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Abstract Neurodegenerative diseases pose specific challenges for drug development.

These diseases typically have a slow and variable clinical course, an insidious
onset, and symptom expression is only observed when a significant proportion of
neurons are already lost. It is important to identify vulnerability factors and other
determinants of clinical course in order to be able in the future to select patient
populations for clinical trials with a predictable prognosis. The neurodegenerative
process itself is not amenable to direct observation and, thus, cannot be monitored
in clinical trials. For this reason, surrogate biomarkers are required for use as
outcome parameters. In this respect, magnetic resonance imaging has proved
valuable for assessing disease activity and progression in multiple sclerosis.
Rating scales are of use as outcome measures but, as these generally measure
symptom severity, they are most appropriate for use in assessing symptomatic
treatments. Survival has been used with success as an outcome measure in trials in
amyotrophic lateral sclerosis, where disease progression is rapid. The optimal
outcome measure, the sample size required and the treatment duration need to be
chosen in relation to the phase of the disease. Potential new treatments can be
chosen based upon new knowledge of the genetics and physiopathology of
neurodegenerative diseases and, in some cases, screened in transgenic mouse
models, although it should be recognised that the validity of these models in terms
of treatment response has yet to be established empirically.
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Traditionally, neurology has been a branch of
medicine characterised by the extent of unsatisfied
medical needs for the treatment of relatively fre-
quent pathologies. This is particularly the case for
neurodegenerative diseases, where, until recently,
symptomatic treatments were all that could be pro-
vided. This situation has changed somewhat with
the introduction of immunomodulatory treatments
for multiple sclerosis and of riluzole for amyo-
trophic lateral sclerosis (ALS). These drugs may
slow the rate of deterioration in many patients, but
are far from ideal in terms of the size of the treat-
ment effect. More recently, the introduction of
acetylcholinesterase inhibitors for the treatment of
Alzheimer’s disease represents another important
advance, although these drugs do little if anything to
modify the course of the disease.

The limited progress in developing new drugs for
the treatment of neurodegenerative diseases is relat-
ed to the complex pathophysiology of these disor-
ders and methodological difficulties in demonstrat-
ing pertinent treatment effects. This review ad-
dresses these issues with examples from recent
development programmes.

1. The Specific Features of
Neurodegenerative Diseases

Neurodegenerative diseases have several specific
features that render estimation of drug effects on
disease progression very difficult. First, in terms of
natural history, disease onset is insidious, and
clinical course variable and usually slow. With the
exception of ALS, in which average survival time
from first symptoms to death is thought to be around
3 years, the other common neurodegenerative dis-
eases evolve over decades (table I).

Table I. Average survival time following symptom onset in the most
common progressive degenerative diseases of the nervous system

Disease Survival time (y)
Alzheimer’s disease ~10
Amyotrophic lateral sclerosis ~3
Huntington’s disease ~15

Multiple sclerosis ~30
Multisystem atrophy ~6-7
Parkinson’s disease ~20
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Table Il. Extent of neuronal loss at symptom onset in the most
common progressive degenerative diseases of the nervous system

Disease Neuronal loss (%) [reference]
Alzheimer’s disease 2011
Amyotrophic lateral sclerosis 800
Huntington’s disease 57
Multiple sclerosis 3514
Parkinson’s disease 500!

Secondly, the underlying pathophysiology of
neurodegenerative diseases is poorly understood
and inaccessible for direct observation. These dis-
eases probably have a multifactorial aetiology and
involve a multitude of interacting neurochemical
processes that contribute to neuronal death. The
situation is generally compounded by the absence of
validated surrogate markers of disease progression,
although in this respect the use of magnetic
resonance imaging (MRI) may be useful in multiple
sclerosis.

Thirdly, the relationship between neuronal loss,
disease progression and symptom presentation var-
ies between both diseases and patients. In Parkin-
son’s disease and Alzheimer’s disease the core
symptoms are relatively consistent. On the other
hand, for motor neuron diseases, multiple sclerosis
and, to some extent, Huntington’s disease, initial
symptom presentation can be very variable. More-
over, given the built-in redundancy of the nervous
system, symptoms may only appear when a consid-
erable proportion of neurons have already been lost
(table IT). The consequences of this are that potential
neuroprotective treatments are introduced when
neuronal loss is well advanced and the potential for
repair is only limited. Ideally, it would be possible to
measure neuronal loss early, before symptoms ap-
pear, so that treatments could be introduced in a
preventive fashion to retard the moment when the
critical threshold of neuronal loss for clinical mani-
festation of disease is reached (see table II).

2. Evaluating Progression in
Neurodegenerative Diseases

The specific features of neurodegenerative dis-
eases impose a number of constraints in the design
of clinical trials. The slow progression of most of
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these diseases necessitates a long study observation
period in order to measure a significant change in
disease evolution or differences between two poten-
tial treatments. Because of the absence of validated
surrogate measures, there is no short-cut to measur-
ing the disease process itself. The development of
such markers represents a major challenge for
clinical research in this area and would facilitate
greatly the implementation of clinical trials. This is
illustrated by a randomised clinical trial of gla-
tiramer acetate in multiple sclerosis that used MRI
metrics as the primary outcome measure,!®! in which
a difference in outcome between the two treatment
groups was observed before a difference in clinical
outcomes.

In addition, the high inter-individual variability
in clinical course necessitates the use of large sam-
ple sizes. Many negative studies of potential
neuroprotective agents carried out in the past includ-
ed too few patients to achieve the necessary statisti-
cal power to demonstrate a difference in outcome
between two groups. The situation is compounded
by the fact that add-on studies rather than placebo-
controlled studies are now required in certain diseas-
es where validated reference treatments exist, for
example multiple sclerosis (interferon [IFN]-f and
glatiramer acetate) or ALS (riluzole). The sample
size also depends on the outcome measure used and
the planned study duration. For example, a pilot
study using MRI metrics as an outcome measure in
multiple sclerosis would require 50-75 patients per
group compared with 150-250 using a clinical mea-
sure of disability such as the Expanded Disability
Summary Scale (EDSS). Similarly, in ALS,
400-500 patients per group would be necessary to
demonstrate an effect in combination with riluzole
and using survival as an endpoint compared with
only 75 patients per group when riluzole was evalu-
ated alone.!”!

An evaluation of disease progression in a large
cohort of 960 patients with Huntington’s disease!®!
attempted to identify variables predictive of the dis-
ease progression rate measured with the Unified
Huntington’s Disease Rating Scale (UHDRS) that
could be used to determine sample sizes in clinical
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trials. For example, it was found that a higher Total
Functional Capacity (TFC) scale score at baseline,
indicating less functional impairment, was associat-
ed with a faster annual decline in TFC score. For this
reason, including only patients with a high TFC
score at baseline allows for smaller sample sizes in
clinical trials (figure 1).

Another example of the importance of disease
stage for the demonstration of a treatment effect has
come from the trials with riluzole in ALS. In a
placebo-controlled randomised study of 168 patients
with advanced-stage disease, no beneficial effect of
treatment was observed,”” whereas in a previous
randomised trial including a similar number of pa-
tients with less deteriorated ventilatory function, a
clear effect on survival was demonstrated.!'"’

3. Outcome Measures

A number of different classes of outcome mea-
sures have been used in studies of neurodegenera-
tive diseases (e.g. biomarkers, symptomatic effects
scales, disease progression scales, neuroprotection
and survival measures), all of which have different
limitations.
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Fig. 1. Number of patients required per treatment arm in clinical
trials in Huntington’s disease in order to detect the effect of a drug
estimated to slow the decline in Total Functional Capacity (TFC)
scale scores using TFC by 40% with a statistical power of 80%.
Estimations are compared for the inclusion of all patients and for
inclusion only of patients with a baseline TFC score >7.[8
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3.1 Biomarkers

Biomarkers have been defined as “A characteris-
tic that can be measured objectively and estimated
as an indicator of physiological or pathological pro-
cess, or the action of medication”.''! Two types of
biomarker are of potential interest as surrogate
markers for clinical trials of neuroprotective drugs,
namely biochemical and imaging markers.

