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The neurodegenerative diseases represent a challenge for science
and medicine because of their prevalence, cost, lack of mechanism-
based treatments, and impact on individuals and caregivers1–6.
Genetic risk factors influence these age-associated, chronic illnesses,
such as Alzheimer’s disease, motor neuron diseases, Parkinson’s
disease (PD), trinucleotide repeat diseases and prion disorders.
They are characterized by dysfunction and death of specific pop-
ulations of neurons and by the presence, in many instances, of
intracellular or extracellular protein aggregates. Although symp-
tomatic treatments are available, there are no mechanism-based
treatments. Recent research, particularly in animal models, has
begun to provide new insights into the mechanisms of these dis-
orders and has identified new targets for therapy.

The identification of mutations in specific genes causing each
of these neurodegenerative diseases has provided new opportu-
nities to investigate the molecular participants in disease process-
es and to explore pathogenic mechanisms using transgenic
approaches. In autosomal dominant genetic disorders, the mutant
proteins often do not exhibit reductions in their normal func-
tions, but instead acquire toxic properties that directly or indi-
rectly affect the functions and viability of neurons. Introducing
mutant genes into mice can reproduce some features of these dis-
eases1,6–11. Autosomal recessive diseases, which usually lack the
functional protein encoded by the mutant gene, can often be
modeled by gene knockout strategies. In both groups of disor-
ders, gene knockout or overexpression of the genes that influ-
ence pathogenic pathways have provided insight into disease
mechanisms and potential therapeutic targets. These model sys-
tems can also be used to evaluate novel treatments and expedite
the path to clinical trials.

Here we focus on the familial forms of AD (FAD) and two
forms of motor neuron disease, familial amyotrophic lateral
sclerosis (FALS) and spinal muscular atrophy (SMA). In the
case of FAD and FALS, we anticipate that understanding the
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inherited illnesses will shed light on the more common spo-
radic forms of AD and ALS. In the case of SMA, all cases are
attributable to the same genetic mechanism.

Alzheimer’s disease
Problems with memory and cognition appear during the seventh
decade in most individuals with AD, but may appear earlier, par-
ticularly in familial cases12. Mental functions and activities of
daily living become progressively impaired. The clinical signs of
AD result from selective degeneration of neurons in brain regions
critical for memory, cognitive performance and personality13,14.
Dysfunction and death of these neurons lead to reduced num-
bers of synaptic markers in their target fields14,15; the disruption
of synaptic communication is manifested by mental impairments
and, finally, severe dementia14.

Two types of intracellular and extracellular protein aggregates
found in the brain are a pathological hallmark of AD (Fig. 1).
Neurofibrillary tangles are inclusions located within cell bodies
and proximal dendrites, and within filamentous swellings in dis-
tal axons and synaptic terminals. Hyperphosphorylated isoforms
of the microtubule-associated protein tau, which assemble into
poorly soluble paired helical filaments, are central feature of these
neurofibrillary tangles10. The extracellular aggregates in the brain
of individuals with AD result from elevated levels of Aβ, a 4 kD
amyloid peptide derived by cleavage of the amyloid precursor
protein (APP). Aβ monomers form oligomers and multimers,
which assemble into protofilaments and then fibrils7,14,16,17. Even-
tually, Aβ fibrils are deposited as the amyloid cores of neuritic or
senile plaques (amyloidosis), which are complex structures also
containing dystrophic neurites, astrocytes and microglia. Both
neurofibrillary lesions and plaques are preferentially localized to
the cortex, hippocampus and amygdala.

In some individuals with early-onset AD, the illness may be
inherited as an autosomal dominant (that is, only a single copy of
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the mutant gene is necessary to cause the disease). Such muta-
tions are identified in at least three different genes: APP, PS1 and
PS2 (refs. 1,6,18,19). APP is a type I transmembrane protein
expressed in many different cell types, but particularly abundant
in neurons (Fig. 2a). Pathogenic Aβ peptides are generated via
cleavage of APP by BACE1 (β-site APP cleaving enzyme 1)20–24

and γ-secretase1,7 (Fig. 2b). The levels and distributions of APP
and these pro-amyloidogenic cleavage enzymes in neurons, and
in particular BACE1, are hypothesized to be the principal deter-
minants of high levels of Aβ in the brain25. Formation of Aβ is
precluded by cleavage of APP within the Aβ domain by α-
secretase or BACE2 (ref. 26; Fig. 2c).

