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Abstract:
Through repeated immunocompromise and
trauma nitrogen stocks reach a severe
deficit impacting on rapidly dividing cell
types (such as that of the immune system)
and proteins with a high rate of turnover
such as those of the brain
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It was a French neurologist at the Salpetriere in Paris, Jean Martin Charcot, who first described multiple
sclerosis in 1868. He noted the accumulation of inflammatory cells in a perivascular distribution within
the brain and spinal cord white matter of patients with intermittent episodes of neurologic dysfunction.
This led to the term ‘sclerose en plaque disseminees’, or Multiple Sclerosis (MS) [12].

In 1948, Elvin Kabat made the observation that there were increases in oligoclonal immunoglobulin
in the Cerebrospinal Fluid (CSF) of patients with multiple sclerosis. This provided further evidence
of the inflammatory nature of the disease. In the past 50 years, several studies focusing on twins
have explored the possibility of a genetic factor as having an involvement in multiple sclerosis [12].

In 1933, Thomas Rivers at the Rockefeller Institute demonstrated experimental
autoimmune encephalomyelitis, an autoimmune demyelinating disease in
mammals. He achieved this with the repeated injection of rabbit brain and spinal
cord into primates. This has led to the generally accepted hypothesis that multiple
sclerosis is secondary to an autoimmune response to self antigens in a host [12].

Multiple Sclerosis is the most common idiopathic inflammatory disease of the central nervous system.
The distinction between multiple sclerosis and other benign or fulminant inflammatory demyelinating
disorders is based on quantitative, rather than qualitative, differences in chronicity and severity [4].

Multiple Sclerosis is postulated as being unlikely to be a single
disease entity. The term has been used to encompass a spectrum of
heterogeneous disorders which produce a similar clinical picture [42].

The clinical picture involves diverse pathologies and damage mechanisms
including inflammation, demyelination, remyelination, axon injury and
loss, oligodendrocyte and neuron loss, and astrocyte gliosis [42].

Four distinct immunopathologic patterns within acute plaques have been described.
Principle damage mechanisms in multiple sclerosis may also change over time.
Multiple Sclerosis is recognized as variable and unpredictable [42].

Central Nervous System damage remains occult for a long time so
that clinical evaluation does not assess disease activity status very
well. This is especially true for the early disease phases [42].

DESCRIPTION

Description
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Multiple sclerosis is more common in females and often first manifests clinical symptoms
during young adulthood. Relapses or "attacks" typically present subacutely, with symptoms
developing over hours to several days, persisting for several days or weeks, and then
gradually dissipating. The attacks are likely caused by the traffic of myelin reactive T cells
into the central nervous system, causing acute inflammation with associated edema [12].

High dose steroids quickly abolishes multiple sclerosis symptoms. Acute edema and its subsequent
resolution underlie the clinical relapse and remission respectively. Studies in Acute Disseminated
Encephalomyelitis (ADEM) in humans and Experimental Autoimmune Encephalomyelitis (EAE) in
rodents suggest that immunologically acute attacks are self-limited by regulatory T cells [12].

Multiple sclerosis and experimental autoimmune encephalomyelitis are both immune
mediated diseases of the central nervous system. They are characterized by
widespread inflammation, demyelination and a variable degree of axonal loss [24].

Multiple sclerosis is an inflammatory disease limited to the central nervous system
white matter. The central nervous system inflammation varies among different
patients, and consists of variable degrees of T lymphocytes, macrophages, B
lymphocytes, and antibodies at the leading edge of the white matter destruction [25].

The association of multiple sclerosis with MHC genes, inflammatory white matter infiltrates, similarities
with animal models, and the observation that multiple sclerosis can be treated with immunomodulatory
and immunosuppressive therapies is the foundation of the autoimmunity hypothesis in the disease
pathology. Activated CD4+ myelin reactive T cells are major mediators of the disease [26].

The clinical picture involves diverse pathologies and damage mechanisms including
inflammation, demyelination, remyelination, axon injury and loss, oligodendrocyte and
neuron loss, and astrocyte gliosis. Four distinct immunopathologic patterns within acute
plaques have been described. Principle damage mechanisms in multiple sclerosis may
also change over time. Multiple sclerosis is recognized as variable and unpredictable [42].

DESCRIPTION

It has been hypothesized that multiple sclerosis is caused by a combination
of genetic (polygenic) predisposition and exogenous factors (viral or bacterial
infection) that induces an inappropriate immune response to one or more
central nervous system autoantigens [67].
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Experimentally, global disease measures (brain and cervical spinal cord atrophy, whole brain n-acetylaspartate
on magnetic resonance spectroscopy, magnetic transfer and diffusion tensor histograms) detect extensive but
subtle abnormalities in normal appearing brain tissue in addition to the macroscopic plaques [42].

This occurs even in early disease stages. The inability to evaluate the true extent of injury in
daily practice makes accurate prognosis difficult. Diagnosis is based on a set of core clinical
principles supported by laboratory testing which typically includes appropriate blood work,
MRI, CSF (cerebrospinal fluid) analysis, and sometimes evoked potential testing [42].

The most important demyelinating disease is multiple sclerosis. It is more common in
women than men, familial aggregation sometimes occurs, and it has a higher incidence
among carriers of HLA3 and HLA7 [69]. It is an autoimmune disease that may be triggered by
a viral infection and is characterized by demyelinating inflammatory foci [69].

The typical feature of multiple sclerosis is the temporally unrelated occurrence of
completely different neuronal deficits, caused by lesions in different parts of the
brain. Some of the lesions may partly regress when the local inflammatory process
has subsided and the nerves (in the case of intact axons) have been remyelinated [69].

Multiple sclerosis has inflammatory and degenerative components. Inflammation which corresponds
to the progressive phase is maximum in the beginning and falls over time. Neurodegeneration which
corresponds to the progressive phase is present at all timepoints but is unmasked late. Multiple
sclerosis involves simultaneous destruction and repair procedures. Multiple sclerosis is an organ
specific disease with pathology confined to the central nervous system. The only consistent systemic
abnormality is immune system activation [42].

In the search for potential multiple sclerosis biomarkers research
has been divided into several broad categories:
Immune System Changes
Blood brain barrier disruption
Demyelination
Oxidative stress, excitotoxicity
Axonal/neuronal damage
Gliosis
Remyelination, repair

DESCRIPTION

central nervous system damage remains occult for a long time so that clinical evaluation
does not assess disease activity status very well. This is especially true for the early
disease phases. Frequent magnetic resonance imaging (MRI) studies indicate that 80% to
90% of new MRI brain lesions are not associated with definable relapses [42].
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One of the key functions of the myelin sheath is to facilitate the transmission of the nerve
impulse. Without the myelin sheath, nerve function is lost. Symptoms correspond to the
nerves that have lost their sheath [96]. Multiple sclerosis is a chronic disease of the central
nervous system characterized by inflammation, myelin and axonal destruction,
intermittent disability, and eventual chronic progressive neurological deterioration [78].

Multiple sclerosis is viewed as a largely subclinical inflammatory disease in its early stage.
Periodic relapses punctuate the early course in most cases, but do not accurately reflect the
severity of the underlying pathology. As viewed by imaging studies, multiple sclerosis is a
continuously active, albeit fluctuating disease process, which results in severe brain tissue
injury and brain atrophy alarmingly early in the disease course [78].

After years of fluctuating inflammation with related tissue injury, progressive neurological
disability ensues relatively late in the disease. The pathological targets in multiple sclerosis are
now known to include neurons and axons in addition to myelin, and progressive axonal loss is
thought responsible for progressive neurological disability commonly observed in later stages [78].

Multiple sclerosis is characterized by multiple symptoms and signs of brain and spinal cord
dysfunction that are disseminated in both time and space. Its pathological hallmark is
demyelination and axonal lesions. A relapse is the appearance of a new neurological disturbance,
or the reappearance of one previously present, lasting at least 24 hours. All such disturbances
arising within a one month period are counted as a relapse. The relapse rate is the number of
relapses per year. Clear improvement of neurological function is termed remission [65].

Cell subpopulation studies have focused on blood; peripheral cells show increased
activation markers. In a prospective study of 40 untreated patients with relapsing and
progressive multiple sclerosis followed for one year, changes in activated T cell
populations in the blood were correlated with clinical and MRI disease activity [42].

In relapsing multiple sclerosis, increases in CD4+ CD25+ cells correlated with
clinical attacks while increases in CD25+ and CD4+ I3+ cells correlated with
increased Expanded Disability Status Scale (EDSS). Increases in CD4+ CD26+ cells
in relapsing patients, and increases in CD4+ I3+ cells in SPMS patients correlated
with a simultaneous increase in Gd+ lesions [42].

DESCRIPTION

In multiple sclerosis there are multiple plaques of demyelination within the brain and
spinal cord. Plaques are 'disseminated in time and place', hence the old name
‘disseminated sclerosis’ [95]. Multiple sclerosis is a syndrome of progressive nerve
disturbances that usually occurs early in adult life. It is caused by gradual loss of the
myelin sheath which surrounds the nerve cell. This process is termed demyelination [96].
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In contrast to these activation markers, changes in CD3+ and CD4+ T cells did not correlate with
clinical or MRI measures [42]. In a cross sectional study, kinin B1 receptor mRNA transcripts and
protein were significantly upregulated on circulating lymphocytes during active disease in relapsing
and Secondary Progressive patients compared to stable multiple sclerosis and controls [42].

In a follow up study examining serial blood samples from 6 relapsing multiple sclerosis patients,
increase in the kinin B1 actin mRNA preceded or were simultaneous with increase in Expanded
Disability Status Scale (EDSS), clinical relapses, T2 lesion volume, and increased percentage of
interleukin 2 receptor positive CD4+ T cells, CD26+ and MHC class II peripheral mononuclear
cells. These are leukocyte activation markers [42].

It has been reported that increased CSF actin and tubulin in progressive multiple sclerosis correlated
with EDSS [42]. Increased kinin B1 actin mRNA did not correlate with Gd+ lesions. B1 receptor
mRNA levels were much lower and more stable in controls than in the multiple sclerosis group. In a
study of CD10 (neutral endopeptidase) and CD13 (aminopeptidase N) activation markers on peripheral
mononuclear cells, both markers were significantly higher in acute relapsing and progressive multiple
sclerosis compared to patients in remission and Other Neurological Disease (OND) [42].

DESCRIPTION

Increase in I3+ cells in SPMS correlated with a simultaneous increase in T2 lesion
volume, while in progressive multiple sclerosis, increase in CD26+ and CD4+
CD26+ cells correlated with increased lesion burden. Decrease in CD4+I3+ cells
correlated with an increase in Gd+ lesions and more new Gd+ lesions [42].

12

It has been demonstrated that exogenous 1,25-dihydroxyvitamin D3 (The hormonal form of vitamin
D3) can completely prevent Experimental Autoimmune Encephalomyelitis (EAE) [16]. It has been
put forward that a crucial environmental factor is the degree of sunlight exposure catalyzing the
production of vitamin D3 in skin [16]. The disease occurs primarily in populations above and
below the latitudes 40° North and 40° South respectively [64].

Two peculiar anomalies fit this model of thinking; one of that in Switzerland with high
multiple sclerosis rates at low altitudes, and low multiple sclerosis rates at high altitudes.
Ultraviolet light (UV) intensity is higher at high altitudes, resulting in a greater vitamin D3
synthetic rate, thereby accounting for low multiple sclerosis rates at higher altitudes [16].

The other geographic anomaly is that of Norway where there is found a high prevalence inland
and a lower prevalence along the coast. This datum also fits the proposed model of thinking in
that on the Norwegian coast, fish is consumed at high rates and fish oils are high in vitamin D3
[16]. It is suggested that corroboration of the hypothesis would implicate 1,25-dihydroxyvitamin
D3 as having great therapeutic potential in patients with multiple sclerosis [16].

After trauma, multiple sclerosis is the major neurologic disease of young adults. Multiple
sclerosis affected at least 350,000 [77] to 400,000 Americans in 2006. Multiple sclerosis
affects up to two million people worldwide. Patient numbers appear to be increasing, not
just within industrialized countries and Caucasian populations, but also in underdeveloped
parts of the world and non Caucasian cultures [42].

Multiple sclerosis affects mostly women (65% of total population affected).
Women most affected at beginning of 20's and men at end of 20's [72].

Prevalence: 50 to 100 cases per 100,000 persons, increasing in higher
latitudes. It is the most common demyelinating disease in humans.
Predominant age: Young adults 17-35 years old [73].

Multiple sclerosis is the most common demyelinating disorder and cause
of neurological disability in young adults between 20 and 40 years old.
Multiple sclerosis has a higher prevalence in Caucasians from northern
temperate climates and females [77].

DESCRIPTION

Incidence
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In the southern hemisphere this trend is similar - increasing prevalence with distance
from the equator. Overall, in Europe and North America, the annual incidence is 2-10
per 100,000 making it the most common neurological disease in young adults. First
degree relatives of a patient are reported to have an increased chance of developing
multiple sclerosis, without a clear cut pattern of inheritance [95].

Concordance rate is 31% in monozygotic twins. Immigrants from
low to high prevalence zones acquire the prevalence of their
destination, provided they arrive before the age of 10 [95].

The commonest age of onset is between 20 and 45 years, a
diagnosis before puberty or after 60 years is rare. Multiple
sclerosis is more common in women [95].

In about two-thirds of the cases, onset is between ages twenty and forty
(rarely is the onset after age fifty), and women have a higher incidence rate
than men (sixty percent female to forty percent male). The frequency of
multiple sclerosis appears to be increasing [96].

It appears that the initial event in the development of multiple sclerosis may occur in early life.
It has a geographical incidence and the observation has been made that people who move from
a low-risk area to a high-risk area before age fifteen have a higher risk of developing multiple
sclerosis, whereas those who make the same move after age fifteen retain their low risk [96].

Areas with the highest frequency rates are all located in the higher latitudes, in both the northern
and southern hemispheres (50 to 100 cases per 100,000 in the tropics). These high-risk areas include
the northern United States, Canada, Great Britain, Scandinavia, northern Europe, New Zealand,
and Tasmania. An interesting exception to this geographic distribution is Japan where multiple
sclerosis is uncommon [96].

DESCRIPTION

Multiple sclerosis prevalence varies widely, but has a pattern of incidence which is directly
proportional to distance of residence from the equator. At latitudes of 50-65ºN (roughly from
southern England to Iceland) prevalence is 60 - 100 per 100,000; at latitudes less than 30ºN
prevalence is below 10/100,000. At the equator multiple sclerosis is a rarity [95].
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Multiple sclerosis is an inflammatory disease limited to the central nervous system
white matter. The central nervous system inflammation varies among different
patients, and consists of variable degrees of T lymphocytes, macrophages, B
lymphocytes, and antibodies at the leading edge of the white matter destruction [25].

There are proposed two possibilities regarding the initiating event in multiple sclerosis. The first is that
the central nervous system white matter is structurally normal, and that an autoimmune response initiated
by autoreactive T cells, as shown possible by the Experimental Autoimmune Encephalomyelitis (EAE)
model, mediates the initial inflammatory insult [25].

The second possibility is that the inflammation is a result of some alteration of the central nervous system white
matter, which could be the result of a microbial central nervous system infection. This distinction between an
autoimmune hypothesis where the central nervous system white matter is normal, and the microbial hypothesis
where there is an infected central nervous system with regard to the etiology of multiple sclerosis may be blurred [25].

The pathogenesis of multiple sclerosis remains in debate despite many years of
study. Well observed facts that multiple sclerosis plaques are invariably
located around blood vessels and that alterations of the blood brain barrier
permeabililty is an obligatory step in the development of the plaque [36].

C. M. Poser of Harvard Medical School has suggested it may result
from a variety of environmental factors among which are mentioned
trauma to the nervous system, as well as immunological changes
resulting from viral infections and vaccinations [36].

The cause of multiple sclerosis is thought to be multifactorial. The etiology of
multiple sclerosis is considered to involve genetic, environmental, infective,
and immunological factors which affect the integrity of a normally assembled
myelin sheath, either directly or indirectly resulting in demyelination [40].

Some sort of environmental trigger (infectious, dietary, climatic) has been implicated [64].
It has also been suggested that the hormonal form of vitamin D3 is a selective immune
system regulator inhibiting this autoimmune disease [16].

DESCRIPTION

Cause
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Efforts to transmit multiple sclerosis experimentally have been uniformly
unsuccessful. However, an abnormal immune response in many multiple
sclerosis patients produces increased titres of serum and CSF antibodies to
many common viruses, particularly measles [95].

Titre also titer (ttr) n.
1. Concentration of a substance in solution or the strength of such a
substance determined by titration.
2. The minimum volume needed to cause a particular result in titration.
[French titre, from Old French title, title]

A zoonose (or zoonosis) is any infectious disease that is able to be transmitted from
other animals, both wild and domestic, to humans or from humans to animals (the latter
is sometimes called reverse zoonosis). The word is derived from the Greek words zòon
(animal) and nosos (ill). Many serious diseases fall under this category. Some
epidemic transmissible zoonoses, such as scrapie (demyelinating disease in sheep), have
similarities to multiple sclerosis. Chlamydia has been questioned as a cause [95].

Many hypotheses have been forwarded regarding the incidence and geographic
patterns, these include solar exposure, genetics, diet, and other environmental
factors. Many causative factors have been sited [96]:
Viral Infection
Autoimmune Reaction
Diet
Excessive Lipid Peroxidation

The etiology of multiple sclerosis is currently widely regarded as unknown. It is believed
that it is the result of an autoimmune process triggered by infection or other environmental
factors in individuals with genetic predisposition. There is some evidence that Epstein-Barr
virus (EBV) infection may increase the risk of multiple sclerosis [73].

DESCRIPTION

Thus under low sunlight conditions, insufficient vitamin D3 is produced, limiting production
of 1,25-dihydroxyvitamin D3 providing a susceptibility for multiple sclerosis. This theory can
account for the striking geographic distribution of multiple sclerosis, which is nearly zero in
equatorial regions and increases dramatically with latitude in both hemispheres [16].
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The Major Histocompatibility Complex (MHC) is a large genomic region
or gene family found in most vertebrates. It is the most gene-dense region
of the mammalian genome and plays an important role in the immune
system, autoimmunity, and reproductive success.

To date, the MHC gene region is the only area of the human genome clearly associated with the
disease, though the precise genes in that region responsible for multiple sclerosis are not as yet
known [12]. Increased prevalence of multiple sclerosis is found with halotypes DR2, DQW1,
DQA1, DQB1, A3 and B7 of the major histocompatibility complex [73].

Approximately 15-20% of multiple sclerosis patients have a family history of multiple sclerosis,
but large extended pedigrees are uncommon, with most multiple sclerosis families having no
more than two or three affected individuals. Studies in twins and conjugal pairs suggest that
much of this familial clustering is the result of shared genetic risk factors, while studies of
migrants and apparent epidemics indicate a clear role for environmental factors [12].

Detailed population based studies of familial recurrence risk have provided estimates
for familial clustering with the ratio of the risk of disease in the siblings of an affected
individual compared with the general population. It has become clear that this
represents a complex genetic disease with no clear mode of inheritance [12].

Studies in families with multiple sib-pairs with multiple sclerosis have not been deemed very
successful. To date, the only confirmed genetic feature to emerge from these efforts is the
association and linkage of the disease with alleles and haplotypes from the MHC on
chromosome 6p21. In the mid 1990's whole genome screens for linkage were published [12].

A whole genome association scan, while attractive, is only beginning to be feasible as the
cost of genotyping continues to decrease. It is also possible that such an approach may fail
because multiple sclerosis may be the result of more than the one genetic syndrome that it
is generally believed to be, or that hundreds or even thousands of genes, each representing
only a fractional risk factor, are associated with the occurrence of multiple sclerosis [12].

In a study of 357 family histories of patients, adequate information was obtained on 1971 first degree
relatives. 55 patients (15. 4%) had first degree relatives with multiple sclerosis (n=22, 6. 2%), another
autoimmune disorder (n=30, 8. 4%), or both (n=3, 0. 8%). 16 families (4. 5%) had at least 3 first degree
relatives who had multiple sclerosis or another autoimmune disorder. Multiple sclerosis, Grave's
disease, rheumatoid arthritis, vitiligo, type 1 insulin dependent diabetes mellitus and uveitis were the
most common autoimmune disorders in these families [32].

DESCRIPTION

Genetics
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Multiple sclerosis can be broadly divided into 2 forms of the disease:
1. The early relapsing remitting type, where there is an average of 1-5 attacks per
year clinically and 10 new lesions a year by magnetic resonance imaging (MRI).
2. The chronic progressive multiple sclerosis tends to have fewer new MRI lesions,
as measured by dye leaking through the blood vessels (gadolinium enhancement), an
indication of acute inflammation [25].
An approximated one third of patients with relapsing remitting disease and
approximately 10% of multiple sclerosis patients begin with progressive disease without
any previous relapsing remitting events (primary-progressive multiple sclerosis) [25].
In 60% of patients, multiple sclerosis begins as a relapsing remitting disease
and evolves secondarily into a progressive neurological illness [4].

Further subcategorisations have been made by some:
In relapsing remitting multiple sclerosis (80% of patients), signs and symptoms
evolve over a period of several days, stabilize and then improve spontaneously
or in response to corticosteroids [73].
In primary progressive multiple sclerosis, manifestations
gradually worsen from disease onset without relapses [73].
In secondary progressive multiple sclerosis, after an intial
relapsing remitting course, manifestations worsen gradually
with or without superimposed acute relapses [73].
In progressive relapsing multiple sclerosis, manifestations gradually worsen from
disease onset with subsequent superimposed relapses [73].

DESCRIPTION

Categorisation
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There are several disease subtypes characterized by relapsing or
progressive courses. Despite distinct clinical and laboratory features
based on group analysis, which suggest basic biologic differences, no
biomarkers have been identified for clinical subtypes [42].

There are several forms of the disease that may change the course of management
and are therefore important to recognize. Most patients will have a months long,
to years long disease free period after their first exacerbation [64].

Four pathologic categories of the disease were defined on the
basis of myelin protein loss, the geography and extension of
plaques, the patterns of oligodendrocyte destruction, and the
immunopathological evidence of complement activation [12].

Two patterns (I and II) showed close similarities to T cell mediated or T cell plus antibodymediated autoimmune encephalomyelitis, respectively. Patterns III and IV were highly
suggestive of a vasculopathy or primary oligodendrocyte dystrophy, reminiscent of virus- or
toxin-induced demyelination rather than autoimmunity. The pattern of pathology tended to
be the same in multiple lesions from any single individual with multiple sclerosis [12].

Different clinical courses of multiple sclerosis have been defined, including
Relapsing Remitting Multiple Sclerosis (RRMS), Secondary Progressive
Multiple Sclerosis (SPMS), Primary Progressive Multiple Sclerosis (PPMS),
and Progressive Relapsing Multiple Sclerosis (PRMS) [77].

Multiple sclerosis is often recognized by the clinically different patterns of:
Relapsing and remitting multiple sclerosis 80-90%
Primary progressive multiple sclerosis 10-20%
Secondary progressive multiple sclerosis - this follows on from relapsing remitting multiple sclerosis
Fulminant multiple sclerosis <10% - runs a sudden or severe course over some months [95]

DESCRIPTION

Multiple sclerosis is postulated as being unlikely to be a single disease
entity. The term has been used to encompass a spectrum of heterogeneous
disorders which produce a similar clinical picture [42].
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This group of patients has demonstrated the best response to treatment, however,
more than 50% of relapsing remitting multiple sclerosis patients go on to display
continuous, progressive symptoms characteristic of secondary progressive multiple
sclerosis within 10 years (up to 90% within 25 years) [77].

By contrast, primary progressive multiple sclerosis is characterized by a
steady decline in neurological function from onset, without superimposed
attacks and is found in 10% of multiple sclerosis patients [77].

At its onset, multiple sclerosis can be clinically categorized as either relapsing remitting
multiple sclerosis (RRMS), observed in 85-90% of patients, or Primary Progressive
(PPMS). In relapsing remitting multiple sclerosis, progression is characterized by
relapses of active disease with incomplete recovery during periods of remission [64].

With time, the extent of recovery from attacks is often decreased and baseline
neurological disability accrues. In some patients the progression of disease
becomes more aggressive, so that a consistent worsening of function occurs.
This form of the disease is termed secondary progressive disease [64].

Approximately 40% of replasing-remitting patients stop having attacks and develop
a progressive neurodegenerative disorder related to the chronic central nervous
system inflammation termed secondary progressive multiple sclerosis [12].

The evolution to this secondary progressive form of the disease is associated with
significantly fewer gadolinium-enhanced lesions and a decrease in brain
parenchymal volume. While earlier relapsing remitting multiple sclerosis is
sensitive to immunosuppression, as time goes on, responsiveness to immunotherapy
decreases and may in fact disappear in secondary progressive multiple sclerosis [12].

It has been proposed that rather than conceiving multiple sclerosis as first a relapsing
remitting and then a secondary progressive disease, multiple sclerosis is a continuum
where these are acute inflammatory events early on with secondary induction of a
neurodegenerative process refractory to immunologic intervention [12].

DESCRIPTION

Relapsing remitting multiple sclerosis is characterized by discrete
episodes of neurological symptoms followed by a variable degree of
recovery and accounts for up to 85% of the initial presentations [77].
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In the least common form, patients symptoms are progressive from the onset of disease with
the early onset of disability. This form is termed Primary Progressive Multiple Sclerosis
(PPMS) [64]. The primary progressive form of multiple sclerosis is characterized from the onset
by the absence of acute attacks and instead involves a gradual clinical decline. This form of
the disease is associated with a lack of response to any form of immunotherapy [12].

Professor Reinhard Rohkamm in his textbook the Color Atlas of Neurology presents
us with a further unusual categorisation of the disease with ‘progressively remitting
relapsing multiple sclerosis’. The form is reported as rare and that complete remission
may or may not occur after relapses. Symptoms are described as having a tendency to
worsen from one relapse to the next [65].

The course of multiple sclerosis varies greatly fromm one individual to another,
but two basic types of course can be identified [65]:
Relapsing Remitting:
Relapsing remitting is found in 66-85% of cases and is most common when onset is
before age 25. It has well defined relapses separated by periods of nearly complete
recovery with or without residual symptoms. It typically does not progress during
remission.
Chronic Progressive:
Chronic progressive multiple sclerosis may be divided into 3 types:
Primary chronic progressive
Secondary progressive
Progressively remitting-relapsing.

DESCRIPTION

Secondary progressive multiple sclerosis is seen in over 50% of cases 6 to 10 years
after onset, thus initially it is manifest as remitting-relapsing and later is manifest as
chronically progressive multiple sclerosis. Recurrences, mild remissions, and
plateau phases may occur with this form [65].
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Technical Diagnosis
Multiple sclerosis is a difficult disease to diagnose early.
The initial symptoms may occur alone or in combination,
and they occur in varying frequencies [96].

addition to the macroscopic plaques [42]. This occurs even in early disease stages. The
inability to evaluate the true extent of injury in daily practice makes accurate prognosis

Diagnosis is based on a set of core clinical principles supported by laboratory
testing which typically includes appropriate blood work, MRI, CSF analysis,
and sometimes evoked potential testing [42].

Classically, the diagnosis is made clinically when a young patient (usually less than 55 years of
age) presents with a history of multiple neurologic complaints that cannot be explained by the
presence of one central nervous system lesion. Diagnosis should be suspected when a patient
presents with multiple neurologic deficits separated by time and space (anatomy) [64].

Early Symptoms of Multiple Sclerosis:
TYPE

FREQUENCY

SYMPTOMS

Motor

42%

Feeling of heaviness, weakness, leg dragging, stiffness,
tendency to drop things, clumsiness

Visual

34%

Blurring, fogginess, haziness, eyeball pain, blindness, double vision

Sensory

18%

Tingling, "pins and needles" sensation, numbness, dead feeling,
band-like tightness, electrical sensations

Vestibular

7%

Lightheadedness, feeling of spinning, sensation of drunkness,
nausea, vomiting

Genitourinary

4%

Incontinence, loss of bladder sensation, loss of sexual function

Typically symptoms develop over a few days, remain stable for a few weeks, and then
recede. Recurrences are common, although the course of the disease is extremely variable.
Although multiple sclerosis is diagnosed primarily by clinical signs and symptoms, some
laboratory procedures provide support for the diagnosis [96].

DIAGNOSIS

Experimentally, global disease measures (brain and cervical spinal cord atrophy, whole brain
n-acetylaspartate on magnetic resonance spectroscopy, magnetic transfer and diffusion tensor
histograms) detect extensive but subtle abnormalities in normal appearing brain tissue in
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A number of triggers are known to exacerbate the disease. Infections or trauma may acutely worsen the
disease. Pregnancy, especially the 2-3 months following birth, may also exacerbate symptoms, however
there are generally fewer attacks during the pregnancy. Uncomplicated multiple sclerosis typically has
no adverse effects on the outcome of the pregnancy [64].

Diagnostic classification is problematic especially if only one lesion is found
(e.g. by MRI), if symptoms or signs are in only one area of the central nervous
system (e.g. spinal cord), or if only one attack has occurred [67].

Multiple sclerosis is primarily a clinical diagnosis based on evidence of CNS white matter
lesions disseminated in time and space (two distinct episodes of neurologic symptoms affecting
two distinct areas of the CNS). The clinical signs vary with the location of the plaques [73].

To diagnose multiple sclerosis one has to rely on clinical criteria supplemented with
radiologic and laboratory confirmations. The advent of MRI scanning of the brain has
dramatically changed the methods by which multiple sclerosis is diagnosed. MRI of
the brain is the most accurate test to diagnose multiple sclerosis, reaching a sensitivity
of 85-95% in symptomatic patients [64].

Increased T2 density and decreased T1 intensity represent the increased water content of
demyelinated plaques. Enhancement of lesions with gadolinium indicates active multiple
sclerosis lesions that may enhance for up to 2 to 6 weeks after an exacerbation [64].

Evoked response potentials detect slow or abnormal conduction in response to visual,
auditory, or somatosensory stimuli. The limitation of this test for multiple sclerosis
diagnosis is that many other neurologic diseases can give an abnormal test result. As
a result evoked response potentials are rarely used to make the diagnosis [64].

Pleocytosis is a term used to describe an increased cell count. CSF analysis usually reveals a
mild pleocytosis (usually less than 50 cells/J,L) and a total protein that is mildly elevated. A
protein level exceeding 100 mg/dL is unusual and should be considered as evidence against the
diagnosis of multiple sclerosis [64]. An elevated IgG index (oligoclonal bands) is found in 7090% of patients with multiple sclerosis. The finding is nonspecific [64].

DIAGNOSIS

Patients with multiple sclerosis are evaluated by clinical examination, laboratory
testing, neuroimaging and neurophysiological studies. The clinical manifestations
of multiple sclerosis and the lesions that cause them vary over the course of the
disease - ‘dissemination in space and time’ [67].
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In the absence of a specific immune based assay, the diagnosis of multiple sclerosis continues
to be predicated on the clinical history and neurological exam; that is, finding evidence for
multiple lesions disseminated in space and time in the central nervous system [12].

Common manifestations:

- Sensory disturbances; numbness, tingling "pins and needles" sensation
- Visual disturbances; diplopia, blurred vision, visual loss
- Inco-ordination; gait impairment, clumsiness of upper extremities
- Other; vertigo, incontinence, loss of sexual function, slurred speech [73].

Clinical Presentations [67]:
Sensory deficits
Upper-motor-neuron paresis
Inco-ordination
Visual impairment (field defects)
Nystagmus
Internuclear ophthalmoplegia
Bladder dysfunction
Complaints of pain
Paresthesiae
Abnormal fatiguability
Episodic disturbances are by their nature, difficult to objectify
Clinical examination may reveal no abnormality because
of the episodic nature of the disease itself

DIAGNOSIS

- Weakness, usually involving the lower extremities; complaints of
difficulty ambulating, tendency to drop things, easy fatigability.
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Patients experiencing their first episode suggestive of central nervous system demyelination and
having MRI evidence of at least three typical lesions were followed for an average of 42 months.
Within that period, a significant proportion of patients developed an additional relapse, thus
qualifying for the diagnosis of clinically definite multiple sclerosis. If no MRI lesions were found,
the probability of developing multiple sclerosis was substantially less [12].

This indicates to the patient that the physician has an
understanding of the underlying problem but that the prognosis is
not as yet clear, allowing patients who never have another attack to
be saved from carrying a diagnosis of multiple sclerosis [12].

DIAGNOSIS

More than half of those developing multiple sclerosis experienced the additional
relapse within one year of their first episode. Thus it is proposed as reasonable
to label the first attack of what appears to be multiple sclerosis as "singular
sclerosis" and to explain to the sufferers that there is a high likelihood of
developing multiple sclerosis [12].
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Evoked Potential Studies
An evoked potential test (or "evoked response") is an electrical potential recorded from
a human or animal following presentation of a stimulus, as distinct from spontaneous
potentials as detected by electroencephalograms or electromyograms.

Visual Evoked Potential (VEP) studies reliably detect optic nerve lesions, but neuroimaging is
far better for detecting lesions of the optic tract or optic radiation. VEP reveals prolongation
of the P100 latency in one eye and/or an abnormally large discrepancy between the latencies
in the two eyes in roughly 40% of multiple sclerosis patients without known optic neuritis and
in almost half of those with early optic neuritis [67].

Delay in visual evoked responses (VER) is seen in optic neuropathy. Some optic neuropathy
attacks are subclinical: a delayed VER provides evidence of a previous optic nerve lesion.
Brainstem and somatosensory evoked potentials become delayed when these pathways have
been damaged. Peripheral nerve studies are normal and EEG unhelpful [95].

Somatosensory Evoked Potential (SEP) studies of the median or tibial nerve typically reveal
prolonged latencies in multiple sclerosis. Low amplitude of evoked potentials however
often indicate a pathological process of another type, e.g. tumor. Somatosensory Evoked
Potential abnormalities are found in up to 60% of multiple sclerosis patients with
predominantly sensory manifestations [67].

Auditory Evoked Potentials (AEP) studies are less sensitive in multiple sclerosis than VEP
or Somatosensory Evoked Potential. The most common auditory evoked potentials change
is prolongation of latency. auditory evoked potentials studies are helpful for the further
classification of vertigo, tinnitus, and hearing loss [67].

Motor Evoked Potential (MEP) studies reveal prolonged central conduction times when central nervous
system lesions involve the pyramidal pathway. The sensitivity of Motor Evoked Potential in multiple
sclerosis is approximately the same as that of Somatosensory Evoked Potential. Motor Evoked Potential
studies can provide supporting evidence for multiple sclerosis patients with latent paresis, gait
disturbances, abnormal reflexes, or movement disorders that are difficult to classify [67].

DIAGNOSIS

Evoked potential studies can be used to measure components of the patient's
CSF and nerve function. Nerve function assessment shows abnormalities in
94% of patients with established multiple sclerosis [96].
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Tests of Bladder Function
The residual urine volume can be measured by ultrasound. It should not exceed 100ml in patients
with a normal bladder capacity of 400-450ml. In general it should normally be 15-20% of the
cystomanometrically determined bladder volume. Urodynamic electromyography (EMG) provides
more specific data concerning bladder dysfunction [67].
DIAGNOSIS

CSF Examination
Professor Reinhard Rohkamm in his Color Atlas of Neurology reports CSF abnormalities found in 95% of multiple
sclerosis patients. The cell count rarely exceeds 20 cells/mm3. The total protein concentration is elevated in
approximately (ca. ) 40% of patients and intrathecal IgG synthesis in approximately (ca.) 90%. Oligoclonal IgG is
found in 95% of multiple sclerosis patients, and antibodies to mumps, measles and herpes zoster in 80% [67].

CSF examination is often unnessary with diagnostic Magnetic resonance spectroscopy and a compatible
clinical picture. CSF analysis shows oligoclonal IgG bands in 80% of cases but these are not specific as
they simply indicate immunoglobulin production within the central nervous system in response to an
unknown antigen. The CSF cell count is raised (5-60 mononuclear/mm3) [95].

Enzyme Linked Immuno Sorbent Assay, also called ELISA, is a biochemical technique
used mainly in immunology to detect the presence of an antibody or an antigen in a
sample. There are many reports demonstrating low affinity antimyelin autoantibodies by
ELISA in sera and CSF of patients with multiple sclerosis [12].

High affinity antimyelin basic protein or myelin oligodendrocyte antibodies
appear to be more difficult to detect in the serum or CSF of multiple
sclerosis patients while antimyelin oligodendrocyte antibodies can be found
in multiple sclerosis central nervous system plaque tissue [12].

Workup
Lumbar puncture
Agarose electrophoresis discloses discrete "oligoclonal" bands in the gamma region
in approximately 90% of patients, including some with normal IgG levels.
Other frequent CSF abnormalities are increased total protein, increased mononuclear white blood cells,
presence of myelin basic protein (elevated in acute attacks, indicates active myelin destruction)
Measurement of visual evoked response (VER) to assess nerve fiber conduction
(myelin loss or destruction will slow conduction velocity) [73].
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Multiple Sclerosis Functional Composite
The Multiple Sclerosis Functional Composite (MSFC) was recommended as an improved
clinical outcome measure for clinical trials. The Multiple Sclerosis Functional Composite
contains a walking test, a test of arm dexterity, and a cognitive test of sustained attention [78].

Multiple Sclerosis Functional Composite scores were found to correlate with MRI lesions and
brain atrophy more strongly than does Expanded Disability Status Scale (EDSS). The Multiple
Sclerosis Functional Composite was reproducible in the context of a multinational trial and was
used as the primary outcome measure in the IMPACT trial of IFN beta 1a in SPMS [78].

One possible advantage of Multiple Sclerosis Functional Composite is that it may be feasible
to compare results across studies more meaningfully because the Multiple Sclerosis Functional
Composite component scores are standardized to a reference population and expressed as zero
scores. Another advantage is its sensitivity or responsiveness [78].

DIAGNOSIS

Each of three measures is standardized with scores from a reference population to create a Z-score, and
the Z-scores for the three tests are averaged to create a single patient score. Multiple Sclerosis
Functional Composite change over time along a continuous scale is easy to calculate. The Multiple
Sclerosis Functional Composite was found to predict future disability status in patients with SPMS [78].
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Magnetic Resonance Imaging
In the mid 1990s the underlying basis for multiple sclerosis clinical trials was advanced by a pivotal
workshop, this one on outcome measures by Whitaker et al., 1995. The scientific methods for testing
experimental therapies were examined and critiqued, and recommendations were provided for future
progress. MRI studies in the 1980s were changing the traditional view of multiple sclerosis. New brain
lesions were observed in clinically stable patients, dispelling the myth of remission between relapses [78].

MRI of brain and spinal cord has become the definitive investigation for multiple sclerosis.
Multiple plaques are visible, principally in the periventricular region, brainstem and cervical
cord. Head MRI scans show lesions in 85% of patients with clinical multiple sclerosis.
Typical lesions are multifocal with 10 or more lesions seen in a clinical relapse [95].

Although the use of conventional MRI has had a great impact on the diagnosis of multiple sclerosis,
the heterogeneity of tissue damage and repair occurs at least in part beyond the detection sensitivity
of conventional MRI. As the primary pathological changes in this disease are inflammation and
neurodegeneration, investigators have turned to quantitative MRI techniques [77].

In summary, MRI was suggested as an additional diagnostic tool for multiple sclerosis
shortly after its introduction as a clinical imaging modality. After modification of the
diagnostic criteria, it has been formally and firmly established as a tool in multiple
sclerosis, which clinicians can rely on for differential diagnosis [77].

The use of MRI has had a major impact on allowing the early and more precise diagnosis of the disease. MRI
is the optimal imaging modality for multiple sclerosis. Plaques are rarely visible on CT (Computed tomography)
[95]. In the appropriate clinical setting the typical appearance of multiple lesions on MRI's provides an
important ancillary diagnostic tool to establish the multifocality of central nervous system involvement [12].

MRI scans reveal the characteristic foci of demyelination disseminated in the central nervous
system (multiple sclerosis plaques), contrast enhancement is seen in acute but not in chronic
lesions. The sensitivity of MRI for multiple sclerosis is greater than 90% but its specificity is
considerably lower, thus, the MRI findings alone cannot establish the diagnosis [67].

DIAGNOSIS

The ratio of new MRI lesions to clinical relapses was reported as 4:1 by Paty, 1993 and later reported
as increased to 10:1 by McFarland et al., 1996. An early pioneer in the application of MRI to multiple
sclerosis, Don Paty, commonly stated that MRI visualized the pathology and was much more direct
disease measure than clinical outcomes. As a result of the MRI studies, multiple sclerosis was more
accurately perceived as active during the early stages, and relapses were increasingly seen as only a
loose reflection of underlying pathology [78].
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MRI has been used to assess multiple sclerosis disease activity, disease burden; and the dynamic
evolution in these parameters over time. MRI is 4-10 times more sensitive than the clinical
evaluation in capturing central nervous system lesions. Lesions in the cerebellum are much
more likely to be clinically silent, as compared to lesions in the brain stem or spinal cord [12].

Published in 1983, the Poser criteria acknowledged MRI as a "paraclinical" tool for the diagnosis
of multiple sclerosis. In the early days of MRI the technique was a much less sensitive tool for
the diagnosis of multiple sclerosis, especially with the lack of contrast agents [77].

With advances in technology, MRI reveals ten times as many lesions as CT
(Computed tomography) and provides a means to characterize demyelination
in the spine. As MRI technology has progressed, increasingly finite criteria
for the MRI diagnosis of multiple sclerosis have been published [77].

MRI of the head can identify lesions as small as 3 to 4mm and is frequently diagnostic in suspected
cases. MRI can also be used to assess disease load, activity and progression [73]. The first signs of
multiple sclerosis often present at a time when the clinical extent of the disease is unknown. Although
even at the early stages of the disease, substantial damage may already have occurred [77].

Approximately 50% to 80% of individuals who present with aClinically Isolated
Syndrome (CIS) already have lesions on MRI examination, consistent with prior
occult disease activity. Diagnosis during a single acute episode is difficult to
establish due to the variability of focal and diffuse symptoms [77].

Frequent magnetic resonance imaging (MRI) studies indicate that 80% to 90% of
new MRI brain lesions are not associated with definable relapses [42]. During the past
decade, magnetic resonance imaging (MRI) has also become a useful tool for
assessing the level of demyelination in the nervous system [96].

In brief, although T2 weighted image demonstrates foci of chronic demyelination and new
lesions with edema, the diagnostic yield of FLAIR (Fibre-optic laser-assisted infrared tumour
diagnostics) is substantially better because of the predominantly periventricular localization
of multiple sclerosis lesions and CSF artifact [77].

DIAGNOSIS

Existing diagnostic criteria for RRMS, including the early ones by Schumacher et al., 1965,
and were revised by Poser et al., 1983. A recent consensus statement asserts that two or more
distinct events separated in time (generally by more than 1 month) in addition to involvement
of at least two distinct areas of the central nervous system marks a diagnosis. This is referred
to as the "criteria of dissemination in time and space" [77].
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FLAIR studies have been especially good in predicting callosal lesions in sagittal images
(Sagittal planes of section follow from one side of the body to the other - left to right, or
right to left), however they are not very sensitive for infratentorial lesions [77].
In anatomy the supratentorial region of the brain is the part located above the tentorium
cerebelli; the part of the brain below it is the infratentorial region. The supratentorial
region contains the cerebrum while the infratentorial region contains the cerebellum.

Rating Scheme for the Strength of Evidence
Class I: Evidence provided by a prospective study in a broad spectrum of persons
with the suspected condition, using a "gold standard" for case definition, where test
is applied in a blinded evaluation, and enabling the assessment of appropriate tests of
diagnostic accuracy. In addition, there must be adequate accounting for dropouts
with numbers sufficiently low to have minimal potential for bias.
Class II: Evidence provided by a prospective study of a narrow spectrum of persons
with the suspected condition, or a well-designed retrospective study of a broad
spectrum of persons with an established condition (by "gold standard") compared to a
broad spectrum of controls, where test is applied in a blinded evaluation, and
enabling the assessment of appropriate tests of diagnostic accuracy.
Class III: Evidence provided by a retrospective study where either persons with the
established condition or controls are of a narrow spectrum, and where test is applied
in a blinded evaluation.
Class IV: Any design where test is not applied in blinded evaluation or evidence
provided by expert opinion alone or in descriptive case series (without controls).

T1 weighted image - Term Definitions:
MRI made with pulse spin echo or inversion recovery sequence with
short TR and TE to show contrast between tissues with different T1 values;
an image with greater signal intensity from fat-containing tissues.

T2 weighted image - Term Definitions:
Image made with a sequence with long TR and TE to show
contrast in tissues with varying T2 relaxation times;
water gives a strong signal.

DIAGNOSIS

Precontrast and post contrast T1 weighted images can differentiate chronic from active
lesions. By combining the findings on T2- and T1 weighted images, the sensitivity for the
diagnosis of clinically definite multiple sclerosis can reach 80% by imaging criteria alone [77].
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According to the published report of the Therapeutics and Technology Assessment
Subcommittee of the American Academy of Neurology, the evidence with respect
to MRI in suspected multiple sclerosis is as follows [77]:

Level A rating requires at least one convincing Class I study or at least two
consistent, convincing Class II studies).

2. New T2 weighted image lesions or new enhancing lesions documented 3 or more
months after a clinically isolated demyelinating episode and a baseline MRI are
highly predictive for near term development of Clinically Definite Multiple
Sclerosis (CDMS) (type B recommendation; Level B rating requires at least one
convincing Class II study or at least three consistent Class III studies).
3. The presence of two or more enhancing lesions at baseline is highly predictive
of future development of Clinically Definite Multiple Sclerosis (CDMS) (type B
recommendation; Level B rating requires at least one convincing Class II study
or at least three consistent Class III studies).

4. Diagnosis of a condition other than multiple sclerosis with a Clinically Isolated
Syndrome (CIS) with any MRI abnormality of 1-3, after exclusion of alternative
diagnosis is unlikely (Type A recommendation; Level A rating requires at least one
convincing Class I study or at least two consistent, convincing Class II studies).
5. MRI features for Primary Progressive Multiple Sclerosis (PPMS) cannot be
determined from the existing evidence (type II recommendation).

TE (Echo Time) - Term Definitions:
TE (Echo Time) represents the time in milliseconds between the application
of the 90° pulse and the peak of the echo signal in Spin Echo and Inversion
Recovery pulse sequences.

TR (Repetition Time) - Term Definitions:
The amount of time that exists between successive pulse
sequences applied to the same slice.

DIAGNOSIS

1. The presence of three or more white lesions on T2 weighted image MRI predicts
a diagnosis of Clinically Definite Multiple Sclerosis (CDMS) within the next 7 to
10 years with an 80% sensitivity (Class I-III evidence, Type A recommendation;
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Differential Diagnosis
With a misdiagnosis rate as high as 5 to 10%, a reliable diagnostic biomarker would be a major advance [42].
There is no single clinical test, imaging study or laboratory finding which alone establishes the diagnosis of
multiple sclerosis. A meticulous differential diagnosis evaluation is needed in every case [66].

Acute Disseminated Encephalomyelitis (ADEM) is a monophasic demyelinating illness that can
present with clinical imaging and laboratory manifestations indistinguishable from an acute
multiple sclerosis attack. Typical ADEM is seen in pediatric populations and has more of an
explosive course associated with alterations in mental status and a postviral or post-vaccination
history is often elicited. ADEM is associated with significant responses to myelin proteins,
indicated both by T cell and antibody measurements. Laboratory measurement of circulating
high affinity anti-myelin basic protein antibodies in ADEM may aid in diagnosis [12].

Diagnostic protocol should rule out the following:
Inflammatory diseases. Neurosarcoidosis, neuroborreliosis, neurosyphilis, Whipple disease, post
infectious acute disseminated encephalomyelitis, progressive multifocal leukoencephalopathy
(PML), subacute sclerosing panencephalitis (SSPE), The Human Immunodeficiency Virus (HIV)
infection, Human T-lymphotropic virus -1 (HTLV-1) infection [66].
Neurovascular disorders. Arteriovenous fistula of spinal dura mater, cavernoma, Cerebral
Autosomal Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy
(CADASIL) [66].
Hereditary/metabolic disorders. Spinocerebellar ataxias, adrenoleukodystrophy, endocrine
diseases, mitochondrial encephalomyelopathy, vitamin B12 deficiency (funicular myelosis) [66].
Tumors of the brain or spinal cord (e.g. lymphoma, glioma, meningioma). Skull base anomalies.
Arnold-Chiari malformation, platybasia. Myelopathy. Cervical myelopathy (spinal stenosis).
Somatoform disturbances in the context of mental illness [66].
Systemic disorders; sarcoidosis, Systemic Lupus Erythematosus (SLE), pernicious anaemia, vasculitis
Ruptured intervertebral disk
Infections; central nervous system infections, syphilis
Small cerebral infarctions
Neoplasms; brainstem, cerebellar, spinal cord
Other: Amyotrophic Lateral Sclerosis (ALS), syringomyelia, neurofibromatosis, Friedreich's ataxia [73].
Cerebral vasculitis. Systemic lupus erythematosus, Sjogren syndrome, Behcet syndrome,
granulomatous angiitis, polyarteritis nodosa, antiphospholipid syndrome, Chronic Inflammatory
Demyelinating Polyradiculoneuropathy (CIDP) [66].

DIAGNOSIS

Neuroimaging CT(Computed tomography) may reveal other diseases that enter in the differential diagnosis of
multiple sclerosis (e.g. brain tumor) but is not sensitive (ca. 25-50%) to be useful in diagnosing multiple sclerosis
itself [67]. All the existing diagnostic schemes require the exclusion of alternative diagnoses (among others, human
immunodeficiency virus, stroke, neoplastic disease, infections) by appropriate laboratory and radiographic means [77].
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Biomarkers
Biomarker refers to an objective characteristic that can be evaluated and measured. It may
reflect a normal biological process, a pathogenic process, or a response to a therapy. One type
of biomarker, previously termed surrogate marker is now referred to as surrogate endpoint.
The term surrogate indicates a biomarker with excellent clinical correlation which provides
reliable information more rapidly than clinical assessment and follow up [42].

There are several disease subtypes characterized by relapsing or progressive courses. Despite
distinct clinical and laboratory features based on group analysis, which suggest basic biologic
differences. No biomarkers have been identified for these clinical subtypes [42].

No multiple sclerosis biomarkers have been established at this time. With a misdiagnosis rate as
high as 5 to 10%, a reliable diagnostic biomarker would be a major advance. The relevance of a
given biomarker may differ depending on disease stage. It is important to keep in mind that
single biomarker measurements are misleading when values show marked fluctuations [42].

Any valid and useful biomarker assay should meet the key requirements of reliable
assay, reproducibility, non-invasive technique, simplicity to perform and interpret,
inexpensive implementation, detective of fundamental disease features, validated
in pathologic studies, high sensitivity and high specificity [42].

The relevance of a given biomarker may differ depending on disease stage. multiple sclerosis
has inflammatory and degenerative components. Inflammation which corresponds to the
progressive phase is maximum in the beginning and falls over time. Neurodegeneration which
corresponds to the progressive phase is present at all timepoints but is unmasked late [42].

These components are likely to have distinct biomarkers. Multiple sclerosis involves simultaneous
destructive and repair procedures that may complicate biomarker interpretation. Consideration must
be made to the type and source of biomarker. Multiple sclerosis is an organ specific disease with
pathology confined to the central nervous system. The only consistent systemic abnormality is
immune system activation. It is important to keep in mind that single biomarker measurements are
misleading when values show marked fluctuations [42].

DIAGNOSIS

No multiple sclerosis biomarkers have been established at this time. Several
neuroimaging measures come close and additional novel imaging techniques
are under study for validation and standardization [42].
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A review of potential multiple sclerosis biomarkers divided them into
several broad categories

Immune System Changes
- Cytokines, cytokine receptors (interleukin 1, -2, -6, -10, -12, -18;
TNFalpha; LT-alpha - lymphotoxin alpha/beta; CD25)
- Chemokines, chemokine receptors (CCR5, CXCR3, CXCL10, CCR2/CCL2)
- Antibodies (CSF IgG index, kappa light chain, oligoclonal bands, anti-MOG/MBP antibodies)
- Complement (C3, C4, activated neo-C9; activation regulators CD35, CD59)
- Adhesion molecules (E-selectin, L-selectin, ICAM-1, VCAM-1, CD31, LFA-1, VLA-4)
- Antigen processing and presentation (CD40/CD40L, CD80, CD86, heat shock proteins)
- Activation markers (CD26, CD30, CD71, perforin, CD134, osteopontin,
MRP-8, MRP-16, neopterin, amyloid A protein, somatostatin)
- Cell cycle apoptosis (Fas/CD 95, Fas-L, FLIP, Bcl-2, TRAIL)
- Immune mediated neuroprotection (BDNF)
- Cell subpopulations (NK cells, Valpha24+ NK T-cells, CD4+/CD25 bright interleukin 10,
producing immunoregulatory T-cells, CSF cells, CD45RA-/RO+/CD4+ memory T-cells)
- Functional immunologic assays (proliferation, cytokine secretion, cytotoxic assays)
Blood brain barrier disruption
Matrix Metalloproteinases (MMP’s) and their inhibitors

Demyelination
- Myelin Basic Protein (MBP)
- MBP-like material
- Proteolytic enzymes
- Endogenous pentapeptide QYNAD
- Gliotoxin

DIAGNOSIS

Immune System Changes
Blood brain barrier Disruption
Demyelination
Oxidative Stress
Neuronal Damage
Gliosis
Remyelination
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Oxidative stress
- Excitotoxicity
- Nitric Oxide and its stable metabolites
- Uric acid

- Hypoxia-like tissue damage marker

Axonal/neuronal damage
- Cytoskeletal proteins: actin,
- Tubulin
- Neurofilaments
- Tau protein

Gliosis
- Glial fibrillary acidic protein (GFAP)
- S-100

Remyelination repair
- NCAM (neural cell adhesion molecule)
- Ciliary Neurotrophic Factor (CNTF)
- Microtubule associated protein-2
- Exon 13
- 14-3-3 protein
- Creatine Phosphokinase BB (CPK-BB)
- Peptidylglycine-amidating monooxygenase
- Neural specific enolase

Abbreviations (IL, interleukin; TNF, Tumor necrosis factor;
CSF, cerebrospinal fluid; MOG, myelin oligodendrocyte protein;
MBP, myelin basic protein; MMPs, matrix metalloproteinases;
NCAM, neural cell adhesion molecule) [42].

