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Adult-onset neurodegenerative diseases (AONDs) comprise a heterogeneous group of neurological disorders characterized by a progres-
sive, age-dependent decline in neuronal function and loss of selected neuronal populations. Alterations in synaptic function and axonal
connectivity represent early and critical pathogenic events in AONDs, but molecular mechanisms underlying these defects remain
elusive. The large size and complex subcellular architecture of neurons render them uniquely vulnerable to alterations in axonal trans-
port (AT). Accordingly, deficits in AT have been documented in most AONDs, suggesting a common defect acquired through different
pathogenic pathways. These observations suggest that many AONDs can be categorized as dysferopathies, diseases in which alterations
in AT represent a critical component in pathogenesis. Topics here address various molecular mechanisms underlying alterations in AT in
several AONDs. Illumination of such mechanisms provides a framework for the development of novel therapeutic strategies aimed to
prevent axonal and synaptic dysfunction in several major AONDs.

Introduction
Adult-onset neurodegenerative diseases (AONDs) involve dys-
function and degeneration of different neuronal populations
(Bossy-Wetzel et al., 2004; Mattson and Magnus, 2006). De-
spite their heterogeneous etiology, AONDs share several char-
acteristics: they are progressive and their clinical phenotype
results from an age-dependent decline in neuronal function
that is initially associated with loss of synaptic activity rather
than neuronal cell death, a late event in the disease process.
Historically, the focus has been on mechanisms of cell death,
but identification of mutant genes associated with familial,
inheritable forms of AONDs provided new insights on patho-
genesis (Coleman and Perry, 2002; Coleman, 2005; Wishart
et al., 2006).

Familial and sporadic forms of AONDs often present with nearly
indistinguishable clinical pathologies, suggesting common patho-
genic mechanisms (Bossy-Wetzel et al., 2004). However, identifica-
tion of AOND-related genes often did not illuminate mechanisms.
In many cases, biological functions of AODN-associated gene prod-

ucts were unknown, and mutant gene products were ubiqui-
tously expressed in both neuronal and non-neuronal cells. When
the gene function was known, disease-causative mutations often
did not affect normal biological function. Curiously, some famil-
ial forms of AONDs were associated with different mutations
within a given protein, or with mutations in structurally unre-
lated proteins, all of which lead to phenotypically indistinguish-
able pathologies (Price et al., 1998; Dauer and Przedborski, 2003;
Bruijn et al., 2004; Morfini et al., 2005; Fink, 2006). With few
exceptions, pathogenic mutations failed to explain either the
unique vulnerability of neurons in AONDs, or why affected neu-
rons functioned normally for decades before manifestation of
pathology. Development of effective therapeutic targets and strate-
gies to slow or reverse degeneration of affected neurons requires an
explanation that resolves these apparent paradoxes. Finding such
explanations becomes increasingly urgent as significant increases in
human lifespan predict a dramatic increase in the incidence of
AONDs.

Early axonal and synaptic abnormalities in AONDs
Until recently, our understanding of the neurodegenerative pro-
cess in AONDs was limited to study of postmortem brain tissue
from patients. The marked cell loss observed in these tissues log-
ically focused research efforts on neuronal cell death-related
mechanisms (e.g., apoptosis). However, identification of AOND-
related genes permitted development of animal models that re-
capitulated some of the cardinal features of specific human
AONDs and facilitated study of early pathogenic events (Price et
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al., 2000; Wong et al., 2002). Significantly, behavioral and motor
abnormalities were detectable before obvious signs of neuronal
loss in most animal models. Pathological, behavioral and func-
tional imaging studies in asymptomatic and early symptomatic
familial AOND patients highlighted relevance of these findings,
clearly demonstrating signs of neuronal dysfunction in the absence
of overt neuronal cell death. Electrophysiological and ultrastruc-
tural studies further revealed early abnormalities in synaptic
function and axonal connectivity, as well as degeneration of
axons and synapses (Coleman, 2005; Wishart et al., 2006). To-
gether, current evidence indicates that loss of neuronal connec-
tivity constitutes a critical pathogenic event in most AONDs, and
that neurons affected in AONDs follow a “dying back” pattern of
degeneration (Fischer et al., 2004; Coleman, 2005; Conforti et al.,
2007; Fischer and Glass, 2007). Supporting this idea, approaches
based on inhibition of neuronal apoptosis failed to delay onset
and progression of clinical symptoms in various AODNs signifi-
cantly (Djaldetti et al., 2003; Gould et al., 2006; Waldmeier et
al., 2006).

