
1359-6446/02/$ – see front matter ©2002 Elsevier Science Ltd. All rights reserved.   PII: S1359-6446(02)02540-0

▼ Although difficult to group together, the
diverse range of neurological disorders, such
as Alzheimer’s disease (AD), multiple sclerosis
(MS), Parkinson’s disease (PD) and amyo-
trophic lateral sclerosis (ALS), have a distinct
commonality: a decrease in nervous system
functionality owing to loss of neurons and/or
glia through shared or discrete mechanisms.
Severe clinical symptoms often include
ataxia, dementia, amnesia, bradykinesia,
blindness and paralysis. Some of these disor-
ders only marginally affect the lifespan of the
patient, thereby requiring expensive long-
term care; however, current treatments rarely
reduce disease progression. Therefore, there
exists a major unmet medical need that 
demands the development of new and more-
informed therapeutics for the efficacious
treatment of neurodegenerative diseases.

Target discovery and validation
Essential to drug discovery and develop-
ment is the identification and validation of
new targets from the 30,000 genes currently
estimated to be in the human genome.
Gene discovery uses sophisticated genomic,

proteomic and bioinformatic systems to ana-
lyze samples derived from animal models and
diseased human tissue. Genomic and proteomic
technologies increase the reproducibility and
accuracy of gene expression analyses, and
integration of bioinformatics techniques
enables data to be analyzed, archived, disse-
minated, and cross-referenced with other
databases [1,2]. Enhanced tissue-selection
technologies mean that tissue repositories are
also expanding, having a significant impact
on gene-expression analyses [3].

Target validation is an important part 
of target selection, particularly in neurode-
generative diseases because of the abundance
of complex signaling and regulatory pathways
in the human nervous system. Charac-
terization of the normal function of a gene,
its role in disease pathogenesis, and contri-
bution to other pathways, would increase
the success rate of newly identified com-
pounds. Therefore, new expression-analysis
platforms, resources available in human tissue
banks, data from the Human Genome Project
and other animal genome databases, and
data from animal models, are overlapping 
to create an exciting repertoire of techno-
logies for target validation and subsequent
pharmacology.

The common mechanism approach
Current gene discovery techniques identify
gene-specific expression during disease pro-
gression as a means to circumvent side-effects
that might result from targeting pathways in-
volved in normal cellular functions. While
many gene targets are selected because of their
specific association with the pathology of a
disease, identifying similarities in the patho-
genesis of neurodegenerative diseases enables
certain genes to be targeted for multiple disor-
ders. General targets for neurodegeneration
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are Jun N-terminal kinases, p38 kinases, and glyceraldehyde-
3-phosphate dehydrogenase [4,5]. The cyclin-dependent
kinase, cdk5, is regulated by two non-cyclin activators, p35
and p39, and the Ca2+-regulated protease, calpain, cleaves
p35 into p25 to form the activate cdk5–p25 complex [6,7].
The activity of cdk5–p25 is largely restricted to post-
mitotic cells of the nervous system and appears to be involved
in cellular processes essential for neurodevelopment [8,9].
Other gene targets for neuroprotection have been identi-
fied in the cdk5–p25 pathway, for example, the phospho-
protein, DARP-32, which is involved in dopamine signaling
[10]. The activation of cdk5 might play a role in the patho-
genesis of both AD and ALS, therefore making it a possible
target for both diseases.

This review aims to describe gene discovery and valida-
tion techniques for neurodegenerative diseases rather
than gene discovery in trauma-related disorders, such 
as ischemia (stroke) and spinal cord injury. However, 
the common mechanism approach could identify signaling
pathways that could also be used for targeting trauma.

Alzheimer’s disease
Alzheimer’s disease is the most common neurodegenera-
tive disorder, affecting over four million people. Clinical
characteristics include global dementia, and amnesia,
with effects on attention and language. Neuronal loss is
associated with characteristic extracellular senile plaques
and intraneuronal neurofibrillary tangles (NFTs) [11].
Extracellular plaques are produced by the aggregated
deposition of β-amyloid peptides (Aβ) derived from the
proteolysis of amyloid precursor protein (APP) at discrete
intramolecular sites (α, β and γ) [12]. Proteinases that
might be responsible for APP formation have been identi-
fied [13,14]. The membrane-bound aspartic proteinase,
β-secretase, cleaves at the β-site of APP to produce N-terminus
Aβ peptides, and γ-secretase activity cleaves at the γ-site
producing transmembrane-region Aβ peptides [15].
Transgenic mice expressing human APP and amyloid
produced no amyloid when crossed with a β-secretase-
knockout mouse [16].

A pro-domain of β-secretase is cleaved to produce the
active protease [17,18]. Conserved sequences in the
cytoplasmic domain of β-secretase suggest that it trafficks
between the endosome and plasma membrane [19].
Targeting genes in protein-processing pathways might
suppress active β-secretase formation and interrupt the
plasma-membrane–endosome cycle to inhibit β-secretase
extracellular localization. In addition, the extracellular
domain of β-secretase is released into the blood through
proteolytic digestion of membrane-bound β-secretase. As
the released domain is inactive, promoting this release

might reduce β-secretase cleavage of APP. Although the
β-secretase-processing pathway has revealed targets that
might decrease Aβ accumulation, inhibiting these pathways
could affect the processing of other substrates crucial for
normal cellular processes.