DIAGNOSIS

- Isoprostane

37

Prognosis
A substantial number of antiphospholipid antibody positive patients have
a concurrent diagnosis of multiple sclerosis or multiple sclerosis-like
illnesses, frequently presenting with elevated IgM aCL, optic neuritis,
and transverse myelitis [37].

The majority of patients experience clinical improvement in weeks to months after the initial
manifestations. The disease may be of the exacerbating-remitting type or may follow a chronic
progressive course. The average interval from the initial clinical presentation to death is 35 years.
Premature death is usually secondary to infection [73].

Favourable prognostic indicators in multiple sclerosis include onset before age
40, monosymptomatic onset, absence of cerebellar involvement at onset, rapid
resolution of the initial symptom(s), a relapsing remitting course, short duration
of relapses and long term preservation of the ability to walk [66].

A relatively favourable course is also predicted if, after the first 5 years of
illness, the MRI reveals no more than a few, small lesions without rapid
radiological progression and the clinical manifestations of cerebellar disease
and central paresis are no more than mild [66].

A benign course, defined as a low frequency of recurrences and only mild
disability in the first 15 years of illness, is seen in 20-30% of patients.
The disease takes a malignant course with major disability within 5 years,
in fewer than 5% of patients. Half of all multiple sclerosis patients have a
second relapse within 2 years of disease onset [66].

In a small study of 38 CIS patients, 5 (13%) had positive 14-3-3 protein in
CSF. This neuronal injury marker predicted shorter time to second clinical
attack. These patients had more relapses and developed greater disability
over an average follow up of 27. 3 months [42].

DIAGNOSIS

The early course of multiple sclerosis varies among patients with the variable extent of the
inflammatory lesions and disturbances of the blood brain barrier. The severity of late
manifestations is correlated with the number of plaques [67]. Life expectancy is not substantially
altered in patients with multiple sclerosis, particularly in the early years of the illness [4].
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C reactive protein (CRP), an acute phase reactant, was serially measured in
multiple sclerosis patients, participating in a SC IFN beta 1a trial. C
reactive protein rose during relapses and fell with IFN beta therapy. Higher
levels during the first year of therapy correlated with later disability [42].

The outcome in patients with RRMS is variable. Untreated, approx 50% of all multiple
sclerosis patients require use of a walking aid within ten years after clinical onset.
Increased attack frequency and poor recovery from attacks in the first years of clinical
disease predict a more rapid deterioration [95].

Multiple MRI lesions, particularly those that gadolinium enhance on
the first MRI scan also predict a more severe subsequent course [12].
Death follows from uraemia and /or bronchopneumonia [95].

DIAGNOSIS

For chronic progressive multiple sclerosis, axonal disconnection
rather than demyelination is now recognized as the best clinical
correlate of disability [84].
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Treatment of Multiple Sclerosis
Therapies for multiple sclerosis have emerged over the last two decades with the demonstration of efficacy of
immunomodulating therapies that impact the course of early multiple sclerosis; Immunosuppressive drugs such
as mitoxantrone and cyclophosphamide; Beta-interferons; an MHC-binding protein that engages the T Cell
Receptor (TCR), and glatiramer acetate (GA) are all such a class of therapy [12].

Since the market is split between drugs, there has been intense marketing for market share by pharmaceutical
companies. Much impetus has focused on companies competing to position a superior product. Marketing
devices have taken many forms including physician and lay advocates, advertising, educational programs and
postmarketing studies. There has been an array of claims and counterclaims as exchange [78].

The pivotal RRMS interferon trials changed the perception of multiple sclerosis from an untreatable to a
treatable condition which has had profound scientific, psychological, economic and practical implications.
The market for multiple sclerosis disease therapy quickly developed with world wide sales of interferon
products exceeding $2.5 billion. This has driven pharmaceutical investment in multiple sclerosis research.
Studies were initiated to evaluate the effects of interferon in SPMS and at the time of a clinically isolated
syndrome as well as numerous head to head comparison studys [78].

The underlying pathology of multiple sclerosis as an inflammatory central nervous system
disease was instrumental in leading to the drug treatments presently used. Examination of these
drug's mechanisms of action has provided insight into the etiology of multiple sclerosis [12].

The use of beta interferon and glatiramer acetate for the treatment of multiple sclerosis has, to some extent,
changed the course of the disease. The annual relapse rate of patients treated with these drugs is lower than that in
placebo treated patients, and more treated patients remain relapse free compared with untreated patients. In
addition, these compounds reduce the development of new lesions, as detected by MRI. The limited effectiveness
of approved treatments for multiple sclerosis, as well as reports of adverse events and toxicity, emphasize the need
for the development of new and existing therapies with improved efficacy and fewer side effects. Advances in
biotechnology have led to several new therapeutic approaches to the treatment of multiple sclerosis [30].

Treatment of multiple sclerosis may be divided into [64]:
1. Disease modifying therapy
2. Treatment of complications
3. Treatment of symptomatic relief during an exacerbation
The specific agents used depend on progression of the disease at the time of diagnosis.

TREATMENTS

Long term randomized placebo controlled studies to assess the long term impact of disease
modifying therapies are thought unlikely to occur firstly because prolonged use of a placebo group
in RRMS is deemed ethically questionable, and secondly, patients in a clinical trial are most likely
to withdraw if they are doing poorly, thus increasingly making the results unreliable [78].
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Pharmaceutical Therapies
High dose steroids quickly abolishes multiple sclerosis symptoms [12]. Relapse is generally
treated with high dose corticosteroids, e.g., methylprednisolone, 1g/day for 3-5 days, which
produce unselective immunosuppression, reduce blood brain barrier penetration by T cells, and
lessen TH1 cytokine formation. Plasmapheresis may be indicated in refractory cases [68].

Corticosteroids can be used to treat relapses. There is no consensus about optimal dose or
duration of corticosteroid therapy. Typically, high dose IV methylprednisolone (5-day course
at a dose of 1000mg/day can be used; an alternative dose is 15mg/kg/day) [73].

The length and intensity of an acute exacerbation is shortened by the administration of glucocorticoids.
Typically, an acute exacerbation is treated with 3 days of intense intravenous steroids followed by a
course of oral medication tapered over 4 weeks. In patients with severe disease who are unresponsive
to steroid therapy, plasma exchange can be used as an alternative treatment [64].

Immunosuppresants (azathioprine, cyclophosphamide) are used but
controlled trials have shown no proven benefit [95].

Mitoxantrone is a drug which acts to ‘damage’ rapidly dividing cells, such as those in the immune system. Mitoxantrone
is being evaluated [95]. Mitoxantrone has recently been shown to produce benefit when used to treat patients who do not
respond to interferon beta or glatiramer acetate. Several studies have drawn attention to the potential of natalizumab,
alemtuzumab, statins and oestrogens as treatments for multiple sclerosis. These drugs are at different stages of clinical
development and additional clinical data are needed to support their use and devise dosage regimens [30]. In patients who
receive mitoxantrone, dose-related cardiotoxicity is a concern; mitoxantrone should be given orally only to neurology
patients with a normal ejection fraction [64].

Other medications that are used in secondary progressive multiple sclerosis are methotrexate,
cyclophosphamide, and intravenous immunoglobulin [64]. For treatment of spasticity,
baclofen is used. Tizanidine and diazepam are useful for nocturnal spasticity but are limited
for daytime use as they cause somnolence [64].

Echinacea augustifolia, echinacea pallida, and echinacea purpurea are
reported to be useful in autoimmune disease such as multiple sclerosis [76].

TREATMENTS

Acute relapses: Short courses of corticosteroids such as methylprednisolone 1g/day
for 3 days or high dose oral steroids, are used widely in relapses and do sometimes
reduce severity. They do not influence long term outcome [95].
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Pain secondary to trigeminal neuraligia and dysesthesias responds well to carbamazepine, gabapentin, phenytoin,
or tricyclic antidepressants. Bladder hyperactivity is treated with oxybutynin, whereas urinary retention is treated
with bethanechol. Fatigue may be treated with amantadine or fluoxetine. Erectile dysfunction can be treated with
sildenafil acetate [64]. Dantrolene is a muscle relaxant used sometimes in the treatment of multiple sclerosis [63].

Drugs that Reduce the Frequency and Intensity of Relapse:
Azathioprine p.o (immunosuppression via reduction of T cell count), interferon beta-1b and
beta-1a s.c. or i.m. (cytokine modulation, alteration of T cell activity), glatiramer acetate s.c.
(copolymer-1; blocks/competes at binding sites for encephalitogenic peptides on MHC II molecules).
IgG i.v. (multiple modes of action)

Natalizumab (selective adhesion inhibitor) [68].

Drugs that delay secondary progression:
Interferon beta-1b and beta-1a
Mitoxantrone suppresses B cells and decreases the CD4/CD8 ratio
Methotrexate and cyclophosphamide (different dosage schedules) delay multiple sclerosis
progression mainly by unselective immunosuppression and reduction of the T cell count [68].

Fatigue is a common complaint, and it has been treated with amantadine 100mg bid (‘bis in die’, a Latin
phrase meaning “twice a day”). Treatment should continue for 2 to 3 weeks before deciding whether it is
effective. Pemoline and fluoxetine can also be used when amantadine is not effective [73].
Spasticity may be controlled with baclofen or lorazepam. Tremor can generally be
controlled with clonazepam 0.5mg bid [73]. Cannabis is used by many patients
for painful spasms. Cannabis extracts are being evaluated [95].
Muscle relaxants (e.g. baclofen, benzodiazepines, dantrolene and tizanidine) are
sometimes helpful. Injected botulinum toxin is used for severe spasticity [95].
Pain is frequently complained of and may be treated with carbamazepine.
Tricyclic antidepressants, misoprostol and NSAIDs are also effective [73].
Depression is frequent (20% of patients) and can be treated with antidepressants.
Referral to a psychiatrist is indicated in severe cases [73].
Urinary urgency may be treated with oxybutynin or propantheline [73].

TREATMENTS

The possible benefits of oligodendrocyte precursor cell transplantation for remyelination, and of
growth factors and immunoglobulins for the promotion of endogenous remyelination, are currently
under investigation in both experimental and clinical studies.
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In RRMS there are disease modifying agents (Interferon and glatiramer acetate) that have been
shown to reduce the number of clinical exacerbations and number of MRI lesions. More
importantly, these medications seem to delay the onset of significant disability. In secondary
progressive disease, IFN- b1b and mitoxantrone have been shown to reduce the number of
exacerbations, MRI activity and delay onset of disability [64].

Available disease modifying drugs for multiple sclerosis are
IFN beta 1a (Avonex, Rebif), IFN beta 1b (Betaseron), and
glatiramer acetate (Copaxone). All three drugs have been shown
to slow progression of the disease [73].

Rose and colleagues documented short term benefits of ACTH in resolving disability related
to relapse. The study set the standard for testing therapeutic interventions in multiple sclerosis
and for doing research in multiple sclerosis generally. During the clinical trial, the Standard
Neurologic Examination, the Kurtzke Disability Status Scale, and a 7-day symptom score
were evaluated and each was found to be a reliable indicator of neurological status [78].

The study documented the feasibility of multicenter placebo-controlled clinical trials and foreshaddowed an era
of much more scientific approaches to multiple sclerosis therapeutics. The most significant development in the
1980s in multiple sclerosis experimental therapeutics was not a clinical trial; it was the application of magnetic
resonance imaging (MRI) to multiple sclerosis patients. Initially a diagnostic tool, MRI quickly became
entrenched as a tool to understand evolution and pathogenesis of multiple sclerosis and to monitor therapy [78].

In the 1990s, pivotal trials of disease modifying drugs were conducted leading to approval
and marketing of partially effective therapies for relapsing remitting multiple sclerosis
(RRMS). This formally ended the era of multiple sclerosis as an untreatable disease [78].

Interferon (IFN) beta-1b, IFN beta 1a, and glatiramer acetate, the therapies used for
relapsing remitting multiple sclerosis, have mechanisms of action that address the
immunopathology of multiple sclerosis [19].

TREATMENTS

Drug trials of interferons and glatiramer acetate used MRI criteria for inclusion as well as a
surrogate parameter in secondary analyses [77]. Before the 1980s, multiple sclerosis therapeutics
were relatively undeveloped. There were no accepted methods for testing putative therapies
empirically and therapeutic claims without scientific evidence dominated [78].
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The Multiple Sclerosis Functional Composite was recommended as an improved clinical outcome
measure for clinical trials. The Multiple Sclerosis Functional Composite contains a walking test, a test
of arm dexterity, and a cognitive test of sustained attention. Each of three measures is standardized
with scores from a reference population to create a Z-score, and the Z-scores for the three tests are
averaged to create a single patient score [78].

Multiple Sclerosis Functional Composite change over time along a continuous scale is easy to calculate.
The Multiple Sclerosis Functional Composite was found to predict future disability status in patients with
SPMS. Multiple Sclerosis Functional Composite scores were found to correlate with MRI lesions and
brain atrophy more strongly than does EDSS. The Multiple Sclerosis Functional Composite was
reproducible in the context of a multinational trial and was used as the primary outcome measure in the
IMPACT trial of IFN beta 1a in SPMS [78].

TREATMENTS

One possible advantage of Multiple Sclerosis Functional Composite is that it may be feasible
to compare results across studies more meaningfully because the Multiple Sclerosis
Functional Composite component scores are standardized to a reference population and
expressed as zero scores. Another advantage is its sensitivity or responsiveness [78].
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Interferon
Beta-interferon has had a major impact on the treatment of RRMS, though whether it can prevent the
transition to SPMS is still unclear [12]. Interferon for use in humans must be obtained from cells of
human origin such as leukocytes (IFN alpha), fibroblasts (IFN beta) or lymphocytes (IFN gamma).
Interferons are used to treat certain malignancies and autoimmune disorders including IFN alpha for
chronic hepatitis C and hairy cell leukemia; IFN beta for viral infections and multiple sclerosis) [71].

The EVIDENCE study is cited as a significant postmarketing study, where two
preparations of IFN beta 1a, (Rebif 44µg TIW and Avonex 30µg QW) were compared
in an open label 6 month study. Patients with active RRMS who had not
previously received an interferon therapeutic were randomized to one of the arms
and monitored to determine relapse frequency and new MRI lesions [78].

It is reported that there were fewer relapse free patients in the IFN beta 1a (Avonex) treated
patients and more new MRI lesions. However, the unblended study design raised questions
about the accuracy of relapse findings and the short study design raised questions about the
significance of the findings. The observed benefits were smaller in a subsequent 6 month
observation period suggesting that more frequent injections had a faster onset of action [78].

The EVIDENCE study was deemed important because the FDA approved Rebif
based on this study despite marketing exclusively for Avonex under the Orphan Drug
Act. The decision was based on FDA opinion that EVIDENCE study confirmed a
significant advantage of Rebif compared with Avonex. The question of a superior
interferon product remain controversial despite the EVIDENCE study [78].

The demonstration that acute multiple sclerosis lesions contain large numbers of
transected axons and the findings that IFN beta inhibits new MRI lesions and reduces
clinical relapses and CSF cell counts propose that IFN beta may be neuroprotective [78].

IFN beta may induce biological responses consistent with neuroprotective properties. Type 1 IFN
reduces astrocytic production of nitric oxide and hence may inhibit neuronal damage as has been
shown in cell culture. IFN beta also induces expression of nerve growth factor by astrocytes. Indirect
evidence based on MRI findings suggests that IFN beta may lessen destructive pathology in RRMS
patients. IFN beta 1a reduced accumulation of T1 black holes in the Avonex RRMS study [78].

TREATMENTS

Interferon has been reported to be effective in both secondary progressive and relapse remitting phases of
multiple sclerosis. Initiating treatment with IFN beta 1a at the time of a first demyelinating event is
beneficial for patients with brain lesions on MRI that indicate a high risk of clinically definite multiple
sclerosis, and it delays the appearance of other symptoms, thus delaying progression of the disease [73].
Some studies but not other suggest that IFN beta improves n-acetylaspartate levels [78].
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Black holes are an MRI finding. MRI pictures can be done a number of different ways. The two
most common settings for the MRI machine are called T1 and T2. The white spots on T2 MRI
scans are areas of increased water content. On T1 scans, MRI lesions do not usually show up at
all. However, a few of the MRI lesions show up as dark spots (rather than as white spots on T2
scans). These dark spots are called black holes. They have been shown to represent areas of
more severe damage. T1 black holes show us which lesions have the greatest degree of damage.

IFN beta 1a also had a stabilizing effect on T1 black holes in the RRMS patients in the PRISMS
study. In patients with SPMS, IFN beta 1b was found to reduce the number of T1 black holes. This
was related to reduced new lesion formation, as the proportion of new lesions that evolved into T1
black holes was similar in IFN beta 1b and placebo patients [78].

In that study brain atrophy progressed at a rate of approximately 1% per year from
4 months before treatment through 4 months after treatment onset. Between
months 4 and 36 of therapy atrophy progressed at a significantly lower rate [78].

Brain parenchymal fraction (BPF) values and the rates of atrophy on
IFN beta 1a therapy were quite similar in the original Avonex RRMS
study and in a dose comparison study. Not all RRMS studies have
demonstrated a beneficial effect on brain atrophy [78].

The PRISMS-4 study demonstrated that patients who were intitially treated with
placebo for 2 years failed to "catch up" to those initially treated with IFN beta
1a (Rebif) after switching to Rebif for the subsequent 2 years [78].

Interferon therapy is the most widely used disease therapy for multiple sclerosis. The history of its development
was described by Jacobs and Johnson in 1994. The rationale for testing interferon was the view that multiple
sclerosis might be caused by a viral infection and the observation that lymphocytes from multiple sclerosis
patients produced subnormal amounts of interferon in response to viral or mitogen challenge [78].

Early studies used natural interferon preparations produced by fibroblast
cultures. Natural interferon beta was administered by intrathecal injection
and natural IFN alpha by subcutaneous injection in independent studies
that were started around the same time [78].

TREATMENTS

IFN beta 1a slowed whole brain atrophy progression in the second year of the original
Avonex trial, as measured by the brain parenchymal fraction. The same Brain
Parenchymal Fraction (BPF) software was used separately in the dose comparison
study of IFN beta 1a (Avonex) for RRMS. This group found IFN beta 1a treatment was
associated with significantly slower rates of whole brain atrophy progression [78].

47
Results suggested that IFN alpha or interferon beta (both type 1 interferons) reduced the
frequency of clinical relapses. Recombinant DNA technology developed during the 1980s
eventuated in recombinant interferon preparations (rIFN) in sufficient purity and quantity
to allow large scale testing [78].

A pilot study of interferon recombinant interferon gamma (type II interferon) was initiated because
IFN gamma shared antiviral, antiproliferative, and certain immunomodulatory activities with type
I interferons. Patients treated with recombinant interferon gamma exhibited an alarmingly high
relapse rate during the intial month of treatment leading to termination of the study [78].

Interferon has anti-inflammatory effects in multiple sclerosis as demonstrated by reduced
gadolinium enhancement and by CSF testing in the IFN beta 1a (Avonex) trial. Patients
had CSF analysis at study entry and after 24 months. Cell counts were significantly
reduced in IFN beta 1a but not placebo recipients [78].

Interferon therapy was shown to increase soluble vascular cell adhesion molecule and this correlated
with decreased gadolinium enhancing lesions. Soluble levels of vascular cell adhesion molecule in
the blood may compete with endothelial vascular cell adhesion molecule for VLA-4 on the surface of
activated T cells, decreasing entry of activated T cells into the central nervous system [78].

Interferon therapy was shown to increase intracellular levels of interleukin 10
(IL-10) and interleukin 10 levels in CSF. Increased CSF interleukin 10 levels
were correlated with favourable clinical outcomes in the IFN beta 1a study [78].

Type 1 interferon was shown to lower levels of interleukin 12 (IL-12) and to decrease ratios of
interleukin 12 to interleukin 10. It is suggested that this might promote an anti-inflammatory
environment in the central nervous system. Type 1 interferon was shown to inhibit Class II
expression, it is suggested by reducing antigen presentation within the central nervous system [78].

TREATMENTS

The explanation for worsening disease with IFN gamma but amelioration with IFN beta or
IFN alpha has not been clarified but all subsequent interferon studies have used type I
interferons. Efficacy with IFN alpha was confirmed in a larger trial but significant
toxicity discouraged further development. Definitive trials of interferon for multiple
sclerosis have therefore used recombinant preparations of IFN-ß [78].
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Definitive Trials in Multiple Sclerosis
Pivotal trials with three preparations of IFN beta were planned, conducted and successfully
completed between 1987 and 1997. These trials led to approval for RRMS by regulatory agencies
for IFN beta 1b (Betaseron) (The IFN beta Multiple Sclerosis Study Group, 1993), IFN beta 1a (Avonex)
(Jacobs et al., 1996), and IFN beta 1a (Rebif) (PRISMS Study Group, 1998) [78].

The IFN beta 1b (Betaseron) study was historical for two main reasons. First Betaseron
was the initial drug approved to modify the natural history of multiple sclerosis. Its
approval officially ended the era of multiple sclerosis as an untreatable disease [78].

Across four SPMS studies, significant beneficial effects were observed for relapses and MRI
markers of inflammation. The meaningfulness of relapse results as an outcome measure
compared across studies is a focus of debate and conversation. Increasingly there is evidence
that inflammation may decline as a pathogenic mechanism in later stages of the disease, and
that destructive and degenerative processes may become dominant [78].

Research has also shown that these proteins play numerous roles in regulating many kinds of cell
functions. They can promote or hinder the ability of some cells to differentiate, that is, to become
specialized in their function. Studies have found that one interferon may play an important role in the
early biological processes of pregnancy. Several interferon proteins have been approved as therapies
for diseases like chronic hepatitis, genital warts, multiple sclerosis and various cancers [90].

The first interferon was discovered in 1957 by Alick Isaacs and Jean Lindenmann.
During their investigation, the two scientists found that virus infected cells secrete a
special protein that causes both infected and noninfected cells to produce other
proteins which prevent viruses from replicating. They named the protein interferon
because it "interferes" with infection [90].

Interferons are differentiated primarily through their amino acid sequence. IFN alpha, beta, tau and
omega are classified as type 1 interferons. Type 1 interferons are primarily known for their ability to
make cells resistant to viral infections. IFN gamma is the only type II interferon, classified as such
because of its unique amino acid sequence. This interferon is known for its ability to regulate overall
immune system functioning [90].

TREATMENTS

Second, approval was dependent on the observation that Betaseron reduced new MRI lesions.
Betaseron was the first drug that achieved US Food and Drug Administration (FDA) approval
based on expedited review authority allowing use of a nonclinical surrogate marker. As there
was no statistically significant benefits of Betaseron on the disability endpoints, the drug may
not have been approved were it not for prominent reduction in new T2 lesions [78].
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In addition to their structural makeup, type 1 and type II interferons have other differences. Type 1
interferons are produced by almost every cell in the body while type II IFN gamma is produced only by
specialized cells of the immune system T lymphocytes and natural killer cells. The two classes also bind
to different kinds of receptors, which lie on the surface of cells and attract and combine with specific
molecules of various substances [90].

Interferons work to stop a disease when they are released into the blood stream and then bind to cell
receptors. After binding, they are drawn inside the cells cytoplasm where they cause a series of
reactions that produce other proteins that fight off disease. Over 30 disease fighting proteins produced
by interferons have been identified. In contrast to antibodies, interferons are not virus specific but host
specific. Thus, viral infections of human cells are inhibited only by human interferon [90].

or more variants of interferon, which have originated from the same wild-type gene are called
allelic genes and will occupy the same chromosomal location (locus). Variants originating
from different standard genes are termed non-allelic. Alpha and beta interferons are
structurally related glycoproteins of 166 and 169 amino acids, respectively. [90].

Gamma interferon (also termed immune interferon) is not closely related to the other two
and is not induced by viral infection. IFN gamma is produced by T cells after
stimulation with cytokine interleukin 2. It enhances the cytotoxic activity of T cells,
macrophages and natural killer cells. It has antiproliferative effects [90].

IFN gamma increases the production of antibodies in response to antigens administered
simultaneously with IFN alpha, possibly by enhancing the antigen presenting function of
macrophages. Interferons bind to specific receptors on the cell surface and induce a
signal in the cell interior. Two induction mechanisms have been established [90].

The first mechanism described involves the induction of protein kinase by interferon,
which, in the presence of double-stranded RNA, phosphorylates one subunit of an
initiation factor of protein synthesis (eIF-2B), causing the factor to be inactivated by
sequestration in a complex [90].

The second mechanism described involves the induction of the enzyme 2', 5'-oligoadenylate
synthetase (2',5'-oligo A synthetase). In the presence of double stranded RNA, this enzyme
catalyzes the polymerization of ATP into oligomers of 2 to 15 adenosine monophosphate
residues which are linked by phosphodiester bonds between the position 2' of one ribose and
5' of the next [90].

TREATMENTS

The human genome contains 14 non-allelic and 9 allelic genes of alpha-interferon (macrophage
interferon), as well as a single gene for beta-interferon (fibroblast interferon). Genes for any two
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These 2',5'-oligoadenylates activate an interferon specific RNAase L which is
always present but not normally active. RNAase cleaves both viral and cellular
single stranded mRNA. Interferons thus do not directly protect cells against viral
infections but rather render cells less suitable as an environment for viral
replication. This condition has been termed the antiviral state [90].

In addition to altering a cells ability to fight off viruses, interferons also
control the activities of a number of specialized cells within the immune
system. For example, type 1 interferons can either inhibit or induce the
production of B lymphocytes [90].

IFN gamma is especially effective in switching on macrophages to kill tumor cells that
have been infected by viruses, bacteria and parasites. IFN tau, first discovered for its role
in helping pregnancy to progress in cows, sheep and goats, also has antiviral qualities. It
has been shown to block tumor cell division and may interfere with the replication of the
acquired immune deficiency, or AIDS, virus [90].

TREATMENTS

IFN gamma can also stimulate the production of a class of T lymphocytes known as
suppressor CD8 cells, which can inhibit B cells from making antibodies. Another role of
IFN gamma is to increase immune system functioning by helping macrophages, to
function. These scavenger cells attack infected cells and also stimulate other cells within
the immune system [90].
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Mechanism of Action
The mechanism of action of beta-interferon is not as yet delineated but
has been suggested to involve alterations of a number of different
pathways including induction of interleukin 10 and inhibition of T cell
traffic by blocking metalloproteinases [12].

The interferons bind to cell surface specific receptors, initiating a cascade of signaling pathways
that end with the secretion of antiviral, anti-proliferative, and immunomodulatory products.
The interferons rapidly block blood brain barrier leakage [19].

A number of laboratories have shown that interferon has beneficial effects in experimental autoimmune
encephalomyelitis, focusing attention on the immuno-modulatory or anti-inflammatory properties of
interferon that may underlie therapeutic benefits in multiple sclerosis [78]

Interferons are species-specific proteins that induce antiviral and antiproliferative
responses in animal cells. They are a major defense against viral infections and
abnormal growths (neoplasm). Interferons are produced in response to penetration
of animal cells by viral or synthetic nucleic acid and then leave the affected cell to
confer resistance on other cells of the organism [90].

The biological response to interferon is complex, interferons generate biological
responses by transcriptional regulation of a large family of genes. Hundreds of genes
are known to be regulated by type 1 interferon. It is not currently known which genes
underlie therapeutic effects of multiple sclerosis [78].

There is cell type specificity to the interferon response, and the state of cell
activation also determines responses. Ransohoff (2003) reviewed biological
responses to interferon as they relate to therapeutic efficacy and Karp (2001)
listed many of the immune effects [78].

TREATMENTS

Interferons (IFN) are glycoproteins that, among other products, are released from virus
infected cells. In neighbouring cells, interferon stimulates the production of "antiviral
proteins". These inhibit the synthesis of viral proteins by (preferential) destruction of viral
DNA or by suppressing its translation. Interferons are not directed against a specific virus,
but have a broad spectrum of antiviral action that is species specific [71].
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Reported Effects

MHC Class I expression
MHC Class II expression
B7-1 expression by B cells
B7-2 expression by macrophages
CD40 expression by T cells, B cells, monocytes
CD40 ligand expression by T cells
FcR expression, antibody-dependent cellular cytotoxicity
Apoptosis of T cells

Increased
Increased/decreased/no change
Decreased (Liu et al., 2001)
Increased (Liu et al., 2001)
Decrease; increased (Lin et al., 2001)
Decreased (Teleshova et al., 2000)
Increased
Decreased (Marrack et al., 1999)
Increased (Kaser et al., 1999)
Increased (Kaser et al., 1999; Rep et al., 1999)
Decreased (Muraro et al., 2000)
Decreased (Leppert et al., 1997)
Increased (Ozenei et al., 2000)
Increased (Bacher et al., 1999)
Decreased (Furlan et al., 2000)
Increased (Sciacca et al., 2000)
Decreased (Iarlori et al., 2000; Zang et al., 2001)
Decreased (Zang et al., 2001)
Decreased (Hua et al., 1998)
Increased (Byrnes et al., 2002; Rudick et al., 1998b)
Decreased (Byrnes et al., 2002)

Fas expression by T cells
Adhesion molecule expression
Matrix metalloproteinase-9 activity
Tissue inhibitor of matrix metalloproteinase expression
IFN gamma production
interleukin 1receptor antagonist production
RANTES, MIP-1a expression
CCR5 expression
Nitric oxide secretion
Interleukin 10 production
Interleukin 12 production

Neutralising Antibodies
As is found with many protein therapies, individual interferon recipients may develop neutralizing
antibodies (NABs). It was reported in the original Betaseron study, development of neutralising
antibodies was associated with relapse rates and MRI lesion rates (The IFN beta Multiple Sclerosis Study
Group, 1996) similar to placebo patients [78].

In the late 1990s several groups demonstrated that interferon neutralising antibodies were
associated with blunted or absent in vivo response to interferon injections. These studies indicate
that interferon neutralising antibodies inhibit the biological response to therapy and goes some way
to explain why interferon patients who develop neutralising antibodies have relapse and MRI
disease activity similar to placebo treated patients [78].

The incidence of developing neutralising antibodies is higher with IFN beta 1b compared
with IFN beta 1a , and lower with IFN beta 1a (Avonex) compared with IFN beta 1a (Rebif).
The reasons are presumed to be due to different doses (lower with Avonex), different physical
chemical properties (Betaseron is nonglycosylated) and different routes of administration
(Avonex is given by IM injection; the other preparations are given subcutaneously) [78].

TREATMENTS

Parameter
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Glatiramer Acetate
The pivotal study of Glatiramer acetate was approved for use on the basis of a
beneficial relapse effect. A study was conducted subsequently to evaluate the
effects of Glatiramer acetate (GA, Copaxone) on MRI lesions [78].

Glatiramer acetate, a synthetic molecule, inhibits the activation of myelin basic protein
reactive T cells and induces a T cell repertoire characterized by anti-inflammatory effects.
Glatiramer acetate produces less rapid resolution of Gd-enhanced MRI activity [19].
Glatiramer acetate reduces relapse frequency [95].

Purified myelin proteins such as myelin basic protein (MBP), proteolipid protein, or even peptides
derived from them are encephalitogenic in susceptible animals. Glatiramer acetate (GA) was
developed based on this model of the disease. Dr Ruth Arnon and colleagues (1996) synthesized
11 copolymers with amino acid compositions similar to MBP, in order to obtain synthetic
encephalitogens for Experimental Autoimmune Encephalomyelitis (EAE) studies [78].

The copolymers did not induce Experimental Autoimmune Encephalomyelitis (EAE), but unexpectedly,
several prevented Experimental Autoimmune Encephalomyelitis (EAE) or reduced its severity.
Copolymer 1 (Cop1), composed of L-glutamate, L-lysine, L-alanine and L-tyrosine was the most potent
Experimental Autoimmune Encephalomyelitis (EAE) antagonist, reducing the incidence of Experimental
Autoimmune Encephalomyelitis (EAE) in MBP-challenged guinea pigs by as much as 75% [78].

Copolymer 1 (Cop1) also suppressed EAE in other species and biochemical studies
demonstrated that the degree of cross-reactivity between copolymer 1 and MBP
correlated with the ability of Copolymer 1 (Cop1) to suppress EAE [78].

In the first clinical study, Bornstein and colleagues randomized 48 multiple sclerosis
patients to copolymer 1 (Cop1) or placebo, and determined the proportion relapse free.
Sixteen relapses occurred in copolymer 1 patients, with 62 in placebo patients [78].

TREATMENTS

Animal models of autoimmune demyelination have formed the basis for decades of research into
mechanisms of autoimmunity relevant to multiple sclerosis pathogenesis. The most important animal
model, Experimental Autoimmune Encephalomyelitis (EAE) is regarded as a relevant animal model for
multiple sclerosis. Experimental Autoimmune Encephalomyelitis (EAE) is a T cell mediated disease
induced in susceptible animals by inoculation with components of the central nervous system [78].
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Thus more copolymer 1 patients were relapse free; placebo patients were more likely to
have three or more relapses. Disability progression was defined as worsening by =1.0 point
on the disability status scale, sustained for 3 months. Copolymer 1 treatment slowed
disability progression using this definition [78].

Copolymer 1 was well tolerated although 2 patients reported flushing and chest tightness,
sometimes accompanied by anxiety and dyspnea after their injections. These symptoms resolved
within 30 minutes without sequelae. This result set the stage for definitive studies of copolymer 1
in RRMS. It took over five years subsequently to generate adequate drug of sufficient purity to
initiate definitive studies [78].

The final product was called Glatiramer Acetate (GA) and consisted of random
synthetic polypeptide chains ranging in molecular weight from 4000 to 13000
daltons consisting of L-alanine, L-glutamate, L-lysine and L-tyrosine in molar
ratios of 4. 2, 1. 4, 3, 4 to 1. 0 [78].

A dose of 20mg administered daily by subcutaneous injection was selected
for the double blind placebo controlled trial which began in 1992. The trial
was conducted at 11 multiple sclerosis centers in the US. The primary
outcome measure was the mean number of relapses in the study arms [78].

Prespecified outcome measures included other relapse based endpoints,
mean change in EDSS and ambulation index from baseline and
proportion of patients with sustained EDSS progression [78].

A total of 251 patients were randomized to glatiramer acetate or placebo and the two groups
were well matched for demographic and disease factors at baseline. The patients in this study
were similar to patients in the pivotal interferon studies. There were 161 relapses in glatiramer
acetate patients and 210 in placebo patients. The mean annual relapse rate was 0.59 for
glatiramer acetate patients and 0.84 for placebo patients, a 29% reduction (p.<.01) [78].

Mean EDSS change was lower for the glatiramer acetate group compared to placebo (P=.02), but there were found no
differences in ambulation index change, or in the number of patients with sustained EDSS change. Injection site
reactions were the most reported common adverse effect. The transient post injection reaction first observed in the
pilot trial occurred in 15% of glatiramer acetate patients usually within seconds or minutes of an injection [78].

TREATMENTS

Teva Pharmaceuticals entered into an agreement to further develop copolymer 1 with the
Weitzman Institute, where prior copolymer 1 work had been conducted. Much effort was
taken to standardize the manufacturing methods to provide the quantities of drug needed to
conduct a large-scale trial [78].
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This 2 year pivotal trial confirmed that daily subcutaneous injections of glatiramer acetate
reduced relapses in patients with RRMS. On this basis, the US Food and Drug Administration
(FDA) approved glatiramer acetate (Copaxone) for RRMS in December 1997 [78].

In the extended study analysis, the mean annual relapse rate was 0.67 for glatiramer acetate patients and
0.99 for placebo patients, a reduction of 32% (P<.01). At the end of the extension phase 24.6% of the
placebo group and 33.6% of the glatiramer acetate group were relapse free from study onset (P<.05) [78].

Treatment with glatiramer acetate induces a shift from Th1 cells to
Th2 cells. glatiramer acetate reactive CD8+ T cells expand, while
glatiramer acetate reactive CD4+ T cells diminish over time [42].

Commonly cited possibilities regarding the mechanism of action of glatiramer acetate are [78]:
1. Competitive binding to the major histocompatibility complex (MHC) in preference to myelin
protein antigens.
2. Preferred binding of glatiramer acetate-MHC complexes over MBP-MHC to T cell receptors.
3. Induction of tolerance in MBP-specific T cells.
4. Induction of glatiramer acetate specific T cells expressing anti-inflammatory Th2 cytokines.

Glatiramer acetate treatment increases glatiramer acetate-specific T cells in peripheral blood,
which then decrease with continued glatiramer acetate administration. Glatiramer acetate specific
T cells may be polarized toward a Th2 bias, and secrete anti-inflammatory cytokines.
Concievably, glatiramer acetate specific Th2 polarized T cells may recognize myelin antigens
within the central nervous system and mediate bystander suppression. This mechanism was
suggested in Experimental Autoimmune Encephalomyelitis (EAE) studies [78].

Glatiramer acetate and MBP reactive T cell lines from glatiramer acetate treated
patients were characterized using the ratio of IFN gamma to interleukin 5 as a
measure of Th2 bias. glatiramer acetate reactive lymphocytes had a significant
Th2 bias compared to MBP reactive cells [78].

TREATMENTS

A trial for chronic progressive multiple sclerosis was conducted during the 1980s using
copolymer 1 obtained from Weitzman Institute. A total of 106 patients with documented
disability progression were studied. There was a trend for less progression in copolymer
1 treated patients compared to placebo (17.6% versus 25.5%) [78].
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The prevailing view is that glatiramer acetate functions as an antigen and induces proliferation of
glatiramer acetate-reactive T cells. Glatiramer acetate is cited as one of the first treatments of
autoimmune disease thought to work via modulating specific T cell responses to autoantigen [78].

Antibodies to glatiramer acetate form during treatment. A total of 130 patients from the RRMS
glatiramer acetate clinical trials were studied for antibodies. Antibodies developed in all patients
peaked at 3 months of therapy, and declined to near baseline levels subsequently [78].

The groups began to separate at month 5 and significantly differed in
months 6 through 9. T2 lesion accrual between entry and 9 months was
33% less in the glatiramer acetate group (P<.01) Relapse rate, a
secondary outcome in the study was reduced by 33% (P<.05) [78].

Fewer lesions evolved into T1 black holes in glatiramer acetate treated
patients compared with placebo-treated patients at 7 months (18.9 vs
26.3%; P=.04) and 8 months (15.6 vs 31.4%; P=.002) [78].

This finding was interpreted as showing a neuroprotective effect of glatiramer acetate.
A trend toward slower atrophy progression during the second 9 months of the study is
consistent with a delayed therapeutic benefit of glatiramer acetate on brain atrophy but
the differences were not considered statistically significant [78].

Meta analysis conducted by pooling data on 540 subjects on clinical trials demonstrated a
significantly reduced odds ratio OR=0.57; p<.02 for =1.0 point EDSS worsening sustatined
for 90 days (Wolinsky et al., 2003). In the meta analysis time to sustained EDSS worsening
was longer in glatiramer acetate treated patients (ratio estimate 1.88 P<.02). Although not
definitive, the meta analysis suggests that glatiramer acetate may have therapeutic benefits
on sustained EDSS worsening in RRMS [78].

TREATMENTS

Compared with the interferons, relatively little is known about the impact of glatiramer acetate on
destructive pathology in multiple sclerosis. The European/Canadian MRI study was initiated in
1987 as a randomized double blind placebo controlled trial designed to determine the MRI affect
of glatiramer acetate [78].
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Non Pharmacological Therapies
Much can be done for someone with any chronic disabling disease. Practical advice at work, on
walking aids, wheelchairs, car conversions, alterations to houses and gardens is needed from
professionals with experience of rehabilitation. Wide ranging support for fear, reactive depression
and sexual difficulties is also helpful [95].

Multidisciplinary team liaison between patient, carers, doctors and therapists
is essential. Treat all infections. Prevention of pressure sores is vital.
Urinary infection frequently exacerbates symptoms. Urinary incontinence
may be helped by oxybutynin and/or intermittent self catheterization [95].

Nonpharmacological measures, such as cognitive rehabilitation, occupational
therapy, and psychotherapy, are the mainstays of symptomatic treatment. There are
currently no effective pharmacological agents approved as symptomatic therapy of
cognitive dysfunction in multiple sclerosis [5].

Symptomatic therapy/rehabilitation:
Physical, occupational and speech therapy
Social, psychological and dietary counseling
Mechanical aids, walking aids, wheelchairs [68].
Patient education regarding the disease and prognosis and the need
for the entire family to accept and understand the disease [73].

TREATMENTS

Referral to a physician specializing in rehabilitation or to physiotherapy/occupational therapy
(PT/OT) is recommended following exacerbations [73]. Physiotherapy is of particular value in
reducing pain and discomfort of spasticity, particularly lower limb flexor spasms [95].
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Hyperbaric Oxygen
Hyperbaric oxygen therapy involves having a person lie in an oxygen tank that has higher
pressure than normal air. Early reports described promising results from the use of hyperbaric
oxygen (HBO) in the treatment of multiple sclerosis. However, these reports were largely
anecdotal or from uncontrolled clinical trials [96].

In one study, reported a small, temporary improvement in 16 of 26 patients treated with
HBO. In another small study, there was reported an improvement in eleven patients treated
with HBO. A Subsequent study found minimal to dramatic improvement in 91% of 250
patients treated with HBO [96].

The Multiple Sclerosis Society commissioned further trials to be performed on a larger
number of subjects, with longer periods of follow-ups. The results showed no significant
improvement in bowel and bladder function in one of the studies [96].

TREATMENTS

A double blind placebo controlled trial of hyperbaric oxygen indicated an apparent beneficial effect in the
treatment of multiple sclerosis. Objective improvement was noted in 12 of 17 in the study group,
compared to only 1 of 20 in the placebo group. Although the improvements were mild and transient in
most of the patients, it appeared that patients with milder forms of multiple sclerosis and a shorter
duration of disease derived a more pronounced and longer-lasting benefit [96].
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Nutritional Therapies
Many researchers have attempted to correlate various dietary patterns with the geographic
distribution of multiple sclerosis. For example, diets high in gluten and milk are much more
common in areas where there is a high prevalence of multiple sclerosis [96].

Dr. Roy L. Swank, Professor of Neurology at the University of Oregon Medical School, has
provided evidence that a diet low in saturated fats, maintained over a long period of time,
tends to retard the disease process of multiple sclerosis and reduce the number of attacks [96].

A saturated fat intake of no more than 10 grams per day
A daily intake of 40 to 50 grams of polyunsaturated oils per day
(margarine, shortening, and hydrogenated oils are not allowed)
At least 1 tablespoon of cod liver oil per day
A normal allowance of protein
Consumption of fish three or more times per week
Following the protocol is thought to:
Decrease platelet aggregation
Decrease the autoimmune response
Normalise the decreased essential fatty acid levels found in the serum,
erythrocytes, and the CSF in patients with multiple sclerosis

A diet low in saturated fats significantly restricts many animal sources of protein. The
patient has to derive protein from other sources (legumes, grains and vegetables). While meat
consumption is advised, fish appears to be particularly encouraged due to its excellent
protein content and, perhaps more importantly, its oil content [96].

Cold water fish such as mackerel, salmon, and herring, are rich in the beneficial oils eicosapentanoic
and docosahexaenoic acid (omega 3 oils). These oils are important in maintaining normal neural
function and myelin production. They are incorporated into the myelin sheath, where they may
increase fluidity and improve neural transmission [96].

TREATMENTS

Dr Swank began treating patients with his diet
in 1948 on the following regime: [96].

60

Malabsorption
A significant factor to consider seems to be malabsorption, since multiple subclinical nutrient deficiencies
may result. A significant number of people with multiple sclerosis may have some degree of malabsorption.
In one study, 42% of multiple sclerosis patients were shown to have fat malabsorption, 42% were shown to
have high levels of undigested meat fibres in their feces, 27% had abnormal sugar absorption, and 12% had
malabsorption of vitamin B12 [96].

Enzyme replacement therapies of pancreatic enzymes seems to have shown good results
in reducing the severity and frequency of symptom flare-ups. Especially good results
were reported in cases of visual disturbance, urinary bladder and intestinal malfunction,
and sensory disturbances. It had little effect on spasticity, dizziness or tremor [96].

The enzyme glutathione peroxidase functions essentially as a part
of the antioxidant system which protects the bodys tissues from
oxidative stress caused by free radicals [96].

The role of selenium as the mineral portion of glutathione peroxidase was implicated as a
possible avenue of therapeutics by virtue of its low activity in multiple sclerosis. A study
reported supplementation of eighteen multiple sclerosis patients with high dosages of selenium,
vitamin C and vitamin E for five weeks increased the glutathione peroxidase levels fivefold [96].

Uric acid is one of the bodys four main natural antioxidants [98]. Uric acid, a peroxynitrite
scavenger, inhibits central nervous system inflammation, blood-central nervous system
barrier permeability changes, and tissue damage in a mouse model of multiple sclerosis [96].

TREATMENTS

Antioxidants
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Fatty Acids
In multiple sclerosis there are decreases in total lipids and lipid/protein ratios [97]. Due to the restrictions
imposed by the blood brain barrier, the brain has to synthesize its own lipids. An adequate supply of lipids is
vital to the central nervous system because they are constituents of the myelin sheath that surrounds the neurons
and allows them to conduct impulses normally. The layers of myelin are held together by protein/lipid and
protein/protein interactions, and any disruption can lead to demyelination of the membrane [92].

It has been suggested that lipids may modulate immunological responses
toward myelin proteins. Lipids have also been implicated in the mechanism
for demyelination in multiple sclerosis through formation of lipid peroxide
products which cause cell membrane injury [97].

Considerable evidence has accumulated suggesting that brain lipids are
not only important as structural components of cell membranes, but are
also crucial for the normal functions of brain cells [97].

Multiple sclerosis is a disease in which demyelination, loss of myelin sheath material, occurs. This leads to
disruptions in nerve impulse transmission. Linoleic acid is believed to be helpful because myelin is composed
of lecithin, which is made of linoleic and other fatty acids. Patients supplementing with linoleic acid show a
smaller increase in disability and reduced severity and duration of attacks than those without supplementation.
Flaxseed oil was recommended because it has a mixture of both omega 3 and omega 6 fatty acids [87].

The majority of research concerning nutrition and multiple sclerosis has focused on
the role of dietary fat. Investigations into diet and multiple sclerosis centered
around trying to explain why inland farming communities in Norway had a higher
incidence of multiple sclerosis than areas near the coastline [96].

It was demonstrated that the diets of the farmers were much higher in animal and dairy
products than the diets of the coastal dwellers, and the latter group's diet had much higher
levels of cold water fish. Animal and dairy products are found to have much higher levels of
saturated fatty acids and much lower levels of polyunsaturated fatty acids than fish [96].

TREATMENTS

Brain tissues and myelin from multiple sclerosis patients show decreases in the contents of
phospholipids that are enriched with polyunsaturated fatty acids and hence are more susceptible to
oxygen free radicals. Increased levels of lipid peroxidation products have been observed in sera
from multiple sclerosis patients, and the excretion of pentane and ethane, the degradation products
of unsaturated fatty acids, is enhanced in multiple sclerosis patients [97].
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Between 1983 and 1989, population based studies were performed in thirty six countries on
the relationship between diet and mortality rates from multiple sclerosis. A high intake of
saturated fatty acids and animal fat, as well as the degree of latitude, are linked to multiple
sclerosis. The ratio of polyunsaturated fatty acids to saturated fatty acids (P:S ratio) was
shown to be illustrative of occurence [96].

The traditional Japanese diet is high in seafood, seeds, and soyfoods. These
foods contain abundant polyunsaturated fatty acids, including the omega 3 oils
(alpha linoleic, eicosapentaenoic, and docosahexaenoic acids) [96].

Consumption of saturated fats increases the requirements for the essential
fatty acids, creating a relative deficiency state in some individuals. This
factor is thought probably significant in patients with multiple sclerosis [96].

Dr Swank's dietary approach and supplementation with linoleic acid (one of the essential
fatty acids) appears to be a simple and safe way of modulating the immune system.
Polyunsaturated free fatty acids are known to significantly influence the immune
system. At higher dosages they can be used to reduce the autoimmune response [96].

Three studies showed interesting results with the supplementation of sources of
linoleic acid being used in treatment of multiple sclerosis. These studies used a
sunflower seed oil emulsion to provide a daily supplementation of 17.2 grams
of linoleic acid per day. The study did not restrict dietary saturated fats [96].

The results of these studies were mixed (two showed a positive effect and one did not).
Combined analysis is reported to have indicated that patients involved in these trials
had a smaller increase in disability, and reduced severity and relapses, compared with
controls. The effectiveness of linoleic acid supplementation in multiple sclerosis is
attributed to suppression of the autoimmune reaction [96].

TREATMENTS

Deficiency of omega 3 oils is thought to interfere with elongation of fats that compose
the nerve cell membrane and to permanently impair formation of normal myelin.
Individuals with multiple sclerosis have been thought to have a defect in essential fatty
acid absorption and/or transport, which results in a functional deficiency state [96].
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If the effect of essential fatty acid supplementation is related to correcting the composition of myelin and nerve
cell membranes, several years of supplementation may be required before complete therapeutic benefits are
observed. Analysis of red blood cells from individuals with multiple sclerosis indicates that treatment with
unsaturated fatty acids must continue for at least two years before they regain normal reactivity [96].

Linoleic acid has been demonstrated to inhibit the severity of Experimental Autoimmune
Encephalomyelitis (EAE) in experimental animals with less severe forms of the disease,
paralleling the effect linoleic acid supplementation in humans with multiple sclerosis [96].

It is forwarded that better results may be obtained from the use if flaxseed oil had been
employed in these studies trialing the treatment of multiple sclerosis. Flaxseed oil
contains both linoleic and alpha-linolenic acid (an omega 3 essential fatty acid) [96].

Flaxseed oil and other omega 3 oils have a greater effect on platelets than linolenic acid and are required for
normal myelin composition. There appears to be a strong rationale for supplementation with flaxseed oil as
well as consuming more fish rich in eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). This
recommendation is consistent with Dr Swank's protocol, which included the liberal consumption of fish and
supplementation with cod liver oil, a rich source of docosahexaenoic acid and eicosapentaenoic acid [96].

TREATMENTS

Evidence has indicated that the beneficial effects of essential fatty acid
supplementation are mediated by prostaglandins (hormone-like lipid substances
made from essential fatty acids) and a factor (tuftsin) secreted [96].
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Vitamin B12
Cobalamin deficiency may manifest as a variety of symptoms. Effects on the nervous
system can be wide ranging, severe fatigue may occur initially and include weakness,
numbness and tingling of the limbs, memory loss, confusion, delusion, poor balance and
reflexes, hearing difficulties and dementia [86].

Severe deficiency may appear similar to multiple sclerosis. Nausea and diarrhoea are possible
gastrointestinal signs. Anemia that results from prolonged deficiency and is seen as pallor especially
in mucous membranes such as the gums and the lining of the inner surface of the eye [86].

Acquired deficiency of vitamin B12, as well as errors of metabolism involving this vitamin, are well
known causes of demyelination of nerve fibers in the Central Nervous System (CNS). There are several
reports in the medical literature that vitamin B12 levels in the serum, red blood cells and central nervous
system are low in multiple sclerosis. The coexistence of vitamin B12 deficiency in multiple sclerosis
may aggravate the disease or promote progressive demyelination [96].

Japanese researchers sought to clarify the state of vitamin B12 in
twenty four patients who suffered with multiple sclerosis and
determine if vitamin B12 in massive doses provided any
therapeutic effect in chronic progressive multiple sclerosis [96].

The research team found that the level of vitamin B12 in the serum was normal, but that there
was a significant decrease in the unsaturated vitamin B12 binding capacities in the patients
with multiple sclerosis. This indicated a defect in the transport of vitamin B12 into cells [96].

In six patients with severe chronic progressive multiple sclerosis, the oral administration
of 60 mg of vitamin B12 (methylcobalamin) per day improved both visual and brain-stem
auditory evoked potentials by nearly thirty per cent. Motor function did not improve [96].

TREATMENTS

Megaloblastic Anaemia is a common result of inadequate cobalamin. This condition
can also result when a person stops secreting enough intrinsic factor in the stomach, a
substance essential for the absorption of cobalamin. Inadequate intrinsic factor leads to
pernicious anaemia - so called for it persists despite iron supplementation. Deficiencies
of cobalamin cause homocysteine levels to build up [86].
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The form of vitamin B12 used in this study was methylcobolamin - the most active form of
B12 - rather than the standard cyanocobalamin. Hydroxocobalamin was tried in a study with
no apparent benefit. Methylcobalamin is the main form in the body and is directly related to
the function of vitamin B12 in methylation reactions [96].

Evaluation of vitamin B12 in CSF and the blood levels of sixteen multiple sclerosis patients (20
- 63 years of age; 12 females) found that the multiple sclerosis patients were significantly lower in
B12 than in the healthy controls. Another study of 38 patients with multiple sclerosis found no
differences in blood levels of B12 [96].

TREATMENTS
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Vitamin D
It has been demonstrated that exogenous 1,25-dihydroxyvitamin D3 (The hormonal form of vitamin
D3) can completely prevent Experimental Autoimmune Encephalomyelitis (EAE), the laboratory
model of Multiple Sclerosis. It has been put forward that a crucial environmental factor is the
degree of sunlight exposure catalyzing the production of vitamin D3 in skin [16].

It has also been suggested that the hormonal form of vitamin D3 is a selective immune system regulator
inhibiting this autoimmune disease. Thus under low sunlight conditions, insufficient vitamin D3 is
produced, limiting production of 1,25-dihydroxyvitamin D3 providing a susceptibility for multiple
sclerosis. This theory can explain the striking geographic distribution of multiple sclerosis, which is
nearly zero in equatorial regions and increases dramatically with latitude in both hemispheres [16].

The other geographic anomaly is that of Norway where there is found a high prevalence inland and a
lower prevalence along the coast. This datum also fits the proposed model of thinking in that on the
Norwegian coast, fish is consumed at high rates and fish oils are high in vitamin D3 [16].

It is suggested that corroboration of the hypothesis would implicate 1,25-dihydroxyvitamin D3 as
having great therapeutic potential in patients with multiple sclerosis [16]. It has been demonstrated
that exogenous 1,25-dihydroxyvitamin D3 (the hormonal form of vitamin D3), can completely prevent
Experimental Autoimmune Encephalomyelitis (EAE), a widely accepted model of human multiple
sclerosis (MS). If correct, the 1,25-dihydroxyvitamin D3 may have great therapeutic potential in
patients with multiple sclerosis [39].