Generally speaking, biochemical markers have
been of little use in neurodegenerative diseases for
two reasons. First, an appropriate marker needs to be
proposed based on a robust biochemical hypothesis
of the disease process and, in general, the patho-
physiology of these diseases is not sufficiently un-
derstood to identify such markers. An exception is
for diseases with an important autoimmune inflam-
matory component, such as multiple sclerosis, in
which measurement of immunoglobulins in the
cerebrospinal fluid (CSF) is useful, or myasthenia
gravis, where circulating anti-acetylcholine receptor
antibodies can be measured. However, in classical
neurodegenerative diseases, insufficiently charac-
terised biochemical markers may even be mislead-
ing. An example of this is a clinical trial of tocopher-
ol (vitamin E) supplementation in ALS,"?! designed
to test the hypothesis that attenuation of oxidative
stress, believed to contribute to motor neuron death,
would reduce mortality or slow functional decline.
This trial clearly showed that tocopherol supple-
mentation could improve a biochemical marker of
oxidative stress, namely serum thiobarbituric acid
reactive species (TBARS), but had no effect on
survival.

For the future, measures of soluble amyloid-$3
(AP) peptide in serum or CSF may be a promising
biological marker to measure disease progression in
Alzheimer’s disease. Several studies have demon-
strated a reduction in the levels of ABi—42 protein in
CSF of patients with Alzheimer’s disease, hypothet-
ically due to reduced clearance from the nervous
system.[!315] There is evidence that this reduction
appears before a clinical diagnosis of Alzheimer’s
disease can be made, suggesting that CSF AB1-42
protein levels could be used as a biomarker for
prodromal Alzheimer’s disease in patients with mild
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cognitive impairment.''®! In addition, there appears
to be a progressive reduction in AfB1-42 protein over
the course of the disease,!'”'®! raising the possibility
of using the levels of this protein as a surrogate
marker for clinical trials, although much further
validation is needed. Nonetheless, CSF ABi—42 pro-
tein levels have been used as surrogate outcome
markers in one trial of prophylaxis of Alzheimer’s
disease with statins (HMG-CoA reductase inhibi-
tors).["I No effects on AB1-42 levels were observed,
although CSF levels of amyloid precursor protein
degradation products were reduced. Tau protein in
the CSF has also been described as a potential
diagnostic marker for Alzheimer’s disease!>*-2?! but
does not seem to be sufficiently sensitive to measure
disease progression./?’! For the moment, these two
biomarkers, particularly when used in combination,
appear to be more interesting as biomarkers for the
differential diagnosis of Alzheimer’s disease than as
outcome markers for clinical trials.!'8! Another CSF
constituent, 14-3-3 protein, classically considered a
relatively specific biomarker for Creutzfeld-Jakob
disease,” has also been described in certain pa-
tients with Alzheimer’s disease, in which it seems to
be associated with rapidly progressing dementia and
poor prognosis.2>:261

A second problem relates to access to the CNS.
Sequential CSF sampling poses certain ethical
problems for clinical trials, although it has occasion-
ally been used. One of the aetiological hypotheses
for ALS proposed that spinal motor neurons degen-
erate as a result of excitotoxicity provoked by high
concentrations of glutamic acid in the CSF follow-
ing failure of astrocytic uptake of this amino acid.?”}
Indeed, this was one of the arguments stimulating
the development of riluzole in this indication. Thus,
changes in CSF glutamic acid concentrations may
be of potential interest as a biochemical marker of
disease progression in ALS. This has been assessed
in a clinical trial of lamotrigine performed in Swe-
den.”® The study demonstrated that CSF glutamic
acid levels did indeed change as the disease
progressed, but no effect of lamotrigine was ob-
served on either CSF glutamic acid or on disease
progression measured with a rating scale.

Drugs 2005; 65 (17)
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Imaging markers, either using MRI or radio-
tracers with positron emission tomography (PET) or
single photon emission computerised tomography
(SPECT), on the other hand, have already demon-
strated their utility in clinical trials and, once indi-
vidual methodologies have been sufficiently validat-
ed, are likely to become a cornerstone of future trials
in neurology. MRI is principally of use in diseases
with gross structural damage, and has been used in
multiple sclerosis, vascular dementia and leukoari-
osis, neoplastic brain disease and Alzheimer’s dis-
ease. In multiple sclerosis, T2-weighted images al-
low accumulation of lesion burden to be estimated
and both IFNB and glatiramer acetate have been
demonstrated to decrease accumulation of lesions
on T2-weighted scans. Lesions visible on gadolini-
um-enhanced images from T1-weighted scans cor-
respond to new active lesions where blood-brain
barrier breakdown and inflammation is occurring.
Treatment with IFNP leads to a rapid and complete
disappearance of these new gadolinium-enhancing
lesions. A retrospective analysis of data generated in
a large placebo-controlled trial of glatiramer ace-
tatel® has shown that these two MRI metrics fulfil
established criteria (Prentice criteria) for use as a
surrogate marker for relapse rate.””! Current diag-
nostic guidelines for multiple sclerosis now accept
MRI evidence for diffusion in time and space as an
alternative to clinical evidence from relapses.?"!
This allows earlier diagnosis of disease and more
rapid initiation of treatment. In the future, MRI
techniques could be used to measure the impact of
new treatments in very early disease.

MRI techniques can be used to visualise loss of
cortical tissue in Alzheimer’s disease and vascular
dementia. Thus, it is possible to quantify the extent
and rate of progression of brain atrophy, and of
disease progression, through serial MRI mea-
sures.l31:32] In theory, this could be used to assess the
impact of treatments. This hypothesis has not yet
been tested extensively, since the current specific
treatments for Alzheimer’s disease, acetylcholines-
terase inhibitors, are believed to be symptomatic
rather than disease-modifying treatments. Nonethe-
less, one pilot randomised, placebo-controlled study
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has assessed the effect of donepezil on the rate of
hippocampal atrophy using MRI,*¥ in which a low-
er decrease in hippocampal volume over 6 months
was demonstrated in the donepezil-treated patients.
In contrast with the rather global measures of
neurodegeneration that can be obtained from classi-
cal MRI, PET/SPECT allows neurotransmitter-spe-
cific damage to be visualised. This is important for
neurodegenerative diseases in which a minority of
the population of neurons are lost, for example the
midbrain dopaminergic neurones in Parkinson’s dis-
ease and cortical and spinal motor neurones in ALS.
These structures are difficult to identify using classi-
cal MRI. Another use of SPECT is for determination
of glucose metabolism, which is decreased in areas
of neuronal loss and can thus be used as an overall
measure of neurodegeneration, in much the same
way as brain volume measurement with MRI.
Perhaps the best characterised application of
PET/SPECT in neurodegenerative disease is to mea-
sure loss of dopaminergic neurons in Parkinson’s
disease using specific markers for dopamine uptake
into nerve terminals, such as [18F]-DOPA or [123]1]-
CIT.343] This can be used to track the loss of
neurons in the basal ganglia over the course of the
disease and has provided an estimate of the thresh-
old of neuronal loss at which clinical symptoms first
appear (figure 2). This technology can theoretically
be used as an outcome measure in clinical trials to
detect potential neuroprotective effects.*®) Two

comparative trials of dopamine agonists and
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Fig. 2. Loss of dopaminergic neurones in Parkinson’s disease us-
ing [18F]-positron emission tomography, illustrating disease pro-
gression (reproduced from Cesaro,*'! with permission. © Masson,
Paris, 2002).
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levodopa in Parkinson’s disease suggested that
pramipexole and ropinirole may slow the loss of
dopaminergic neurons consistent with a potential
neuroprotective effect.’”381 However, this conclu-
sion needs to be re-evaluated in light of a recent
study demonstrating that levodopa appears to accel-
erate the decline in fixation of the SPECT marker
over time.[?! However, all of these treatments are
symptomatic treatments and there is no a priori
reason to think that they should have neuroprotec-
tive effects. A trial of riluzole, which is potentially
neuroprotective, in Parkinson’s disease,*”! which
reported no effect of treatment on clinical mile-
stones, evaluated [18F]-DOPA PET in a subpopula-
tion of patients; however, data from this analysis are
not yet available.