γ-Secretase activity is an intramembrane-located 
aspartyl protease. Though controversial, evidence suggests
that this protease is presenilin 1 (PS1), and that PS1 auto-
proteolysis is required for APP γ-cleavage [20]. Inhibitors
of γ-secretase, and inhibitors that target the γ-secretase
processing pathway, have been tested in human-APP
transgenic mice, the result of which was reduced amyloid
formation [21]. However, Notch receptors, which are 
involved in neurodevelopment, are also γ-secretase 
substrates [22,33]. Therefore, validation strategies will 
be fundamental in determining whether inhibiting
Notch function has deleterious effects in animal models
for AD.

Another approach to the removal of β-amyloid from the
CNS is to enhance APP proteinases. Neprilysin is an endo-
peptidase that is downregulated during AD and might be
involved in the degradation of APP [24]. Potential 
therapeutics could perhaps increase the activity of such
peptidases with the aim of increasing APP degradation as it
accumulates during AD.

Signal transduction through APP also appears to have
pathological consequences in AD. Membrane-bound
C-terminal fragments of APP form stable complexes with
the adaptor proteins ShcA and Grb2 [25]. These adaptor
proteins probably influence mitogen-activated protein
kinase (MAPK) activity, which could be a useful signaling
pathway to target during AD pathogenesis.

Recent reports have supported immunotherapy in AD
[26]. After immunizing human-APP-expressing transgenic
mice with a human Aβ peptide, there was a reduction of
amyloid deposition, inhibition of Aβ production, removal
of senile plaques, and restoration of cognitive functions
[27–29]. Evidence indicates that there are at least two 
different mechanisms for Aβ removal. DeMattos et al.
propose that anti-Aβ antibodies activate microglia to
remove amyloid [30]. Other groups investigating the
mediation of amyloid reduction have used an anti-Aβ
antibody that does not cross the blood–brain barrier,
and propose an anti-Aβ antibody ‘sink’ model that 
encourages migration of Aβ from the CNS [31]. Such
antibody-based treatments might provide models for
identifying new AD targets. The active transport mecha-
nism could be targeted to transport Aβ transport from 
the CNS to blood plasma. Alternately, targeting proteins
that regulate microglial activation might encourage 
increased phagocytosis and subsequent plaque digestion.
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Complicating immune-based therapies further are data
indicating that microglial activation could facilitate an in-
flammatory cascade and increase AD pathology. Activated
microglia produce a neurotoxin that could enhance the
microglial-mediated destruction of CNS tissue. In addition,
glial cells appear to mediate neurodegeneration upon
activation by processed amyloidogenic fragments present
in AD brains, suggesting a role for aberrant protein pro-
cessing in AD pathology [32]. Alternatively, microglial
activation could prove to be beneficial by maintaining a
steady-state level of Aβ deposition through digestion of
β-amyloid.

The causative role of amyloid formation in AD has been
controversial because Aβ plaque burden correlates poorly
with neuronal loss [33]. However, intracellular NFTs,
formed by aggregation of the microtubule-associated
protein, tau, are associated with dementia during AD.
Transgenic mice expressing mutant human tau proteins
produced filamentous tau aggregations that induced neuro-
degeneration and altered the expression of genes associated
with inhibition of apoptosis [34,35]. Mice expressing both
mutant APP and tau genes have a more pronounced pathol-
ogy, indicating a common pathway between APP and NFT
deposition. Cdk5 might also play a role in NFT formation
because p25 is elevated in AD brains along with hyperphos-
phorylated tau in NFTs [36,37], and transgenic mice over-
expressing p25 develop AD-like lesions that might result
from cdk5-mediated phosphorylation of tau [38].

Besides using animal models, microarray and proteomic
studies of post-mortem AD brains have identified proteins
involved in synaptic activity [39,40]. The sodium–potassium-
coupled excitatory amino acid transporter 2 (EAAT2) was
highly expressed in pyramidal neurons in the cortex of AD
patients, and co-expressed with tau, supporting a role for
glutamate toxicity in AD [41]. Other genes that might
protect neurons during AD have also been identified
(e.g. humanin [42]).

Multiple sclerosis
Multiple sclerosis is a CNS demyelinating disease and the
most common neurological disorder in young adults.
Symptoms include paralysis, blindness, chronic pain, and
cognitive changes, which occur from 20 to 30 years-of-age
and can continue for up to 30 years. Multiple sclerosis 
typically follows a relapsing–remitting cycle and can de-
velop into a secondary progressive pattern. Although MS is
thought to be an inflammatory disease, its pathology involves
the death of CNS myelinating cells (oligodendrocytes) and
neurons. Therefore, MS can be viewed as a neurodegenera-
tive disease resulting from an inflammatory autoimmune
attack of the CNS.

T cells and antigen-presenting cells (APCs) are crucial
for disease progression and have long been cellular targets
for MS. During epitope spreading, endogenous priming
with new self-antigens produces new populations of 
autoreactive T-cells. These new self-antigen-specific
T-cells appear to control the acquisition and progression
of clinically defined MS [43]. Consequently, thera-
peutics are being developed to inhibit the activation of
T-cells, the presentation of antigen by APCs, or inflamma-
tory cell migration across the blood–brain barrier.
Indeed, one current MS therapy uses β-interferon to
immunomodulate myelin-specific T-cells by affecting the
interleukin (IL)-10–IL-12 cytokine circuit during antigen
presentation [44].

In the experimental autoimmune encephalomyelitis
(EAE) mouse model, animals are immunized with peptides
from myelin proteins to produce Th1 T-cell-mediated 
relapsing–remitting or progressive diseases, which are
characterized by epitope spreading, demyelination, and
axonal loss. Transgenics and knockouts in EAE mice have
been useful in gene discovery, target validation and
preclinical evaluation of new therapeutics.