A variety of APP mutations reported in cases of FAD are near
cleavage sites involved in formation of Aβ (Fig. 2d). The APP 717
mutation is located near the C-terminus of Aβ and facilitates 
γ-secretase activity, leading to increased secretion of the longer and
more toxic Aβ peptide, Aβ42 (ref. 7; Fig. 2b). This longer Aβ42
peptide is thought to promote the formation of Aβ aggregates and
amyloid plaques. The APPswe mutation, a double mutation at the
N-terminus of Aβ, enhances BACE1 cleavage and is associated with
elevated levels of Aβ peptides, including Aβ42. In contrast, APP
mutations within the Aβ peptide domain (for example, APP-
E693Q, A692G or E693G) do not elevate the level of Aβ but may
cause amyloidosis by increasing Aβ oligomer or protofibril for-
mation27. Thus, a common feature of all FAD-linked APP muta-
tions is the enhancement or facilitation of Aβ protofibril formation.

Another family of genes identified in FAD is the prese-
nilins28–30. PS1 and PS2 encode highly homologous 43- to 50-kD
multipass transmembrane proteins that are processed to stable
N-terminal and C-terminal fragments31, and are widely expressed
at low abundance in the central nervous system. PS1 influences
APP processing, but it is not clear whether PS1 itself acts as the
protease (γ-secretase), functions as a cofactor critical for the activ-
ity of γ-secretase, or exerts its influence via trafficking of APP to
the proper compartment for γ -secretase cleavage32–36. What-
ever the case, PS1 is now recognized as one of the critical element
of the γ-secretase complex. Nicastrain, a type I transmembrane
glycoprotein, is another important component of this complex37.
The PS1 gene has been reported to harbor more than 80 different
FAD mutations (AD mutation database, http://molgen-
www.uia.ac.be), whereas only a small number of mutations have
been found in PS2-linked families. The vast majority of abnor-

malities in PS genes are missense mutations that
result in single amino acid substitutions, which in
general seem to influence γ-secretase activity and
increase the generation of the Aβ42 peptide.

Mouse models relevant to AD
To generate animal models of Aβ amyloidosis, many
groups have produced transgenic mice that express
wild-type APP, APP fragments, Aβ and FAD-linked
mutant APP and PS1. Some of the mutant APP mice,
although they do not reproduce the full phenotype
of AD, represent excellent models of Aβ amyloidosis.

Expression of APP minigenes that encode
FAD-linked APP mutants (swe and 717), using sev-
eral different promoters, leads to elevated levels of Aβ,
diffuse Aβ deposits and plaques in the hippocampus
and cortex of these mice38. The severity is influenced
by the level of transgene expression and the specific
mutation. In addition to Aβ deposits, these plaques
contain neurites (some showing hyperphosphorylat-
ed tau immunoreactivity), astrocytes and microglia;

however, neurofibrillary tangles are not present. A variety of defects
are found in different mutant lines, including mild loss of neu-
rons, learning deficits, problems in object recognition memory,
and problems with alternation-spatial reference and working mem-
ory39. Interestingly, synaptic abnormalities in hippocampal cir-
cuits seem to precede the deposition of Aβ into plaques40,41.

Appropriate mouse models that display both amyloid plaques
and neurofibrillary tangles have not been entirely successful. In an
attempt to obtain mice with both plaques and tangles, mutant APP
transgenic mice were mated to mice expressing the P301L tau
mutant42, a mutation linked to familial frontotemporal dementia
with parkinsonism (FTDP)2. Although these lines do have more
tangles, mice bearing both mutant tau and APP are problematic
as a faithful model of FAD because the FTDP mutation alone is
associated with increased tangles. Similarly, tau pathology can be
induced by introducing Aβ fibril into P301L tau mutant mice43.
More appropriate models of AD might require co-expression of
mutant APP and all six isoforms of wild type human tau.