Other uses of PET/SPECT ligands as potential
surrogate markers of neurodegeneration include
evaluation of loss of acetylcholinesterase in
Alzheimer’s disease and evaluation of a number of
postsynaptic markers of GABAergic neurons in the
basal ganglia in Huntington’s disease, including
dopamine, opiate and benzodiazepine binding
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Fig. 3. Example of use of a symptomatic scale in drug development
trials. Mean changes from baseline in Alzheimer’s Disease Assess-
ment Scale — cognitive subscale (ADAS-cog) scores over 254
weeks in 133 patients with Alzheimer's disease treated with
donepezil. The bold line represents the rate of decline in ADAS-cog
score in a group of untreated historical controls (reproduced from
Rogers et al.,1*! with permission from Elsevier BV and the Europe-
an College of Neuropsychopharmacology).
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3.2 Rating Scales

Rating scales have been developed and validated
for all the principal neurodegenerative diseases en-
countered in clinical practice. Many of these quanti-
fy symptom severity and have been developed to
monitor natural history of the disease or the efficacy
of symptomatic treatments. Examples include the
Parkinson’s Disease Rating Scale (PDRS),*? the
UHDRS™ or the Alzheimer’s Disease Assessment
Scale — cognitive subscale (ADAS-cog).*¥ These
scales are the best adapted outcome measures for
determining potential symptomatic effects of new
treatments and are sufficiently sensitive to enable
such trials to be performed over relatively short
evaluation periods and with relatively low sample
sizes (figure 3). The scales can also be useful for
distinguishing between a symptomatic effect and a
neuroprotective effect, since symptomatic rebound
can be observed when treatment is interrupted. The
majority of new treatments introduced into neuro-
logical practice over the last 2 decades have been
shown to be effective and have been approved on the
basis of clinical trials using symptomatic rating
scales.

However, inclusion of these scales into studies of
neuroprotective drugs can also reveal treatment ef-
fects on symptoms that were not anticipated a priori.
This allows pilot studies to be performed more rap-
idly and with fewer subjects (and, thus, at lower
cost) than would be necessary with a clinical study
programme dedicated to evaluating a neuroprotec-
tive effect. An example is the beneficial effect of
riluzole on chorea scores on the UHDRS in Hunt-
ington’s disease, which has now been reported in
three small studies (figure 4). Although such studies
should not be considered as proof-of-concept stud-
ies, since they evaluate a different treatment objec-
tive than the primary one (symptomatic rather than
disease-modifying effects), they do nonetheless al-
low much larger and longer trials to be initiated with
greater confidence.

Symptomatic rating scales have also been used to
assess potentially neuroprotective treatments, the
decline in score being taken as a surrogate measure
of neurodegeneration. This was the approach adopt-
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Fig. 4. Effect of riluzole on chorea symptoms in Huntington’s dis-
ease measured with the Unified Huntington’s Disease Rating
Scale.l¢l

Placebo

ed in the trial of immunotherapy of Alzheimer’s
disease evaluating vaccination with AP(42) pep-
tide."*”! Although the trial was stopped because of
the development of meningoencephalitis in a signif-
icant number of patients, preliminary results showed
that patients who generated antibodies against
AB(42) peptide presented significantly slower rates
of decline of cognitive function measured with the
Mini Mental State Examination or the Disability
Assessment for Dementia. This approach is only
pertinent when the treatment tested, as in this vacci-
nation study, is not expected to have a symptomatic
effect and, thus, not affect rating scale scores inde-
pendently from an effect on disease progression.
Where this is not the case, interpretation of the study
can be confounded by symptomatic effects of treat-
ment, as was observed in the DATATOP (Deprenyl
and Tocopherol Antioxidative Therapy of Parkin-
son’s Disease) study of selegiline and tocopherol in
Parkinson’s disease (see the discussion of this study
in section 3.3).

Another class of rating scales have been devel-
oped to measure disease progression. These scales
are often categorical milestone-related measurement
devices that are not ideally suited for quantitative
evaluation of treatment effect sizes. Although many
such scales have been used as outcome measures in
clinical trials, the vast majority have not been able to
discriminate treatment effects. In such cases, it is
difficult to unequivocally attribute the lack of effect
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observed to a real inactivity of the test drug or to the
metric shortcomings of the scale. An exception to
this is the EDSS,"8 which evaluates the accumula-
tion of disability in multiple sclerosis. Although this
scale is a composite of categorical milestones such
as the inability to walk unaided and, thus, is hardly a
linear measure of disease progression, it has been
shown to be sensitive to treatment effects. This scale
was used as the primary outcome measure in the
original pivotal clinical trial with intramuscular
IFNB-1a in relapsing-remitting multiple sclero-
sis.*1 An attenuation of the rate of accrual of disa-
bility as measured with the EDSS has since been
observed in some, but not all, subsequent trials with
all three types of IFNB,30-321 as well as with gla-
tiramer acetate,®?! in both relapsing-remitting and
secondary progressive disease.

Scales such as the EDSS are more pertinent than
symptomatic rating scales for tracking long-term
changes in disease status, as their sensitivity does
not vary with changes in symptom presentation dur-
ing the course of the disease. An example is the
analysis of disability outcome after 10 years of
treatment in the open-label, long-term extension of
the pivotal randomised clinical trial performed with
glatiramer acetate® (figure 5). This showed that
early accrual of disability in the placebo group dur-
ing the double-blind period is never recovered fol-
lowing subsequent switch of patients to glatiramer
acetate.

At the moment, the EDSS is the only disability
progression scale to have been shown to be useful in
demonstrating treatment effects, and such scales
need to be validated for other neurodegenerative
diseases. One promising approach in this area is the
use of a basket of disability measures to determine
disease progression in ALS. In a recent randomised
clinical trial of topiramate in ALS, a variety of
disability scales were used as secondary outcome
measures.®®! Although the trial was not able to
discern any treatment benefit associated with topira-
mate, it did allow metric validation of an algorithm
associating these scales into a sensitive and quantita-
tive measure of disease progression.l>”)

Drugs 2005; 65 (17)
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Fig. 5. Effect of glatiramer acetate (GA) on accumulation of disabili-
ty in multiple sclerosis measured with the Expanded Disability Sum-
mary Scale (EDSS). The early accrual of disability in the placebo
(PL) recipients during the double-blind period is never recovered
after subsequent switch to GA.59!

3.3 Neuroprotfection

Direct measures of neuroprotection are obviously
not feasible at the moment and no unambiguous
demonstration of a neuroprotective effect has been
observed in any drug trial in any neurodegenerative
disease.

Two approaches have been used to measure
neuroprotection. The first approach involves using
neuroimaging to track loss of specific populations of
neurons, and this approach has been used in clinical
trials of ropinirole and pramipexole (see section
3.2). However, such studies are extremely costly
and have so far generated results that do not provide
an unequivocal demonstration of neuroprotection.
As such, neuroimaging studies are not recognised by
the principal regulatory authorities as providing ade-
quate proof of clinical efficacy.

An alternative approach, pioneered in early
1990s in the DATATOP study of selegiline and
tocopherol in the treatment of Parkinson’s dis-
ease,8 is to use time-to-event analysis in an attempt
to demonstrate inflections in the course of the dis-
ease. This study evaluated the effect of treatment on
the time required to reach a specified target event,
the need to initiate treatment with levodopa, in treat-
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ment-naive patients with early Parkinson’s disease.
Although treatment did increase the time required to
reach this event, the interpretation of the results is
confounded by a symptomatic effect of treatment
which influences the decision to initiate levodopa.
Moreover, the milestone chosen, unlike survival
(see section 3.4) is a rather ‘soft’ endpoint, which
depends more on the subjective judgement of the
physician than any unequivocal event in the natural
history of disease. The interest of selegiline treat-
ment in Parkinson’s disease has also been mitigated
by concerns about increased mortality.*%° None-
theless, the need to initiate levodopa treatment was
again used as the primary outcome measure in a
large clinical trial aimed at demonstrating a
neuroprotective effect of riluzole in Parkinson’s dis-
ease.[*Y) The elimination of potential artefacts due to
symptomatic effects of the drug was attempted
through the use of a substantial wash-out period
before assessment. Once again, the study failed to
provide unequivocal evidence for a beneficial effect
of riluzole on the time required to reach this mile-
stone. A somewhat similar approach was used in a
study of the potential neuroprotective effect of
selegiline and bromocriptine in Parkinson’s disease,
this time looking at the proportion of patients who
had evolved to a given score on the motor compo-
nent of the PDRS at study end, after washout of
study medication.!®! The treatment effects observed
are again difficult to interpret because of potential
symptomatic effects persisting through the washout
period.

