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Abstract
Alzheimer’s disease (AD) is characterized by progressive, age-dependent degeneration of neurons
in the central nervous system. A large body of evidence indicates that neurons affected in AD
follow a dying-back pattern of degeneration, where abnormalities in synaptic function and axonal
connectivity long precede somatic cell death. Mechanisms underlying dying-back degeneration of
neurons in AD remain elusive but several have been proposed, including deficits in fast axonal
transport (FAT). Accordingly, genetic evidence linked alterations in FAT to dying-back
degeneration of neurons, and FAT defects have been widely documented in various AD models.
In light of these findings, we discuss experimental evidence linking several AD-related pathogenic
polypeptides to aberrant activation of signaling pathways involved in the phosphoregulation of
microtubule-based motor proteins. While each pathway appears to affect FAT in a unique manner,
in the context of AD, many of these pathways might work synergistically to compromise the
delivery of molecular components critical for the maintenance and function of synapses and
axons. Therapeutic approaches aimed at preventing FAT deficits by normalizing the activity of
specific protein kinases may help prevent degeneration of vulnerable neurons in AD.
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Introduction
Alzheimer’s disease (AD) is a neurodegenerative disease representing the most prevalent
form of dementia worldwide. The vast majority of AD patients have the sporadic, late onset
form of the disease (sAD). The gradual loss of cognitive function that characterizes AD
involves progressive dysfunction and degeneration of specific neuronal populations within
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the central nervous system (Holtzman, et al., 2011). The major histopathological hallmarks
of AD include extracellular plaques composed of amyloid-β (Aβ) peptides and intracellular
fibrillar tau aggregates known as neurofibrillary tangles (NFTs) (Holtzman, et al., 2011).
Rare, familial forms of AD (fAD) are caused by mutations in amyloid precursor protein
(APP) and presenilins 1 and 2 (PS1, PS2) (Bekris, et al., 2010), polypeptides functionally
related to Aβ production (O’Brien and Wong, 2011). In addition, the identification of tau
mutations as causative of various human disorders (collectively termed tauopathies) has
directly linked abnormalities in tau to neurodegeneration (Goedert and Jakes, 2005). Similar
clinical characteristics between fAD and sAD suggested the existence of common
pathogenic mechanisms (Bossy-Wetzel, et al., 2004) fueling the development of animal AD
models based on expression of fAD-related mutant polypeptides (Ashe and Zahs, 2010).
Although molecular pathways linking fAD-associated forms of APP and PS, as well as
mutant tau to neurodegeneration are not fully elucidated, an analysis of the early pathogenic
events in these animal models and in brains of SAD patients reveals potential mechanisms.

Neurons affected in AD follow a “dying-back” pattern of degeneration
Synaptic dysfunction during early sAD stages is thought to underlie the memory and
cognitive deficits characteristic of this disease (Bell and Claudio Cuello, 2006).
Accordingly, neuronal populations affected in AD feature abnormalities in synapse
morphology and marked reductions in the total number of synapses (DeKosky and Scheff,
1990, Masliah, et al., 1991a, Masliah, et al., 1991b). Moreover, Aβ peptides reportedly
inhibit synaptic function in a variety of experimental systems [reviewed in (Shankar and
Walsh, 2009, Tampellini and Gouras, 2010)].

Studies of the neuropathology in sAD brains mapped the earliest signs of neurodegeneration
to medial temporal lobe structures, including the transentorhinal and entorhinal cortices, the
subiculum and the hippocampus (Braak, et al., 2006). Interestingly, numerous studies
demonstrate that neuropil threads, which are dystrophic neuronal processes (i.e. axons and
dendrites) containing tau inclusions, often precede the deposition of detectable levels of
NFTs in neuronal cell bodies within affected brain regions (Ghoshal, et al., 2002, Su, et al.,
1997, Vana, et al., 2011). Moreover, dystrophic axons displaying aberrant accumulation of
membrane-bounded organelles (MBOs) and cytoskeletal abnormalities are present in AD
brains (Dessi, et al., 1997, Praprotnik, et al., 1996). In many cases, these dystrophic axons
were observed before detectable deposition of classical tau and amyloid pathologies (Kowall
and Kosik, 1987). This evidence, and the significant reduction in myelination observed
within brain areas affected in AD (Ihara, et al., 2010), suggests that axonal dysfunction and
degeneration represents an important component of AD pathogenesis.

