of implantation and incidence of

neurologic signs

The tumor implantation success rate was high (75-86%) in
both untreated and DEX-treated animals without abnormal
- neurologic signs. At 15 days post-implantation the tumor size
did not differ significantly between groups; however, there ‘was
wide variability in the size of the tumor (2-10 mm) in the |
different cats, with gross hemorrhage in some tumors. In the
animals treated with DEX 1 no hemorrhage was observed (Table
3).

Some animals developed signs of increased ICP between 12-
21 days post-implantation (Table 4). Untreated cats with
abnormal neurologic signs had larger tumors than untreated cats
without abnormal neurologic signs [F(l,l4)= 7.88, p< 0.05].
There was no significant difference in incidence of tumor
hemorrhage between the the two groups.

Tumor size, percentage of tumors with hemorrhage, and time
of onset of clinical signs did not differ between tumor-bearing
cats ‘with abnormal‘ neurologic signs treated with DEX and those

not treated.
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Table 3. Per cent successful induction, per cent of tumors with hemorrhage and diameter
of 9L glioma tumors in groups of untreated (NO TX) or dexamethasone-treated (DEX 1,
DEX 2) tumor-bearing cats without abnormal neurologic signs.

% tumor induction % hemorrhage tumor diameter
(mm) (meantSEM)
NOTX 11/13 (86%)Jr 519 (56%) 56%09
DEX 1 ‘ 6/8 (715%) 0/6 (0%) - 7.6%141
DEX 2 6/7 (86%) 2/6 (33%) 5.4+1.0

TTwo animals were not suitable for morphological and biochemical studies.
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Table 4. Percentage of cats with abnormal neurologic signs, number of days from
implantation to onset of clinical signs (days from implantation to abnormal neurologic
signs), percentage of tumors with hemorrhage and diameter of 9L gliomas in untreated
(N-NO TX) and dexamethasone-treated (N-DEX 1) tumor bearing cats

N-NO TX" N-DEX 1
% Neurologic Signs 8/12 (68%)1 57 (71%)*
Days from implantation 15.8+1.2 13.2%1.3
to abnormal neurologic
signs (meantSEM)
% hemorrhage 5/6 (83%) 2/4 (50%)
tumor diameter (mm) 9.2%+1.3 8.0£1.0

(meantSEM)

TTwo animals were not suitable for morphological and biochemical studies.

fOne animal was not suitable for morphological and biochemical studies.
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4.1.2 Gross Pathology

~ Upon gross dissection, the dura was thickened and adhered to
the site of tumor injection. The parasylvian and marginal gyri
were generally swollen and occasionally the tumor was visible
on the surface of the cortex. On brain section the tumor
appeared as a grey spherical mass centrally located in the
centrum ovale but with portions of the tumor present in the
cortical regions. The tumor size was quite variable (2-14 mm
diameter) (Fig. 14). Hemorrhage around the tuinor was
observed in approximately half of t‘he animals. Edema in white
matter of the affected hemisphere was observed in most brains.
Marked mass effect with compression of the contralateral
hemisp‘here was observed in animals with neurologic signs of

increased ICP.
4.1.3 Microscopic pathology

Two animals with neurologic signs of increased ICP and one
animal which had not shown any signs of tumor growth after
three weeks were euthanized and the brains examined
histologically. The following is a description of the histologic

findings.
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Fig. 14. Coronal view of a 9L glioma ( ———= ) implanted in the
central white matter of a cat brain. Zone of hemorrhage
( ———% ) around the tumor.



CAT #171-87

Situated within the central white matter of one cerebral .
hemisphere was a nodular deposit of a poorly differentiated
tumor which had focally erodéd through the mantle of the
adjacent cortex into the subarﬁchnoid space and had gfown into
the body of the ipsilateral lateral ventricle. The tumor consisted
of interlacing, swirling fascicles of elongate spindle cells
possessing delicate fibrillated bipolar processes. In a few cells
these processes were shown to contain thin PTAH fibrils. As
shown in imm\inohistochemical preparations, none of the tumor
cells were reactive for S-100 protein, but a few of these tumor
cells showed diffuse, moderately strong immunostaining for
GFAP. These reactive tumor cells were dispersed randomly and
individually among the population of neoplastic cells and tended
to have plumper, more rounded (protoplasmic), cell bodies. The
moderately pleomorphic oval nuclei of the tumor cells were
dispfoportidnately enlarged, and displayed a course
hyperchromasia and occasional small nucleoli. Mitotic figures
were common and some were bizarre; multinucleate giant cells
were also relatively frequent. = In Gomori trichrome preparations
no extracellular depositions of collagen or matrix substance were
demonstrated within the parenchyma of the tumor. There were
no foci of necrosis, but along one margin of the implant there
was a zone of fresh hemorrhage. This neoplastic implant was
sharply demarcated from the neighbouring neural parenchyma

and was circumscribed by a patchy infiltrate of chronic



inflammatory cells, which also cuffed many of the nearby blood
vessels. |
Along the tumor margin there was a mild increase in the

blood vessels and scattered widely throughout the white mattter
were patchy edematous foci of rarefaction accompanied by mild
astrocytosis. These reactive astrocytes displayed strong
immunostaining for S-100 protein and, less commonly, GFAP.
Several of the blood vessels in the vicinity of the tumor showed

prominent endothelial hypertrophy and hyperplasia.
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CAT #200-87

Demonstrated in coronal sections of the cercbrum was a
multinodular tumor implant within the central white matter of
one hemisphere. This implait extended deeply into the anterior
limb of the internal capsule and through the overlying cortex
into the sulcal subarachnoid space. The poorly differentiated
tumor was comprised of whorling, interdigitating fascicles ot
elongated spindled cells with  tapering bxpolar processes. ‘Within
the fibrillated processes of a few of the neoplastic cells there
were demonstrated sparse numbers of fine PTAH fibrils aligned
adjacent to the cytoplasmic borders of the cells. In
immunohistochemical preparations no immunoreactivity was
demonstrated in the tumor cells for S-100 protein and only’a :
very few of the tumor cells displayed the ’presence of GFAP. In
these immunoreactive cells the GFAP immunoreactivity was
diffuse but weak within the somas of the stained cells. The
disproportionately enlarged, oval nuclei of the neoplastic cells
displayed moderate pleomorphism, stippled hyperchromasia ;‘md
small nucleoli. Mitotic figures were very common as were |
uninucleated and multinucleated tumor giant cells. Foci of
necrosis were present only in the snbarachnoigl margins ofkthe
tumorous deposits and were suffused by infiltrates of acute
inflammatory cells. Gomori trichrome preparations failed to
demonstrate the presence of extracellular deposxts of collagen or
matrix material in the tumor parenchyma

The 1mplant was relatlvely well demarcated from the

surrounding neural parenchyma but along some of the margins
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there were focal regions in which sheaths of tumor cells had
‘sp‘read.along the perivascular spaces of the blood vessels (Fi‘g.
15). The blood vessels along the tumor circumference appeared
to be increased in number, displayed prominent endothelial
hypertrophy and hyperplasia, and were occasionally cuffed by
chronic inflammatory cell infiltrates. '

Small foci of edematous rarefaction were scattered within the
central and subcortical white matter of the hemisphere and to a
lesser extent within the internal capsule. Within the white
matter encapsulating the borders of the tumor there were
numerous reactlve astrocytes Wthh dlsplayed strong
immunostaining for GFAP. Smular strong immunoreactivity for
S-100 protein was present in the glyial cells of cerebral White and
grey matter. Some of thesé glial cells were shown to have
become entrapped along the advancing margins of the 'tumor.

There were no lesions present in the contralateral hemisphere.

CAT #46-87

Within the subcortical white matter of the superior medial
region .of the cerebral hemisphere th‘ere was a resorbing tract of
necrosis that encroached upon but did not reach the wall of the
lateral ventricle. This necrotic tract consisted of a linear core 'of:
Gitter cells (foamy macrophages) outlined kby a margin of
prohferatmg caplllarles and a border of mild reactive
astrogliosis.  An occasional nearby blood vessel was cuffed by
infiltrates of chronic 1nf1ammatory‘cells but there were no

deposits of ‘tumor cells present.
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Fig. 15. Histologic photograph illustrating invasion of the tumor
( ——— ) along the perivascular space into surrounding

brain. H & E, 250x
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4.1.4 Water content

The per cent water content in tumor tissue in cats without (A)
or with abnormal neurologic signs (N) was 85.6 + 0.8 and 85.5 +
1.0 (mean + SEM) respectively. Parietal, temporal, and frontal
grey matter values in the tumor-bearing hemisphere were not
different from those obtained for corresponding regions in
contralateral and control tissde (range = 80.8--82.2%). The white
matter adjaCent to the tumor had a higher percent water content
(73.7 + 1.7, (A), 75.0 £ 1.6 (N)) than the contralateral side (68.8 +
0.7, p< 0.05; 67.8 + 0.5, p< 0.01), sham-operated (69.4 + 0.8, p<
0.05, p< 0.01), and control white matter (67.8 + 0.6, p< 0.01, p<
0.01) in equivalent areas. No significant alterations in frontal
white matter water content were found.

There was no cofrelation between fumor size and per cent
water content in adjacent parietal white matter in untreated cats
without abnormal neurolbgic signs but there was a negative
correlation (2= 0.82, p< 0.05) between tumor size and adjaéent
parietal white matter water content in untreated cats with

abnormal neurologic signs.

4.1.5 Conclusions

" This model had a high success rate in both untreated and
DEX-treated animals. At 15 days post-implantation most
animals had tumors with significant white matter peritumor

edema. Some animals developed neurologic signs of increased



ICP at about 2 weeks post-implantation. These animals "had
larger tumors than animals without abnormal neurologic signs.
In both gross and light microscopic examination the

experimental glioma resembled a human glioblastoma

multiforme.

4.2 Study B
Neurologic Status, Levels of Neurotransmitter
Amines, their Metabolites, and GABA in
Untreated Tumor-bearing Brain

4.2.1 Neurologic status

Tumor-bearing animals (n=11) without abnormal neurologic
signs were sacrificed 15 days post-implantation. Nine animals
were suitable for biochemical and water content studies. One
animal had“the tumor implanted in the wrong location and in the
other animal the brain regions were not dissected out correctly.
Animals with anisocoria and decreased motor activity (n=8)
were sacrificed on the day that they first showed these
abnormal neurologic signs. Six animals were suitable for
biochemical and water content studies. One animal died
suddenly and the other animal was euthanized and the' brain
used for histological evaluation. Nine control animals and 6
sham-operated animals were sacrificed in an identical - fashion.
Arterial blood pressure, pH, pCOa3, and pOy levels measured
immediately prior to sacrifice were not different between the

groups.



4.2.2 Intracranial pressure

The intracranial pressure in the animals without abnormal
neurologic signs was not measured, but tumor-bearing cats in a
similar study had ICP measurements ranging from 2-6 mm Hg
(Lazarcff, personal communication). Normal control cats
anesthetized with the same anesthetic regime had ICP levcls
ranging from 0-5 mm Hg. Tumor-bearing cats with signs of
increased ICP had a mean value of 13.5 + 0.5 mm Hg

immediately prior to sacrifice.