Institutionalisation has been proposed as an
endpoint  for time-to-milestone  studies in
Alzheimer’s disease. This is a pertinent endpoint, as
it is a determining event in the disease course in
terms of quality of life, carer impact and cost.[6%!
Nonetheless, it remains as a ‘soft” endpoint, as there
are no objective criteria to determine when a given
individual should enter dedicated residential care. It
is possible that such decisions are not made identi-
cally for patients participating in clinical trials com-
pared with those in standard care. A recent
randomised placebo-controlled trial of donepezil in
which entry to institutional care was used as the
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primary endpoint failed to reveal any significant
treatment effect on time to this milestone.[®3 On the
other hand, another trial of donepezil, this time
using a predefined criterion of functional impair-
ment derived from a basket of symptomatic rating
scales, did provide evidence for a beneficial effect of
donepezil using time-to-event analysis.[64

A major issue with the studies that attempt to
determine neuroprotective effects indirectly through
delay in milestone timing for progression markers is
that it is extremely difficult to distinguish effects on
symptoms from effects on progression. This illus-
trates the critical importance of matching the
endpoint measure used to the hypothesis under scru-
tiny. For evaluating a potential symptomatic treat-
ment, the use of a symptomatic rating scale such as
the PDRS or the UHDRS is appropriate. In contrast,
when testing a potential neuroprotective effect, use
of such scales as a surrogate marker of disease
progression can introduce significant imprecision,
particularly when the treatments also affect symp-
toms and, thus, reduce the probability of observing a
significant treatment effect.

3.4 Survival

Survival has many advantages as an endpoint in
trials of neurodegenerative disease. This is a robust
and pertinent endpoint with low measurement error
and inter-rater variability. Statistical analysis of sur-
vival data is well codified using time-to-event analy-
sis with a simple binary outcome criterion, allowing
unambiguous interpretation of the results. Although
survival is widely used as an endpoint in clinical

trials in cardiology, the only neurological condition
in which this approach has been applied successfully
to date is ALS. This was no doubt made possible
because of the shorter median survival time in this
disease than in other neurodegenerative diseases
(table I).

However, even for Alzheimer’s disease, survival
analysis may be a feasible outcome measure in
clinical trials. A large, prospective epidemiological
study (the CHSA [Canadian Study of Health and
Aging])® evaluated 5-year outcome in 823 patients
with a case-ascertained diagnosis of Alzheimer’s
disease of known date of onset. This identified a
median survival time, adjusted for other known
mortality risk factors, of 3.3 years from disease
onset. This is considerably shorter than previously
believed, which the authors explained by the inclu-
sion of patients with rapidly evolving disease who
are normally absent from studies where patients are
not followed from initial onset because of rapid
mortality. If sufficient patients could be included at
disease onset, it would be possible to use the surviv-
al hazard ratio as a primary outcome criterion in
clinical trials of relatively short duration. Moreover,
since survival time in Alzheimer’s disease is strong-
ly influenced by age,'®%1 survival trials could be
conducted in older patients.

Since the pathogenesis of neurodegenerative dis-
eases is unknown, and it is therefore currently not
possible to use aetiology-based treatments in such
pathologies, using survival as an endpoint is particu-
larly pertinent, as it recapitulates the entire disease
process and can identify potential treatment effects

Pathogenesis Neuron Clinic Death
Parameters: Respiratory
Upper and clinimetric scales, .
o lower muscle strength, Cardiac
I r;own motor neuron time functional tests, Infectious
! — respiratory function,
Bulbar limbs biological parameters, Traumatic
others
Others

Survival is a ‘global’ measure of the disease

Fig. 6. Survival as a global measure of disease process in amyotrophic lateral sclerosis.

© 2005 Adis Data Information BV. All rights reserved.

Drugs 2005; 65 (17)



2472

Dib

— Riluzole 100mg (n = 236)
--------- Placebo (n = 242)

Survival probability
o
~

0.4 - T T T T T T

0 3 6 9 12 15 18
Time since randomisation (mo)

1.0 _ Riluzole median survival = 49mo
D\ Untreated median survival = 36mo

T T 1
0 50 100 150
Time since diagnosis (mo)

Fig. 7. Effect of riluzole on survival in amyotrophic lateral sclerosis, presented as Kaplan-Meier survival curves. (a) Data from a randomised
placebo-controlled trial (reproduced from Lacomblez et al.,®”] with permission from Elsevier). (b) Data from a patient registry (reproduced

from Turner et al.,”% with permission).

wherever in the disease process they are implicated
(figure 6).

Two randomised placebo-controlled clinical tri-
als have demonstrated that riluzole significantly ex-
tended survival time in patients with ALS.!'%67] Data
from the larger of these two trials are presented in
figure 7. Importantly, survival data are generally
collected systematically in patient registries and this
allows the results from the clinical trials to be com-
pared with survival rates observed under everyday
standards of care. An association between longer
survival and use of riluzole has been described in a
number of these patient registries!®®’!! (figure 7),
arguing for the effectiveness of the treatment under
naturalistic conditions of care. Such a conclusion
could not have been obtained so simply had a more
experimental outcome endpoint been chosen, such
as MRI or CSF analysis, neither of which are used
systematically in routine care.

More recently, survival analysis has been applied
to the long-term outcome data from the DATATOP
trial in Parkinson’s disease.[”?! Although this analy-
sis was not performed to detect a survival advantage
associated with a specific treatment, it nevertheless
identified a number of determinants of survival in
Parkinson’s disease. In particular, a robust response
to early treatment with levodopa was associated
with an increased probability of survival in the mid-

© 2005 Adis Data Information BV. All rights reserved.

term. This demonstrates the feasibility of perform-
ing pertinent survival analyses in neurodegenerative
diseases that progress relatively slowly, and pro-
vides an elegant demonstration of the association
between short-term treatment benefits in terms of
symptomatic effects and longer term survival bene-
fits.

4. Genetics of Neurodegenerative
Disease and Hypothesis Generation

Genetic markers are of no use as outcome mea-
sures in clinical trials of neurodegenerative diseases
as they are trait- rather than state-dependent mark-
ers. Although genetic susceptibility to neurodegen-
erative disease is undoubtedly important, none of
the major diseases, with the exception of Hunt-
ington’s disease, has a primary genetic aetiology.
There are a several rare hereditary neurodegenera-
tive diseases in which a primary underlying genetic
defect has been identified, including Kennedy’s dis-
ease, Machado-Joseph disease and Wilson’s dis-
ease, but their prevalence is very low. Even in
diseases where mutations responsible for familial
transmission of diseases has been described, such as
mutations in the genes encoding presenilin and amy-
loid precursor protein in Alzheimer’s disease, of the
gene encoding superoxide dismutase-1 (SOD-1) in
ALS and of the parkin gene in Parkinson’s disease,
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these mutations are found in only a small minority of
affected individuals.

Nonetheless, there are a number of potential uses
for genetic markers in neurodegenerative diseases
(table III), some of which have already proved their
utility. Given the limited contribution of single
genes to the aetiology of neurodegenerative diseases
as a whole, genetic markers have limited interest as
diagnostic aids. However, determination of polyglu-
tamine repeats in the Huntington gene may be useful
for genetic counselling in families at risk for Hunt-
ington’s disease. Identification of such repeats in the
gene encoding the androgen receptor can be used in
the differential diagnosis of Kennedy’s disease and
other motor neuron diseases, an important consider-
ation given the very different prognosis and treat-
ment implications of such a diagnosis.