Mice expressing both mutant PS1 and mutant APP develop
accelerated Aβ amyloidosis in the central nervous system. Coex-
pression of the human A246E mutant PS1 and APPswe elevates
levels of Aβ in brain, and these mice develop numerous amyloid
deposits, dystrophic neuritis, and glial responses in the hip-
pocampus and cortex44. Mutations known to be more malignant
in the human disorder also produce accelerated Aβ deposition
in mouse models. These mice also demonstrate that the key par-
ticipants in Aβ amyloidosis (APP, PS1 and BACE1) are colocalized
in neurites immediately proximal to sites of Aβ formation in
brain, supporting the concept of a neuronal origin for Aβ.

In an effort to understand the functions of the Alzheimer’s
related genes, researchers have ablated most of them. This
approach is somewhat problematic with regard to APP because
of the homologous amyloid precursor-like proteins, APLP1 and
APLP2. Homozygous APP–/– mice are viable and fertile, but seem
to have subtle decreases in locomotor activity and forelimb grip
strength45. The absence of substantial phenotypes in APP–/– mice
may be related to functional redundancy of APLP1 and APLP2.
Consistent with this idea, APLP2–/– mice appear normal, but mice
with either both APP and APLP2 targeted alleles or both APLP1
and APLP2 null alleles show significant postnatal lethality46.

Similar approaches have focused on the proteins implicated
in β- and γ-secretase activities. Gene targeting of the presenilins
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Fig. 1. Pathological features of Alzheimer’s disease. Schematic diagram of a neuron
showing an extracellular amyloid plaque in the target field with a central core of Aβ
fibrils surrounded by dystrophic neurites, astrocytes and microglia. Within the cell
body, proximal dendrites and distal axons are intracellular protein aggregates, called
neurofibrillary tangles, which are paired helical filaments assembled from hyper-
phosphorylated tau protein.
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is complicated because PS1 interacts functionally with Notch, a
receptor protein involved in critical cell-fate decisions during
development47. PS1–/– mice do not survive beyond the early post-
natal period and show severe perturbations in the axial skeleton,
ribs and spinal ganglia—all defects in somitogenesis that resem-
ble a partial Notch1 null phenotype48. However, it is clear that
PS1 is involved in γ-secretase activity; in cell culture, deletion of
PS1, or substitution of particular aspartate residues, leads to
reduced levels of γ-secretase cleavage products and levels of Aβ36.
PS2 null mice are viable and fertile, though they develop age-
associated mild pulmonary fibrosis and hemorrhage. Mice het-
erozygous for PS1 and lacking PS2 survive in relatively good
health, but mice lacking PS1 and heterozygous for PS2 die mid-
way through gestation with full Notch1 null-like phenotype49.

To study the role of PS1 in vivo in adult mice, two groups gen-
erated conditional PS1-targeted mice lacking PS1 expression in
the forebrain after embryonic development50,51. As expected, the
absence of PS1 resulted in decreased Aβ generation, further estab-
lishing that PS1 is critical for γ-secretase activity in the brain. The
finding that these forebrain-specific PS1 knockout mice do not
have significant morphological, physiological or overt behavioral
abnormalities suggest that γ-secretase inhibitors may be useful
as therapeutic agents for Aβ amyloidosis.

BACE1 null mice are viable and healthy, have no obvious phe-
notype or pathology, and can mate successfully52–54. Important-
ly, in cortical neurons from BACE1 null embryos, there is no
cleavage at the +1 and + 11 sites of Aβ52, and the secretion of Aβ
peptides is abolished even in the presence of elevated level of
exogenous APP. Moreover, Aβ peptides are not produced in
brains of BACE1 null mice. These results establish that BACE1 is
the β-secretase required to cleave APP to generate the N-termini
of Aβ. Although behavioral studies on BACE1 null mice are nec-
essary to determine the effect of the absence of BACE1, results
thus far indicate that BACE1 is an excellent therapeutic target for
drug development for AD.