Axonal transport represents a unique challenge for
neuronal cells
The ubiquitous tissue expression of most AOND-associated
gene products contrasts with selective vulnerability of neurons
observed in AONDs (Sieradzan and Mann, 2001; Dauer and
Przedborski, 2003; Mattson and Magnus, 2006). What distinc-
tive feature or component makes neuronal cells uniquely vulner-
able to AOND-related mutations? Neurons are among the largest
cells in humans, with �99.9% of their total cell volume corre-
sponding to the axonal compartment. The lack of protein synthe-
sis in axons and large distances separating neuronal cell bodies
from axonal and synaptic domains represent unique challenges.
Translocation and delivery of membrane proteins and lipid com-
ponents along axons represents a process collectively referred to
as fast axonal transport (FAT), which is essential for proper ax-
onal and synaptic function (for review, see Morfini et al., 2006a).
Materials necessary for maintenance and function of axons and
synapses are anterogradely transported by microtubule-based
molecular motors from sites of synthesis in the cell body. Con-
ventional kinesins are the major species of plus-end directed mo-
lecular motors in brain (Wagner et al., 1989), being involved in
anterograde FAT of various membrane-bounded organelles
(MBOs), including mitochondria, synaptic vesicles and axolem-
mal precursors, among others (Leopold et al., 1992; Elluru et al.,
1995). Conventional kinesin is a heterotetramer composed of
two heavy chains (kinesin-1s, KHCs) and two light chains (KLCs)
(DeBoer et al., 2008) (Fig. 1). Kinesin-1s are the mechanochem-
ical subunits of conventional kinesin holoenzymes, containing
both microtubule-binding and ATPase domains, whereas KLCs
play roles in binding and targeting of conventional kinesin to
selected MBOs (DeBoer et al., 2008). Neuronal maintenance
and survival requires return of signaling complexes and MBOs
carrying degradation products from synaptic terminals and
axons to the neuronal cell body (Delcroix et al., 2004). Retro-
grade FAT is carried out by the multisubunit motor protein
complex cytoplasmic dynein (CDyn) (Susalka and Pfister,
2000). Although the identity of major molecular motors trans-
locating MBOs along microtubules is established, questions
remained about how specific cargos are delivered to the right
subcellular location, given the complex cellular architecture of
neurons (Morfini et al., 2001).

Regulatory mechanisms of fast axonal transport
The need to deliver selected materials to specialized axonal sub-
domains implies the existence of targeting mechanisms for their
delivery. For example, neurotransmitter-bearing synaptic vesi-
cles need to be delivered to presynaptic terminals, whereas vesi-
cles bearing sodium channels should be selectively delivered to
nodes of Ranvier (Morfini et al., 2001; DeBoer et al., 2008). As a
result, neurons rely heavily on phosphorylation-dependent in-
tracellular signaling mechanisms, which help in the spatial and
temporal coordination and regulation of many cellular processes
within axons, including FAT (Morfini et al., 2001). Cumulative
data indicates that phosphorylation of molecular motors repre-
sents a major mechanism for regulation of FAT in vivo (Hollenbeck,
1990; Morfini et al., 2001, 2002a, 2004; Donelan et al., 2002).
Many of these findings stem from use of isolated squid axoplasm,
a unique experimental model for study of axon-specific events
(Brady et al., 1990). Consistent with heterogeneity of axonal
MBOs and the need for delivering cargos to specific axonal com-
partments, biochemical, pharmacological and cell biological ex-
periments identified multiple kinases that differentially regulate
conventional kinesin (Morfini et al., 2001, 2002a, 2004, 2007a,
2009) and CDyn (Brill and Pfister, 2000). These kinases directly
or indirectly modify specific subunits within molecular motor
complexes, and differentially regulate enzymatic (i.e., binding to
microtubules and ATPase activity) (Morfini et al., 2009) and
nonenzymatic properties (i.e., attachment to transported car-
goes) (Morfini et al., 2002a; Pigino et al., 2009) (Fig. 1). These
regulatory mechanisms provided an explanation for delivery of
selected motor cargoes to specialized axonal subcompartments,
producing an unexpected insight: activity of many kinases regu-

Figure 1. Protein kinases phosphorylate and regulate conventional kinesin. Conventional
kinesin is composed of heavy chain (kinesin-1, in red) and light chain (in blue) homodimers
(DeBoer et al., 2008). Kinesin-1s use energy derived from ATP hydrolysis to translocate along
microtubules (MT). KLCs play a critical role in the binding of conventional kinesin to transported
MBO cargoes (Stenoien and Brady, 1997). Recent studies identified various protein kinases
which directly phosphorylate selected subunits of conventional kinesin. The functional conse-
quence of each phosphorylation event is determined in part by the major function of the subunit
targeted. For example, phosphorylation of KLCs by GSK3 (Morfini et al., 2002a) and CK2 (Morfini
et al., 2001; Pigino et al., 2009) promotes the detachment of conventional kinesin from mem-
branes, whereas phosphorylation of kinesin-1s by JNK inhibits the binding of conventional
kinesin to microtubules (Morfini et al., 2006b, 2009). Similar regulatory mechanisms have been
proposed for cytoplasmic dynein (Susalka and Pfister, 2000; Morfini et al., 2007c). These find-
ings provide a molecular basis for the delivery of selected motor cargoes at specialized axonal
compartments (Morfini et al., 2001). The heterogeneity of MBO cargoes suggests the involve-
ment of additional kinases in the regulation of molecular motors.
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lating FAT are increased in AONDs, as reflected by aberrant pat-
terns of protein phosphorylation (Wagey and Krieger, 1998).