TREATMENTS

Two peculiar anomalies fit this model of thinking; one of that in Switzerland with high
multiple sclerosis rates at low altitudes, and low multiple sclerosis rates at high altitudes.
Ultraviolet light (UV) intensity is higher at high altitudes, resulting in a greater vitamin D3
synthetic rate, thereby accounting for low multiple sclerosis rates at higher altitudes [16].
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Steroids
High dose steroids quickly abolishes multiple sclerosis symptoms [12]. Research using molecular methods to manipulate
the status of various corticosteroid regulatory receptor systems has been reported to be promising. The clinical
relevance of abnormalities in the CRH-HPA axis (hypothalamic-pituitary-adrenal axis) is highlighted by the finding
that the dexamethasone-CRH test produces higher cortisol concentrations in patients with multiple sclerosis [80].

Patients with RRMS had the least abnormality, intermediate were patients with SPMS, and the most
marked abnormality was seen in patients with Primary Progressive Multiple Sclerosis. The HPA axis
abnormality correlated with neurological disability but not with evaluations of depressed mood [80].

13 patients with multiple sclerosis were studied at baseline and with provocative
tests of HPA axis function (ovine corticotrophin releasing hormone, arginine
vasopressin (AVP), and ACTH stimulation). Compared to controls, patients with
multiple sclerosis had significantly higher plasma cortisol levels at baseline [9].

Despite this hypercortisolism and in contrast to patients with depression who had similar
elevations in plasma cortisol levels, patients with multiple sclerosis showed normal, rather than
blunted, plasma ACTH responses to ovine corticotrophin releasing hormone; suggesting that the
pathophysiology of hypercortisolism in multiple sclerosis is different from that in depression [9].

Patients with multiple sclerosis showed blunted ACTH responses to Arginine Vasopressin stimulation and normal
cortisol responses to high and low dose ACTH stimulation. These findings comply with studies of experimental
animals exposed to chronic inflammatory stress, which showed mild increased activation of the HPA axis with
increased relative activity of arginine vasopressin in the regulation of the pituitary-adrenal axis [9].

Other potential axonal/neuronal markers which have been looked at are the 14-3-3 protein, neuron
specific enoline (NSE) and the brain specific cholesterol metabolite 24S-hydroxycholesterol. 24Shydroxycholesterol is the only neuronal marker with promising results in the blood [42].

TREATMENTS

There is evidence to suggest that relapsing remitting multiple sclerosis attacks may be correlated
with certain types of acute stressful episodes. Stress activates the hypothalamic-pituitary-adrenal
(HPA) axis through release of Corticotrophin Releasing Hormone (CRH), leading to production of
glucocorticoids which down regulate immune responses. Acute stress also has pro-inflammatory
effects that appear to be mediated in part through mast cells [29].
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The serum concentration of 24S-hydroxycholesterol (which reflects brain cholesterol concentration) has
been suggested as a possible biomarker for neurodegeneration and demyelination in multiple sclerosis.
Serum 24S-hydroxycholesterol levels were found to be lower in primary progressive and older
relapsing remitting multiple sclerosis patients compared to norms [17]. Some studies have reported
that there are increased levels of cholesterol ester in multiple sclerosis [97]

Serum levels of lathosterol were found to be decreased in all clinical subtypes.
The decreased levels of brain specific and peripheral sterols indicate a role for
cholesterol homeostasis in relation to the pathology of multiple sclerosis [17].

The rate of progression was significantly faster in the APOE-e4/e4 homozygotes compared to
other genotypes in the group. This has been interpreted to suggest that the APOE-e4/e4
homozygotes have an increased risk of developing multiple sclerosis, and that multiple sclerosis
patients with the APOE-e4/e4 allele may also have an increased rate of disease progression [28].

Apolipoprotein E (APO-E) is mainly produced and localized to astrocytes in the central nervous system.
During injury it can be found in neurons as well. The APO-E4 allele has been associated with more severe
multiple sclerosis in several studies. APO-E4 positive multiple sclerosis patients were reported to have a
higher relapse rate, greater brain atrophy, and greater development of more destructive (T1) lesions [42].

TREATMENTS

Apolipoprotein E is a plasma protein which serves as a ligand for low density
lipoprotein receptors and, through its interaction with these receptors, participates in
the transport of cholesterol and other lipids among various cells of the body. A study
reported the frequency of APOE-e4/e4 homozygotes (apolipoprotein E homozygotes) was
significantly higher in multiple sclerosis sufferers compared to controls [28].
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Clinical Manifestation
The clinical presentation of multiple sclerosis is one of patients complaining of weakness,
numbness, tingling or unsteadiness of a limb. Urinary urgency or retention, blurry vision and
double vision are all common initial manifestations of the disease. Symptoms may persist
for several weeks or may resolve spontaneously over a few days [64].

The symptoms and signs of multiple sclerosis reflect dysfunction of the particular areas
of the nervous system involved and are not specific for this disease. Typical multiple
sclerosis manifestations include paralysis, paresthesiae, optic neuritis (retrobulbar neuritis),
diplopia, and bladder dysfunction. Paresis, spasticity and fatigability [65].

Upper motor neuron type paralysis of the limbs either is
present at onset or develops during the course of
multiple sclerosis. Involvement is often asymmetrical
and mainly in the legs, especially in the early stage [65].
MANIFESTATION

Spasticity makes its first appearance in the form of extensor spasms; flexor
spasms develop later. Flexor spasms are often painful, cause frequent falls,
and, if severe and persistent, can cause flexion contractures (paraplegia in
flexion). Many patients complain of abnormal fatigability [65].
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Sensory Manifestations
Episodic or continuous paresthesiae (sensations of tingling or numbness, tightness of the
skin, heat, cold, burning, prickling) are common, particularly in the early stage of the
disease, with or without other manifestations of neurological dysfunction [65].

As the disease progresses such positive phenomena usually recede and are replaced by
sensory deficits affecting all modalities. A constant or only slowly rising sensory level
("sensory transverse cord syndrome") is uncharacteristic of multiple sclerosis and should
prompt the search for a spinal cord lesion of another kind [65].

Many multiple sclerosis patients have Lhermitte's sign (which is actually a symptom),
an electric or coldlike paresthesia traveling from the nuchal region down the spine,
sometimes as far as the legs, on flexion of the neck. If no other symptoms or signs
are present, other causes should be considered (e.g. a cervical spinal cord tumor) [65].

Visual impairment in multiple sclerosis is usually due to optic neuritis (mostly unilateral),
which also produces pain in or around the eye. The impairment begins as blurred or
clouded vision and progresses to cause reading impairment and visual field defects
(central scotoma or diffuse defects). Marcus Gunn pupils may be observed [65].

Physical exercise, high ambient temperature, menstruation, or cigarette smoking can
aggravate existing visual problems (Uhthoff’s phenomenon). Optic neuritis, as an isolated
finding is not necessarily an indication of multiple sclerosis [65]. The lateral cerebellar
hemispheres (cerebrocerebellum) store programs for voluntary movements (manual dexterity).
The effects of cerebellar lesions depend on their location [70].

MANIFESTATION

Pain in multiple sclerosis most often appears in the form of trigeminal
neuralgia, severe pain in the limbs, tonic spasms, or backaches, sometimes
with radicular pattern. Other painful phenomena include flexor spasms due
to spasticity, contractures, and dysuria due to urinary tract infection [65].
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Symptoms
No single group of signs or symptoms is absolutely diagnostic [95]. The major cause of negative symptoms
during relapses (e.g. paralysis, blindness and numbness) is conduction block, caused largely by demyelination and
inflammation. Conduction in the axons shows a number of deficits, particularly with regard to the conduction
of trains of impulses and these contribute to weakness and sensory problems. The mechanisms underlying the
sensitivity of symptoms to changes in body temperature are known as Uhthoff's phenomenon [1].

Fatigue is a common disabling symptom of multiple sclerosis. It is often considered
a state of exhaustion distinct from depressed mood or physical weakness. Fatigue is
associated with a sense of loss of control over one's environment, low positive affect,
psychological distress and neurological impairment [3].

Inco-ordination, intention headache, truncal ataxia and oculomotor dysfunction are common. Gait
unsteadiness due to motor Inco-ordination is often experienced by the patient as dizziness or lightheadedness.
Acute vertigo with nausea, vomiting and nystagmus can also occur. Autonomic dysfunction. Bladder
dysfunction frequently develops in the course of multiple sclerosis, causing problems such as urinary urgency,
incomplete voiding or urinary incontinence [66].

Urinary infection is not infrequently experienced. Fecal incontinence is rare, but constipation is
common. Pseudo obstruction is sometimes located far toward the anus and megacolon may develop.
It may occur acutely in case of fulminant colitis, volvulus, or without recognizable cause (Ogilvie
syndrome). A distinction between this and paralytic ileus is largely made from the patients history [68].

Sexual dysfunction (e.g. erectile dysfunction or loss of libido)
is also common and may be aggravated by spasticity or
sensory deficits in the genital region [66].

Paroxysmal phenomena in multiple sclerosis include epileptic seizures,
trigeminal neuralgia, attacks of dysarthria with ataxia, tonic spasms,
episodic dysesthesiae, pain and facial myokymia [66].

MANIFESTATION

Proposed pathological mechanisms of fatigue include neuronal factors such as dysfunction of
premotor, limbic, basal ganglia or hypothalamic areas; disruption of the neuroendocrine axis
leads to low arousal; alteration in serotonergic pathways; changes in neurotransmitter levels;
and altered central nervous system functioning caused by disruption by the immune response
[3]. Focal areas of demyelination are characteristic of disease [64].
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The patient cannot immediately withdraw the muscle action when a resistance is suddenly reduced (rebound
phenomenon), nor able to perform rapid and consecutive antagonistic movements (dysdiadochokinesia). An intension
tremor (3-5 oscillations per second) develops on moving the hand toward an object, the oscillations becoming increasingly
marked the nearer the object gets. Movements are discontinuous and divided into separate components (decomposition of
movement). Less active resistance is exerted against passive movements (hypotonia) [70].

On holding an object the muscle tone cannot be maintained, and patients can only stretch out
their arms for a relatively short time (positioning attempt). Muscle stretch reflexes are diminished
(hypereflexia). Speech is slow, explosive, staccato, and slurred. The control of balance is
disturbed; patients stand with their legs apart and walk uncertainly (ataxia) [70].

Sitting and standing are also made more difficult by tremors of the trunk muscles (titubation,
2-3 oscillations per second). Abnormal control of the eye muscles causes dysmetria of the eye
movements and coarse nystagmus in the direction of the lesion. It increases when patients
direct their gaze toward the lesion and decreases when their eyes are closed [70].

Increased Deep Tendon Reflexes (DTRs): Deep tendon reflexes may be diminished by
abnormalities in muscles, sensory neurons, lower motor neurons, and the neuromuscular
junction; acute upper motor neuron lesions; and mechanical factors such as joint disease.
Abnormally increased reflexes are associated with upper motor neuron lesions
Positive Hoffmann's signs/finger flexor reflex: The test involves tapping the nail or
flicking the terminal phalanx of the third or fourth finger. A positive response is seen with
flexion of the terminal phalanx of the thumb
Postive Babinski's signs: The lateral side of the sole of the foot is rubbed with a blunt
implement so as not to cause pain, discomfort or injury to the skin; the instrument is run
from the heel along a curve to the metatarsal pads. There are three responses possible:
Flexor: the toes curve inward and the foot everts; this is the response seen in healthy adults;
Indifferent: there is no response; Extensor: the hallux dorsiflexes, and the other toes fan
out - the Babinski's sign indicating damage to the central nervous system
Decreased abdominal skin reflex: contraction of the muscles of the abdominal wall
in response to stimulation of the overlying skin
Decreased cremasteric reflex: This reflex is elicited by lightly stroking the superior and
medial part of the thigh. The normal response is a contraction of the cremaster muscle that
pulls up the scrotum and testis on the side stroked
Lhermitte's sign: Flexion of the neck while the patient is lying down elicits an electrical
sensation extending bilaterally down the arms, back and lower trunk
Charcot's triad: A combination of nystagmus, scanning speech and intention tremor
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Abnormalities of Reflex [73]:
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Optic Neuropathy
A common presentation of RRMS is optic neuropathy. Symptoms are blurring of vision in one
eye developing over hours or days, varying between a 'looking through frosted glass' sensation to
severe unilateral visual loss, but rarely complete blindness. Mild ocular pain is usual. Recovery
occurs, typically within 2 months. Bilateral optic neuropathy occasionally occurs [95].

The optic disc appearance depends upon the site of the plaque within the optic nerve. When the lesion is in
the nervehead there is disc swelling. If the lesion is several millimeters behind the disc there are often no
ophthalmoscopic abnormalities - 'the doctor sees nothing and the patient sees nothing'. This is retrobulbar
neuritis. Worsening of vision in optic neuropathy during a fever, hot weather or after exercise is known as
Uhthoff's phenomenon - central conduction is slowed by an increase in local body temperature [95].

There is often no residual loss of vision but small scotomata (area or island of loss or impairment of
visual acuity surrounded by a field of normal or relatively well-preserved vision) and defects in colour
vision can be found. Following optic neuropathy, disc pallor appears (optic atrophy), first on the
temporal side. Visual evoked responses (VER) are abnormal [95].

Visual abnormalities:
Paresis of medial rectus muscle on lateral conjugate gaze (internuclear
ophthalmoplegia) and horizontal nystagmus of the adducting eye.
Central scotoma, decreased visual acuity (optic neuritis)
Nystagmus [73].
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Disc swelling from optic neuritis causes early visual acuity loss, thus distinguishing it
from disc swelling from raised intracranial pressure - the latter causes little or no visual
loss early on, but sudden visual loss in advanced stages. A relative afferent papillary
defect in optic neuropathy is often found, and persists after recovery [95].
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Psychology
Up to 40% of patients with attacks severe enough to render them nonambulating may not
recover. At 15 years from multiple sclerosis onset, 50% of patients are disabled to the point
at which they at least require a cane to walk a half block. The rate of suicide is reported to
be increased sevenfold in multiple sclerosis patients [4].

Cognitive dysfunction is a major cause of disability in patients with multiple sclerosis.
The prevalence of cognitive dysfunction is estimated at 45 to 65%. Cognitive disability
correlates weakly with T2 lesion burden on brain MRI. Patients with multiple sclerosis
who have cognitive impairment most commonly display deficits in the cognitive domains
of memory, learning, attention and information processing [5].

It is suggested that in treating cognitive dysfunction, the recognition and
treatment of the common comorbidities of fatigue and depression is
important. The first step in the treatment of cognitive dysfunction is to
delay disease progression [5].

Depression, insecurity and marital conflict often play a role in lack of sense of well being. Sexual
dysfunction in multiple sclerosis, often accompanied by bladder dysfunction can impact on quality
of life. Behavioural changes, such as depression, marital conflict, anxiety and cognitive deficits of
variable severity can occur both as a reaction to and a result of the disease [66].

There is at least a doubling of the rate of depression in most medical illness and
there is an increased rate of depression the more severe the illness. There was
reported a 58% increase in severity of depressive symptoms by those individuals
who had advanced disease vs those who had minimal disease [79].

Individuals reporting a chronic painful condition seem to have an especially high rate of depression. In a
large phone survey in Europe, compared to individuals reporting no pain and no illness, those reporting a
medical illness had an odds ratio of 1.2 of having depression, those reporting a chronic painful condition
had an odds ratio of 3.4, and those reporting both a medical condition and a chronic painful condition had
an odds ratio of 5.1. Thus the effect of a medical condition and chronic painful condition appears to be
additive [79]. Organic psychosis is occasionally seen in early multiple sclerosis [95].
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One study speculates that, in multiple sclerosis, astrocytes may serve as primary (facultative)
antigen-presenting cells due to a failure of noradrenergic suppression of class II major
histocompatability complex molecules, which is caused by a loss of beta 2-adrenergic receptors.
The catecholamines are well known to have involvements in mood and behaviour [6].
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The Nervous System
There are two main divisions to the peripheral nervous system: The somatic
and the autonomic. The somatic system involves the skeletal muscles and is
considered voluntary since there is control over movement such as writing or
throwing a ball [91].

The cell bodies of the somatic system are in the Central Nervous System (CNS) with the axons
running all the way to the skeletal muscles. The Autonomic Nervous System (ANS) affects
internal organs and is considered involuntary since the processes such as heart beat rate and
glandular secretions occur with usually little control on the part of the individual [91].

The autonomic nervous system in turn is divided into two divisions, the parasympathetic
and sympathetic. The parasympathetic system is most active in normal, restful situations
and is dominant during quiet relaxed periods. It acts to decrease the heartbeat and to
stimulate the motility and secretions necessary for digestion [91].

The sympathetic nervous system is most active during times of stress and arousal and
is dominant when energy is required, when it increases the rate and strength of the
contractions of the heart and inhibits the motility of the intestine [91].

At the site of the effector organs, axons in the parasympathetic system release
acetylcholine, while those in the sympathetic system release norepinephrine.
Together with hormones, the autonomic nervous system maintains homeostasis,
the internal balance of the body [91].
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In addition to their effects, the two divisions of the autonomic nervous system differ
anatomically. The nerves of the parasympathetic system originate at the top and
bottom of the Central Nervous System (CNS), while those of the sympathetic system
emerge from the upper and central spinal cord [91].
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Multiple sclerosis plaques are not seen in myelin sheaths of peripheral nerves [95]. The
major proteins in the central nervous system and Periferal Nervous System (PNS) are
different. In the central nervous system, two proteins constitute between 60 and 80% of
the total proteins: Proteolipid Protein (PLP) and Myelin Basic Protein (MBP) [92].

Proteolipid Protein is a major protein of CNS myelin accounting for approximately 50% of
the total protein. Originally presumed to act purely in a structural capacity in the myelin
sheath, it is increasingly thought to be involved in more basic cellular functions [97].

Myelin basic proteins account for most of the remaining protein content in myelin.
This taken into account, a considerable number of quantitatively minor proteins are
present in myelin [97]. Mutations in the membrane proteolipid protein are associated
with a variety of defects in myelin formation [60].

The plp gene is X-linked, mapping to the Xq21.33-22 locus in humans. In the
mouse there are two major transcriptional start sites. Transcriptional activation
from the proximal site is favoured in the peripheral nervous system (PNS) in
contrast to initiation from the distal site in the oligodendrocyte [97].

In addition to tissue specific and developmental regulation, the plp gene is expressed
at a precise period in the post-mitotic oligodendrocyte in relation to a series of other
myelin protein genes, most notably MBP, myelin associated glycoprotein, Cnpase and
a set of genes encoding specific lipid synthesizing enzymes [97].

The plp gene, in common with a spectrum of cellular and viral genes transcribed by
the RNA polymerase II machinery, is subject to a variety of levels of control in the
flow of information from gene to functional protein. The plp gene is regulated
primarily at the transcriptional stage [97].
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Plp gene activity is essentially restricted to the oligodendrocyte, Schwann cell
and various other peripheral glia. Expression in periferal nervous system tissue
is at least an order of magnitude below the CNS level. The Plp gene is under
strict temporal control in the developing oligodendrocyte [97].
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Proteolipid Protein, is a major constituent of the myelin sheath and is thus lost in conditions in which the myelin sheath is
destroyed. Experimental demyelination using neurotropic viruses or Experimental Autoimmune Encephalomyelitis (EAE)
is associated with decreased levels of mRNA for Proteolipid Protein and other myelin genes. Proteolipid Protein is capable
of acting as an encephalitogenic factor for inducing Experimental Autoimmune Encephalomyelitis (EAE) in mice.
Different epitopes have been identified although the disease inducing potential varies between strains of mice [97].

The polytopic Proteolipid Protein an DM20 isoproteins display a remarkable degree of sequence
conservation over a wide phylogenetic spread. There is complete identity between humans, mouse
and rat and 98% similarity when extended to include cow and dog. Non-mammalian cDNA's as
represented by chicken and frog have high match values of 95% and 70% respectively [97].

This evolutionary conservation is without president in other myelin proteins and is also reflected in the
essentially intolerant nature of the gene towards mutation, even upon the introduction of conservative
changes. In humans mutations within the Plp gene cause Pelizaeus-Merzbacher disease (PMD) and its
allelic condition, Spastic Paraplegia 2 (SPG2) [97].

All the Plp gene mutants are characterized by dysmyelination and myelin of
abnormal periodicity. The phenotypic differences between mutations lie in the
amount of myelin present, the effect on oligodendrocyte differentiation and
survival and degree of astrocytosis [97].

Less severe phenotypes have been suggested to be associated with higher levels of the DM20
isoprotein. It is unclear whether the changes are due to a loss of functional Proteolipid Protein and/or
DM20 or the production of an unaltered product that perturbs oligodendrocyte biology [97].

Mice with a targeted disruption of the Plp gene have been generated. They showed a minimal and
non-lethal phenotype. There is no obvious reduction in myelin, or perturbation of oligodendrocytes
suggesting that Plp gene products are not critically essential for oligodendrocyte development or
production of myelin. Although natural and transgenic mutations of the PLP gene are direct models
of Pelizaeus-Merzbacher disease (PMD), they have little direct correlation with multiple sclerosis [97].
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Proteolipid Protein mRNA levels and Proteolipid Protein are markedly reduced, but other myelin genes such
as MBP are also downregulated. There is no obvious correlation between the position of the mutation within
the postulated model of Proteolipid Protein in the cell membrane and the resultant phenotype [97].
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The Neuron
The functional unit of the nervous system is the neuron, a cell specialized to receive and
transmit impulses. The types and functions of neurons found in organisms seem to be
directed by several regulatory genes and by certain cues that occur during development [91].

Once neurons mature, they lose the ability to divide. An exception is the olfactory neurons which
are replaced every 60 days from skin cells resting beneath them, which ensures a supply as they
wear out. The essential structures of different neurons are the same in each: a cell body containing
the nucleus and two kinds of processes extending from it, the axon and dendrite [91].

Axons transmit impulses away from the cell body to the dendrites of adjoining neurons. Some
axons may be over 3ft (1m) in lengths such as the sciatic nerve which runs from the spinal cord
to the inner leg. The axons of the peripheral nerves are surrounded in the fatty sheath (myelin)
formed from specialized cells called Schwann cells. The myelin sheath acts to insulate the axon,
which helps to accelerate the transmission of a nerve impulse [91].

Gaps along the sheath expose the axon fiber and are important in allowing nerve impulses to jump
from one section of the axon to another. The speed at which nerve impulses travel depends on the
diameter of the axon and the presence of the myelin sheath. Some impulses from the large motor
nerves to the leg muscles traveling as fast as 394 ft (120m) per second [91].

By comparing unmyelinated nerves from invertebrates (crab and squid) to myelinated
mouse nerve, it can be shown that in the unmyelinated nerves, the rate of nerve impulse
transmission is proportional to the square of the fibre diameter. Thus to obtain a
quadrupling of rate, the diameter must increase 42 = 16 times [97].

A rapid rate of nerve impulse transmission is achieved by the myelinated vertebrate nerve
even though the diameter remains relatively small. It is clear the myelinated vertebrate
nervous system holds a huge advantage over non-myelinated nerve forms [97].
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Not all axons are myelinated; the presence of myelin is one difference between white matter
(which has myelinated axons) and gray matter (which does not) [91]. In an unmyelinated nerve
fiber, the impulse travels down the nerve as a gradual wave of depolarization, whereas in a
myelinated nerve the impulse jumps from node to node [97].
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Due to myelinated nerves being small, many can be accommodated in the brain and spinal
cord permitting the complexity which is a hallmark of the nervous systems of higher
animals. The importance of myelin to the normal function of the nervous system is
underscored by the drastic consequences of its loss in demyelinating diseases [97].

Damage to the sheath in multiple sclerosis patients causes impaired muscle control and other
symptoms. Axons are bundled together and enclosed by connective tissue to form nerves.
Dendrites are usually highly branched extensions of the cell body which receive impulses
from nerves [91]. In some cases they may be very small, as seen in some of the neurons in the
brain, or long, as is the sensory dendrite which runs from the foot to the spinal cord [91].

HISTOLOGY
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Transmission of the Nervous Impulse
Conduction in nerves is accomplished along the surface of the axon by an electrical current so
weak that it cannot propagate itself unless there is some mechanism for its repeated amplification.
A potential of approx 75 millivolts exists between the inside of the axon and the surrounding
medium. This polarization drives from the fact that the potassium inside the cell is 15 to 30 times
that found in extracellular fluid, whereas for sodium this relationship is reversed [43].

During nerve activity, a wave of negativity sweeps along the fiber and the polarity is temporarily
reversed. Associated with this event, there is a drop in electrical impedence. Sodium enters the
fiber about 500 times more readily during the ascending phase of the action potential. This is
balanced by an equivalent outward passage of potassium during the descending phase [43].

There follows a refractory period when no impulse may be carried while
the sodium-potassium relationships are restored. As a depolarized point
becomes negative to the adjacent area, a local current ensues and these
events are repeated, thus propagating the impulse [43].

Acetylcholine plays a key role in the activity of the nerve. Acetyl choline is
released at parasympathetic nerve endings and acts as a transmitter on the
effector organ, substituting for the electric current as propagating agent [43].

The catalytic activity of choline esterase permits hydrolysis of acetyl choline well
within the time required by the known rate of events in nervous activity (100 microsec).
A direct proportionality between enzyme concentration and voltage exists. Neuronal
conduction is abolished by inhibitors of choline esterase in all types of nerve.
Conduction fails when enzymic activity falls to about 20% of its initial level [43].
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Before another impulse may be transmitted, the acetylcholine is hydrolysed by
acetylcholine esterase. Acetylcholine and acetylcholine esterase are present in
all conducting nerves. Both substrate and enzyme are localized near the surface
of the axon. All nerve fibers contain choline acetylase which resynthesises
acetylcholine from choline and acetyl coenzyme A [43].
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The elementary process of conduction has been proposed as follows [43]:
1. In resting condition acetylcholine is bound, presumably to a storage protein. The membrane is polarized.
2. Acetylcholine is released by current flow, possibly H+ movements or any other excitatory agent. The free
ester combines with the receptor, presumably a protein.
3. The receptor changes its configuration. This process increases sodium permeability and permits its rapid
influx. This is the trigger action by which the potential primary source of electromotive force, the ionic
concentration gradient, becomes effective and by which the action current is generated.
4. The ester-receptor is in dynamic equilibrium with the free ester and the receptor; the free ester can be
attacked by acetylcholine esterase.
5. Hydrolysis of the ester permits the receptor to return to its original shape. The permeability decreases,
and the membrane is again in its original polarized condition.

Studies of acetylcholine esterase have revealed two adjacent sites.
One is anionic and binds the cationic quarternary nitrogen of
acetylcholine, and the other is an "esteratic" site [43].

Evidence suggests that gamma amino butyric acid participates in the process of transmission by
inhibitory neurons. Deficiency in pyridoxine and administration of isonictinolyhydrazide, which
decrease the level of glutamic acid decarboxylase activity in brain, result in convulsive activity
which is relieved by administration of gamma amino butyric acid [43].
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Acetylcholine mediates neuronal and synaptic transmission in all nerves as
well as transmits the neural stimulus to the effector organs of somatic motor
fibres and parasympathetic nerves. The postganglionic sympathetic fibers
secrete instead either epinephrine or norepinephrine [43].
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Composition of Nervous Tissue
Lipids
The brain is reported to be comprised of 50% lipids. Brain contains representatives of all
lipid groups bar the neutral fats. Some of these lipids only occur in nervous tissue, others
are only present in limited amounts elsewhere in the body. This is the case for
sphingomyelins, cerebrosides, and to a lesser degree the gangliosides [43].

There are some lipids which are relatively ubiquitously distributed but in nervous tissue are found in
uniquely high amounts. Along with sphingomyelins, phosphatidyl serine, plasmalogens and inositol
phosphatides are present. Plasmalogens comprise one third of total phosphatides and more than half
of the total phosphoinositides of brain are represented by a triphosphoinositide [43].

Fatty acids are widely distributed in the brain as components of the compounds above.
These acids are of long chain length (C18 to C26) and include alpha-hydroxy acids as
well as usually high amounts of polyenoic acids. The myelin lipids are characterized
by a high degree of unsaturation [43].

Cholesterol 2: Phosphatides 2: Cerebrosides 1
2:2:1 ratio

Cholesterol esters occur in relatively high concentration at sites of
active myelination. Rapid phosphatide turnover occurs in nervous
tissue. Rapid turnover of fatty acids [43].
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Cholesterol is present in the brain only as the unesterified sterol; this is
the case with peripheral nerves which contains triglyceride as well [43].
Cholesterol, phosphatides (largely sphingomyelins) and cerebrosides are
the chief lipids of the myelin sheath in the approximate ratio:

85

Proteins
Proteins of brain account for 40 percent of its dry weight. Soluble proteins include
nucleoproteins, ribonucleoproteins (being abundant in nerve cytoplasm); lipoproteins; copper
containing water soluble proteins - one of which has been termed cerebrocuprein [43].

Lipid soluble proteins, termed proteolipids are present differing from one another in the
ratio of lipid to protein, and in the nature of the lipids. Proteolipid B contains 50% protein
and a mixture of equal parts phosphatides and cerebrosides. Neurokeratin is present as an
insoluble protein following extraction by solvents [43].

The free amino acid concentration in the brain is significantly higher
than in most tissues. Glutamic acid, aspartic acid, glutamine,
glutathione and gamma amino butyric acid accounts for approximately
80% of the non-protein amino nitrogen content of the brain [43].

These and other nonessential amino acids are produced rapidly by brain tissue the total rate paralleling the turnover of members of tricarboxylic acid cycle. The
specific activity of the free amino acid fraction of the brain, particularly glutamic
and aspartic acids was approx 10 times that of other organs [43].

Uptake of amino acids by brain conforms to the criteria of an active transport process.
Distribution patterns of amino acids in the brain suggest compartmentalization of various free
amino acids in the neurons or between neurons and glia cells. Amino acids entering the brain
or arising in brain cells are rapidly incorporated into proteins. Amino acids appear earlier and
in highest concentrations in the microsomal fraction of brain tissue [43].

Brain tissue proteins show high turnover rates, exceeded only by albumin of plasma and the
total proteins of the liver. Approximate half life times of 5, 8, 10 and 14 days were found for
total proteins, repectively, the white matter, cerebral cortex, cerebellum, and spinal cord [43].
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This suggests the brain, with little glycogen reserve in relation to its high metabolic activity may utilize
amino acids and proteins for energy. Other proteins present in high concentrations include gamma
amino butyric acid arising from decarboxylation of glutamic acid. Gamma amino butyric acid inhibits
synaptic transmission in the central nervous system. Taurine, acetylaspartic acid and cystathionine are
all found in higher concentrations in the brain than anywhere else [43].
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Brain has a high RNA content which correlates with its high active protein synthesis.
The large nerve cells are characterized by the highest content of ribonucleic acids and
are probably some of the most active producers of nucleoproteins. The main portion of
the RNA of nerve cells is in the form of liponucleoproteins [43].

Curricular amino acid metabolism is similar in brain as to other tissues, including transamination
operating in conjunction with intermediaries of the Tricarboxylic Acid (TCA) cycle. Brain contains
all the enzymes necessary for the Urea cycle; transamidinase and carnosine synthetase. Formation
of gamma guanidobutyric acid and homocarnosine. Formation of gamma guanidobutyric acid and
homocarnosine are feasible in brain tissue [43].

Glutamine is synthesized by the brain. Serotonin is synthesized in the brain from tryptophan.
5-HT is found largely in the bound form. Specialised areas of the brain produce peptides with
hormonal activity. Certain of these peptides are produced in the hypothalamus and may be
stored in the neurohypophysis; this is the case for vasopressin and oxytocin. Others may
mediate release of adenohypophyseal hormones from the anterior pituitary gland [43].

Electrolytes
Electrolytes composition is much the same as other tissues bar the lack of common
anions e.g. phosphate, sulphate, bicarbonate, protein etc. to balance the known cation
content. Dicarboxylic amino acids, which are present in abundant concentrations in
brain tissue may partially compensate for the anionic effect [43].

Those phosphatides that have two nitrogen atoms contain, in addition to phosphoryl
choline, the base sphingosine or a closely related structure dihydrosphingosine.
These bases, and related compounds, are also found in certain classes of glycolipids.
In the latter instance, phosphoric acid is not present in the molecule [43

HISTOLOGY

Derivatives of Sphingosine
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Sphingolipids
Sphingolipids are found in membranes. They are the major lipid components in the myelin sheaths of
nerve fibers. Sphingolipids contain sphingosine instead of glycerol. In sphingolipids, the amino group
of sphingosine is bonded to the acyl group of a fatty acid. Both asymmetric carbons in sphingosine have
the S-configuration. Two of the most common kinds of sphingolipids are sphingomyelins and
cerebrosides. In sphingomyelins, the primary hydroxyl group of sphingosine is bonded to
phosphocholine or phosphoethanolamine, similar to the bonding in lecithins and cephalins [94].

In cerebrosides, the primary hydroxyl group of sphingosine is bonded to a sugar residue through a betaglycosidic linkage. Sphingomyelins are phospholipids because they contain a phosphate group.
Cerebrosides, on the other hand are not phospholipids. The myelin sheath is a lipid rich material that is
wrapped around the axons of nerve cells. Composed largely of sphingomyelins and cerebrosides, the
sheath functions to increase the velocity of nerve impulses [94].

Approximate ranges of values of constituents of the blood plasma of humans :
Phosphatides : mg/100ml
Total : 150-250
Lecithin: 100-200
Cephalin: 0-30
Sphingomyelin: 10-50
Plasmalogens: 7-8 [43].

The sphingomyelins are the only group of sphingosine containing phosphatides. They are found
in significant concentration primarily in nervous tissue but are also present elsewhere, ie. in the
phosphatides of blood. On hydrolysis, the sphingomyelins yield equimolar amounts of fatty acid,
choline, phosphoric acid, and sphingosine or dihydrosphingosine but no glycerol [43].

In the sphingomyelin the fatty acid residue is in an amide linkage to the sphingosine amino group. In
brain 90% of the long chain base is sphingosine, with an additional small amount of dihydrosphingosine.
An accumulation of sphingomyelin in tissues is found in Niemann-Pick disease. Unsaturated sphingosine
(dehydrosphingosines) are present in both plant and animal tissues [43].
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Sphingomyelins
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The Phosphatides
The phosphatides are of ubiquitous occurrence in living organisms. The phosphatides are the most polar
representatives of the lipids, with a marked solubility both in nonpolar solvents and in water, they have unique
physical properties. Some phosphatides, for example, lecithin are dipolar ions possessing cationic and anionic
groups. They participate uniquely in cellular structures such as mitochondria and various membranes [43].

The formation of the phosphatide bases (serine, ethanolamine and choline) occur in the tissues. The other
nitrogenous constituents of phosphatides, sphingosine and dihydrosphingosine are also synthesized in
vivo. Clarification of the biogenesis of phosphatides stems largely from the discovery by Kennedy and
Weiss in 1955 that cytidine derivatives play a major role in the formation of these compounds [43].
Decreased concentrations of phosphatidylethanolamine are noted in multiple sclerosis [97].

The phosphatides are not uniformly distributed in the body lipids and are almost totally absent from
depot lipid. They occur in the lipid of the various glandular organs, notably the liver, as well as in
blood plasma, where they may comprise as much as half the total lipid. The phosphatides are found
abundantly in specialized tissues such as the myelinated portions of the nervous system [43].

There are two major pathways for the synthesis of lecithin. The most abundant
phosphatide a de novo synthesis, in which phosphatidyl serine serves as a
precursor for other phosphatides, and alternatively the utilization of exogenous
choline, available from dietary sources or as a salvage pathway [43].

The character of the phosphatides is ideally suited for functioning as structural bridges between
water soluble proteins and nonpolar lipids. The phosphatides possessing both hydrophobic and
hydrophilic ionic groups can interact strongly with both types of structures [43].

Evidence has been presented that phosphatides play special roles in secretory processes, in ion
transport, and in selective permeability. The stability of chylomicra in body fluids has been
attributed in part to the electrical charges in these droplets, resulting from their content of ionic
phosphatides and proteins. Cephalin has a possible role in blood clotting [43].
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Together with the related galactolipids, phosphatides are found in abundance in
the myelin sheath of the nerve. The phosphatides are also found in various
functional organelles of the cell and have been implicated as playing a major
role in the cytochrome complex of the respiratory enzymes [43].
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Carbohydrates
Brain contains 0.15 to 0.25 % mucopolysaccharide. Chondroitin is the chief
mucopolysaccharide present. Hexosamines, hexuronic acids and sialic acids are
present as nonlipid fractions. Inositol is present as components of lipids [43].

The gangliosides of brain have been separated into two groups: one containing a single molecule of sialic
acid and one containing two molecules. In monosialoganliosides, the molar ratio of ceramide to hexose to
N-acetylgalactosamine to N-acetylneuraminic acid is 1:3:1:1 [43]. The hexoses are glucose and galactose.
The brain has sulfur containing glycolipids; a phrenosin sulphate ester is abundant in white matter [43].

Glycolipids
The unique lipids of brain reflect the presence of a group of enzymes which
are also unique to the brain. An enzyme system from rat brain has been
described which forms a ceramide from serine and palmityl CoA [43].

Brain incorporates administered glucose, galactose, glucosamine and serine into its
glycolipids. Glucose and galactose were incorporated into all the carbohydrate moieties.
Glucosamine appeared primarily as N-acetylneuraminic acid and galactosamine [43].

Galactose and sulfate are incorporated into the sulfatides. The sulphate is derived from
3'-phosphoadenosine 5'phosphosulphate. There is a high rate of synthesis in brain of
inositol phosphatides and gangliosides. These complex lipids are found in close
association with proteins in proteolipids [43].

Their high metabolic turnover has prompted the suggestion that they play a role in the
membrane structures of the brain. McIlwain suggested that gangliosides offer acidic sites in
the lipid rich membranes of cerebral tissue which function in active cation transport [43].
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Serine was incorporated into N-acetylneuraminic acid and sphingosine moieties, as well as
into all the carbohydrates present. Uridine diphosphate hexose is the primary hexose donor
in brain glycolipid synthesis; as in the synthesis of other hexose glycosides [43].

90

Glycolipids of the Central Nervous System
Glycosphingolipids (GSL’s) are a major glycolipid species in vertebrates, are found primarily in the plasma
membrane of virtually all tissues, and are particularly abundant in the nervous system. Glycosphingolipids have
also been implicated in a variety of pathological conditions, including demyelinating diseases such as multiple
sclerosis and related conditions. While glycolipids may serve as the target molecules for immunological
responses in multiple sclerosis, they may also play important roles in oligodendroglial dysfunction.
Glyceroglycolipids are minor components that include galactosyl diglyceride and its derivatives [97].

Galactosyl diglycerides are localized in myelin and assumed to be a
marker for myelination. Monogalactosyl diglyceride has been
shown to activate protein kinase C alpha in oligodendroglia [97].

Cerebrosides and Sulfatides
Sulfatide is a sulfate ester of galactocerebroside and comprises the second largest glycolipid component
in brain tissues. This acidic glycolipid is distributed mainly in myelin, but is also found in lesser amounts
in other subcellular fractions such as Bergman glia and ependymal cells. Sulfatide may be involved in
the activation of protein kinase C, oligodendroglial differentiation and cell adhesion [97].

Gangliosides
In a study, a unique antigen has been found in association with the autoimmunity of multiple sclerosis.
Antiganglioside antibodies (AGA) have been reported. 47.6% of patients showed antiganglioside
antibodies reactivity. Anti-GM1 was found in 38% of multiple sclerosis patents, anti-asialoGM1 in
23.8% and anti-GD1a in 33.3%. IgG was the isotype more commonly found [31].

A correlation between presence of antiganglioside antibodies and progressive disease and between antiGD1a and primary progressive multiple sclerosis was found. The presence of antiganglioside
antibodies in multiple sclerosis patients is elevated. In contrast to the results of other authors, a strong
correlation between antiganglioside antibodies and progressive disease was shown in a study [31].
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Glucocerebroside plays a crucial role as a common metabolic precursor for most the brain
gangliosides except GM4 (sialosylgalactosylceramide) which is synthesized from
galactocerebroside. In rat brain, glucocerebroside is expressed in embryonic stages
during brain development, and its concentration rapidly decreases soon after birth [97].
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Gangliosides are a family of glycosphingolipids (GSL’'s) containing one or more sialic acid residues, and
amongst various organs are especially rich in the brain. The expression of gangliosides in brain cells is
development dependent, being controlled by the synthetic and degradative enzyme activities in cells. The
neuritogenic and neurotrophic properties of gangliosides suggest their importance in regulating cellular
growth and differentiation and repair of neuronal cell damage [97].

Gangliosides can be categorized into five major families based on their core carbohydrate structures [97]:
Gala
Hemato
Ganglio
Lacto
Globo.

The gala series is derived from galactosylceramide and only one ganglioside,
GM4, is included in this family. All other series of gangliosides originate from
lactosylceramide, and are divided into four families according to type and linkage
of sugars linked to the galactose moiety of lactosylceramide [97].

Heterogeneity of the oligosaccharide molecular structure of gangliosides is a hallmark of
gangliosides and of glycosphingolipids in general. Nearly 80 different oligosaccharide
structures of gangliosides have been identified, and when variations in the sialic acid structure
are taken into account, the total number of ganglioside structures exceeds 120 [97].

Sialic acids can be present in O-acetylated forms with the O-acetyl group at the 4- or 9hydroxyl group or in the lactone forms. These structures are unstable under alkaline
conditions and are easily destroyed during isolation. Other modified sialic acid structures
in brain gangliosides include de-N-acetyl form and lyso-derivatives [97].

HISTOLOGY

Variations in sialic acid structures contribute greatly to the diversity in ganglioside structures.
While the sialic acid residues in gangliosides exist either as N-acetylneuraminic acid (NeuAc)
or N-glycolylneuraminic acid (NeurGc), gangliosides in most vertebrate brain tissues usually
contain N-acetylneuraminic acid [97].
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Gala and Hemato Series Gangliosides
Sialosylgalactosylceramide (GM4) is the only ganglioside in the gala series. Hemato series gangliosides
have core structure of GalBeta1-4Glcl-1'Cer with one to three sialic acid residues. GM3 and GD3 are
usually minor components in the adult brain but are abundant in embryonic brain. Their concentrations
tend to increase in pathological conditions characterized by gliosis [97].

GD3 is also known to be abundant in retina of certain species. GT3, the trisialo form in this series was
first demonstrated in fish brain. The majority of brain gangliosides belong to this family. Structurally,
they are characterized by the presence of N-acetylgalactosamine (GalNAc). In most cases, both GalNAc
and sialic acid are linked to the same galactose, forming branched structures [97].

Most adult mammalian brains contain four major gangliosides, GM1, GD1a, and GT1b,
of the a- and b- series gangliosides. The brain tissues of lower vertebrates such as fish
are usually enriched with tetra- and pentasialogangliosides, such as GT1c, GQ1c, and
GPLc, belonging mainly to the c-series gangliosides. Interestly, avian and mammalian
brains also express c-series gangliosides in certain embryonic stages [97].

Lacto and Globo Series Gangliosides

Globo and isoglobo series have been found only in extraneural tissues. Gangliosides with hybrid
carbohydrate structures of the ganglio and lacto or neolacto series have been identified. These
glycolipids have the same core oligosaccharide structures as those of the lacto or neolacto series,
but with branching carbohydrate structures comprised of GalNAc residues. No concensus has been
reached as to whether these gangliosides should be classified as an independent family [97].

Gangliosides in Whole Nerve tissues
In general, cerebral gray matter contains considerably higher concentrations of gangliosides than does white
matter. This is consistent with the earlier concept that the bulk of gangliosides in brain reside in neurons and
neuronal subfractions. The brain of higher vertebrates contains at least four major ganglio series gangliosides,
i.e. GM1, GD1a, GD1b and GT1b which account for 80-90% of the total gangliosides. Topographic differences
in the compositions of brain gangliosides and other lipids have been reported [97].

HISTOLOGY

Lacto and neolacto series of gangliosides are characterized by the presence of N-acetylglucosamine (GlcNAc)
linked to lactosylceramide. Based on linkage of the GlcNAc residue with a fourth galactose, GalBeta1-3GlcNAc
and GalBeta1-4GlcNAc in this family is further divided into lacto and neolacto series, respectively. Gangliosides
of these series are present usually but not exclusively in extraneural tissues [97].

93
The concentration and composition of brain gangliosides change dramatically
during development. Two well described features during development are the
general increase in total ganglioside concentration and the predominance of
GM3 and GD3 during early embryonic stages [97].

In later ages, the ganglio series gangliosides increase in concentration. These changes are
apparently caused by a shift from the synthesis of simple, hemato series gangliosides to the
synthesis of the more complex gangliosides during development [97].

Gangliosides in Brain Cells
In general, bulk isolated neurons and astroglia tend to show similar levels of gangliosides. Oligodendroglia contain
significantly less gangliosides. There is evidence suggesting that specific subpopulations of nerve cells may exhibit
preferential enrichment of certain ganglioside species. GD1a and GT1a are preferentially enriched in granule and
Purkinje cells in mouse cerebellum respectively. GD3 may be more closely associated with fibrous astroglia than
with resting astroglia. GM4 is specifically localized in central nervous system myelin and oligodendroglia [97].

Neurons express specific gangliosides during certain developmental stages. GD3
and 9-O-acetyl GD3 have been found associated with immature neuroectodermal
cells. The expression of c-series gangliosides is developmentally regulated in
neuronal as well as in glial precursor cells [97].

In contrast to myelin which has a relatively simple ganglioside pattern, oligodendroglia
have a very complex ganglioside composition, including the presence of high levels of
ganglio and hemato series gangliosides. There is a distinct presence of GM4, a unique
marker for central nervous system myelin and oligodendroglia [97].

Glycolipids are antigenic and may be one of the target molecules in multiple
sclerosis. Using both in vitro and in vivo models, demyelination can be
induced by administration of antibodies against these glycolipids [97].

HISTOLOGY

Whereas the bulk isolated astroglia from mammalian brain contain predominantly gangliosides
of the ganglio series, primary cultures of astrocytes appear to contain an abundance of GM3 and
GD3, with practically no GM1. Although the source of the ganglio series gangliosides in bulk
isolated astroglia remains unclear, they may be derived, at least in part, from neurons by an in
vivo intracellular transfer mechanism [97].
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The demyelination induced by anti-galactocerebroside antibody may involve an antibody-dependent,
complement-independent, cell-mediated mechanism. The presence of anti-glycolipid antibodies or
antigen-antibody complexes in sera or CSF from multiple sclerosis patients shows that glycolipids
can function as auto-antigens for immunological reactions in multiple sclerosis [97].

Most synaptic plasma membrane preparations (which are assumed to consist
largely of presynaptic membranes) show highest ganglioside contents among
neuronal subfractions. Axolemmal fractions from different mammalian brain
contain considerable levels of gangliosides [97].

The synaptic vesicles have relatively high concentrations of gangliosides, which contain
about 50% the gangliotetraose species. The levels of gangliosides in brain cytosol are
generally low ranging from 0. 3 to 1. 5µg sialic acid/mg protein. The gangliosides consist
primarily of the gangliotetraose series. Human CSF also contains low concentrations (0. 1
- 0. 3µg sialic acid/ml) of gangliosides. The composition of gangliosides in CSF was: GM1
(15. 7%), GD1a (16. 1%), GD3 (3. 8%), GT1b (31. 0%) and GQ1b (13. 0%) [97].

The ganglioside composition of myelin in different species and during development was found to be different
from that of the whole brain, brain cells, or other brain membranes. In general myelin from adult brain
contains higher contents of GM1, consisting of up to 90% of the total gangliosides in mature myelin, and
lower concentrations of di- and polysialo-species as compared with myelin from younger animals [97].

It is thought that myelin breakdown may be accompanied by shedding of myelin
components into blood and the cerebrospinal space. CSF specimens from multiple
sclerosis patients have increased levels of GM1, either associated with or without
other glycolipids, such as GD1a, GD3 or sulfoglucuronosyl paragloboside. It has
been suggested that serum galactocerebroside can be used as a marker for active
demyelination in multiple sclerosis and demyelinating disorders [97].

HISTOLOGY

Myelin-associated sialidase is possibly responsible for these developmental changes
of myelin gangliosides. Significant difference has been observed between the light
and heavy myelin subfractions. In primate and avian species, there is the additional
ganglioside GM4. Multiple sclerosis plaques show characteristic loss of myelin
lipids such as galactocerebroside, sulfatide and ganglioside GM4 [97].
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Glial cells
One cannot discuss the neuron without mentioning glial cells or neuroglia. It was once thought
that these cells simply held everything together (gloios means glue, in Greek), but it is known that
neuroglia are highly specialized cells. Neuroglia are responsible for physical support, protection
against infection (through phagocytosis), and the connection of nerve cells to blood vessels [91].

The Schwann cell (neurolemmocyte) is a common type of glial cell found in peripheral nerve axons.
Schwann cells wrap "jelly roll style" around the axon, forming a whitish phospholipids (fatty)
protective and insulating cover known as the myelin sheath. The myelin sheath of the axon of
peripheral nerves has interruptions or exposed gaps known as the Nodes of Ranvier [91].

Schwann cells also make up the neurolemma, a continuous sheath that covers
both the myelin sheath and the axon at the Nodes of Ranvier. Action potentials
traveling down the axon occur only at the Nodes of Ranvier, jumping rapidly
from gap to gap (saltatory conduction), which conducts impulse significantly
faster than in nonmyelinated nerves [91].

The neurolemma is found only in peripheral nerve fibers and plays a crucial part in nerve fiber
regeneration. Damaged axons will regenerate; damaged cell bodies will not. The myelinated
sheaths of the axons of neuron in the brain and spinal cord (the central nervous sytem) are made
from different glial cells (oligodendrocytes), which lack a neurolemma, so making the regeneration
of their axons impossible [91].

Platelet-activating factor, (acetyl-glyceryl-ether-phosphorylcholine) is a potent
phospholipid activator and mediator of many leukocyte functions, including
platelet aggregation, inflammation, and anaphylaxis. It is produced in
response to specific stimuli by a variety of cell types, including neutrophils,
basophils, platelets, and endothelial cells.
MYELIN

Platelet activating factor (PAF), as a phospholipids inflammation mediator and a glial cell factor,
has been proposed as a blood brain barrier injury marker. In a study of 11 relapsing, 9 SPMS
patients and 6 control subjects, CSF and plasma PAF levels were significantly increased in
multiple sclerosis patients compared to controls. Relapsing multiple sclerosis showed higher
levels than SPMS. Levels correlated with the number of Gd+ lesions but not with EDSS [42].
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Oligodendrocyte
The word neuroglia (for ‘nerve glue’) was first used by Virchow the German pathologist in 1856 when describing the
interstitial tissue of the brain as the main sites of morbid change. Later he described gliomas, which are the commonest
types of tumor to affect the central nervous system. Oligodendrocytes (oligodendroglia) represent one of the two major
types of macroglial cells found in the central nervous system. The other neuroglial cell is the astrocyte [97].

The first reliable images of these cells were provided by Camillo Golgi
who proposed that they might have a transport function due to the fact
that their processes often seemed to wrap around blood vessels [97].

Further light on the function of these cells was provided by the Spanish neuroanatomist Ramon y
Cajal, who suggested the abundance of neuroglia between neurons indicated that they might have
an insulator function. This idea was substanciated by his student del Rio Hortega and we now
know that the cells which have this insulator function are oligodendrocytes. Oligodendrocytes
are responsible for elaborating the myelin membrane [97].

Oligodendrocytes synthesize myelin at a very high rate, producing up to three times
their own weight of membrane per day during the most active phase of myelination. It
has been calculated that each oligodendrocyte in a rat brain must produce around
5000µM2 of myelin surface per day [97].

The sole function of oligodendrocytes is to ensheath and insulate nerve fibers. The gaps of
naked nerve between the ensheathed segments are the nodes of Ranvier. Myelin promotes
saltatory conduction of nerve impulses (from the Latin saltare - to jump) and the significance
of this is best appreciated by comparison with an unmyelinated nerve fibre [97].

An alternative form of remyelination has been suggested for situations in which demyelination
occurs due to damage to the myelin sheath, but where the oligodendrocyte survives. In this
situation, the surviving oligodendrocyte may recover to the extent that it its able to re-form new
myelin sheaths. The extent to which an oligodendrocyte that has already established one
complement of internodes can do so for a second time is still uncertain [97].
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There is evidence from both ultrastructural and immunohistochemical studies that the newly generated
and recruited cell is an immature oligodendrocyte similar to oligodendrocyte progenitors found during
development. Tissue culture and developmental studies indicate that such cells possess degrees of
motility and responsiveness to mitogens which distinguish them from the more mature stages of
oligodendrocytes but possess the properties required for them to undertake remyelination [97].
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Analysis of acute, repairing multiple sclerosis lesions have identified cells within the lesions that express
myelin oligodendrocyte protein, a glycoprotein associated with myelin-forming oligodendrocytes. These are
thought to have survived the demyelinating events and are able to regenerate new myelin sheaths. It is clear
that the cell type responsible for remyelination of lesions in which oligodendrocytes have not survived is of an
immature phenotype. The question of origin of this cell has given rise to two schools of thought: [97].

The adult progenitor theory
The de-differentiation theory

The adult progenitor theory proposes that remyelinating cells are derived from a small pool of
oligodendrocyte progenitors which are found within the differentiated adult central nervous
system. Evidence for this line of thought comes from tissue culture studies where it has been
possible to isolate a progenitor cell which resembles, but is distinct from, the oligodendrocyte
progenitor that occurs during development [97].

This cell can be induced to become more motile and divide more rapidly by
exposure to combinations of growth fractors. The de-differentiation theory
suggests that new remyelinating cells are derived from mature oligodendrocytes
that divide to give rise to progeny of a less mature phenotype [97].

There is some evidence from ultrastructural autoradiography studies that a small
number of mature myelin-forming oligodendrocytes may be capable of division.
Also, exposure of mature-stage oligodendrocytes in tissue culture to appropriate
growth factors causes them to revert to a less mature phenotype [97].

It is suggested that cells expressing the platelet derived growth factor (PDGF)-alpha
receptor, or the enzyme found in the oligodendrocyte plasma membrane, 2'3'-cyclic
nucleotide phosphohydrolase (CNP), in the ventral regions of the embryonic spinal cord
may represent the earliest detectable members of the oligodendrocyte lineage [97].
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Oligodendrocytes differentiate post-natally from a population of committed
progenitors. It is not clear if the progenitors arise along the length of the
developing neural tube which is the embryonic precursor of the central nervous
system or if they originate at distinct regions in the anterior posterior axis [97].
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Alternatively, it is proposed that there may be two pools of progenitors; one in the
forebrain, the other in the hindbrain and spinal cord. This view has been summised upon
the embryonic pattern of expression of the mRNA for the DM20 protein of mature myelin
which is encoded by the proteolipid protein gene. Evidence has supported a ventral origin
of oligodendrocyte precursors in the developing spinal cord, and other evidence supports
precursors in both the ventral and dorsal parts of the developing spinal cord [97].