These mouse models have revealed that neurons are the major
source for Aβ production in the brain. Because BACE1 is the
principal β-secretase in neurons, and BACE2 may serve to limit
the secretion of Aβ peptides (Fig. 2), we hypothesized that the
relative levels of BACE1 and BACE2 activities are major deter-
minants of Aβ amyloidosis52. In this model, the secretion of Aβ
peptides would be expected to be the highest in neurons and
brain as compared to other cell types or tissues because neurons

express high levels of BACE1 coupled with low expression of
BACE2. Seemingly inconsistent with this hypothesis is a study
showing high levels of BACE1 mRNA expression in the pan-
creas24. Given that APP is expressed in pancreas, why do AD and
diabetes mellitus not occur together? It now appears that some
of the pancreatic BACE1 mRNAs are alternatively spliced to gen-
erate a BACE1 isoform that is incapable of cleaving APP55. Taken
together with the observations that pancreas possesses low lev-
els of BACE1 protein and activity20, these results are consistent
with the view that a high ratio of BACE1 to BACE2 activity leads
to selective vulnerability of neurons to Aβ amyloidosis, whereas
pancreatic cells are spared.

Potential therapeutics for AD
Model systems have great value for evaluating experimental treat-
ments. Although they do not model the full phenotype of AD,
these mutant transgenic mice represent excellent models of Aβ
amyloidois and are highly suitable for identification of thera-
peutic targets. Although both β-and γ-secretase activities repre-
sent therapeutic targets for the development of novel protease
inhibitors for AD, the demonstration that BACE1 is the principal
β-secretase in cultured neurons52 and in brain53 provides an
excellent rationale for focusing on the design of novel therapeu-
tics to inhibit BACE1 activity in brain. Importantly, in contrast to
PS1–/– mice, the BACE1–/– mice seem to be normal52–54. Fur-
thermore, BACE1-deficient neurons fail to secrete Aβ even when
co-expressing the APPswe and mutant PS1 genes, and these mice
do not exhibit Aβ plaques in the brain (H.C., D.L.P. and P.C.W.,
unpublished data).

Given the role of PS1 in γ-secretase activity56, development of
PS1 inhibitors is an important avenue of investigation for potential
therapeutics. However, because of presenilins’ role in Notch pro-

review

nature neuroscience •  volume 5  no  7  •  july 2002 635

Non-amyloidogenic cleavages

...EVKM   DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIAT  VIVITLVMLKKKQ...

α-secretase

α-secretase

α-CTF C83 19,20-CTF C80, C79

BACE2

BACE1

BACE1

BACE2

α-se
cre

tase

BACE2

γ-secretase

γ-secretase

p3 fragments

671

FAD-linked APP mutations

...EVKM   DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIAT  VIVITLVMLKKKQ...

γ-secretase

Amyloidogenic cleavages

...EVKM   DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIAT  VIVITLVMLKKKQ...

β-CTF C99

11-CTF C89

BACE1 BACE1

BACE1

γ-secretase

γ-secretase

Aβ1-40, 1-42
Aβ11-40, 11-42

671

APP

K670N+M671L A692G D694N

E693K
E693Q E693G

I716V

V717G
V717F V717I

NH2

1 671 770

Aβ COOH
cytoplasmic

Fig. 2. Amyloid precursor protein (APP) and secretase cleavages. 
(a) Schematic of APP, a type I transmembrane protein. The Aβ region is
indicated in red. Transmembrane segment is demarcated by the gray lines.
(b) Amyloidogenic cleavages. Aβ region indicated in (a) is expanded to
show the amino acid sequences of Aβ and flanking regions. The sequential
actions of β-site APP-cleaving enzyme (BACE1) and γ-secretase generate
Aβ1-40, 1-42 and Aβ 11-40, 11-42. Arrows indicate cleavage sites for
BACE1 and γ-secretase. (c) Non-amyloidogenic cleavages. The sequential
actions of α-secretase or BACE2 and γ-secretase generate p3 fragments.
Arrows indicate α-secretase, BACE2, and γ-secretase cleavage sites. Note
that α-secretase or BACE2 cleaves APP within the Aβ domain, precluding
the formation of amyloidogenic Aβ peptides. In non-neuronal cells, APP is
primarily processed by α-secretase or BACE2. (d) FAD-linked mutations
in APP. The Swedish mutation (K670N+M671L) increased the cleavage
efficiency of BACE1, whereas mutations within the transmembrane
domain promoted the cleavage by γ-secretase to increase Aβ42.
Mutations within the Aβ domain seemed to enhance Aβ oligomer or
protofibril formation. Large arrow indicates cleavage by γ-secretase–like
protease to generate APP intracellular domain.
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cessing57, it may be valuable to try to design therapeutics that inhib-
it the γ-secretase activity of PS1 selectively, without affecting the
activity involved in Notch1 processing58. This is important because
several cell populations, hematopoetic stem cells in particular, use
Notch signaling for cell-fate decisions even in the adult59.