Proinflammatory cytokines and their receptors and
signaling pathways have been targeted for treatment of
MS. Tumor necrosis factor (TNF) function has been inhibited
with TNF-soluble receptors and anti-TNF antibodies [45].
Chemokines and their cognate G-protein-coupled recep-
tors have been exploited because of their role in recruiting
inflammatory cells to the CNS, and their applicability 
to HTS. Chemokines (e.g. CCL2, CCL5 and CXCL10) and
receptors (e.g. CCR1, CCR5 and CXCR3) have differential
expression in post-mortem MS brain tissue, cerebral spinal
fluid (CSF) and during EAE [46].

Members of the integrin family have been targeted to
reduce cell migration into the CNS. Antibodies against
α4-integrin (VLA-4) and a modified VLA-4 peptide inhibited
clinical characteristics and T-cell migration in EAE [47]. In
addition, VLA-4 expression is downregulated in T cells
from MS patients treated with interferon-β [48]. However,
while anti-VLA-4 antibodies can inhibit EAE onset and
reduce disease severity when administered preclinically,
they exacerbate disease relapses when given at the peak of
EAE or during remission [49].

Although voltage-gated potassium channels (Kv) are
expressed by CNS neurons, Kv1.3 might be a useful target
for MS because of its T-cell expression and involvement in
T-cell activation. Kaliotoxin, a selective blocker of both
Kv1.1 and Kv1.3, inhibits antigen-dependent T-cell activa-
tion and reduces clinical signs in EAE [50]. Specific pharma-
cological inhibitors of calcium-activated K-channels have
also suppressed T-cell proliferation [51].
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T-cell activation marker, dipeptidyl peptidase IV, or
CD26 cleave the N-terminal dipeptide from proteins with
penultimate prolines, hydroxyprolines, or alanines (a class
of proteins that includes growth factors and chemokines).
Dipeptidyl peptidase IV proteinase inhibitors treat EAE
through mechanisms that suppress T-cell activation and
induce transforming growth factor-β1 (TGF-β1) produc-
tion [52,53].

Gene discovery studies have used freshly isolated mono-
cyte-depleted peripheral-blood mononuclear cells from MS
patients, consequently avoiding RNA degradation, which
occurs in post-mortem brain tissue [54]. The IL-7 receptor
– which enhances pro-inflammatory cytokine production
– and metalloproteinase-19 – which might function in
blood–brain barrier breakdown during leukocyte migration
– were both elevated in patients with MS. EAE mice and
control mice were included in another analysis of MS
demyelinating lesions [55]. 5-Lipoxygenase (5-LO), which
catalyzes the last synthesis step of leukotrienes, was up-
regulated in MS and EAE. Inhibitors of 5-LO might reduce
leukocyte migration in a mechanism independent of adhe-
sion molecules (e.g. VLA-4) [56].

Chabas and colleagues used parallel microarray analysis
of EAE brains, and EST sequencing from cDNA libraries of
MS brain to identify the upregulation of osteopontin [57].
Gene knockouts of osteopontin showed reduction of EAE
severity by inhibition of T-cell activation and induction of
IL-10. Osteopontin also inhibits cell lysis and, conse-
quently, might protect neurons during inflammation;
therefore, it is necessary to examine osteopontin function
during the stages of disease where neuronal loss is more
pronounced.

The histopathology observed in MS and EAE enables
comparisons to be made between different types of de-
myelinating lesions and might identify targets involved in
lesion development. Lock et al. used microarray analysis of
acute lesions, chronic active lesions, and chronic silent lesions
to produce a molecular ‘portfolio’ of the genes that might
be involved in lesion development during disease [58].
However, the altered expression of candidate target genes
could have physiological and developmental effects inde-
pendent of their role in generating autoimmunity [59].

Gene expression analyses of discrete lesions from MS pa-
tients and tissue from specific stages of EAE are producing
a collection of targets, some of which might be useful in
promoting regeneration during MS. Oligodendrocyte prog-
enitor cells have been identified in chronic lesions of MS
patients, supporting a therapy directed at inducing remy-
elination [60]. Although inhibition of apoptosis might appear
an effective therapy for protecting degenerating oligoden-
drocytes and neurons, such a therapy might also prevent

apoptosis of autoreactive T-cells, thereby perpetuating CNS
inflammation [61]. Careful target selection and validation
is necessary to develop an MS therapy that not only inhibits
inflammation but also protects the CNS.

Parkinson’s disease
Parkinson’s disease is the most common neurodegenera-
tive disease after AD, and is caused by the death of neurons
in the substantia nigra that use dopamine as a neurotrans-
mitter. Symptoms are rigidity, bradykinesia, akinesia, 
resting tremor, and progressive symptoms, including
dementia. However, at the point of diagnosis, 70–80% of
the dopaminergic neurons have already been lost.
Therefore, the most efficacious therapies would aim to
protect the remaining neurons.

Levodopa (L-dopa), which is converted to dopamine
in vivo, is the current treatment for PD. However, L-dopa
therapy is only effective for about five years, after which
the patient must use dopamine agonists to stimulate the
dopamine receptor. Compounds that inhibit dopamine-
degrading enzymes are also being tested in PD.
Disappointingly, many PD patients respond poorly to
these drugs, despite studies suggesting they might offer
neuroprotection when used before L-dopa [62]. Most
compounds for PD are directed at increasing or sustaining
the available dopamine pool rather than inhibiting the
continued neuronal loss. More sustainable therapies
need to couple neuroprotective therapies with dopamine
replacement therapy.