Fast axonal transport deficits in AONDs
Early axonal and synaptic degeneration in AONDs are consistent
with AT alterations. Evidence indicating that alterations in AT
suffice to produced selective neuronal degeneration comes from
genetic studies. Specifically, mutations in genes coding for
microtubule-based molecular motor subunits can result in “dy-
ing back” neuropathologies (Hirokawa and Takemura, 2003;
Morfini et al., 2005; Roy et al., 2005). For example, loss of func-
tion mutations in various subunits of conventional kinesin (Reid
et al., 2002) and CDyn (Hafezparast et al., 2003; Puls et al., 2003,
2005; Farrer et al., 2009) result in selective degeneration of spe-
cific neuronal subtypes. Often the length of axons is assumed to
correlate with increased vulnerability to AT defects. However,
mutations affecting different subunits of the same motor protein
may induce dramatically different pathologies, suggesting addi-
tional levels of complexity. For example, some mutations in
CDyn subunits produce degeneration of motor neurons (MNs)
(Hafezparast et al., 2003; Puls et al., 2005), while others lead to
sensory neuron pathology (Chen et al., 2007) or degeneration of
cortical and extrapyramidal neurons (Farrer et al., 2009). The
basis for selective vulnerability of specific neuronal subtypes due
to mutations in motor proteins is not well understood, but likely
results from functional specializations of each neuronal subtype.
Regardless, the unique reliance of neurons on FAT is well estab-
lished. Together, these observations indicate that FAT deficits are
sufficient to cause neurodegeneration. Accordingly, alterations
in FAT have been documented in many AONDs (Morfini et al.,
2005; Roy et al., 2005). However, most AONDs are not associated
with mutations in molecular motors, so other mechanisms must
be responsible for changes in FAT seen in AONDs (Morfini et al.,
2005). Alterations in regulatory pathways for FAT provide a po-
tential mechanism. Accordingly, abnormal activation of protein
kinases and aberrant patterns of protein phosphorylation repre-
sents major AOND hallmarks (Wagey and Krieger, 1998). A re-
view of how hallmark pathological changes in several AONDs can
be related to abnormalities in AT suggest a common vulnerability
in these diseases.

Pathogenic tau and �-amyloid inhibit FAT
Alzheimer’s disease (AD) affects as many as 5.3 million patients
in the United States. AD has two major pathological hallmarks:
accumulation of filamentous tau and � amyloid (A�) in affected
cell regions (Mattson, 2004). Significantly, pathological forms of
both can affect FAT, albeit by different mechanisms (Morfini et
al., 2002b).

Tau is a microtubule-associated protein thought to stabilize
microtubules (Binder et al., 2005; Conde and Cáceres, 2009).
Although its tissue distribution is widespread, larger quantities of
this protein are expressed in the brain (Binder et al., 2005).
Within brain, tau is highly concentrated in axons but is also
present in other neuronal compartments and glia (Binder et al.,
1985; Papasozomenos and Binder, 1987). In AD and other
tauopathies, tau becomes highly phosphorylated and aggregated
in polymers termed “straight” or “paired-helical” filaments. Side-
to-side associations of these form neurofibrillary tangles (NFTs),
neuropil threads, and are associated with dystrophic neurites in
AD (Binder et al., 2005) (Fig. 2). In isolated axoplasm, t canonical
tau monomers (made of bacterially expressed hTau40, the long-
est tau isoform in brain, 441aa) do not inhibit FAT (Morfini et al.,
2007b) (Fig. 2A). However, polymeric hTau40 filaments selec-

tively inhibited anterograde, but not retrograde FAT (Lapointe et
al., 2009). This effect required an N-terminal amino acid stretch
that is apparently hidden in the monomer (Fig. 2B). Pharmaco-
logical studies indicate that the underlying mechanism involves
activation of protein phosphatase 1 (PP1). PP1 dephosphorylates
and activates glycogen synthase kinase 3 (GSK3), which in turn
phosphorylates KLCs and promotes detachment of conventional
kinesin from its transported cargoes (Morfini et al., 2002a, 2004;
Lapointe et al., 2009). Significantly, noncanonical tau isoforms
6P and 6D (Luo et al., 2004) lacking most of the proline-rich,
microtubule binding and C-terminal regions of canonical tau
isoforms also inhibit anterograde FAT, even though these cannot
form polymers (Lapointe et al., 2009). Inhibitory effects of 6P and
6D on anterograde FAT suggests that the N-terminal region of
tau is required and sufficient for tau toxicity (Lapointe et al.,
2009). We hypothesize that aggregation of intact tau “presents”
its N-terminal region to the cell—a region normally hidden in
monomer due to folding events such as those suggested by the
“paper clip” model of tau monomer structure (Jeganathan et al.,
2006). This folded conformation requires MTBRs and the car-
boxy terminus, which are lacking in 6P/6D noncanonical iso-
forms (Jeganathan et al., 2006). Previous work indicated that
both amino and carboxy-end truncation of tau occur as NFTs
begin to form in affected AD neurons (Carmel et al., 1996;
García-Sierra et al., 2003; Guillozet-Bongaarts et al., 2005).
During NFT formation, tau undergoes C-terminal truncation
(Gamblin et al., 2003) and may be truncated from the amino end
as well (Horowitz et al., 2004), but until recently functional con-
sequences of these proteolytic events were unknown. Current
work suggests that truncation of tau from the amino end may
remove a toxic region capable of activating PP1 and inhibiting
FAT. We further posit that truncation of amino and carboxy
termini in NFTs likely renders these structure relatively inert (Fig.
2C). That is not to say NFTs are harmless, but as they are thought
to persist in neurons for �20 years in AD patients (Morsch et al.,
1999), we suggest that they are less toxic than NFTs made from
intact full-length canonical tau inhibiting anterograde FAT.