Both Aβ immunization (with Freund’s adjuvant) and passive
transfer of Aβ antibodies reduce levels of Aβ and plaque burden in
mutant APP transgenic mice in both prevention and treatment
trials60,61. Efficacy seems to be related to antibody titer. The mech-
anisms of enhanced clearance are not certain, but one possibility
is that a small amount of Aβ antibody reaches the brain, binds to
Aβ peptides, promotes the disassembly of fibrils, and via the Fc
antibody domain, attracts activated microglia to remove Aβ60.
Another possibility, not mutually exclusive, is that serum anti-
bodies serve as a sink to draw the amyloid peptide from the brain
into the circulation, thus changing the equilibrium of Aβ in dif-
ferent compartments and promoting removal from the brain62.
Immunization seems to attenuate learning and behavioral deficits
in at least two cohorts of mutant APP mice63,64. It is clear from
the studies in mice that achieving adequate levels of antibody titer
is critical because these levels predict amyloid clearance in mutant
transgenic mice. Unfortunately, recently initiated Phase 2 trials
have been suspended because of severe “inflammation” in the
CNS of a subset of patients (n > 15). This is particularly disap-
pointing, given that Phase 1 trials with Aβ and adjuvant were not
associated with any adverse events, and considering the success
of immunotherapy in transgenic mice.

Amyotrophic lateral sclerosis
ALS manifests as muscle weakness and atrophy, along with spas-
tic paralysis, which result from selective degeneration of spinal
and corticospinal motor neurons, respectively. The disease affects
the size, appearance and metabolism of these cells and evolves in
stages. First, neurofilamentous swellings occur in proximal axon-
al segments accompanied by ubiquitin-positive aggregates65.
Next, motor axons retract and become disconnected from the
denervated muscles. At this stage, trophic support is compro-
mised, and cell bodies shrink and dendrites are attenuated. Neu-
rons die in the final stages and exhibit several characteristics of
apoptosis66. Ultimately, the numbers of motor neurons in brain-
stem nuclei and spinal cord are reduced, and large pyramidal
neurons in motor cortex are lost. The clinical signs are most close-
ly linked to the disconnection of the synaptic terminals of these
neuronal populations from their targets.

Approximately 10% of cases of ALS are familial, and, in
most of these cases, the disease is inherited in an autosomal
dominant pattern67. Approximately 15–20% of patients with
autosomal dominant FALS (∼ 2% of all ALS cases) have muta-
tions in the gene that encodes cytosolic Cu/Zn superoxide dis-
mutase (SOD1), an antioxidant enzyme that catalyzes the
conversion of ·O–

2 to O2 and H2O2. To date, ∼ 90 different mis-
sense mutations have been identified in the SOD1 gene67. These
mutations are scattered throughout the protein and are not
preferentially localized near the active site or the dimer inter-
face. Although some FALS SOD1 mutants show reduced enzy-
matic activities, many retain full activity. The mutant enzyme
causes selective neuronal degeneration through a gain of toxic
property, consistent with autosomal dominant inheritance
(reviewed in ref. 68). The presence of ubiquitin aggregates con-
taining mutant SOD1 protein in affected neurons raises the
possibility that the defect is due to essential molecules being
sequestered away by the aggregates. Alternatively, the misfold-
ed mutant SOD1 could catalyze aberrant reactions.

Other chromosomal loci linked to FALS show autosomal
dominant, autosomal recessive or X-linked inheritance patterns67.
A gene termed ALS2, on chromosome 2, is linked to juvenile ALS
in several families. ALS2 encodes a protein termed alsin, which
shares homology to GTPase regulatory proteins (guanine-
nucleotide exchange factors) that participate in critical cellular
functions including signal transduction, regulation of the
cytoskeleton and intracellular trafficking69,70. Mutations in ALS2
are inherited as autosomal recessive and lead to a premature trun-
cation, suggesting that the disease is associated with a loss of ALS2
function. Thus, genetic approaches to ablate the gene encoding
ALS2 may provide useful mouse models of this rare form of ALS.