Caspase proteases are essential for apoptosis and are
currently being targeted as a treatment of PD. In human
post-mortem PD brains, caspase-3 expression correlates
with the loss of dopaminergic neurons [63]. A similar cor-
relation was observed using a mouse model of PD, where
the selective degeneration of nigrostriatal dopamine neur-
ons is induced by injection of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP). Inhibition of caspases-
2, -3, and -9 also produced neuroprotection in dopaminergic
neurons cultured with methyl phenylpyridinium, the
active form of MPTP. Using dopaminergic cells from
MPTP-treated mice, and post-mortem PD brain tissue,
Viswanath and colleagues showed that inhibition of
caspase-9 deterred caspase-3 and -8 activation, implicating
caspase-9 as an upstream regulator [64]. However, rat
dopaminergic neurons treated in vitro with caspase inhi-
bitors were not protected upon serum removal or in a
6-hydroxydopamine-grafting model. Careful validation
in well-characterized PD models and in human tissue is
crucial for evaluating caspase as a PD target, especially
when other systematic side-effects of apoptosis inhibition
might include autoimmunity and neoplasia.
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Mitochondrial-associated pathways have also been tar-
geted for PD, because MPTP toxicity is mediated by inhibi-
tion of mitochondrial complex I, resulting in decreased
ATP production and increased oxygen radicals. Some PD
patients have deficiencies in mitochondrial respiratory
function, and such oxidative stress can induce apoptosis
[65]. In female PD patients, increased levels of 8-hydroxy-
2′-deoxyguanosine or 8-hydroxyguanosine, a marker for
DNA, correlates with RNA oxidative damage [76]. A clinical
trail using rasagiline might have slowed PD progression by
targeting the mitochondrial membrane [67].

Genes expressed by cells other than dopaminergic
neurons have also been targeted for PD. Minocycline, a
second-generation tetracycline, prevents dopaminergic
neuron loss by an apparent inhibition of nitric oxide
production by glia, and studies using a dopaminergic cell-
line indicated that microglial activation induces dopamin-
ergic cell death [68,69]. Although these data support a
possible treatment of PD with anti-inflammatory therapies,
anti-inflammatory drugs that produce neuroprotection in
animal models for PD have not been protective in clinical
trials [70].

Human genetic studies of PD have identified mutations
in α-synuclein, a component of Lewy bodies [71].
Interestingly, both wild-type and mutant α-synuclein
caused fibril formation and a reduction in cell viability that
appears to be related to oxidative stress [72]. Other genetic
studies have identified genes in ubiquitin-mediated
proteolysis pathways (e.g. Parkin and ubiquitin C-terminal
hydrolase L1), indicating that proteolytic pathways could
be useful targets for PD [73,74]. Microarray analysis of PD
brains has identified elevated expression of genes involved
in oxidative stress [75]. With the loss of tolerance to oxida-
tive stress as a possible major contributor to PD pathology,
other targets derived from pertinent signaling pathways
could be investigated for therapeutic potential.

Amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis results from the selective
death of motor neurons in the spinal cord, brain stem and
cerebral cortex, and affects ~30,000 people, with ~5,000
new cases in the USA each year. Symptoms generally start
with weakness in the legs, arms and bulbar muscles, and
often progresses to include all the voluntary muscles,
producing leg and arm paralysis, loss of speech, muscle
wasting, and difficulty in swallowing and breathing.

Significant progress in ALS etiology was made with the
discovery that 15–20% of familial ALS is caused by muta-
tions in a gene encoding the detoxification enzyme, 
copper–zinc superoxide dismutase (SOD-1) [76]. As most
SOD-1 mutations are gain-of-function, and SOD-1 knockout

mice have no motor neuron pathology, neuronal loss
might not be caused by a reduction in SOD-1 activity [77].
Indeed, transgenic mice overexpressing human mutant
SOD-1 display paralysis despite wild-type SOD-1 expres-
sion [78].

Mutant SOD-1 might induce motor neuron loss by alter-
nate pathways that elevate oxidative damage in neurons
through the accumulation of toxic free-radicals or
glutamate excitotoxicity [78,79,80]. Concentrations of glu-
tamate were elevated in the CSF of ALS patients, and rilu-
zole – a drug that reduces glutamate-mediated transmission
– slows ALS progression [81,82]. However, the large
number of ion channels, receptors and related signaling
pathways that are regulated by glutamate complicates target
selection for glutamate excitotoxicity.

Excitatory amino acid transporter 1 regulates glutamate
re-uptake at the synaptic cleft and has been implicated in
ALS [83]. Excitatory amino acid transporter 2 -knockout
and -knockdown mice have motor neuron degeneration,
and EAAT2 protein was reduced in brains from sporadic
ALS patients [84,85]. As EAAT2 expression is decreased in
transgenic mutant SOD-1 mice, oxidative damage to
EAAT2 could lead to glutamate accumulation and induce
excitotoxic death in neurons that are already susceptible to
excitotoxicity [86].

Reduced mitochondrial function might contribute to
motor neuron loss by decreasing the chemical energy re-
quired to maintain membrane potential. Motor neurons
might not be able to regulate glutamate receptors and
transporters, thereby increasing cellular vulnerability to
glutamate excitotoxicity. Mitochondrial pathology has
been detected in ALS patients and SOD-1 mice along with
decreased activity of the mitochondrial enzyme, cyto-
chrome c oxidase [87,88].

The histopathology of ALS and SOD-1 transgenic mice is
characterized by motor neuron inclusions of neurofila-
ment aggregations (composed of subunits NFL, NFM, and
NFH) [89]. Uncoordinated expression of neurofilament
subunit proteins leads to aggregates of unassociated NF
proteins in NF-knockout mice. However, NF aggregates
could be neuroprotective by supplying Ca2+-binding sites
that act as sinks to bind increased cellular concentrations
of calcium, thereby protecting against excitotoxicity.
Although NF aggregates themselves have not yielded targets,
they have contributed important validation data for the
role of excitotoxicity in ALS.