4.2.3 ~ Regional levels of neurotransmitter amines
and their metabolites

a) Tumor

The glial cell composition of the 9L tumor is consistent with
the low neurotransmitter and metabolite levels seen in this
study (Table 5). Levels of 5-HIAA in the tumors of animals with
abnormal neurologic signs were higher [F(1,11)= 11.07, p< 0.01]
than in animals without abnormal neurologic signs. For
comparison, the monoamine and metabolite levels in cultured SL

glioma cells are also presented.



Table 5. Neurotransmitter amine and metabolite levels (ng/g wet weight) in 9L
tumor tissue and 9L glioma cells (mean + SEM; n=5-8)

A N C
NA 1516 5627 6116
DA 1418 41121 67+5
5-HT 8125 8827 0+0
DOPAC 147 18:+13 11£3
HVA 54+26 79453 0+0
5-HIAA 1747 141+46%* 6419

A Tumor-bearing animals without abnormal neurologic signs
N Tumor-bearing animals with abnormal neurologic signs
C 9L glioma cells grown in cell culture

**p<0.01 Compared to tumor-bearing animals without abnormal neurologic
signs ‘
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b) Parietal Grey Matter

The tumor had no effect on the levels of NA (Table 6).
Dopamine levels were different between the groups ‘[F(3,56)=
7.49, p< 0.01], with the effect being equal in both hemispheres.
Turmor-bearing animals (p< 0.01) had DA levels 50% lower than
seen in control and sham-operated animals. The metabolites
DOPAC [F(3,56)=16.42, p< 0.01] and HVA [F(3,54)= 3.78, p< 0.05]
were decreased bilaterally in a similar fashion in both groups of
tumor-bearing animals. Sham-operation had no effect on levels
of NA, DA, DOPAC, and HVA.

Levels of 5-HT were not affected by the tumor—implantation or
sham-operation but 5-HIAA levels were different between groups,
with tumor-bearing cats with abnormal neurologic signs having
higher levels than control (p<0.01), sham-ogperated (p< 0.01), and

tumor-bearing cats without abnormal neurologic signs (p<0.05).
¢) Temporal Grey Matter

Concentrations of NA were different between groups
[F(3,51)= 4.80, p< 0.01], with both groups of tumor-bearing cats
(p < 0.05) having lower NA levels than contrdl cats (Table 7).
The differences between tumor-bearing and sham-operated
groups wére not significant. Levels of DA [F(3,51) - 3.79, p<
0.05], DOPAC [F(3,49)= 16.66, p< 0.01] and HVA [F(3,49)= 4.89, p<

0.01] varied between the control, sham-operated, and tumor-



Table 6.

Neurotransmitter amine and metabolite levels (ng/g wet weight) in parietal
grey matter (mean + SEM; n=6-9)

NA DA 5-HT DOPAC HVA 5-HIAA
RC 218+17 10719 191£30 5319 114147 89+13
LC 194420 11249 206+33  34%7 88121 79+12
RSH 220+13 122426  258+47 3515 10548 118+11
LSH 260%25 117426 221436 405 78+12 117426
RA 222438 55510 237450 7H3% 53217 §2+18
LA 224432 85+8 213+43 2714 55+21* 7815
RN 165+17 45E5** 280433 2kL[YC 60127 155+287C
LN 188+27 68+15"" 269143 4+3%*c  g5+23" 164135™¢
RC: Right hemisphere, control animals
LC: Contralateral hemisphere
RSH: Right hemisphere, sham-operated animals
LSH: Contralateral herrusphere
RA: Right tumor-bearing hemisphere, animals without abnormal neurologic signs
LA: Contralateral hemisphere
RN:  Right tumor-bearing hemisphere, animals with abnormal neurologic signs
LN: Contralateral hemisphere

*p<0.05 compared with control and sham-operated animals

**p<0.01 compared with control and sham-operated animals

Cp<0.05 compared with animals without abnormal neurologic signs
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Table 7.  Neurotransmitter amine and metabolite levels (ng/g wet weight) in temporal
grey matter (mean + SEM; n=6-7)

NA DA 5-HT DOPAC HVA 5-HIAA

RC 434+61 147425 650175  98+18 14141 392+18
LC 426466 = 128+18  498£109  74+18 16350 318444
RSH 335426 125432 448+58  56%10 145431 247454
LSH 315436 98421 202421  53%12 147427 259435
RA 258+41T 62419  254+52  62%19 s7+11T 193136
LA 243257 100+22 25550  52%16 116228t 179428
RN 2484317 624117 560£130 42k 45+11% 327462
LN 2854297  73x11T  364+60 IR 4147 251453

RC:  Right hemisphere, control animals
LC: Contralateral hemisphere -

RSH: Right hemisphere, sham-operated animals
LSH: Contralateral hemisphere

RA: Right tumor-bearing hemisphere, animals without abnormal neurologic signs
LA:  Contralateral hemisphere

RN: Right tumor-bearinlg hemisphere, animals with abnormal neurologic signs
LN: Contralateral hemisphere

T p<0.05 compared with control animals
T p<0.05 compared with sham-operated animals
* p<0.05 compared with control and sham-operated animals

*k n<0.01 compared with control and sham-operated animals



, 117
bearing groups. Only HVA levels were significantly decreased

bilaterally in animals without abnormal neurologic signs (p<
0.05); in animals with abnormal neurologic signs DA (p< 0.05)
and its metabolites DOPAC (p< 0.01) and HVA (p< 0.05) were all
decreased bilaterally. Levels of monoamines and metabolites in
sham-operated animals were not significantly different from
controls.

There was a trend towards a difference in 5-HT levels
between groups [F(3, 51)= 2.57, p= 0.07] but it was not
significant. Levels of 5-HIAA were not different between

groups.
d) Frontal Grey Matter

There were no differences in neurotransmitter amine and
metabolite levels between the control, sham-operated and

tumor-bearing groups of cats (Table 8).
e) White Matter

Neurotransmitter amine and metabolite levels were measured
in parietal and frontal white matter and found to be highly
variable. This variability, which precluded statistical analysis,
may have been a reflection of varying amounts of white matter

edema.



Table 8. Neurotransmltter amine and metabolite levels (ng/g wet welght) in frontal grey
matter (mean + SEM; n=6-9)

NA DA 5-HT DOPAC HVA - 5-HIAA
RC 364+33 11015 427485  71+18 102122 202+42
LC 367426 08+13  287+34  78%34 103+24 184438
RSH 378+44 8814 307+36  44tl1 81x11 17715
LSH 330422 83+13  341+48 496 708 164+11
RA 317£35 10114 26146 417 64111 141+23
LA 315454 90411  214%51  51£10 119428 112413
RN 298420 110£13  228+35 5143 128426 19716
LN 3874438 14835  368+65 6013 134345 250455

.................

RC: Right hemisphere, control animals
LC: Contralateral hemisphere

RSH:  Right hemisphere, sham-operated animals
LSH:  Contralateral hemisphere

RA:  Right tumor-bearing hemisphere, animals without abnormal neurologic signs
LA: Contralateral hemisphere

RN: Right tumor-bearing hemisphere, animals with abnormal neurologic signs
LN: Contralateral hemisphere
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4.2.4 Regional GABA levels

a) Tumor

GABA levels in the brain tumor Qere low compared to
surrounding grey matter. In animals with neurologic signs
tumor levels were higher (1.89 + 0.29 Mmoles/g) than in animals
without neurologic signs (0.78 + 0.29 pmoles/g) [F(1,10)= 6.44,
p< 0.05]. GABA levels in cultured 9L glioma cells were also very
low (0.13 Mmoles/g).

b) Grey matter

In grey matter adjacent to the tumor (parietal)) GABA levels
differed between groups [F(3,52)= 8.93, p< 0.01], with tumor-
bearing animals with abnormal neurologic signs having higher
GABA levels (p< 0.01) than control, sham-operated, and tumor-
bearing animals without abnormal neurologic signs (Table 9).
There were no differences between hemispheres or group-
hemisphere interactions. In grey matter somewhat further from
the tﬁmor (temporal) there were no significant differences in
GABA levels between the groups. In grey matter remote from
the tumor (frontal) there were bilateral changes in GABA levels
[F(3,55)= 20.63, p< 0.01]. In this area, tumor-bearing animals
with abnormal neurologic signs had higher GABA levels (p< 0.01)
than control, sham-operated, or tumor-bearing animals without

abnormal neurologic signs.



Table 9.

-----------

RC
LC

- RSH
LSH

RN
LN
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GABA levels (umoles/g wet weight) in parietal grey (PG), temporal grey
(TG), frontal grey (FG), parietal white (PW) and frontal white (FW)
matter. (mean £ SEM, n = 4-9)

PG TG FG - PW FW

3.03+£.34 2.92+.24 2.50+34  2.56+39 1.85+.27
2.28+.17 2.80+.22 1.91+.14 2.24+.19 1.85+.20

2.32+.34 3.77£.15 2.15%.16 1.96+.45 1.51+.12

2.44+.40 3.33+.31 2.04£.13 2.12+.61 1.72+.16
2.59+.26 3.63+.38 2.54+.11 1.51£35%  1.23+30
2.61+.27 3.80+.61 2.62+.31 13517+ 1.38+32

4.51+.54%¢  323+26 6.04+.72%*  2.25+42 1.71£.40
4.02+.49%%  3,10£.35 4.43+.65%* 1.82+147  231+34

RC:  Right hemisphere, control animals
LC: Contralateral hemisphere

RSH: Right hemisphere, sham-operation
LSH: Contralateral hemisphere

RA: Right tumor-bearing hemisphere, animals without abnormal neurologic signs
LA:  Contralateral hemisphere

RN:  Right tumor-bearing hemisphere, animals with abnormal neurologic signs
LN:  Contralateral hemisphere

**p<0.01 compared with control, sham-operated and tumor-bearing animals without
abnormal neurologic signs

1p<0.05 compared with animals without abnormal neurologic signs

-JFp<O.Ol compared with control and sham-operated animals



c) White matter

Levels of GABA in parietal white matter differed between
aroups [F(3,49)= 5.33, p< 0.01]. There was no effect of
hemisphere or groupnhemisphere interactions. Levels in paristal
white matter of tumor-bearing animals without abnormal
neurologic signs were lower than those with abnormal neurologic
signs (p< 0.05), sham-operated (p< 0.01) or control animals
(p< 0.01) (Table 9). There was no effect of group or hemisphere

on GABA levels in frontal white matter,

4.2.6 Conclusions

Brain tumors caused significant bilateral decreases in
monoamine and metabolite levels in parietal and temporal brain
regions; changes were accentuated in tumor-bearing cats with
neurologic signs of increased ICP. Sham-operation had no efiv:
on monoamine and metabofiza levels. Levels of GABA were
decreased in parietal white matter of cats without abnormal
neurologic signs, whereas cats with abnormal neurologic signs
had increased GABA levels in the tumor and in parietal and
frontal grey matter. Levels of GABA were not changed by sham-

operation.
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4.3 Study C
Neurologic Status, Levels of Neurotransmitter
Amines, their Metabolites and GABA, and
Water Content in Tumor-bearing Brain of Cats
without Abnormal Neurologic Signs: Effects of

Two Dosage Schedules of Dexamethasone

4.3.1 Neurologic Status

- Al tumor-bearing cats were neurologically normal when
sacrificed 15 days post-implantation. There were 6 tumor-
bearing cats and 6 control cats in each drug treatment group.
Separate groups of control cats and cats treated with ‘vehicle at

- the same dosage schedule as DEX 1 and DEX 2 were used to
4determine the effect of the vehicle (n=6/group). ’Control‘a'nd
vehicle-treated animals were sacrificed in an identical fashion to
tumor-bearing animals. Arterial biood pressure and pCO2
measured immediately prior: to sacrifice were not different
between groups, but there were differences in mean pH
[F(2,38)= 5.33, p< 0.01] (range 7.30-7.37) and pO2 [F(2,41)= 9.85,
p< 0.01] (range 141- 233 mm Hg), although all values were
within normal limits. There were no significant differences in
blood pressure, pH, pCO;, and pO2 between ‘tumory-bearing ‘and
~contrc! animals Within‘these groups or between control and

vehicle-treated animals.
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‘4.3.2 Intracranial pressure
The ICP was not measured in any of these groups.