SOD1 mutant mice
Mice expressing a variety of mutant SOD1s (found in FALS)
develop progressive weakness and muscle atrophy, and show the
prototypical cellular stages of ALS71–73. The G37R SOD1 trans-
genic mice provide an excellent illustration of these models. G37R
SOD1, which retains full SOD activity, accumulates to 3–12 times
the endogenous levels in the spinal cord, and the levels of the
mutant protein influence the age of onset. Toxic SOD1 is trans-
ported anterograde in axons, and early on, it accumulates in
axons, where it is associated with structural pathology. Approx-
imately 2–3 months before the appearance of clinical signs, SOD1
accumulates in irregular, swollen, intraparenchymal portions of
motor axons, and the axonal cytoskeleton and axonal transport
are abnormal. Vacuoles, thought to represent degenerating mito-
chondria, are present in enlarged axons and in dendritic swellings.
(The latter is reminiscent of changes seen in excitotoxicity, which
is suggested to be involved in ALS74,75.) The cell bodies of some
neurons show SOD1, ubiquitin and phosphorylated NF-H
immunoreactive inclusions76. Once Wallerian degeneration (char-
acterized by degenerating myelin) of large axons is obvious, the
mice are usually weak. Eventually, the number of motor neurons
is reduced. These mouse models recapitulate the major clinical
and pathological hallmarks of ALS.

Potential therapies for ALS
Mutant SOD1 mice have been used to test pharmacological and
gene-based therapies68,77–80. Several potential therapeutics have
been tested with unencouraging results, including vitamin E and
selenium, riluzole and gabapentin, and the copper chelator d-
penicillamine. At present, treatment with creatine seems to have
the most robust pharmacological influence on the disease80; oral
administration of creatine to G93A SOD1 mice resulted in a dose-
dependent improvement in motor tasks and extended survival.

The molecular mechanisms whereby mutant SOD1 causes
selective motor neuron death have not yet been defined. One pro-
posal is that the toxic property of mutant SOD1 involves 
mutation-induced conformational changes in SOD1 that result in
aberrant oxidative activities81. In this scenario, cell dysfunction
and death could be initiated by aberrant oxidative chemistries
catalyzed by the copper atom bound in the active site of mutant
SOD1 (ref. 81). To test this hypothesis, multiple lines of mutant
SOD1 mice were crossed with mice lacking the specific copper
chaperone protein (CCS) required for Cu loading of SOD1. Inac-
tivation of the CCS gene in mice demonstrates that CCS is
required for efficient copper incorporation into SOD1 in mam-
mals, and the phenotypes of the CCS null mice resemble those
of the SOD1 null mice82. Metabolic [64]Cu labeling studies in
mutant SOD1 mice lacking CCS show that copper incorporation
into wild-type and mutant SOD1 is significantly diminished with-
out the CCS83. Motor neurons in mice lacking the CCS have an

review
©

20
02

 N
at

u
re

 P
u

b
lis

h
in

g
 G

ro
u

p
  

h
tt

p
:/

/n
eu

ro
sc

i.n
at

u
re

.c
o

m



increased rate of death after facial nerve axotomy, a response pre-
viously shown for mice deficient in SOD1. Thus, CCS is neces-
sary for efficient copper incorporation into SOD1 in motor
neurons. However, although the absence of the CCS results in a
significant reduction in the level of copper-loaded mutant SOD1,
it has no effect on the onset, progression or pathology of motor
neuron disease in mutant SOD1 mice83. These results demon-
strate that aberrant, Cu-dependent activity of mutant SOD1 is
unlikely to be involved in the pathogenesis of FALS.

Although the molecular mechanisms underlying mutant
SOD1-linked familial ALS remain unclear, several pathogenic
mechanisms other than the copper hypothesis have been proposed.
Mutant SOD1-containing aggregates participate in the pathogen-
esis of SOD1-linked FALS84–86. The identification of mutant SOD1-
containing aggregates early in the pathogenesis of mutant SOD1
mice supports their importance in disease progression.