Accumulation of A� and its aggregates has long been consid-
ered instrumental in AD pathogenesis (Hardy and Selkoe, 2002).
In recent years, this hypothesis was extended to include the con-
cept that soluble oligomeric A� (oA�) aggregates may play a
major pathogenic role (Klein et al., 2004). FAT of several classes
of MBOs, including mitochondria, endosomes and multivesicu-
lar bodies, as well as MBOs containing APP, synaptophysin, syn-
taxin and Trk receptors is inhibited in various AD mouse models
(Pigino et al., 2003; Lazarov et al., 2007). Interestingly, the great
majority of these mice accumulate soluble oA�, but mechanisms
linking oA� species to FAT deficits remained to be defined. As a
direct test of A� effects on FAT, various homogeneous A� species
[unaggregated (uA�), fibrillar (fA�), and oA�] were perfused
into isolated squid axoplasm. Perfusion of oA� dramatically in-
hibited both retrograde and anterograde FAT at physiological,
low nanomolar concentrations (Pigino et al., 2009), whereas nei-
ther uA� nor fA� affected FAT. Inhibition of FAT by oA� pre-
dicted failure of neurotransmission. Accordingly, presynaptic
injection of oA� in the squid giant synapse induced a profound
inhibition of synaptic transmission, in association with a marked
reduction in synaptic vesicle availability at active zones (Moreno
et al., 2009).

Alterations in activity for protein kinases and abnormal phos-
phorylation of neuronal proteins are key features of AD (Pigino
et al., 2001, 2003; Morfini et al., 2002b), and some kinases are
abnormally deregulated in AD (Wang et al., 2007) can modulate
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FAT (see Fig. 6). Accordingly, we found that oA� inhibits FAT by
a mechanism involving CK2 activity. CK2 inhibits FAT by phos-
phorylation of KLCs and release of kinesin-1 from transport ves-
icles (Pigino et al., 2009), a mode of inhibition that parallels that
of filamentous tau (Lapointe et al., 2009) and mutant PS1
(presenilin-1) (Pigino et al., 2003; Lazarov et al., 2007), both of
which activate GSK3 (Morfini et al., 2002b).

FAT defects in Huntington’s disease
Huntington’s disease (HD) is one of several polyglutamine
(polyQ) expansion diseases characterized by expansion of un-
stable CAG repeats within the coding region of several unrelated
proteins. A polymorphic polyQ tract in wild-type, nonpathogenic
Htt (Huntingtin) (WT-Htt) normally comprises 6-35 glutamines,
whereas Htt variants having �36Qs typically define an HD allele
(polyQ-Htt) (Brinkman et al., 1997). At the cellular level, HD is
characterized by marked degeneration of projection neurons
within the striatum and cerebral cortex even though Htt protein
is ubiquitously expressed in nearly all tissues (Sieradzan and

Mann, 2001). Significantly, pathological
studies in presymptomatic HD patients
and HD mouse models documented “dy-
ing back” neuronal degeneration and loss
of specific axonal tracts (Albin et al.,
1992). As in other AONDs, synaptic dys-
function and axonal abnormalities long
preceded neuronal cell death (Li and Li,
2004). Consistent with these observa-
tions, multiple lines of evidence showed
FAT deficits in HD. Ultrastructural obser-
vations indicated a reduced number of
synaptic vesicles, and abnormal MBO
profiles within axons of affected neurons
(Li et al., 2001). Subsequently, reductions
in FAT in association with various
polyQ-expanded pathogenic proteins
were documented in various experi-
mental systems (Gunawardena et al.,
2003; Szebenyi et al., 2003; Lee et al., 2004;
Morfini et al., 2006b; Her and Goldstein,
2008). Studies in isolated axoplasm
showed that polyQ-Htt inhibits FAT in an
axon-autonomous manner (Szebenyi et
al., 2003), suggesting that inhibition of
FAT might underlie axonal degeneration
in HD (Morfini et al., 2005).

An explanation of how polyQ-Htt affects
FAT emerged from experiments in isolated
axoplasm. PolyQ-Htt, but not WT-Htt, in-
hibits FAT when presented at levels 100–
1000-fold lower than molecular motors
(Szebenyi et al., 2003), suggesting that mo-
lecular motor function was affected by an
enzymatic activity, probably a kinase (Mor-
fini et al., 2005). Consistent with this idea,
abnormal phosphorylation of proteins and
increased activation of various protein ki-
nases represent well established features of
HD (Liévens et al., 2002; DiProspero et al.,
2004). Further, polyQ-expanded forms of
androgen receptor inhibited FAT though a
kinase-dependent pathway (Morfini et al.,
2005). However, relevant pathogenic targets