433 Regional levels of neurotransmitter amines
and their metabolites

a) Tumor

Levels of NA varied in tumor tissues from different groups
[F(2,17)= 14.43, p< 0.01], with levels in the DEX 2 group being
undetectable (Fig. 16). Dopamine and 5-HT levels were not
significantly different. Levels of DOPAC differed between groups
[F(2,17)= 6.73, p< 0.01], with levels being higher in the DEX 2
group compared to the untreated (NO TX) (p< 0.01) or DEX 1
(p< 0.05) groups. Levels of HVA remained unchanged.
Conceﬁtfations of 5-HIAA were altered [F(2,17)= 17.87, p< 0.01],
with levels in the DEX 1 and DEX 2 groups being significantly
higher then in the NO TX (p< 0.01) group.
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Fig. 16. Levels of NA, DA, 5-HT, DOPAC, HVA, and 5-HIAA (ng/g
wet weight £ SEM) in the tumors of animals not treated (NO TX)
or treated with DEX 1 or DEX 2 dosage schedules. (n = 6-9/group)

Effect of DEX
AA p < 0.01 compared with untreated animals



b) Parietal Grey Matter

The presence of the tumor led to significant changes in NA
levels [F(1,60)= 4.50, p< 0.05] (Fig. 17). There was a small
overall DEX effect (i.e., statistical differences existed among the
treatment groups) [F(2,60)= 3.47, p< 0.05], but this was not
significant within either the tumor-bearing or control groups.
Levels of NA differed between hemispheres [F(1,60)= 4.05, p<
0.05]. The tumor induced a small but significant decrease in NA
levels in peritumor grey matter compared to the contralateral
hemisphere [F(1,35)= 5.37, p< 0.05] which was especially
apparent in DEX-treated animals; there was no effect of
hemisphere in control brain. Levels of NA were not different
between vehicle-injected and control animals

~ues tumor also affected levels of DA [F(1,60)= 6.79, p< 0.05]
(Fig. 17). Levels in brain hemispheres differed [F(1,60)= 4.59,
p< 0.05], although individual comparisons did not reveal any
specific differences within treatment groups. Dexamethasone
treatment did not have any effect on DA levels; however, there
was a tumor-DEX interaction (i.e., DEX treatment altered
neurotransmitter levels differently in tumor-bearing animals
than in control animals) [F(2,60)= 10.05, p< 0.01]. Levels of DA
were comparable in vehicle-injected and control animals.

A bilateral decrease in DA levels was seen in untreated
tumor-bearing animals (p< O‘.Ol) and was still apparent in

tumor-bearing animals treated with DEX 1 (p< 0.05). In contrast,
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Fig. 17. Levels of NA (A) and DA (B) (ng/g wet weight & SEM) in
the the tumor-bearing (R) and contralateral hemisphere (L) in
parietal grey matter of tumor-bearing (T) and control (C) animals
not treated (NO TX) or treated with DEX 1 or DEX 2 dosage
schedules. Levels of DA are pooled from both hemispheres.

(n=6/group)

Effect of tumor in each treatment group
* p<0.05
** p < 0.01

Effect of tumor-bearing hemisphere in each treatment group
p < 0.01
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A bilateral decrease in DA levels was seen in untreated
tumor-bearing animals (p< 0.01) and was still apparent in
tumor-bearing animals treated with DEX 1 (p< 0.05). In contrast,
after DEX 2 DA levels were similar to drug-treated controls. The
drug itself did not affect control levels of DA (Fig. 16).

The DA metabolite DOPAC, was also affected by the tumor
[F(1,60)= 6.36, p< 0.05] and DEX treatments [F(2,00)= 27.62,
p< 0.01], with an interaction between tumor and DEX [F(2,60)=
10.33, p< 0.01]. There was no difference between DOPAC levels
in control and vehicle-injécted animals.

Levels of DOPAC were decreased bilaterally in untreated
tumor-bearing animals (p< 0.01) (Fig. 18). After a short course
of DEX (DEX 1) there was no difference between control and
tumor-bearing animals. In animals treated with a longer course
of DEX (DEX 2), DOPAC levels were elevated over drug-treated
control brain (p< 0.05). Multiple comparisons revealed that the
drug itself (DEX 1) also caused decreases in DOPAC (p< 0.01),
although levels returned to normal in control animals treated
with DEX 2 (Fig. 18).

Levels of HVA were not affected by the tumor (Fig. 18).
Analysis of variance revealed a significant effect of DEX [F(2,60)=
3.95, p< 0.01‘]; post-hoc comparisons showed that HVA levels in
control and tumor-bearing animals treated with DEX 2 were
elevated over untreated and DEX l-treatgd animals (p< 0.01).
 Levels of HVA were not different in vehicle-injected compared

to control animals.
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Fig. 18. Levels of DOPAC (A) and HVA (B) (ng/g wet weight £ SEM)
in the parietal grey matter of tumor-bearing (T) and contro! (C)
animals not treated (NO TX) or treated with DEX 1 or DEX 2 dosage
schedules. Levels are posled from both hemispheres. (n=6/group)

Effect of tumor in each treatment group
* p<0.05
** p < 0.01

Effect of DEX in control animals
AA p < 0.01 compared with untreated animals

Effect of DEX in tumor-bearing animals
AA p < 0.01 compared with untreated animals

Effect of DEX in control and tumor-bearing animals
A p < 0.05 compared with untreated animals
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Levels of 5-HT were not affected by either the tumor, DEX, or
hemisphere, and there were no significant interactions (Fig. 19).
Concentrations of 5-HT were not different in vehicle-injected or
control animals. The levels of 5-HIAA were not affected by the
tumor, but there was a significant effect of DEX [F(2,60)= 9.58,
p< 0.01] (Fig. 19). Newman-Keul's tests showed that 5-HIAA
levels were increased (p< 0.01) in tumor-bearing and control
brains after DEX 2 treatment.  There were no differences in 5-

HIAA levels between vehicle-injected and contrel animals.
c) Temporal Grey Matter

There was a significant depressant effect of the tumor on NA
levels [F(‘1,48)= 5.33, p< 0.05], although this was not significant in
any of the separate drug-treated groups (Fig. 20). Treatment
with DEX did not have any effect on NA levels and there were no
tumor-DEX interactions.

Dopamine levels in the temporal grey matter were not
affected by the tumor (Fig. 20). The metabolites of DA (i.e.,
DOPAC and HVA) were also not affected by either the tumor or
'DEX (Fig. 21). Animals injected with either dosage schedule of
‘vehicle did not have significantly different levels of
catecholamines and metabolites from control animais.

DEX had a significant effect of 5-HT levels in this brain region
[F(2,48)= 5.54, p< 0.01], with both control and tumor-bearing
animals treated with DEX 2 having lower 5-HT levels (p< 0.05)

than untreated animals or animals treated with DEX 1 (Fig. 22).
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Fig. 19. Levels of 5-HT (A) and 5-HIAA (B) (ng/g wet weight *
SEM) in the parietal grey matter of tumor-bearing (T) and
control (C) animals not treated (NO TX) or treated with DEX 1 or
DEX 2 dosage schedules. Levels are pooled from both

hemispheres. (n=6/group)

Effect of DEX in control and 'tumor-bearing animals
AA p < 0.01 compared with untreated animals
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Fig. 20. Levels of NA (A) and DA (B) (ng/g wet weight + SEM) in
the temporal grey matter of tumor-bearing (T) and control (C)

animals not treated (NO TX) or treated with DEX 1 or DEX 2 dosage
schedules. Levels are pooled from both hemispheres. (n=6/group)
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Fig. 21. Levels of DOPAC (A) and HVA (B) (ng/g wet weight £ SEM)
in the temporal grey matter of tumor-bearing (T) and control (®)
animals not treated (NO TX) or treated with DEX 1 or DEX 2 dosage
schedules. Levels are pooled from both hemispheres. (n=6/group)
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The levels of the 5-HT metabolite 5-HIAA were not altered by
either the tumor or DEX (Fig. 21). Vehicle-injection had no

significant effect on levels of 5-HT and 5-HIAA in this area.

d) Frontal Grey Matter

There was an effect of the tumor [ F(1,60)= 15.82, p< 0.01]
and DEX [F(2,60)= 4.36, p< 0.05] but not of hemisphere on NA
levels. A tumor-DEX interaction [F(2,60)= 6.76, p< 0.01] was also
seen (Fig. 23).

Levels of NA were significantly decreased in DEX I-treated
tumor-bearing animals (p< 0.01) compared to untreated and DEX
2-treated tumor-bearing animals. In this group NA levels were
also lower (p< 0.01) than DEX 1-treated control animals. DEX
treatment did not change NA levels in control tissue.