A pathological hallmark of ALS is the accumulation of neu-
rofilaments in proximal axons and cell bodies of motor neurons.
To test the role of neurofilaments in mutant SOD1–induced
motor neuron disease, SOD1 mutant mice were crossbred to sev-
eral lines of mice with altered distributions of neurofilaments.
The progeny of SOD1 mutant mice crossed to mice expressing
an NF-H-β-galactosidase fusion protein (NF-H-lacZ), which
crosslinks neurofilaments and prevents their export to axons, has
no effect on disease progression87. In contrast, the lifespan of
SOD1 mutant mice was moderately increased in the absence of
neurofilaments when NF-L (neurofilament light chain) was ablat-
ed88. However, crosses with mice over-expressing wild-type NF-
L or NF-H (neurofilament heavy chain) resulted in sparing of
motor neurons, attenuation of disease progression and increased
life span79,89. Given the conflicting results, it remains unclear how
the distribution of neurofilaments influences motor neuron dis-
ease induced by mutant SOD1 (ref. 68).

Spinal muscular atrophy
SMA is an autosomal recessive disease characterized by muscle
weakness and atrophy in infants and children90. SMA is classi-
fied as Type I, II or III based on the of age of onset and the degree
of functional disability. Infants with Type I SMA become weak
before six months of age and die before two years. The incidence
of Type I SMA (also known as Werdnig–Hoffmann disease) is
estimated at ∼ 1:10,000 live births, with a carrier rate frequency
between 1:50 and 1:80. At the cellular level, motor neurons show
chromatolysis and accumulations of phosphorylated neurofila-
ments in cell bodies, and motor roots degenerate, leading to den-
ervation of skeletal muscle. The final result is apoptosis and loss
of large motor neurons90.

SMA Type I, II and III are linked to a single highly complex
genetic locus on chromosome 5. Investigators initially identi-
fied two SMA candidate genes: survival motor neuron (SMN)91

and neuronal apoptosis inhibitory protein (NAIP)92. The region
of chromosome 5 containing these two genes is duplicated. The
copy of the SMN gene closer to the telomere is termed SMN1,
and the homologous copy closer to the centromere is termed
SMN2. SMN is expressed from both SMN genes, however, and
whereas SMN1 produces full-length transcripts, SMN2 tran-
scripts are alternatively spliced, resulting in mainly truncated
transcripts lacking exon 7. SMN1 is now recognized as the
SMA-determining gene, with NAIP possibly involved in modi-
fying the severity of the disease. Mutations in SMN1 are pre-
sent in nearly 100% of affected individuals90, and partial or
complete deletions are detected in over 95% of cases. Homozy-
gous deletion of SMN1 has not been found in unaffected indi-

viduals, and SMN2 has not been shown to be deleted in any
affected individual. The level of full-length SMN protein in
spinal motor neurons governs whether the individual has SMA
Type I, II or III (Type I having the least).

SMN is expressed in large motor neurons, but also in many
other cells, with the highest levels seen in the hippocampus and
cerebellum. SMN is part of a multiprotein complex involved in
biogenesis of small nuclear ribonucleoprotein (snRNP), and is
thought to be involved in the processing of small nuclear RNAs.
In the cytoplasm, the SMN complex is associated with snRNP
Sm core proteins that are involved in the assembly of spliceosomal
snRNP complexes93. The complex represents a functional unit
of the splicesomal machinery.

SMA-linked SMN mutants are defective in binding to Sm
proteins because mutant SMN cannot form the large oligomers
that are essential for high-affinity binding. Although abnor-
malities of spliceosomal snRNP biogenesis and metabolism are
thought to be involved in the pathogenesis of SMA, it is not
clear how SMN deletions cause the abnormalities in motor
neurons associated with SMA.