for these kinases were undefined, and the contribution of these ki-
nases to HD pathogenesis uncertain (Morfini et al., 2005). Experi-
mental evidence demonstrated that polyQ-Htt inhibits FAT by
activation of cJun N-terminal kinase (JNK), a member of the mito-
gen activated protein kinase (MAPK) family (Morfini et al., 2009).
Increased JNK activation was consistent with changes in gene tran-
scription and activation of apoptotic pathways associated with HD
(Sugars and Rubinsztein, 2003; Björkblom et al., 2008). Three JNK
isoforms exist in mammals (JNK1, JNK2 and JNK3), and differential
activation of JNKs was observed before disease onset in a well char-
acterized HD mouse model (Morfini et al., 2009). Significantly,
neuron-specific JNK3, but not ubiquitously expressed JNK1, medi-
ated inhibition of FAT by polyQ-Htt, thereby providing a partial
explanation for selective neuronal vulnerability in HD (Morfini et
al., 2009). Providing a molecular basis for its effect on FAT, JNK3
(but not JNK1) was found to phosphorylate kinesin-1 subunits of
conventional kinesin. Mass spectrometry studies mapped JNK3
phosphorylation of kinesin-1 to S176, a conserved residue in the
motor domain of squid, mouse, and human kinesin-1s (Morfini

Figure 2. Schematic representation of tau-mediated toxicity to FAT. A, Healthy neurons: The canonical full-length
isoform can fold into the “paper clip” conformation, which masks the toxic N-terminal region (red). FAT is unaffected by
soluble monomeric full-length tau. B, Neuronal dysfunction: Polymers of canonical tau form, which leads to an unmaking
of the toxic region. The truncated noncanonical 6D/6P tau monomers (also schematically depicted) cannot fold and
presents an unmasked toxic region constitutively. Exposure of the toxic region in tau isoforms activates a PP1-GSK cascade.
This results in phosphorylation of KLCs (blue), dissociation of the cargo (gray sphere), and FAT inhibition. C, Neuron
survival: During NFT formation, modifications (e.g., truncation and phosphorylation) of tau in the polymers vie for preem-
inence in the neuron. If modified NFT formation predominates, FAT remains relatively unaffected and the cell likely survives
for some years.
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et al., 2009). Collectively, these results dem-
onstrated that polyQ-Htt activates the JNK
pathway, and that JNK3 phosphorylates and
inhibits kinesin-1 (Morfini et al., 2009) (Fig.
3). Activation of JNK3 by polyQ-Htt would
promote reductions in kinesin-based trans-
port, eventually leading to deficits in synap-
tic/axonal function and maintenance.

Motor neuron diseases and FAT deficits
A number of AONDs primarily affect
MNs, including Kennedy’s disease, amyo-
trophic lateral sclerosis (ALS), hereditary
spastic paraplegias (HSPs), and spinal
muscular atrophies. The number of genes
implicated in familial forms of motor
neuron disease is remarkably large and di-
verse, comprising �50 genes or loci and
ranging from molecular motors to cy-
toskeletal proteins, enzymes and proteins
of unknown function (James and Talbot,
2006). Affected neurons may be upper or
lower MNs, or both. The reasons for in-
creased vulnerability of MNs are uncer-
tain. As in other AONDs, they are
projection neurons often with unusually
long axons (Mattson and Magnus, 2006),
which presumably increases their depen-
dence on AT (Holzbaur, 2004).

Several components of the AT ma-
chinery are linked to MN diseases. Mu-
tations in conventional kinesin and
CDyn have been documented in hu-
mans (Hafezparast et al., 2003) and mice
(Puls et al., 2003) with MN pathologies. A
genome-wide single-nucleotide polymor-
phism (SNP) analysis of sporadic ALS
(SALS) uncovered an SNP within the
KIFAP3 gene, coding for an accessory
subunit of kinesin-2 (Landers et al., 2009).
SALS patients harboring a genotype with
this SNP exhibit a 14 month survival ad-
vantage compared with individuals with
other genotypes. Interestingly, the survival advantage of this al-
lele correlates with decreased expression of KIFAP3 (Landers et
al., 2009). Additionally, mutations in the nucleocytoplasmic,
RNA/DNA binding proteins 43 kDa TAR DNA-binding protein
(TDP43) (Rutherford et al., 2008) and fused in sarcoma/trans-
lated in liposarcoma (FUS/TLS) (Kwiatkowski et al., 2009) have
been linked to ALS. Both are multifunctional proteins implicated
in gene expression and RNA processing, including RNA export to
cytoplasm and dendrites for local translation (Lagier-Tourenne
and Cleveland, 2009).

ALS
ALS is characterized by relentless degeneration of upper and
lower MNs, muscle atrophy, and eventual paralysis. Mean age of
onset is 55, with an average survival of 3–5 years postdiagnosis
(Bruijn et al., 2004). Over 90% of ALS cases have an unknown
etiology and are classified as sporadic (SALS), whereas �10% of
ALS cases are familial ALS (FALS) (Pasinelli and Brown, 2006).
Clinically, SALS and FALS are nearly indistinguishable, suggest-
ing that pathological events associated with each disease form

eventually converge on a common pathway that leads to ALS
(Pasinelli and Brown, 2006).