Further it was shown both dorsoventral and ventrodorsal migration of
these precursors in the dorsal regions of the developing spinal cord.
There may be considerable heterogeneity in the precursor phenotype at
any specific time point in development [97].

The embryonic expression of mRNAs encoding proteins which are normally considered to
be exclusively expressed in mature myelin forming cells has been interpreted to indicate
that these proteins have functions other than those directly relating to myelination [97].

Oligodendrocyte precursor cells were first identified as bipotential oligodendrocyte-type 2 astrocyte (O2A) progenitors in cultures of optic nerve glia. The following stages of progenitor differentiation have
been defined both morphologically and immunocytochemically: a bipolar A2B5+, O4-, GalC- progenitor
(the O-2A cell), a multipolar A2B5+, O4+, GalC- preoligodendrocyte and a complex process-bearing
A2B5-, O4+, and the myelin lipid galactocerebrosideGalC+ oligodendrocyte [97].

Activated microglia/macrophages and reactive astrocytes are known to be potent
sources of growth factors and cytokines. There is also evidence that the presence and
status of these cell types are critical for the efficacy of the remyelinating process.

Survival of mature oligodendrocytes is influenced by platelet derived growth factor and
a protein which appears related to leukemia inhibitory factor (LIF). Progenitor cells are
migratory and mitotic, and are the best characterized cells of the oligodendrocyte
lineage which have the ability to increase their numbers significantly by division [97].
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Terminally differentiated O4+, GalC+ oligodendrocytes withdraw from the cell cycle,
though it has been suggested that they can proliferate in response to axonal signals by
first dedifferentiating to preoligodendrocytes. Progenitors and preoligodendrocytes can
proliferate in vitro in response to a variety of mitogens including basic fibroblast growth
factor, platelet derived growth factor (PDGF) and insulin like growth factor [97].
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Experimental models of gliotoxin-induced demyelination and myelin-deficient animals
have been used to demonstrate that transplantation of cells of the oligodendrocyte lineage
results in myelination of host axons by the transplanted cells [97].

Transplant derived myelin sheaths improve conduction along the otherwise
amyelinated axons of the myelin deficient rat. Warrington and co-workers showed
that A2B5+/O4-O-2A progenitor cells generated many more MBP patches of myelin
over a much wider area than the more mature O4+ stages of the lineage [97].

The O-2A progenitor as a cell reflects a greater motility and proliferative capacity in
vitro. This is supported by the observation that fetal rat or mouse central nervous system
tissue is more effective than adult tissue at myelinating axons within the neonatal myelin
deficient rat central nervous system. The mutual activation of astrocytes and microglial
cells appears to be crucial for generating the necessary stimuli for remyelination [97].
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Myelin
The myelin sheath is a device which ensures that neurons are efficiently
insulated and are capable of conducting electrical signals thus ensuring
the proper functioning of the human nervous system [97].

Myelin sheaths wrap around nerve fibers and provide an electrical insulator that
surrounds most of the nerve and greatly speeds up the propagation of the wave
(signal) by allowing ions to flow in and out of the membrane only where the
membrane is free of insulation [56].

The myelin membrane is composed of phospholipids, cholesterol, proteins, and
Glycosphingolipids (GSL’s). Relatively few proteins are found in the myelin
membrane. Those present appear to hold together multiple membrane bilayers to
form the hydrophobic insulating structure that is impermeable to ions and water [56].

Myelin of the central nervous system is an extension of the oligodendrocyte
cell membrane. Myelin is composed of lipids and proteins whose mutual
interactions and associations with the cytoskeleton determine the macroscopic
structure of the membrane [97].

The mature membrane has the ability to form compact multilayers.
Lipids comprise more than 70% of its dry weight. These two features
make it well suited as an insulator of nerve fibers. Myelin proteins
play an essential role in stabilizing the membrane [97].

These proteins include proteolipid protein (PLP), myelin associated glycoprotein (MAG)
and the receptors for polypeptide growth factors. A protein with an N-terminus exposed
at the cell surface is said to be type 1, whereas type II proteins retain their N-termini on
the cytoplasmic side of the plasma membrane [97].
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Integral myelin membrane proteins are either embedded in the lipid bilayer
or are covalently bound to molecules that insert into the membrane such as
those linked to phosphatidylinositol at their C-terminus [97].
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In contrast, peripheral membrane proteins are exclusively localized at the
cytoplasmic surface of the membrane and are not required to insert into or
cross any membrane at any stage of their synthesis or targeting [97].

These interact with the membrane either by means of their associations with the cytoplasmic tails of
integral proteins, by their affinity for other peripheral proteins or possibly by direct interaction with
the polar head groups of lipids on the cytoplasmic side of the lipid bilayer. Myelin Basic Protein
(MBP) is a good example of this type of membrane protein [97].

The importance of myelin in nerve transmission is highlighted by the wide
variety of demyelinating disease, all of which lead to neurologic symptoms.
The best known disease in this class is multiple sclerosis [92].

Multiple sclerosis is a demyelinating disease and thus there has been great interest
in attempting to document a primary myelin target such as myelin basic protein
(MBP), myelin oligodendrocyte protein (MOG), or proteolipid protein (PLP) [42].

Myelin is a special feature of nerves that are designed to transmit impulses very rapidly.
The extracellular surfaces of the consecutive wraps bind tightly together, and the
cytoplasm of the cell interior is squeezed out to form the compact myelin sheath [60].

The axon is effectively insulated from the surrounding medium by the myelin sheets except for
special regions, the nodes of Ranvier, which lie at 1- to 2- mm intervals along the nerve. Saltatory
conduction occurs much more rapidly (up to 100 m/s) than conduction in unmyelinated axons and it
depends upon Na+ and K+ channels which are concentrated in the nodes of Ranvier [60].

Nevertheless, on the way along the internodal segment, the amplitude of the current will
diminish. Firstly, the membrane in the internodal segment must change its polarity, i.e. the
membrane capacitance must be discharged, for which a current is needed [69].
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In myelinated nerves, the axon between two nodes of Ranvier (internodal segment) is surrounded by a myelin
sheath. This is a precondition for saltatory conduction of the action potentials i.e. the "jumping" propagation
of excitation from one nodal constriction (R1) to the next (R2). The internodal segment itself cannot generate
an action potential, i.e. depolarization of the second node (R2) is completely dependent on the current from
the first node (R1). However the current is usually so strong that it can even jump across the nodes [69].
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Secondly, current can also escape through individual ionic channels in the
axonal membrane. However, myelination of the internodal segment causes
the membrane resistance (Rm) to be elevated and the capacity (Cm) of the
membrane condenser to be reduced [69].

The resistance of the axonal membrane of the internodal segment is very high because of the
low density of ionic channels there. Furthermore, the perimembranous space is insulated by a
layer of fat from the free extracellular space. The low capacitance of the condensor is due to
the large distance between the interior of the axon and the free extracellular space as well as
the low polarity of the fatty material in the space between them [69].

Demyelinated axons acquire the ability to conduct impulses and prolonged
visual evoked responses (indicating sustained myelin dysfunction) remain
present in over 90% of multiple sclerosis patients following optic neuritis
even when the clinical signs of optic nerve damage have disappeared [97].

If demyelination happens, membrane resistance (Rm) will be reduced and
capacity of membrane (Cm) raised in the internodal segment. As a result, more
current will be required to change the polarity of the internodal segment and,
through opening up the ionic channels, large losses of current may occur [69].

If, after the losses in the internodal segment, the current generated at R1 is not adequate to
depolarize R2 to the threshold level, excitation is interrupted, even though the axon is
completely intact. High frequency of action potentials and low temperature favour
interruption of conduction because of decreasing sensitivity of the node R2 (A1) [69].

Minor lesions of the internodal segment can lead to slowing of conduction, because
it can no longer jump across nodes and the next node has to be depolarized to its
threshold before the excitation is passed to the afternext nodes (A2) [69].
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The resulting slowing may not be the same in different fibers, so that temporal dispersion
of the signal may occur. Lastly, the damaged site may itself trigger action potentials,
especially when the axon has concomitantly suffered spontaneous damage or is under
mechanical pressure. Excitation can jump across two neigbouring damaged nerve fibers
(ephaptic transmission), or conduction may run retrogradely [69].
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It seems likely that remyelination cannot entirely explain the relapsing remitting
nature of multiple sclerosis, and that other factors such as improved conduction
along demyelinated axons once the inflammatory component of the acute lesion
has subsided may also be responsible [97].

Myelin is laid down by one of two major cell types found in the central nervous system - the
oligodendrocytes or oligodendroglia. The other major cell of the macroglia is the astrocyte.
These two types of cell are termed the macroglia, in contrast to the microglia which
intermingle with the others to provide a supportive matrix for the neurons [97].

A major cell of the macroglia is the astrocyte. This population of cells is heterogeneous,
and, in contrast to the oligodendrocytes and neurons, they appear to be highly plastic and
reactive and seem to elaborate different properties depending on their environment and their
anatomical situation. They are assumed to play a role in protecting and adapting the more
stable components of the central nervous system to changes in the environment [97].

The remaining major cell population comprise the microglia and like the
astrocytes activate in response to a wide variety of insults. These activated
microglia can transform into cells with phagocytic characteristics and can
be mediators of immune responses [97].

Contrary to earlier theories concerning the role of myelin primarily as an insulator of the axon,
the presence of a number of enzymes suggests that many metabolic reactions take place in this
membrane. Regulation of these metabolic reactions takes place via the transduction of signals
between the myelin sheath and the oligodendrocyte which may regulate the compaction and
number of wrappings of the sheath [97].

Larocca and colleagues have demonstrated that muscarinic cholinergic subtype M1 and M2
receptors are present in purified rat brain myelin. They also detected adenylate cyclase in myelin
which was activated by forskolin and inhibited by the muscarinic agonist carbachol. It was shown
that a GTP analogue Gpp(NH)p decreased the affinity to carbachol. These data suggest that in rat
brain myelin a second messenger (adenylate cyclase) is operative. Most of the components of the
phospholipase C signaling system have been identified in human myelin [97].

MYELIN

Several protein kinases have been described in association with myelin. These include
cAMP dependent kinase; calcium:phospholipids dependent protein kinase (protein kinase
C) and calmodulin-dependent kinase. The presence of these protein kinases ensures that a
large number of sites can be phosphorylated. Phosphorylation of MBP at different sites
has the potential to generate a large number of charge isomers, some transiently [97].
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Mono(ADP-ribosylation) of proteins is a post translational modification found in multiple sclerosis in which
the ADP-ribose moiety of NAD+ is transferred to an acceptor amino acid by an ADP-ribosyltransferase.
With Cholera toxin as the enzyme source a number of G-proteins (alpha-subunit of transducin and ADPribosylation factors) have been shown to be ADP-ribosylated on arginyl residues [97].

ADP-ribosyltransferases have been found in a number of eukaryotic cells and tissues
either within the cytosol or as membrane bound proteins. Freshly prepared myelin
from human white matter was used to detect endogenous ADP-ribosyltransferase
activity. ADP-ribosyltransferase ribosylated several myelin proteins [97].

Proteolipid Protein (PLP) is the major protein of central nervous system myelin
accounting for approximately 50% of the total protein. Originally presumed to
act purely in a structural capacity in the myelin sheath, it is increasingly thought
to be involved in more basic cellular functions through the DM20 isoprotein [97].

The MBPs are a family of proteins. Unlike Proteolipid Protein, MBPs are easily extracted from the
membrane and are soluble in aqueous solution. The major MBP is cited as having no tertiary structure
and has a molecular weight of 15000 Daltons. MBP is located on the cytoplasmic face of myelin
membranes. Antibodies directed against MBPs elicit Experimental Autoimmune Encephalomyelitis
(EAE), which has become a model system for understanding multiple sclerosis [92].

Multiple sclerosis plaques are not seen in myelin sheaths of peripheral nerves [95]. The
major proteins in the central nervous system and periferal nervous system are different.
In the central nervous system, two proteins constitute between 60 and 80% of the total
proteins: Proteolipid Protein (PLP) and Myelin Basic Protein (MBP) [92].

Myelin Basic Protein (MBP) is a key component in the construction and
functioning of myelin. In humans MBP exists as a single polypeptide chain of
170 amino acids. In 1988 Chan et al demonstrated that the glutamyl residue at
position 3 of human MBP bound one mole of GTP/mole of MBP [97].
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Myelin basic proteins account for most of the remaining protein
content in myelin. This taken into account, a considerable number
of quantitatively minor proteins are present in myelin. As well as
this, myelin contains several as yet uncharacterized proteins [97].
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The higher molecular mass proteins (40-50 kDa range) are thought to be alpha-subunites of
the heterotrimeric G proteins demonstrated in myelin. There is evidence for an endogenous
ADP-ribosyltransferase in myelin. This was in agreement with the finding that a glutamyl
residue of the alpha-subunit of the heterotrimeric G-proteins binds GTP [97].

Other components of myelin include myelin associated glycoprotein, myelin oligodendrocyte protein,
Myelin/oligodendrocyte specific protein (MOSP), and Mmgp [97]. Increased numbers of myelin
oligodendrocyte protein reactive T and B cells have been described in blood and CSF of multiple
sclerosis patients compared with controls. Immunostaining for myelin oligodendrocyte protein has
proved a useful way of identifying oligodendrocytes in multiple sclerosis lesions [97]. Histologically
well demarcated areas of demyelination with a large influx of macrophages and a subtle perivascular
infiltration of lymphocytes were seen with relative preservation of the axis cylinders [44].

Myelin/oligodendrocyte specific protein and Oligodendrocyte myelin
glycoprotein (OMgp). Myelin/oligodendrocyte specific protein is a 48 kDa
protein located on the membrane surface of oligodendrocytes and myelin
which may interact with the microtubular cytoskeleton [97].

Oligodendrocyte myelin glycoprotein is a GP1-linked membrane protein specific to
oligodendrocytes and central nervous system myelin. The human Omgp gene is on
chromosome 17 within the neurofibromatosis 1 gene. Its function is unknown but is
a member of a family of proteins characterized by leucine-rich (LR) repeats [97].

DD Wood and MA Moscarello conclude that demyelination results from metabolic changes
affecting myelin proteins at the post translational level, in contrast to dysmyelinating disease
which results from changes in the primary structure of the proteins [97].

Multiple sclerosis is characterized by an apparently normal period of myelination followed by
myelin breakdown many years later. Experimental Autoimmune Encephalomyelitis (EAE) is
widely considered to be an animal model of multiple sclerosis. To induce Experimental
Autoimmune Encephalomyelitis (EAE) a myelin antigen can be administered to animals [97].
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Multiple sclerosis myelin is less ordered and hence less stable. A mechanism by which decreased
order is achieved is presented in the various modifications which decrease net positive charge of
MBP. This has been suggested to explain the susceptibility of myelin from victims of multiple
sclerosis to an initial insult that exposes one or more myelin antigens to the immune system.
Subsequently a cascade of events occurs and myelin is destroyed [97].
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Immature Myelin
Myelin obtained from multiple sclerosis sufferers is found to be arrested at the
level of the first growth spurt (within the first 6 years of life) and is therefore
considered developmentally immature. Supporting data include [40]:

1. The pattern of microheterogeneity of myelin basic protein (MBP)
2. The NH2-terminal acylation of the least cationic component of MBP ("C-8")
3. The phase transition temperature (Tc) of myelin isolated from multiple sclerosis sufferers
correlated with the increased proportion of the least cationic component of MBP.
4. Immunogold electron microscopy using an antibody specific for "C-8" showed that
the distribution of gold particles in a 2 year old infant was similar to the distribution
of multiple sclerosis sufferers.

It has been postulated that developmentally immature myelin is more
susceptible to degradation by one or a combination of factors mentioned
above, providing the antigenic material to the immune system [40].

Post mortem examination of the brain in a case of acute fulminating multiple sclerosis (Multiple
sclerosis Marburg type) revealed extensive areas of gross rarefaction in the hemispheric white
matter. MBP was isolated and purified from non-involved white matter. It was slightly larger in
molecular weight than MBP from normal brain or from chronic multiple sclerosis brain [44].

Deimination of arginine side chains to form citrulline residues has been associated
with development of multiple sclerosis [60]. Charge microheterogeneity of MBP
resulting from a number of post translational modifications in myelin may provide
a basis for understanding early stages of demyelination [97].

The post translational modifications are uni-directional in that they all decrease the net
positive charge and therefore decrease bilayer compaction. About half of the modifications
known are reversible (Table 1) which suggests that under normal circumstances local regions
of the bilayer alternate between highly compacted and less compacted states [97].
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The change in mass was accounted for, in part, by the deimination of 18 of 19 arginyl
residues to citrulline, making the patients MBP much less cationic than MBP from normal
white matter. MBP was considered to be of the immature form. The resulting less cationic
MBP cannot carry out its normal function of compacting multilayers [44].
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Prolonged periods in the less compacted state, which may be
induced by an abundance of non-reversible post translational
modifications (e.g. deimination), may represent early lesions [97].

Citrulline is an amino acid not commonly found in proteins. Since there is no known genetic
codon for citrulline it must arise as a post translational modification of arginyl residues. The
enzyme peptidylarginine deiminase (PAD) EC 3.5.3.15 is responsible for the conversion, has been
isolated for hair follicles, epidermis, skeletal muscle and brain. It is an 80 kDa protein which
uses arginine in peptide linkage as a substrate i.e. it has no activity on free arginine [97].

A myelin protein fraction containing citrulline was first demonstrated in 1971. A
citrullinated form of MBP was also isolated from the protein material which does
not bind to Carboxylmethyl (CM) cellulose. Sequence analysis revealed that six
arginyl residues had been converted to citrulline at specific sites (residues 25, 31,
122, 130, 159, 170) in the N- and C-terminal portions of the molecule [97].

The net result is the loss of six positive charges on the molecule. This post translational
modification of MBP could account for a number of observed biological manifestations.
A study was done on the separation of MBP charge isomers isolated from central nervous
system white matter from normal humans of various ages on CM cellulose columns [97].

During the first 2 years of age white matter contained only the least cationic component, C-8. Thereafter, the C-8
content decreased to about 20% i.e. the adult level, and the more cationic isomers appeared. At present there is no
known enzyme which will convert citrulline to arginine. Whereas in normal adult humans the citrullinated MBP
accounts for 20-25% of the total MBP, in victims of multiple sclerosis, this proportion increased to 40-45% except
in a fulminating case of multiple sclerosis (Marburg's) in which C-8 accounted for 80% of the MBP [97].

When investigated immunologically in an ELISA (Enzyme Linked Immuno Sorbent Assay) assay
with a number of well characterized antibodies, differential reactivity between C-1 and C-8
was observed. An antibody raised against residues 10-19 of MBP only recognized C-1 while
a monoclonal antibody (mAb) raised against C-8 recognised only C-8 demonstrating specific
immune responses against the various charge isomers of MBP [97].
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Investigation of other neurological diseases such as Alzheimer's, Parkinson's, Huntington's
amyotrophic lateral sclerosis and Motor Neuron Disease revealed no change in the proportion of
C-8 compared with normal. The increase in C-8 correlated with demyelinating disease and has
been used by some as a diagnostic criteria of demyelination [97].
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In animal model studies of demyelination disease, the C-8/C-1 ratio was used as an index of
spontaneous demyelination. A study used a transgenic mouse model which spontaneously
demyelinated after a normal growth. Investigation of charge isomers of MBP revealed that the
C-8/C-1 ratio was slightly elevated at 2 months of age, prior to signs of demyelination, and
then increased progressively over the following 6-8 months. At 10 months of age the C-8/C-1
ratio was 4.4 compared with a ratio of 0.3 - 0.4 in the normal mouse [97].

The amino terminal portion of C-8 of MBP differs immunologically from C-1. When antisera to
various MBP peptides were tested the differences observed were most pronounced against MBP
peptide 1-14, less reactivity against peptides 10-19 and 90-170 and no reactivity against 69-89 was
demonstrated. It has been suggested that the observed differences could result from a conformational
change induced by citrulline residues in the N-terminal portion of the molecule [97].

It was found that the transition temperature (Tc), indicative of membrane bilayer
order, steadily increased from 2 months (Tc = 31°C) to 17 years (Tc = 63°C) and
remained constant at 63°C until approximately 60 years of age. Since the Tc of
total adult myelin lipid was found to be 51°C, the protein moiety was concluded
to have been exerting an ordering effect on the lipid bilayer [97].

A Tc of 43°C was obtained for both multiple sclerosis myelin and myelin lipid. The composition of
the lipids of normal and multiple sclerosis samples was found to be the same and therefore the Tc
difference of 20°C between normal and multiple sclerosis myelin must be indicative of a qualitative
change in the protein moiety of multiple sclerosis myelin which decreased the bilayer order. The
importance of this result is that the Tc of 43°C for multiple sclerosis myelin was equivalent to the Tc
of normal myelin isolated from children aged 5-8 years [97].
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Myelin Basic Protein
Human MBP exists as a single polypeptide chain of 170 amino acids which has been sequenced.
It is devoid of cysteinyl residues, is highly basic (12 lysyl and 19 arginyl residues), has 11 proline
residues, three of which form a triproline region and it has an acylated N-terminus [97].

Some have reported that MBP exists as a random coil devoid of alpha-helices and
beta conformations. X-ray diffraction demonstrated MBP as a rod-like structure
with a dimension of 1.5 x 150 nm which is in agreement with a prolate ellipsoid
model proposed by Eylar and Thompson [97].

Martenson and Stoner predicted beta structure in MBP using three known algorithms;
procedures that predict the secondary structure of proteins from their amino acid
sequences. Thr 98 in human MBP, which is phosphorylated in vitro, stabilizes the beta
sheet structure proposed by Stoner by interacting with Lys 105 of one strand and with
Arg 33 of an adjacent strand. [97].

Martenson's data suggested that the polypeptide chains of MBP has the potential to
form beta turns and coiled structures whereas Stoner predicted that MBP exists as a
five-strand anti-paralell beta-structure. In model membrane systems MBP was found
to aquire varying degrees of alpha helicity, anti-paralell beta sheets and turns. Studies
have demonstrated a direct effect on lipid behaviour upon interaction with MBP [97].

Binding of MBP to lipid vesicles has been shown to increase their permeabililty,
promote aggregation of and organize bilayers into compact crystalline structures.
This suggests that MBP is important for maintenance of myelin multilamellar
structure through lipid-protein interactions [97].

A decrease in the net positive charge of MBP has a profound effect on the stability
of the bilayer. It has been postulated that a weakened membrane could then be
susceptible to some 'causative' agent that would expose a myelin antigen and the
immune system would respond [97].
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It has been proposed that MBP dimerization between two opposing membranes may be
involved in myelin stability. The mechanisms through which MBP discharges both structural
and metabolic functions appears to correlate with net positive charge of the molecule [97].
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Post translational modifications of MBP seen in multiple sclerosis not only affect the
charge on MBP molecules but represent part of the regulatory mechanism via a signal
transduction system to control myelin compaction and thickness of the multilayer [97].

ADP-ribosylation and GTP binding represent early stages in the phosphorylation
pathway. Phosphorylated sites may change rapidly as suggested by rapid turnover of
phosphate groups. Slow turnover of phosphates on Ser 7 and Thr 98 is determined by
their involvement in secondary structure [97].

It has been noted that the deimination of arginine decreases the net positive charge of MBP. Myelin
basic protein’s role in modulating phospholipase C activity further supports a role in transducing
signals. The role of the heterogenous N-terminus appears to be in regulating ADP-ribosylation and
phosphorylation by affecting secondary structure. The roles of methylation of Arg 107 and
glycosylation (observed only in vitro with a glycosyltransferase from submaxillary gland) are uncertain [97].

All modifications decrease net positive charge, thus MBP isolated from victims of multiple
sclerosis was less cationic than that from normal brain because of the relative proportion of the
citrullinated MBP, C-8 was increased to 45% while in the normal it was about 20%. The effects
of this change in relative proportions were demonstrated with in-vitro model systems. [97].

A liquid X-ray diffraction study showed that unfractionated normal MBP
could promote the organization of negatively charged phosphatidylglycerol
bilayers into multilamellar structures characteristic of native myelin [97].

Unfractionated multiple sclerosis MBP was less effective. At least one half of the protein content
was not involved in the formation of a multilayered structure. This was confirmed by 13C and
31P NMR spectroscopy which measures the interaction of protein with the lipid head group [97].
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In this case multiple sclerosis MBP was less effective than normal MBP in
converting phosphatidylglycerol from a lipid bilayer to the protein induced
domain. Aggregation of lipid vesicles, which measures the affinity of the protein
for the lipid, has shown that unfractionated multiple sclerosis MBP aggregates
unilamellar lipid vesicles to a lesser degree than unfractionated normal MBP [97].
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When charge isomers were prepared from either normal or multiple sclerosis MBP and each sample
subjected to liquid X-ray diffraction with phosphatidylglycerol vesicles, it was found that C-1 could
induce a multilayered structure readily. With loss of positive charge from the molecule this ability
decreased progressively. C-2 was 50% as effective as C-1 but C-8 was ineffective [97].

When lipid vesicle aggregation studies were carried out a similar pattern was observed. C-1 was
more effective at aggregating vesicles than C-8; C-2 and C-3 were intermediate. To demonstrate
that the less cationic MBP correlated with myelin compaction in vivo, myelin of various degrees of
compaction was isolated form normal human white matter [97].

The compact myelin fraction contained the largest number of charge isomers. The MBP isolated
from more dense, less compacted myelin contained progressively fewer charge isomers as the extent
of compaction decreased. The least compact fractions contained the lowest amount of C-1, and the
greatest proportion of C-8. An effect of decreased positive charge of MBP on the biophysical
properties of myelin obtained from humans aged 2 months to 74 years was demonstrated with the
measurement of the motion of the fatty acyl chains of the lipids [97].

Its ability to bind functional groups, GTP, ADP-ribose, and phosphate suggest a role in signal
transduction. The identification of a MAP kinase (Mitogen Activated Protein kinase) site in MBP
strengthens the position that a signal transduction pathway represents a major regulatory system
in myelin. The same modifications affect the net positive charge and therefore the ability of the
modified protein to maintain stable interactions with the lipids of the bilayer. Table 1 lists
modifications of at least eight different sites of phosphorylation [97].

Since MBP was first reported to induce Experimental Autoimmune
Encephalomyelitis (EAE) in laboratory animals, it has been suggested
that it may represent the autoantigen in multiple sclerosis [97].
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T cells specific for a region of human Myelin Basic Protein (MBP), amino acids 87 - 99
(hMBP p87-99), have been implicated in the development of multiple sclerosis [41]. MBP or
MBP-like material can be found in CSF using radioimmunoassay or enzyme linked
immunosorbent assay. Levels are high during relapse then fall and become undetectable [42].
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MBP was initially suggested as a disease activity marker rather than a diagnostic marker,
since any destructive disorder can cause increased CSF MBP. However, it is not always
detected during relapse. Although MBP documents myelin injury, it does not necessarily
indicate a demyelinating disorder [42].

One study reported detection of urinary MBP-like material with the major component
p-cresol-sulphate. Urinary MBP was particularly elevated in SPMS, and correlated
with transition from relapsing to SPMS, and with MRI parameters (T2 lesion number
and volume; T1 hypointense lesion volume) [42].

Gelatinase B, a marker enzyme for chronic inflammatory diseases such as
rheumatoid arthritis and multiple sclerosis, was found to cleave human myelin
basic protein. Human MBP was digested with gelatinase B from leukocytes [48].

Component one (C-1) of MBP was first shown to be ADP-ribosylated in 1988 by
cholera toxin. It has been shown that C-1 accepts 2 moles of ADP-ribose per mole of
MBP. The two sites of modification were identified as arginine 9 and 54; C-2 and C3 accepted 2 moles of ADP-ribose but C-8 was not ADP-ribosylated [97].

It has been found that in C-8 arginine 9 has been deiminated to citrulline
therefore ADP-ribosylation should not occur. Arginine 54 was not found to
be deiminated thus it suggested that a conformational change in the molecule
may account for the lack of ADP-ribosylation [97].

In vitro, MBP was ADP-ribosylated by the alpha subunit of cholera toxin at two arginyl
residues. In order to determine if MBP was ADP-ribosylated in vivo it was necessary to
detect the presence of NAD-arginine ADP-ribosyltransferase in myelin [97].
MYELIN
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Acylation of Central Nervous System Proteins
In multiple sclerosis many eukaryotic proteins are found modified at their amino termini by a covalent
amide linked alkylcarboxylic acid. The most common structural moieties are Nalpha-acetylation and
Nalpha-myristoylation. In general, fatty acylation of proteins is required for their biological activity and
their translocation across intracellular and plasma membranes. Their binding to plasma membranes and
membrane receptors may mediate signal transduction pathways [97].

Two central nervous system proteins, retinal recoverin (a calcium ion binding protein) and the
alpha subunit of the G-protein rod transducin (T alpha), are heterogeneously fatty acylated
at their NH2 terminus. The fatty acid groups were found to be lauroyl (12:0) and three
mistroyl fatty acids (14:0, 14:1, and 14:2) with 14:1 the most abundant acyl moiety [97].

Both recoverin and T alpha are involved in the synthesis and hydrolysis of cGMP in the retinal
photo-transduction system. The N-alpha myristoyl moiety was thought to be, in part, responsible
for the binding of T alpha to the rod membrane after its dissociation from the BetaGamma
subunits. Kohame et al suggested the acyl groups influence both the GTPase activity of T alpha
and its ability to be ADP-ribosylated thus being directly involved in G-protein regulation [97].

Recoverin binding to photoreceptor membranes is calcium ion and N-alpha-fatty acylation
dependent. Functional roles for other N-terminally acylated proteins in membrane binding
and viral replication have been demonstrated. It is apparent that N-alpha-myristoylation of
certain proteins is an absolute requirement for their biological function [97].

Hashim and Kylar, as well as Carnegie reported that the amino terminal alanyl residue of MBP was
blocked by an acetyl group. Derivatized acetate was the only alkyl carboxylate obtained. Each
molecule of C-1 and C-8 showed the amino terminal alanyl residue was blocked with one of five
different short chain alkyl carboxylic acids (acetyl, butyl, hexyl, octyl and decyl) [97].

Investigation of the relative proportions of the various alkyl carboxylates in
neurological disease, showed that those isolated from C-1 were unaltered in
motor neurons disease, Parkinson’s disease, Huntingtons disease and multiple
sclerosis, i.e. the relative proportions of acetyl (8-11%), butyl (23-30%), hexyl
(28-37%), octyl (15-25%) and decyl (8-11%) were maintained [97].
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When the alkyl carboxylates from C-1 and C-8 from normal adult human MBP were
compared, it was observed that the relative amounts varied i.e. more C-1 than C-8
molecules were acylated, but more C-8 than C-1 molecules were octylated [97].
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The relative proportions in C-8 from children and multiple sclerosis patients were
different. In both cases the acetyl group accounted for 45-65% of the total, butyl (3040%) and a small amount of hexyl in some cases. Acylation at the N-terminus removes
the positive charge contributed by the N-terminal alanine [97].

The length of the alkyl moiety does not affect the charge on MBP but may affect its
hydrophobicity, secondary structure and post translational modifications. As the length of alkyl
carboxylate increased, the moles of PO4/mole peptide increased from 0.11 (acetyl) to 0.95 (decyl)
demonstrating that the N-terminal blocking group affects phosphorylation (at serine 12) [97].

In mice Experimental Autoimmune Encephalomyelitis (EAE) can be induced with the N-terminal
peptide (residues 1-9) of MBP but only if the N-alpha-alanine residue is acetylated. In general the
N-terminal alanine residue is acylated with fatty acids of various chain length (C2-C10) [97].

In a study conducted in PL/J mice, encephalitogenicity decreased with an increase in length of the alkyl
carboxylate at the N-terminus of peptide 1-21. In adoptive Experimental Autoimmune Encephalomyelitis
(EAE), only lymph node cells sensitive to MBP peptide acetyl 1-21 and butyl 1-21 could transfer clinical
Experimental Autoimmune Encephalomyelitis (EAE). Peptide 1-21 blocked with a hexyl or octyl group
induced mild histopathological changes but no clinical Experimental Autoimmune Encephalomyelitis (EAE),
while decyl blocked peptide 1-21 was unable to induce either histopathological changes or Experimental
Autoimmune Encephalomyelitis (EAE) [97].
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Proteolipid Protein
Proteolipid Protein is a very hydrophobic protein that forms large aggregates in aqueous solution and is relatively resistant
to proteolysis. Its molecular weight, based on sequence analysis, is 30,000 Daltons. Proteolipid Protein is highly
conserved in sequence amongst species. Its role is thought to be one of promoting the formation and stabilization of the
multilayered myelin structure. In the periferal nervous system, the major protein is Po, a glycoprotein that accounts for
greater than 50% of the periferal nervous system myelin protein content [92].

The molecular weight of Po is 30,000, the same as Proteolipid Protein. Po is thought to play a similar
structural role in maintaining myelin structure, with some similarities and differences to the MBPs found in
the central nervous system. The major periferal nervous system-specific MBP has been designated P2 [92].

The most abundant protein in peripheral nerve myelin is the integral membrane
peripheral myelin glycoprotein Po. It is encoded by an autosomal gene for
which 29 known defects are associated with a variety of human diseases [60].

The extracellular domain of Po, like many other cell adhesion molecules has a structure related to
that of immunoglobulin. Four molecules of Po, each of which carries a single immunoglobulin
domain, associate via these domains in a kind of square donut that protrudes from the outer cell
surface. There it can interact with four similar donuts from the opposed cell surface, zipping up
the cell-cell interface by a kind of Velcro action [60].

Myelin Basic Protein constitutes about 20% of the total protein of
peripheral myelin and is essential to the structure of myelin. This
protein exists as a variety of forms that arise from differential splicing
of its mRNA and extensive post translational modification [60].
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Peripheral myosin protein 22 is a 160 residue polypeptide with four membrane spanning helices. It accounts for 25% of the myelin protein [60]. In the periferal nervous system myelin associated glycoprotein is the antigenic target
for circulating antibodies in certain demyelinating neuropathies. Myelin associated glycoprotein has been identified
as a potent inhibitor of neurite outgrowth, a phenomenon of obvious importance in neural regeneration, though
perhaps not in primary demyelination [97].
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Myelin/Oligodendrocyte Glycoprotein
The Mog gene of the mouse is on chromosome 17, within the major histocompatibility
complex. Myelin oligodendrocyte protein, a member of the immunoglobulin superfamily, is
specific to oligodendrocytes and is expressed late in the development of the mature cell [97].

Mature myelin oligodendrocyte protein has 218 residues with a single glycosylation
site and has significant identity (>90%) between species. Myelin oligodendrocyte
protein is predicted to have a large extracellular domain. Immunostaining of tissue
labels the outer part of the myelin sheath and the oligodendrocyte membrane [97].

Myelin oligodendrocyte protein has been suggested as a potential myelin antigen in
immune mediated demyelination as anti-myelin oligodendrocyte protein antibodies are
able to induce demyelination, in the presence of complement when given access to the
central nervous system, either directly or via a damaged blood brain barrier [97].

Increased numbers of myelin oligodendrocyte protein reactive T and B cells have
been described in blood and CSF of multiple sclerosis patients compared with
controls. Immunostaining for myelin oligodendrocyte protein has proved a useful
way of identifying oligodendrocytes in multiple sclerosis lesions [97].
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Myelin Associated Glycoprotein
The Mag gene is located on chromosome 7 in the mouse and 19 in the human. A member of
the immunoglobulin gene superfamily, myelin associated glycoprotein is believed to act as a
heterophilic adhesion molecule between the axon and oligodendrocyte (or Schwann cell)
particularly during the initial phases of ensheathment and myelination [97].

It is also localized at Schmidt-Lanterman incisures, paranodes and mesaxons but excluded from the
compact myelin sheath. Myelin associated glycoprotein is also believed to maintain the periaxonal
cytoplasmic collar of the inner Schwann cell. There are two developmentally regulated isoforms, large
and small, which are produced by alternative splicing and differ at their C-terminal [97].

Large myelin associated glycoprotein is phosphorylated on its cytoplasmic domain and interacts with the
cytoskeleton. During myelination expression of the Mag gene precedes expression of the major myelin protein
genes, Plp and Mbp. Small MAG is the major isoform in the adult central nervous system whereas large MAG
appears to be involved in the initial events of axon/oligodendrocyte interaction, an event which possibly
involves activation of the fyn tyrosine kinase (a member of the Src family of non-receptor-type tyrosine kinases
which plays an important role in signal transductions regulating cell proliferation and differentiation) [97].

In multiple sclerosis there is loss of myelin associated glycoprotein from demyelinated areas
as expected, but more interestingly myelin associated glycoprotein is also significantly
reduced in the periplaque and adjacent white matter which stains normally for myelin [97].

In the periferal nervous system myelin associated glycoprotein is the antigenic target for
circulating antibodies in certain demyelinating neuropathies. Myelin associated glycoprotein
has been identified as a potent inhibitor of neurite outgrowth, a phenomenon of obvious
importance in neural regeneration, though perhaps not in primary demyelination [97].
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Pathology Overview
Multiple sclerosis and Experimental Autoimmune Encephalomyelitis (EAE) are both
immune mediated diseases of the central nervous system. They are characterized by
widespread inflammation, demyelination and a variable degree of axonal loss [24].

Alongside multiple sclerosis presenting an inflammatory and demyelinating process, it also involves
abnormalities of axons, neurons and glial cells. The neurodegenerative phase of multiple sclerosis
injures axons and neurons. This has been indicated to be the anatomic substrate of permanent disability.
Axon damage releases components such as neurofilament chains and tau protein into CSF [42].

In multiple sclerosis, T cells reactive to myelin-proteins can cross the Blood Brain Barrier
(BBB) and release proinflammatory cytokines such as IFN gamma . These induce glial
cells to express class II major histocompatibility complex (MHC) molecules which are
required to present myelin antigens to the T cells in order to mount a proper immune
response. Both microglia and astrocytes can function as antigen presenting cells [22].

In contrast to microglia, endogenous supressors, including norepinephrine, regulate astrocyte
class II MHC expression. The effects of norepinephrine are mediated through activation of beta
2 adrenergic receptors. In multiple sclerosis, beta 2 adrenergic receptors could neither be
visualized on astrocytes in normal appearing white matter nor in reactive astrocytes in chronic
active and inactive plaques, whereas they were normally present on neurons. MHC class IIpositive astrocytes were only visualized in chronic active plaques [22].

Because astrocytic beta 2 adrenergic receptors are involved in suppressing inducibility of
MHC class II molecular, it is suggested that their lack of expression may play an important
role in the induction or perpetuation of autoimmune reactions in multiple sclerosis [22].

Multiple sclerosis lesions are associated with infiltration of T lymphocytes and
macrophages that appear to mediate myelin destruction and gliosis (scarring).
Mast cells are located perivascularly in the brain, are juxtaposed to neurons, and
have been shown to secrete vasoactive and inflammatory mediators in response to
neuropeptides and direct nerve stimulation [23].
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Mast cells have been identified in multiple sclerosis lesions, activated by myelin basic protein they
can participate in the regulation of blood brain barrier permeability, as well as in myelin destruction.
Mast cell specific proteolytic enzyme tryptase was significantly elevated in multiple sclerosis [23].
Tryptase is the most abundant secretory granule-derived serine proteinase contained in mast cells.
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Magnetic Resonance Spectroscopy studies have indicated that axonal damage and loss are a reliable correlate of
permanent clinical disability. It has been found that alpha 1B; the pore-forming subunit of N-type calcium channels,
was accumulated within axons and axonal spheroids of actively demyelinating lesions. The axonal staining pattern
of alpha 1B (the pore-forming subunit of N-type calcium channels) was comparable with that of beta-amyloid precursor
protein, which is an early and sensitive marker for disturbance of axonal transport. Within these injured axons,
alpha 1B was not only accumulated, but also integrated in the axoplasmic membrane, as shown by immune electron
microscopy on the Experimental Autoimmune Encephalomyelitis (EAE) material [24].

This ectopic distribution of calcium channels in the axonal membrane may result in increased
calcium influx, contributing to axonal degeneration, possibly via activation of neutral proteases.
It is suggested that calcium influx through voltage dependent calcium channels is a possible
candidate mechanism for axonal degeneration in inflammatory demyelinating disorders [24].

Phospholipids and sphingolipids are involved in multiple sclerosis. In multiple sclerosis
(a demyelinating disease) there is loss of both phospholipids (particularly ethanolamine
plasmalogen) and of sphingolipids from white matter. Thus the lipid composition of white
matter resembles that of gray matter. The CSF shows raised phospholipids levels[55].

The chronic inflammatory disease of the central nervous system is
pathologically characterized by perivenous immune cell infiltration and myelin
destruction due to autoimmune reactions against myelin basic protein, focal
demyelination and subsequent loss of oligodendrocytes and axons [77].

When damage is severe, secondary permanent axonal destruction occurs. In the cord,
plaques rarely destroy large groups of anterior horn cells - thus focal muscle wasting (e.g.
small hand muscles) is unusual. Axonal damage seems to be the main cause of permanent
neurological deficits, as dystrophic axons apparently cannot be remyelinated [68].
Multiple sclerosis plaques are not seen in myelin sheaths of peripheral nerves [95].

Axon Injury Markers:

Membrane Markers:
Apolipoprotein E
24S-hydroxycholesterol
Other Markers:
14-3-3 protein
Neuron specific enoline [42].
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Cytoskeleton:
NFL chain, antibodies to NFL
NFH, antibodies to NFH
Actin and tubulin, antibodies to actin and tubulin
Tau
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Models of Multiple Sclerosis
A study points out the similarities between Primary Progressive Multiple Sclerosis and
human T lymphotropic virus type 1-associated myelopathy, where there is a progressive
decline in neurologic function from the disease onset. The scientific community is and
always will be appropriately limited with human experimentation.

Experimental autoimmune encephalomyelitis is an animal model of brain inflammation.
It is an inflammatory demyelinating disease of the central nervous system. It is mostly
used with rodents and is widely studied as an animal model of the human central
nervous system demyelinating diseases, including the diseases multiple sclerosis and
acute disseminated encephalomyelitis (ADEM).

Experimental Autoimmune Encephalomyelitis (EAE) can be induced by inoculation with whole central nervous
system tissue, purified myelin basic protein (MBP) or myelin proteolipid protein (PLP), together with adjuvants.
It may also be induced by the passive transfer of T cells specifically reactive to these myelin antigens.
Experimental Autoimmune Encephalomyelitis (EAE) may have either an acute or a chronic relapsing course.

Acute Experimental Autoimmune Encephalomyelitis (EAE) closely resembles the human disease acute disseminated
encephalomyelitis, while chronic relapsing Experimental Autoimmune Encephalomyelitis (EAE) resembles multiple
sclerosis. Experimental Autoimmune Encephalomyelitis (EAE) is also the prototype for T cell-mediated autoimmune
disease in general. Experimental Autoimmune Encephalomyelitis (EAE) as a model of multiple sclerosis is widely used.
It has been said by researchers that "Multiple sclerosis is a superb model of experimental autoimmune encephalomyelitis",
though it must be borne in mind that Experimental Autoimmune Encephalomyelitis (EAE) is a model [12].

It was shown that the alpha-4-Beta-7 integrin, Very Late Antigen-4 (VLA-4), was critical for T cell traffic into
the central nervous system of mice with Experimental Autoimmune Encephalomyelitis (EAE). This resulted
in a highly successful phase II trial of anti-VLA-4 in patients with RRMS, which has now gone to phase III
investigations. This is a good example of how the Experimental Autoimmune Encephalomyelitis (EAE) model
has proved highly useful in developing therapies for multiple sclerosis [12].

Active immunization of the common marmoset (Callithrix jacchus) with whole myelin
produces a primary demyelinating disease with a chronic relapsing remitting course,
characterized pathologically by moderate inflammation with prominent and early
demyelination and gliosis reminiscent of human multiple sclerosis [33].
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Production of the fully demyelinated lesion requires synergism between encephalitogenic (e.g. disease inducing)
T cells and pathogenic antibody. The antigens of myelin that promote encephalitogenic T cell and antibody
response in this system have been identified. On the similarity between the two conditions and the high degree
of conservation in immune and nervous system genes between humans and nonhuman primates it has been
chosen as a model [33].
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Experimental Autoimmune Encephalomyelitis
A study reported that experimental autoimmune encephalomyelitis, the T cell mediated autoimmune
disease studied as a model for multiple sclerosis, can be suppressed in Lewis rats by the oral administration
of myelin basic protein. Both the clinical and histopathologic manifestations of the disease were
suppressed in a dose dependent manner. In addition, proliferative responses to MBP and to a lesser extent,
serum levels of anti-MBP antibody were suppressed by feeding MBP [53].

Suppression of clinical and histologic disease was observed whether animals were fed MBP
before or after disease induction, although suppression was more complete when the rats were
fed before immunization. Disease was also suppressed by feeding either encephalitogenic or
nonencephalitogenic fragments and decapeptides of the MBP molecule, with more complete
suppression observed when nonencephalitogenic fragments were fed [53].

Orally administered antigens induce a state of immunologic hyporesponsiveness termed oral tolerance.
Different mechanisms are involved in mediating oral tolerance depending on the dose fed. Low doses of
antigen generate cytokine-secreting regulatory cells, whereas high doses induce anergy (functional
inactivation) or deletion (physical elimination of immune cells). Experimental Autoimmune Encephalomyelitis
(EAE) was suppressed in transgenic mice by low dose feeding of MBP prior to immunization [51].

Oral administration of autoantigens can prevent and partially suppress autoimmune diseases
in a number of experimental models. Depending on the dose of antigen fed, this approach
appears to involve distinct yet reversible and short-lasting mechanisms (anergy/deletion and
suppression) and usually requires repeated feeding of large (suppression) to massive
(anergy/deletion) amounts of autoantigens to be effective [50].

This approach is relatively less effective in animals already systematically sensitized to the fed
antigen, such as in animals already harbouring autoreactive T cells. The feeding of small amounts of
MBP conjugated to Cholera toxin B subunit (CTB) either before or after disease induction protected
rats from experimental autoimmune encephalomyelitis. Such treatment was effective in suppressing
interleukin 2 production and proliferative responses of lymph node cells to MBP as treatment
involving repeated feeding with much larger (50- to 100-fold) doses of free MBP [50].

PATHOLOGY

As opposed to the refeeding of MBP which led to decreased production of interferon in lymph
nodes, low dose oral CTB-MBP (Cholera Toxin B Myelin Basic Protein) treatment was
associated with increased interferon production. Low dose oral CTB-MBP (Cholera Toxin B
Myelin Basic Protein) treatment greatly reduced the level of leukocyte infiltration into spinal
cord tissue compared with treatment with repeated feeding of large doses of MBP [50].
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Due to the striking similarity between clinical and histopathological features of multiple sclerosis and
Experimental Autoimmune Encephalomyelitis (EAE), researchers began studying oral administration of myelin
basic protein (MBP) in humans. The rationale to support this was that oral administration of MBP has been shown
to exert a profoundly suppressive effect on Experimental Autoimmune Encephalomyelitis (EAE) induced in rats.
This MBP induced effect is characterized by inhibition of Experimental Autoimmune Encephalomyelitis (EAE)
clinical neurological signs, reduced demyelination, and a significant decrease in the level of antibodies for MBP.
Preliminary results in humans look equally impressive [96].

The oral administration of MBP to Lewis rats prior to an encephalitogenic challenge resulted in total inhibition or
a significant delay in onset of Experimental Autoimmune Encephalomyelitis (EAE). In vitro lymphocyte
proliferative responses to MBP were significantly decreased in MBP fed rats compared with controls.
Suppression of Experimental Autoimmune Encephalomyelitis (EAE) and in vitro proliferative responses to MBP
were observed to be antigen specific, since oral feeding of a control protein exerted no suppressive effect [45].

The specificity of MBP induced oral tolerance was shown to be species specific
since feed guinea pig MBP (GPMBP) or human MBP (HuMBP) induced protection
only against a GPMBP or HuMBP challenge respectively. Conversely, Lewis rats
could not be orally tolerized to the self antigen rat MBP [45].

An immunodominant epitope of myelin basic protein - VHFFKNIVTPRTP (p87-99) - is a major
target of T cells in lesions of multiple sclerosis and Experimental Autoimmune Encephalomyelitis
(EAE). T cells found in Experimental Autoimmune Encephalomyelitis (EAE) lesions bear the same
amino acids in the third complementary determining region of the T cell receptor (TCR) as those
found in multiple sclerosis lesions [46].

Intraperitoneal injection of synthetic peptides of immunodominant determinants of MBP prevented MBPinduced Experimental Autoimmune Encephalomyelitis (EAE) in adult mice. Tolerance inducing regimens
of peptides administered to mice 10 days after the disease had been initiated with MBP, blocked the
progression and decreased the severity of Experimental Autoimmune Encephalomyelitis (EAE). Peptide
induced tolerance resulted from the induction of anergy in proliferative antigen specific T cells [47].

Administration of soluble altered peptide ligand (APL), made by substituting native residues with alanine at
either positions 91 (91K>A or A91) or 97 (97R>A or A97) in the hMBP 87-99 peptide, blocked the development
of chronic relapsing Experimental Autoimmune Encephalomyelitis (EAE) in the SJL mouse [41].

PATHOLOGY

T cells isolated from the spleen and mesenteric lymph nodes of MBP orally tolerized animals can
adoptively transfer protection against Experimental Autoimmune Encephalomyelitis (EAE). These
T cells are of the CD8+ subclass. CD8+ T cells form MBP orally tolerized animals also suppress in
vitro proliferative responses and antibody responses to MBP in an antigen specific fashion [49].

126

Autoimmune Disease
Autoimmune diseases result from the generation of immune responses against self
antigens. Autoimmune diseases include insulin dependent diabetes mellitus, multiple
sclerosis and rheumatoid arthritis. In autoimmune illnesses immune responses against
self antigens result in damage to selective tissues that express the antigen [59].

Scheme offered by David A. Hafler of Harvard Medical School is thus:
1. In a susceptible host, common microbes both activate the Antigen Presenting Cells
(APC’s) through toll receptors and contain protein sequences which are cross reactive with
self myelin antigens.
2. Underlying immunoregulatory T cells in the circulation of patients with multiple
sclerosis, allow the further pathologic activation of autoreactive T cells.
3. Activated myelin reactive T cells migrate into the central nervous system and recognize
antigen presented by microglia-local Antigen Presenting Cells (APC's). Th1 cytokines are
secreted and an inflammatory cascade is initiated.

In many cases the cause of the generation of self-reactive antibodies or T cells is unclear. In
other cases of autoimmune disease infectious organisms such as bacteria or viruses are thought
to play a role. Infection leads to the generation of antibodies and T cells that react with many
different epitopes from the infectious organism. If one of these antigens closely resembles a self
antigen, an autoimmune response can occur [59].

When the immune system continuously forms autoantibodies (AAB) or activates T cells
against endogenous antigens, this may cause damage to tissues or organs (Auto-Immune
Disease - AID). The occurrence of autoantibodies is by itself not proof of autoimmune
disease because autoantibodies can be demonstrated as a transient response to tissue
damage [58]. In Caucasians in northern Europe and the USA, there is a weak association
between multiple sclerosis and antigens HLA-A3, B7, D2 and DR2 [95].
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Clonal deletion is the elimination of certain T cell populations in the thymus that
have receptors for self antigens. In contrast, a very different mechanism of tolerance
involving the functional inactivation, but not elimination, of autoreactive cells,
termed clonal inactivation or clonal anergy.
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Autoimmune disease is normally prevented because immature T cells which recognize the most
common ubiquitous autoantigens are subject to clonal deletion in the thymus; mature T cells are
clonally inactivated. The reason for this is that cells in tissue do not give off any costimulation
signals (e.g. B7-protein; B1); - ubiquitous autoantigen specific T cells are not activated in certain
circumstances, despite recognition [58].

Ubiquitous autoantigens from immunologically privileged regions (brain, eye, testis, uterus)
may leave these (via blood vessels, but not via lymphatics) and interact with T cells, but this
does usually not trigger autoimmune disease (AID) because ubiquitous autoantigens are
accompanied by Transforming growth factor beta (TGF Beta) [58].

It is from these regions that ubiquitous autoantigens (AAG) cause autoimmune
disease (AID), an example, myelin basic protein (MBP) of the brain causing
multiple sclerosis, one of the most common autoimmune diseases [58].

The etiology and pathogenesis of autoimmune disease has not been clarified, yet the
formation of autoantibodies and T cell activation are based on the same mechanisms
that operate in immune reactions to foreign bodies. This is probably responsible for
Th 2 cells being activated instead of the destructive Th1 cells.

Anergy is a term in immunobiology that describes a lack of reaction by the body's defense
mechanisms to foreign substances. It has been shown in animal experiments that MBP
produces no tolerance or anergy of the T cells, but rather immunological ignorance; this is
transformed into destruction of myelin when (e.g. with an infection) MBP-specific,
inflammatory Th1 cells are activated elsewhere and then penetrated into the brain [58].

In a similar fashion proteins may be released in an injury to the eye and the immune response
to it can endanger the other intact eye (sympathetic ophthalmia). Infertility due to sperm
autoantibodies is another example. Normally the embryo or fetus with its numerous foreign
antigens (inherited from the father) is immunologically tolerated since the placenta induces
anergy of maternal lymphocytes. Inability of the placenta to do so leads to abortion [58].
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Infections may be involved in the development of autoimmune disease. For example,
MBP-specific T cells are activated when certain bacteria are present (experimentally, i.e. by
mycobacteria in Freund's adjuvant). These pathogens may elicite the missing costimulation
signal. These pathogens may elicit the missing costimulation signal [58].
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In addition, antibodies against certain pathogen antigens or T cells may cross-react with ubiquitous
autoantigens (molecular mimicry), such as antibodies against A streptococci with ubiquitous
autoantigens in the heart (endocarditis), joints (rheumatoid arthritis), and kidney (glomerulonephritis) [58].

Most cells are ordinarily kept apart from those of the nervous system by means of the blood brain barrier.
In allergic encephalomyelitis, the T cells attack the myelin sheath of brain neurons, and can be induced
readily in mice. A similar autoimmune process is thought to be involved in human multiple sclerosis.
High levels of circulating IgM are found in some demyelinating diseases of the peripheral neuron [62].