Another neuronal inter-filament protein, peripherin, is
upregulated in ALS inclusions, and peripherin transgenic
mice develop a mild motor neuron disease [90]. Peripherin
can assemble with the other neurofilament proteins to
disrupt the intermediate filament cytoskeleton and inhibit
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intracellular transport crucial for neuronal survival. One
possible mechanism to reduce peripherin-mediated aggre-
gate formation is to target the inflammatory cytokine, IL-6,
and leukemia inhibitor factor (LIF), because both factors
upregulate peripherin expression and are elevated in some
ALS patients [91,92]. Interleukin-6 and LIF function
through the JAK–STAT (Janus-family kinases–signal trans-
ducers and activators of transcription) signaling cascade,
thereby offering a potentially large selection of targets. The
involvement of IL-6 in ALS also suggests the possible use of
inflammation targets for treating ALS.

The administration of neurotrophic growth factors to
protect motor neurons has long been expounded. Ciliary
neurotrophic factor, brain-derived neurotrophic factor
and insulin-like growth factor slow motor neuron degene-
ration [93,94]. However, protein-based therapeutics are
problematic and might require gene therapy or cell trans-
plantation to deliver biologically active factors to diseased
motor neurons.

An alternative approach uses small molecules to target
components of the signaling pathways downstream of
neurotrophic factor receptors. For example, increased
cdk5–p25 activity was detected in transgenic SOD-1 mice,
and cdk5 inhibitors increased neuronal survival [95].
Activity of cdk5–p25 might be linked to glutamate excito-
toxicity because over-activity of the glutamate receptor
leads to elevated concentrations of intracellular Ca2+,
which would produce p25 and activate cdk5–p25.

A ‘phosphorylation sink’ mechanism was proposed to
explain the neuroprotective properties of NTs, where
cdk5–p25 is trapped by NTs, inhibiting its activity [96].
However, the NFH subunit might be a substrate of
cdk5–p25, and the hyperphosphorylation of NFH might in-
duce formation of NT accumulations, which then sequester
cdk5–p25 and induce neuroprotection. Furthermore,
knockout experiments indicated a requirement for
cdk5–p25 in normal neurodevelopment; a lack of cdk5–p25
activity causes neurodegeneration [6]. Therefore, although
partial inhibition of cdk5–p25 could be neuroprotective, a
more complete inhibition might interfere with the func-
tions required for correct neuronal function.

Concluding remarks
With the almost surfeit collection of data from differential
gene expression, protein sequence and pharmacogenomics
analyses, the requirement for target validation in complex
and multifactorial disorders such as neurodegeneration is
obvious. Such is the growth of data that the Stanford
Microarray Database (http://genome-www5.stanford.edu/
microarray/smd/) is assembling a collection of microarray
data and bioinformatics tools. Linking such microarray

databases to gene replacement, transgenic, and genome
databases, and data from clinical and pharmacogenomics
studies, provides a vast resource that can be used for gene
discovery and target- and compound-validation. This will
facilitate the identification and timely progression of lead
therapeutic molecules to provide effective amelioration of
diseases that have the most profound unmet need.

References
1 Foster, W.R. and Huber, R.M. (2002) Current themes in microarray

experimental design and analysis. Drug Discov. Today 7, 290–292
2 Augen, J. (2002) The evolving role of information technology in the

drug discovery process. Drug Discov. Today 7, 315–323
3 Palfreyman, M.G. (2002) Human tissue in target identification and drug

discovery. Drug Discov. Today 7, 407–409
4 Mielke, K. and Herdegen, T. (2000) JNK and p38 stress kinases –

degenerative effectors of signal-transduction-cascades in the nervous
system. Prog. Neurobiol. 61, 45–60

5 Tatton, W.G. et al. (2000) Glyceraldehyde-3-phosphate dehydrogenase
in neurodegeneration and apoptosis signaling. J. Neural Transm. Suppl.
60, 77–100

6 Ko, J. et al. (2001) p35 and p39 are essential for cyclin-dependent
kinase 5 function during neurodevelopment. J. Neurosci. 21, 6758–6771

7 Lee, M.S. et al. (2000) Neurotoxicicty induces cleavage of p35 top25 by
calpain. Nature 405, 360–394

8 Chae, T. et al. (1997) Mice lacking p35, a neuronal specific activator of
Cdk5, display cortical lamination defects, seizures, and adult lethality.
Neuron 18, 26–42

9 Ohshima, T. et al. (1996) Targeted disruption of the cyclin-dependent
kinase 5 gene results in abnormal corticogenesis, neuronal pathology
and perinatal death. Proc. Natl. Acad. Sci. U. S. A. 93, 11173–11178

10 Bibb, J.A. et al. (1999) Phosphorylation of DARPP-32 by Cdk5
modulates dopamine signaling in neurons. Nature 402, 669–671

11 Selkoe, D.J. (1999) Translating cell biology into therapeutic advances in
Alzheimer’s disease. Nature 399, A23–A31

12 Chapman, P.F. et al. (2001) Genes, models, and Alzheimer’s disease.
Trends Genet. 17, 254–261

13 Dingwall, C. (2001) Spotlight on BACE: the secretases as targets for
treatment in Alzheimer disease. J. Clin. Invest. 108, 1243–1246

14 Esler, P.W. and Wolfe, M.S. (2001) A portrait of Alzheimer secretases –
new features and familiar faces. Science 293, 1449–1454

15 Vassar, R. and Citron, M. (2000) Aβ-generating enzymes: recent
advances in β- and γ-secretase research. Neuron 27, 419–422