ALS animal models illuminated pathways and processes con-
nected to ALS pathogenesis, including AT (Warita et al., 1999;
Roy et al., 2005; De Vos et al., 2007). Mutations in Cu,Zn-
superoxide dismutase (SOD1) collectively account for 20 –25%
of FALS cases (Pasinelli and Brown, 2006) and transgenic mice
overexpressing FALS-linked human SOD1 (FALS mice) exhibit a
phenotype that closely recapitulates human disease (Gurney et
al., 1994; Bruijn et al., 1998). Detailed pathological analysis of
these animals showed “dying back” degeneration of motor neu-
rons (Fischer et al., 2004; Fischer and Glass, 2007). Impairments
in AT of cytoskeletal components, mitochondria and selected
MBOs have been demonstrated in FALS mice (Warita et al., 1999;
Williamson and Cleveland, 1999). Deficits in AT were found
early in the disease course, suggesting that alterations in AT play
a causative role rather than representing an end-stage effect (Collard
et al., 1995; Williamson and Cleveland, 1999). However, molecular
mechanisms by which mutant SOD1 impairs AT remained un-
known (De Vos et al., 2007).

Figure 3. Inhibition of FAT as a common mechanism for polyQ expansion disease pathogenesis. In this model, polyQ expansion
of polypeptides directly or indirectly leads to activation of one or more MAPKKKs, which in turn activate one or more MAPKKs, finally
activating JNK1 and JNK3. Increased JNK1/JNK3 activity represents a toxic gain of function common to several different pathogenic
polyQ-expanded polypeptides (Morfini et al., 2006b, 2009). Altered folding of the pathogenic protein may lead to aggregate
formation and/or altered association with binding partners could contribute to disease-specific characteristics for each polyQ
disease (Morfini et al., 2005). The role of aggregates in this model remains unknown. Different consequences are associated with
increased activation of each JNK isoform. Both ubiquitous JNK1 and neuron-specific JNK3 can alter gene expression in neurons
(Sugars and Rubinsztein, 2003), but only JNK3 inhibits FAT (Morfini et al., 2009). Reductions in FAT lead to failure of neurotrans-
mission and degeneration of the distal axon. When the extent of synaptic failure passes a critical threshold, cell death pathways are
triggered in the neuronal cell body and apoptosis ensues.
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Genetic evidence suggested that SOD1 mutations cause ALS
through a toxic gain-of-function mechanism (Bruijn et al., 2004).
Accordingly, vesicle motility assays in isolated squid axoplasm
revealed a toxic gain of function in the context of AT. Specifically,
recombinant FALS-linked SOD1 mutant proteins selectively in-
hibited anterograde FAT of MBOs, whereas wild-type SOD1 had
no effect (G. Morfini, D. A. Bosco, R. H. Brown, Jr., and S. T.
Brady, unpublished data). Effects of mutant SOD1 were not de-
pendent on direct interactions with motors (Zhang et al., 2007)
but instead involved selective activation of p38 MAP kinase. Sig-
nificantly, hyperphosphorylation of neurofilaments represent a
pathological hallmark of ALS, and p38 phosphorylates neurofila-
ments in vitro (Ackerley et al., 2004). Further, multiple independent
reports documented p38 activation in ALS patients (Bendotti et al.,
2004) and mutant SOD1 mice (Tortarolo et al., 2003; Bendotti et al.,
2004). However, pathogenic p38 targets remained unknown, and
thus the relationship of p38 activation to ALS pathogenesis was un-
clear. Significantly, biochemical studies revealed that KHCs are
phosphorylated by p38, and this phosphorylation inhibited conven-
tional kinesin-based motility. These data indicated that mutant
SOD1 impairs anterograde FAT by activation of p38 MAPK.

Hereditary spastic paraplegias
HSPs comprise a group of neurodegenerative disorders charac-
terized by progressive spasticity and weakness of lower limbs.
Spasticity occurs in the absence (pure HSP) or presence (compli-
cated HSP) of other neurological symptoms and is due to degen-
eration of distal portions of axons in the fasciculus gracilis and
corticospinal tracts, which include the longest CNS axons. At
least 41 spastic paraplegia (SPG) gene loci have been mapped and
17 genes with diverse functions and expression patterns identi-
fied (Salinas et al., 2008). HSPs represent classic examples of
dying-back neuropathies. Accordingly, AT impairments have
emerged as one potential convergent pathogenic mechanism
(Crosby and Proukakis, 2002).

Several forms of HSP are due to mutations in genes involved
in intracellular trafficking (Salinas et al., 2008), including a KHC

Figure 4. Axonal transport abnormalities in myelin protein-deficient mice. A, Schematic summarizing the changes that occur in axons in the Plp1-null mouse model of spastic
paraplegia type 2. Despite almost normal myelination, axonal organelles accumulate at the distal juxtaparanodal regions of myelinated axons, eventually causing localized swelling of
the axon. Axonal swellings are not preferentially localized to proximal or distal portions of an axon, and it is likely (though not confirmed) that a single axon contains multiple swellings.
The distal portions of the long axons of the spinal cord eventually degenerate (represented by the dashed line). B–E, Electron micrographs of CNS fiber changes. Organelle accumulation
and cytoskeletal disruption in a myelinated axon from a P120 Plp1-null mouse spinal cord (B). Morphologically similar organelle accumulations in the spinal cord (C) and optic nerve (D)
of P120 Cnp1-null mice. Swelling of the inner tongue process of the oligodendrocyte (asterisks in D and E) is a feature of the Cnp1-null mouse. The swollen tongue appears not to compress
the axon but seems to be accommodated by expansion of the compact myelin sheath, as illustrated in these P120 optic nerve fibers. Scale bars: B, C, 2 �m; D, E, 1 �m.