Circulating autoreactive CD4+ T lymphocytes bear antigen-specific surface receptors and cross
the blood brain barrier when activated, e.g. by neurotropic viruses, bacterial superantigens, or
cytokines. In multiple sclerosis, activated T lymphocytes react with Myelin Basic Protein,
Proteolipid Protein, myelin oligodendrocyte protein and myelin associated glycoprotein.
Circulating antibodies to various components of myelin can be detected [68].

Activated lymphocytes and myelinotoxic antibodies
penetrate the blood brain barrier at the venules resulting
in a perivenous distribution of inflammation [68].

In a study, a unique antigen has been found in association with the autoimmunity of multiple sclerosis.
Antiganglioside antibodies (AGA) have been reported. 47.6% of patients showed antiganglioside
antibodies reactivity. Anti-GM1 was found in 38% of multiple sclerosis patents, anti-asialoGM1 in
23.8% and anti-GD1a in 33.3%. IgG was the isotype more commonly found [31].

A correlation between presence of antiganglioside antibodies and progressive disease and between
anti-GD1a and primary progressive multiple sclerosis was found. The presence of antiganglioside
antibodies in multiple sclerosis patients is elevated. In contrast to the results of other authors, a strong
correlation between antiganglioside antibodies and progressive disease was shown in a study [31].

PATHOLOGY
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Epitope Spreading
First demonstrated by Sercarz and colleagues, it was shown that the inflammatory process
initiated by T cell recognition of one myelin protein epitope subsequently leads to the
activation of autoreactive T cells recognizing other epitopes of the same protein [25].

In time, there is activation of T cells recognizing other myelin proteins that presumably get degraded and
then loaded into the Major Histocompatibility Complex (MHC) of local Antigen Presenting Cells (APC’s).
The discovery of epitope spreading was important for the investigation of multiple sclerosis, because it
suggested that the answer for the fundamental question (what is the antigenic target driving the disease ?) was
unlikely to be found in the discovery of a single antigen [25].

By the time a patient with the disease and recurrent attacks is seen in the clinic, there is likely to
be activation of myelin-reactive T cells recognizing many myelin epitopes and proteins.
Experiments in the Experimental Autoimmune Encephalomyelitis (EAE) model may explain data
showing myelin reactive T cells activated against both myelin basic protein and proteolipid protein
in the same multiple sclerosis patients [25].

It was with the Experimental Autoimmune Encephalomyelitis (EAE) model that epitope spreading was first
observed by Eli Sercarz. With the injection of a single myelin protein epitope into mice results in the
subsequent development of Experimental Autoimmune Encephalomyelitis (EAE). It was observed that T cells
became activated against other epitopes of the same protein. This was followed by T cell activation in response
to other myelin proteins that become capable of adoptively transferring the disease to naïve mice [12].

A transgenic mouse expressing DR2 (DRB1*1501) and a T Cell Receptor (Ob1A12) cloned from the
blood of a patient with multiple sclerosis recognizing an immunodominant myelin basic protein peptide
p85-99 (MBP p85-99) spontaneously developed Experimental Autoimmune Encephalomyelitis (EAE)
with epitope spreading to a number of antigens implicated in multiple sclerosis including alpha-beta
crystalline, and proteolipid apoprotein (D. Attman, V. Kuchroo, and D. Hafler, unpublished observations) [12].

Among the millions of lymphocytes in the human body, only a few actually are specific for
any particular infectious agent. At the time of infection, these few cell must be recruited
and allowed to multiply rapidly. This process - called "clonal expansion" - allows the body
to quickly mobilise an army of clones, as and when required.
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Epitope spreading requires costimulation with B7/CN28. A high expression of B7-1 costimulatory
molecules in the central nervous system white matter has been observed in multiple sclerosis patients.
Most patients exhibit T cell reactivity to a number of myelin antigens. It is likely that by the time a
patient develops clinical multiple sclerosis there has been epitope spreading with reactivity to multiple
myelin epitopes. The presence of clonally expanded T cells in the CSF and brain tissue of patients
with the disease raises the issue that there may be clonal reactivity to just a few myelin antigens [12].
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In the central nervous system, antigen presenting cells (microglia), recognition molecules (MHC
class II antigens), and co-stimulatory signals (CD28, B7-1) trigger the renewed activation and
clonal proliferation of incoming CD4+T lymphocytes into TH1 and TH2 cells [68].

It is the costimulatory molecules provide the second signal for cell activation. They involve the
B7 family (CD80, CD86) expressed on antigen presenting cells and their corresponding ligands on
T cells (CD28, CTLA-4, CD40L). Increased CD80+ B cells were reported during periods of
multiple sclerosis disease activity, while CD86+ monocytes were decreased [42].

Data from laboratories combined with experimental data from Experimental Autoimmune
Encephalomyelitis (EAE) model where myelin antigen is injected with adjuvant into mammals indicate
that there are autoreactive T cells recognizing myelin antigens in the circulation of mammals. It is
proposed that the activation of these T cells is the critical event in inducing autoimmune disease [12].

It was demonstrated that T cell clones isolated from the blood of patients with
multiple sclerosis frequently exhibit particular specificity for the immunodominant
p85-99 epitope of myelin basic protein. The T cell receptor (TCR) appears to be
highly specific and alteration of the peptide ligand can change the T cell receptor
conformation to yield a higher degree of T cell cross reactivity [12].

Several diseases can be induced by infections with viruses, bacteria, trypanosomes, etc. In
example, arthritis can follow infection by Salmonella. This suggests that the killer T cells
can be confused when stimulated by foreign antigens, which are too closely related to the
HLA (Human Leukocyte Antigen) antigens of the host. Diseases with a strong HLA type
include multiple sclerosis, Crohn's disease (IBS) [61].

The cerebrospinal fluid which surrounds the brain and spinal cord, contains an elevated level of
antibodies in most multiple sclerosis sufferers. Antibodies are protein molecules made by white
blood cells that bind to foreign molecules. In multiple sclerosis the elevated level of antibodies
has a pattern which is characteristic of that seen in an infectious process [96].

The demyelination may be direct viral damage to the myelin producing cells, or viral infection
leading to formation of antibodies which then attack the myelin. A number of nucleic acids have
been isolated from cultures of material in patients with multiple sclerosis, including rabies virus,
herpes simplex virus, scrapie virus, parainfluenza virus, subacute myelo-opticoneuropathy virus,
measles virus, and coronavirus [96].
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There is much information to suggest that multiple sclerosis is the result of a viral
infection. Viruses cause several demyelinating diseases in humans and animals that
are quite similar to multiple sclerosis. Varying studies, when considered collectively,
have demonstrated that demyelination can occur as a result of viral infection [96].
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As early as 1962, researchers reported that the blood of patients with multiple sclerosis had
elevated levels of antibodies to measles. Subsequent studies confirmed this association, and at
one time it was believed that multiple sclerosis was due to an ongoing measles infection [96].

This view has been contrasted with studies which indicate that a high percentage of
patients with multiple sclerosis have elevated antibody levels to other viruses.
Studies have also shown that the measles specific antibody in multiple sclerosis
patients accounts for only a small percentage of the total antibody level [96].

Human herpes virus 6 and 7 are ubiquitous herpes viruses which normally infect their hosts early
in life. There are two variant groups of human herpes virus 6 (HHV-6): variants A (HHV-6A) and
variants B (HHV-6B). HHV-6B is frequently present in plaque regions in the brains of multiple
sclerosis patients although an etiologic association has not been proven [93].

A report by Katz-Levy et al in the Journal of Clinical Investigation provides new insight into the understanding of
how viruses can induce human autoimmune diseases. Here again, investigation of the human disease is aided by the
experimental animal. Theiler’s Murine Encephalitis Virus induced demyelinating disease (TMEV-IDD) is caused by
direct central nervous system infection by the virus, leading to TMEV-specific CD4+ cells that cross into the central
nervous system and target virally infected central nervous system-resident antigen presenting cells; depletion or
tolerance of T lymphocytes abrogates the disease [25].

It was shown that whereas the initial T cell response is directed to TMEV, the chronic T
cell-mediated disease involved the activation of myelin reactive CD4+ cells. A widely
held belief in the pathogenesis of autoimmune disease is that some form of molecule
mimicry induces the initial activation of myelin-reactive T cells, followed by epitope
spreading and recognition of multiple central nervous system myelin proteins [25].

It is shown that microglia (local central nervous system antigen presenting cells) isolated directly
from the central nervous system of TMEV-infected mice were able to endogenously present
epitopes of myelin antigen and proteolipid protein, to T cell lines. These experiments
demonstrate that with viral infection of the central nervous system, myelin antigens can be
processed and presented by microglial cells in such a way as to activate naïve T cells [25].
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The animal model Theiler's Murine Encephalitis Virus induced demyelinating disease (TMEV-100)
has been used, to provide insights into the group of syndromes that are referred to as multiple
sclerosis. It has been proposed that early relapsing remitting multiple sclerosis may be similar to the
Experimental Autoimmune Encephalomyelitis (EAE) model where there is activation of autoreactive
T cells mediated by peripheral immune system stimulation by microbial antigens cross reactive with
central nervous system myelin antigens [25].
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This is consistent with the known trigger associated with multiple sclerosis; antecedent
viral infections. It has been further proposed that the myriad clinical and subclinical viral
and bacterial infections we experience every year result in the specific and nonspecific
activation of the immune system that can induce the activation of autoreactive T cells [25].

It has been suggested that in the transition to chronic-progressive multiple sclerosis, which is seen in the
Theiler's murine encephalomyelitis virus model, the inflammation is driven by chronic central nervous
system presentation of self antigen. In this model, the environmental influences of repeated microbial
infections are not necessary for the peripheral activation of the immune system; rather, the central nervous
system becomes a depot of myelin antigens presented by antigen presenting cells expressing B7-1 [25].

Results have been presented which tie together the autoimmune and viral models of T cell mediated central
nervous system damage, by demonstrating that viral infection of the central nervous system can directly lead
to epitope spreading by microglia presentation of self antigen in chronic autoimmune disease [25].

A greater cross reactivity could be demonstrated and a number of viral epitopes were
identified that could trigger autoreactive T cell clones [12]. Single amino acid changes at
different positions in the same peptide epitope can lead to Altered Peptide Ligand (APL)
capable of controlling autoimmune disease by different mechanisms [41].

Experimental demyelination using neurotropic viruses or Experimental Autoimmune
Encephalomyelitis (EAE) is associated with decreased levels of mRNA for Proteolipid Protein
and other myelin genes. In the murine coronovirus model the initial reductions in message
precede obvious demyelination and are associated with regions of most abundant viral
transcripts. This downregulation of myelin transcripts precedes loss of oligodendrocytes [97].

Amino acid sequence homology was found between viral and host encephalitogenic
protein. Immune responses were generated in rabbits by using the viral peptide
which cross reacts with the self protein. Mononuclear cell infiltration was observed
in the central nervous system of animals immunized with the viral peptide [52].
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Myelin basic protein (MBP) is a host protein whose encephalitogenic site of ten
amino acids induces experimental autoimmune encephalomyelitis. By
computer analysis, Hepatitis B Virus Polymerase (HBVP) was found to share six
consecutive amino acids with the encephalitogenic site of rabbit MBP [52].
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Rabbits given injections of a selected eight- or ten- amino acid peptide from Hepatitis B Virus Polymerase made antibody
that reacted with the predetermined sequences of Hepatitis B Virus Polymerase and also with native MBP. Peripheral
blood mononuclear cells from the immunized rabbits proliferated when incubated with either MBP or Hepatitis B Virus
Polymerase. Central nervous system tissue taken from these rabbits had a histologic picture reminiscent of Experimental
Autoimmune Encephalomyelitis (EAE) [52].

Thus viral infection may trigger the production of the antibodies and mononuclear
cells that cross react with self proteins by a mechanism termed molecular mimicry.
Tissue injury from the resultant autoallergic event can take place in the absence of
the infectious virus that initiated the immune response [52].

Circulating autoreactive CD4+ T lymphocytes bear antigen-specific surface receptors and cross
the blood brain barrier when activated, e.g. by neurotropic viruses, bacterial superantigens, or
cytokines. In multiple sclerosis, activated T lymphocytes react with Myelin Basic Protein,
Proteolipid Protein, myelin oligodendrocyte protein and myelin associated glycoprotein.
Circulating antibodies to various components of myelin can also be detected [68].

One MBP-protein T cell clone recognized an epitope of myelin oligodendrocyte
glycoprotein. The high frequency of activated myelin reactive T cells in the circulation and
CSF of patients with multiple sclerosis is consistent with the hypothesis that the disease is
triggered by autoreactive T cell activated microbial antigens cross reactive with myelin [12].

David A. Hafler of Harvard Medical School presents his scheme of multiple sclerosis [25]:
1. Multiple sclerosis is a syndrome of diseases, some induced by viral infections of the central
nervous system, and others by direct autoimmune infiltration of the central nervous system.
2. The progressive forms of the disease are driven by exogenous environmental
stimuli, such as infections with microbes cross reactive with self antigens.
3. Central nervous system viral infection or repeated episodes of myelin reactive T cell activation
in the systemic circulation leads to presentation of myelin antigen by B7-1 expressing microglial
cells and to chronic progressive forms at autoimmune demyelinating disease.
4. HAM/TSP is a form of primary progressive multiple sclerosis induced by viral infection of the central
nervous system. Thus, the demonstration of activated autoreactive T cells in multiple sclerosis
patients is consistent with a role of myelin-autoreactive T cells in the pathogenesis of disease,
whether the disease is mediated by viral or autoimmune etiologies.
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CD80 and CD86 expression were studied on CSF monocytes from patients with multiple
sclerosis, optic neuritis, neurologic Lyme disease, viral meningoencephalitis and noninflammatory diseases. CD86 expression predominated over CD80 in all groups. There was
increased expression of CD80 in multiple sclerosis and especially optic neuritis patients with a
very short disease duration but not during relapse [42].
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Adhesion Molecules
Cellular adhesion is the binding of a cell to another cell or to a surface or matrix. Cellular
adhesion is regulated by specific cell adhesion molecules that interact with molecules on the
opposing cell or surface. Such adhesion molecules are also termed "receptors" and the molecules
they recognize are termed "ligands" (and sometimes "counterreceptors").

Elevations of intercellular adhesion molecules, vascular cell adhesion molecule
and platelet endothelial cell adhesion molecule 1 (CD31) have been reported as
markers of blood brain barrier damage in multiple sclerosis [21].

Platelet endothelial cell adhesion molecule 1 (PECAM-1) (CD31) is a member of the
immunoglobulin (Ig) superfamily of cell adhesion molecules with six Ig-like domains,
has a range of functions, notably its contributions to leukocyte extravasation during
inflammation and in maintaining vascular endothelial integrity.

Intercellular adhesion molecule (ICAM) 1 is an Ig-like cell adhesion molecule expressed by
several cell types, including leukocytes and endothelial cells. It can be induced in a cell-specific
manner by several cytokines, for example, tumor necrosis factor-alpha, interleukin-1, and IFN
gamma, and it can be inhibited by glucocorticoids.

Serum and CSF ICAM-1 (intercellular adhesion molecule-1) and E-selectin (endothelial leukocyte
adhesion molecule) were significantly elevated in patients with multiple sclerosis [20]. E-selectin,
also known as CD62E, is a cell adhesion molecule expressed only on endothelial cells activated
by cytokines. Like other selectins, it plays an important part in inflammation.

Vascular cell adhesion molecule 1, also known as vascular cell adhesion molecule 1,
is a cytokine-induced cell adhesion molecule present on activated endothelial cells,
tissue macrophages, dendritic cells, bone marrow fibroblasts, myoblasts, and
myotubes. It is important for the recruitment of leukocytes to sites of inflammation.
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In a cross sectional study of CSF soluble adhesion molecules in relapsing primary progressive and
SPMS, only intrathecal production of soluble vascular cell adhesion molecule 1 was noted and only
in relapsing multiple sclerosis [42]. Elevated CSF vascular cell adhesion molecule 1 (vascular cell
adhesion molecule-1) correlated with increased serum vascular cell adhesion molecule 1 [20].
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Immunoglobulins
Immunoglobulins are proteins produced by plasma cells and lymphocytes. Immunoglobulins play
an essential role in the body's immune system. They attach to foreign substances, such as bacteria,
and assist in destroying them. Immunoglobulin is abbreviated Ig. The classes of immunoglobulins
are termed immunoglobulin A (IgA), immunoglobulin G (IgG), immunoglobulin M (IgM),
immunoglobulin D (IgD) and immunoglobulin E (IgE).

Oligoclonal bands are bands of immunoglobulins that are seen when a patient's blood plasma or CSF
(cerebrospinal fluid) is analyzed by protein electrophoresis. Oligoclonal bands (OCBs) are a specific
CSF test for multiple sclerosis but they can occur in any chronic infections or inflammatory disorder and
rarely in normal individuals. CSF oligoclonal bands ultimately develop in over 95% of multiple sclerosis
patients. They correlate with the presence of plasma cells within meninges and plaques [42].

In one study, 132 multiple sclerosis patients, 127 (96.2%) were oligoclonal band positive. Only 1 in
100 (1%) of non-inflammatory neurologic diseases and 18 of 51 (35.5%) of central nervous system
infections were positive. None of 63 other inflammatory neurologic disease controls was positive [42].

Polyclonal B cell response is a natural mode of immune response exhibited by the
adaptive immune system of mammals. It ensures that a single antigen is recognized and
attacked through its overlapping parts, called epitopes, by multiple clones of B cell.

Most positive multiple sclerosis patients showed a pattern of more than two oligoclonal bands in CSF with a
polyclonal distribution in the paired serum sample. In contast, 16 of 18 positive central nervous system infection
cases showed oligoclonal bands in both CSF and serum but with more than two additional bands in the CSF. If
infections were excluded, sensitivity for multiple sclerosis was 96.2% and specifically was 99.5%. Oligoclonal
band negative patients were said to have a better prognosis but supporting data to this was limited [42].

Free kappa light chain detection has been suggested as a useful CSF diagnostic test
which parallels, but does not exceed, the virtues of oligoclonal band assay. It can be
used to resolve equivocal oligoclonal band readings [42].
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A major diagnostic CSF immunoglobulin assay is intrathecal IgG production, typically demonstrated
by an elevated IgG index. There was a tendency for higher levels in patients with greater intrathecal
IgG production. In a study of intrathecal IgG synthesis, numbers were higher in SPMS than
relapsing or PPMS. A very high IgG index was associated with more rapid rate of disability [42].
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The available data do not appear to support a common virus as the cause for the increased
Immunoglobulin G (IgG) antibody levels. It is suggested to be more likely the result of an
autoimmune reaction. The concentration of IgG antibodies in the CSF is found elevated in 80
- 90% of patients with multiple sclerosis [96].

There have been studies of CSF IgM in multiple sclerosis. CSF IgM oligoclonal bands, elevated
IgM, and increased IgM index were more likely to be detected during acute relapses and with
clinical disease activity. CSF IgM oligoclonal bands were reported to occur in 46.2% of 65
multiple sclerosis patients. These patients showed greater disability as measured by EDSS [42].

Antibodies to myelin components have been studied. Intrathecal CSF
anti-MBP IgM was associated with a more benign course (fewer attacks
and less disability) over a mean follow up of 2.7 years [42].

Of 66 relapsing patients, 23 (33.8%) had anti-MBP IgM. Lymphocytic meningitis
patients also showed elevated levels. In a study of Clinically Isolated Syndrome
(CIS) patients with a first attack of multiple sclerosis, serum IgM to myelin
oligodendrocyte protein and MBP predicted shorter time to the next attack [42].

In a study of 26 Clinically Isolated Syndrome (CIS) patients,
intrathecal IgM synthesis directed against myelin lipids
correlated with more rapid second clinical attack [42].

A composite serum antibody index as a disease marker has been suggested
for multiple sclerosis. Elevated IgG to MBP, Acinetobacter (a bacteria
species) and neurofilament was proposed as a neurofilament index to predict
relapses and perhaps response to therapy [42].

There is limited data on serum autoantibodies which reacted to a structure based
designed glycopeptide CSF114(Glc) in 37 multiple sclerosis patients. The isolated
antibodies recognized myelin and oligodendrocyte antigens. Development of
antibodies was said to parallel clinical and MRI activity but patient numbers were
limited and the assay has not been independently reproduced [42].
PATHOLOGY
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Cytokines
Cytokines are soluble hormones of the immune system with multiple host effects. The complex
cytokine network includes antagonistic proinflammatory and regulatory cytokines, their soluble and
bound receptors, cytokine inhibitors and chemotactic cytokines referred to as chemokines [42].

Proinflammatory cytokines elaborated by the TH1 cells (interleukin 2, IFN gamma, Tumor necrosis factor-a, Lymphotoxin
[LT]) induce phagocytosis by macrophages and microglia as well as the synthesis of mediators of inflammation
(Tumor necrosis factor alpha, OH-, NO) and complement factors. The TH2 cells secrete cytokines (interleukin 4,
interleukin 5, interleukin 6) that activate B cells (myelinotoxic autoantibodies, complement activation), ultimately causing
damage to myelin. The TH2 cells also produce interleukin 4 and interleukin 10, which suppress the TH1 cells [68].

Individual cytokines have many actions and have been attractive candidates for biomarkers because they
are known to be involved in multiple sclerosis disease activity and damage. They are, however,
influenced by many factors, changes may be modest and values often show significant inter- and even
intraindividual variability. There are several ways to evaluate cytokines including absolute levels at a
single timepoint, cell production to gene transcription. Each method has its strengths and weaknesses [42].

Early studies focused on the cytokines IFN gamma and Tumor Necrosis Factor alpha
(TNFa). There is conflicting data on whether TNFa expression is enhanced prior to
relapses. In a study of 13 untreated multiple sclerosis patients followed over 9 months,
MRI lesion activity was associated with a transient decrease in circulating T cells which
produced IFN gamma and interleukin 4 (IL-4) [42].

IFN gamma production was reported as increased prior to relapse, while other
studies found no consistent change. Interleukin 12 regulates cell-mediated
responses and promotes IFN gamma production [42].

In one study increased peripheral blood mononuclear cell interleukin 12 expression correlated with
disability on the Expanded Disability Status Scale (EDSS) and gadolinium positive (Gd+) expression
correlated with disability on EDSS, and gadolinium positive (Gd+) lesion activity on MRI. In another
study, increased mononuclear cell interleukin 12 mRNA preceded clinical relapses and was detected
when active MRI lesions developed in relapsing and secondary progressive patients [42].
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In other studies, serum interleukin 12 was elevated in SPMS, and elevated interleukin 12 p40 subunit was found
in the CSF of relapsing patients with contrast lesion activity. Upregulation of interleukin 12 was noted in
relapsing and SPMS patients but not PPMS patients. Baseline interleukin 12 p35 mRNA levels were said to
predict outcome in 81% of IFN beta treated patients. Patients with a good response had lower base response [42].
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Interleukin 10 is produced by TH2 cells. It is an important regulatory cytokine which suppresses
proinflammatory cytokine production. Serum interleukin 10 levels were reported to be decreased during
active disease. In relapsing multiple sclerosis, interleukin 10 mRNA expression within peripheral
mononuclear cells decreased before disease attacks and development of MRI lesions [42].

In another study, interleukin 10 mRNA was suppressed in active relapsing and SPMS patients. Serum
interleukin 10 levels were reported as decreased in relapsing multiple sclerosis patients, but increased
as Gd+ MRI lesions resolved. In a study of SPMS, patients with high interleukin 10 levels had
significantly less disability and T2 lesion load [42]. In one therapeutic trial in multiple sclerosis it was
found that interleukin 10 augments or inhibits disease depending on the time of administration [97].

After initiation of IFN beta or glatiramer acetate therapy, patients were reported to show increased
serum interleukin 10 and mRNA, along with decreased TNFa levels. In IFN beta treated patients,
increases in CSF interleukin 10 levels were said to correlate with a good response to therapy. IFN
beta therapy also led to an increased proportion of interleukin 10 secreting CD4+ T cells [42].

Chemokines are implicated in cell trafficking into the central nervous system. CSF Monocyte
chemotactic protein-1 (MCP-1) was significantly lower in acute multiple sclerosis versus stable
multiple sclerosis. Interferon-inducible protein 10 (IP-10) is a member of the chemokine family of
cytokines and is induced in a variety of cells in response to IFN gamma and lipopolysaccharide.

Serum and CSF Interferon-inducible protein 10 levels were found significantly higher in
acute multiple sclerosis. In chemokine receptor expression, CXCR3, CXCR6, CCR5,
were all downregulated, while the lymph node homing CCR7 receptor was upregulated [42].

Osteopontin
Studies have also indicated an important role of the proinflammatory cytokine osteopontin in autoimmune
demyelinating disease [73]. Osteopontin is a T cell cytokine also known as early T lymphocyte activation-1
factor. It plays an important role in both acute and chronic inflammation. Microassay analysis and high
throughput cDNA sequencing indicate osteopontin as the most abundant cytokine encoding gene within
multiple sclerosis plaques [42].
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In a study of 30 relapsing, 10 PPMS, 10 SPMS and 10 healthy controls, plasma osteopontin levels
were significantly elevated in the multiple sclerosis cohort. Relapsing multiple sclerosis patients
showed higher levels during clinical attack. In a follow up longitudinal study of 10 patients, there was
a trend for osteopontin levels to be associated with clinical relapses [42].
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Inflammation
The earliest detectable event in the development of most new lesions is a
breakdown of the blood brain barrier in association with inflammation.
Inflammation resolves after approximately one month, at which time there
is an improvement in the symptoms [1].

Although the inflammation found in the central nervous system of multiple sclerosis patients is thought to
represent an autoimmune response, investigators have not been able to consistently isolate a microbial agent
from the tissue of diseased patients. Primary viral infections in the central nervous system may induce an
autoimmune response and the recurring lesion from the Experimental Autoimmune Encephalomyelitis (EAE)
model suggests that the minimal requirement for inducing inflammatory, autoimmune central nervous system
demyelinating disease is the activation of myelin-reactive T cells in the peripheral immune system [12].

Inflammation has always been thought of as detrimental in the pathophysiology of multiple
sclerosis. Emerging data including, MRI studies and immunopathological evidence has been
cited to challenge this simplistic view. One study suggests that inflammation is tightly regulated
and that its net effect may be beneficial in multiple sclerosis. It is argued that the use of
inflammatory drugs to treat multiple sclerosis may not be appropriate in all cases [8].

Multiple sclerosis and stroke pathology are charactized by blood brain
barrier breakdown, leukocyte emigration and tissue destruction. Each
process is thought to involve the matrix metalloproteinases (MMP) [11].

Disruption of the blood brain barrier is important in the pathophysiology of various inflammatory conditions of
the central nervous system in which breakdown of the blood brain barrier precedes any clinical or pathological
findings [29]. multiple sclerosis is an inflammatory disease of the central nervous system white matter,
typically characterized by the accumulation of perivascular and parenchymal T lymphocytes (T cells), and
macrophage infiltration associated with myelin destruction [33].

The inflammatory cell profile of active lesions is characterized by
perivascular infiltration of oligoclonal T cells consisting of
CD4+/CD8 alpha/beta and gamma/delta T cells and monocytes with
occasional B cells and infrequent plasma cells [12].
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Demyelination occurs during the inflammatory phase of the lesion. An important mechanism
determining persistent neurological deficit is axonal degeneration, although persistent
conduction block arising from the failure of repair mechanisms probably also contributes [1].
Clonal expansion of B cells, their antibody products, and T cells, are all hallmarks of
inflammation in the central nervous system are found in multiple sclerosis [12].
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In multiple sclerosis, myelin, oligodendrocytes and axons are lost as a result of an
inflammatory attack on the central nervous system. As glutamate is released in large
quantities by activated immune cells, it is suspected that during inflammation in
multiple sclerosis, glutamate excitotoxicity might contribute to the lesion [2].

Nitric oxide (NO) has been hypothesized to play a role in the immunopathogenesis of
multiple sclerosis. Increased levels of NO metabolites have been noted in patients with
multiple sclerosis. Peroxynitrite, generated by the reaction of NO with superoxide at site
of inflammation, is a strong oxidant capable of damaging tissues and cells [34].

Acute relapses are caused by focal inflammatory demyelination, which causes
conduction block. Inflammation induces local production of nitric oxide by
macrophages, which damages central nerve fibers. Remission follows as
inflammation subsides [95].

It was suggested that axon damage in the relapsing phase of multiple
sclerosis was associated with the strength of the inflammatory response
but this no longer held true in the progressive phase [42].

An emerging concept is the importance of an inflammatory response for providing the stimulus for the
generation of new remyelinating cells, as well as preparing the environment of the lesion for the migration
and proliferation of recruited remyelinating cells. For example, in gliotoxin-induced demyelination there is
a poor inflammatory response generated which is manifest as a failure of macrophages to remove myelin
debris. This poor inflammatory response is invariably associated with poor remyelination [97].

The presence of myelin debris may provide an unfavourable environment for remyelinating
cells to operate within, although it is possible that the failure to activate the cells responsible
for myelin clearance indicates an absence of mediators such as cytokines and growth factors
which are also responsible for orchestrating recruitment of remyelinating cells [97].
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The mutual activation of astrocytes and microglial cells appears to be crucial for
generating the necessary stimuli for remyelination. Evidence for the importance of
inflammation is provided by the robust endogenous remyelination which follows
demyelination initiated by the rejection of non-histocompatible myelinating cells [97].
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Paradoxically, the inflammatory events that are part of the demyelination process may contain the
seeds for activating remyelination. The more the two events are separated the less efficient the
remyelination will be. In the context of multiple sclerosis therapy, efforts to suppress the
demyelination process may also limit the extent of remyelination [97].

In multiple sclerosis, there is an inflammatory process
against self molecules in the white matter of the brain
and spinal cord mediated by CD4+ T cells [95].

In the active lesions (plaques) there is an increase in inflammatory cells, active
myelin degradation and phagocytosis. Lymphocytes and monocytes gain
access to the brain parenchyma from the circulation by adhering to vascular
endothelial cells via the glycoprotein integrin expressed on their surface [95].

Integrin (also known as very late antigen VLA4) is also a regulator of immune
cell activation. An initial inflammatory demyelinating event may prime
autoreactive cellular and humoral immune reponses against myelin [95].

Antibody-mediated demyelination, e.g. against MBP, may be present
early in multiple sclerosis. Antibodies against myelin oligodendrocyte
glycoprotein (MOG) - a protein which is specific to the central nervous
system - have also been found in vitro [95].

Platelet activating factor (PAF), a phospholipids inflammation mediator has been
proposed as a blood brain barrier injury marker. In a study of 11 relapsing, 9 SPMS
patients and 6 control subjects, CSF and plasma PAF levels were significantly
increased in multiple sclerosis patients compared to controls [42].

Relapsing multiple sclerosis showed higher levels than SPMS. Levels correlated with the
number of Gd+ lesions but not with EDSS. In a cross sectional study of CSF soluble
adhesion molecules in relapsing PP and SPMS, only intrathecal production of soluble
vascular cell adhesion molecule 1 was noted and only in relapsing multiple sclerosis [42].
PATHOLOGY

Neurological disorders include Parkinson's disease, Alzheimers disease,
Huntington's chorea, multiple sclerosis and Friedrichs ataxia which are
all characterized by excessive accumulation of iron in the brain [89].
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Transferrin is an iron-binding beta globulin glycoprotein synthesized mainly in the liver. It
plays a key role in iron metabolism. CSF transferrin has been reported as an inflammatory
marker which reflects not just serum leakage but also production by central nervous system
components (capillary endothelium, ependyma, oligodendrocytes) and inflammatory cells [42].

In a study of paired CSF and serum from 51 multiple sclerosis patients, serum
transferrin was lowest in PPMS, while CSF to serum quotient (ratio x 103) and
index was highest in PPMS. The transferrin quotient were lower in early and
younger multiple sclerosis patients [42].

Another study documented serum iron, ferritin, transferrin and soluble transferrin
receptor in 27 active or stable multiple sclerosis patients and 40 controls. There were no
differences in hemoglobin, iron and transferrin levels, however soluble transferrin
receptor levels were significantly higher in active relapsing and progressive patients [42].

Ferritin levels were evaluated in progressive patients. Progressive patients compared to relapsing
patients had higher ferritin levels. It was suggested that increased iron turnover, manifested by
increased serum soluble transferrin receptor and ferritin, was associated with active disease [42].
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Oxidative Stress
Oxidative stress has been implicated as an important damage mechanism in
multiple sclerosis. Oxidative stress is involved in disorders as diverse as
carcinogenesis, ischaemia/reperfusion damage, inflammatory/immune injury,
alcohol abuse, atherosclerosis, microbial infection and neurological disorders [89].

The increased levels of lipid peroxides and other indicators of free radical damage in
the central nervous system in patients with multiple sclerosis suggests the need for
antioxidant support. Reinforcements and potentiation of the antioxidant system of to
the body seems to be an avenue of therapeutic approach [96].

Isoprostanes
The CSF level of the isoprostane 8-epi-prostaglandin F2 alpha (a reliable marker of oxidative stress in vivo) was 3
times higher in subjects with multiple sclerosis. This increase was not correlated with that of prostaglandin E2
levels, measured as an index of cyclooxygenase activity, and was much lower in steroid-treated patients. The
levels of 8-epi-prostaglandin F2 alpha were moderately correlated with the degree of disability [14].

Isoprostanes are formed within membranes and then released in free form. These lipid
peroxidation products measure free radical generation. Isoprostane 8-epi-prostaglandin F2
alpha, the major F2-isoprostane compound, was examined in CSF from definite and
probable multiple sclerosis and OND (Other Neurological Disease) controls [42].

Levels were highest in those with definite multiple sclerosis.
Steroid therapy was associated with lower levels. For the entire
multiple sclerosis group, there was a modest correlation between
levels and EDSS disability (Expanded Disability Status Scale) [42].
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Glutathione
Studies have demonstrated a reduced capacity to detoxify free radicals in Patients with multiple sclerosis. The key
factor appears to have been the reduced activity of the antioxidant enzyme glutathione peroxidase (GSH-Px). There
has been demonstrated an increased occurrence of multiple sclerosis among individuals who possess low glutathione
peroxidase activity. As glutathione peroxidase is intricately involved in the protection of cells from free radical
damage, decreased activity level would leave the myelin sheath particularly sensitive to damage. As a result of free
radical exposure, lipid peroxides are formed [96].

Glutathione peroxidase is found in two forms: a selenium dependent enzyme and a non selenium dependent
enzyme. Low-selenium areas often overlap with high frequency rate areas for multiple sclerosis. Studies
have been supportive of the link between selenium levels, glutathione peroxidase levels and multiple sclerosis.
Other studies have indicated that the reduced glutathione peroxidase activity found in multiple sclerosis
patients is independent of the selenium concentration and is probably due to more factors [96].

Uric Acid
Uric acid is one of the bodys four main natural antioxidants [98]. Uric acid inhibits
central nervous system inflammation, blood-central nervous system barrier
permeability changes, and tissue damage in a mouse model of multiple sclerosis [96].

Uric acid is an endogenous peroxynitrite scavenger. Mean serum uric acid level was reported as
significantly lower in clinically active relapsing and SPMS patients versus inactive patients and healthy
controls. Uric acid levels were inversely correlated with Gd+ lesion activity. A study found levels lower
during relapse with Gd+ lesion activity. Levels were lower during relapse compared to remission [42].

Another study did not confirm correlation between uric acid levels and disease activity. Serum uric
acid levels increased after six months of Glatiramer Acetate therapy. They temporarily increased (for
one week) after a course of high dose steroids [42]. In mice with active Experimental Autoimmune
Encephalomyelitis (EAE), exogenously administered uric acid penetrates the already compromised
blood brain barrier, blocks peroxynitrite-mediated tyrosine nitration and apoptotic cell death in areas
of inflammation in spinal cord tissues and promotes recovery of the animals [35].
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Uric acid treatment also suppresses the enhanced blood brain barrier permeability which is
characteristic of Experimental Autoimmune Encephalomyelitis (EAE). It has been postulated that
uric acid acts on two levels in Experimental Autoimmune Encephalomyelitis (EAE). One by
protecting the integrity of the blood brain barrier from peroxynitrite induced permeability changes
such that cell invasion and the resulting pathology is minimized; and two, by scavenging the
peroxynitrite radical directly responsible for central nervous system tissue damage and death [35].
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Nitric Oxide
Elevated nitric oxide biosynthesis has been associated with nonspecific immune mediated cytotoxicity
and the pathogenesis of chronic inflammatory autoimmune diseases including rheumatoid arthritis,
insulin-dependent diabetes, inflammatory bowel disease and multiple sclerosis [15].

Peroxynitrite has been implicated in the pathogenesis of central nervous system inflammatory
disease, including multiple sclerosis and its animal correlate Experimental Autoimmune
Encephalomyelitis (EAE). Peroxynitrite (ONOO-), is a toxic product of the free radicals nitric
oxide and superoxide [35].

Although nitric oxide has clearly been implicated as a potential mediator of microgliadependent primary demyelination, a hallmark of multiple sclerosis, studies with nitric
oxide synthetase inhibitors in the encephalitis model have been equivocal [15].

It has been postulated that the autoimmune response seen in multiple sclerosis results
in a cytokine mediated increase in nitric oxide production by macrophages/microglia,
smooth muscle cells and/or endothelium of the central nervous system.

Proposed mechanisms of cellular damage due to nitric oxide are [18]:
Direct nitric oxide cytotoxicity
Injury due to peroxynitrite formation from superoxide anion and nitric oxide
Nitric oxide mediated elevations of cellular cGMP that
enhance tumor necrosis factor-alpha toxicity.

In support of these hypotheses, the anti-inflammatory effectors, dexamethasone and transforming
growth factor beta, ameliorate symptoms seen in clinical multiple sclerosis and Experimental
Autoimmune Encephalomyelitis (EAE), repectively. These immunomodulators are also known to
inhibit induction of cytokine mediated nitric oxide production by macrophages [18].
PATHOLOGY

Inducible nitric oxide synthetase (iNOS) is upregulated in the central nervous system of animals
with Experimental Autoimmune Encephalomyelitis (EAE) and in patients with multiple
sclerosis. Western blots of CSF (cerebrospinal fluid) from patients with multiple sclerosis
demonstrated the presence of iNOS, which was absent in CSF from control subjects [34].
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There was nitric oxide synthetase activity present in both multiple sclerosis and control CSF. Total
nitric oxide synthetase activity was increased by 24% in the CSF from multiple sclerosis patients
compared with controls. Nitrotyrosine immunostaining of CSF proteins was detectable in controls but
was greatly increased in multiple sclerosis samples. There was significant increases in CSF nitrate,
nitrite and oxidant enhanced luminescence in multiple sclerosis samples compared with controls [34].

A significant decrease in reduced glutathione and significant increases in oxidized
glutathione and s-nitrosothiols were found in multiple sclerosis samples compared
with controls. Parallel changes in NO metabolites were observed in the plasma of
multiple sclerosis patients, compared with controls [34].

These data strongly support a role for nitrosative stress in the
pathogenesis of multiple sclerosis and indicate that therapeutic
strategies might be focused on decreasing production of NO
by nitric oxide synthetase and/or scavenging peroxynitrite [34].

A study has assessed the mode of action of Uric Acid (UA), a purine metabolite and a peroxynitrite scavenger,
in the treatment of Experimental Autoimmune Encephalomyelitis (EAE). If administered to mice before the
onset of clinical Experimental Autoimmune Encephalomyelitis (EAE), uric acid interferes with the invasion of
inflammatory cells into the central nervous system and prevents the development of the disease [35].

CSF nitric oxide metabolites were reported as increased in relapsing and
PPMS patients compared to controls. Patients with mild disability showed
higher levels than those with severe disability. Metabolite levels correlated
with Gd+ lesion volume [42].

Over a three year follow up, higher levels were associated with development of greater
disability and MRI lesion load. In another study, nitric oxide production by peripheral
blood leukocytes was reported higher in multiple sclerosis cells versus control cells [42].
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Glutamate
Imbalanced glutamate homeostasis contributes to axonal and oligodendroglial pathology in
multiple sclerosis [13]. In multiple sclerosis, myelin, oligodendrocytes and axons are lost as
a result of an inflammatory attack on the central nervous system. As glutamate is released
in large quantities by activated immune cells, it is suspected that during inflammation in
multiple sclerosis, glutamate excitotoxicity might contribute to the lesion [2].

Glutamate excitotoxicity was demonstrated in an animal model of multiple sclerosis.
Active multiple sclerosis lesions showed high level glutaminase expression in
macrophages and microglia in close proximity to dystrophic axons [13].

Correlation was found between glutaminase expression and axonal damage
was confirmed experimentally in animals. White matter from other
inflammatory neurologic diseases displayed glutaminase reactivity [13].

GLT-1(glutamate transporter) showed low level expression around active
multiple sclerosis lesions. Glutamine synthetase (GS) and Glutamate
dehydrogenase (GDH) were absent from both active and chronic silent
multiple sclerosis lesions [13].

There is a reduction in both lactate and glutamine in the CSF of
patients with multiple sclerosis compared to controls. This may
be related to altered astrocytic metabolism during the disease [88].
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N Acetyl Aspartate
N-Acetylaspartate (NAA), or N-acetylaspartic acid, is a derivative of aspartic acid
with a formula of C6H9NO5 and a molecular weight of 175.139. N-Acetylaspartate
is the most concentrated molecule in the brain after the amino acid glutamate.

Cerebral axonal damage can be assessed in vivo by measuring levels of brain N-acetylaspartate
(NAA) normalized to creatine (Cr), and less specifically by magnetization transfer ratio (MTr).
Cerebral n-acetylaspartate/creatine and MTr values are diffusely decreased in multiple sclerosis
patients with early disease, low demyelinating lesion load and no significant disability [27].

Axonal transaction and degeneration cannot be measured directly in vivo. However,
proton magnetic resonance spectroscopy allows in vivo measurement of n-acetylaspartate
(NAA), providing a biochemical index of axonal integrity [78].

Several multiple sclerosis studies demonstrated sustained decreases in n-acetylaspartate in white matter
lesions appearing normal on conventional MRI suggesting diffuse axonal pathology in brain that appears
otherwise normal. Studies demonstrated clinical relevance of decreased n-acetylaspartate and suggested
that diffuse axonal pathology may exist at an early multiple sclerosis stage. Some studies but not other
suggest that IFN beta improves n-acetylaspartate levels [78].
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Demyelination
Demyelination can be caused by degenerative, toxic, or inflammatory damage to nerves, as well as by a
deficiency of vitamins B6 or vitamin B12. Genetic defects of the myelin sheath protein (e.g. Po, of peripheral
myelin protein 22) or of gap junctions in the Schwann cells (connexin 22) lead to certain hereditary peripheral
neuropathies (Charcot-Marie-Tooth syndrome; Dejerine-Sottas syndrome; Pelizaeus-Merzbacher disease) [69]:

Lesion causing factors of the cerebellum:
Poisoning (especially by alcohol; DDT, dichlorodiphenyltrichloroethane;
piperazine; 5-fluorouracil; lithium or diphenylhydantoin)
Heat stroke
Hypothyroidism
Malabsorption
Genetic defects of enzymes or transport; hexosaminidase, glutamate dehydrogenase,
pyruvate dehydrogenase, oxidation, DNA repair, transport of neutral amino acids
Inflammation; multiple sclerosis, viruses, prions
Cerebellar and extracerebellar tumors; paraneoplasia [70]

Demyelinating diseases:
Multiple sclerosis
Relapsing and chronic progressive forms
Acute multiple sclerosis
Neuromyelitis optica (Devic's disease)
Diffuse cerebral sclerosis
Schilder's encephalitis periaxialis diffusa
Balo's concentric sclerosis
Acute disseminated encephalomyelitis
Post measles, chickenpox, rubella, influenza, mumps
Post rabies or smallpox vaccination
Necrotizing hemorrhagic encephalitis
Hemorrhagic leukoencephalitis
Leukodystrophies
Krabbe's globoid leukodystrophy
Metachromatic leukodystrophy
Adrenoleukodystrophy
Adrenomyeloneuropathy
Pelizaeus-Merzbacher leukodystrophy
Canavan's disease
Alexander's disease [74]

A number of chemicals such as ethidium bromide and cuprizone, when injected directly into nerves or into the
central nervous system or fed to animals produce lesions of demyelination. They provide large lesions confined
to the inoculation site. Since no nucleic acid/viral particle was inoculated none can possibly be remaining to
affect remyelination. As well as this, no autoimmune reaction occurred and therefore none is likely to be
ongoing or to recur to interfere with remyelination [97].
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Remyelination
Multiple sclerosis can manifest as a progressive disease of the central nervous system in which demyelination of
central nervous system neurons is the key anatomic and pathologic finding. It is believed that an event occurs
which triggers the formation of autoimmune antibodies directed against components of the nervous system [92].

This event could be a bacterial or viral infection that stimulates the immune system
to fight off the threat. This stimulus may also trigger the autoimmune response that
leads to the antibody mediated demyelinating process. Patients are concentrated in
northern and southern latitudes, yet its incidence is almost nil at the equator [92].

Clinical presentation of multiple sclerosis varies widely. Most commonly it is a mild disease that has few
or no obvious clinical manifestations. At the other end of the spectrum is a rapidly progressive and fatal
disease. The most commonly presented form is the relapsing remitting type. In this type, early in the
course of the disease, the natural history is one of exacerbations, followed by remission [92].

Eventually the central nervous system cannot repair the damage that has accumulated and
remissions occur less and less frequently. The primary injury to the central nervous system
in multiple sclerosis is the loss of myelin in the white matter, which interferes with nerve
conduction along the demyelinated area where the insulator (myelin) has been lost [92].

Lesions develop in myelin sheaths (which are extensions of
oligodendroglial cell membranes) and in axons when the inflammatory
process outstrips the capacity of repair mechanisms [68].

The inflammatory response subsides and remyelination of damaged axons
begins once the autoreactive T cells die (apoptosis), the Blood Brain Barrier
(BBB) is repaired, and local anti-inflammatory mediators and cells are
synthesized. Astroglia form scar tissue that takes the place of the dead cells [68].

The central nervous system responds by stimulating the oligodendrocyte to remyelinate the damaged
axon, and when this occurs, remission is achieved. Often remyelination leads to a slowing in
conduction velocity because of a reduced myelin thickness (speed is proportional to myelin thickness) or
a shortening of the internodal distance (the action potential has to be propagated more times) [92].
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Eventually, when it becomes too difficult to remyelinate large areas of the central
nervous system, the neuron adapts by upregulating and redistributing ion pumps
along its membrane, to allow nerve conductance along demyelinated axons.
Eventually, this adaptation also fails and the disease progresses [92].

The progressive nature of the chronic disease is likely to be due to the increase in the number of these
non-repairing lesions, the increase in size of individual lesions and possibly also by axonal loss that may
occur within these lesions, perhaps as a result of the absence of appropriate axo-glial interactions [97].

Remyelination occurs and helps recovery [95]. Recovery from symptoms
during remissions is due mainly to the restoration of axonal function, either by
remyelination, the resolution of inflammation, or restoration of conduction to
axons which persist in the demyelinated state [1].

Remyelination occurs and helps recovery. When damage is severe, secondary permanent
axonal destruction occurs. In the cord, plaques rarely destroy large groups of anterior
horn cells - thus focal muscle wasting (e.g. small hand muscles) is unusual. Multiple
sclerosis plaques are not seen in myelin sheaths of peripheral nerves [95].

It is clear that multiple sclerosis lesions have a significant endogenous capacity for repair following
the demyelinating event. Remyelination in multiple sclerosis lesions can be extensive, resulting in
the appearance of plaques termed 'shadow' plaques, composed largely of thinly myelinated axons.
Transplanted oligodendroglial cells have been shown to remyelinate demyelinated axons in
experimental models [97].

Thus suggests a hypothesis for the relapsing remitting nature of multiple sclerosis which
could result from episodes of demyelination and subsequent repair. Remyelination occurs
in many acute lesions and in shadow plaque; the pathology of longstanding multiple
sclerosis is characterized by gliotic plaques in which there is no remyelination [97].

Demyelinating lesions arise due to death of oligodendrocytes. This promotes
the generation of new remyelinating cells from surrounding intact tissue and
their migration into the lesioned area where they proceed to remyelinate the
demyelinated axons [97].
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Recurrent demyelination and remyelination has been achieved in the mouse cerebellar white matter
by an on-off regime of cuprizone administration. An important concept to arise from this model is
that remyelination may fail not only because of a reduced stimulus for remyelination but also due to
a gradual depletion of recruitable cells from the surrounding intact tissue [97].

The observation that remyelinating cells are recruited into areas of demyelination from within a
very narrow penumbra of intact tissue around the lesion supports this concept. It seems logical
to think the surrounding area from which a demyelinating lesion is able to recuit is unlikely to
provide an inexhaustible source of remyelinating cells [97].

A mitogen is a chemical substance, usually some form of a protein, that encourages a cell to
commence cell division, triggering mitosis. Remyelination is associated with a substantial
upregulation of the myelin genes reminiscent of that seen during normal remyelination [97].

Platelet-derived growth fractor (PDGF), basic fibroblast growth factor (bFGF), insulin-like growth factor 1 (IGF-1),
neurotrophin-3 (NT-3) and interleukin 2 (IL-2) have all been shown to be mitogens for rodent oligodendrocyte
progenitors. Treatment of Experimental Autoimmune Encephalomyelitis (EAE) with insulin-like growth factor 1
upregulates expression of Proteolipid Protein, and other myelin genes, and promotes remyelination. Growth factor
effects on these cells include chemotaxis (PDGF), promotion of myelinogenesis (PDGF, IGF-1) and protection
against apoptotic death (PDGF, IGF-1, NT-3) [97].

Neural cell adhesion molecule (NCAM) is a member of the immunoglobulin gene
superfamily involved in myelination and remyelination. Several isoforms are expressed
by glia, precursor cells, and myelin sheaths. CSF neural cell adhesion molecule
(NCAM) levels correlated with clinical improvement following relapse [42].

The presence of protective factors may be required for remyelination to occur in the hostile
environment of a demyelinating lesion. This protective effect is illustrated by the ability of ciliary
neurotrophic factor (CNTF) to protect oligodendrocyte progenitors from tumour necrosis factor induced
injury. Insulin growth factor, basic fibroblast growth factor and platelet derived growth factor have all
been implicated in the remyelination of rodent models of demyelination using a range of molecular,
immunohistochemical and pharmacological approaches [97].

The demyelinated axons may also provide a source of
molecules such as Platelet Derived Growth Factor (PDGF)
which have direct effects on remyelination [97].
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Platelet derived growth factor-a (PDGF-a) receptor has been widely used in rodent studies to identify oligodendrocyte
precursors. One study found that platelet derived growth factor-a receptor positive cells were present in acute and
chronic lesions of patients with multiple sclerosis. It is suggested that these cells might potentially be involved in
myelin repair. Proof that these platelet derived growth factor-a receptor expressing cells correspond to human
oligodendrocyte progenitor cells and that they differentiate into myelinating oligodendrocytes is currently lacking [82].

Remyelination occurs within many acute foci of demyelination in multiple sclerosis yet the
disease course manifests as a relapsing condition which eventually enters a chronic
progressive phase. The reason for this is in part due to a failure of remyelination, especially
at foci which, having undergone repair, are subject to further episodes of demyelination [97].

The most striking failure of remyelination are the chronic-plaques characterized by the presence of
demyelinated axons set within a scar of dense astrocytic processes. A widely held view is that these plaque
may represent foci which have undergone more than one episode of demyelination and that the remyelination
that has followed each episode has become progressively less effective and ultimately failed [97].

An emerging concept is the importance of an inflammatory response for providing the stimulus for
the generation of new remyelinating cells, as well as preparing the environment of the lesion for
the migration and proliferation of recruited remyelinating cells. For example, in gliotoxin-induced
demyelination there is a poor inflammatory response. This poor inflammatory response which is
manifested as a failure of macrophages to remove myelin debris generated during demyelination,
is invariably associated with poor remyelination [97].

The presence of myelin debris may provide an unfavourable environment for remyelinating
cells to operate within, although it is possible that the failure to activate the cells responsible
for myelin clearance indicates an absence of mediators such as cytokines and growth factors
which are also responsible for orchestrating recruitment of remyelinating cells [97].

Evidence for the importance of inflammation is provided by the
robust endogenous remyelination which follows demyelination
initiated by the rejection of non-histocompatible myelinating cells [97].

Paradoxically, the inflammatory events that are part of the demyelination process may
contain the seeds for activating remyelination. The more the two events are separated the
less efficient the remyelination will be. In the context of multiple sclerosis therapy, efforts
to suppress the demyelination process may also limit the extent of remyelination [97].
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Astroglia form scar tissue that takes the place of dead cells [68]. A view held by some is that the
dense astrocytic presence may provide an impediment to the migration of remyelinating cells
thus preventing them from gaining access to the demyelinated axons. It has indeed been shown
in vitro that some forms of cultured astrocytes, tentatively described as 'scar' astrocytes, do
inhibit the migration of oligodendrocyte progenitors [97].

On the other hand, there are situations in which astrocytes may promote remyelination,
indicating that a simplistic view of astrocytes as inhibitors of remyelination may be
incorrect. On the basis of current knowledge it is equally possible that the astrocyte
scar is a consequence rather than the cause of failed remyelination [97].

An approach to remyelinating areas of chronic demyelination aims to enhance or reactivate
endogenous remyelination. This approach has been extensively investigated by Rodriguez and
colleagues using Theiler's virus model of demyelination. It was shown that passive transfer of
either antiserum or purified immunoglobulin from uninfected mice immunized with spinal cord
homogenate promoted remyelination in chronically infected mice [97].
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Phosphoinositol Phospholipase
Phosphoinositol-phospholipase C (PI-PLC) was present in subcellular
fractions of rat brain and that during brain development phosphatidylinositol
turnover was associated with myelinogenesis [97].

In the phosphoinositide-phospholipase C (PI-PLC) pathway, once the alpha-subunit of the heterotrimeric G-protein
exchanges GDP for GTP, it is dissociated from the complex. The active G alpha subunit free in the cytosol then
interacts with Phosphoinositol-phospholipase C. The activated Phosphoinositol-phospholipase C hydrolyzes its
substrate phosphatidylinositol-4,5-bisphosphate (PIP2) to yield inositol-1,4,5-trisphosphate (IP3), and 1,2-diacyl-snglycerol (DAG). 1,2-diacyl-sn-glycerol stimulates protein kinase C, an important protein kinase active in myelin [97].

In 1991 Phosphoinositol-phospholipase C alpha was purified from bovine brain and human myelin. The
preferred substrate for this enzyme was found to be Phosphatidylinositol 4,5-bisphosphate which is
localized in the myelin membrane. Unfractionated MBP stimulated Phosphoinositol-phospholipase C
alpha activity in vitro, by 250%. The charge isomers C-1 to C-3 were found to stimulate the enzyme to
the same extent whereas C-8 did not activate Phosphoinositol-phospholipase C alpha [97].