16 Trojanowski, J.Q. (2002) Neuropathological verisimilitude in animal
models of Alzheimer’s disease: key to elucidating neurodegenerative
pathways and identifying new targets for drug discovery. Am. J. Pathol.
160, 409–411

17 Bennett, B.D. et al. (2000) A furin-like convertase mediates propeptide
cleavage of BACE, the Alzheimer’s β-secretase. J. Biol. Chem. 275,
37712–37717

18 Creemers, J.M.W. et al. (2000) Processing of β-secretase by furin and
other members of the proprotein convertase family. J. Biol. Chem. 276,
4211–4217

19 Benjannet, S. et al. (2001) Post-translational processing of β-secretase
(β-amyloid-converting enzyme) and its ectodomain shedding. J. Biol.
Chem. 276, 10879–10887

20 Hardy, J. and Isreal, A. (1999) In search of γ-secretase. Nature 398, 466–467
21 Dovey, H.F. et al. (2001) Functional γ-secretase inhibitors reduce

β-amyloid peptide levels in brain. J. Neurochem. 76, 173–181
22 Selkoe, D.J. (2001) Presenilin, Notch, and the genesis and treatment of

Alzheimer’s disease. Proc. Natl. Acad. Sci. U. S. A. 98, 11039–11041
23 Hartmann, D. et al. (2001) Implications of APP secretases in Notch

signaling. J. Mol. Neurosci. 17, 171–181

44

DDT Vol. 8, No. 1 January 2003reviews research focus

www.drugdiscoverytoday.com



24 Iwata, N. et al. (2001) Metabolic regulation of brain Aβ by neprilysin.
Science 292, 1550–1552

25 Russo, C. et al. (2002) Signal transduction through tyrosine-
phosphorylated C-terminal fragments of amyloid precursor protein
via an enhanced interaction with Shc/Grb2 adaptor proteins in
reactive astrocytes of Alzheimer disease brain. J. Biol. Chem. 277,
35282–35288

26 Schenk, D.B. et al. (2000) β-peptide immunization: a possible 
new treatment for Alzheimer disease. Arch. Neurol.
57, 934–936

27 Shenk, D. et al. (1999) Immunization with amyloid-β attenuates
Alzheimer-disease-like pathology in the PDAPP mouse. Nature 400,
173–177

28 Janus, C. et al. (2000) A β peptide immunization reduces behavioural
impairment and plagues in a model of Alzheimer’s disease. Nature 408,
979–982

29 Morgan, D. et al. (2000) A β peptide vaccination prevents memory
loss in an animal model of Alzheimer’s disease. Nature
408, 982–985

30 Demattos, R.B. et al. (2001) Peripheral anti-Aβ antibody alters CNS
and plasma Aβ clearance and decreases brain Aβ burden in a mouse
model of Alzheimer’s disease. Proc. Natl. Acad. Sci. U. S. A. 98,
8850–8855

31 Bard, F. et al. (2000) Peripherally administered antibodies 
against amyloid β-peptide enter the central nervous system and 
reduce pathology in a mouse model of Alzheimer disease. 
Nat. Med. 6, 916–919

32 Russo, C. et al. (2002) Molecular aspects of neurodegeneration in
Alzheimer’s disease. Funct. Neurol. 17, 65–70

33 Mudher, A. and Lovestone, S. (2002) Alzheimer's disease - do tauists
and baptists finally shake hands? Trends Neurosci. 25, 22-26

34 Tanemura, K. et al. (2001) Formation of filamentous tau aggregations
in transgenic mice expressing V337M human tau. Neurobiol. Dis. 8,
1036–1045

35 Ho, L. et al. (2001) Gene expression profiling of the tau mutant (P301L)
transgenic mouse brain. Neurosci. Lett. 310, 1–4

36 Pei, J.J. et al. (1998) Accumulation of cyclin-dependent kinase 5 (Cdk5)
in neurons with early stages of Alzheimer’s disease neurofibrillary
degeneration. Brain Res. 797, 267–277

37 Lee, K.Y. et al. (1999) Elevated neuronal Cdc2-like kinase activity 
in the Alzheimer disease brain. Neurosci. Res. 34, 21–29

38 Ahlijanian, M.K. et al. (2000) Hyperphosphorylated Tau and
neurofilamennt and cytoskeletal disruptions in mice overexpressing
human p25, an activator of Cdk5. Proc. Natl. Acad. Sci. U. S. A. 97,
2910–2915

39 Pansinetti, G.M. (2001) Use of cDNA microarray in the search for
molecular markers involved in the onset of Alzheimer’s disease
dementia. J. Neurosci. Res. 65, 471–476

40 Pansinetti, G.M. and Ho, L. (2001) From cDNA microarrays to
high-throughput proteomics. Implications in the search for
preventive initiatives to slow the clinical progression of 
Alzheimer’s disease dementia. Restor. Neurol. Neurosci.
18, 137–142

41 Scott, H.L. et al. (2002) Aberrant expression of the glutamate
transporter excitatory amino acid transporter 1 (EAAT1) in 
Alzheimer’s disease. J. Neurosci. 22, 1–5

42 Hashimoto, Y. et al. (2001) A rescue factor abolishing neuronal 
cell death by a wide spectrum of familial Alzheimer’s disease genes 
and Aβ. Proc. Natl. Acad. Sci. U. S. A. 98, 6336–6341

43 Tuohy, V.K. et al. (1998) The epitope spreading cascade during
progression of experimental autoimmune encephalomyelitis and
multiple sclerosis. Immunol. Rev. 164, 93–100