Figure 5. Model for alteration of FAT as a mechanism leading to MPTP/MPP�-induced
parkinsonism. Certain toxic chemicals, like MPTP and its metabolite MPP�, can produce a
severe parkinsonism, but the pathogenic process was poorly understood. Agents like MPP�,
rotenone, and paraquat are thought to act at the level of mitochondria, but mitochondria are
ubiquitous and the neurodegenerative parkinsonian phenotype is highly selective (Dauer and
Przedborski, 2003). In isolated axons, MPP� activates caspase 3, which cleaves and activates a
specific isoform of protein kinase C, PKC�. Activated PKC� then phosphorylates dynein inter-
mediate chains and activate retrograde FAT. Further, activation of PKC� reduces anterograde
FAT. These imbalances in FAT result in depletion of synaptic vesicles from synapses, failure of
neurotransmission (Morfini et al., 2007c; Serulle et al., 2007), and altered trophic factor support
(Delcroix et al., 2004). These events ultimately would lead to neuronal cell death. cat, Catalytic
subunit; reg, regulatory subunit.
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gene, KIF5A, directly implicating AT im-
pairments to HSP pathogenesis (Reid et
al., 2002). Further, pathogenic spastin
hampers FAT in squid axoplasm (So-
lowska et al., 2008). Mouse models of
SPG7 and SPG4 provide in vivo evidence
for AT impairment in HSPs. SPG7 is asso-
ciated with mutations in paraplegin, a mi-
tochondrial ATPase (Ferreirinha et al.,
2004). SPG4 results from mutations in
spastin, a microtubule-severing protein
(Baas et al., 2005). SPG7 and SPG4 mice
models develop axonal swellings filled
with MBOs and cytoskeletal proteins
(Tarrade et al., 2006). Injection of neuro-
tracer into gastrocnemius muscle of SPG7
mice further demonstrated that retro-
grade AT is reduced in these mice (Fer-
reirinha et al., 2004).

AT defects were recently identified in
an SPG2 mouse model. SPG2 and the al-
lelic disorder Pelizaeus-Merzbacher dis-
ease (PMD) are caused by mutation in the
X-linked proteolipid protein (PLP1) gene
(Saugier-Veber et al., 1994) encoding pro-
teolipid protein and DM20 (PLP/DM20),
tetraspan membrane proteins expressed
in the CNS by oligodendrocytes (Garbern,
2007). Plp1 gene knock-out mice synthe-
size normal amounts of myelin with sub-
tle defects in compaction (Boison and
Stoffel, 1994; Klugmann et al., 1997;
Rosenbluth et al., 2006), but develop late
onset axonal changes in the absence of
primary demyelination or inflammation
(Griffiths et al., 1998). The earliest morphological changes occur
in small myelinated axons of optic nerve and fasciculus gracilis
around postnatal day 40 (P40) and are characterized by accumu-
lation of MBOs and swelling at distal juxtaparanodal regions.
Axonal changes occur in proximal and distal axonal regions, but,
as in PLP1-null patients, degeneration is restricted to distal por-
tions of long axons (Fig. 4A) in spinal cord (Garbern et al., 2002).
Interestingly, MBO-rich axonal swellings in Plp1 knock-out mice
(Fig. 4B) resemble those seen in paraplegin and spastin mutants in
association with impaired AT (Edgar et al., 2004). Mice deficient in
another CNS myelin protein, 2�,3�-cyclic nucleotide-3�-
phosphodiesterase (CNP) (Lappe-Siefke et al., 2003), develop mor-
phologically similar axonal changes (Fig. 4C,D) and axonal
degeneration. CNP is located in noncompact myelin, i.e., in the in-
ner and outer tongue processes and paranodal loops, which form a
channel linking myelin with the oligodendrocyte soma (Lappe-
Siefke et al., 2003). Compact myelin appears normal in CNP-
deficient mice, but abnormal enlargement of the inner tongue
processes of myelin (Lappe-Siefke et al., 2003) (Fig. 4D,E) occurs
concurrently with the earliest axonal defects, within days of myeli-
nation (Edgar et al., 2009).

Pathological analysis of myelin mutants indicate that oligoden-
drocytes modulate various processes within their myelinated axon
beneath, including AT (Witt and Brady, 2000). Providing a basis
for regulation of AT by glia, localized changes in kinase and phos-
phatase activities occur at nodal/paranodal regions of myelinated
axons, precisely the site at which axonal organelles accumulate in
Plp1 knock-out mice This suggests that localized dysregulation of

kinase/phosphatase activity and motor proteins might occur in
the absence of various myelin-associated proteins. Such localized
actions on motor proteins is supported by AT impairment inde-
pendent of changes in motor protein transcription (Morfini et al.,
2001, 2002a, 2004). Another explanation for impaired AT in my-
elin mutants is localized energy deficiencies. This is consistent
with axonal organelle accumulations observed in paraplegin-
deficient mice, which are morphologically similar to those in
myelin mutants.