Overall, the tumor decreased DA levels [F(1,60)=5.37, p< 0.05],
although this was not significzint within any of the treatment
group: g, 23). Administration of DEX also caused changes in
DA levels [F(2,60)= 5.52, p< 0.01]. Control and tumor-bearing
animals in the DEX 2 group had lower DA levels (p< 0.05) than
those in the NO TX group. Levels of the DA metabolite DOPAC
were not affected by the tumor, hemisphere or DEX treatment
(Fig. 24) The administration of DEX changed HVA levels |
[F(2,60)=4.31, p< 0.05] but the tumor did not significantly affect
HVA levels [F(1,60)=3.49, p= 0.10] (Fig. 24). In control brain DEX
1 levels of HVA were lower (p< 0.05) than either NO TX or DEX 2

levels. Levels of HVA in tumor-bearing brain were lower in
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Fig. 22. Levels of 5-HT (A) and 5-HIAA (B) (ng/g wet weight £
SEM) in the temporal grey matter of tumor-bearing (T) and
control (C) animals not treated (NO TX) or treated with DEX 1 or
DEX 2 dosage schedules. Levels are pooled from both
hemispheres. (n=6/group)

Effect of DEX in control and tumor-bearing animals
A p < 0.05 compared with untreated animals
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Fig. 24. Levels of DOPAC (A) and HVA (B) (ng/g wet weight + SEM)
in the frontal grey matter of tumor-bearing (T) and control (C)
animals not treated (NO TX) or treated with DEX 1 or DEX 2 dosage
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schedules.  Levels are pooled from both hemispheres. (n = 6/group)

Effect of tumor in each treatment group
*k n < 0.01

Effect of DEX in control animals ‘
‘A p < 0.01 compared with untreated animals

Effect of DEX in tumor-bearing animals
A p < 0.01 compared with untreated animals
AA p < 0.01 compared with untreated animals



both DEX 1- (p< 0.05) and DEX 2- (p< 0.01) treated animals
compared to untreated tumor-bearing cats. There was an
interaction between DEX treatment and tumor [F(2,60)= 6.24,
p< 0.01], with tumor-bearing animals in the DEX 2 group having
significantly lower HVA levels (p< 0.01) than drug-treated
controls. There was no effect of vehicle injection on NA, DA,
DOPAC, or HVA levels.

The tumor affected 5-HT levels [F(1,60)= 4.05, p< 0.05],
although multiple comparisons did not reveal any significant
differences within treat'men’t groups (Fig. 25). ‘The drug also
changed 5-HT levels [F(2,60)= 7.64, p< 0.01], with animals
treated with DEX 2 having lower (p< 0.01) 5-HT levels then
untreated or‘DEX 1-treated animals. There was no significant
interaction between tumor and DEX  treatment.

Levels of 5-HIAA were not specifically altered by either the
tumor or DEX treamient but there was a tumor-DEX interaction
[F(2,60)= 5.02, p< 0.01] in that 5-HIAA levels were higher (p<
0.01) in tumor-bearing animals in the DEX 2 group comparéd to
dfug-treated controls (Fig. 23).

There were no significant differences in 5-HT and 5-HIAA

levels between vehicle-injected and control cats.
e) White Matter
Comparisons between monoamine and metabolite levels in

the different groups could not be done because of extreme

variability within the groups. This could be a reflection of
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Fig. 25. Levels of 5.HT and 5-HIAA (ng/g wet weight & SEM) in
the frontal grey matter of tumor-bearing (T) and control (<)
animals not treated (NO TX) or treated with DEX 1 or DEX 2
dosage schedules. Levels are pooled from both hemispheres.

(n = 6/group)

Effect of tumor in each treatment group
** p < 0.01

Effect of DEX in control and tumor-bearing animals
AA p < 0.01 compared with untreated animals



139
differing degrees of white matter edema or could be due to other

factors.

f) Summary of neurotransmitter amine and metabolite

alterations

For an overview, the following tables (Tables 10-15) have
been provided in order to illustrate how the tumor, DEX
treatment or the interaction between these factors increase,
decrease or have no effect on regional neurotransmitter amine

or metabolite levels.

4.4.4 Regional GABA levels

Because of 3-way ANOVA reciuires equal numbers of values
in each group (see section 2.10) and because some treatment
groups only had 4 tissue samples for GABA analysis it was not
feasible to use 3-way ANOVA to analyse the effects of tumor,
DEX, hemisphere and interactions among these three factors;
instead 2-way ANOVA was done to compare the effect of tumor
and hemisphere within each treatment group. Two-way ANOVA

was used to compare the effect of DEX on tumor GABA levels.
a) . Tumor

Dexamethasone treatment did not have a significant effect on

GABA levels in the different groups of brain tumors.
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Table 10. Summary of tumor and dexamethasone (DEX) effects on NA
levels in regional brain areas of groups of cats: Control (C) and tumor-
bearing (T) groups of cats not treated (NO TX) or treated with DEX 1
or DEX 2 dosage schedules.

Parietal Grey Temporal Gre Frontal Grey
effect groups effect groups effect groups
Tumor decrease DEX 1, T decrease allT decrease DEX 1, T
DEX no change all groups no change all groups nochange  all groups

Tumor-DEX decrease DEX 1, T no change all groups decrease DEX 1, T
interaction
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Tumor

DEX
Tumor-DEX
interaction

Table 11.  Summary of tumor and dexamethasone emxv effects on DA

levels in regional g.&: areas of groups of cats: Oonqo_;AQ and tumor-
bearing (T) groups of cats not treated (NO TX) or treated with DEX 1

or DEX 2 dosage schedules.

Parietal Grey ; Temporal Grey
effect groups effect groups

decrease NOTX,DEX 1; T noeffect all groups
noeffect  all groups no effect ~ all groups
increase DEX2,T no effect  all groups

Frontal Grey
effect grou
decrease all T groups
decrease DEX 2;T,C
no effect all groups
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Tumor

DEX
Tumor-DEX
interaction

Table 12. Summary of tumor and dexamethasone (DEX) effects on DOPAC
levels in regional brain areas in groups of cats: Control (C) and tumor-
bearing (T) cats not treated (NO TX) or treated with DEX 1 or DEX 2

dosage schedules.

Parietal Grey
effect groups

decrease  NOTX, T
decrease DEX1;C

increase DEX 2, T

Temporal Grey
effect groups
no effect  all groups
no effect  all groups
no effect  all groups

Frontal Grey

effect groups

no effect all groups
no effect all groups
no effect all groups
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Table 13. Summary of tumor and dexamethasone (DEX) effects on HYA
levels in regional brain areas in groups of cats: Control (C) and tumor-
bearing (T) groups of cats not treated (NO TX) or treated with DEX 1

or DEX 2 dosage schedules.

Parietal Grey Temporal Grey Frontal Grey
effect groups effect groups effect groups
Tumor no effect  all groups no effect  all groups no effect all groups
DEX increase DEX 2; T,C no effect ~ all groups decrease DEX I;T.C
Tumor-DEX noeffect ~ all groups no effect  all groups decrease DEX 2, T

interaction
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Tamor

DEX
Tumor-DEX
interaction

Table 14. Summary of tumor and dexamethasone (DEX) effects on 5-HT
levels in regional brain areas in groups of cats: Control (C) and tumor-
bearing (T) groups of cats not treated (NO TX) or treated with DEX 1

or DEX 2 dosage schedules.

Parigtal Grey Temporal Frontal Grey
effect groups effect groups effect groups
no effect  all groups no effect ~ all groups decrease all T groups
no effect all groups decrease DEX 2;T,C.  decrease DEX 2;T,C
noeffect ~ all groups no effect all groups no effect all groups
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Tumor
DEX
Tumor-DEX
interaction

Table 15. Summary of tumor and dexamethasone (DEX) effects on 5-HIAA
levels in regional brain areas in groups of cats: Control (C) and tumor-
bearing (T) groups of cats not treated (NO TX) or treated with DEX 1

or DEX 2 dosage schedules.

Parietal Grey Temporal Grey
effect groups effect groups
no effect -~ all groups no effect  all groups
increase DEX 2;T,C no effect  all groups
noeffect ~  all groups no effect - all groups

Frontal Grey
effect groups

no effect all groups
no effect all groups
increase DEX 2,T
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b) Parietal Grey Matter

There was no effect of either tumor or hemisphere on GABA
levels in either the untreated or DEX 1-treated groups (Fig. 26).
There was an overall effect of hemisphere in the DEX 2-treated
group [F(1,23)= 5.36, p< 0.05]; however, this was not significant
in either the tumor-bearing or control group. There was no

effect of vehicle-injection on GABA levels.
c) Temporal grey matter

In untreated cats GABA levels were higher in the tumor-
bearing cats than in controls [F(1,29)=5.78, p< 0.05] (Fig. 26).
This was not apparent in cats treated with DEX 1, but tumor-
bearing cats treated with DEX 2 also had higher GABA levels
than their drug-treated controls [F(1,23)=7.29, p< 0.05]. There

was no effect of vehicle-injection on GABA levels in this area.
d) Frontal Grey Matter
There was no significant effect of tumor or hemisphere on

GABA levels in any of the three treatment groups (Fig. 26).

Levels of GABA were also not affected by vehicle injection.
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Fig. 26. Levels of GABA (Mmoles/g wet weight £ SEM) in the
parietal grey (PG) (A), temporal grey (TG) (B) and frontal grey
(FG) (C) matter of tumor-bearing (T) and control (C) animals not
treated (NO TX) or treated with DEX 1 or DEX 2 dosage schedules.
Levels are pooled from both hemispheres. (n=4-9/group)

Effect of tumor in each treatment group
* p < 0.05



e) FParietal White Matter

In untreated animals, tumor-bearing cats had significantly

lower GABA levels than control cats [F(1,26)=12.74, p< 0.01] (Fig.

27). This effect was not apparent in either DEX 1- or DEX 2-
treated cats. Vehicle-injection had no effect of GABA levels in

this area.

f) Frontal White Matter

Levels of GABA were lower in untreated tumor-bearing cats
[F(1,24)= 5.19, p< 0.05], but in DEX-treated animals this
difference was not apparent (Fig. 27). Levels of this amino acid

were not significantly affected by vehicle injection.
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' Fig. 27. Levels of GABA (Jmoles/g wet weight £ SEM) in the

parietal white (PW) (A) and frontal white (FW) (B) matter of

~ tumor-bearing (T) and control (C) animals not treated (NO TX) or =

~treated with DEX 1 or DEX 2 dosage schedules. Levels are pooled
from both hemispheres. (n=4-9/group) '

Effect of tumor in each treatment group
* p<0.05
¥k p < 0.01
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4.3.5 Regional water mient  levels

a) Tumor

Water content in the tumor was not changed by the

administration of either dose of DEX.
b) Grey Matter

Administration of DEX or the presence of the tumor did not
alter parietal and frontal grey matter water content. Temporal
grey water matter content differed between treatment groups
[F(2,48)= 10.66, p< 0.01] and there was also a hemisphere-DEX
interaction [F(2,48)=6.75, p< 0.01].: Water content in control
animals did not differ between groups, but tumor-bearing
animals in the DEX 1 (83.5 = O.2%)‘and DEX 2 (83.0 + 0.1%) groups
had significantly greater water content than those in the NO TX
aroup (82.0 + 0.3%, p< 0.01). The differences between

hemispheres was mnot significant within groups.
¢) White Matter

There was an effect of tumor [F(1,60)=42.10, p< 0.01] and
hemisph‘ere [F(1,60)=17.16, p< 0.01)], with the tumor having a
: significant" effect [F(2,60)=8.98, p< 0.01] on water content in

peritumor ‘(parietakl) white matter. This was not alleviated by
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DEX treatment. Per cent water content was 73.8 + 2.2 (mean %
SEM) in untreated parietal white matter, 68.6 + 0.9 in the
contralateral hemisphere and 68.0 + 1.0 in the equivalent area in
control brain. Values ‘were similér in the DEX-treated animals.
Raised water content was also recorded in frontal white
matter of the tumor-bearing hemisphcre. There was an overall
effect of tumor [F(1,36)= 14.64, p< 0.01] and ‘hehiisphere
[F(1,36)= 9.68, p< 0.01], with a significant tumor-hemisphere
interaction [F(1,36)= 6.59, p< 0.01], although it was not
significant in untreated tumor-bearing animals. Per cent water
~content in this area was similar to the values in parietal white
matter. DEX treatment had no effect on water content in the

tumor, grey or white matter.
43.6 Conclusions

As the results of this study showed, the presence of a brain
tumor altered levels of neurotransmitter amines and their
metabolites in the surrounding brain of cats without abnormal
neurologic signs of increased ICP, thus confirming the findings of
study B. Although NA and 5-HT concentrations were also
lowered, levels of DA and its me‘tabolite DOPAC were most
séverely‘decr:;w-i’f‘, especially in brain regions adjacent to the
tumor.