SMN knockout mice
Given the causative role of SMN loss in over 90% of SMA cases,
deletion of SMN is an appropriate approach toward the devel-
opment of a mouse model for the disease. SMN is highly con-
served between mice (single copy) and humans (two copies,
SMN1 and SMN2), with 82% identity94. However, SMN null
embryos do not survive past the peri-implantation stage, corre-
sponding to the initiation of embryonic RNA transcription. These
results are consistent with the view that SMN function is essential,
most likely due to its role in the biogenesis of spliceosomal
snRNPs and pre-mRNA splicing. Smn+/– heterozygous mice95

showed approximately 50% reduction of SMN protein in the
spinal cord, which resulted in a progressive loss of motor neu-
rons between birth and 6 months of age. The phenotype of these
mice resembles SMA type III.

To test whether human SMN2 can complement the embry-
onic lethality of Smn–/– embryos, and to generate a mouse model
for SMA, several groups generated transgenic mice expressing
human SMN2 and crossbred them to Smn+/– mice to produce
SMN2 transgenic mice lacking the endogenous mouse SMN96,97.
These Smn–/–; SMN2 mice have abnormalities in the spinal cord
and skeletal muscles similar to those seen in cases of SMA. Thus,
SMN2 can partially compensate for the endogenous mouse SMN,
and the variable phenotypes observed in Smn–/–; SMN2 mice
recapitulate those seen in SMA Type I, II or III. The level of full-
length SMN protein in these Smn–/–; SMN2 mice correlates with
the severity of the disease. Smn–/–; SMN2 mice exhibit several
clinical characteristics: Type I mice do not develop fur and die
by postnatal day 10; Type II mice are inactive and die between 2
to 4 weeks of age; and Type III mice survive and breed normally
but have defects in tail size. These studies strongly support the
idea that the level of intact SMN protein determines the severity
of phenotypes in SMA.

These mouse models of SMA are useful in understanding dis-
ease mechanisms and for testing therapeutic strategies. It is clear
from the human and mouse pathology that the level of full-length
SMN protein correlates with the severity of the disease. Sodium
butyrate is effective in elevating the level of SMN protein (from
the SMN2 gene) in lymphoid cell lines derived from SMA
patients98. This compound was thus used to test for therapeutic
effects in mouse models of SMA98. Treatment of SMA-like mice
with sodium butyrate led to an increase in the level of SMN pro-
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tein in spinal cord and a concomitant amelioration of disease
phenotype98. These studies indicate that sodium butyrate may
be an effective therapeutic for SMA.

CONCLUSIONS
The identification of genes mutated or deleted in the inherited
forms of neurodegenerative diseases has allowed investigators to
create in-vivo and in-vitro model systems relevant to a wide vari-
ety of human neurological disorders. Genetically engineered mice
that recapitulate some of the features of human diseases can pro-
vide important new information about the neurobiology of these
diseases. These new models allow investigators to examine the
molecular mechanisms by which mutant proteins cause selective
dysfunction and death of neurons. Moreover, they can be used to
test pathogenic pathways by crossing these mice with either mutat-
ed or deleted alleles of other molecular players in the pathogenic
process. The results of these approaches provide us with a better
understanding of the pathogenic mechanisms of the diseases, and
should lead to the design of new therapeutic strategies.

In this review, we emphasized the value of transgenic and gene
targeted models and the lessons they provided for understand-
ing these and other neurodegenerative diseases. Specifically,
BACE1–/– mice and APP/PS1 transgenic models have provided
extraordinary new insights into the mechanisms of amyloidoge-
nesis and the reasons why AD is a brain amyloidosis. For ALS,
SOD1 transgenic models lacking CCS demonstrate that aberrant
activities dependent on copper-loaded SOD1 are unlikely to be
the pathogenic mechanism.

The mouse models have not only provided substantial
progress in understanding the molecular mechanisms of neu-
rodegeneration, they are also instrumental in identifying targets
for mechanism-based therapeutics, such as BACE1. These genet-
ically engineered models are valuable for testing a variety of ther-
apeutic approaches, including Aβ immunotherapy in AD,
creatine in ALS, and sodium butyrate in SMA. In summary,
investigation of the pathogeneses of neurodegenerative diseases
using transgenic models and other approaches has made spec-
tacular progress over the past few years, and we anticipate that
more promising therapies based on our present understanding
of the disease mechanisms will continue to be identified. Trans-
genic models should provide a highly useful tool for quickly
assessing which therapies should be pursued.
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