Genetic markers come into their own as drivers
of hypotheses for identifying candidate drugs for
development in neurodegenerative diseases. A case
in point is the identification of gain-of-function mu-
tations in the SOD-1 gene in certain familial cases of
ALS.[3 This was rapidly exploited to develop a
transgenic mouse model of ALS in which the mutat-
ed human SOD-I gene was expressed.” These
mice develop a progressive and fatal neurodegener-
ative disease that resembles human ALS in many
ways, and have provided for the first time an acces-
sible and pathophysiologically credible model in
which to test drug candidates for human ALS. Al-
though the demonstration of the efficacy of riluzole
in ALS predates the development of these mice, the
observation that this drug slowed disease progres-

Table lll. Potential uses of genetic markers in clinical drug develop-
ment

Diagnosis (polyglutamine repeat diseases and genetic diseases)
Development of animal models

Identifying new therapeutic targets

Prognosis: prediction of disease progression

Prognosis: identification of vulnerability factors and development
of risk assessment scores

Identifying and implementing prevention strategies
Pharmacogenomics

Therapeutic indices (prediction of treatment response and
identification of responder populations)

Development of alternative outcome criteria (surrogate markers)
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sion and increased survival in these transgenic
mice! is a pertinent argument in favour of the use
of this animal model. Certain drugs also fail to
modify disease progression and have not been
shown to be of benefit in clinical trials in humans,
including brain-derived neurotrophic factor and
topiramate.’%’61 The SOD-1 transgenic mouse is
now used in several large collaborative programmes
to identify potential drug candidates for the treat-
ment of ALS, several of which are currently under
clinical investigation. However, optimism should be
cautioned by the identification of one false-positive
in the animal model,l’”! creatine, which subsequent-
ly failed to demonstrate efficacy in the human dis-
ease.’™ Since the development of the SOD-1
mouse, transgenic mouse models have been devel-
oped for use in screening programmes for both
Huntington’s disease!®"! and Alzheimer’s disease.!!

The study of such transgenic mice allows valua-
ble information to be gained on disease pathology
and process that is relatively inaccessible in the
corresponding human disease. Nonetheless, it is im-
portant to bear in mind, first, that these are only
animal models and not the disease itself and, sec-
ondly, that the organisation of the mouse nervous
system differs in important ways from the human
nervous system, and therefore disease expression
may differ between the two species. Dissecting the
different biochemical pathways that are perturbed in
these animal models allows new components of the
pathology to be identified, which can inspire novel
treatment strategies. An example of this is the obser-
vation that expression of the Nogo protein, an im-
portant determinant of neurite outgrowth, is per-
turbed in the SOD-1 transgenic mouse, an observa-
tion that was subsequently reiterated in human
ALS.?1 This raises the possibility that drugs target-
ing signalling pathways involved in neuritic out-
growth may be of interest as therapeutic agents in
ALS.

A quite different application of genetic markers
to drug development has led to the investigation of
potential prophylactic treatments for Alzheimer’s
disease. This involved the use of a pharmacoepi-
demiological approach rather than the development
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of animal models. In 1993, Roses and colleagues®’!
demonstrated that the €4 allele of the apolipoprotein
E gene was a vulnerability factor for Alzheimer’s
disease. Apolipoprotein E is responsible, inter alia,
for the transport of cholesterol into the CNS. An
association between elevated plasma cholesterol and
the incidence of Alzheimer’s disease was subse-
quently demonstrated as well as, more importantly,
an association between exposure to cholesterol-low-
ering drugs and a reduced relative risk of developing
Alzheimer’s disease. On the basis of these findings,
several prospective longitudinal cohort studies are
underway to assess the ability of prophylactic statin
use to prevent the development of Alzheimer’s dis-
ease.[8

5. The Right Development Plan for the
Right Disease

There are several factors that need to be taken
into consideration when planning a clinical trial to
evaluate the efficacy of a novel treatment, such as
hypothesis to be studied, outcome measure, sample
size, patient characteristics, study duration and tol-
erability of study medication. It is important to get
the hypothesis to be tested right when the study is
designed. New drugs should ideally be based on a
credible mechanistic hypothesis. Although certain
treatments for neurodegenerative diseases have been
discovered serendipitously, for example the use of
glatiramer acetate in multiple sclerosis, there are
many examples of successful drug development
programmes that have originated in mechanistically
based hypothesis, including the use of IFNf in mul-
tiple sclerosis, riluzole in ALS and acetylcholines-
terase inhibitors in Alzheimer’s disease. However, a
sound mechanistic hypothesis is not a guarantee of
success, and the past 2 decades have witnessed
many failures of apparently logical hypotheses, such
as free radical scavengers and glutamate receptor
antagonists in stroke,®% nicotinic agonists in
Alzheimer’s disease®” and growth factors in
ALS. 8]

The hypothesis to be tested should also determine
the endpoint used in the clinical trial. A drug likely
to have a symptomatic effect should be evaluated
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with a symptomatic rating scale, whereas a drug that
is likely to have a disease-modifying effect should
use an outcome measure that reflects this. The fail-
ure to demonstrate unequivocal neuroprotective or
disease-modifying effects in Parkinson’s disease,
for example with selegiline and riluzole, can no
doubt be attributed in part to the use of inappropriate
symptomatic rating scales as outcome measures.

Timing of the intervention should also be taken
into account with respect to the postulated mecha-
nism of action. It is important that the event that the
treatment is supposed to forestall has not actually
occurred when treatment is given. For example,
the chances of demonstrating significant efficacy of
anti-ischaemic agents are likely to be higher in the
treatment of subarachnoid haemorrhage, where
treatment can be given while the ischaemic episode
is still underway, than in thromboembolytic stroke,
where irreversible damage is likely to have occurred
when treatment can be administered. This was in-
deed demonstrated for the antioxidant drug tirilazad,
which has been shown to be efficacious in the acute
treatment of subarachnoid haemorrhage but not of
ischaemic stroke. Another example is the efficacy of
riluzole in ALS, aimed at attenuating motor neuron
loss. If the drug is given too late in the disease
process, the neurons remaining to be rescued may be
too few to allow a relevant impact of treatment. This
has indeed been observed in patients with late-stage
disease and severely impaired ventilatory function,
in whom no significant treatment effect was ob-
served.!!

The outcome measure needs to be chosen with
care, to be sufficiently sensitive to identify treatment
effects in the timescale of the study, in order to be
robust and as independent as possible of measure-
ment error or investigator bias. In this respect, sur-
vival with death as the endpoint is clearly the mea-
surement of choice, but may be difficult to imple-
ment in studies of neurodegenerative diseases that
evolve only slowly, such as Parkinson’s disease.
Surrogate endpoints should not be considered vali-
dated in most neurodegenerative disease (a possible
exception being MRI markers of lesion activity and
burden in multiple sclerosis), and their use can give
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rise to misleading results. An example where this
was observed was a randomised placebo-controlled
trial of tocopherol in ALS,"?! in which survival was
used as the primary outcome measure but a plasma
marker of oxidative stress (TBARS) was evaluated
as a potential surrogate marker. Even though to-
copherol treatment led to significantly elevated plas-
ma tocopherol levels and a concomitant fall in plas-
ma TBARS, no effect on survival was demonstrated.

Sample sizes need to be adapted to the study
outcome measure to ensure sufficient statistical
power to be able to measure the anticipated treat-
ment effect. Many previous drug trials in ALS were
insufficiently powered to detect a significant treat-
ment effect (e.g. those of dextromethorphan and
lamotrigine), and this may have led to potentially
interesting treatments being rejected without ade-
quate evaluation. For this reason, the last decade has
seen the emergence of large multinational collabora-
tive trials in ALS, such as those studying riluzole,
insulin-like growth factor-1, gabapentin or xalipro-
den, which have made it possible to recruit sufficient
patients for adequate hypothesis testing. This issue
becomes even more critical for rare neurodegenera-
tive diseases for which bringing together sufficient
patients to perform a meaningful trial is a major
challenge.

A related issue is study duration, which needs to
be of sufficient length for unambiguously anticipat-
ed treatment effects to be revealed. Although not
relevant for the evaluation of symptomatic treat-
ments, it is an important challenge for measuring
potential disease-modifying effects in diseases that
progress slowly or have important inter-individual
variability. Such studies necessitate long treatment
periods and, thus, a large number of patients to allow
for attrition as a result of premature study discontin-
uation.