Administration of DEX had profound effects on
xleurotransmitter amines. and their metabolites in. both control

and tumor-bearing brain. In peritumor grey matter, treatment
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with DEX for 20 h (DEX 2) led to a normalization of depressed DA
and DOPAC levels despite the fact that DEX treatment did not

alleviate white-matter edema.



4.4 Study D
Neurologic Status, Levels of Neurotransmitter
Amines, their Metabolites and GABA, and
Water Content in Tﬁmonbearing Brain of Cats
with Abnormal Neurologic Signs: the Effect of
DEX 1 Deosage Schedule

4.4.1 Neurologic status

Animals with anisocoria and somnolence were assigned to a
no treatment (n=8) or DEX 1 treatment schedule (n=5). Four of
the five treated animals showed an improvement in neurologic
status after 6 h of DEX 1 treatment (Table :: :. Untreated
amimals did not improve. Biochemical measurements could be
done on 6 untreated animals and 4 treated animals. One animal
died before in vivo freezing and two animals were euthanized
and the brains evaluated histologically. Arterial blood pressure,
pH, pCO3, and pO2 measured immediatedly prior to sacrifice were

not different between the two groups.
4.4.2 Intracranial pressure

The ICP was measured immediately prior to inyvivo freezing
of the brain. In the untreated cats the ICP was 13.5 + 0.5 mm Hg
while the treated cats had a mean ICP of 10.0 + 1.5 mm Hg (no

significant difference).
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Table 16. Cats with neurologic signs of increased ICP-No Treatment (N-NO TX)

Neurologic Status Immediately Score #Cats
Prior to Anesthesia
3 1
2 6
1 : 1*

*died before further neurologic assessment could be done

Changes in neurologic scores of cats with neurologic signs of increased ICP after
initial treatment with dexamethasone (0.25 mg/kg i.v., 0.25 mg/kg i.m.) (N-DEX 1)

Time Post-injection (h)

Cat# 0 2 4 6%*
1 3 3 3 3
2 2 0 0 0
3 2 2 1-2 0
4 2 1 0 0
5 2 2 2 1

**immediately prior to anesthesia



155

4.4.3 Regional levels of neurotransmitter amines

and metabolites
a) Tumor

Neurotransmitter amine and metabolite levels were not

different between these two groups of tumor-bearing animals.

b)  Parietal Grey Matter

Levels of NA, DA, 5-HT, DOPAC, and 5-HIAA were not
different in the treated cats compared to the untreated animals.
Levels of HVA were higher in treated anim=zls than in untreated

animals [F(1,19)=9.09, p< 0.01] (Table 17).
c) Temporal Grey Matter

Levels of NA were incréased in treated animals compared to
untreated animals [F( .19)= 7.37, p< 0.05]. Dopamine and ‘the
metabolites DOPAC and HVA were unchanged although HVA
levels showed a tendency to increase in the treated group

(F(1,19)=3.43, p< 0.10] (Table 18).



Table 17. Neurotransmitter amine and metabolite levels (ng/g wet weight) in the parietal
grey matter of the tumor-bearing (R) and contralateral (L) hemisphere of
cats with abnormal neurologic signs not treated (N-NO TX) or treated with
dexamethasone (N-DEX 1) (mean £ SEM, n=4-6)

NA DA 5-HT DOPAC ~ HVA 5-HIAA
N-NO TX
R 165k17  45%5 280433 21 6012 155426
L 188427  68+l4 269+44 4+3 64+23 164+35
N-DEX 1
R 200£27  66%17 304426 44 180458"  179£59
L 19326 6648 1049 117431% 11321

259£53

*p <0.05

_——
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Table 18. Neurotransmitter amine and metabolite levels (ng/g wet weight) in the temporal
grey matter of the tumor-bearing (R) and contralateral (L) hemisphere of cats with

abnormal neurologic signs not treated (N-NO TX) or treated with dexamethasone (N-DEX
1) (mean £SEM, n=4-6)

NA DA 5-HT DOPAC  HVA 5-HIAA
N-NO TX
R 248+31  62+11 - 560+130 412 45+11 327462
L 231423 76£13 234426 21411 4147 150424
N-DEX 1
R 343+32% 134464 429+157 1419 1050667 303%123
L 333+47% 108438 428%27 946 92427t 250417
Tp<0.10

*p<0.05



d) Frontal Grey Matter

Levels of NA and DA and its metabolitess DOPAC and HVA
were not altered due to DEX treatment (Table 19). There was a
overall hemispheric effect [F(1,19)=4.74, p< 0.05] on 5-HT levels,
but sides were no: significantly different in either the untreated
or the treated groups. The levels of the 5-HT :netabolite 5-HIAA

‘were not altered by the drug treatment (Table 19).

4.4.4 Monoamine oxidase inhibition

A short course of DEX treatment (DEX 1) did not alter gx vivo
inhibition of MAO-A or MAO-B in the brains of cats with

abnormal neurologic signs.

4.4.5 Regional GABA levels

a) Tumor

Dexamethasone treatment did not alter GABA levels although

there was a trend towards decreased GABA levels (p< 0.10) in

treated cats.
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Table 19. Neurotransmitter amine and metabolite levels (ng/g wet weight) in the frontal
grey matter of the tumor-bearing (R) and contralateral (L) hemisphere of cats with
abnormal neurologic signs not treated (N-NO TX) or treated with dexamethasone
(N-DEX 1). (meantSEM, n=4-6)

NA DA 5-HT DOPAC HVA 5-HIAA
N-NO TX
R 208+20  110£13  228%35 5143 128£26 197+13
L 387452 14839  368%£72 60£15 134150 148439
N-DEX'1
R 302423 142434 236132 5613 196£26 205431

L 35625 12610  298%32 319 1056 194%11

-------------------------------------
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b) Grey Matter

Levels of GABA in parietal and temporal grey matter were
not different in untreated and DEX-treated animals. In frontal
grey matter GABA levels were lower in DEX-treated cats

[F(1,19)=4.39, p< 0.05] (Table 20).
c) White Matter

Levels of GABA were not different in either the parietal white
matter or in frontal white matter of DEX 1 treated cats compared

to untreated cats.

4.4.6 Regional water content levels

a) Tumor
Water content in the tumor was the same in the two groups.

b) Grey matter

Grey matter water content in parietal, temporal, and frontal
areas was not altered by DEX treatment. Water content levels
were comparable to levels in contrcl brain and in brain of

tumor-bearing animals without neurologic signs.
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Table 20. Levels of GABA (umoles/g wet weight) in parietal grey (PG), temporal grey
(TG), frontal grey (FG), parietal white (PW) and frontal white (FW) matter in
the tumor-bearing (R) and contralateral hemisphere of cats with abnormal
neurologic signs not treated (N-NO TX) or treated with DEX 1 dosage
schedule (N-DEX1) (meantSEM, n=4-6).

PG TG FG PW FW
N-NO TX |
R 451+.54 3.23+.26 6.04+.72 2.25+.42 1.71£.40
L 4.02+.49 3.00+.35 4.43+.65 1.82+.14 2.31%.34
N-DEX i
R 3.78+.14 3.72+1.00 3.67+.60* 2.49+.43 1.59+.45
L 431+.52 3.24+.63 3.74+.32* 2.83+.53 2.97+.54

*p < 0.05

e et T L L P L

------

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



c) White matter

Water content in parietal [F(1,19)= 43.14, p< 0.01] and frontal
white matter [F(1,19)= 16.66, p< 0.01] was elevated in the
tumor-bearing hemisphere compared to the contralateral
hemisphe:.  The water content in parietal white matter in the
tumor-t - hemisphere of untreated animals was 75.0 + 1.6
while the water content of the contralateral hemisphere was
67.8 1. 0.5. Water content in frontal white matter was very
similar. There were no differences in water content between

untreated and treated animals.
4.4.7 Conclusions

In animals with neurologic signs of increased ICP, DEX 1-
treatment caused an improvement in neurologic status over a 6
h period. Treatment appeared to reverse some of the
neurochemical abnormalities that were seen in tumor-bearing
cats, both with and without abnormal neurologic signs. Levels of
HVA were increased in the parietal grey matter of treated
animals and NA levels were elevated in temporal grey matter.
Decreased levels of GABA were recorded in frontal grey matter
of treated animals. DEX I-treatment in these cats did not lower
the increased water content measured in parietal and frontal

white matter.
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CHAPTER FIVE DISCUSSION

5.1 Study A

" Characteristics of a Feline Brain Tumor Model

One conclusion from the research just described is that the
feline glioma tumor model is well suited for studies evaluating
regional biochemical changes associated with the tumor and
peritumor edema. Histologically, the tumor shared many of the
characteristics of human gliomas and glioblastomas, including
numerous mitotic figures and occasional multinucleated giant
cells together with vascular proliferaticn; also, the glial proteins
PTAH and GFAP were present, but S-100 protein was not.
Although this tumor cell line has been classified as a gliosarcoma
(Rubinstein, 1977), trichrome staining demonstrated no collaygén,
which is diagnostic of a gliosarcoma. In addition, the gross and
histologic changes in peritumor brain tissue were very similar to
those in naturally occurring tumors. There was extensive White
matter edema in the tumor-bearing hemisphere, displacing the
midline in many cases. The vasogenic nature of the edema was
established by earlier findings in our laboratory (Castro, 1986)
of markzd increases in protein and albumin within the
edematous white matter. The negative correlation between
‘increased tamor size and decreased white matter water countent
in cats with abnormal neurologic signs, which was unexpected,'
could be due to compression of adjacent white matter.  This |

effect was also 'seen'by Castro (1986), who found that edema
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was less in tissue adjacent to the tumor than in tissues slighfiy
further away. The tumo;_'téke' was predictable and |
reproducible, with a high success rate. Time of enset of clinical
signs was fairly consistent, allowing treatment protocols to be
planned for a specific day and time after implantation.