Parkinson’s disease
The final example of AOND associated with altered AT is Parkin-
son’s disease (PD). PD is the second most common neurodegen-
erative disease after AD, affecting �4 million people worldwide
(Andersen et al., 2001). PD involves progressive dying back neu-
ropathy of axons projecting to the striatum from the substantia
nigra. When �80% of synapses from nigral dopaminergic neu-
rons are dysfunctional, shortage of dopamine in the striatum
causes movement defects that characterize PD (Dauer and
Przedborski, 2003). Available treatments effectively delay clinical
symptoms, but do not stop or slow progressive neuronal degen-
eration. Approximately 95% of PD cases are sporadic (sPD), with
5% due to mutations in functionally unrelated genes (fPD). An
unknown fraction of sPD cases are due to toxic agents, including
MPTP/MPP�, paraquat, and rotenone (Dauer and Przedborski,
2003). MPP� is the best-characterized example of toxin-induced
PD. These and other toxins are thought to target mitochondria
and induce activation of caspases (Turmel et al., 2001; Viswanath
et al., 2001). No common pathogenic mechanism emerges from a

Figure 6. Relationships among microtubule-based molecular motors for FAT, protein kinases, and neuropathogenic polypep-
tides/compounds. Several protein kinases have been identified which phosphorylate and regulate specific functional activities of
conventional kinesin and cytoplasmic dynein, the major microtubule-dependent motor proteins responsible for FAT. Significantly,
various unrelated neuropathogenic proteins induce alterations in FAT through an independent mechanism involving the
activation of specific kinases and phosphorylation of selected molecular motor subunits. The complexity of FAT regulation
suggests the existence of additional pathogenic pathways. Inhibitory events are indicated by T-shaped lines; arrowheads
indicate activation. Tau Fil, Filamentous tau; PS1, presenilin-1; AR, androgen receptor; Htt, Huntingtin; oA�, oligomeric
�-amyloid; MPP�, 1-methyl-4-phenylpyridinium; GSK3, glycogen synthase kinase 3; JNK3, cJun-amino terminal kinase
3; CK2, casein kinase 2; PKC, protein kinase C.
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consideration of sPD, fPD and toxin-induced PD (Dauer and
Przedborski, 2003; Cookson, 2005). Although there are links to
mitochondrial function and ubiquitin/proteasome pathways in
familial and toxin-induced PD forms, there is no evidence that
these pathways are specifically activated in sPD. Intriguingly,
fPD-associated mutant proteins are present in many neurons, yet
nigrostriatal dopaminergic neurons are particularly affected. Fur-
ther, many nondopaminergic neurons also degenerate in PD, and
many dopaminergic neurons in other brain regions are largely
spared. This diversity in PD etiology reflects the existence of multiple
pathogenic pathways, perhaps converging on a common vulnerabil-
ity in select neurons, but no consensus target has emerged.

Recent studies indicate MPP� has a distinctive effect on AT.
Perfusion of MPP� into isolated axoplasm significantly in-
creased retrograde FAT and reduced anterograde FAT of MBOs
(Morfini et al., 2007c). This effect on AT was blocked by inhibi-
tors of either PKC� or caspase 3, which can activate PKC� by
proteolytic cleavage (Kaul et al., 2003). Increases in retrograde
FAT contrast with the effects induced by other AOND-related
pathogenic proteins examined, suggesting that proper balance
between anterograde and retrograde AT is critical for neuronal
function. A major consequence of such an imbalance was re-
vealed by MPP� treatment of the presynaptic terminal of the
squid giant synapse (Serulle et al., 2007). Injection of MPP� led
to a failure of neurotransmission and a rapid block of the
postsynaptic response. Failure of neurotransmission was pre-
vented by coinjection of either caspase 3 or PKC� inhibitors,
which also prevented the effects MPP� on FAT. Preliminary
studies suggest that pathogenic forms of �-synuclein (the main
component of Lewy bodies that are a pathological hallmark of PD
(Duda et al., 2000; Spillantini and Goedert, 2000) may similarly
affect AT (S. T. Brady, T. J. Chilcote, M. Sugimori, Y. Serulle, R. R.
Llinas, and G. Morfini, unpublished data) (Fig. 5).

Conclusions
The accumulated evidence indicates that various unrelated neu-
ropathogenic polypeptides induce alterations in AT by promot-
ing activation of selected protein kinases, leading to abnormal
phosphorylation and regulation of molecular motors (Morfini et
al., 2002a, 2004, 2005, 2006b, 2007c; Pigino et al., 2003; Szebenyi
et al., 2003) (Fig. 6). The emerging complexity and variety of
regulatory pathways for AT thus appear consistent with a com-
mon pathogenic mechanism underlying different familial forms
of AONDs and suggest that some AONDs represent a novel class
of neurological disease that can be collectively characterized as
“dysferopathies” (Morfini et al., 2007c; Pigino et al., 2009). Ob-
servations discussed here provide an explanation for similarities
in pathological features of AD, HD, PD, ALS, and HSP patients
and provide a mechanistic basis for abnormal phosphorylation of
proteins, alterations in AT, and axonal degeneration characteris-
tic of AONDs. Understanding pathogenic pathways and molec-
ular components underlying AT defects in specific dysferopathies
will provide a framework for development of novel therapeutic
strategies to treat these diseases.
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