Since six of seven arginyl residues of C-8 have been deiminated in vivo it has been suggested that arginyl
residues play a role in activation of this enzyme. Studies have demonstrated that unmodified arginyl residues
in peptide bond linkage were required for MBP stimulation of Phosphoinositol-phospholipase C but not all
were essential. ADP-ribosylation of MBP C-1 (residues 9 and 54) did not affect stimulation [97].

Sequence analysis demonstrated that 70% of arginine 25 and 31 were converted to citrulline and
confirmed that these two arginine residues are critical for enzyme stimulation. Thus residues 25 and
31 promote Phosphoinositol-phospholipase C alpha catalytic activity. Diacylglycerol generated by
the hydrolysis of Phosphatidylinositol 4,5-bisphosphate (PIP2) by Phosphoinositol-phospholipase C
alpha activates Protein Kinase C (PKC) [97].

C-1 modification of 13 arginyl residues by 1,2-cyclohex-andione decreased the ability of C-1 to
stimulate Phosphoinositol-phospholipase C alpha by half. A synthetic MBP peptide (amino acid
sequence 24-33) with 3 arginyl residues at positions 25,31 and 33 stimulated the enzyme to almost the
same extent as C-1. When residues 25 and 31 were replaced by citrullinyl residues no stimulation
occurred. Deimination of seven arginyl residues of C-1 by peptidylarginine deiminase almost
completely abolished enzyme stimulation [97].
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Protein Kinase C
Protein Kinase C (PKC) is a major enzyme in the PhosphoLipase C (PLC) second messenger
system and elicits a number of cellular responses by the phosphorylation of seryl and or
threonyl residues of proteins. Other cofactors required for its activation are divalent calcium
or phorbol esters. A Ca2+ phosphatidylserine dependent Protein Kinase C has been
demonstrated and MBP was its major endogenous substrate [97].

MBP in human myelin was shown to be phosphorylated at four seryl residues by an
endogenous Protein Kinase C. Substrate specificity of Protein Kinase C requires a
basic residue in proximity to the carboxyl side of serine and threonine residues. At
least eight sites in MBP meet this criterion, but not all sites are phosphorylated [97].

Isolated MBP components were shown to be phosphorylated and the number of moles of
PO4 incorporated differed. The loss of positive charge from the molecules affects the
ability to interact with the lipid bilayer. Increased phosphorylation decreased its ability to
aggregate lipid vesicle, induce bilayer formation and increased bilayer permeability [97].

MBP isolated from myelin fractions of varying density aggregated lipid
vesicles differently. The presence of citrulline in a portion of the molecules
was in part responsible. Phosphorylation of MBP also plays an important
role since Protein Kinase C activity and hence specific activity of
phosphorylated MBP increases with decreasing density [97].
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Lesions
Early on in the disease, there are frequent gadolinium-enhanced MRI lesions, consistent
with acute fluxes of activated, autoreactive T cells into the central nervous system causing
a breakdown of the blood brain barrier which may be associated with clinical events.

Multiple sclerosis lesions are characterized by the death of oligodendrocytes (the
myelin producing cells) and proliferation of hypertrophy of astrocytes with scar tissue
(gliosis) replacing normal myelin. These changes result in the loss of axonal
conduction for neuron of the central nervous system and in clinical disability [33].

Multiple sclerosis is thought to be an autoimmune disease, in particular because of its analogy with
the disease model of Experimental Autoimmune Encephalomyelitis (EAE). Phylogenetic
differences may limit the usefulness of existing Experimental Autoimmune Encephalomyelitis
(EAE) models, and indeed no single form of rodent Experimental Autoimmune Encephalomyelitis
(EAE) recapitulates all the clinical and pathological features of multiple sclerosis [33].

The effects of cerebellar lesions depend on their location. The lateral cerebellar hemispheres
(cerebrocerebellum) store programs for voluntary movements (manual dexterity). In involuntary
movements, associative cortical areas activate via pontine nuclei, neurons in the hemispheres
whose efferent impulses project via the dentate nucleus and thalamus, to the motor cortex.
From here spinal motoneurons are activated via the pyrimidal tract [70].

Lesions in the hemispheres or in structures connected with them thus impair initiation and planning
of movements. The intermediate part of the hemisphere (spinocerebellum) is mainly responsible for
the control of movement. Via spinocerebellar afferents it receives information about the state of the
motor apparatus. Neurons of the spinocerebellum project to the red nucleus and thalamus via the
nuclei emboliformis and globosus [70].

Spinal motoneurons are influenced by the red nucleus via the rubrospinal tract and by the
thalamus via the motor cortex and the pyramidal tract. Disorders of the spinocerebellum impair
the execution and control of voluntary movements. The vestibulocerebellum, comprising
flocculus and nodulus and portions of the vermis, is responsible for control of balance [70].

Neurons in the flocculus receive direct afferents from the vestibular
organ. In addition, the flocculus, nodulus and vermis receive direct
afferent signals via spinocerebellar fibers as well as information on
the movements of the eye muscles [70].
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The neurons of this part of the cerebellum project directly to the vestibular nucleus as well as
via the nuclei fastigis to the thalamus to the reticular formation, and to the contralateral
vestibular nucleus. Spinal motoneurons receive impulses via the vestibulospinal and
reticulospinal tracts, via the thalamocortical and corticospinal tracts [70].

Lesions in the flocculus, nodulus and vermis mainly affect balance and body posture as well as the
muscles of the trunk and face. Clinical manifestations of lesions in the cerebellum are delayed onset
and stoppage of movements. There are no co-ordinated movements (dyssynergia) and often the required
force, acceleration, speed and extent of movements is misjudged (dysmetria) [70].

Plaques of demyelination, initially 2-10mm in size are the cardinal features. Plaques are
perivenular with a predilection for distinct central nervous system sites: optic nerves, the
perivenular region, brainstem and its cerebellar connections and the cervical spinal cord
(corticospinal tracts and posterior columns) [95].

Acute multiple sclerosis in the brainstem causes combinations of diplopia,
vertigo, facial numbness/weakness, dysarthria or dysphagia. Pyrimidal
signs in the limbs occur when the corticospinal tracts are involved [95].

A typical picture is sudden diplopia and vertigo with nystagmus but
without tinnitus or deafness. This lasts for some weeks before recovery.
Diplopia in multiple sclerosis is produced by many lesions - a sixth
nerve lesion and internuclear ophthalmoplegia are two examples [95].

Spastic paraparesis developing over days or weeks is a typical result of a plaque
in the cervical or thoracic cord, causing difficulty in walking and numbness.
Lhermitte's sign may be present and urinary symptoms are common [95].

Epilepsy and trigeminal neuralgia occur more commonly in multiple
sclerosis patients than in general population. Tonic spasms (brief
spasms of one limb) are other unusual presentations [95].

Late multiple sclerosis causes severe disability with spastic tetraparesis,
ataxia, optic atrophy, nystagmus, brainstem signs (e.g. bilateral INO),
pseudobulbar palsy and urinary incontinence. Dementia is common [95].

DEMYELINATION

160
In a post mortem study, MRI under reported lesions analysed neuropathologically,
particularly those arising within the cortex. In a further 12 cases examined, 478 cortical
lesions were identified, of which 372 also involved the subcortical white matter [7].

Seven different lesion types were identified; the majority arose within the
territory of the principal cortical veins, whilst the remaining quarter arose
within the territory of the small branch or superficial veins. The majority
of lesions involve the underlying white matter [7].

Gross examination of brain tissue of individuals with multiple sclerosis reveals multiple sharply
demarcated plaques in the central nervous system white matter with a predilection to the optic nerves
and white matter tracts of the periventricular regions, brain stem and spinal cord. Substantial axonal
injury with axonal transections is abundant throughout active multiple sclerosis lesions [12].

Lymphocytes may be found in normal appearing white matter beyond the margin
of active demyelination. Macrophages are most prominent in the center of the
plaques and are found to contain myelin debris. Oligodendrocytes (myelin
producing cells) are reduced in numbers [12].

In chronic-active lesions, the inflammatory cell infiltrate is less prominent
and may be largely restricted to the rim of the plaque, suggesting the
presence of ongoing inflammatory activity along the lesion edge [12].
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Apoptosis
Every day hundreds of billions of cells in our body are eliminated and replaced by division of existing
cells. Apoptosis, as opposed to necrosis, is a programmed cell death, and like cell division, is a finely
regulated physiological mechanism. It serves to adapt the tissue to changing demands, to eliminate
superfluous cells during embryonic development and to remove harmful cells such as tumor cells, virus
infected cells, or immune competent cells that react against the body's own antigens [57].

Apoptosis is mediated by a signaling cascade. Caspases are a family of proteins that are one of the main
executors of the apoptotic process. They belong to a group of enzymes known as cysteine proteases and exist
within the cell as inactive pro-forms or zymogens. These zymogens can be cleaved to form active enzymes
following the induction of apoptosis. Protein-cleaving caspases activate sphingomyelinase that releases
ceramide from sphingomyelin. One of the consequences is activation of the small G proteins Ras and Rac,
superoxide formation and destruction of the mitochondria together with liberation of cytochrome C [57].

By activating tyrosine kinases, ceramide inhibits K+ channels, activates Clchannels and acidifies the cells. MAP kinase cascades and the cytosolic
concentration of Ca2+ are also important in apoptosis. Apoptosis can be
encouraged by certain genes (e.g. bax) or inhibited by others (e.g. bcl2) [57].

Ultimately, activation of an endonuclease leads to DNA fragmentation, the cell loses
electrolytes and organic osmolytes, proteins are broken down and the cell finally shrinks
and disintegrates into small particles that are easily taken up by macrophages [57].

In this way the cell disappears without intracellular macromolecules being
released, and therefore, without causing inflammation. Apoptosis is triggered for
example, by Tumor Necrosis Factor-alpha (TNF-a), glucocorticoids, activation of
the CD95 (Fas/Apo1) receptor or the withdrawal of growth factors (GF's) [57].

DNA damage encourages apoptosis via a p53-protein. In ischaemia, for example, the affected cells
sometimes express the CD95 receptors and thus become exposed to apoptosis. In this way they
"anticipate necrotic cell death" and so at least prevent the release of intracellular macromolecules that
would cause inflammation. Pathologically increased apoptosis can occur through local formation of
apoptotically effective mediators, the (inappropriate) expression of their receptors, or the receptorindependent stimulation of signaling cascades [57].
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These events can be caused by ischaemia, toxins, massive osmotic cell shrinkage, radiation, or inflammation
(infectious, autoimmune disease). It is in this way apoptosis will bring about transplant rejection, neuronal
degeneration (e.g. Parkinson's or Alzheimer's disease, amyotrophic lateral sclerosis, quadriplegia, multiple sclerosis) as
well as toxic, ischaemic, and/or inflammatory death of liver cells (liver failure), of B cells of the pancreatic islets
(diabetes mellitus), of erythropoietic cells (aplastic anaemia) or of lymphocytes (immunodeficiency, i.e. HIV) [57].

A reduced ratio of pro- to anti-apoptosis Bcl-2 components was noted in peripheral blood
lymphocytes from active versus stable multiple sclerosis. Survivin, an anti-apoptosis
protein, was overexpressed by mitogen stimulated T cells from active versus stable patients.
Patients who responded to interferon beta therapy had reduced expression of survivin [42].

In a study of CSF from PPMS and other non-inflammatory neurological diseases, CSF was added to
cultured neurons for eight days. Neurons exposed to CSF from worsening PPMS showed apoptosis.
This was not due to Tumor necrosis factor alpha (TNFa) and suggested another soluble factor [42].

Endothelial cells which are activated or undergoing programmed cell death release
endothelial microparticles that can be detected in plasma using a flow cytometric assay [42].
These microparticles stain for platelet endothelial cell adhesion molecule 1 (Pecam-1/CD31)
or vitronectin receptor (CD51). Patients in acute relapse had a 2.85 fold increase in CD31+
microparticles which correlated with Gd+ lesions [42].

Compared to controls, CD51+ microparticles were elevated in multiple sclerosis patients
in relapse for endothelial dysfunction during acute disease attacks. CD31+ endothelial
microparticles may be useful as a marker of disease activity [42].

The multiple sclerosis lesion project has suggested four distinct immunopathologies for acute
plaques. Pattern III involves oligodendrocyte dystrophy with apoptosis and mimics the myelin
destruction that occurs with acute ischemia. In this pathology, there is nuclear expression of
hypoxia inducible factor 1a. It is highly expressed within ischemic brain lesions [42].
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Matrix Metalloproteinases
Matrix metalloproteinases (MMPs) are zinc based enzymes, which allow cells to migrate through
extracellular matrix and basement membrane. Matrix metalloproteinase expression, as well as the
ratio of Matrix metalloproteinase to Tissue Inhibitor of Matrix metalloproteinase (TIMP) have been
proposed as blood biomarkers for disease subtype, activity and response to therapy [42].

MMPs have been evaluated as a treatment response marker,
since down regulation of MMPs is believed to be one of the
mechanisms of action for IFN beta in multiple sclerosis [42].

Matrix metalloproteinases (MMPs) are a group of enzymes responsible for the degradation of interstitial
connective tissue and basement membrane. The most active Matrix metalloproteinase in regards to ability
to digest myelin basic protein was 72 kDa gelatinase followed by stromelysin-1; interstitial collagenase,
matrilysin and 92 kDa gelatinase were of comparable but lesser activity. It is suggested that production of
these enzymes by glia or infiltrating inflammatory cells could therefore contribute to demyelination in
neuroinflammatory disease [54].

There is differential matrix metalloproteinase expression in cases of multiple
sclerosis and stroke [10]. Multiple sclerosis and stroke pathology are charactized
by blood brain barrier breakdown, leukocyte emigration and tissue destruction.
Each process is thought to involve the matrix metalloproteinases (MMP) [11].

Gelatinases A and B and matrilysin expression were found to be
upregulated in microglia/macrophages within acute multiple sclerosis
lesions. In active chronic multiple sclerosis lesions, matrilysin and
gelatinase A expression was pronounced in the active borders [11].

In chronic multiple sclerosis lesions, the expression of matrilysin was confined to macrophages within
perivascular cuffs. The pattern of Matrix metalloproteinase expression in infarct lesions differed
considerably. Gelatinase B was strongly expressed by neutrophils in tissue from patients up to 1 week
after an infarct, whereas gelatinase A and matrilysin staining was much less marked [11].

From 1 week to 5 years, neutrophils were absent and the large number of macrophages
present were expressing matrilysin and gelatinase A. Only a low level of gelatinase A and
matrilysin expression was observed in normal brain controls. Matrix metalloproteinases are
expressed in inflammatory lesions in the central nervous system, but their individual
expression is dependent on the nature and chronicity of the lesion [11].
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Matrix metalloproteinases (MMPs) are increased in the CSF of patients with multiple sclerosis. Multiple sclerosis patients
have elevated gelatinase B (MMP-9) levels in the CSF [38]. Multiple sclerosis plaques and lymphocytes contain elevated
matrix metalloproteinase-2, matrix metalloproteinase-7 and matrix metalloproteinase-9. Matrix metalloproteinase-2 and
matrix metalloproteinase-7 mRNA expression were reported as increased in peripheral lymphocytes of relapsing multiple
sclerosis, while only matrix metalloproteinase-7 expression was found increased in SPMS [42].

Increased matrix metalloproteinase-9 levels correlated with Gd+ lesion activity in relapsing multiple sclerosis.
Serum MMP-9 to TIMP-1(tissue inhibitor of metalloproteinases 1) ratio but not MMP-2 to TIMP-2 (tissue inhibitor
of metalloproteinases 2) ratio predicted Gd+ lesion activity in SPMS. Matrix metalloproteinase levels and
mRNA were elevated in the blood of multiple sclerosis patients during acute relapses [42].

Relapsing multiple sclerosis patients who responded to therapy, as measured by clinical attack
and disability outcomes, showed significant reduction in matrix metalloproteinase-7 and Matrix
metalloproteinase-9 mRNA levels in peripheral blood lymphocytes. This reduction was not seen
in SP patients. In one study, IFN beta 1b therapy in relapsing multiple sclerosis was associated
with decreased serum matrix metalloproteinase-9 levels and increased intercellular adhesion
molecule-1. The degree of changes seemed to correlate with treatment response [42].
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Channelopathy
Evidence has been presented which indicates that, in addition to demyelination and axonal
degeneration, a transcriptional channelopathy may also contribute to neuronal dysfunction in multiple
sclerosis. In healthy myelinated axons, sodium channels are clustered within the axon membrane at
the nodes of Ranvier. Only a low density of channels (Too low to support secure impulse conduction)
is present in the internodal axon membrane beneath the myelin [81].

Conduction block in demyelinated axons occurs, in part, because injury to the
myelin exposes sodium channel-poor membrane which imposes a capacitative load,
thus draining current from the axon without generating an action potential [81].

Recovery of action potential conduction nonetheless occurs in some chronically
demyelinated axons and has been shown to be due to the acquisition of a higher
than normal density of sodium channels within the bared axon membrane [81].

Studies demonstrate that this adaptive change includes a reversion from expression
of Nav 1.6, the major sodium channel at mature nodes of Ranvier to expression of
Nav 1.2, which is the major channel along premyelinated axons [81].

The deployment of Nav 1.2 along extensive regions of axons that have been demyelinated is
accompanied by up-regulated transcription of Nav 1.2 mRNA within the neuronal cell bodies,
which give rise to these axons. This transcriptional change appears to serve an adaptive role,
providing a substrate for the continuous conduction of impulses along demyelinated axons [81].

There is evidence which suggests that there are maladaptive changes in ion channel
transcription in animal models of multiple sclerosis and in human multiple sclerosis. Black et
al(2000) examined the expression of Nav 1.8 in the brains of mice with chronic-relapsing
experiemental allergic encephalomyelitis (CR-EAE), an inflammatory model of multiple
sclerosis, and in postmortem brain tissue from humans with multiple sclerosis [81].

The Biozzi mouse CR-EAE model was used because it reproducibly provides lesions within the
cerebellum, a characteristic that is not commonly in monophasic Experimental Autoimmune
Encephalomyelitis. In situ hybridization demonstrated significantly increased expression of Nav
1.8 mRNA within Purkinje cells in CR-EAE. Expression of Nav 1.8 protein within Purkinje cells
was also up-regulated [81].
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Study of postmortem brain tissue obtained from patients with disabling progressive multiple
sclerosis with cerebellar deficits on neurological examination has clearly demonstrated up
regulation of Nav 1.8 mRNA and protein within human Purkinje cells. Taken together, these
observations show that expression of Nav 1.8 is upregulated in Purkinje neurons, producing Nav
1.8 sodium channel protein which is not normally present in these cells [81].

Studies extended the evidence for a channelopathy in multiple sclerosis by demonstrating that annexin II/pII
is upregulated within Purkinje neurons and is co-localized with Nav 1.8 in Experimental Autoimmune
Encephalomyelitis (EAE) and multiple sclerosis. Annexin II/pII, a protein that binds to the N-terminus of
Nav 1.8 and facilitates the insertion of functional channels in the neuronal cell membrane [81].

Expression of Nav 1.8/SNS and annexin II/pII is also upregulated in retinal ganglion cells, (which give
rise to axons that travel in the optic nerve, a site frequently affected by multiple sclerosis) in Experimental
Autoimmune Encephalomyelitis (EAE). Nav 1.8 protein has not been detected along demyelinated
Purkinje cell or optic nerve axons, although Nav 1.2 and Nav 1.6 protein can be detected [81].

Up regulated expression of Nav 1.8 has been observed in retinal ganglion neurons in Experimental
Autoimmune Encephalomyelitis (EAE) and if similar changes occur in multiple sclerosis, may
also have clinical consequences. As in Purkinje cells, voltage gated sodium channels contribute
significantly to electrogenesis in retinal ganglion cells [81].

Consistent with an abnormality of retinal neurons, there is evidence for retinal
dysfunction in multiple sclerosis, even in patients without a history of optic neuritis.
Study of human retinal tissue will be required to determine whether Nav 1.8 is
expressed in retinal ganglions in multiple sclerosis [81].

It is considered that it is more likely that up regulated expression of Nav 1.8 in Experimental
Autoimmune Encephalomyelitis (EAE) and multiple sclerosis is a maladaptive change and that it
represents a transcriptional channelopathy. Mutations of sodium channels that are expressed in
Purkinje cells have been shown to produce changes in patterns of impulse generation in these cells
which can result in clinical signs of cerebellar dysfunction such as ataxia [81].

The physiological signature of Nav 1.8 is unique in that it exhibits depolarized voltage-dependence of
inactivation, slow development of inactivation , and rapid recovery from inactivation. As a result, Nav
1.8 channels are available over a wider range of dynamic activity and membrane potential than other
sodium channels and cells expressing Nav 1.8 should be more slowly adapting than cells lacking Nav
1.8. Several observations support the prediction that abnormal Nav 1.8 expression in Purkinje cells
perturbs the temporal pattern of electrical activity in the cerebellum [81].
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Current clamp recordings demonstrated that the expression of Nav 1.8 within
Purkinje cells alters the activity of these neurons in three ways [81]:
1. By increasing the amplitude and duration of action potentials
2. By decreasing the proportion of action potentials that are conglomerate
and the number of spikes per conglomerate action potential.
3. By supporting sustained, pacemaker like impulse trains in response to
depolarization which are not seen in the absence of Nav 1.8.

Purkinje cell firing patterns in mice with CR-EAE were observed and a
reduction in the number of secondary spikes was seen. Also observed were
bursts of non-adapting high frequency action potentials [81].

These results indicate that the aberrant expression of Nav 1.8 within Purkinje cells
distorts their pattern of electrical activity both in vitro and in vivo. This perturbation in
Purkinje cell activity should interfere with normal cerebellar functioning [81].

Consistent with a role of Nav 1.8 in producing cerebellar dysfunction, observed, in a
relapsing remitting model of Experimental Autoimmune Encephalomyelitis (EAE) that
the level of Nav 1.8 expression within Purkinje cells increases progressively and is
correlated with the severity of non-remitting (including cerebellar) deficits [81].

The clinical observation of occasional patients of multiple sclerosis with cerebellar deficits
on examination, without apparent cerebellar lesions in neuroimaging is consistent with the
hypothesis that molecular changes, too subtle to be detected by currently available imaging
techniques, can contribute to cerebellar dysfunction [81].

The temporal profile of the sudden and brief attacks which are similar to the paroxysmal
episodes that are associated with episode ataxias are not easily explained by demyelination or
axonal degeneration, and the therapeutic response to carbamazepine suggests that sodium
channels participate in their pathogenesis [81].
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Tau Protein
Tau is a phosphorylated microtubule-associated protein primarily localized to neuronal axons. It
promotes polymerization and stability of microtubules and is critical for intraneuronal transport.
CSF tau levels were reported to be significantly elevated in multiple sclerosis versus control
patients. Levels were higher in PP and SPMS compared to relapsing remitting multiple sclerosis [42].

In another study of CSF tau in 17 multiple sclerosis patients, the levels were significantly
higher during acute relapses. In another study of CSF tau levels in relapsing multiple
sclerosis, SPMS, PPMS, and Clinically Isolated Syndromes (CIS) patients versus healthy
controls, were found significantly elevated in multiple sclerosis patients with Gd+ MRI
lesions. Tau levels correlated with IgG index only in relapsing patients [42].

In a longitudinal study of 32 patients followed up to three years, elevated baseline CSF
tau levels were associated with more rapid decline. It was suggested these associations
supported the link between axonal damage and inflammatory activity [42].

Neurofilaments
Neurofilaments are the major axonal cytoskeleton proteins. They consist of a triplet protein, including a
neurofilament light chain (NFL), intermediate chain (NFM) and heavy chain (NFH). NFL forms a backbone; NFM
and NFH polymerise to create neurofilaments. Neurofilaments are phosphorylated to varying degrees with
increases in their diameter. Axonal transaction results in neurofilament breakdown, with release into CSF [42].

In a study of 34 multiple sclerosis patients followed for three years, NFH levels at follow up
correlated with two clinical markers of disability; the nine hole peg test and Expanded Disability
Status Scale (EDSS). Three relapsing patients who converted to SP disease during the observation
period had a higher median NFH level than those who did not convert [42].

Other studies correlated CSF NFL levels with EDSS in both progressive and relapsing multiple
sclerosis patients. CSF NFL levels were increased in multiple sclerosis patients compared to
controls and rose within several weeks of a relapse. Autoantibodies to NFL and NFH have been
reported in CSF. The autoantibody index (CSF to serum ratio, divided by the albumin ratio) was
found to correlate with brain atrophy measures [42].

DEMYELINATION

169
Glial fibrillary acidic protein (GFAP) is the intermediate filament of fibrillary astrocytes, and a
key component of astrogliosis. In one study NFL and glial fibrillary acidic protein, were
examined in the CSF of 66 multiple sclerosis patients and 50 controls. Neurofilament light
chain (NFL) was increased in all multiple sclerosis samples particularly during relapse. Glial
fibrillary acidic protein (GFAP) was highest in SPMS and correlated with EDSS disability [42].

CSF was examined for NFL and glial fibrillary acidic protein in 99 multiple sclerosis patients
and 25 controls. NFL was increased particularly during relapses and in progressive (especially
SP) multiple sclerosis patients. Both markers correlated with disability but was especially true
for the axon injury marker. Glial fibrillary acidic protein (GFAP) is the intermediate filament
of fibrillary astrocytes, and a key component of astrogliosis [42].

In one study NFL and Glial Fibrillary Acidic Protein (GFAP), were examined in the CSF of 66 multiple
sclerosis patients and 50 controls. Glial fibrillary acidic protein was highest in SPMS and correlated with
EDSS disability. CSF was examined for NFL and glial fibrillary acidic protein in 99 multiple sclerosis
patients and 25 controls. Both markers correlated with disability. Neurofilament light chain (NFL) was
increased in all multiple sclerosis samples particularly during relapse. Neurofilament light chain (NFL)
was increased particularly during relapses in progressive (especially SP) multiple sclerosis patients [42].

Regardless of the cause of demyelination, the myelin sheath
has pronounced effects on axonal caliber, axonal transport, the
phosphorylation and packing of neurofilaments and the
organization of ion channels in the axonal membrane [83].

The degree of demyelination can be correlated to axonal loss, but pronounced
axonal pathology has been observed even in genetic models in which axons
are associated with normal appearing myelin sheaths [83].
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The presence of glutamine in proteins was suspected long before it was
directly demonstrated around 1940. The occurrence of free glutamine in
certain plants has been known since approximately 1879, however the
study of the details of glutamine metabolism is more recent [104].

In 1935 Han Krebs reported the ready synthesis of glutamine from glutamate and ammonia in guinea
pig and rabbit kidney. While studying the deamination of amino acids in kidney slices he found that
glutamate in rabbit or guinea pig kidney failed to produce any ammonia and even prevented the
endogenous shedding of ammonia although the glutamate was rapidly oxidized [104].

Added ammonia was readily removed. The fact that glutamine was the only known cell
constituent which released ammonia plus the fact that ammonia was taken up in major amounts only
in the presence of glutamate justified the conclusion that the tissue synthesizes glutamine [104].

It was then found that brain cortex and retina also readily synthesize glutamine. No role for
glutamine was known at the time other than that of serving as a protein constituent and
being a partner in the conjugation and detoxification of at least one extraneous substance phenylacetic acid to phenylacetylglutamine [104].

Glutamine and the enzyme which catalyzes the synthesis of this ubitquitous amino acid amide are of
major importance in cellular metabolism and function. Glutamine is widely distributed in virtually
all species in both protein-bound and free forms. Glutamine is present in many proteins, and is the
most abundant free amino acid constituent of mammalian blood plasma [99].

Glutamine has the highest plasma concentration of any amino acid and provides approximately 5% of
the whole body free amino acid pool, 25% of the plasma amino acids and 60% of the muscle free amino
acids [100]. This high concentration is presumed to relat to the fact that glutamine, in addition to acting
as a precursor of protein, has several special functions in the body [104]. The synthesis of glutamine is a
reaction of major importance in the cellular metabolism of animals, microorganisms and plants [99].

In contrast to many microorganisms, mammalian tissues seem to exhibit
rather high concentrations of glutamine. In humans, glutamine accounts
for approximately 20% of the total plasma amino acid content; the body
pool of glutamine is of the same order as that of glucose [99].

GLUTAMINE

Glutamine is an amino acid, the monoamide of glutamic acid, and an
abundant constituent of proteins. First isolated from gliadin, a protein
present in wheat, glutamine is found widely distributed in plants [107].
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Glutamine is not considered a dietarily essential amino acid for animals, hence this amino acid
amide is synthesized by a wide variety of living cells. Some consideration must be given to
why the body would have and maintain a synthetic pathway for its creation and maintenance at
such high levels, as well this contemplation should be applied to the perception of importance
we attach to the term ‘essential amino acid’ [99].

The synthesis of glutamine is a physiologically important pathway for ammonia detoxification, storage
and utilization in the brain and in other tissues. Glutamine seems to be a storage and transport form of
both glutamate and ammonia. In animal tissues and body fluid, levels of ammonia are associated with
toxicity. Equally, levels of glutamate are associated with toxicity [108].

The synthesis of glutamine from glutamate and ammonia provides many types of cells with a mechanism for
storage of ammonia. It is required as a building block of proteins and provides the sole nitrogen source for a
number of biosynthetic pathways. Glutamine synthesis is essential for brain function, and its hydrolysis by
renal glutaminase, plays a key role in acid-base balance [99]. Glutamine is the regulator of acid-base balance
in renal ammoniagenesis [100].

Glial glutamine is thought to be transported to the neurons where it may serve as a
precursor of glutamate, and also of gamma amino butyric acid. In general, glutamine
is transported across cell membranes more effectively than is glutamate. Glutamine
readily crosses the blood brain barrier, whereas glutamate does not [99].

Glutamine is an obligatory fuel for intestinal cells and rapidly dividing cells, including the
cells of the immune system [100]. In regards to immune function studies, Brooks et al (1997)
showed that in calves exposed to the K99+ virus, glutamine administration has proved an
effective therapy. Glutamine - A supplement on immunonutrition published in 2002
addresses the role of glutamine and immunocompetence [102].

Wilmore and Rombeau (2001) suggest several of the non-essential amino
acids may become conditionally essential because endogenous synthesis
cannot immediately satisfy requirements under stress conditions [102].

It is conceivable that factors such as disorders of pregnancy and
lactation as well as that of bacterial and parasitic diseases may
induce needs for amino acids such as glutamine and arginine [102].

GLUTAMINE

Glutamine performs a crucial function in the metabolism of ammonia and in
the biosynthesis of the building blocks of nucleic acids, certain amino acids,
various cofactors and other compounds of biological significance [99].
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Phagocytosis in macrophages appears to be glutamine-dependent and this
amino acid also significantly enhances phytohaemagglutinin-stimulated
lymphocyte proliferation, production of intracellular reactive oxygen
species, and glutathione [102].

Glutamine is involved in the regulation and maintenance of gut mucosal barrier function and possibly
enhanced immunological response. Supplementation of parenteral nutrition regimens with glutamine has
been shown to reduce clinical infection in patients who have undergone bone-marrow transplantation or
who have suffered multiple trauma. Improved mortality has been reported among intensive care patients
given parenteral feeds supplemented with glutamine [106].

In patients undergoing major surgery on the lower gastrointestinal tract, a significantly better post-operative
nitrogen balance was achieved in those whose total parenteral nutrition regimen had been supplemented
with about 20 g daily of glutamine coupled with alanine (L-alanyl-L-glutamine) (equivalent to about 12 g daily
of glutamine) when compared with a control group [106].

Glutamine, glutamate, arginine, threonine and cysteine are involved
in many maintenance functions; in particular, those of the immune
surveillance system and in gut mucosal repair processes [102].

Mucosal cells and intraepithelial lymphocytes have an obligate requirement for
glutamine as an energy source, as well as for the synthesis of other non-essential
amino acids and nucleotide bases [102].

During periods of metabolic acidosis, glutamine released by muscle,
brain and possibly other peripheral tissues is extracted from the blood
by the kidney and hydrolyzed as a source of urinary ammonia [103].

Glutaminase, or glutaminases, are the first enzymes involved in the degradation of glutamine. The kinetic
properties of the glutaminases in liver, kidney and intestinal mucosa possess characteristic differences
which relate to the physiological function of glutamine in these different tissues. Haussinger and Sies have
interpreted the accelerating effect of ammonium ions on glutamine degradation as positive feedback [104].

Tissue glutamine is a store of nitrogen for the synthesis of purines, pyrimidines and
amino sugars. When the stores are 'full' and when there is a surplus of ammonia in
the plasma or portal blood, glutamine reaching the liver must be degraded, whatever
the state of the acid-base balance. Ammonia appears to serve as a signal for hepatic
glutamine degradation at physiological concentrations [104].

GLUTAMINE

Andrews and Griffiths (2002) state the case for glutamine as an immune modulator as particularly
strong. All the diverse cells of the immune system appear to be dependent on glutamine for
proper functioning. Glutamine not utilized for energy becomes available for the functioning of
monocytes and macrophages, lymphocytes and neutrophils [102].

174

Glutamine Chemistry

In humans and higher apes, glutamine is used in a detoxification reaction in which
phenylacetic acid is coupled with glutamine to form phenylacetylglutamine via
phenylacetyl adenylate and phenylacetyl coenzyme A. In humans, the normal daily
urinary excretion of phenylacetylglutamine is about 300mg [99].

The utilization of the amide nitrogen atom of glutamine, catalyzed by glutamine amidotransferases,
leads to the synthesis of such important biological compounds such as the pyridine nucleotide
coenzymes, purines, pyrimidines, glucosamine-6-phosphate and asparagines [99].

The alpha-amino and the amide nitrogen moieties of glutamine are used in a multitude
of significant processes which include ammonia formation, many aspects of amino
acid biosynthesis and degradation, and biosynthesis of amino sugars [99].

Glutamine amide nitrogen is used for synthesis of the amide nitrogen atoms of Diphosphopyridine
Nucleotide (DPN), asparagines and for the amino group of glucosamine. A number of glutamine
amidotransferases have common properties which include a binding site for glutamine that contains
a sulfhydryl group, inherent glutaminase activity, some ability to use ammonia in place of glutamine
and susceptibility to irreversible inhibition by certain reagents which bind at the glutamine site such
as 6-diazo-5-oxonorleucine and 2-amino-4-oxo-5-chloropentanoate [99].

Glutamine is the nitrogen source and donor of
the following metabolic pathways [99]:
Carbamoyl Phosphate Synthetase
Formylglycinamide Ribonucleotide Synthetase
5-Phosphoribosylamine Synthase
CTP Synthetase
Asparagine Synthetase
GMP Synthetase
Glucosamine-6-phosphate synthase

GLUTAMINE

Glutamine provides precursors for nucleic acid biogenesis and their regulation, purine,
pyrimidine and nucleotide synthesis, as well as protein synthesis and its regulation [100].
The glutamine molecule is used intact for protein synthesis and for certain special
processes such as phenylacetylglutamine formation [99].
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Carbamoyl Phosphate Synthetase:

Glutamine amide nitrogen is used for the synthesis of carbamoyl phosphate, which serves as a
precursor of both the pyrimidine ring and of arginine [99]. The common pyrimidine ribonucleotides
are cytidine 5’- monophosphate (CMP; cytidylate) and uridine 5’- monophosphate (UMP; uridylate),
which contain the pyrimidines cytosine and uracil. De novo pyrimidine nucleotide biosynthesis
proceeds in a different manner from purine nucleotide synthesis; the six-membered pyrimidine ring
is made first and then attached to ribose 5-phosphate. Carbamoyl phosphate reacts with aspartate to
yield N-carbamoylaspartate in the first committed step of pyrimidine biosynthesis [113].
Carbamoyl phosphate is also an intermediate in the urea cycle. The carbamoyl phosphate functions
as an activated carbamoyl group donor where it enters the urea cycle. The cycle has four enzymatic
steps. Carbamoyl phosphate functions in the first reaction where it donates it’s carbamoyl group
to ornithine to form citrulline, with the release of Phosphate (Pi). Ornithine plays a role resembling
that of oxaloacetate in the citric acid cycle, accepting material at each turn of the cycle. The reaction
is catalyzed by ornithine transcarbamoylase, and the citrulline passes from the mitochondrion to the
cytosol [113].
Carbamoyl phosphate synthetase primarily uses glutamine as a source of ammonia. In this case,
a second polypeptide component of the carbamoyl phosphate synthetase enzyme hydrolyzes
glutamine to form ammonia and glutamate. The active site of the glutamine-hydrolyzing component
of carbamoyl phosphate synthetase contains a catalytic dyad comprising a cysteine and a histidine
residue. Such a catalytic dyad, reminiscent of the active site of cysteine proteases, is conserved in
a family of amidotransferases, including CTP synthetase and GMP synthetase [116].

Formylglycinamide Ribonucleotide Synthetase:
Formylglycinamide ribonucleotide + Glutamine + ATP + H2O =
Formylglycinamidine ribonucleotide + ADP + Pi + Glutamate
The purine ring is assembled by successive steps of activation by phosphorylation followed by
displacement. Nine additional steps are required to assemble the purine ring. The first six steps are
analogous reactions. Most of these steps are catalyzed by enzymes with ATP-grasp domains which
are homologous to those in carbamoyl phosphate synthetase [114].
Each step consists of the activation of a carbon bound oxygen atom (typically a carbonyl oxygen atom) by
phosphorylation, followed by the displacement of a phosphoryl group by ammonia or an amine group
acting as a nucleophile (Nu). The carboxylate group of a glycine residue is activated by
phosphorylation and then coupled to the amino group of phosphoribosylamine. A new amide bond is
formed while the amino group of glycine is free to act as a nucleophile in the next step [114].
Formate is activated and then added to this amino group to form formylglycinamide ribonucleotide.
In some organisms, two distinct enzymes can catalyze this step. One enzyme transfers the formyl
group from N 10- formyltetrahydrofolate. The other enzyme activates formate as formyl phosphate,
which is added directly to the glycine amino group [114].
The inner amide group is activated and converted into an amidine by addition of ammonia
derived from glutamine. The product, formylglycinamidine ribonucleotide, cyclizes to form the five
membered imidazole ring found in purines. Although this cyclization is likely to be favourable
thermodynamically, a molecule of ATP is consumed to ensure irreversibility. The familiar pattern is
repeated: a phosphoryl group from the ATP molecule activates the carbonyl group and is displaced by
the nitrogen atom attached to the ribose molecule. Cyclization is thus an intramolecular reaction in
which the nucleophile and phosphate-activated carbon atom are present within the same molecule [114].

GLUTAMINE

HCO3- + 2ATP + Glutamine + H2O =
Carbamoyl phosphate + 2ADP + Pi + Glutamate
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Glutamine Chemistry

In humans and higher apes, glutamine is used in a detoxification reaction in which
phenylacetic acid is coupled with glutamine to form phenylacetylglutamine via
phenylacetyl adenylate and phenylacetyl coenzyme A. In humans, the normal
daily urinary excretion of phenylacetylglutamine is about 300mg [99].

The utilization of the amide nitrogen atom of glutamine, catalyzed by glutamine amidotransferases,
leads to the synthesis of such important biological compounds such as the pyridine nucleotide
coenzymes, purines, pyrimidines, glucosamine-6-phosphate and asparagines [99].

The alpha-amino and the amide nitrogen moieties of glutamine are used in a multitude
of significant processes which include ammonia formation, many aspects of amino
acid biosynthesis and degradation, and biosynthesis of amino sugars [99].

Glutamine amide nitrogen is used for synthesis of the amide nitrogen atoms of Diphosphopyridine
Nucleotide (DPN), asparagines and for the amino group of glucosamine. A number of glutamine
amidotransferases have common properties which include a binding site for glutamine that contains
a sulfhydryl group, inherent glutaminase activity, some ability to use ammonia in place of glutamine
and susceptibility to irreversible inhibition by certain reagents which bind at the glutamine site such
as 6-diazo-5-oxonorleucine and 2-amino-4-oxo-5-chloropentanoate [99].

Glutamine is the nitrogren source and donor of
the following metabolic pathways [99]:
Carbamoyl Phosphate Synthetase
Formylglycinamide Ribonucleotide Synthetase
5-Phosphoribosylamine Synthase
CTP Synthetase
Asparagine Synthetase
GMP Synthetase
Glucosamine-6-phosphate synthase

GLUTAMINE

Glutamine provides precursors for nucleic acid biogenesis and their regulation, purine,
pyrimidine and nucleotide synthesis, as well as protein synthesis and its regulation [100].
The glutamine molecule is used intact for protein synthesis and for certain special
processes such as phenylacetylglutamine formation [99].

177

Carbamoyl Phosphate Synthetase:

Glutamine amide nitrogen is used for the synthesis of carbamoyl phosphate, which serves as a
precursor of both the pyrimidine ring and of arginine [99]. The common pyrimidine ribonucleotides
are cytidine 5’- monophosphate (CMP; cytidylate) and uridine 5’- monophosphate (UMP; uridylate),
which contain the pyrimidines cytosine and uracil. De novo pyrimidine nucleotide biosynthesis
proceeds in a different manner from purine nucleotide synthesis; the six-membered pyrimidine ring
is made first and then attached to ribose 5-phosphate. Carbamoyl phosphate reacts with aspartate to
yield N-carbamoylaspartate in the first committed step of pyrimidine biosynthesis [113].
Carbamoyl phosphate is also an intermediate in the urea cycle. The carbamoyl phosphate functions
as an activated carbamoyl group donor where it enters the urea cycle. The cycle has four enzymatic
steps. Carbamoyl phosphate functions in the first reaction where it donates it’s carbamoyl group
to ornithine to form citrulline, with the release of Phosphate (Pi). Ornithine plays a role resembling
that of oxaloacetate in the citric acid cycle, accepting material at each turn of the cycle. The reaction
is catalyzed by ornithine transcarbamoylase, and the citrulline passes from the mitochondrion to the
cytosol [113].
Carbamoyl phosphate synthetase primarily uses glutamine as a source of ammonia. In this case,
a second polypeptide component of the carbamoyl phosphate synthetase enzyme hydrolyzes
glutamine to form ammonia and glutamate. The active site of the glutamine-hydrolyzing component
of carbamoyl phosphate synthetase contains a catalytic dyad comprising a cysteine and a histidine
residue. Such a catalytic dyad, reminiscent of the active site of cysteine proteases, is conserved in
a family of amidotransferases, including CTP synthetase and GMP synthetase [116].

Formylglycinamide Ribonucleotide Synthetase:
Formylglycinamide ribonucleotide + Glutamine + ATP + H2O =
Formylglycinamidine ribonucleotide + ADP + Pi + Glutamate
The purine ring is assembled by successive steps of activation by phosphorylation followed by
displacement. Nine additional steps are required to assemble the purine ring. The first six steps are
analogous reactions. Most of these steps are catalyzed by enzymes with ATP-grasp domains which
are homologous to those in carbamoyl phosphate synthetase [114].
Each step consists of the activation of a carbon bound oxygen atom (typically a carbonyl oxygen atom) by
phosphorylation, followed by the displacement of a phosphoryl group by ammonia or an amine group
acting as a nucleophile (Nu). The carboxylate group of a glycine residue is activated by
phosphorylation and then coupled to the amino group of phosphoribosylamine. A new amide bond is
formed while the amino group of glycine is free to act as a nucleophile in the next step [114].
Formate is activated and then added to this amino group to form formylglycinamide ribonucleotide.
In some organisms, two distinct enzymes can catalyze this step. One enzyme transfers the formyl
group from N 10- formyltetrahydrofolate. The other enzyme activates formate as formyl phosphate,
which is added directly to the glycine amino group [114].
The inner amide group is activated and converted into an amidine by addition of ammonia
derived from glutamine. The product, formylglycinamidine ribonucleotide, cyclizes to form the five
membered imidazole ring found in purines. Although this cyclization is likely to be favourable
thermodynamically, a molecule of ATP is consumed to ensure irreversibility. The familiar pattern is
repeated: a phosphoryl group from the ATP molecule activates the carbonyl group and is displaced by
the nitrogen atom attached to the ribose molecule. Cyclization is thus an intramolecular reaction in
which the nucleophile and phosphate-activated carbon atom are present within the same molecule [114].

GLUTAMINE

HCO3- + 2ATP + Glutamine + H2O =
Carbamoyl phosphate + 2ADP + Pi + Glutamate
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5-Phosphoribosylamine Synthase:

The purine ring is assembled from a variety of precursors: glutamine, glycine, aspartate,
N 10-formyltetrahydrofolate, and CO2. The committed step in the de novo synthesis of purine
nucleotides is the formation of 5-phosphoribosylamine from 5-phosphoribosyl-1-pyrophosphate
(PRPP) and glutamine [115].
The purine ring is assembled on ribose phosphate, in contrast with the de novo synthesis of
pyrimidine nucleotides. The addition of glycine, followed by formylation, amination, and ring
closure, yields 5-aminoimidazole ribonucleotide. This intermediate contains the completed five
membered ring of the purine skeleton [115].
The addition of CO2, the nitrogen atom of aspartate, and a formyl group, followed by ring
closure, yields inosinate (IMP), a purine ribonucleotide. AMP and GMP are formed from IMP.
Purine ribonucleotides can also be synthesized by a salvage pathway in which a preformed base
reacts directly with PRPP [115].

Cytidine Triphosphate Synthetase:
Uridine Triphosphate + ATP + Glutamine + H2O =
Cytidine Triphosphate + ADP + Pi + Glutamate
Some biosynthetic reactions are driven by hydrolysis of nucleoside triphosphates that are
analogous to Adenosine Triphosphate (ATP) namely, guanosine triphosphate (GTP), uridine
triphosphate (UTP), and cytidine triphosphate (CTP). The diphosphate forms of these
nucleotides are denoted by GDP, UDP, and CDP, and the monophosphate forms by GMP,
UMP, and CMP [116].
Cytidine triphosphate (CTP) is formed by amination of UTP. After uridine triphosphate has
been formed, it can be transformed into cytidine triphosphate by the replacement of a carbonyl
group by an amino group. Like the synthesis of carbamoyl phosphate, this reaction requires
ATP and uses glutamine as the source of the amino group. The reaction proceeds through an
analogous mechanism in which the O4 atom is phosphorylated to form a reactive intermediate,
and then the phosphate is displaced by ammonia, freed from glutamine by hydrolysis. Cytidine
Triphosphate can then be used in many biochemical processes, including RNA synthesis [116]
and the biosynthesis of sphingomyelin [109].
The active site of the glutamine-hydrolyzing component of cytidine triphosphate synthetase
contains a catalytic dyad comprising a cysteine and a histidine residue. Such a catalytic dyad is
conserved in a family of amidotransferases, including guanosine monophosphate synthetase [116].

Asparagine Synthetase:
Aspartate + ATP + Glutamine + H2O =
Asparagine + Glutamate + AMP + PPi
Twenty different amino acids are commonly found in proteins. The first to be discovered was
asparagine, in 1806. Asparagine and glutamine are the amides of two other amino acids also
found in proteins, aspartate and glutamate, respectively, to which asparagine and glutamine are
easily hydrolyzed by acid or base [117].
Asparagine is synthesized by amidation of aspartate, with glutamine donating the NH4+. Two
hydrogen bonds form between glutamine or asparagine and the N6 and N-7 positions of adenine
but do not form with any other base. Correspondingly, arginine residues form two hydrogen
bonds with N-7 and O6 of guanine [117].

GLUTAMINE

5-Phosphoribosyl pyrophosphate + Glutamine + H2O =
5-Phosphoribosylamine + PPi + Glutamate
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Guanosine Monophosphate Synthetase:

An ample supply of nucleotides is essential for many life processes. Nucleotides are the activated precursors
of nucleic acids and are necessary for the replication of the genome and the transcription of the genetic
information into RNA. An adenine nucleotide, ATP, is the universal currency of energy and a guanine
nucleotide and Guanosine Triphosphate (GTP) serves as an energy source for a more select group of
biological processes. Some biosynthetic reactions are driven by hydrolysis of nucleoside triphosphates
that are analogous to ATP namely, guanosine triphosphate (GTP), uridine triphosphate (UTP), and cytidine
triphosphate (CTP). The diphosphate forms of these nucleotides are denoted by GDP, UDP, and CDP, and
the monophosphate forms by GMP, UMP, and CMP [118].
Second messengers relay information from the receptor-ligand complex. Changes in the concentration of
small molecules, called second messengers, constitute the next step in the molecular information circuit.
Particularly important second messengers include cyclic AMP and cyclic GMP (Cyclic Guanosine
Monophosphate), calcium ion, inositol-1,4,5-trisphosphate, (IP3), and diacylglycerol (DAG) [118].
The activity of second messengers has several consequences. Second messengers are often free to diffuse
to other compartments of the cell, such as the nucleus, where they can influence gene expression and other
processes. The signal may be amplified significantly in the generation of second messengers. Enzymes or
membrane channels are almost always activated in second messenger generation and each activated
macromolecule can lead to the generation of many second messengers within the cell. Thus, a low
concentration of signal in the environment, even as little as a single molecule, can yield a large intracellular
signal and response. Nucleotides are essential components of signal transduction pathways. Cyclic
nucleotides such as cyclic AMP and cyclic GMP are second messengers that transmit signals both within
and between cells [118].
Guanylate (GMP) is synthesized by the oxidation of inosinate to xanthylate (XMP), followed by the
incorporation of an amino group at C-2. NAD+ is the hydrogen acceptor in the oxidation of inosinate.
Xanthylate is activated by the transfer of an AMP group (rather than a phosphoryl group) from ATP to the
oxygen atom in the newly formed carbonyl group. Ammonia, generated by the hydrolysis of glutamine,
then displaces the AMP group to form guanylate, in a reaction catalyzed by GMP synthetase. Note that the
synthesis of adenylate requires GTP, whereas the synthesis of guanylate requires ATP. This reciprocal use of
nucleotides by the pathways highlights an important regulatory interaction [118].
The active site of the glutamine-hydrolyzing component of guanosine monophosphate synthetase contains a
catalytic dyad comprising a cysteine and a histidine residue. Such a catalytic dyad is conserved in a family of
amidotransferases, including Cytidine Triphosphate (CTP) synthetase [116].

Glucosamine-6-phosphate synthase:
Fructose-6-phosphate + Glutamine =
Glucosamine-6-phosphate + Glutamate
Glucosamine-6-Phosphate is the precursor of all nitrogen containing sugars and is formed from Fructose-6Phosphate and glutamine [120]. A large number of the polysaccharides that occur in mammalian connective
tissue are glycosaminoglycans. They contain a repeating disaccharide unit, consisting of a sugar (such as
glucosamine, usually N-acetylated) and a uronic acid (except in keratan sulphate). The uronic acid is usually
esterified with sulphate (except in hyaluronate). The polysaccharide is usually covalently linked to a protein to
form a proteoglycan (also known as a mucopolysaccharide) [121].
Glucosamine is the trivial name for the aminodeoxysugar 2-amino-2-deoxyglucopyranose; there are two
enantiomers. D-Glucosamine, formerly known as chitosamine, occurs in combined form in chitin, in
mucoproteins, and in mucopolysaccharides, and is one of the most abundant natural monosaccharides [122].
The sialic acids are derivatives of neuraminic acid. Neuraminic acid is a nine-carbon sugar derived from
mannosamine (an epimer of glucosamine) and pyruvate. Sialic acids are constituents of both glycoproteins and
gangliosides. Gangliosides are present in nervous tissues in high concentration [126].

GLUTAMINE

Xanthosine Monophosphate + ATP + Glutamine + H2O =
Guanosine Monophosphate + DPN+ + AMP + PPi + Glutamate

180

Certain glutamine amidotransferases catalyze well known reactions involved
in the biosynthesis of amino acids and nitrogen atoms 3 and 9 of the purine
ring as well as that of the amino groups of guanine and cytidine [99].

In general, the glutamine amidotransferases exhibit similar features which seem to
reflect their common ability to bind and use glutamine. For most of these enzymes
there is evidence that glutamine binds to an enzyme site which is separate from that
which catalyzes the glutamine synthesis reaction [99].

After binding, the amide nitrogen atom of glutamine is transferred to a site which can also accept
ammonia. Almost all of the glutamine amidotransferases can use ammonia in place of glutamine.
In a number of instances there is direct or indirect evidence that an enzyme sulfhydryl group is
involved in the binding of glutamine analogs [99].

Glutamine has a C5 chain and two nitrogen atoms, which makes it a powerful donor of
carbon and nitrogen. Glutamine is important in the synthesis of proline, citrulline, arginine
and glutathione [100]. It is widely acknowledged that glutamine is an important substrate,
serving as a major respiratory fuel, gluconeogenic source and nitrogen carrier [102].

In single pass experiments in which the gut was perfused with normal blood containing L-[U-14C]glutamine
of known specific radioactivity, the individual 14C-labelled products were quantified in the venous outflow
which was not allowed to recycle. The rate of appearance of labelled products in the venous blood reached a
steady state in 10 - 20 minutes [103].

57% of glutamine carbon was released as CO2. The rate of CO2 formation from circulating glutamine
could account for more than 30% of the total CO2 produced indicating the importance of glutamine as a
respiratory fuel [103]. Important products of glutamine carbon are lactate, citrate, citrulline and proline.
The carbon chain of glutamine is available to many cells as a source of energy [99].

A major nitrogenous end product of glutamine degradation is alanine, formed by transamination from
glutamate with pyruvate. Bicarbonate has a slightly stimulating effect in enterocytes but much less
than in liver [104]. Glutamine nitrogen taken up could be approximately accounted for by the quantities
of citrulline, ammonia, alanine, and proline released back into the perfusate [103].

GLUTAMINE

In the 1940s and 1950s the metabolic functioning of glutamine
as a donor of nitrogen atoms in the synthesis of purines and
pyrimidines, as well as of amino sugars was established [104].
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These reactions form part of a homeostatic metabolic mechanism in mammalian
tissues for the preservation of amino acid balance in which glutamine and other
non-essential amino acids function to maintain the tissue levels of amino acids
and to prevent loss of essential carbon chains [99].

The amount of glutamine that arises from the skeletal
muscle in mammals is substantial. Amino acid metabolism
in muscle provides precursors for the synthesis of alanine
and glutamine [99].

Alanine is extensively used by the liver for gluconeogenesis.
Both glutamine and alanine serve as transport forms of nitrogen
which arise in the muscle, and are used in other tissues such as
liver, kidney and intestine [99].