One disadvantage of this model is thé variable size of the
tumor and associated edema on a specific day after implahtation.
A major factor governing the irregular tumor growth in
transplanted brain tumors is the implantation technique. The
tumor cell suspension must be placed sterotactically in the brain
because duration of survival of the animals depends |
substantially on both the location and localization of the tumor;
if the tumor cell suspension refluxes up the needle track, it can
lead to meningeal tumor gro‘wth (Rama gt al., 1986). lnjection
into grey matter can lead to the production of small tumors;
however, it prdduces little edema, confirming the finding by
Clasen et al. (1962) that grey matter is markedly resistant to the
spread of edema. |

The use of this feline model for the study of peritumor
metabolism and edema in humans has been criticized, for three
reasons: the BBB characteristics of the tumor are different from
human gliomas; the implantation procedure disrupts the BBB; and the
implantati-o:n of xenogenic tissues into an immunocompetent host
leads to an immunologic response.  This may disrupt the BBB zind
could confound the anti-edema effects of immunosuppressive drugs

(i.e. DEX).



The suitability‘ of the 9L and other chemically derived glioma
cell lines for chemotherapeutic studies has been qhestioned
because of the variable permeability of the BBB in the brain
tumor (Levin et al., 1975; Vick et al., 1977; Groothuis et al.,
1982). On the other hand, other authors feel that this variability
is an important factor in the chemotherapy of human gliomas
(Benjamen' gt al., 1974; Néuwelt et al., 1984). Vick etal. (1977)
" felt that the injection procedure may disrupt the BBB alfhough
this has. not been seen b.y other investiga‘tors‘ (Ausmaﬁ et al.,
| 1970; Groothuis et al., 1'982).‘

The lymphocytic infiltration around the tumor could be
interpreted as a rejection response that might compromise the -
peritumor BBB.  However, the marked rejection response |
usually seen with brain xenografts or allografts was absent;
instead, the scattered perivascular cuffing of lymphocytes more
closely resembled that seen during histologic assessment of
human glial tumors (Ridley QLQL, 1969, 197‘1; ‘Takeuchi et al.,
1976; Brooks et al., 1‘978‘; Scheinberg et al., 1984). Lymphocyﬁc
infiltration was also seeﬁ in the peritumoral white matter of
non-immunosuppreésed cats implanted‘ with RG2 gliomas
(Ebhardt et al., 1982) and h@rseradish‘ peroxidaée studies
revealed an intact BBB in that a‘rea.f

Saris et al. (1984) considered that immunosuppressed animals
were appropriate for brain-tumor studies because patients with

tumors of glial origin had depressed cell-mediated immunity
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(Kumar et al. 1973; Menzies g_La_L., 1980). It has also been
demonstrated, however, that the immunologic response in
patients with brain tumors is linked to response to therapy
(Brooks et al., 1978). ’This suggests that immunocompetent’
animals may be more appropriate for brain-tumor studiés.

~ Rejection of tumor cells may have been one of the causes of
implantation failure, although histologic evaluation revealed only
chronic brain injury consistent with the time of implantation.
Other possible causes include technical errors in the preparation,
handling, or :injection of the cells. Implantation of the 9L glioma
into the isolbgous host, the Fisher 344 rat, would eliminate the
problem of xenotransplantation. Use of a smaller "ﬁost such as a
‘rat killed by decapitation would have eliminated the need fdr
anesthesia and would be.more economical. On the othér hand,
the brain size of the cat allowed the tumor to grow to a |
considerable size in the white matter without causing the
massive cortical and midbrain destruction generally seen in rats
implanted with this tumor. The larger size made it possible to
take several samples (> 20 mg) from cach brain region thus
increasing the ability to correlate changes in water content with
neurotransmitter alteratiohs. It was felt that the ‘advantages of

several biochemical analyses from multiple areas of the cortex

of ;et the disadvantages of increased cost per animal, and more
complex design and methodology.

A larger animal model using an autochthonous brain tumor
such as avian sarcoma virus or JC virus would eliminate the

criticisms associated with transplantable tumor models. These
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models, however, ‘generally have longer and more variable
latencies (months) and involve the use ‘of primates or immature
animals such as beagle puppies (see chapter 1.2.1). Immature
animals wére unsuitable for this‘ study because of their variable
brain myélination, neurotransmitter levels, and water content
(Agrawal et al., 1967; Keller et al., 1973; Brockbank et al., 1978;
Kinney et al., 1988). |
In summary, the transplantable brain-tumor model was
appropriate for this experimental study since 1) it closely
apprbximated the naturally occurring condition and 2) it was
predictable and reproducible with a short latency, therefore
providing the numbers of experimental animals adequate to

address the problems posed in this study.

5.2 Study B

Neurologic Status, Levels of Neurotransmitter

Amines, their Metabolites, and GABA in

Untreated Tumor-Bearing Brain

The results of this study revealed bilateral differences in the
levels of cortical monoamines, their metabolites, and GABA in
the cortex of tumor-bearing brains. Thére were marked
decréases in DA and its metabolites in cortex nearest the tumor;
NA was decreased in more remote cortical areas. These changes
were more severe in cats with neurologic signs of increased ICP.

Because grey matter contained little edema, the observed
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changes in neurotransmitter and metabolite levels were not
simply because of dilution by edema fluid, but probably
reflected altéred metabolism of the 3neurotransmitter‘s‘.

The techniques of tissue collection and methods of
determining brain levels of monoamines, metabolites, land‘ GABA
used in this study made it possible to obtain accurate; results and
draw certain conclusions from the information.‘ Freezing in vivo
is currently the most acceptable method of collecting brain tissue
samples for biochemical studies from larger animals (Welsh &
‘Rieder, 1978; Yang et gl., 1983) because it preserves energy
'metabolites such as ATP and AMP, which are sensitive indicators
of tissue hypoxia. Microwave irradiation would have been a
better choice for monoamine and GABA studies because it
prevents postmortem degradation (Ikarashi et al., 1985);
however, a microwave oven large enough for cats is not
available. Monoamines aré thought to remain stable in whole
brain for at least 8 months if stored at -70°C (Spokes, 1979),
although levels of monoamines in small samples decrease over
time, possibly due to prolonged exposure to oxygen before
processing (Wiesal et al., 1974; Slouter et al,, 1977; Faull ¢t al.,
1988).

The methods used for tissue dissection and sampling are
similar to the tecyhniques‘used for dissecting human brain
postmortem for neurochemical studies (Bird & Iversen, 1982;
| Langlais et al., 1983). Ideally, the brains would be cut while still
frozen But, even if the blade is irrigated with liquid nitrogen, the

mechanical saw thaws the tissue and thus obscures the
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demarcation between grey and white matter. In addition,
Langlais et al. (1983) reported cutting with a rotating serrated
blade seriously decreased regional NA and DA levels in frozen
human brain tissue.

For this study, analytical methods appropriate for measuring
of low levels of compounds in large numbers of tissue samples of
less than 30 mg were required. The monoamines NA, DA, and 5-
HT and the acid metabolites DOPAC, HVA and 5-HIAA are most
easily and accurately measured using HPLC‘ with electrochemical
detection (Kim et al., 1983; Kontur gt al., ‘1984; Ehfenstém &
Johansson, 1985). Detector sensitivity is high and all six
compounds can be measured concommitantly.

The GC assay used to measure GABA levels is simple, rapid,
sensitive, and relatively inexpensive (Yeung et al., 1986). It is
also suitable for automation since the derivatized samples
remain stable for at least 24 h at room temperature. A
disadvantage of this method is its inability to separate glutamate
from glutamine and aspartate from asparagine. Glutamate and
aspartate are excitatory amino acids also considered impoftant
as neurotransmitters in the CNS (reviewed by Fagg, 1985).
Precolumn derivatization of amino acids followed by separation
by reversed-phase HPLC separates GABA, glutémate, and
aspartate quickly and with high sensitivity = However, instability“
of the derivitives makes ‘automatiorll difficult without expensive
ancillary equipment and an HPLC system dedicated to amino
acid analysis (Gardner & Miller, 1980; Chapman et al., 1982;
Ellison et al., 1987).



Mononamine and metabolite levelé in 9L gliomas were
consistent with levels (ng/g) recorded in experimental (lkeda gt
al., 1984) and human gliomas (lkeda & Nakazawa,1984). The
cultured 9L tumor cells also had appreciable levels of
monoamines and metabolites except that, suprisingly, there was
no observable 5-HT. Detectable 1¢vels of monoamines and
metabolites would be expected, beéause the cells were grown in
fetal calf serum and would take up monoamines and metabolites
from this source (Henn et al., 1971). GABA levels in the tumors
and tunior cells were also in accordance with previously
publishe’d data (Mokrasch, 1971; Lefauconnier gt al., 1976;
Shibasaki et al., 1979).

Levels of cortical monoamines and metabolites were
comparable to those measured by Reader et al. (1979) in the cat
and similar to regional cortical levels in nonhuman ~primates
(Goldman-Rakic & Brown., 1981; Haggsirom et al., 198;1;
Dewhurst, personal communication) and man (Langlais et al.,
1983). Although cortical dopaminergic tracts are considered to
be confined to the prefrontal cortex in the rat, histochemical and
neurochemical data indicate a more extensive dopaminergic
mesocértical system in carnivores and primates (reviewed by
Oades & Halliday, 1987). Levels of GABA were also similar to
those found in another study in cats (Tallen gt al., 1954),
although higher than biopsied feline cortical tissue (Perry et al.,
1972) and were equivalent or slightly higher than regional

levels in nonhuman primates (Fahn & Coté, 1968; Dewhurst,
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personal communication) ahd man (Perry et al., 1971a, 1971b;
Ellison gt al., 1987). -

Neurochemical alterations in peritumor brain tissue have
been reported by others. Chang gt al. (1988) found decreased
cortical NA and striatal DA levels in rats implanted with 9L
glioma tumors; however, changes in cortical NA may have been
related to cortical edema. Von Metzlar & Nitsch (1985) found
that transplanted (Walker carcinomas) and chemically induced
(3-MC) brain tumors decreased the regional brain concentrations
of %4, £43047 and 5-HIAA (they did not measure DA, 5-HT, and
per cent water content); in an earlier study (1981) they found
that 3-MC induction increased the GABA levels in the
hypothalamus and hippocampus during ‘the carcinogenic period.
These findings of neurochemical alterations are in accordance
with other reports of depresséd cerebral metabolism in
peritumor brain. Using PET, studies in patients with brain
tumors have demonstrated decreased rCBF and decreases in both
oxygen and glucose metabolism in peritumor tissue (Di Chiro et
al., 1982; Tsubokawa et al., 1985) as well as in more remote
regions (Ito et al., 1982; DeLaPaz et al, 1983; Taki et al., 1985).
The rOER in peritumor tissue was normal, indicating a reduced
metabolic rate (Ito g:_ﬁg_l., 1982; Taki et al., 1985; Tsubokawa et
al., 1985). Regional CGU has been reported to be unilaterally or
bilaterally depressed in brain tumor models (Altenau et al,,
1977; Shinohara ¢t al., 1979; Hossmann gt al., 1982, 1986), and
in other forms of brain injury (Pappius, 1981, 1982). Reduced

peritumor tissue metabolism, reflected by decreased
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concentrations of energy-rich phosphates (Reulen et al., 1967
and increased lactate in human grey matter, has been reported
(Reulen et al.,, 1967; Schmiedek et al., 1974),

Similar alterations in monoamines and their metabolites, and
in GABA, occur in other brain insults.‘ Generally, insults causing
cytotoxic or ischemic edema rapidly deplete monoamines but
increase levels of metabolites (Mrsillja et al., 1976; Lloyd et al.,
1977; Matsumoto et al., 1984; Bentue-Ferrer et al., 1950; Baran
et al., 1987) Decreased monoamine concentrations are probably
due to release from presynaptic terminals (Phebus et al., 1986;
Brannan et al., 1987), whereas metabolites are thought to
accumulate because of increased synthesis or turnover,
decreascd degradation, and/or washout (Mrsulja et al., 1976). In
this study decreased levels of monoamines were observed but
no increases in metabolites except 5-HIAA. Increased levels of
5-HIAA in the parietal cortex of tumor-bearing cats with
abnormal neurologic signs were probably due to minor
hemorrhages in and around the tumor. Increased levels of 5-
HIAA were also found in the corresponding tumor tissue.
Alternatively, increased levels of S-HIAA may indicate
increased 5-HT turnover associated with tissue damage. Similar
increases in 5-HIAA, and decreases in 5-HT, have been séen in
the lesioned hemisphere following focal freezing brain injury
with associated vasogenic edema (Pappius & Dadoun, 1987), but
no alterations in DA or its metabolites were observed (Pappius &

- Dadoun, 1986).
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Alterations in GABA levels have been studied in brain of
patients with cerebral infarcts (Jellinger et al., 1978). Levels
were increased in areas adjacent to the infarct, presumably due
to ischemia.