Consistent with results from the post-mortem studies described above, several independent
reports recently documented alterations in white matter of patients affected by mild
cognitive impairment (MCI) in vivo. MCI is thought to represent a symptomatic pre-
dementia stage of AD, because it involves cognitive deficits beyond those seen with normal
aging, yet not severe enough to meet clinical criteria of dementia (Petersen, et al., 2001).
Significantly, both quantitative high-resolution magnetic resonance imaging (MRI) and
diffusion tensor imaging (DTI) studies in MCI patients documented axonal degeneration in
the parahippocampal gyrus, an anatomically discrete brain area that includes the perforant
pathway (Kalus, et al., 2006, Rogalski, et al., 2009, Stoub, et al., 2006). The perforant
pathway represents an important axonal tract that connects neurons in the entorhinal cortex
(one of the earliest brain areas affected in AD) to the dentate gyrus and other areas of the
hippocampus (Witter, 2007). Abnormalities detected using MRI and DTI appear consistent
with axonal degeneration, and by extension, loss of synaptic connectivity within the medial
temporal lobe regions and other cortical regions (Stebbins and Murphy, 2009). Early signs
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of white matter degeneration also occur within the frontal, temporal, and parietal cortices,
corpus callosum, and cholinergic system of MCI patients (Bozzali, et al., 2011, Huang and
Auchus, 2007, Medina, et al., 2006, Swartz, et al., 2003). Importantly, these decrements in
white matter integrity correlated well with deficits in cognitive and executive functions in
many of these studies (Huang and Auchus, 2007, Kalus, et al., 2006, Rogalski, et al., 2009,
Stoub, et al., 2006, Swartz, et al., 2003).

The development of transgenic fAD animal models has facilitated the study of early
pathogenic events in the course of disease (Coleman and Perry, 2002, Price, et al., 2000).
Currently, no model accurately recapitulates all aspects of AD (Ashe and Zahs, 2010, Gilley,
et al., 2011a). Still, fAD models illuminated dysfunctional signaling pathways linked to
specific fAD variants. Behavioral, electrophysiological, and pathological studies in fAD
mouse models based on expression of pathogenic forms of APP, presenilin, and/or tau
documented early abnormalities in synaptic function, and signs of axonal pathology (i.e.
axonal swellings and spheroids) prior to overt cell death (Bell and Claudio Cuello, 2006,
Gilley, et al., 2011a). Transgenic expression of fAD-related mutant APPV717A (PDAPP line)
(Games, et al., 1995) and other fAD-related APP mutants (i.e. APPV717F and
APPK670N, M671L) (Mucke, et al., 2000) leads to significant loss of synapses that precedes
Aβ plaque formation. Similarly, in the widely studied 3XTg-AD mouse model (harboring
mutant PS1M146V, APPSWE, and tauP301L), synaptic dysfunction and axonal pathology takes
place prior to the deposition of amyloid plaques and tau aggregation (Cai, et al., 2011, Oddo,
et al., 2003). Studies using the 5xFAD (harboring APPK670N, M671L,I716V,V717I;
PS1M146L,L286V) mouse model (Oakley, et al., 2006) documented axonal swellings and
spheroids at 3 months of age, before signs of memory deficits are detected at 6 months of
age (Jawhar, et al., 2011). Deficits in synaptic transmission in APPswe/PS1M146L (Zhang, et
al., 2005) and APPswe/PS 1ΔE9 mice (Goto, et al., 2008, Machova, et al., 2008) indicate
that fAD-related pathogenic proteins cause functional impairments in synaptic function. In
vivo imaging studies using DTI in the Tg2576 and PDAPP mouse models extended these
observations, showing that alterations in white matter integrity coincide with deposition of
amyloid-β pathology (Song, et al., 2004).

Taken together, both experimental and pathological evidence indicate that neuronal
populations affected in AD follow a dying-back pattern of neuronal degeneration, where
substantial reductions in synaptic function and axonal connectivity long precede neuronal
cell death. Fitting the multi-factorial complexity of an age-related neurodegenerative
disease, numerous pathogenic pathways are proposed to contribute to axonal degeneration in
AD (Coleman, 2011). These include impaired axonal transport, cytoskeleton abnormalities,
increased oxidative stress, imbalances in calcium signaling, mitochondrial dysfunction,
inflammation-related neuronal damage, impaired protein degradation machinery, and a
compromised blood-brain-barrier, among others. A detailed review of all these mechanisms
is well beyond the scope of this review, but this material is discussed elsewhere (Bamburg
and Bloom, 2009, Morawe, et al., 2012, Ye, et al., 2011, Yu, et al., 2009, Zlokovic, 2011).
Given the association of dying-back degeneration to axonal transport abnormalities (see
below), pathogenic mechanisms featuring such abnormalities represent the main topic of this
review.