Ammonia is here considered the sum of NH3 and NH4+. The uncharged NH3 has a higher lipid
solubility and passes quickly through plasma membranes. NH3 is the main species transported in
the tissues and enters brain largely by diffusion, dependent on the blood-brain pH gradient, cerebral
blood flow and capillary permeability [105].

A large fraction of ammonia in brain arterial blood is normally
extracted. Ammonium ions are hydrophilic and pass mostly
through Sodium (Na+) and Potassium (K+) channels [105].

For that reason, the uptake of NH4+ through ionic channels
will precede the passive diffusion of NH3 in mammalian
cerebral cortical neuronal membranes, due to the high
density of ionic channels [105].

GLUTAMINE

Most amino acids have multiple functions but glutamine appears to be the most versatile [104].
The alpha-amino group of glutamine is utilized for the formation of many amino acids.
Transamination of glutamine with alpha-keto acids by specific transaminases leads to the
formation of the corresponding amino acids and alpha-ketoglutaramate, which is hydrolyzed
to alpha-ketoglutarate and ammonia by a specific omega-amidase [99].
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During the post-absorptive period between meals, the glutamine concentration in the
blood perfusing the liver (about 75% portal blood and 25% arterial blood) will be lower than
the glutamine concentration in the arterial blood perfusing other body tissues [103].

Glutamine plays a role in :Acid-base balance as a precursor of urinary ammonia
Biogeneis of purine and pyrimidine rings of nucleotides and nucleic acids
Biogenesis of amino sugars
Synthesis of amino acids and protein peptides
Detoxification of phenylacetic acid to phenylacetylglutamine
Nitrogen transport between tissues
Regulation of hepatic glycogen synthesis
Respiration as a fuel in cells and tissues [104]
Biogenesis of Nicotinamide Adenine Dinucleotide (NAD) [112]

GLUTAMINE

The liver plays a regulatory role in restoring blood glutamine levels to
normal when they are either elevated or depressed. The liver is amply
supplied with glutamine synthetase and glutaminase [103].
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Glutamine in the Tissues

All these types of cell have one common feature: they are all cells which grow
rapidly. The oxidation of glutamine in these cells is remarkable because in
general amino acids are not a major fuel of respiration in peripheral tissues [104].

The only non-growing tissue is known to degrade glutamine is
the lens [104]. This may be due to its unusually high requirement
for the reducing compound glutathione [123].

The concentration of glutamine in blood plasma is higher than that of any other amino acid and this is
true also of the glutamine content of animal tissues generally. It has been suggested that the ready
oxidation of glutamine is related to glutamine’s major role in the synthesis of purines and pyrimidines
essential in nucleic acid and pyridine nucleotide production [104].

These syntheses occur when cells divide and would account for the ready
disposal of the carbon skeleton of glutamine when the nitrogen atoms have
been used for the synthesis of purines and pyrimidines [104].

GLUTAMINE

Glutamine is a vital source of energy in several tissues. Tissues include the brain, epithelium
of the small intestine, kidney, lymphocytes and other immune cells, reticulocytes, lymphoma
cells, other malignant cells, HeLa cells and fibroblasts [104] [108].
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Glutamine and the Nervous System

After administration of certain labelled precursors, the specific radioactivity of
glutamine is higher than that of its immediate precursor, glutamate. This has been
observed both in vivo and in vitro, in nervous tissue but not in other tissues [101].

Glutamine synthetase is located mainly in the glial cells, whereas glutaminase is
relatively more concentrated in nerve endings. At least two pools of glutamate
have been metabolically characterized: a "small" pool which is rapidly converted
into glutamine, and a "large" pool [101].

In radioautographic experiments using dorsal root ganglia, the precursors which
feed the small pool preferentially labelled the glial cells, whereas those entering
the large pool labelled mainly the neurons [101].

Depolarization of brain slices notably stimulated the release of labelled glutamate and GABA
derived from glutamine, in a calcium-dependent manner. It is proposed that glutamine is
synthesized mainly in glial cells for later transportation into the nerve endings to serve as a
precursor of the neurotransmitter pools of glutamate and GABA [101].

The glutamate resulting directly from transamination
of GABA in glia could be converted into glutamine
by glutamine synthetase [101].

The metabolism of glutamine in brain can be considered
from at least three points of view [101]:
1. The synthetic and degradative reactions, and of the characteristics of
the synthesizing and degradative enzymes in nervous tissue
2. The role of glutamine synthesis in the metabolism of ammonia,
which is toxic to the nervous system
3. The relationship of glutamine to the specialized mechanisms responsible
for the particular function of the brain; namely the initiation, propagation
and transmission of nerve impulses in neuronal structures

GLUTAMINE

Glutamine constitutes the key metabolite for the detoxification, storage and transport
of ammonia in nervous tissue. It also is an important precursor of the pools of both
glutamate and gamma amino butyric acid (GABA) and is specifically related to their
role as synaptic transmitters in the central nervous system.
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Astrocytes are a sub-type of glial cell in the central nervous system. They are also known as
astrocytic glial cells. Star-shaped, their many processes envelope synapses made by neurons.
Astrocytes are the primary site of ammonia detoxification in brain via glutamine synthesis,
whereby the level of brain glutamine is raised [105].

Ammonia decreases excitatory transmission mediated by glutamate. Results indicate
the calcium-independent, but not the calcium-dependent evoked release of glutamate, is
depressed by ammonia. In vivo, the reduced level of glutamate in brain due to increased
glutamine synthesis may promote this process [105].

The glutamine is then released by glial cells and returns to the neurons
where it is hydrolyzed by glutaminase to form glutamate again. In this
way glutamate excitoneurotoxicity is prevented and the neurotransmitter
pool is replenished [108].

Glutamine is the only amino acid capable of readily crossing the
blood brain barrier and, with glutamic acid, is thought to account
for about 80% of the amino nitrogen (-NH2) of brain tissue [107].

GLUTAMINE

As the carbon atoms of all precursors have to be channelled through the citric acid
cycle in order to be converted to glutamate and subsequently to glutamine, it has been
concluded that at least two metabolically different citric acid cycles exist in brain [101].
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Glutamine and the Intestines

The intestines therefore breakdown glutamine, which provides an important
energy source in addition to glucose, short chain fatty acids and ketone
bodies [100]. The small intestine is a more important site for the net utilization
of circulating glutamine than is the liver [103].

The glutamine is derived from either the blood stream or the intestinal lumen. Most of the
glutamine is used by the intestinal mucosa, and the large bowel uses much less glutamine
than the small intestine [100]. Glutamine utilisation is localized in villus and crypt cells of
mucosal epithelium and is initiated by a phosphate-dependent glutaminase [103].

Much of glutamine released is removed by the epithelium of the intestinal
wall. In enterocytes glutamine is a major fuel of respiration. Glutamine
yields more than one ammonia in the small intestine and this indicates that the
cells possess glutamate dehydrogenase activity [104].

Physiological functions served by intestinal glutamine metabolism include [103]:
A: Providing a major source of energy for the intestine
B: Providing the animal indirectly with an endogenous arginine source, by
supplying citrulline for arginine biosynthesis in the kidneys and other tissues
C: Providing the liver with nitrogenous precursors for urea biosynthesis

The nutritional supply of glutamine may become limited at weaning or during intestinal
stress due to the rapid turnover and replacement of mucosal cells. In weanling pigs,
glutamine supplementation reduces jejunal villus atrophy and improves weight gain [102].

Glutamine is involved in the regulation of muscle protein synthesis, maintenance of gut mucosal barrier
function and possibly enhanced immunological response. Supplementation of total parenteral nutrition
solutions with a glutamine dipeptide (glycyl-glutamine), in quantities equivalent to 0.23 g of glutamine
per kg body weight daily, prevented the increased intestinal permeability and atrophic changes in the
intestinal mucosa associated with unsupplemented solutions [106].

GLUTAMINE

The small intestine has been identified as a major site for the metabolism of circulating glutamine. 20-30% of
the total plasma glutamine is extracted in each blood pass through the intestine [103]. Intestinal glutamine uptake
and metabolism accounts for approximately 60% of the ammonia from the viscera drained by the portal vein.
Glutamine is converted to ammonia and glutamate, which is then transaminated to alanine, and to a lesser extent
other amino acids and organic acids [100].

187

In the study it was found that 57% of glutamine carbon was released as CO2. The rate of CO2
formation from circulating glutamine could account for more than 30% of the total CO2 produced
indicating the importance of glutamine as a respiratory fuel. Important products of the glutamine
carbon were lactate, citrate, citrulline and proline [103].

The radioactivity of L-[U-14C]glutamine administered vascularly to intestine was released
back into blood as CO2 (64%), organic acids (mostly lactate) (13%), proline (6%), citrulline
(5%), glucose (5%), alanine (4%), and glutamate (0. 4%) [103].

Glutamine nitrogen was accounted for by released ammonia (38%), citrulline
(28%), alanine, (24%) and proline (7%). Plasma glutamine was the source for
35% of the total CO2 produced by jejunum of post-absorptive rats [103].

Intestine metabolized most dietary glutamine during its transport from lumen
to blood. The metabolic products were the same as with vascular glutamine.
The quantity of glutamine nitrogen processed daily by intestine in fasted rats
accounts for more than 30% of the urea nitrogen excreted [103].

Studies with isolated vascularly perfused rat gut preparation showed that
glutamine but no other amino acid, disappeared rapidly from the recycling
perfusate. The tissue in the gut preparation included the small intestine,
cecum, proximal colon, associated mesentery and part of the pancreas [103].

The loss of perfusate glutamine was accompanied by a substantial tissue release
of alanine, citrulline, proline and smaller amounts of other amino acids; the last
apparently from the digestion of residual protein in the gut lumen [103].

When sufficient glutamine was infused into the perfusate to maintain the normal blood
level, uptake by the tissue was continuous at 74 µmol/h, with 30% of the plasma glutamine
being removed in each blood pass through the preparation [103].

GLUTAMINE

In single pass experiments in which the gut was perfused with normal blood containing L-[U-14C]glutamine
of known specific radioactivity, the individual 14C-labelled products were quantified in the venous outflow
which was not allowed to recycle. The rate of appearance of labelled products in the venous blood reached a
steady state in 10 - 20 minutes [103].
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A: Net uptake of glutamine was nearly as large as that of glucose
B: Net uptake rate observed represented a turnover of the rats entire
plasma glutamine pool every 4.6 minutes and accounted for about
15% of the estimated turnover rate of the total body glutamine pool

The rate of glutamine utilization by the perfused gut increased more or less
linearly with increasing perfusate concentration and appeared to reach a near
maximum rate at about 600 µM, the normal blood level in the rat [103].

Without the addition of glutamine, the perfusate glutamate levels fell rapidly from 600 µM, the
normal blood level, to 200 µM, but no lower [103]. The level fell to near zero when the perfusate
contained 4 mM L-methionine-SR-sulfoximine, an inhibitor of glutamine synthetase [103].

A major nitrogenous end product of glutamine degradation is alanine,
formed by transamination of glutamate with pyruvate. Bicarbonate has a
slightly stimulating effect in enterocytes but much less than in liver [104].

Glutamine nitrogen taken up could be approximately accounted
for by the quantitites of citrulline, ammonia, alanine, and proline
released back into the perfusate of gut [103].

During the post-absorptive period between meals, the glutamine concentration in the
blood perfusing the liver (about 75% portal blood and 25% arterial blood) will be lower than
the glutamine concentration in the arterial blood perfusing other body tissues [103].

The liver appears to play a regulatory role in restoring blood glutamine levels
to normal when they are either elevated or depressed. The liver is thus amply
supplied with glutamine synthetase and glutaminase [103].

GLUTAMINE

Two lines of reasoning suggested that the utilization of circulating glutamine
by the gut represents a quantatively important pathway [103]:
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Glutamine and Skeletal Muscle

The total activities of glutamine synthetase found in crude tissue preparations
of skeletal muscle were of an order of magnitude consistent with the observed
in vivo production of glutamine by muscle [99].

Glutamine has the highest plasma concentration of any amino acid and provides approximately
5% of the whole body free amino acid pool, 25% of the plasma amino acids and 60% of the
muscle free amino acids. Glutamine forms approximately 30% of the amino acid released from
skeletal muscle, but constitutes only 5% of muscle protein amino acids. Glutamine is a carbon
and nitrogen carrier from skeletal muscle to splanchnic organs [100].

Glutamine release from skeletal muscle increases with muscle protein turnover or release from the free
glutamine pool [100]. A large fraction of blood ammonia is used for glutamine synthesis in the skeletal
muscle, which is considered to be a major source of glutamine [105]. Glutamine is synthesized de novo in
muscle and glutamine synthetase appears to catalyze the final step in its synthesis [108].

Alanine and glutamine together may account for 50% of the total amino nitrogen released by muscle.
It has been suggested that alanine and glutamine act as vehicles for amino nitrogen released during
breakdown of amino acids in muscle tissue. The amino acids concerned are mainly the branched
chain amino acids which readily transaminate in muscle tissue. Alanine shed by muscle is eventually
taken up by the liver and converted to glucose or oxidized to completion [104].

Glutamine has a C5 chain and two nitrogen atoms, which makes it a powerful donor of carbon and nitrogen. Glutamine is
important in the synthesis of proline, citrulline, arginine and glutathione [100]. It is widely acknowledged that glutamine is
an important substate, serving as a major respiratory fuel, gluconeogenic source and nitrogen carrier [102]. The cellular tissue
concentration of glutamine falls during severe illness. Glutamine is considered to be an essential fuel for small intestine
function. This leads some clinicians to regard glutamine as being conditionally indispensable in critical illness [100].

To summarize glutamines roles :It is inovlved in acid-base balance as a precursor of urinary ammonia
It is a precursor of the purines and pyrimidines of nucleic acids and nucleotides
A precursor of all amino sugars
It is an amino acid and protein peptide constituent
It plays a role in detoxification of phenylacetic acidto phenylacetylglutamine
It is a nitrogen carrier between tissues
It regulates hepatic glycogen synthesis
It is a respiratory fuel in tissues [104]
It is required for biosynthesis of Nicotinamide Adenine Dinucleotide (NAD) [112]

GLUTAMINE

Glutamine is involved in the regulation of muscle protein synthesis [106]. Skeletal muscle
is the principal reservoir of body glutamine and central site of glutamine synthesis [108].
Skeletal muscle is capable of releasing glutamine into the bloodstream at a rate that cannot
be accounted for by the proportion of glutamine present in major muscle proteins [108].
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Hepatic Glutamine Metabolism

Following a massive intravenous injection of glutamine into rats, glutamine and glutamate
were observed to accumulate in the liver. It has been posited that glutamine is a vehicle for
transporting nitrogen from peripheral tissues to the liver for urea biosynthesis [103].

During the post-absorptive period between meals, the glutamine concentration in the
blood perfusing the liver (about 75% portal blood and 25% arterial blood) will be lower than
the glutamine concentration in the arterial blood perfusing other bodily tissues [103].

The concentration of bicarbonate and CO2 (the criterion of acidosis), affects hepatic and renal glutaminases in
distinct ways. Increasing the bicarbonate buffer concentration substantially raises the rate of removal of glutamine
by rat hepatocytes and is paralleled by an increased formation of glucose and of urea; some glutamate is also
formed. Acidification by doubling the CO2 concentration at 25 mM bicarbonate decreases glutamine removal [104].

The effects of the bicarbonate concentration are also found in the presence of 0.1 mM leucine,
an effector both of glutaminase activity and glutamate dehydrogenase activity. The finding that
leucine activates glutamate dehydrogenase was shown by Yielding and Tomkins. Leucine also
activates glutaminase. Bicarbonate has a stimulating effect in the liver. [104].

Renal glutamine removal in contrast to hepatic glutamine removal, is not affected much by variations
in the concentrations of the bicarbonate buffer. On the other hand, when under non-acidotic conditions
and ammonia formation by the kidney is not required, the rate of degradation of glutamine in the liver
(and possibly other tissues) rises and the surplus glutamine is either converted into carbohydrate by
gluconeogenesis or serves as a source of energy [104].

In the liver, urea and glutamine synthesis occur in different compartments; in
the periportal and perivenous systems, respectively. Thus the ammonia which
escapes urea synthesis is used for perivenous glutamine synthesis [105].

Studies support the existence of a glutamate-glutamine shuttle in exchanges between the fetal liver and placenta.
Maternal supplies of glutamine arriving at the placenta are further enhanced by placental glutamine synthesis
prior to uptake by the fetal liver. Glutamine and glutamate have emerged as particularly important in specific
roles in placental and fetal metabolism. Of all the amino acids transported to the fetus from maternal and
placental sources, glutamine export was the highest [102].

GLUTAMINE

The liver plays a regulatory role in restoring blood glutamine levels to normal when they are either elevated or
depressed. The liver is amply supplied with glutamine synthetase and glutaminase [103]. Ammonia and amino
acids are carried in the portal vein to the liver and then enter into the urea cycle. A major nitrogenous end product
of glutamine degradation is alanine, formed by transamination from glutamate with pyruvate. The alanine shed
by muscle is eventually taken up by the liver and converted to glucose or oxidized to completion [104]. The alanine
carbon skeleton is used in hepatic gluconeogenesis [100].
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Glutamine Synthetase

Glutamine synthetase is widely distributed in microorganisms, animal tissues,
and higher plants. It catalyzes the reversible formation of glutamine from
glutamate and ammonia at the expense of cleavage of ATP to ADP and Pi [99].

Studies with 18 O-labelled glutamate showed that the synthesis of glutamine is accompanied by transfer of
oxygen from glutamate to inorganic phosphate. Beta-glutamyl phosphate, acetyl phosphate and carbamoyl
phosphate interact at the active site of the enzyme. The enzyme can synthesize ATP from ADP and acyl
phosphates such as Beta-aminoglutaryl phosphate, carbamoyl phosphate and acetyl phosphate [99].

Midelfort and Rose provided proof for the formation of enzyme bound gamma-glutamyl
phosphate by glutamine synthetase. Evidence has been presented to support the hypothesis
that gamma glutamyl phosphate is an enzyme-bound intermediate and also a mechanism in
which phosphorylation of glutamate precedes reaction with ammonia to form glutamine [99].

The high rate of glutamine usage by tumor cells in culture has led to the speculation
that glutamine synthetase expression may be a hallmark of malignant cells [108].
Glutamine is an obligatory fuel for rapidly dividing cells [100].

In contrast to many microorganisms, mammalian tissues exhibit high concentrations of
glutamine. The regulation of glutamine synthesis in mammals may be adjusted to achieve
relatively high levels of glutamine needed by mammalian tissues [99].

Native human glutamine synthetase occurs as an octamer with an estimated molecular weight
of 360 to 400 kDa. Under reducing and denaturing conditions, the enzyme dissociates into
monomeric subunits with an estimated molecular weight of 44 to 45 kDa [108].

All glutamine synthetases studied have subunits of about the same size
(44,000 - 50,000). The amino acid composition of the mammalian glutamine
synthetases which have been isolated are remarkably similar [99].

GLUTAMINE

Glutamine synthetase (GS; EC 6. 3. 1. 2) is the enzyme that catalyzes the ATP-dependent formation
of glutamine from glutamate and ammonia. The enzyme is expressed in all tissues where it produces
glutamine for the synthesis of purines, amino sugars and proteins. Its synthesis plays a key role in the
detoxification of ammonia and of glutamate [108].
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Studies on the reactions catalyzed by the enzyme, on its interaction
with glutamate analogs and on kinetic and binding phenomena show
that gamma glutamyl phosphate is an enzyme bound intermediate [99].

The human genome contains a glutamine synthetase gene
localized between chromosome bands 1q25 and 1q23, and
a pseudogene localized to chromosome band 9p13 [108].

Two human glutamine synthetase mRNA species have been identified which
differ in the length of their 3'-untranslated regions (UTR) because different
polyadenylation sites are used in their formation [108].

Each contains a 5'UTR of 109 bp, a protein coding region of 1119
bp and a 3'-UTR of 1498 or 991 bp (EMBL/GenBank data libraries
accession numbers X59834 or Y00387, respectively) [108].

Glucocorticoids are amongst the most important factors controlling glutamine synthetase
gene expression. Glucocorticoid response elements (GREs) have been identified in the
glutamine synthetase gene in the chick and in the rat [108].

Avian glutamine synthetase has been shown to contain, upstream of the Glucocorticoid
Response Element (GRE), a neural restrictive silencing element which represses the
induction of glutamine synthetase expression in non-neural cells [108].

This element, which binds to a repressor protein that is mainly expressed
in non-neural cells, may be responsible for the particularly high induction
of glutamine synthetase expression in neural tissues [108].

The high rate of glutamine usage by tumor cells in culture has
led to the speculation that glutamine synthetase expression may
be a hallmark of malignant cells [108].

GLUTAMINE

The mechanism of the reaction catalyzed by glutamine synthetases isolated from various cells is basically
similar. Glutamine synthetase catalyzes several partial reactions as well as the formation of glutamine from
glutamate. These include gamma glutamyl transfer, arsenolysis, formation of 5-oxoproline, formation of
ATP from ADP and acyl phosphates, as well as formation of acyl phosphates [99].
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An increase in glucocorticoids leads to an increase in glutamine synthetase
expression: glucocorticoids were shown to induce an increase in glutamine
synthetase mRNA and glutamine synthetase enzyme activity in the L6
muscle cell line in vitro and in rat skeletal muscles in vivo [108].

In contrast, endurance training, which can diminish glucocorticoid mediated
muscle wasting, inhibits the increase in glutamine synthetase enzyme activity
and glutamine synthetase mRNA accumulation [108].

Despite the increase in glutamine synthetase expression, glucocorticoid treatment
produces a decrease in the intramuscular concentration of glutamine, apparently
by accelerating glutamate efflux from muscle tissue [108].

It has been postulated that reduction in glutamine concentration is a primary mechanism
by which glucocorticoids induce muscle atrophy, but it is not clear whether induction of
glutamine synthetase expression is causally related to this process [108].

A potential explanation is that glutamine synthetase’s involvement in the production
of the purine Guanosine Triphosphate (GTP) via the supply of glutamine is the link,
as GTP serves as an allosteric regulator and energy source for protein synthesis.

Cyclic Guanosine Monophosphate (cGMP), serves as a second messenger in response to nitric
oxide during relaxation of smooth muscle; this glutamine providing the nitrogen for nitric oxide
production [108]. All this potentially could suggest that upregulation of glutamine synthetase by
glucocorticoids might bring about muscle wasting through an exhausting demand for nitrogen.

The first studies on the biosynthesis of glutamine were undertaken by Krebs in 1935,
who found that the disappearance of ammonia in guinea pig slices was increased when
L-glutamate was added, and that the disappearance of ammonia was associated with
the formation of a compound that gave ammonia on acid hydrolysis. This compound
was shown to be glutamine through isolation as the crystalline hydrochloride [99].

Krebs examined the synthesis of glutamine in slices of brain, retina, and liver and concluded
the synthesis was an endothermic reaction. The synthesis of glutamine in cell free systems
requires the hydrolysis of ATP and is a freely reversible reaction [99].

GLUTAMINE

An interesting correlation has been noted between glucocorticoids, glutamine synthetase
expression and muscle atrophy. An increase in circulating adrenal corticosteroids, as a
consequence of Cushing's syndrome or chronic glucocorticoid treatment, results in
skeletal muscle atrophy [108].
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L-Glutamate + ATP + (Mg2+, Mn2+, or Co2+) + NH3 = L-Glutamine + ADP + Pi [108]

In the pH range 7.0 - 7.4 magnesium ions are more effective than are
manganese or cobalt ions, but at their respective pH optima, virtually
equivalent activities are observed with Mg++, Mn++ and Co++ [99].

When glutamine synthetase is incubated with 0.01 M concentration of
L-glutamate, ammonium ions, and ATP (in the presence of Mg++ at pH 7.
0 and 37 degrees) the reaction reaches equilibrium when about 90% of
the glutamate added is converted to glutamine [99].

Regarding the specificity of glutamine synthetase toward various nucleotides, only ATP and deoxy-ATP
are appreciably active although some activity has been reported with adenosine tetraphosphate, ITP, GTP
and UTP. Evidence indicates that glutamine synthetase has an active center equipped with binding sites
for L-glutamate, ATP, and ammonia and that these sites are arranged in such a manner so as to facilitate
interactions between the substrates on the enzyme [99].

The scheme includes the activated form of glutamate, gamma glutamyl phosphate, and
the tetrahedral intermediate or transition state formed in the reaction of ammonia with
enzyme bound gamma glutamyl phosphate [99].

Experimental findings indicate that nucleotide is required for
the binding and reaction of the substrates. Thus, ADP or ATP
is a functional portion of the active site [99].

The scheme indicates that the enzyme does not interact with glutamate until ATP is bound,
nor does the enzyme bind glutamine in the reverse direction until ADP is bound. Alternative
possibilities such as the binding of glutamate prior to the binding of ATP or a random order
of addition of glutamate and ATP to the enzyme are also conceivable [99].

GLUTAMINE

Glutamine synthetase catalyzes the reversible formation of glutamine from
glutamate and ammonia at the expense of cleavage of ATP to ADP and Pi
in a reaction which requires a divalent cation [108].
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Glutamate attacks the gamma phosphorus atom of ATP to produce gamma glutamyl phosphate and ADP,
which in turn activate the final steps of the reaction, including the binding of ammonia and the transfer of
the gamma-amino group to yield glutamine. The glutamine synthetase enzyme can also catalyze gamma
glutamyl transfer from glutamine to hydroxylamine, yielding gamma glutamyl hydroxamate [108].

Several partial reactions are catalyzed by glutamine synthetase
such as cyclization of glutamate, phosphorylation of glutamate
analogs, and utilization of acyl phosphates for ATP synthesis [99].

Glutamine synthetase activity in skeletal muscle is low, however as
muscle occurs in such substantial quantitites, it still represents one of
the principal glutamine synthesizing tissues [100].

Glutamine is synthesized de novo in muscle and glutamine synthetase appears to catalyze
the final step in its synthesis [108]. The concentration of ADP may be a factor in the
regulation of glutamine synthetase in muscle. Various types of feedback inhibition
phenomena may operate to regulate glutamine synthesis and glutaminase [99].

GLUTAMINE

The suggested chemical steps in the biosynthesis of glutamine are that ATP
binds first at the top of the funnel-shaped active site and enhances the binding
of glutamate to the bottom of the active site [108].
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Glutamine Synthetase in the Central Nervous System

Brain glutamine synthetase is highly concentrated in the glial cells. Evidence has
been presented to show that the glutamate which is released from glutamatergic
neurons may be taken up by the glia [99].

Synaptosomes have substantial levels of glutaminase activities. Glial glutamine
synthetase and glutaminase present in nerve endings play a significant role in the
formation and disposition of glutamate in glutaminergic synapses [99].

Glutamine synthetase is located exclusively in the glial cells, more specifically
in the astrocyte cytoplasm and in its neutrophil processes; whereas glutaminase
is relatively more concentrated in nerve endings [101].

Glial cells are enriched with glutamine synthetase. Both
sinaptosomes and neuronal bodies, particularly the latter,
possess glutamine synthetase in large amounts [101].

The expression of glutamine synthetase is highest in neural tissues, and in particular
in the adult neural retina. Glutamine synthetase is regulated by glucocorticoids and
is found in glial cells; mainly the Muller glia and astrocytes [108].

Studies in avian retina demonstrated that glucocorticoids can induce a high level
of glutamine synthetase gene transcription in glial cells but not in neurons. This
is consistent with finding that in this tissue the glucocorticoid receptor protein
which mediates the hormonal response is expressed in glial cells only [108].

Glutamine synthetase plays a key role in the "small glutamate compartment" which
functions in the recycling of the amino acid neurotransmitter glutamate, a primary
mediator of excitatory synaptic transmission in neural tissues [108].

GLUTAMINE

The ammonia utilisation in brain (32 µmol/min per human whole brain) results primarily from amidation
of glutamate to form glutamine as catalyzed by the glutamine synthetase reaction. This enzyme is
mainly localized in astrocytes where ammonia derived from blood and the central nervous system is
metabolised in a small pool of glutamate [105].
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Glutamate, which is released by glutaminergic neurons, is taken up by glial cells and converted by
the glutamine synthetase enzyme into the non-toxic amino acid glutamine. In this way glutamate
neurotoxicity is prevented and the neurotransmitter pool is replenished [108].

The glutamate resulting directly from transamination of GABA in glia
can be converted into glutamine by glutamine synthetase. Glutamine thus
synthesized would be transported into nerve endings, where glutaminase
would convert it to glutamate [101].

Glutamate neurotoxicity has been implicated in the process of neuronal degeneration
following injury or focal ischaemia and in the pathophysiology of a wide variety
of neurological disorders including Huntington's disease, Alzheimer's disease,
amyotrophic lateral sclerosis and parkinsonian dementia of Guam [108].

Most of these conditions are reportedly accompanied by a decline in glutamine
synthetase activity, although mixed observations have been reported. In patients
with Alzheimer's disease, oxidative damage to the enzyme has been suggested to
be a likely cause of glutamine synthetase inactivation [108].

It was suggested that the ability of glial cells to cope with glutamate neurotoxicity is
dependent on the amount of glutamine synthetase expressed, and that high glutamine
expression is required to catalyze the excessive amounts of glutamate released by
damaged cells [108].

Studies of the neural retina in vitro have suggested that elevation of glutamine
synthetase expression by hormonal induction of the endogenous gene or supply
of the purified glutamine synthetase enzyme has neuroprotective benefits [108].

GLUTAMINE

This biochemical pathway also constitutes an endogenous neuroprotective
mechanism that prevents the accumulation of glutamate in excitoneurotoxic
amounts in postsynaptic regions [108].
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Glutamine Synthetase in the Liver

The rate-limiting enzyme of urea synthesis, carbamoyl phosphate
synthetase 1, is expressed in all hepatocytes except the pericentral
ones which are glutamine synthetase positive [108].

Expression of glutamine synthetase in the liver of mammals including humans is restricted to
7% of all hepatocytes and has a unique pattern of distribution. It is localized within one to
three continuous rows of cells in the centre of the liver lobules around the central veins [108].

Restriction of glutamine synthetase expression to the pericentral hepatocytes may facilitate the
operation of a scavenger system that removes ammonia from the blood before it is returned from
the liver to the general circulation. In non-pericentral hepatocytes, the urea cycle, which is a low
affinity, high capacity system, is the primary metabolic pathway for ammonia clearance [108].

Alpha-ketoglutarate activates the glutamine synthetases of rat liver
and sheep brain. These enzymes are inhibited by glycine, L-alanine
and D-alanine, especially in the presence of Mn++ [99].

GLUTAMINE

Glutamine synthetase has particularly high expression in specific cell types; especially those
of liver and brain [108]. The liver appears to play a regulatory role in restoring blood glutamine
levels to normal when they are either elevated or depressed. The liver is thus amply supplied
with glutamine synthetase and glutaminase [103].
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Sulfoximine Inhibition of Glutamine Synthetase

L-methionine-S-sulfoximine and alpha-ethylmethionine sulfoximine produce
convulsions in animals, whereas buthionine sulfoximine does not, indicating
that the convulsant activity of methionine sulfoximine is due to its effect on
synthesis of glutamine rather than to its effect on glutathione synthesis [99].

Inhibition is associated with cleavage of ATP to ADP, and the inhibited
enzyme was found to contain close to 1 mole each of a phosphorylated
derivative of methionine sulfoximine and ADP per subunit [99].

Highly purified preparations of rat skeletal muscle glutamine synthetase were found to be markedly
inhibited by ADP; more so than that found with sheep brain glutamine synthetase. Both methionine
sulfoximine phosphate and ADP are tightly bound to the enzyme. Chemically synthesized
methionine sulfoximine phosphate inhibits glutamine synthetase in the absence of added nucleotide
and metal ions. Such inhibition is more effective when magnesium ions and ADP are added. [99].

The phosphorylation of methionine sulfoximine by glutamine synthetase seems to reflect the
phosphorylation of glutamate during the normal catalytic reaction. Methionine sulfoximine
inhibits gamma glutamyl cysteine synthetase and produces convulsions in animals [99].

Computer studies indicate [99]:
A: The sulfoximine oxygen atom of L-methionine-S-sulfoximine binds to the enzyme
binding site for the glutamate carboxyl oxygen atom that is not phosphorylated
B: The sulfoximine nitrogen atom binds to the binding site of the enzyme that
normally binds the glutamate oxygen atom that is phosphorylated
C: The methyl group of the methionine sulfoximine
binds to the ammonia binding site of the enzyme

It is speculated that the sulfoximine oxygen atom of methionine sulfoximine is too acidic to react
with ATP. The active site mapping study supports the conclusion that L-methionine-S-sulfoximine
is an inhibitory analog of the enzyme-bound intermediate or transition state formed in the normal
catalytic reaction [99].

GLUTAMINE

L-methionine-S-sulfoximine is an inhibitory analog of the intermediate or transition state formed in the normal
catalytic reaction of glutamine synthetase. L-methionine-S-sulfoximine also inhibits gamma glutamyl cysteine
synthetase by a similar mechanism. Alpha-ethylmethionine sulfoximine specifically inhibits glutamine synthetase,
and buthionine sulfoximine specifically inhibits gamma glutamyl cysteine synthetase [99].
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Glutamine synthetase is highly sensitive to free radical oxidative stress. Oxidation of mammalian glutamine
synthetase destroys the catalytic activity of the enzyme. Inactivation of glutamine synthetase by oxidative
stress has been implicated in the pathophysiology of several brain disorders [108].

It is of some interest that glutamine synthetase and glutathione synthesis are interconnected in their use
of the glutamine-glutamate metabolism but also interrelated in oxidation-reduction terms. Glutathione
represents a primary antioxidant enzyme which requires intact glutamine-glutamate cycling for its synthesis
and functioning. Similarly, glutamine-glutamate via glutamine synthetase requires intact antioxidant enzyme
defences to preserve the enzymatic function of cycling glutamine synthetase.

Studies on the mechanism of action of gamma glutamyl cysteine synthetase, an enzyme
which catalyzes the production of L-gamma-glutamyl-L-cysteine, is closely analogous to
that of glutamine synthesis. Like glutamine synthetase, enzyme bound gamma glutamyl
phosphate is an intermediate [99].

Gamma glutamyl synthetase [99]:
L-glutamate + L-cysteine (or L-alpha-aminobutyrate) + ATP + divalent cation =
L-gamma-L-cysteine + ADP + Pi

Inhibition of gamma glutamyl cysteine synthetase by methionine
sulfoximine is associated with formation of enzyme bound
methionine sulfoximine phosphate [99].

Prothionine sulfoximine (S-n-propylhomocysteine sulfoximine) and
buthionine sulfoximine (S-n-butylhomocysteine sulfoximine) are
excellent inhibitors of Gamma glutamyl synthetase [99].

Prothionine sulfoximine produced slight inhibition of glutamine
synthetase whereas buthionine sulfoximine did not detectably
inhibit glutamine synthetase [99].

GLUTAMINE

Methionine sulfoximine effectively inhibits gamma glutamyl cysteine synthetase as
well as glutamine synthetase. Thus, after administration of methionine sulfoximine to
animals, the tissue levels of both glutamine and glutathione decrease substantially [99].
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The comparable site of glutamine synthetase, the ammonia binding site, can accept the S-methyl
group of methionine sulfoximine but does not bind a bulkier substituent on the sulphur atom such
as buthionine sulfoximine. A knowledge of the topology of the active sites of these two enzymes
has made it possible to design selective sulfoximine inhibitors for each of the enzymes [99].

This makes it possible to carry out studies in which glutathione synthesis is selectively blocked
without appreciable disturbance of the synthesis of glutamine. The reciprocal task of inhibiting
glutamine synthesis without inhibiting the synthesis of glutathione has also been achieved [99].

The findings indicate that the convulsant activity of methionine sulfoximine is due to its
effect on glutamine synthetase rather than to an effect on the synthesis of glutathione [99].
The irreversible inhibitor of glutamine synthetase, L-methionine-S-sulfoximine, binds to
the bottom of the active site, and in its phophorylated state forms a tightly bound inhibitory
analog of the transition intermediate gamma glutamyl phosphate [108].

Evidence for the view that gamma glutamyl phosphate is an intermediate in the reaction
catalyzed by glutamine synthetase came from investigations on the mechanism by which
glutamine synthetase is irreversibly inhibited by methionine sulfoximine [99].

When glutamine synthetase is incubated with methionine sulfoximine in the presence of
ATP and divalent metal ions, the enzyme becomes irreversibly inhibited. The addition
of L-glutamate decreases the rate at which inhibition is established [99].

Glutamate affords some protection against inhibition by methionine sulfoximine,
but ammonia does not. Addition of both ammonia and glutamate provides complete
protection against inhibition by methionine sulfoximine [99].

The convulsant action of methionine sulfoximine and related
sulfoximines has been pinpointed to an effect closely related to
inhibition of brain glutamine synthetase [99].

An interpretation of this phenomenon is that decreased synthesis of glutamine
levels at specific neuronal sites leads to increased stimulation. Inhibition of
glutamine synthetase by methionine sulfoximine might then be expected to
disturb the normally balanced excitatory effects of glutamate [99].

GLUTAMINE

Prothionine sulfoximine is a weak convulsant, whereas buthionine sulfoximine
is not a convulsant. The acceptor site of gamma glutamyl cysteine synthetase
(which can use alpha-aminobutyrate) can readily bind the n-butyl moiety of
buthionine sulfoximine [99].
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Glutaminases and Amidotransferases

Glutamine Amidotransferases include:
Carbamoyl Phosphate Synthetase
Formylglycinamide Ribonucleotide Synthetase
5-Phosphoribosylamine Synthase
Cytidine Triphosphate Synthetase
Asparagine Synthetase
Guanosine Monophosphate Synthetase
Glucosamine-6-phosphate synthase

After binding, the amide nitrogen atom of glutamine is transferred to a site which can
accept ammonia. Almost all of the glutamine amidotransferases can use ammonia in
place of glutamine. Various types of feedback inhibition phenomena may operate to
regulate glutamine synthesis and glutaminase [99].

Glutaminase, or glutaminases, are the first enzymes involved in the degradation of
glutamine. The kinetic properties of the glutaminases in liver, kidney and intestinal
mucosa possess characteristic differences which relate to the physiological function
of glutamine in these different tissues [104].

Glutaminase I is a mitochondrial enzyme which is phosphate dependent. This is the only enzyme
Meister considers to be a true glutaminase. The other enzymes which exhibit glutaminase activity catalyze
primarily other reactions such as gamma glutamyl transfer (gamma glutamyl transpeptidase), transamination of
glutamine with alpha-oxoacids, especially alpha-oxoglutarate to form alpha-oxoglutaramate which is
hydrolyzed to ammonia and alpha-oxoglutarate by an omega-amidase [104].

Glutamine and its hydrolysis by renal glutaminase play a key role in acid-base
balance. In the kidney, the hydrolysis of glutamine by glutaminase provides part
of a physiologically important mechanism for the formation of ammonia [99].

In acidosis, not only the amide nitrogen of glutamine but also its alpha-amino group
are extensively used for ammonia formation. Phosphate-activated glutaminase is a
major catalyst in this process [99]. Ammonia functions to inhibit aspartate and alanine
aminotransferase, glutamate dehydrogenase and glutaminase in the brain [105].

GLUTAMINE

In general, the glutamine amidotransferases exhibit similar features which reflect their common ability to bind and use
glutamine. For most of these enzymes there is evidence that glutamine binds to an enzyme site which is separate from
that which catalyzes the glutamine synthesis reaction. The utilization of the amide nitrogen atom of glutamine,
catalyzed by the glutamine amidotransferases, leads to the synthesis of such important biological compounds as the
pyridine nucleotide coenzymes, purines, pyrimidines, glucosamine-6-phosphate and asparagines [99].
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One can picture a mechanism by which glutamine
transaminase serves as part of a homeostatic mechanism
for the preservation of amino acid balance [99].

The alpha-amino group of glutamine is utilized for the formation of amino acids.
Transamination of glutamine with alpha-keto acids by specific transaminases leads
to the formation of corresponding amino acids and alpha-ketoglutaramate, which is
hydrolyzed to alpha-ketoglutarate and ammonia by a specific omega-amidase [99].

Reactions involving the alpha-amino group are catalyzed by the coupled system
glutamine transaminase and alpha-keto acid omega-amidase. Several different
glutamine transaminases are known to exhibit high affinity for glutamine and
certain alpha-keto acids [99].

Amino acids are fed into the main pathways of metabolism by transamination to give pyruvate
oxaloacetate and alpha-oxoglutarate. All the amino acids, with the exception of the branched chain
amino acids, are primarily attacked by the liver (and to a lesser extent by kidney) where most of them
are partially broken down to products which enter the main pathways of degradation and lead to
complete combustion, gluconeogenesis or fatty acid synthesis [104].

A large proportion of glutaminase is found in the synaptosomal
fraction as well as in mitochondria. Glutaminase is concentrated
in synaptosomes, as compared to neurons or glial cells [101].

Synaptosomes have substantial levels of glutaminase activities. It has been suggested that
glial glutamine synthetase and glutaminase present in nerve endings play a significant role
in the formation and disposition of glutamate in glutaminergic synapses [99].

Glutamine synthetase has been located mainly in the glial cells, whereas glutaminase
is relatively more concentrated in nerve endings. Synthesized glutamine is transported
into nerve endings, where glutaminase converts it to glutamate [101].

GLUTAMINE

Glutamine transaminases function in a salvage process which prevents the loss of carbon
chains of amino acids such as phenylalanine, tyrosine and methionine through excretion or
degradation. The transamination reactions between glutamine and alpha-keto acids are driven
by removal of alpha-ketoglutaramate, and the metabolic balance tends to be stabilized by the
formation of ammonia, which may be used for glutamine synthesis [99].
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Intestines contain high glutaminase activity and very little glutamine synthetase activity [100].
Glutamine utililization is localized in villus and crypt cells of mucosal epithelium and is
initiated by a phosphate-dependent glutaminase [103]. The glutaminase of the epithelium of
the small intestine - the enterocytes - is distinct from those of liver or kidney [104].

Skeletal muscle is an organ of net glutamine release through glutaminase activity.
Skeletal muscle contains 70 - 80% of the total body free amino acid pool and
glutamine forms 60% of the muscle pool [100].

Renal ammonia production is particularly important for
acid-base regulation in the body. The lungs down regulate
arterial glutamine by the action of glutaminase [105].

The liver appears to play a regulatory role in restoring blood glutamine
levels to normal when they are either elevated or depressed. The liver
is amply supplied with both glutamine synthetase and glutaminase [103].

There are four known effectors of glutaminase activity which operate in the liver
but not the kidney. They are bicarbonate, leucine, ammonium ions and cyclic AMP
(or glucagon which acts through the release of cyclic AMP). Of these four effectors, only
the bicarbonate concentration seems to have a direct link with acidosis [104].

GLUTAMINE

Phosphate activated glutaminase, in addition to producing ammonia from glutamine in
brain, may control the synthesis of the neurotransmitter glutamate and possibly also
GABA [105]. Glutamine is released by glial cells and returns to the neurons where it is
hydrolyzed by glutaminase to form glutamate again [108].
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Ammonia and Glutamate Metabolism

The ammonia utilisation in brain (32 µmol/min per human whole brain) results primarily
from amidation of glutamate to form glutamine as catalyzed by the glutamine synthetase
reaction. This enzyme is mainly localized in astrocytes where ammonia derived from
blood and central nervous system is metabolized in a small pool of glutamate [105].

Under normal conditions the ammonia concentration in mammalian brain is constant (0.15 - 0.25 mM) and
higher than in blood and CSF. The liver is the only organ having a complete urea cycle and is therefore the
most important organ in maintenance of the normal low levels of blood ammonia. Elevation of the lactate
level is one of the most clear ammonium-induced alterations in the brain [105].

The assembly and disassembly of tubulin in brain has also been described
to be affected by ammonia [105]. Tubulin content increased by 33% after
15 days of oral administration of ammonium and to 49% after 100 days as
determined by quantitative immunoblotting in the rat [124].

There is a relationship between neural activity and ammonia formation. Brain ammonia decreases
during sleep, hibernation and anesthesia, and increases during electrical stimulation, anoxia, hypoglycaemia
and convulsive seizures. Astrocytes are the primary site of ammonia and glutamate detoxification in brain
via glutamine synthesis, whereby the level of brain glutamine is raised [105].

In hyperammonemic states, the permeability of the blood brain barrier to neutral amino acids is
increased. Hyperammonemia reduces oxygen consumption of the brain and inhibits the oxidation
of pyruvate. The 2-oxoglutarate dehydrogenase complex, iso-citrate dehydrogenase and malate
dehydrogenase systems are also inhibited [105].

Hyperammonemia gives rise to brain edema, induces swelling of astrocytes and formation of
Alzheimer type II astrocytes. During acute hyperammonemia, depolarization induced release of
glutamate and aspartate from brain synaptosomes is elevated. It has been claimed that the NMDA
(N-methyl-D-aspartate) receptor is down regulated in hyperammonemic states [105].

GLUTAMINE

Glutamate affords some protection against inhibition of glutamine synthetase by methionine sulfoximine, but
ammonia does not. Addition of both ammonia and glutamate has been shown to provide complete protection
against inhibition by methionine sulfoximine [99]. Ammonia is mainly formed in the gastrointestinal tract,
but also in the kidney, skeletal muscle and central nervous system [105].
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Phosphate activated glutaminase functions to produce ammonia from glutamine in brain and it may
control the synthesis of the neurotransmitters glutamate and possibly also GABA. Thus, high activities
have been detected in synaptosomes and neurons (GABA-ergic and glutamatergic). Considerable
activity has been found in astrocytes in primary cultures [105].

In GABA-ergic neurons glutamate is oxidized and ammonia
produced, whereas in glutamatergic neurons glutamate is
synthesized and ammonia consumed [105].

Conflicting reports are published on the effect of ammonia on neurotransmission.
It is uncertain whether ammonia can obtain concentrations in the brain in vivo
which are sufficiently high to induce depolarization [105].

Ammonium ions can depolarize neurons, decrease the action potentials of presynaptic
afferents and deplete intracellular potassium in vitro. Chronic hyperammonemia increases
5-HT (5-hydroxytryptamine, serotonin) turnover which may be responsible for the altered sleep
patterns seen in hepatic encephalopathy [105].

Ammonia decreases excitatory transmission mediated by glutamate. Results indicate
the calcium-independent but not the calcium-dependent evoked release of glutamate is
depressed by ammonia. In vivo, the reduced level of glutamate in brain due to increased
glutamine synthesis may also promote this process [105].

A significant action of ammonia on glutamatergic excitatory transmission is the
prevention of glutamate’s action on postsynaptic AMPA (alpha-amino-3-hydroxy-5methyl-4-isoxazolepropionic acid) receptors [105].

Ammonia decreases inhibitory synaptic transmission mediated by hyperpolarizing
chloride-dependent inhibitory postsynaptic potentials as well as reducing the
hyperpolarizing action of calcium and voltage-dependent chloride currents [105].

Ammonia has been claimed to modify the affinity of gamma amino butyric acid receptor
for GABA in dissociated cortical neurons and to inhibit the benzodiazepine receptor of
astrocytes in primary culture [105].

GLUTAMINE

Convulsions are associated with increased ammonia formation in brain, most likely via
alterations to the purine nucleotide cycle. Phosphofructokinase and adenylate cyclase
are activated by ammonia in the brain, whereas aspartate and alanine aminotransferase,
glutamate dehydrogenase and glutaminase are found inhibited [105].
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Glutamate Metabolism

Glutamate neurotoxicity has been implicated in the process of neuronal degeneration
following injury or focal ischaemia and in the pathophysiology of a wide variety
of neurological disorders including Huntington's disease, Alzheimer's disease,
amyotrophic lateral sclerosis and parkinsonian dementia of Guam [108].

Most of these conditions are reportedly accompanied by a decline in glutamine synthetase activity, although
equivocal observations have been reported. It was suggested that the ability of glial cells to cope with
glutamate neurotoxicity is dependent on the amount of glutamine synthetase expressed, and that high glutamine
expression is required to catabolize the excessive amounts of glutamate released by damaged cells [108].

In the Central Nervous System (CNS), glutamate is an important factor for maintaining calcium homeostasis;
it is the most abundant excitatory neurotransmitter, and it is widely distributed. Glutamate is associated with
various brain functions, such as synaptic plasticity, learning, and long-term potentiation. Its physiological and
pathological effects in the central nervous system are mediated mainly via two types of ionotropic glutamate
receptors, the N-methyl-D-aspartic acid (NMDA) receptor and the non-NMDA receptor [125].

Activation of NMDA receptors allows influx of extracellular Ca2+, but excessive release of glutamate
causes prolonged stimulation of NMDA receptors, inducing calcium overload and neuronal death
(so-called excitotoxicity). Excitotoxicity has been speculated to be involved in many neurodegenerative
diseases, such as Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis (ALS) [125].

Glutamate excitotoxicity mediated by the AMPA/kainate type of glutamate receptors damages neurons
and the myelin-producing cell of the central nervous system, the oligodendrocyte. In multiple sclerosis,
myelin, oligodendrocytes and some axons are lost in the central nervous system. Glutamate
excitotoxicity is an important mechanism in autoimmune demyelination, and its prevention has been
suggested to be a potential therapy for multiple sclerosis [127].

Glutamate-glutamine metabolic compartmentation in brain tissue shows that glutamine may be
an important metabolic resource of the pools of two amino acids which play a fundamental role
in the transmission of nerve impulses across synapses in the central nervous system - namely
gamma amino butyric acid (GABA) and glutamate [101].

Glutamate-glutamine cycling in the central nervous system and the interorgan glucose-alanine-glutamine
cycle are well known features of amino acid metabolism [102]. Only three amino acids are readily broken
down in tissues other than liver and kidney. They are alanine, aspartate and glutamate [104].

GLUTAMINE

Glutamate is involved in maintaining gut mucosal repair processes [102]. In enterocytes glutamine
serves as a major fuel of respiration. Glutamine yields more than one ammonia in the small intestine
indicating that the cells possess glutamate dehydrogenase activity, and that glutamate is a functional
part of the gut metabolism along with glutamine [104].
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Since the only known route of glutamine synthesis is from glutamate, the explanation
forwarded for these findings was that at least two metabolic pools of glutamate exist
in nervous tissue: A "large" pool, and a "small" pool in which glutamate is rapidly
converted into glutamine before mixing with the "large" pool [101].

Glutamine synthetase plays a key role in the "small glutamate compartment" which functions in the
recycling of the amino acid neurotransmitter glutamate; a primary mediator of excitatory synaptic
transmission in neural tissues. This biochemical pathway constitutes an endogenous neuroprotective
mechanism that prevents the accumulation of glutamate in neurotoxic amounts in postsynaptic regions [108].

Glutamate, which is released by glutaminergic neurons, is taken up
by glial cells and converted by the glutamine synthetase enzyme
into the non-toxic amino acid glutamine [108].

The compartmentation of glutamate metabolism was [101]:
1. A particular property of the nervous system, since it was not observed in other organs
2. Present in all regions of the brain
3. Present in all layers of the cerebral cortex after topical application of precursors
4. Present in several mammalian species
5. Demonstrable also in vitro, in slices of brain cortex or other regions

GLUTAMINE

When isotopically labelled glutamate was injected into the brain, the specific radioactivity
of glutamine was found to be higher than that of glutamate itself after short periods of time.
A similar result could be obtained with other precursors such as ammonia (labelling of the
alpha-amino group of glutamine), bicarbonate, acetate, butyrate, citrate and several amino
acids but not with glucose, pyruvate, lactate or glycerol [101].
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Two metabolically distinct citric acid cycles in the brain have been posited [101]:
A: One mainly for energy purposes which gives rise to the large pool of glutamate
B: One for synthetic purposes which is related to the small pool of glutamate
rapidly converted into glutamine and probably also to GABA

The two main types of cells in the nervous system - the neurons and the glial cells - appear to be
responsible for the large and small glutamate pools, respectively. An elegant study by Minchin and
Beart, published in 1975, used the dorsal root ganglion as an experimental model. This ganglion
does not contain nerve endings nor synapses, but only neuronal cell bodies and their satellite glial
cells. Both cell populations are easily distinguishable by means of the light microscope [101].

The study demonstrated that the large pool, labelled by glucose, was
associated with neuronal bodies, whereas the small pool, labelled by
acetate, was located within the satellite glial cells [101].

The basic mechanisms of brain function are the initiation, propagation and transmission of nerve impulses.
Whereas the first two events are electrical phenomena which can be accounted for by the movements of ions
across the axonal membrane; the transmission of the nerve impulse from one neuron to another is essentially
a chemical event which takes place at the specialized structures known as chemical synapses [101].

At any given synapse the arrival of an action potential (depolarization) to the
presynaptic axon terminal induces a Ca2+-dependent release of a specific
metabolite, which acts as neurotransmitter by combining with a specific receptor
molecule located in the postsynaptic membrane of the succeeding neuron [101].

The interaction of the neurotransmitter with it’s receptor results in a
change of permeability to different ions: Na+ if the synapse is excitatory,
with a consequent depolarization, or Cl- if the synapse is inhibitory, with
a consequent hyperpolarization [101].

GLUTAMINE

As the carbon atoms of all precursors have to be channeled through the citric acid cycle in
order to be converted to glutamate and subsequently to glutamine, it has been posited that at
least two metabolically different citric acid cycles exist in brain [101].
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After these two amino acids have been released from presynaptic endings and
have combined with their respective post-synaptic receptors, they are taken up
by the presynaptic ending, the postsynaptic neuron or the adjacent glial cell
processes, by a high affinity mechanism dependent on Na+ and Cl- [101].

It has been suggested that glutamate released at glutamatergic synapses
is taken up by the glial cells and converted to glutamine by the high
concentration of glutamine synthetase present in such cells [101].

Similarly the GABA released at GABAergic synapses may be taken up
by glial cells and it’s carbon skeleton converted there to glutamine via:
Transamination to succinic semialdehyde
Oxidation of succinic semialdehyde to succinic acid
Conversion of succinic acid into alpha-ketoglutarate via citric acid cycle reactions
Transamination of alpha-ketoglutarate with aspartate to yield glutamate
Conversion of glutamate to glutamine by glutamine synthetase [101]

The glutamate resulting directly from transamination of GABA in glia could be converted into
glutamine by glutamine synthetase [101]. Glutamine is released by glial cells and returns to the
neurons where it is hydrolyzed by glutaminase to form glutamate again [108].

Glutamine is an important precursor of the glutamate and GABA available
for depolarization-induced release. Experiments with pyruvate or glucose as
precursors indicate that the pools of glutamate and GABA derived directly
from the citric acid cycle can also be released by depolarization [101].