Depletion of cortical monoamine neurotransmitters could
occur through various mechanisms including loss or dysfunction
of cortical synaptic input and/or increased release or decreased
synthesis of neurotransmitters at the nerve terminal. Peritumor
white matter edema may impair neuronal transmission in the
NA, DA, and 5-HT tracts which originate in the midbrain and
brainstem and terminate in the cortex. Marked increases in
water content were present in white matter adjacent to
peritumor grey matter that contained dépleted levels of DA and
its metabolites. In contrast, no changés in DA, DOPAC, and HVA
were seen in frontal grey matter where there was no significant”
adjacent white matter edema. These findings suggest a role for
the edema in producing the neurotransmitter and metabolite
depletions. Alterations in NA, 5-HT, and 5-HIAA were less
consistent than in DA and its metabolites.

The majority of cortical GABA neurons are short interneurons
with both cell body and presynatic terminal located in the same
cort‘ical region. Any alterations in GABA levels would probably
be due to changes in the local environment, although interactions
with dopaminergic neurons are also important (Bonnano &
Raiteri, 1987). Grey matter GABA levels were increased most

dramatically in cats with neurologic signs of increased ICP,

enooectine that lacal comnreccion of tissnes and nerhans
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ischemia may have been a factor. Decreased GABA levels in
parietal white matter of tumor-bearing animals without
abnormal neurologic signs was proportional to the degree of
edema in the tumor-bearing hemisphere. This implies that the
observed decreases were simply due to dilution, although similar
changes were also seen in the non-edematous hemisphere.
There was an equivalent amount of edema in cats with abnormal
neurologic signs, but leakage of extracellular GABA from
adjacent parietal grey matter (which had increased GABA levels)
may have raised the levels in white matter. This could also
explain thé increased GABA levels found in the tumors of this
group of cats.

Bilateral decreases in neurotransmitter and metabolite levels
would be consistent with a depressing effect of the tumor and
surrounding edema on neuronal irhpulse transmission and.
cortical function. Although the issue remains controversial,
there is strong evidence that electrocortical function in adjacent
and remote peritumor brain tissue is impaired (see chapter
1.3.5). In experimental peritumor brain edema, Fourier
transform of the EEG shows significant slowing of the mean
frequency on the affected side. Hossmann et al. (1979) found no
correlation between EEG changes and tumor size or time since
implantation, water or electrolyte content of grey or white
matter, blood flow or ICP. These investigators and others have
postulated that the EEG changes are due to direct effects of the

tumor on brain parenchyma, rather than peritumorous edema or



intracranial hypertension (Gaustat ¢t al,, 1979; Hossmann gt al.,
1979; Penn ¢t al., 1980). |

Neurotransmitter alterations in the contralateral hemisphere
may be due to a diaschisis effect. Although the precise
mechanisms are unknown, loss or impairment of transynaptic
input is widely believed to account for depressed metabolism in
regions remote from a brain lesion (reviewed by Feeney &
Baron, 1986). This effect has been seen in tumor-bearing brain
(Ito et al., 1982; DeLaPaz gt al., 1983) as well as in other brain
insults causing edema (Reivich et al., 1977; Pappius et al., 1983).

In some animals, an additional factor, namely ischemia
secondary to increased ICP,imust be considered. Under these
conditions, decreased synthesis of monoamines and accumulation
of GABA could occur. The synthetic enzymes tyroéine
hydroxylase and tryptophan hydroxylase have an absolute
requirement for molecular oxygen (Daly gt al., 1968) and any
decrease in the oxygen supply may slow the rate of transmitter
synthesis, Relatively mild hypoxia (10% O3) in rats significantly
reduces synthesis of catecholamines and 5-HT (Davis and
Carlsson, 1973; Davis et al., 1973), and tryptophan hydroxylase
activity decreases at PaOjz values that d6 not affect tissue lactate
concentrations and adenylate energy charge (Davis et al,, 1973).
However, the major alterations observed in this sfudy were
again restricted to DA and its metabolites.

Levels of GABA are also altered by changes in tissue O3
concentrations. Tissue GABA levels rise in ischemia and hypoxia

(Wood et al., 1968; Folbergrova gt al., 1974; Norberg & Siesjo,
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1975b; Erccinska et al., 1984). Accumulation may occur because
of decreased activity of the enzyme GABA-T, which is ,‘
responsible for degradation of GABA. The function of GABA-"I‘ is
dependent upon the availability of & -ketoglutarate and NAD*.
both of which are decreased in hypoxia and ischemia
(Folbergrova gt al., 1974; Norberg & Siesjé, 1975a; Nord:trom &
‘Siesjé, 1978). This may explain the increased GABA levels in
cats with increased ICP.

If monoamine depletion in this model is due to decreased
activity of synthetic enzymes and/or impaired afferent
transmission of impulses to the cortex, why are all three
monoamines not equally affected in each brain region? The
limitation of alterations to areas with adjacent white matter
edema suggests that distortion of white matter tracts may
impair neuronal transmission; similar alterations have been seen
in brains with hydrocephalus (Chovanes et al., 1988). In a more
extensive study (study C), tumor-induced decreases in NA, DA,
and 5-HT occurred in all three cortical regions, indicating that all
three monoamines are affected to varying degrees. The nature
of the monoamine depression may relate to the type of insult:
noradrenergic and dopaminergic neurons appear more
susceptible to ischemia than do serotonergic neurons, whereas
there are major selective changes in DA turnover in response to

stressful situations (Fadda, 1978; Reinhard et al., 1982;

Weinberger et al., 1983; Kramarcy gt al., 1984; Masumoto et al., 1

1984). Alternatively, it has been shown that there are régional
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cortical differences in monoamine alterations after stress; this "

could occur in other pathologic cohditions (Hermah et al., R1982’)
In summary, the observéd neurotransmitter alterations in

- peritumor brain are consistent with others’ findings and with

reports of decreased cerebral metabolism in experimental models

and in patients with brain tumors. The mechanisms for these

changes are not understood, but some tentative causes have been

discussed.

5.3 Effect of Dexamethasone  on Tumor-Bear‘ing
Brain

5.3.1 Study C

Neurologic status, levels of neurotransmitter
amines, their 'meta‘bolites and GABA, and

watercontent in tumor-bearing brain of cats
without abnormal neurologic signs: the effect

of two dosage schedules‘ of dexamethasone

Treatnient with DEX reversed some of the neurotransmitter
alterations seen in tumor-bearing animals, with levels of DA and its
metabolites being most affected. In cortex adjacent to the tumor
: k(parieta.'1’~ grkey‘ matter), ’DA and its metabolite DOPAC Were‘ decreased’
due to the tﬁmor; after DEX 2 t_reatme:nt DA levels were not different
from drug-‘treated controls and DOPAC levels had increased. Levels
of HVA also incre’ased, although this was ndt 'significantly different

from drug-treated controls (‘see Tables 11, 12, 13).k
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Opposite effects were seen in more remote grey matter: in |
tempdral grey matter, DA, DOPAC, and HVA levels were not
altered by either the tumor or DEX wheféas in frontal grey
matter DEX 2 treatment caused a decrease in DA and HVA,
especially in tumorfbearing brain (see Tables 1 1, 12, 13). The
reasons for these differences are unknown. |

Levels of NA were generally decreased by the tumor in all
three brain regions, with the effect seen most clearly in DEX 1-
treated cats (see Table 10). The tumor size in this group of
animals was slightly larger (not significant) than tumors in the
untreated or DEX 2 groups, implying that tumor size may affect
the degree of neurotransmitter alterations. Dexamethasone did
not have a salutary effect on NA changes in tumor-bearing brain.
 There is no clear explanation for the decreased NA levels in the
tumors of DEX 2-treated cats.
~ In brain regions remote from the tumor, 5-HT levels weré
decreased (see Tablé 14). Administration of DEX did not change
this-- instead, DEX 2 treatment lead to further decreases of 5-HT
in both control and tumor-bearing cats, with increases in its
metabolite S-HIAA (see Tables 14, 15). Because the elevation in
5-HIAA was‘most apparent in brain tumor and surrounding
brain, the presence of the tumor may have also increased levels,
fesulting in an additive effect.

Levels of GABA were only increased in temporal grey matter
of both~‘untreat‘ed and DEX 2-treated tumor-bearing cats without
abnofmal neurologic signs. Transtentorial compression due to

white matter edema would tend to be maximal in this brain ;



region, possi’ 'y causing areas of focal ischemia with resultant
elevations in GABA levels. Levels of GABA were not significantly
altered in the brain of DEX 1-treated tumor-bearing cats or in
tumor-bearing cats with abnormal neurologic signs. This is
unexpected, but small differences in the technique of in _\ﬂm |
freezing could lead to variable levels of GABA within groups. It‘
is known that ‘GABA is exquiSitely sensitive to even a short time
period of hypoxia (Norberg & Siesi’, 1976b) and the tempofal

regions would be frozen later than parietal or grey matter.