Axonal Transport: A critical cellular process underlying axonal and
synaptic function

The ubiquitous tissue expression of fAD-associated gene products contrasts sharply with the
selective vulnerability of neurons observed in AD suggesting that one or more cellular
features render neuronal cells increasingly vulnerable. Unlike any other cell type, neurons
feature unusually long dendrites and axons, cytoplasmic projections that facilitate the
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reception, processing and transmission of chemical information via synaptic contacts with
other neurons. Axonal length vary from the relatively short distances required to
communicate with interneurons to the remarkably long distances observed in projection
neurons that connect anatomically remote areas of the nervous system (Mattson and
Magnus, 2006). Neuronal cells display a unique reliance on axonal transport mechanisms
because molecular constituents required for appropriate function and maintenance of
synapses and axons are synthesized and packaged in MBOs in the neuronal cell body.
Therefore, axonal transport represents a vital cellular process for the maintenance of proper
axonal connectivity, synaptic function, and ultimately neuron survival (Morfini, et al.,
2001a, Morfini, et al., 2009a).

Axonal transport is categorized into two major rate classes, termed slow and fast axonal
transport (FAT), respectively [reviewed in (Morfini, et al., 2011)]. Slow transport involves
the movement of cytoskeletal structures and cytosolic proteins at rates of 0.1–6 mm/day.
FAT on the other hand, involves rapid movement of MBOs at rates of 50–400 mm/day. The
intrinsic polarity of microtubules within axons imparts directionality to transport, in that
anterograde FAT is plus-end directed (from cell body to terminals) and retrograde FAT is
minus-end directed (from terminals to cell body).

The kinesin protein superfamily has numerous members [reviewed in (Hirokawa, et al.,
2010)]. From these, conventional kinesin (i.e. kinesin-1) represents the most abundant and
best-characterized anterograde-directed motor protein expressed in mature neurons (Wagner,
et al., 1989). A wide variety of MBOs including mitochondria, synaptic vesicle precursors,
axolemmal constituents, and secretory products are transported by conventional kinesin
[reviewed in (Morfini, et al., 2011)]. Conventional kinesin exists as a heterotetramer
composed of two kinesin heavy chains (KHCs or kinesin 1s) and two kinesin light chains
(KLCs). KHCs are responsible for binding to microtubules and ATP hydrolysis, providing
the mechanochemical activity that powers movement of MBO cargoes by the conventional
kinesin holoenzyme. On the other hand, KLCs play a major role in binding conventional
kinesin to specific MBO cargoes (Stenoien and Brady, 1997). Multiple KHC and KLC
isoforms exist in mammalian neurons, which interact in various combinations to facilitate
the targeting of biochemically heterogeneous forms of conventional kinesin to specific MBO
cargoes (DeBoer, et al., 2008). Retrograde FAT of MBOs containing trophic factors,
degradation products and lysosomes from the axonal compartment to the neuronal cell body
is dependent upon cytoplasmic dynein (cDyn), a multisubunit complex consisting of two
dynein heavy chain and various additional protein subunits that either regulate DHC activity
or target DHC to specific MBO cargoes (Susalka and Pfister, 2000).