Finally, it is important that the tolerability of new
treatments be carefully evaluated before undertak-
ing clinical trials. Patients with neurodegenerative
diseases are usually elderly and often sufficiently
physically impaired that they may be more at risk for
adverse events than healthy volunteers. Clinical tri-
als of ciliary neurotrophic factor and other growth
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factors in ALS have revealed that these agents actu-
ally increased mortality compared with placebo,®’!
and such treatments may be too aggressive for use in
individuals with neurodegenerative disease.””! Sim-
ilar concerns about increased mortality have been
raised about the use of selegiline in Parkinson’s
disease.[”

6. Conclusions and Perspectives

Advances in our understanding of the pathophys-
iology of neurodegenerative diseases have identified
a limited number of core biochemical events that
appear to intervene in many neurodegenerative dis-
eases. These include oxidative stress, apoptosis,
cytoskeletal dysfunction, excitotoxicity and inflam-
mation. It may be the case that what distinguishes
the different neurodegenerative diseases from each
other is not so much the underlying disease process
but rather the target population of neurons affected,
which may be determined by as yet unidentified
vulnerability factors.®!) This has important conse-
quences for drug development. First, it implies that
drugs need to be developed for different stages of
the pathophysiological process, which could be used
in combination to provide a more incisive effect on
disease progression than any individual agent alone.
Moreover, the different pathophysiological mecha-
nisms may be involved to different extents in differ-
ent patients, opening the way to matching treatments
to patients, and contributing to the significant level
of non-response observed in many clinical trials in
neurodegenerative diseases. The idea that respond-
ers and non-responders to specific treatments can be
identified is supported by recent analyses of registry
data in multiple sclerosis®?! and of MRI data in
Alzheimer’s disease.[®>! Secondly, this hypothesis
suggests that different drugs may be effective in
more than one neurodegenerative disease. This is
currently under investigation with riluzole, which is
being evaluated in randomised clinical trials of
Huntington’s disease, multiple system atrophy and
adrenoleukodystrophy. It is also supported by recent
findings that the anti-inflammatory drug glatiramer
acetate, known to be effective in multiple sclerosis,
has neuroprotective effects in a range of animal
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models of neurodegeneration in which the primary
pathophysiological mechanism is believed to be free
radical damage, trauma or excitotoxicity rather than
inflammatory.® A corollary of the notion that the
same drugs could be effective in many diseases is
that novel drugs could initially be tested in those
neurodegenerative diseases best adapted to provide
a rapid and unambiguous evaluation of the test hy-
pothesis.

The observation that elevated plasma cholesterol
levels may be a vulnerability factor for Alzheimer’s
disease is exciting as it opens the way to prevention
studies in Alzheimer’s disease with statins, which
are currently in progress. Further identification of
genetic or environmental vulnerability factors is an
important challenge for the future, as it will allow
prevention strategies to be put in place.

Another important need is to identify signs,
symptoms or markers of prodromal stages of
neurodegenerative diseases which would allow di-
agnosis to be made earlier. This is necessary for the
initiation of neuroprotective treatments as early as
possible in the disease process while there remain a
maximum number of neurones to protect.

Finally, we need to develop well validated bio-
logical surrogate markers for disease progression in
neurodegenerative disease that can be implemented
in smaller pilot studies to evaluate experimental
treatments. Currently, such proof-of-concept studies
are unfeasible because of the absence of such mark-
ers, necessitating large, long and costly studies for
each evaluation. A rapid system of screening prom-
ising therapies in pilot studies would speed up the
drug development process considerably. Recent ad-
vances with MRI in the field of multiple sclerosis
suggest that the development of valid surrogate
markers can indeed be envisaged.

In conclusion, the lessons of the last decade about
clinical drug development in neurodegenerative dis-
ease have the potential to shape clinical trials of the
future and optimise the chances of identifying thera-
pies that will attenuate progression of these very
disabling disorders.

© 2005 Adis Data Information BV. All rights reserved.

Acknowledgements

No sources of funding were used to assist in the prepara-
tion of this manuscript. The author has no conflicts of interest
that are directly relevant to the content of this review.

References
1. Hauw JJ, Dubois B, Verny M, et al. La maladie d’Alzheimer.
Paris: Editions John Libbey Eurotext — collection pathologie
science formation, 1997
2. Sobue G, Sahabashi KM, Takahashi A, et al. Degenerating
compartment and functioning compartment of motor neurons
in ALS: possible process of motor neuron loss. Neurology
1983; 33: 654-7
3. Hedreen JC, Peyser CE, Folstein SE, et al. Neuronal loss in
layers V and VI of cerebral cortex in Huntington’s disease.
Neurosci Lett 1991; 133: 257-61
4. Cifelli A, Arridge M, Jezzard P, et al. Thalamic neurodegenera-
tion in multiple sclerosis. Ann Neurol 2002; 52: 650-3
5. Gibb WR, Lees AJ. Anatomy, pigmentation, ventral and dorsal
subpopulations of the substantia nigra, and differential cell
death in Parkinson’s disease. J Neurol Neurosurg Psychiatry
1991; 54: 388-96
6. Comi G, Filippi M, Wolinsky JS. European/Canadian mul-
ticenter, double-blind, randomized, placebo-controlled study
of the effects of glatiramer acetate on magnetic resonance
imaging: measured disease activity and burden in patients with
relapsing multiple sclerosis. European/Canadian Glatiramer
Acetate Study Group. Ann Neurol 2001; 49: 290-7
7. Dib M. Amyotrophic lateral sclerosis: progress and prospects
for treatment. Drugs 2003; 63 (3): 289-310
8. Marder K, Zhao H, Myers RH, et al. Rate of functional decline
in Huntington’s disease. Huntington Study Group. Neurology
2000; 54: 452-8
9. Bensimon G, Lacomblez L, Delumeau JC, et al. A study of
riluzole in the treatment of advanced stage or elderly patients
with amyotrophic lateral sclerosis. J Neurol 2002; 249: 609-15
10. Bensimon G, Lacomblez L, Meininger V, et al. A controlled
trial of riluzole in amyotrophic lateral sclerosis. N Engl J Med
1994; 330: 585-91
11. Validation of surrogate from endpoint multiple trials. National
Institutes of Health, 1998 [online]. Available from URL: http://
www4.od.nih.gov/biomarkers [Accessed 2005 Sep 26]
12. Desnuelle C, Dib M, Garrel C, et al. A double-blind, placebo-
controlled randomized clinical trial of o-tocopherol (vitamin
E) in the treatment of amyotrophic lateral sclerosis: ALS
Riluzole-Tocopherol Study Group. Amyotroph Lateral Scler
Other Motor Neuron Disord 2001; 2: 9-18
13. Motter R, Vigo-Pelfrey C, Kholodenko D, et al. Reduction of
beta-amyloid peptide42 in the cerebrospinal fluid of patients
with Alzheimer’s disease. Ann Neurol 1995; 38: 643-8
14. Galasko D, Chang L, Motter R, et al. High cerebrospinal fluid
tau and low amyloid beta42 levels in the clinical diagnosis of
Alzheimer disease and relation to apolipoprotein E genotype.
Arch Neurol 1998; 55: 937-45
15. Sunderland T, Linker G, Mirza N, et al. Decreased beta-amy-
loid1-42 and increased tau levels in cerebrospinal fluid of
patients with Alzheimer disease. JAMA 2003; 289: 2094-103
16. Hampel H, Mitchell A, Blennow K, et al. Core biological
marker candidates of Alzheimer’s disease: perspectives for
diagnosis, prediction of outcome and reflection of biological
activity. J Neural Transm 2004; 111: 247-72

Drugs 2005; 65 (17)



Drug Development in Neurodegenerative Diseases

2477

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Kanai M, Matsubara E, Isoe K, et al. Longitudinal study of
cerebrospinal fluid levels of tau, A betal-40, and A betal-
42(43) in Alzheimer’s disease: a study in Japan. Ann Neurol
1998; 44: 17-26

. Tapiola T, Pirttila T, Mikkonen M, et al. Three-year follow-up

of cerebrospinal fluid tau, beta-amyloid 42 and 40 concentra-
tions in Alzheimer’s disease. Neurosci Lett 2000; 280: 119-22

Sjogren M, Gustafsson K, Syversen S, et al. Treatment with
simvastatin in patients with Alzheimer’s disease lowers both
alpha- and beta-cleaved amyloid precursor protein. Dement
Geriatr Cogn Disord 2003; 16: 25-30

Arai H, Terajima M, Miura M, et al. Tau in cerebrospinal fluid:
a potential diagnostic marker in Alzheimer’s disease. Ann
Neurol 1995; 38: 649-52

Hock C, Golombowski S, Naser W, et al. Increased levels of
Tau protein in cerebrospinal fluid of patients with Alzheimer’s
disease: correlation with degree of cognitive impairment. Ann
Neurol 1995; 37: 414-5