In glutamatergic synapses this glutamate becomes available for release, whereas in
GABAergic synapses it is decarboxylated to GABA in a pool from which it could be
released by depolarization of the nerve ending [101].

GLUTAMINE

Some amino acids act as neurotransmitters in the central nervous system. Among them glutamate
appears to be an excitatory synaptic transmitter whereas gamma amino butyric acid (GABA) - the
alpha-decarboxylation product of glutamate catalyzed by glutamate decarboxylase - is considered the
major inhibitory synaptic transmitter in the mammalian brain [101].
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The spontaneous release of labelled GABA derived from glutamate is notably
higher than that of labelled GABA derived from glutamine. The opposite results
were obtained in the case of the depolarization-induced release [101].

The role of glutamate as a precursor of the spontaneous release of GABA has
been emphasized because of the important physiological role that this tonic
release has in the regulation of cerebral excitability through the maintenance
of a continuous inhibitory control or neuronal activity [101].

The role of glutamate as an excitatory transmitter was first established for the
neuromuscular junction of arthropods. Although it is a constituent of all animal tissues,
the concentration of glutamate is much higher in brain than in other tissues, and it is
higher in neurons than in glia. Microiontophoretic application of either glutamate or
aspartate to the brain cortex leads to very strong excitatory responses [135].

Three subtypes of ionotropic glutamate receptors (iGluR) are named for the specific agonists aamino- 3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), N-methyl-D-aspartate
(NMDA), and kainate. The receptors resemble the acetylcholine receptor in containing a cation
channel. In addition, there are 7-helix metabotropic glutamate receptors, which are coupled to
G proteins [135].

The AMPA receptors were in the recent past called quisqualate receptors, because they are also activated
by the agonist with that name. The toxic domoate also binds to kainate receptors. Both domoic acid and
kainic acid are terrible convulsant toxins. They are formed by two different red algae. Domoic acid
accumulates in contaminated mussels and causes shellfish poisoning [135].

GLUTAMINE

The idea that glutamine is a precursor of the releasable pool of glutamate and GABA has
been strongly supported by several findings which demonstrate that labelled glutamate and
labelled GABA synthesized from labelled glutamine are released in a Ca2+-dependent
manner by depolarization of brain slices [101].
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The ionotropic glutamate receptors, which may be stimulated by either glutamate or
aspartate, are directly linked to the opening of cation channels. Their activation may
also induce the inositol phosphate cascade and slower Ca2+-dependent changes [135].

A peculiarity of the high-conductance NMDA channels is that they are blocked by Mg2+ in a voltage-dependent
manner. They do not open unless the frequency of nerve impulses is high or some other factor causes membrane
depolarization. The AMPA receptors, which are thought to be the predominant mediators of fast excitatory
transmission in the brain, are oligomers (probably tetramers) of 950- to 1500-residue protein subunits [135].

Four related AMP receptors, designated GluR1, 2, 3, and 4, have been identified. Related kainate
receptors, whose properties overlap those of AMPA receptors, are designated GluR5, 6, and 7. Although
AMPA receptors are essential for fast signal transmission they lose sensitivity rapidly (on a millisecond
time scale) as a result of conformational alterations [135].

Many factors, including inhibition by polyamines, affect these receptors. However, brief high-frequency
activation of some AMP receptors leads to a longlasting increase in efficiency, called Long Term Potentiation
(LTP), which is important to learning. The NMDA receptors are hetero-oligomers with two type of subunits.
NR1 is regarded as the principal subunit ard NR2 as a regulatory subunit [135].

As with the AMPA receptors the oligomeric NMDA receptors are anchored at appropriate locations in the
postsynaptic membrane by scaffolding proteins. NMDA receptors are found not only in neurons but also
in astrocytes where they are thought to have important signaling functions. These include regulation of
Ca2+ flow, in part via gap junctions [135].

The N-terminal domain of the NR1 subunit of the NMDA receptor contains a glycine-binding site. Full activity
of the receptor requires a coagonist bound in this site. D-serine seems to be the normal coagonist in some sites.
This newly recognized neurotransmitter is synthesized from L-serine by a pyridoxal phosphate-dependent
racemase and is destroyed by the flavoprotein D-amino acid oxidase [135].

Associated with NMDA receptors are clusters of ephrin receptors, proteins that bind
the glycosylphosphatidylinositol (GPI)-anchored proteins known as ephrins in
presynaptic membranes. Binding of ephrins to their postsynaptic receptors activates
tyrosine kinases and enhances the influx of Ca2+ ions [135].

Specific inhibitors of NMDA channels include a 27-residue “spasmotic” conotoxin,
2-amino-4- phosphonobutyrate, related longer chain aminophosphonates, and some
potent anticonvulsant drugs, which are able to penetrate the blood brain barrier [135].
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Metabotropic glutamate receptors have been classified into eight types (mGluRs1– 8).
Group I (mGluRs1– 5) are selectively activated by 3,5-dihydroxyphenylglycine; Group II
(mGluR2 and mGluR3) are activated by L-2-(carboxycyclopropyl)glycine; and Group III
(mRluR4 and mGluR 6 – 8) are activated by L-2-aminophosphonobutyrate [135].

They are all 7-helix G-protein-coupled receptors with external ligand
binding domains that resemble those of bacterial periplasmic binding
proteins. Splice variants for at least mGlnR1 are known [135].

Metabotropic glutamate receptors are neuromodulary and play essential roles in the cerebellum as well as
other parts of the brain. Mice deficient in the mGluR1 protein have severe problems with motor
coordination and learning. Metabotropic glutamate receptors may participate in calcium sensing and
signaling. Synaptosomal particles have a high-affinity proton dependent uptake system for glutamate [135].

Glutamate and aspartate may also be taken up from the synaptic cleft by neurons or by glial
cells, which then transfer the glutamate into neurons for reuse. Five distinct mammalian
transporters have been identified. They are driven by concentration gradients of Na+ and K+
across the membrane. However, some serve as glutamate-gated chloride ion channels [135].

As essential as glutamate is for brain function it is toxic in excess. Excessive stimulation
of the NMDA receptors, which occurs during convulsions, strokes, or traumatic injury, and
which can accompany anoxia or hypoglycemia, causes neuronal death [135].

Blocking these receptors with anticonvulsant drugs or aminophosphonates has
a remarkable protective effect against the neurotoxicity of the accumulating
glutamate. Vitamin E and tocotrienols may also be protective [135].
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Glutamate Dehydrogenase
The dehydrogenation of an amine or the reverse reaction, the reduction of a Schiff base, is an important
pyridine nucleotide dependent process. Glutamate dehydrogenase is a large oligomeric protein whose
subunits contain 450 or more residues and is the best known enzyme catalyzing this reaction [130].

Glutamate dehydrogenase operates at an important intersection of carbon and nitrogen metabolism. An
allosteric enzyme with six identical subunits, its activity is influenced by a complicated array of allosteric
modulators. The best-studied of these are the positive modulator ADP and the negative modulator GTP [132].

The metabolic rationale for this regulatory pattern has not been elucidated in detail. Mutations that alter
the allosteric binding site for GTP or otherwise cause permanent activation of glutamate dehydrogenase
lead to a disorder called hyperinsulinism-hyperammonemia syndrome, characterized by elevated levels
of ammonia in the bloodstream and hypoglycemia [132].

Liver glutamate dehydrogenase activity is allosterically inhibited by ATP, GTP, and NADH and activated by
ADP. The reaction catalyzed by glutamate dehydrogenase is freely reversible and functions also in amino acid
biosynthesis [131]. This inhibition by ATP, GTP and NADH; and activation by ADP might reflect modulation of
synthetic processes requiring nitrogen assimilation such as biogenesis of nucleotides and proteins.

Glutamate dehydrogenase is one of three mammalian enzymes that can “fix”
ammonia into organic molecules. The other two enzymes are glutamine
synthetase and carbamoyl phosphate synthetase I [133].

While cells of autotrophic organisms can make all of their own amino acids, other organisms utilize
many preformed amino acids. Human beings and other higher animals require several essential
amino acids in their diets. Additional amounts of “nonessential” amino acids are needed [130].

Amino groups can be transferred from one carbon skeleton to another among most
of the amino acids, however, the body must take in enough amino groups to supply
its need for all of the 20 amino acid components of proteins [130].

Cells of some tissues take up amino acids that are made in other tissues. In animal
tissues and in some bacteria the glutamate dehydrogenase reaction provides a means
of incorporating ammonia reversibly into glutamic acid. In eukaryotic cells the
allosteric enzyme is found largely in the mitochondria [130].

The action of aminotransferases distributes nitrogen from glutamate into most of the other
amino acids. Especially active is aspartate aminotransferase which equilibrates aspartate and
oxaloacetate with the 2-oxoglutarate – glutamate couple. Liver contains an isozyme whose
function appears to be to release NH3 from glutamine for urea synthesis [130].
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Glutamate dehydrogenase deaminates excess glutamate to 2-oxoglutarate, which is then degraded to
succinyl-CoA and via b-oxidation to malate, pyruvate, and acetyl coenzyme A. The last can re-enter
the citric acid cycle and be oxidized to CO2. In mammalian tissues glutamate is essentially in
equilibrium with 2-oxoglutarate and other citric acid cycle intermediates [130].

Many other amino acids are degraded in similar ways. In most cases the sequence is
initiated by transamination to the corresponding 2-oxoacid. Beta oxidation and
breakdown to such compounds as pyruvate and acetyl coenzyme A follows [130].

In 1932, Krebs and Henseleit proposed that urea is formed in the liver by a cyclic process
in which ornithine is converted first to citrulline and then to arginine. The hydrolytic
cleavage of arginine produces the urea and regenerates ornithine [130].

Subsequent experiments fully confirmed this proposal. Urea is the
principal nitrogenous end product of metabolism in mammals and many
other organisms, but the urea cycle reactions have other functions [130].

As with the citric acid cycle, products other than urea can be withdrawn in any needed
quantity. Most notably the reactions for the biosynthesis of arginine in all organisms.
Transaminases transfer nitrogen to 2-oxoglutarate to form glutamate. Since urea contains
two nitrogen atoms, two molecules of glutamate must donate their amino groups [130].

One molecule is deaminated directly by glutamate dehydrogenase to form ammonia. This
ammonia is combined with bicarbonate to form carbamoyl phosphate, which transfers its
carbamoyl group onto ornithine to form citrulline. The second molecule of glutamate
transfers its nitrogen by transamination to oxaloacetate to form aspartate [130].

The aspartate molecule is incorporated intact into argininosuccinate by reaction with
citrulline. Undergoing a simple elimination reaction, the 4-carbon chain of
argininosuccinate is converted to fumarate, with arginine appearing as the elimination
product. Finally, the hydrolysis of arginine yields urea and regenerates ornithine [130].

In the liver, ammonia from all sources is disposed of by urea synthesis. Some of the glutamate produced in
the glutaminase reaction may be further processed in the liver by glutamate dehydrogenase, releasing more
ammonia and producing carbon skeletons for metabolic fuel. However, most glutamate enters the
transamination reactions required for amino acid biosynthesis and other processes [132].

The enzymes glutamate dehydrogenase, glutamine synthetase, and aminotransferases occupy central positions
in amino acid biosynthesis. The combined effect of these three enzymes is to transform the ammonium ion into
the a-amino nitrogen of various amino acids. Reductive amination of a-ketoglutarate is catalyzed by glutamate
dehydrogenase. Amination of glutamate to glutamine is catalyzed by glutamine synthetase [131].
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The term symport is used to denote an integral membrane protein that simultaneouly transports two substances
across membranes in the same direction. In the kidney, glutamine enters proximal tubule cells by Na+ symport
and is cleaved by mitochondrial glutaminase, yielding NH4+ and glutamate– (Glu–). Glutamate is further
metabolized by glutamate dehydrogenase to yield alpha-ketoglutarate2–, producing a second NH4+ ion [128].

Transfer of amino nitrogen to a-ketoglutarate forms L-glutamate. Release of this nitrogen as ammonia is
then catalyzed by hepatic L-glutamate dehydrogenase (GDH), which can use either NAD+ or NADP+.
Conversion of a-amino nitrogen to ammonia by the concerted action of glutamate aminotransferase and
glutamate dehydrogenase is often termed “transdeamination. ” [131].

The amino groups from many of the a-amino acids are collected in the liver in the form of the amino
group of L-glutamate. In hepatocytes, glutamate is transported from the cytosol into mitochondria,
where it undergoes oxidative deamination catalyzed by L-glutamate dehydrogenase [132].

In skeletal muscle glutamate is converted to a-ketoglutarate
and NH4+ by glutamate dehydrogenase. This enzyme shows
no activity in heart muscle [129].

Glutamate can then enter mitochondria, where the glutamate dehydrogenase reaction releases NH4+,
or it can undergo transamination with oxaloacetate to form aspartate, another nitrogen donor in urea
synthesis. Ridding the cytosol of excess ammonia requires reductive amination of a-ketoglutarate to
glutamate by glutamate dehydrogenase [132].

Glutamate synthase is not present in animals, which, instead, maintain high levels of glutamate by
processes such as the transamination of a-ketoglutarate during amino acid catabolism. Glutamate is
formed in the minor, pathway where the reaction of a-ketoglutarate and NH4+ form glutamate in one
step. This is catalyzed by L-glutamate dehydrogenase, an enzyme present in all organisms [132].

Reducing power is furnished by NADPH [132]:
a-Ketoglutarate + NH4+ + NADPH = L-glutamate + NADP+ + H2O

In many organisms, glutamate dehydrogenase is unusual in that it uses
either NADH or NADPH as a cofactor. It is the only enzyme that can use
either NAD+ or NADP+ as the acceptor of reducing equivalents [132].

A few amino acids bypass the transdeamination pathway and undergo direct
oxidative deamination. The a-ketoglutarate formed from glutamate
deamination can be used in the citric acid cycle and for glucose synthesis [132].
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Glutamate transfers nitrogen by means of transamination reactions to a-keto acids to form amino
acids. This nitrogen is either obtained by glutamate from transamination of other amino acids or
from NH4+ by means of the glutamate dehydrogenase (GDH) reaction. [133].

The effect of pyridoxal 5'-phosphate on the activity of ox liver glutamate dehydrogenase
towards different amino acid substrates was investigated. Both alanine and glutamate
activities decreased steadily in the presence of pyridoxal 5'-phosphate [38].

The alanine/glutamate activity ratio increased as a function of inactivation by pyridoxal
5'-phosphate, indicating that glutamate activity is lost more rapidly than alanine
activity. The activity of glutamate dehydrogenase towards glutamate and leucine
decreased steadily in a constant ratio in the presence of pyridoxal 5'-phosphate [38].

The effects of the bicarbonate concentration are also found in the presence of 0.1 mM
leucine, an effector both of glutaminase activity and glutamate dehydrogenase activity.
The finding that leucine activates glutamate dehydrogenase was shown by Yielding
and Tomkins. Leucine also activates glutaminase [104].

Pyridoxal phosphate is derived from pyridoxine (vitamin B6). Pyridoxal phosphate is the cofactor not
only for transamination reactions but also for decarboxylations and a number of other reactions
involving amino acids. Pyridoxal phosphate is the coenzyme involved in the transamination of
GABA to form glutamate in the GABA (g-aminobutyric acid) shunt [133].
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Gamma Amino Butyric Acid
The concentrations of glutamate and of its decarboxylation product, g-aminobutyrate (GABA) are high in
all regions of the brain. The two compounds are generated sequentially in the GABA (g-aminobutyriic
acid) shunt, a pathway that accounts for a quantitatively significant part of the total metabolism of the
brain. Due to the fact that they are present in all parts of the brain in high concentrations, there was
initially reluctance to accept glutamate and GABA as neurotransmitters [135].

It is now accepted that L-glutamate is the major excitatory transmitter in the central nervous system.
It seems to be responsible for nearly all of the very fast acting nerve impulses in the brain. At the
same time GABA is recognized as the major important inhibitory neurotransmitter [135].

Inhibitory neurotransmitters include glycine, GABA (g-aminobutyric acid), and acetylcholine (at M2 and M3
receptors). They increase the conductance (g) of the subsynaptic membrane to Potassium (K+) (e.g., the
metabotropic GABAB receptor) or Chlorine (Cl–) (e.g., the ionotropic glycine and GABAA receptors). The
membrane usually becomes hyperpolarized in the process (ca. 4mV max). Increases in gK occur when Em
approaches EK [134].

The main effect of this Inhibitory Post Synaptic Potential (IPSP) is not hyperpolarization – which works
counter to Excitatory Post Synaptic Potential (EPSP)-related depolarization (the Inhibitory Post Synaptic
Potential (IPSP) is sometimes even slightly depolarizing); instead, the internal post synaptic potential-related
increase in membrane conductance has the effect of short circuiting the electrotonic currents of the
excitatory post synaptic potential (high gK or gCl levels) [134].

Since both EK and ECl are close to the resting potential, stabilization occurs; that is, the excitatory post synaptic
potential is cancelled out by the high K+ and Cl– shortcircuit currents [134]. As a result, excitatory post synaptic
potential-related depolarization is reduced and stimulation of post-synaptic neurons is inhibited. Termination of
synaptic transmission can occur due to inactivation of the cation channels due to a conformational change in the
channel similar to the one that occurs during an action potential. This very rapid process called desensitization
also functions in the presence of a neurotransmitter [134].

Other terminating pathways include the rapid enzymatic decay of the neurotransmitter (e.g., acetylcholine)
while still in the synaptic cleft, the re-uptake of the neurotransmitter (e.g., noradrenaline) into the presynaptic
terminal or uptake into extraneuronal cells (e.g., in glial cells of the central nervous system), endocytotic
internalization of the receptor, and binding of the neurotransmitter to a receptor on the presynaptic membrane
(autoceptor). In the latter case, a rise in gK and a drop in gCa can occur, thus inhibiting neurotransmitter
release, e.g., of GABA via GABAB receptors or of noradrenaline via a2-adrenoceptors [134].

GABA (g-aminobutyric acid) and glycine function as inhibitory neurotransmitters in the spinal cord. Presynaptic
inhibition occurs frequently in the central nervous system, for example, at synapses between type Ia afferents and
a-motoneurons, and involves axoaxonic synapses of GABAergic interneurons at presynaptic nerve endings [134].
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GABA exerts inhibitory effects at the nerve endings by increasing membrane conductance to Cl–
(GABAA receptors) and K+ (GABAB receptors) and by decreasing the conductance to Ca2+ (GABAB
receptors). This decreases the release of neurotransmitters from the nerve ending of the target
neuron, thereby lowering the amplitude of its excitatory post synaptic potential [134].

The purpose of presynaptic inhibition is to reduce certain influences on the motoneuron without reducing
the overall excitability of the cell. In postsynaptic inhibition, an inhibitory interneuron increases the
membrane conductance of the postsynaptic neuron to Cl– or K+, especially near the axon hillock, thereby
shortcircuiting the depolarizing electrical currents from excitatory post-synaptic potentials [134].

The interneuron responsible for post-synaptic inhibition is either activated by feedback from axonal
collaterals of the target neurons (recurrent inhibition of motoneurons via glycinergic Renshaw cells) or is
directly activated by another neuron via feed-forward control. Inhibition of the ipsilateral extensor in
the flexor reflex is an example of feed-forward inhibition [134].

The principal input to the basal ganglia comes from the putamen and caudate nucleus, which are
collectively referred to as the striatum. Neurons of the striatum are activated by tracts from the
entire cortex and use glutamate as their transmitter. Once activated, neurons of the striatum
release the inhibitory transmitter Gamma Amino Butyric Acid (GABA) and a co-transmitter either Substance P (SP) or enkephalin [134].

The principal output of the basal ganglia runs through the pars reticularis of the substantia nigra (SNr)
and the pars interna of the globus pallidus (GPi), each of which is inhibited by SP/GABAergic neurons of
the striatum. Both the pars reticularis of the substantia nigra and the pars interna of the globus pallidus
inhibit, via GABA, the ventrolateral thalamus with a high level of spontaneous activity. Activation of the
striatum therefore leads to disinhibition of the thalamus by this direct pathway [134].

When enkephalin/GABA-releasing neurons of the striatum are activated, they inhibit the pars externa of the
globus pallidus (GPe), which inhibits the subthalamic nucleus via GABA. The subthalamic nucleus induces
glutamatergic activation of the pars reticularis of the substantia nigra and the pars interna of the globus pallidus.
The ultimate effect of this indirect pathway is increased thalamic inhibition [134].

Since the thalamus projects to motor and prefrontal cortex, a cortico-thalamo-cortical loop, that influences
skeletal muscle movement (skeletomotor loop) via the putamen runs through the basal ganglia. An
oculomotor loop projects through the caudate nucleus, pars reticularis and superior colliculus and is
involved in the control of eye movement. Descending tracts from the pars reticularis of the substantia
nigra project to the tectum and nucleus pedunculus pontinus [134].

The pars compacta of the substantia nigra (SNc) showers the entire striatum with dopamine
(dopaminergic neurons). Dopamine binds to D1 receptors raising cAMP levels, thereby
activating Substance P/GABAergic neurons of the striatum; this is the direct route [134].
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On the other hand, dopamine also reacts with D2 receptors decreasing cAMP levels, thereby inhibiting
enkephalin/GABAergic neurons; this is the indirect route. These effects of dopamine are essential for normal
striatum function. Degeneration of more than 70% of the dopaminergic neurons of the pars compacta results
in excessive inhibition of the motor areas of the thalamus, thereby impairing voluntary motor function [134].

The cerebellar cortex exhibits a uniform neural ultrastructure and circuitry. All output
from the cerebellar cortex is conducted via neurites of approximately 15 x 106 Purkinje
cells. These GABAergic cells project to and inhibit neurons of the fastigial, emboliform,
dentate, and lateral vestibular nuclei (Deiter’s nucleus) [134].

Tissues of the mammalian central nervous system contain a pyridoxal phosphate-dependent glutamate
decarboxylase that catalyzes conversion of Glutamate to g-aminobutyrate (GABA), an inhibitory
synaptic transmitter. GABA is degraded by transimination with a-oxoglutarate as the acceptor to yield
succinic semialdehyde, which then is oxidized to succinate by an NAD-linked dehydrogenase [135].

A modification of the citric acid cycle which involves glutamate and g-aminobutyrate (gamma amino
butyric acid) has an important function in the brain. Both glutamate and g-aminobutyric acid occur in
high concentrations in brain (10 and 0. 8 mM, respectively). Each is an important neurotransmitter;
g-aminobutyrate being a principal neuronal inhibitory substance [135].

In the g-aminobutyrate cycle acetyl coenzyme A and oxaloacetate are converted into citrate in the usual
way and the citrate is then converted into 2-oxoglutarate. The latter is transformed to L-glutamate
either by direct amination or by transamination, the amino donor being g-aminobutyrate [135].

Gamma amino butyric acid is formed by decarboxylation of glutamate and is catabolized via transamination
to succinic semialdehyde, which is oxidized to succinate and oxaloacetate. The two transamination steps
in the pathways may be linked, to form a complete cycle that parallels the citric acid cycle but in which
2-oxoglutarate is oxidized to succinate via glutamate and g-aminobutyrate. 2-oxoglutarate is reductively
aminated to glutamate. The cycle is sometimes called the GABA (g-aminobutyrate) shunt, and it plays a
significant role in the overall oxidative processes of brain tissue [135]

Glutamate, aspartate, and cysteic acid are all potent excitors, but their decarboxylation products
g-aminobutyrate (GABA), b-alanine, and taurine are inhibitors, as is also glycine. Of these
GABA is the most important. Its concentration in the brain is high and varies at least threefold
in different parts of the brain. It is hardly present elsewhere in the body [135].

GABA and GABA-binding sites are found in 30–50% of the nerve endings. Virtually every
neuron in the brain is to some extent subject to inhibition by GABA. Glial cells also have
GABA receptors. The receptors for GABA are divided into type A, which are blocked by
bicuculline, and type B, which are stimulated by baclofen [135].
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The GABAA receptors are the major sites of fast synaptic inhibition in the central nervous
system. They are structurally related to the nicotinic acetylcholine, glycine, and serotonin
type 3 (5-HT3) receptors. 16 different mammalian subunits have been discovered [135].

The oligomeric receptors are ligand-gated chloride ion channels as are also glycine receptors.
These receptors are clustered in synaptic membranes, apparently anchored in by their subunits
and scaffold proteins such as the microtubule-binding gephyrin (from the Greek word for bridge)
and a small ~14-kDa GABA receptor-associated protein [135].

A novel serine protein kinase has been associated with GABA receptors.
Whereas excitatory transmitters lead to depolarization of the postsynaptic
membrane, inhibitory transmitters cause hyperpolarization, by increasing
the conductance of K+ and Cl– [135].

The result is that it is more difficult to excite the postsynaptic membrane in the presence of, than in
the absence of, these neurotransmitters. GABA-dependent interneurons contain the calcium binding
substance parvalbumin, which suggests that a Ca2+-dependent process is involved [135].

The GABAB receptors resemble metabotropic glutamate receptors. They are 7-helix G-protein
coupled proteins, which activate adenylate cyclase. They tend to dimerize, and maximum
activity is observed for heterodimers of GABAB1 and GABAB2 receptors. They are often
coupled to inward rectifying K+ channels [135].

The GABA receptors provide binding sites for a great variety of toxins and drugs.
These include barbiturates, anesthetics, antianxiety drugs, and the insecticides such
as toxaphine, cyclodienes, and pyrethroids. Diazepam, chlordiazepoxide, and
flurazepam are antianxiety drugs and muscle relaxants [135].

Binding of benzodiazepines to GABA receptor-chloride channels enhances the
effect of GABA. The drugs induce relaxation but can interfere with memory,
reduce concentration, and cause physical clumsiness. They may also intensify
the effects of alcohol and can be addictive. [135].

Specific antagonists for GABAA receptors include the alkaloid convulsants bicuculline and picrotoxin and
the convulsant terpenoid compound thujone, which is present in the wormwood plant Artemesia absinthium.
Thujone is present in the liqueur absinthe, which was the national drink of France in the late 19th century but,
because of its toxicity, has been illegal in most countries since 1915 [135].
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GABA enters synaptic vesicles via a vesicular GABA transporter, an integral membrane protein.
Termination of GABA neurotransmission is accomplished by rapid Na+-dependent uptake into
neurons for reuse and uptake into glial cells. Excess GABA is continuously oxidized to succinic
semialdehyde by GABA aminotransferase in the GABA cycle [135].

This cycle incorporates synthesis of both of the neurotransmitters glutamate and GABA. Glutamine
also functions in neurons, perhaps serving as a buffer for glutamate. The hereditary triple-repeat disease
Huntington’s chorea (Huntington’s disease) with an incidence of 5–10 per 100,000 persons, affects
principally persons of age over 40 and is associated with a deficiency of GABA in basal ganglia [135].

The cortex is also affected. Severe neurologic symptoms arise as a result of
premature death of neurons in the basal ganglia. Convulsions may also arise
because of a deficiency of GABA in the brain [135].

GABA receptors and kainate glutamate receptors may also bind anesthetics.
Cannabinoid receptors are present at extremely high levels in the basal ganglia
of the brain. The CB1 receptors in the basal ganglia modulate GABA neurons
that have outputs to the substantia nigra and the globus pallidus [135].

The nigrostriatal neurons also secrete substance P and dynorphin, while those extending to the globus
pallidus generally contain enkephalin as a cotransmitter. These interconnections affect the dopaminergic
neurons. Cannabinoids also have pain suppressing and neuro-protective effects. They may have many
possible medicinal uses, which are being explored [135].

The endogenous cannabinoid compounds are lipids and are not stored in synaptic vesicles but are
presumably released by enzymatic action following passage of a nerve impulse. Recent evidence
suggests that the endocannabinoids are released at a post-synaptic membrane and then diffuse back
to a presynaptic surface and outward to other cell surfaces where they affect signaling [135].

This retrograde signaling in synapses of the hippocampus is thought to be involved in long-term
potentiation (LTP) - the changes in synaptic properties that occur during learning and in the
formation of memories. A monoglyceride lipase participates in inactivation of endocannabinoids.
Anandamide (N-arachidonoylethanolamine) is also a substrate for cyclooxygenase-2, whose action
may lead to formation of additional immunomodulatory compounds [135].

Long-chain relatives of arachidonic acid such as docosahexaenoic acid (DHA) are
especially high in brain lipids. Ethanol blocks glutamatergic NMDA receptors and
activates GABA receptors. These effects may be involved in the neurodegeneration
of fetal alcohol syndrome. Excitotoxicity may also be a factor in alcohol damage.
Alcoholic liver disease may involve malnutrition as well as direct damage [135]
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The human brain has an extremely large cerebral cortex. Anatomical studies have been done on postmortem
human tissues, and in vivo studies have relied largely on fMRI and PET imaging. The resolution of these images
is now less than 1 mm, and 1 mm3 of human visual cortex contains more than 40,000 neurons. The microcircuits
in the neocortex are still largely unknown and the tissue is of apparently impenetrable complexity [135].

There may be several hundred different classes of neocortical neurons. The tissue is rich in
GABAergic interneurons. Some fast-spiking GABAergic neurons are also connected by electrical
synapses and may be involved in detecting and promoting synchronous activity [135].

The brain disorders known as epilepsies affect 1–2 % of the population worldwide.
Characteristic of epilepsies are recurrent seizures and sudden brief changes in behavior caused
by the simultaneous, disordered firing of large numbers of neurons in the brain. Many seizures
are thought to be initiated in specific areas of the cerebral cortex [135].

For example, seizure-induced firing of neurons in the thumb area of the right motor cortex
will be accompanied by rhythmic jerking in the left thumb. More than 40 different types of
epilepsy are known. GABA is the principal inhibitor neurotransmitter, and one cause of
epilepsy may be a deficiency in GABA formation from glutamate [135].
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Glutamate Dehydrogenase
The brain contains two isoforms of Glutamic Acid Decarboxylase (GAD), designated
GAD65 and GAD67, in accordance with their molecular masses in kDa. GAD67 is
formed mainly in cell bodies of neurons, binds its cofactor pyridoxal phosphate (PLP)
tightly, and is essential to survival of young mice [135].

GAD65 is associated mainly with nerve termini, where it is anchored, apparently by association
with other proteins to the membranes of synaptic vesicles. It binds pyridoxal phosphate weakly.
Some convulsive agents such as 1,1-dimethylhydrazine are thought to act by interfering with
pyridoxal phosphate dependent enzymes among which is glutamic acid decarboxylase.
Convulsions are one of the most striking symptoms of a severe vitamin B6 deficiency [135].

A zinc deficiency can also cause convulsions, apparently because pyridoxine kinase is a Zn,ATP-requiring
protein and the rate of synthesis of pyridoxal phosphate becomes too slow to supply apo-glutamic acid
decarboxylase with the pyridoxal phosphate needed for GABA synthesis. The pyridoxine (PLP) in GAD65
undergoes rapid substrate dependent transamination to pyridoxamine phosphate, which must be replaced by
new pyridoxal phosphate [135].

Epilepsy may arise also from defects in a GABA transporter or receptor. One form of epilepsy
is a triple-repeat disease of cystatin B. Mutation in potassium channels, glutamate receptors,
absence of neuropeptide Y, and absence of L-isoaspartyl / D-aspartyl O-methyltransferase have
all been associated with epilepsy [135].
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Nucleotides and Glutamine Metabolism

Third, nucleotide derivatives such as UDP-glucose participate in biosynthetic processes such as the
formation of glycogen. Fourth, nucleotides are essential components of signal transduction pathways.
Cyclic nucleotides such as cyclic AMP and cyclic GMP (Cyclic Guanosine Monophosphate) are second
messengers that transmit signals both within and between cells [119].

Various biosynthetic reactions are driven by hydrolysis of nucleoside triphosphates that are analogous
to ATP, namely guanosine triphosphate (GTP), uridine triphosphate (UTP), and cytidine triphosphate
(CTP). The diphosphate forms of these nucleotides are denoted by GDP, UDP, and CDP, and the
monophosphate forms by GMP, UMP, and CMP [116].

The sequence of nucleotides in DNA defines the complementary sequence of nucleotides in RNA,
which in turn defines the amino acid sequence of a protein. In particular, each of the 20 amino acids
of the repertoire is encoded by one or more specific sequences of three nucleotides. Each and every
protein is coded for and constructed by DNA, RNA and it’s nucleotides [111].

DNA and RNA are long linear polymers, called nucleic acids, which carry information in a form that
can be passed from one generation to the next. These macromolecules consist of a large number of
linked nucleotides, each composed of a sugar, a phosphate, and a base. Sugars linked by phosphates
form a common backbone, whereas the bases vary among four kinds [111].

A unit consisting of a base bonded to a sugar is referred to as a nucleoside.
The four nucleoside units in RNA are called adenosine, guanosine, cytidine,
and uridine, whereas those in DNA are called deoxyadenosine,
deoxyguanosine, deoxycytidine, and thymidine [111].

Note that thymidylate contains deoxyribose but by convention, the prefix deoxy is not added because
thymine-containing nucleotides are only rarely found in RNA. The human genome comprises
approximately 3 billion nucleotides, divided among 24 distinct DNA molecules (22 autosomes, x and y
sex chromosomes) of different sizes [111].

GLUTAMINE

An ample supply of nucleotides is essential for many life processes. Firstly, nucleotides are the activated precursors
of nucleic acids and are necessary for the replication of the genome and the transcription of the genetic information
into RNA. Secondly, nucleotides serve as sources of energy for biological reactions. An adenine nucleotide, ATP,
is the universal currency of energy. ATP also acts as the donor of phosphoryl groups transferred by protein kinases.
A guanine nucleotide, GTP, also serves as an energy source for a more select group of biological processes [119].
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The most important functional groups of pyrimidines and purines are the ring nitrogens,
carbonyl groups, and exocyclic amino groups. Hydrogen bonds involving the amino
and carbonyl groups are the second important mode of interaction between bases in
nucleic acid molecules. Hydrogen bonds between bases permit a complementary
association of two (and occasionally three or four) strands of nucleic acid [112].

Nucleotides perform roles as second messengers. Second messengers relay information from the receptor-ligand
complex. Changes in the concentration of second messengers, constitute a major step in the molecular information
circuit. Particularly important second messengers include cyclic AMP and cyclic GMP (Cyclic Guanosine
Monophosphate), calcium ion, inositol-1,4,5-trisphosphate (IP3), and diacylglycerol (DAG). The action of second
messengers has several consequences. Second messengers are often free to diffuse to other compartments of the cell,
such as the nucleus, where they can influence gene expression and other processes [118].

Signals may be amplified significantly through the generation of second messengers. Enzymes or
membrane channels are almost always activated in second messenger generation; each activated
macromolecule can lead to the generation of many second messengers within the cell. Thus, a
low concentration of signal in the environment, even as little as a single molecule, can yield a
large intracellular signal and response [118].

Degradation of purines and pyrimidines produces uric acid and urea, respectively. Purine nucleotides are
degraded by a pathway in which they lose their phosphate through the action of 5 - nucleotidase. Adenylate
yields adenosine, which is deaminated to inosine by adenosine deaminase, and inosine is hydrolyzed to
hypoxanthine (its purine base) and D-ribose. Hypoxanthine is oxidized successively to xanthine and then uric
acid by xanthine oxidase; a flavoenzyme with an atom of molybdenum and four iron-sulfur centers in it’s
prosthetic group. Molecular oxygen is the electron acceptor in this complex reaction [112].

Long thought, erroneously, to be due to “high living,” gout is a disease of the joints caused by an
elevated concentration of uric acid in the blood and tissues. The joints become inflamed, painful,
and arthritic, owing to the abnormal deposition of sodium urate crystals. The kidneys are also
affected, as excess uric acid is deposited in the kidney tubules. Gout occurs predominantly in
males. Its precise cause is not known, but it often involves an underexcretion of urate [112].

In non-pericentral hepatocytes, the urea cycle - which is a low affinity, high capacity
system, is the primary metabolic pathway for ammonia clearance. The rate-limiting
enzyme of urea synthesis, carbamoyl phosphate synthetase 1, is expressed in all
hepatocytes except the pericentral ones which are glutamine synthetase positive [108].

GLUTAMINE

Nucleosides have three characteristic components: (1) a nitrogenous (nitrogen-containing) base, (2) a pentose, and
(3) a phosphate group. The nitrogenous bases are derivatives of two parent compounds; pyrimidine and purine.
Both DNA and RNA contain the two major purine bases, adenine (A) and guanine (G), and two major
pyrimidines. In both DNA and RNA one of the pyrimidines is cytosine (C), but the second major pyrimidine is
not the same in both: it is thymine (T) in DNA and uracil (U) in RNA [112].
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Synthesis occurs when cells divide and when the nitrogen atoms have been used
for the synthesis of purines and pyrimidines, the carbon skeletons are utilised for
energy production. Glutamine is the precursor of the aspartate which is similarly
needed in both purine and pyrimidine synthesis [104].

The alpha-amino and the amide nitrogen
moietys of glutamine are used in [99]:
Ammonia formation
Purine and pyrimidine biosynthesis
Many aspects of amino acid biosynthesis and degradation

The utilization of the amide nitrogen atom of glutamine, catalyzed by the
glutamine amidotransferases, leads to the synthesis of such important biological
compounds as the pyridine nucleotide coenzymes, and the asparagines [99].

Glutamine amide nitrogen is required for synthesis of the amide nitrogen atoms of Diphosphopyridine Nucleotide
(DPN) [99]. This enzyme is also known as Nicotinamide Adenine Dinucleotide (NAD). Nicotinamide adenine
dinucleotide (NAD+ in its oxidized form) and its close analog nicotinamide adenine dinucleotide phosphate (NADP+)
are composed of two nucleotides joined through their phosphate groups by a phosphoanhydride bond. As the
nicotinamide ring resembles pyridine, which is why these compounds are sometimes called pyridine nucleotides.
The vitamin niacin is the source of the nicotinamide moiety in nicotinamide nucleotides [112].

Both coenzymes undergo reversible reduction of the nicotinamide ring. This reflects the
specialized metabolic roles of the two coenzymes: NAD+ generally functions in oxidations usually as part of a catabolic reaction; and NADPH is the usual coenzyme in reductions nearly always as part of an anabolic reaction. Few enzymes can use either coenzyme and
most show a strong preference for either one or the other [112].

The processes in which these two cofactors function are segregated in specific organelles of
eukaryotic cells: oxidations of fuels such as pyruvate, fatty acids, and alpha-keto acids derived
from amino acids occur in the mitochondrial matrix, whereas reductive biosynthesis processes
such as fatty acid synthesis take place in the cytosol [112].

GLUTAMINE

In the 1940s and 1950s the metabolic functioning of glutamine as a donor of nitrogen atoms in the
synthesis of purines and pyrimidines was first established [104]. Glutamine provides precursors for nucleic
acid biogenesis and their regulation. It is the essential substrate in the production of purines, pyrimidines
and nucleotides, as well as playing a pivotal role in protein synthesis and its regulation [100].
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Specific glutamine amidotransferases catalyze the reactions involved
in the biosynthesis of amino acids and nitrogen atoms 3 and 9 of the
purine ring and of the amino groups of guanine and cytidine [99].

Glutamine synthetase (GS; EC 6.3.1.2) is the enzyme that catalyzes the ATP-dependent formation of
glutamine from glutamate and ammonia. This enzyme is expressed in all tissues where it supplys
glutamine for the synthesis of purines and pyrimidines [108]. Glutamine synthetase catalyzes several
partial reactions besides the formation of glutamine from glutamate, including the formation of ATP
from ADP and acyl phosphates [99].

Beta-glutamyl phosphate, acetyl phosphate and carbamoyl phosphate interact at
the active site of glutamine synthetase. The enzyme synthesizes ATP from ADP
and acyl phosphates such as Beta-aminoglutaryl phosphate, carbamoyl phosphate
and acetyl phosphate [99]. Carbamoyl phosphate serves as a precursor to the
pyrimidines and also as an intermediate in the urea cycle [113].

Experimental findings indicate that nucleotide is required for the binding and reaction of substrates with
glutamine synthetase. ADP or ATP thus forms a functional portion of the active site. The scheme
indicates that the enzyme does not interact with glutamate until ATP is bound, nor does the enzyme bind
glutamine in the reverse direction until ADP is bound. Alternative possibilities such as the binding of
glutamate prior to the binding of ATP or a random order of addition of glutamate and ATP to the enzyme
are also conceivable [99].

Both methionine sulfoximine phosphate and ADP bind tightly to the enzyme.
Chemically synthesized methionine sulfoximine phosphate inhibits glutamine
synthetase in the absence of added nucleotide and metal ions [99].

Highly purified preparations of rat skeletal muscle glutamine synthetase were found markedly inhibited
by ADP; more so than that found with sheep brain glutamine synthetase. Regarding the specificity of
glutamine synthetase toward various nucleotides, only ATP and deoxy-ATP are appreciably active
although some activity has been reported with adenosine tetraphosphate, ITP, GTP and UTP [99].

GLUTAMINE

This functional and spatial specialization allows a cell to maintain two distinct pools of
electron carriers, with two distinct functions. More than 200 enzymes are known to
catalyze reactions in which NAD+ (or NADP+) accepts a hydride ion from a reduced
substrate, or NADPH (or NADH) donates a hydride ion to an oxidized substrate [112].
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Convulsions are associated with excess ammonia formation in brain, most likely
arising from influencing the purine nucleotide cycle. The purine nucleotide cycle,
of which adenylic acid (AMP) deaminase is the ultimate link, is responsible for
generating a major fraction of ammonia (from aspartate) in brain [105].

AMP deaminase has physiological importance for the interconversion of adenine and
guanine nucleotides and the stabilization of adenylate energy. Together with adenosine
deaminase it regulates the availability of purine derivatives, including adenosine, cyclic
AMP and adenosine triphosphate (ATP) [105].

Guanine Triphosphate (GTP) is known to serve as an allosteric regulator and as an energy
source for protein synthesis. As well as this the derived purine cGMP serves as a second
messenger in response to nitric oxide (NO) during relaxation of smooth muscle [109].

The pyrimidine compounds of uridine, the UDP-sugar derivatives participate in
sugar epimerizations and in biosynthesis of glycogen, glucosyl disaccharides,
and the oligosaccharides of glycoproteins and proteoglycans [109].

The pyrimidine cytidine triphosphate (CTP) directly participates in biosynthesis of
phosphoglycerides, sphingomyelin, and other substituted sphingosines. Finally, many
coenzymes incorporate nucleotides as part of their structures thus incorporating purine
and pyrimidine molecules in their chemistry [109].

In conclusion, glutamine plays an essential role in the formation of
purines and pyrimidines thus also playing an indispensible part in the
synthesis of DNA and RNA and the functions they support.

GLUTAMINE

In the central nervous system, ammonia is a metabolic end product and represents an
important source of nitrogen for synthesis of purines, pyrimidines and non-essential
amino acids [105]. Phosphofructokinase and adenylate cyclase are activated by ammonia
in the brain, whereas aspartate and alanine aminotransferase, glutamate dehydrogenase
and glutaminase are inhibited by its production [105].
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Myelin Basic Protein Formation and Glutamine

As mentioned, glutamine is the essential resource for production of the purines
adenine and guanine. By virtue of adenylic acid deaminase, it provides the key
metabolic steps involved in the interconversion of adenine and guanine [105].

Guanosine Tri-Phosphate (GTP) serves as an allosteric regulator and energy
source for protein synthesis, whereas Cyclic Guanosine Monophosphate
(cGMP) serves as a second messenger in response to Nitric Oxide (NO) during
relaxation of smooth muscle [109].

Similarly, glutamine is essential in the production of pyrimidine nucleotides [100]. Uridine is a pyrimidine [112] and
Uridine Diphosphate (UDP) sugar derivatives participate in sugar epimerizations and in biosynthesis of glycogen,
glucosyl disaccharides, as well as the oligosaccharides of glycoproteins and proteoglycans. UDP-glucuronic acid
also forms the urinary glucuronide conjugates of bilirubin and of drugs such as aspirin [109].

Cytidine is similarly a pyrimidine [112]. Cytidine Triphosphate (CTP)
participates directly in the biosynthesis of phosphoglycerides,
sphingomyelin, and other substituted sphingosines [109].

Glutamine is key in the synthesis of citrulline, arginine and glutathione [100]. Glutathione
(gamma-L-glutamyl L-cysteinylglycine) is a tripeptide of glutamate, cysteine and glycine. It
was first described in 1888 by DeRey-Pailhade under the name of ‘philothion’. Hopkins
later described the reducing properties in 1921 and renamed it glutathione. 168

Both its reduced form (GSH) and its oxidized dimer (GSSG) are involved in a great
deal of molecular reactions; many crucial to cell survival. It has been described as
the most important non-protein thiol and hypothesized as being responsible for the
origin of life in an oxidative atmosphere [168].

Its established metabolic functions include DNA synthesis and repair, protein synthesis, prostaglandin
synthesis, amino acid transport, metabolism of toxins and carcinogens, enhancement of immune system
function, prevention of oxidative cell damage, enzyme activation, redox reactions, transport of metals
across membranes, and a source of cysteine. 168

GLUTAMINE

Glutamine not only provides resources for nucleic acid biogenesis and their regulation as well as
resources for purine, pyrimidine and nucleotide synthesis, but as well as this it is a major resource
for protein synthesis and its regulation. Glutamine has a C5 chain and two nitrogen atoms, which
makes it a powerful donor of both carbon and nitrogen [100].
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The key functional element of the glutathione molecule is the cysteinyl moiety, which provides the reactive thiol
group. Its functions include (a) the maintenance of protein structure and function by reducing the disulfide
linkages of proteins (b) the regulation of protein synthesis and degradation (c) the maintenance of immune
function (d) protection against oxidative damage, and (e) detoxification of reactive chemicals [139].

An increase in glutathione disulfide levels causes metabolic
perturbations including inhibition of protein synthesis.
Glutathione conjugates are known as thioesters [138].

Glutathione reductase plays a key role in maintaining the reduced state of intracellular glutathione.
The redox state of glutathione is considered to affect major cellular functions including protein
synthesis [136]. Glutathione Disulfide is an inhibitor of glutaredoxin dependent DNA synthesis and
of ribosomal protein synthesis [140].

In considering protein production, including that of Myelin Basic Protein (MBP), two major
interrelated factors are worth scrutiny; that of glutamine-glutamate metabolism and that of
glutathione. Glutamine occurs as the major source of nitrogen and protein pools supplying the
substrate for peptide formation.

Glutathione could be considered, in this context, a sub-function of the glutamine metabolism as it supplys
the nitrogenous substrate for glutathione synthesis - the major antioxidant containing a sulfhydryl group as
well as a factor in protein synthesis. Glutathione (GSH) plays a particularly important role in protecting the
brain against oxidative stress [137]. The selective loss of one histidine residue from sixteen per subunit leads
to the inactivation of glutamine synthetase from E. Coli [138].

Thus a scheme could be concieved of in which glutathione facilitates protein production both by its
sulfhydryl group acting as a carrier molecule for glutamate nitrogen as well preserving the functional
activity of glutamine synthetase; the enzyme responsible for maintaining levels of the most abundant
amino acid of the body (glutamine) which is in turn responsible for the manufacture of nucleotides the substrate for DNA and RNA and the basis for all protein synthesis.

Further, inductive reasoning could propose that it is necessary for significant levels
of glutamine to be available to produce the cytidine and guanosine nucleotides
necessary for the biosynthesis of sphingomyelin and guanine triphosphate used as
an energy source in protein synthesis, respectively [109].

GLUTAMINE

Glutathione is the most abundant non-protein thiol in almost all aerobic species. Extracellular glutathione concentrations
are usually 3 to 4 orders of magnitude lower than intracellular concentrations. Glutathione disulfide reductase maintains
more than 98% of intracellular glutathione in the reduced thiol form (GSH). The rest is present within the cell as mixed
disulfides (mainly GS-S-protein), as the disulfide (GSSG), and as thioethers [139].
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Glutamine and Arginine Synthesis

Physiological functions served by intestinal glutamine metabolism include [103]:
A: Providing a major source of energy for the intestine
B: Providing the animal indirectly with an endogenous arginine source, by
supplying citrulline for arginine biosynthesis in the kidneys and other tissues

Exogenous sources of arginine imparts beneficial responses in terms of increased
monocyte and lymphocyte proliferation and T-helper cell formation. Activation of
macrophage cytotoxicity and increased cytokine production were also observed [102].

Glutamine amide nitrogen is used for the synthesis of carbamoyl phosphate which serves as a precursor of
both pyrimidine and arginine [99]. Maternal status and supply of arginine may be important in determining
nitric oxide and polyamine production in the placenta during early gestation. It is observed that there is a
net flux of glutamate from the fetus into the placenta of sheep [102].

Arginine is involved in [102]:
- Urea cycle
- Nitric oxide production
- Spermine production
- Creatine production

Nitric oxide has a role in immunocompetance. Suchner et al (2002) have reviewed the
clinical evidence suggesting that nitric oxide may help in the regulation of inflammation
and in enhancing the depressed immune response of patients suffering from injury,
surgical trauma, malnutrition or sepsis [102].

Nitric Oxide (NO) is an endogenous reactive intermediate, a free radical, generated by the enzyme
nitric oxide synthetase. nitric oxide synthetase catalyzes the conversion of L-arginine to L-citrulline
and nitric oxide, with a 1:1 stoichiometry, and is competitively inhibited by analogues of L-arginine,
such as NG-monomethyl-L-arginine [110].

GLUTAMINE

Glutamine nitrogen is used in some cells for the synthesis of
carbamoyl phosphate, which serves as a precursor of both the
pyrimidine ring and of arginine [99].
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Nitric oxide was identified as the endothelium-derived relaxing factor (EDRF), an endogenous
vasodilator. EDRF/nitric oxide (a) activates a soluble heme-containing guanylate cyclase;
(b) stimulates guanosine 3', 5'-cyclic monophosphate (cGMP) formation; and (c) causes
vascular smooth muscle relaxation, platelet aggregation inhibition, neurotransmission modulation,
and macrophage cytotoxicity [110].

Nitric oxide also inhibits neutrophil functions, which include
Leukotriene B4 (LTB4) synthesis, superoxide anion (O2) release,
and neutrophil adhesion to the vascular endothelium [110].

In view of the fact that the plasma and cellular milieux contain reactive species that
can rapidly inactivate nitric oxide, it has been postulated that nitric oxide is stabilized
by a carrier molecule that preserves its biological activity [110].

Reduced thiol species are candidates for this role, as they readily react in
the presence of nitric oxide to yield biologically active S-nitrosothiols that
are more stable, and possibly more potent, than nitric oxide itself [110].

GLUTAMINE

The reaction needs NADPH as a reducing cofactor, and an amino acid radical is
a likely intermediate. It is now evident that cells other than those in the vascular
endothelium, including fibroblasts, macrophages, neutrophils, and neurons,
synthesize nitric oxide [110].
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Multiple Sclerosis is a condition where there is a loss of myelin basic protein and
related proteins of the central nervous system. It’s cause is not known but it’s trigger
has been associated with infection, trauma, and virus compromise. Environmental
and female gender correlates have been noted.
The laboratory model of Multiple Sclerosis - Experimental Autoimmune
Encephalomyelitis - can be brought about by injecting the subject animal with myelin
basic protein. Feeding of myelin basic protein prior protects against it’s development,
and feeding post administration abrogates it’s progress.
There exists an autoimmune process where the immune system selectively inflames
and digests central nervous system tissues targeting specific proteins before widening
it’s remit through epitope spreading to other related proteins. The inflammatory
process is an important part of the stimulus to remyelinate demyelinated tissues.
The deimination of arginine residues in myelin basic protein is a major biomarker for
Multiple Sclerosis. The loss of an NH group causes a loss of cationic charge resulting
in a loss of compaction between the layers of the myelin sheath. This ultimately leads
to a breakdown in the functioning of the myelin sheath to insulate and propagate the
nervous impulse. This change is post translation in genetic context.
There is reported a distinct loss of glutamine synthetase and glutamate
dehydrogenase enzymes - both are unique enzymes required for the fixing of nitrogen
and endogenous production of amino acids and thus proteins. Not only this but
glutamine serves as the required fuel for the immune system, brain and the intestines.
Glutamine functions in the production of rapidly dividing cells as the source of
nitrogen for nucleotides and thus nucleic acid synthesis.
Glutamine becomes a conditionally essential amino acid under situations of
immunocompromise and trauma. Serving as a great part of the nitrogen pool of the
body, it holds a unique position in human metabolism where not only is it
interconvertable with the other non-essential amino acids but has an irreplacable role
in several biological synthetic functions.
Most critically in context with Multiple Sclerosis, glutamine serves as the nitrogen
donor for the pyrimidine cytosine triphosphate which in turn is essential for the
production of sphingomyelin.

GLUTAMINE

Conclusion
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The result is plagues of demyelination, loss of nitrogen assimilation in these regions,
and the production of immature myelin proteins as witnessed in the deiminated forms
found in Multiple Sclerosis (and its varients) where the nitrogen rich arginine residues
are replaced by nitrogen deficient citrulline residues.
There is evidence for ‘nitrogen harvesting’ by immune cells in times of relapse. This
is postulated as a necessary logistical resource reallocation in times of infection and
trauma, which if not dealt with result in death of the collective organism (human
being).
If this hypothesis is correct it suggests that a potential course of action is feeding of
large amounts of glutamine along with functional components of glutamine synthetase
and glutamate dehydrogenase along with their cofactors to support the production of
myelin proteins, and re-establish these critical missing enzymes potenitating the
evidenced capacity for endogenous remyelination witnessed in Multiple Sclerosis
sufferers.

A potential avenue of therapeutic
intervention is proposed:
Glutamine
Pyridoxal 5’ Phosphate
Magnesium
N-acetyl Cysteine

GLUTAMINE

The hypothesis here is that through repeated immunocompromise and trauma
nitrogen stocks reach a severe deficit impacting on rapidly dividing cell types (such as
those of the immune system) and proteins with a high rate of turnover (such as those
of the brain) along with impacting on the formation of nucleic acids to produce genetic
anomalies.
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W
walking 28, 38, 44, 57, 159
walking aids 57
weakness 22, 24, 64, 70, 72, 159
Weitzman Institute 54, 55
wheelchairs 57
white blood cells 27, 130
white matter 7, 8, 14, 23, 80, 85, 89, 92, 105, 107, 109, 113,
119, 121, 122, 129, 139, 141, 147, 148, 151, 153, 160
white spots 46
whole myelin 123
women 9, 12, 13, 238, 242, 248, 249, 254
Workup 27
wormwood 221

X
xanthine 226
xanthine oxidase 226
Xanthosine Monophosphate 179
xanthylate 179
XMP see Xanthosine Monophosphate
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