5.3.2 Study D . |
Neurologic status, levels of neurotransmitter
amines, their metabolites and GABA, and
water content in tumor-bearing brain- of cats
with abnormal neurologic signs: the effect of

DEX 1 dosage schedule

Neurologic signs were alleviated in animals treated with a DEX
1 dosage Schedule, agreeing with clinical observations of early
neuroiogic improvement in paiients with brain tumors treated
with DEX‘(see ‘sections 1.6.1, 1.6.2, 1.6.3). In parietal grey
matter, HVA levels, which were decreased frorﬁ controls in
untreated cats (study B), were higher in cats treated with DEX,
| although DA levels remained depressed. In ‘tehlpofral gfey
matter, NA levels, which were decreased in ‘untreatéd animals
(study B), were also increased. Concentratiohs of ‘GABA‘in

frontal grey matter were decreased in treated animals.
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Improvements in neﬁrologic status and some neurochemfcal
indices were not related to any decrease in brain edema or
intracranial pressure at sacrifice. It would have been useful to
determine changes in ICP over the 6 h period preceding
anesthesia as this would be more reliable as an‘indicator of
changes in the frequency of plateau waves or the value of
resting ICP; however, continous monitoring would have
necessitated either the use of anesthesia, interfering with
‘neurologic assessment, oOr thé use of chronically instrumented
animals, complicating the interpretation of the neurochemical

results.
5.3.3 Summary

The main purpose of these two studies was to determine
whether administration of DEX normalized neurotransmitter
alterations in peritumor brain; a minor objective was to evaluate
the effects of DEX in normal brain. The observed changes in
peritumor monoamines due to DEX were consistent with a
previous study. Chang et al. (1988) observed bilateral decreases
of NA in the cortex and DA in the striatum of tumor-bearing rats
and restoration of these levels to control values after 2 days of
DEX treatment (20 mg/kg/day). Their study differs from these
studies (C and‘D) in the length of treatment, drug dose, the use of
rats as experimental animals, and in that the animals had signs
“of increased ICP at the time of sacrifice or treatment. Chang gt

al. (1988) reported that treatment with DEX resolved peritumor



cortical ede‘ma (rat cortex generally contains some white matter);
these changes may have led to the increased NA levels seen in
the drug-treated animals. Sham-operated rats did not have any -
monoamine alterations due to the surgery or drug.

Other neuroactive drugs may produce a similar effect. Von
Metzlar & Nitsch (1985) found that transplanted (Walker
carcinoma) and chemiéally induced (3-MC) bfaih tumors caused
decreases in NA, DOPAC, and 5-HIAA in various brain regions; in
this investigation DA and 5-HT were not measured. Treatment
with the neuroactive drugs piracetam and imipramine during
- the period of 3-MC carcinogenesis prevented these decreases as
well as inhibiting tumor growth.

The glucocorticoid DEX may alter monoamine and metabolite
levels through various mechanisms. Gluco‘corticoids either
directly or indirectly induce activity of the synthetic enzyme
tyrosine hydroxylase and also increase levels of the second
messenger cAMP. in neurons and glia (Hanbauer gt al., 1975;
Thoenen et al., 1978; Haycock et al., 1982; Tank & Ham, 1934).
The reuptake of DA into synaptosomes is inhibited by DEX and‘
DEX may also inhibit MAO activity; this latter effect would tend
to increase levels (Hellstrom et al, 1979; Gilad et al., 1987).
Decreased levels of DOPAC and HVA‘ have been seen after 4 h of
treatmént with DEX (Rothschild et al., 1985); a similar effect was
also seen in control animals after DEX 1-treatment in this study.
Increased levels of metabolites seen in parietal grey matter ,aft‘er
DEX 2-treatment may be a reflection of increased synthesis ‘o’f i

DA with increased turnover. In addition, stress (cortisol release) |
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increases DA synthesis and turnover in the cortex; interaction of
DEX with cortisol receptors may produce the same effect
(Reinhard gt al., 1982).

Decreased 5-HIAA levels due to DEX treatment would be
expected since both 5-HT turnover and 5-HIAA levels are
generally decreased by DEX (Kawamura gt al., 1984; Rothschild
et al., 1985; Bayens-Simmonds et al., 1986); however, ‘an
increased 5-HIAA/5-HT ratio in DEX 2-treated animals may
indicate a bipha‘sic respon‘se to the drug (Hall & McGinley, 1982).

In addition to its direct effects on monoamine synthesis, DEX
may act indirectly to normalizé neurotransmitter levels by
improving rCBF or energy ‘metabolism (Reulen gt al., 1972; Mies
et al., 1983; Yamada et al., 1983). A recent study by Leenders et
al. (1985) found, however, that DEX decreased rCBF in all brain
regions except edematous areas. Glucocorticoids can improve
rCGU and energy charge in injured or ischemic brain within the
first 24 h of therapy (Pappius et al., 1982; Kuwach‘i et al., 1985)
although DEX does not alter rCGU in normal brain. These indirect
effects could explain why neurotransmitters are sometimes
changed only in tumor-bearing brain. Levels of monbamines
and GABA are O- and energy- dependent, so increases in blood
flow and energy utilization would tend to improve
neurotransmitter metabolism in areas most affected by the
tumor.

“Ideally, untreated cats with neurologic signs would have been
treated with vehicle and observed for exactly the same. time

period as DEX 1-treated cats (study D). Since animals did not
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develop neurologic signs at a predetermined time it was not
always possible to sacrifice untreated cats exactly 8 h after the
first onset of clinical signs although all cats were sacrificed
between 11:00 and 16:30 on the day of the study. Previous
observations in our laboratory indicated that untreated cats did
not improve neurologically once they had anisocoria;. instead,
they deteriorated and died within 12 h. Because it had been
demonstrated that injection of vehicle did not alter
neurochemical levels in control animals, it was felt that this
omission did not seriously affect the validity of this study.
Control tissues analyzed at the same time as these tumor-
bearing animals had values éomparable to control values
recorded in study B. This allowed direct evaluation of the effect
of clinical signé on neurochemical alterations in the tumor-
bearing brain.

Why were there some indications of a change in
neurochemical parameters towards control levels in animals
with abnormal neurologic signs treated with DEX 1 (8 h course of
therapy) whereas animals without abnormal neurologic signs |
showed positive changes only after 20 h of therapy? Although
there were some improvements in neurochemical levels, these
were not extensive and the most severe change, depressed DA
levels in peritumor brain, was not alleviated. Neurotransmitter
alterations were more severe in these animals; treatment may
only have raised levels to values in animals without abnormal

neurologic signs treated with DEX 1. Additionally, DEX-altered
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VPR or amplitude of plateau waves may have an effect on
neurotransmitter levels in cats with increased ICP.

In summary, treatment with DEX for 20 h appeared to normalize
monoamine alterations in regions adjacent to the tumor. Earlier
improvements in levels may be apparent in animals with abnormal
neurologic signs of increased ICP. These improvements may be due
to the direct effect of DEX on neurotransmitter metabolism;
alternatively, DEX-induced increases in CBF, energy metabolism and
glucose metabolism may provide a more normal environment for
neurotransmitter synthesis.

Finally, the improvements in peritumor neurotransmitter
levels after DEX treatment were not the result of decreased
white matter edema. This is consistent withkthe widely held
belief that the early (< 24 h) beneficial effects of DEX are

independent of its' effect on brain edema.



CHAPTER SIX CONCLUSIONS AND
RECOMMENDATIONS

As a result of these studies, significant advances have been made

in the anderstanding of neurotransmitter alterations in
peritumor brain and the effect of DEX on these changes. The
hypothesis was that the presence of a brain tumor was
associated with alterations in brain monoamine or GABA levels
and that these chaﬁges were more severe in cats with abnormal
neurologic signs of increased ICP. With the use of a suitable
brain tumor model it was demonstrated that the presence of a
tumor caused bilateral alterations in neurotransmitter amines,
their metabolites, and GABA ‘which were exacerbated in animals
with abnormal neufologic signs.

Dethethasone causes an improvement in the neurologic
status of patients well before there is a reduction in brain
edema; these experimental studies showed that this
improvement may be at least partially due to changes in
neurotransmitter metabolism. Treatment with DEX for 20 h (DEX
2) in animals without abnofmal neurologic signs normalized
monoamine levels in brain adjacent to the tumor; in cats with
abnormal neurologic signs, treatment with DEX for 8 h (DEX 1)
resulted in bofh an improvement in neurologic status and some
improvements in neurotransmitter levels.

Malignant brain tumors are generally incurable. Thus, the
ability to enhance these patients' quality of life by improving

neurologic status is of considerable importance. These studies
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are first steps in determining whether commonly used drugs can
alleviate the neurochemical changes seen in peritumor brain.
One logical extension of these projects would be administering
DEX for a longer time period in cats with abnormal neuroldgic
signs to evaluate further changes in neurotransmitter lévels;
Another project could explore the link between surgical removal
of the tumor and improvements in rCBF and rCGU (Mineura gt
al., 1987); this brain tumor model would be excellent for |
defining and quantitating this phenomenon. It would also be
important to determine whether surgical removal of the tumor
+/- radiation therapy would alleviate depressed
neurotransmitter . metabolism.

New techniques such as jin vivo brain dialysis would permit
evaluation of sequential neurotransmitter changes‘in
extracellular fluid and could be combined‘wit‘h assessment of
neurologic status, EEG changes, and changes in direct cortical
evoked responses during the period" of drug administration. This
should decrease measured variability because each animal could
serve as its ’own control. The exact mechanism by which
neurotransmitter amine metabolism is altered by DEX could be
addressed using drugs which block synthesis or degradation.
Known monoamine-altering drugs such as MAO inhibitors (e.g.,
phenelzine) or tricyclic antidepressants (e.g., imipramine) could
be used; similar studies could be done using GABA-altering
drugs. Comparison of drug effects in normal and tumor-bearing
animals could lead to a better understanding of the many

interactions of the tumor and associated edema on brain
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neurotrans:ﬁitter metabolism. Perhaps a new role will be found
for monoamine- or GABA-altering drugs in the treatment of
T ‘surgiéal disorders.

‘This brain tumor model could also be used for the study of
other biochemical parameters. The levels of arachidonic acid,
prostaglandins, and leukotrienes in the peritumor brain have not
been extensively studied. Arachidonic acid and its metabolites
play an important role in the pathophysiology of brain ischemia
and brain inj‘ury (see chapter 1.3.8); they may be one cause of
altered neurotransmitter levels in tumor-bearing brain. It
would be interesting to see if neurochemical changes induced by
DEX in peritumor brain are related to changes in levels of
arachidonic acid or its metaboliteé. The nonglucocorticoid 21-
‘aminosteroid U74006F can, like DEX, decrease or prevent
vasogenic edema (Hall, personal communication) but can also
inhibit CNS tissue lipid peroxidation via a & -tocopherol (vitamin
E)-like membrane action and scavenge superoxide radicals
(Braughler et al., 1987, 1988; Braughler, personal
communication). Comparing the effects of DEX and U74006F on
peritumor neurotransmitter levels may further help in
elucidating the nature of depressed peritumor brain metabolism.
If U74006F i‘s equally effective,‘ the lack of glucocorticoid activity
of this compound suggests that it would be a safer agent then
glucocorticoid steroids for the treatment of depressed peritumor
brain metabolism.

It is generally thought that metabolic alterations in peritumor

grey matter are a consequence of white matter edema and that
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the positive effect of DEX is due to its alleviation. In this study,
however, treatment with DEX reversed the depletion of DA and
its metabolites in peritumor grey matter without altering white
matter edema. Improvement in neurologic status were also pot
related to a decrease in brain edema. This suggests a new
concept in the treatment of patients with brain tumors -- one
that would focus on reversing the metabolic alterations caused

by the tumor, as well as decreasing the edema.
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