Vigo-Pelfrey C, Seubert P, Barbour R, et al. Elevation of
microtubule-associated protein tau in the cerebrospinal fluid of
patients with Alzheimer’s disease. Neurology 1995; 45: 788-
93

Andreasen N, Vanmechelen E, Van de Voorde A, et al. Cere-
brospinal fluid tau protein as a biochemical marker for
Alzheimer’s disease: a community based follow up study.
J Neurol Neurosurg Psychiatry 1998; 64: 298-305

Poser S, Zerr 1, Schroeter A, et al. Clinical and differential
diagnosis of Creutzfeldt-Jakob disease. Arch Virol Suppl
2000; 16: 153-9

Tschampa HJ, Neumann M, Zerr I, et al. Patients with
Alzheimer’s disease and dementia with Lewy bodies mistaken
for Creutzfeldt-Jakob disease. J Neurol Neurosurg Psychiatry
2001; 71: 33-9

Huang N, Marie SK, Livramento JA, et al. 14-3-3 protein in the
CSF of patients with rapidly progressive dementia. Neurology
2003 Aug 12; 61: 354-7

Rothstein JD. Excitotoxic mechanisms in the pathogenesis of
amyotrophic lateral sclerosis. Adv Neurol 1995; 68: 7-20

Ryberg H, Askmark H, Persson LI. A double-blind randomized
clinical trial in amyotrophic lateral sclerosis using lamotrigine:
effects on CSF glutamate, aspartate, branched-chain amino
acid levels and clinical parameters. Acta Neurol Scand 2003;
108: 1-8

Sormani MP, Bruzzi P, Comi G, et al. MRI metrics as surrogate
markers for clinical relapse rate in relapsing-remitting MS
patients. Neurology 2002; 58: 417-21

McDonald WI, Compston A, Edan G, et al. Recommended
diagnostic criteria for multiple sclerosis: guidelines from the
International Panel on the diagnosis of multiple sclerosis. Ann
Neurol 2001; 50: 121-7

Wang D, Chalk JB, Rose SE, et al. MR image-based measure-
ment of rates of change in volumes of brain structures. Part II:
application to a study of Alzheimer’s disease and normal
aging. Magn Reson Imaging 2002; 20: 41-8

Jack Jr CR, Shiung MM, Gunter JL, et al. Comparison of
different MRI brain atrophy rate measures with clinical disease
progression in AD. Neurology 2004; 62: 591-600

Krishnan KR, Charles HC, Doraiswamy PM, et al. Randomized,
placebo-controlled trial of the effects of donepezil on neuronal
markers and hippocampal volumes in Alzheimer’s disease.
Am J Psychiatry 2003; 160: 2003-11

Brooks DJ. PET and SPECT studies in Parkinson’s disease.
Baillieres Clin Neurol 1997; 6: 69-87

© 2005 Adis Data Information BV. All rights reserved.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Piccini P. Neurodegenerative movement disorders: the contribu-
tion of functional imaging. Curr Opin Neurol 2004; 17: 459-66

Stoof JC, Winogrodzka A, van Muiswinkel FL, et al. Leads for
the development of neuroprotective treatment in Parkinson’s
disease and brain imaging methods for estimating treatment
efficacy. Eur J Pharmacol 1999; 375: 75-86

Parkinson Study Group. Dopamine transporter brain imaging to
assess the effects of pramipexole vs levodopa on Parkinson
disease progression. JAMA 2002; 287: 1653-61

Whone AL, Watts RL, Stoessl AJ, et al. Slower progression of
Parkinson’s disease with ropinirole versus levodopa: the RE-
AL-PET study. Ann Neurol 2003; 54: 93-101

Fahn S, Oakes D, Shoulson I, et al. Levodopa and the progres-
sion of Parkinson’s disease. N Engl J Med 2004; 351: 2498-
508

LeWitt PA. Clinical trials of neuroprotection for Parkinson’s
disease. Neurology 2004; 63 Suppl. 2: S23-31

Cesaro P. Neuron transplantation and Parkinson disease. Rev
Neurol 2002; 158 Spec. No. 1: S142-3

Fahn S, Elton RL, Members of the UPDRS Development Com-
mittee. Unified Parkinson’s Disease Rating Scale. In: Fahn S,
Marsden CD, Calne DB, et al., editors. Recent developments
in Parkinson’s disease. Florham Park (NJ): Macmillan Health
Care Information, 1987: 153-63

Huntington Study Group. Unified Huntington’s Disease Rating
Scale: reliability and consistency. Mov Disord 1996; 11: 136-
42

Rosen WG, Mohs RC, Davis KL. A new rating scale for
Alzheimer’s disease. Am J Psychiatry 1984; 141: 1356-64

Rogers SL, Doody RS, Pratt RD, et al. Long-term efficacy and
safety of donepezil in the treatment of Alzheimer’s disease:
final analysis of a US multicentre open-label study. Eur
Neuropsychopharmacol 2000; 10: 195-203

Huntington Study Group. Dosage effects of riluzole in Hunt-
ington’s disease: a multicenter placebo-controlled study. Neu-
rology 2003; 61: 1551-6

Hock C, Konietzko U, Streffer JR, et al. Antibodies against
beta-amyloid slow cognitive decline in Alzheimer’s disease.
Neuron 2003; 38: 547-54

Kurtzke JF. Disability rating scales in multiple sclerosis. Ann
N Y Acad Sci 1984; 436: 347-60

Jacobs LD, Cookfair DL, Rudick RA, et al. Intramuscular
interferon beta-1a for disease progression in relapsing multiple
sclerosis: the Multiple Sclerosis Collaborative Research Group
(MSCRG) [published erratum appears in Ann Neurol 1996;
40: 480]. Ann Neurol 1996; 39: 285-94

PRISMS (Prevention of Relapses and disability by Interferon-f3
la Subcutaneously in Multiple Sclerosis) Study Group.
Randomised, double-blind, placebo-controlled study of in-
terferon-P 1a in relapsing-remitting multiple sclerosis: clinical
results. Lancet 1998; 352: 1498-504

Liu C, Blumhardt LD. Randomised, double blind, placebo con-
trolled study of interferon beta-1a in relapsing-remitting multi-
ple sclerosis analysed by area under disability/time curves.
J Neurol Neurosurg Psychiatry 1999; 67: 451-6

Kappos L, Polman C, Pozzilli C, et al. Final analysis of the
European multicenter trial on IFNbeta-1b in secondary-pro-
gressive MS. Neurology 2001; 57: 1969-75

Martinelli-Boneschi F, Rovaris M, Johnson KP, et al. Effects of
glatiramer acetate on relapse rate and accumulated disability in
multiple sclerosis: meta-analysis of three double-blind, ran-
domized, placebo-controlled clinical trials. Mult Scler 2003; 9:
349-55

Drugs 2005; 65 (17)



2478

Dib

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Johnson KP, Brooks BR, Ford CC, et al. Glatiramer acetate
(Copaxone): comparison of continuous versus delayed therapy
in a six-year organized multiple sclerosis trial. Mult Scler
2003; 9: 585-91

Ford C, Johnson K, Brooks B, et al. Sustained efficacy and
tolerability of glatiramer acetate in relapsing-remitting multi-
ple sclerosis patients for over ten years [abstract]. Mult Scler
2003; 9 Suppl. 1: S120

Cudkowicz ME, Shefner JM, Schoenfeld DA, et al. A random-
ized, placebo-controlled trial of topiramate in amyotrophic
lateral sclerosis: Northeast ALS Consortium. Neurology 2003;
61: 456-64

Traynor BJ, Zhang H, Shefner JM, et al. Functional outcome
measures as clinical trial endpoints in ALS. Neurology 2004;
63: 1933-5

The Parkinson Study Group. Effects of tocopherol and deprenyl
on the progression of disability in early Parkinson’s disease.
N Engl J Med 1993; 328: 176-83

Lees AJ. Comparison of therapeutic effects and mortality data
of levodopa and levodopa combined with selegiline in patients
with early, mild Parkinson’s disease: Parkinson’s Disease Re-
search Group of the United Kingdom. BMJ 1995; 311: 1602-7

Ben-Shlomo Y, Churchyard A, Head J, et al. Investigation by
Parkinson’s Disease Research Group of United Kingdom into
excess mortality seen with combined levodopa and selegiline
treatment in patients with early, mild Parkinson’s disease:
further results of randomised trial and confidential inquiry.
BMJ 1998; 316: 1191-6