Neurons are highly vulnerable to functional alterations in microtubule-based motor proteins
responsible for the execution of FAT. Genetic evidence supports this contention, as
reductions in conventional kinesin and cDyn function resulting from mutations in selected
motor subunits are sufficient to promote degeneration of specific neuronal populations
(Morfini, et al., 2009a, Pfister, et al., 2006, Roy, et al., 2005). For example, autosomal
dominant loss of function mutations in kinesin-1A result in hereditary spastic paraplegia
(Reid, et al., 2002), a disease featuring well-documented dying-back degeneration of upper
motor neurons (Deluca, et al., 2004). Similarly, mutations in several cDyn subunits,
including dynein heavy chain and dynactin result in dying-back degeneration of sensory
and/or motor neurons (Eschbach and Dupuis, 2011). Relevant to this review, pathological
studies across a wide spectrum of neurodegenerative diseases indicate that neurons featuring
deficits in FAT undergo dying-back degeneration (Chevalier-Larsen, et al., 2008, Dupuis, et
al., 2009, Lai, et al., 2007, Puls, et al., 2005). Taken together, these observations clearly
indicate that reductions in FAT alone suffice to induce dying-back degeneration of neurons.
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Axonal transport defects in AD
Recently, the term “dysferopathy” (from the Greek word “fero”: to carry, transport) was
coined by our group to describe neurodegenerative diseases featuring alterations in FAT and
dying-back degeneration of neurons (Morfini, et al., 2007b, Morfini, et al., 2009a).
Significantly, a large body of evidence demonstrated alterations in FAT in animal models of
AD and tauopathies (Gotz, et al., 2006), prompting us to posit that AD could be described, at
least in part, as a dysferopathy (Morfini, et al., 2009a). Accordingly, Drosophila models that
express fAD-related forms of Aβ (Zhao, et al., 2010), APP (Gunawardena and Goldstein,
2001, Rusu, et al., 2007), and human tau (Mudher, et al., 2004) all exhibit FAT deficits.
Similarly, transgenic mouse lines harboring mutant PS1 (Lazarov, et al., 2007, Pigino, et al.,
2003), APP/PS1 (Chen, et al., 2011, Wirths, et al., 2007), APP/PS1/tau (Cai, et al., 2011,
Desai, et al., 2009), human apolipoprotein E4 (Tesseur, et al., 2000), and mutant tau (Gilley,
et al., 2011b, Yoshiyama, et al., 2007, Zhang, et al., 2004) all show evidence of FAT
impairments, as well as synaptic and axonal degeneration. For instance, axonal transport of
mitochondria, specific Trk receptors, APP, synaptophysin, and syntaxin are reduced in mice
expressing mutant PS1 (Lazarov, et al., 2007, Pigino, et al., 2003). Manganese enhanced
MRI studies in mutant APP transgenic mice (Smith, et al., 2007) and APP/PSI/tau triple
transgenic mice (Kim, et al., 2011) supported these observations by demonstrating
reductions in FAT prior to deposition of neuropathological inclusions in vivo. Interestingly,
environmental enrichment in APPswe/PS1ΔE9 mice promoted a reduction in tau
hyperphosphorylation and concomitantly increased the expression levels of conventional
kinesin subunits, suggesting that induction of brain plasticity modulates the toxic pathways
elicited by pathogenic forms of APP and PS1 (Hu, et al., 2010). Collectively, these
independent observations provide strong evidence that FAT deficits represent a common
feature among the diverse pathologies associated with the expression of AD-related
polypeptides.

What mechanisms underlie axonal transport defects in AD?
The precise mechanisms underlying FAT deficits in AD are a subject of intense
investigation by numerous research groups, and multiple pathways are likely involved
(Table 1). For instance, some reports suggested that increasing microtubule stability reduces
tau-mediated FAT deficits (Zhang, et al., 2012). Studies by the Mandlekow’s group led to
the proposal that tau protein reduces FAT by physically interfering with the binding of
conventional kinesin to microtubules (Ebneth, et al., 1998, Mandelkow, et al., 2003).
However, physical blockade of conventional kinesin by tau was not supported by other
studies (Morfini, et al., 2007a, Yuan, et al., 2008). Tau also was proposed to block
microtubule binding of conventional kinesin and to revert CDyn directionality (Dixit, et al.,
2008), but other reports contradict this possibility (LaPointe, et al., 2009, McVicker, et al.,
2011). Recent studies indicate that amyloid-β may inhibit FAT through multiple
mechanisms including activation of N-methyl-D-aspartate receptors and activation of
specific kinases (see below) (Decker, et al., 2010, Tang, et al., 2012). Unrelated to tau and
amyloid-β, recent work suggests that lysosomal dysfunction in AD has a deleterious effect
on FAT (Boland, et al., 2008, Lee, et al., 2011). While all of these pathogenic pathways
warrant further investigation and discussion, this review focuses on pathways featuring
abnormal activation of kinases and phosphatases, a major AD hallmark (Chung, 2009).