44 Tuohy, V.K. et al. (2000) Modulation of the IL-10/IL-12 cytokine
circuit by interferon-β inhibits of the development of epitope
spreading and disease progression of murine autoimmune
encephalomyelitis. J. Neuroimmunol. 111, 55–63

45 Wiendl, H. and Hohfeld, R. (2002) Therapeutic approaches in 
multiple sclerosis: lessons from failed and interrupted treatment trials.
BioDrugs 16, 183–200

46 Sorensen, T.L. et al. (2002) Multiple sclerosis: a study of CXCL120 
and CXCR3 co-localization in the inflamed central nervous system.
J. Neuroimmunol. 127, 59–68

47 van der Lann, L.J.W. et al. (2002) Beneficial effect of modified peptide
inhibitor of α4 integrin on experimental allergic encephalomyelitis in
Lewis rats. J. Neurosci. Res. 67, 191–199

48 Muraro, P.A. et al. (2000) VLA-4/CD49d downregulated on primed
T lymphocytes during interferon-β therapy in multiple sclerosis.
J. Neuroimmunol. 111, 186–194

49 Theien, B.E. et al. (2001) Discordant effects of anti-VLA-4 treatment
before and after onset of relapsing experimental autoimmune
encephalomyelitis. J. Clin. Invest. 107, 995–1006

50 Wulff, H. et al. (2000) Design of a potent and selective inhibitor 
of the intermediate-conductance Ca2+-activated K+ channel, IKCa1:
a potential immunosuppressant. Proc. Natl. Acad. Sci. U. S. A. 97,
8151–8156

51 Beeton, C. et al. (2001) Selective blocking of voltage-gated K+ channels
improves experimental autoimmune encephalomyelitis and inhibits
T cell activation. J. Immunol. 166, 936–944

52 Iwata, S. et al. (1999) CD26/dipeptidyl peptidase IV differentially
regulates the chemotaxis of T cells and monocytes toward RANTES:
possible mechanism for the switch from innate to acquired immune
response. Int. Immunol. 11, 417–423

53 Reinhold, D. et al. (1998) Inhibitors of dipeptidyl peptidase IV/CD26
suppress activation of human MBP-specific CD4+ T cell clones.
J. Neuroimmunol. 87, 203–209

54 Ramanathan, M. et al. (2001) In vivo expression revealed by 
cDNA arrays: the pattern in relapsing-remitting multiple sclerosis
patients compared with normal subjects. J. Neuroimmunol.
116, 213–219

55 Whitney, L.W. et al. (1999) Analysis of gene expression in multiple
sclerosis lesions using cDNA microarrays. Ann. Neurol. 46, 425–428

56 Funk, C. and Chen, X-S. (2000) 5-Lipoxygeenase and leukotrienes.
Transgenic mouse and nuclear targeting studies. Am. J. Respir. Crit.
Care Med. 161, S120–S124

57 Chabas, D. et al. (2001) The influence of the proinflammatory
cytokine, osteopontin, on autoimmune demyelinating disease. 
Science 294, 1731–1735

58 Lock, C. et al. (2002) Gene-microarray analysis of multiple sclerosis
lesions yields new targets validated in autoimmune encephalomyelitis.
Nat. Med. 8, 500–508

59 Steinman, L. (1999) Assessment of animal models for MS and
demyelinating disease in the design of rational therapy. Neuron 24,
511–514

60 Chang, A. et al. (2002) Premyelinating oligodendrocytes in chronic
lesions of multiple sclerosis. N. Engl. J. Med. 346, 165–173

61 Pender, M.P. (1998) Genetically determined failure of activation-
induced apoptosis of autoreactive T cells as a cause of multiple sclerosis.
Lancet 351, 978–981

62 Schapira, A.H. (2002) Neuroprotection and dopamine agonists.
Neurology 58, S9–S18

63 Hartmann, A. et al. (2000) Caspase-3: a vulnerability factor and final
effector in apoptotic death of dopaminergic neurons in Parkinson’s
disease. Proc. Natl. Acad. Sci. U. S. A. 97, 2875–2880

64 Viswanath, V. et al. (2001) Caspase-9 activation results in downstream
caspase-8 activation and bid cleavage in 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-induced Parkinson’s disease. J. Neurosci. 21,
9519–9528

65 Sayre, L.M. et al. (2001) Chemistry and biochemistry of oxidative
stress in neurodegenerative disease. Curr. Med. Chem. 8, 721–738

66 Kikuchi, A. et al. (2002) Systemic increase of oxidative nucleic acid
damage in Parkinson’s disease and multiple system atrophy. 
Neurobiol. Dis. 9, 244–248

45

DDT Vol. 8, No. 1 January 2003 reviewsresearch focus

www.drugdiscoverytoday.com



67 Maruyama, W. et al. (2002) The anti-parkinson drug, rasagiline, 
prevents apoptotic DNA damage induced by peroxynitrite in human
dopaminergic neuroblastoma SH-SY5Y cells. J. Neural Transm. 109,
467–481

68 Du, Y. et al. (2001) Minocycline prevents nigrostriatal dopaminergic
neurodegeneration in the MPTP model of Parkinson’s disease.
Proc. Natl. Acad. Sci. U. S. A. 98, 14669–14674

69 Le, W. et al. (2001) Microglial activation and dopaminergic cell injury:
an in vitro model relevant to Parkinson’s disease. J. Neurosci. 21,
8447–8455

70 Youdim, M.B. et al. (2001) Drugs to prevent cell death in Parkinson’s
disease. Neuroprotection against oxidative stress and inflammatory
gene expression. Adv. Neurol. 86, 115–124