Olanow CW, Hauser RA, Gauger L, et al. The effect of deprenyl
and levodopa on the progression of Parkinson’s disease. Ann
Neurol 1995; 38: 771-7

Fillit HM. The pharmacoeconomics of Alzheimer’s disease. Am
J Manag Care 2000; 6 (22 Suppl.): S1139-44

Courtney C, Farrell D, Gray R, et al. Long-term donepezil
treatment in 565 patients with Alzheimer’s disease (AD2000):
randomised double-blind trial. Lancet 2004; 363: 2105-15

Mohs RC, Doody RS, Morris JC, et al. A 1l-year, placebo-
controlled preservation of function survival study of donepezil
in AD patients. Neurology 2001; 57: 481-8

Wolfson C, Wolfson DB, Asgharian M, et al. A reevaluation of
the duration of survival after the onset of dementia: Clinical
Progression of Dementia Study Group. N Engl J Med 2001;
344: 1111-6

Diesfeldt HFA, van Houte LR, Moerkens RM. Duration of
survival in senile dementia. Acta Psychiatr Scand 1986; 73:
366-71

Lacomblez L, Bensimon G, Leigh PN, et al. Dose-ranging study
of riluzole in amyotrophic lateral sclerosis: Amyotrophic Lat-
eral Sclerosis/Riluzole Study Group II. Lancet 1996; 347
(9013): 1425-31

Forbes RB, Colville S, Cran GW, et al. Scottish Motor Neurone
Disease Register. Unexpected decline in survival from amyo-
trophic lateral sclerosis/motor neurone disease. J Neurol
Neurosurg Psychiatry 2004; 75: 1753-5

Couratier P, Druet-Cabanac M, Truong CT, et al. Interest of a
computerized ALS database in the diagnosis and follow-up of
patients with ALS. Rev Neurol 2000; 156: 357-63

Turner MR, Bakker M, Sham P, et al. Prognostic modelling of
therapeutic interventions in amyotrophic lateral sclerosis.
Amyotroph Lateral Scler Other Motor Neuron Disord 2002; 3:
15-21

© 2005 Adis Data Information BV. All rights reserved.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Traynor BJ, Alexander M, Corr B, et al. An outcome study of
riluzole in amyotrophic lateral sclerosis-a population-based
study in Ireland, 1996-2000. J Neurol 2003; 250: 473-9

Marras C, McDermott MP, Rochon PA, et al. Survival in
Parkinson disease: thirteen-year follow-up of the DATATOP
cohort. Neurology 2005; 64: 87-93

Rosen DR, Sapp P, O’Regan J, et al. Genetic linkage analysis of
familial amyotrophic lateral sclerosis using human chromo-
some 21 microsatellite DNA markers. Am J Med Genet 1994;
51: 61-9

Dal Canto MC, Gurney ME. Neuropathological changes in two
lines of mice carrying a transgene for mutant human Cu,Zn
SOD, and in mice overexpressing wild type human SOD: a
model of familial amyotrophic lateral sclerosis (FALS). Brain
Res 1995; 676: 25-40

Gurney ME, Cutting FB, Zhai P, et al. Benefit of vitamin E,
riluzole, and gabapentin in a transgenic model of familial
amyotrophic lateral sclerosis. Ann Neurol 1996; 39: 147-57

Maragakis NJ, Jackson M, Ganel R, et al. Topiramate protects
against motor neuron degeneration in organotypic spinal cord
cultures but not in G93A SOD1 transgenic mice. Neurosci Lett
2003; 338: 107-10

Klivenyi P, Ferrante RJ, Matthews RT, et al. Neuroprotective
effects of creatine in a transgenic animal model of amyotrophic
lateral sclerosis. Nat Med 1999; 5: 347-50

Groeneveld GJ, Veldink JH, van der Tweel I, et al. A random-
ized sequential trial of creatine in amyotrophic lateral sclero-
sis. Ann Neurol 2003; 53: 437-45

Shefner JM, Cudkowicz ME, Schoenfeld D, et al. A clinical trial
of creatine in ALS. Neurology 2004; 63: 1656-61

Bates GP, Mangiarini L, Mahal A, et al. Transgenic models of
Huntington’s disease. Hum Mol Genet 1997; 6: 1633-7

Games D, Adams D, Alessandrini R, et al. Alzheimer-type
neuropathology in transgenic mice overexpressing V717F be-
ta-amyloid precursor protein. Nature 1995; 373: 523-7

Dupuis L, Gonzalez de Aguilar JL, di Scala F, et al. Nogo
provides a molecular marker for diagnosis of amyotrophic
lateral sclerosis. Neurobiol Dis 2002; 10: 358-65

Corder EH, Saunders AM, Strittmatter WJ, et al. Gene dose of
apolipoprotein E type 4 allele and the risk of Alzheimer’s
disease in late onset families. Science 1993 Aug 13; 261
(5123): 921-3

Sparks DL, Sabbagh MN, Connor DJ, et al. Atorvastatin for the
treatment of mild to moderate Alzheimer disease: preliminary
results. Arch Neurol 2005; 62: 753-7

Muir KW, Lees KR. Excitatory amino acid antagonists for acute
stroke. Cochrane Database Syst Rev 2003; (3): CD001244

Lutsep HL, Clark WM. Current status of neuroprotective agents
in the treatment of acute ischemic stroke. Curr Neurol Neuros-
ci Rep 2001; 1: 13-8

Evans JG, Wilcock G, Birks J. Evidence-based pharmacother-
apy of Alzheimer’s disease. Int J Neuropsychopharmacol
2004; 7: 351-69

Louvel E, Hugon J, Doble A. Therapeutic advances in amyo-
trophic lateral sclerosis. Trends Pharmacol Sci 1997; 18: 196-
203

Miller RG, Petajan JH, Bryan WW, et al. A placebo-controlled
trial of recombinant human ciliary neurotrophic (thCNTF)
factor in amyotrophic lateral sclerosis: thCNTF ALS Study
Group. Ann Neurol 1996; 39: 256-60

Bensimon G, Doble A. The tolerability of riluzole in the treat-
ment of patients with amyotrophic lateral sclerosis. Expert
Opin Drug Saf 2004; 3: 525-34

Drugs 2005; 65 (17)



Drug Development in Neurodegenerative Diseases

2479

91. Ince PG, Shaw PJ, Slade JY, et al. Familial amyotrophic lateral
sclerosis with a mutation in exon 4 of the Cu/Zn superoxide
dismutase gene: pathological and immunocytochemical
changes. Acta Neuropathol 1996; 92: 395-403

92. Waubant E, Vukusic S, Gignoux L, et al. Clinical characteristics
of responders to interferon therapy for relapsing MS. Neurolo-
gy 2003; 61: 184-9

93. Tanaka Y, Hanyu H, Sakurai H, et al. Atrophy of the substantia
innominata on magnetic resonance imaging predicts response
to donepezil treatment in Alzheimer’s disease patients. De-
ment Geriatr Cogn Disord 2003; 16: 119-25

© 2005 Adis Data Information BV. All rights reserved.

94. Kipnis J, Schwartz M. Dual action of glatiramer acetate (Cop-1)
in the treatment of CNS autoimmune and neurodegenerative
disorders. Trends Mol Med 2002; 8: 319-23

Correspondence and offprints: Dr Michel Dib, Service de
Neurologie, Hopital de la Salpétriere, 47, boulevard de
I'Hoépital, 75013 Paris, France.

E-mail: dib.michel@wanadoo.fr

Drugs 2005; 65 (17)



	Contents 2463
	Abstract 2463
	1. The Specific Features of Neurodegenerative Diseases 2464
	2. Evaluating Progression in Neurodegenerative Diseases 2464
	3. Outcome Measures 2465
	3.1 Biomarkers 2466
	3.2 Rating Scales 2468
	3.3 Neuroprotection 2470
	3.4 Survival 2471

	4. Genetics of Neurodegenerative Disease and Hypothesis Generation 2472
	5. The Right Development Plan for the Right Disease 2474
	6. Conclusions and Perspectives 2475
	Acknowledgements 2476
	References 2476
	Correspondence 2479
	Email 2479