71 Mouradian, M.M. (2002) Recent advances in the genetics and
pathogenesis of Parkinson’s disease. Neurology 58, 179–185

72 Junn, E. and Mouradian, M.M. (2002) Human α-synuclein over-
expression increases intracellular reactive oxygen species levels and
susceptibility to dopamine. Neurosci. Lett. 320, 146–150

73 Kruger, R. et al. (2002) Parkinson’s disease: one biochemical 
pathway to fit all genes? Trends Mol. Med. 8, 236–240

74 Chung, K.K. et al. (2001) The role of the ubiquitin-proteasomal
pathway in Parkinson’s disease and other neurodegenerative disorders.
Trends Neurosci. 24 (Suppl.), S7–S14

75 Grunblatt, E. et al. (2001) Gene expression analysis in 
N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine mice model of
Parkinson’s disease using cDNA microarray: effect of R-apomorphine.
J. Neurochem. 78, 1–12

76 Rosen, D.R. et al. (1993) Mutations in Cu/Zn superoxide dismutase
gene are associated with familial amyotrophic lateral sclerosis. 
Nature 362, 59–62

77 Gurney, M.E. et al. (1994) Motor neuron degeneration in mice that
express a human Cu,Zn superoxide dismutase mutation. Science 264,
1772–1775

78 Wong, P.C. et al. (1995) An adverse property of a familial 
ALS-linked SOD1 mutation causes motor neuron disease 
characterized by vacuolar degeneration of mitochondria. 
Neuron 14, 1105–1116

79 Cluskey, S. and Ramsden, D.B. (2001) Mechanisms of
neurodegeneration in amyotrophic lateral sclerosis. J. Clin. Pathol.
54, 386–392

80 Shaw, C.E. et al. (2001) Progress in the pathogenesis of amyotrophic
lateral sclerosis. Curr. Neurol. Neurosci. Rep. 1, 69–77

81 Rothstein, J.D. et al. (1990) Abnormal excitatory amino acid
metabolism in amyotrophic lateral sclerosis. Ann. Neurol.
28, 18–25

82 Bensimon, G. et al. (2002) A study of riluzole in the treatment of
advanced stage or elderly patients with amyotrophic lateral sclerosis.
J. Neurol. 249, 609–615

83 Jackson, M. et al. (1999) Polymorphisms in the glutamate 
transporter gene EAAT2 in European ALS patients. J. Neurol. 246,
1140–1144

84 Trotti, D. et al. (2001) Amyotrophic lateral sclerosis-linked 
glutatmate transporter mutant has impaired glutamate clearance
capacity. J. Biol. Chem. 276, 576–582

85 Bristol, L.A. and Rothstein, J.D. (1996) Glutamate transporter gene
expression in amyotrophic lateral sclerosis motor cortex. Ann. Neurol.
39, 676–679

86 Shaw, P.J. and Eggett, C.J. (2000) Molecular factors underlying selective
vulnerability of motor neurons to neurodegeneration in amyotrophic
lateral sclerosis. J. Neurol. 247 (Suppl. 1), 17–27

87 Comi, G.P. et al. (1998) Cytochrome c oxidase subunit I 
microdeletion in a patient with motor neuron disease. Ann. Neurol.
43, 110–116

88 Borthwick, G.M. et al. (1999) Mitochondrial enzyme activity in
amyotrophic lateral sclerosis: implications for the role of mitochondria
in neuronal cell death. Ann. Neurol. 46, 787–790

89 Strong, M.J. (1999) Neurofilament metabolism in sporadic
amyotrophic lateral sclerosis. J. Neurol. Sci. 169, 170–177

90 Beaulieu, J.M. et al. (1999) Late onset death of motor neurons in mice
overexpressing wild-type peripherin. J. Cell Biol. 147, 531–544

91 Ikeda, K. et al. (1996) Coadministration of interleukin-6 (IL-6) and
soluble IL-6 receptor delays progression of wobbler mouse neuron
disease. Brain Res. 726, 91–97

92 Kurek, J.B. et al. (1998) LIF (AM424), a promising growth factor for the
treatment of ALS. J. Neurol. Sci. 160 (Suppl. 1), 6–13

93 Askanas, V. (1995) Neurotrophic factors and amyotrophic lateral
sclerosis. Adv. Neurol. 68, 241–244

94 Apfel, S.C. (2001) Neurotrophic factor therapy – prospects and
problems. Clin. Chem. Lab. Med. 39, 351–355

95 Alvarez, A. et al. (1999) Inhibition of tau phosphorylating protein
kinase cdk5 prevents β-amyloid-induced neuronal death. FEBS Lett.
459, 421–426

96 Nguyen, M.D. et al. (2001) Deregulation of Cdk5 in a mouse model of
ALS: toxicity alleviated by perikaryal neurofilament inclusions.
Neuron 30, 135–147

46

DDT Vol. 8, No. 1 January 2003reviews research focus

www.drugdiscoverytoday.com

Erratum

Please note a correction to the article Structural pharma-
cogenomics, drug resistance and the design of anti-infective
super-drugs by Edward T. Maggio, Mark Shenderovich,
Ron Kagan, Dean Goddette and Kal Ramnarayan in the
print version of Drug Discovery Today, 15th December 2002,
Volume 7, No. 24, 1214–1220.

Figure 7 on p. 1217 should have been as below:

We would like to apologize for this inaccuracy and for any
confusion that this might have caused.

PII: S1359-6446(02)02577-1

Fig. 7. The number of amino acid classes allowed at each
residue position for HIV-1 reverse transcriptase. 38 positions
(flagged below the X-axis) frequently exhibit mutation to
an amino acid class different from the original class.
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