Phosphotransferases Regulate Fast Axonal Transport
Basic neuronal functions depend upon the exquisitely regulated delivery of specific MBOs
to numerous specialized axonal compartments. For example, saltatory conduction relies on
the localized delivery of MBOs containing sodium channels at the nodes of Ranvier.
Similarly, effective neurotransmission requires the sustained supply of synaptic vesicle
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precursors to hundreds of “en passant” and terminal synapses in CNS neurons (Morfini, et
al., 2001b). The required specificity of local cargo delivery to the appropriate location
strongly suggests the existence of regulatory mechanisms for FAT, fueling experiments
aimed at illuminating a molecular basis for FAT regulation.

Multiple mechanisms have been proposed to regulate FAT in vivo. Some are based on
regulation of motor protein activities by autoinhibition (Verhey and Hammond, 2009),
phosphorylation (Dillman and Pfister, 1994, Morfini, et al., 2009a), calcium-dependent
interactions with MBO-associated binding partners (Wang and Schwarz, 2009), or
recruitment of specific adaptor proteins (Kardon and Vale, 2009). Other mechanisms
proposed are based on the modification of microtubule tracks, including acetylation,
tyrosination and polyglutamination of tubulin, among others (Hammond, et al., 2010).
Dysfunction in any or all these regulatory mechanisms may be important to AD
pathogenesis. Because alterations in kinase-based signaling pathways are widely recognized
in AD (Chung, 2009), the remainder of this review focuses on the regulation of motor
proteins by phosphorylation.

Do abnormalities in the phosphoregulation of motor proteins contribute to the FAT deficits
in AD?

As discussed above, genetic and pathological evidence clearly indicate that deficits in FAT
suffice to cause dying-back degeneration of neurons. While mutations in molecular motor
subunits are not known in AD patients, alterations in regulatory mechanisms for FAT might
underlie the abnormalities in FAT characteristic of AD (Morfini, et al., 2009a). At present, a
large body of experimental evidence indicates that phosphorylation of motor proteins
represents a major mechanism for the regulation of FAT (Table 1). Significantly, abnormal
patterns of protein phosphorylation (i.e., tau and neurofilaments) and increased activation of
protein kinases represent major AD hallmarks (Chung, 2009). Moreover, several kinases
abnormally activated in AD affect FAT, including glycogen synthase kinase 3 (GSK3),
cyclin-dependent kinase 5 (Cdk5), and casein kinase 2 (CK2), among others (Morfini, et al.,
2009a). Taken together, these observations provide a rationale for the hypothesis that
alterations in the activity of numerous kinases underlie the FAT defects observed in AD.
Such abnormalities in kinase activity may also be associated with other aspects of AD
pathology, including altered synaptic function and gene expression.

A variety of protein kinases regulate specific functional activities of conventional kinesin
(Table 1 and Fig. 1a). For example, cJun amino-terminal kinase 3 (JNK3) was recently
identified as a mitogen activated protein kinase (MAPK) that phosphorylates serine 176
within the motor domain of KHC. This phosphorylation event impairs the binding of
conventional kinesin to microtubules and its translocation along axons in vivo (Morfini, et
al., 2009b). Another MAPK associated with reduction in conventional kinesin motility is
p38α (Bosco, et al., 2010), which also phosphorylates KHCs directly causing reductions in
microtubule binding (Morfini et al, unpublished). The protein kinases CK2 and GSK3
regulate the binding of conventional kinesin to MBO cargoes through a mechanism
involving phosphorylation of KLCs (Morfini, et al., 2002, Pigino, et al., 2003). Interestingly,
some evidence suggesting these kinases may act in concert to promote the regulation of
MBO cargo delivery. For example, CK2 phosphorylates one or more “priming sites” on
KLCs that in render these subunits phosphorylatable by GSK3 (Morfini, et al., 2002).

Consistent with the complex protein networks that characterize phosphorylation-based
signaling mechanisms, additional kinases and phosphatases indirectly regulate conventional
kinesin function. These include Cdk5 and protein phosphatase 1 (PP1), which together
delineate a pathway regulating activation of GSK3 within the axonal compartment (Morfini,
et al., 2004). Indeed, localized inhibition of Cdk5 promotes, through an unknown
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mechanism, increased activation of PP1. In turn, PP1 dephosphorylates an inhibitory
phosphate group within GSK3 (serine 9), leading to its activation and phosphorylation of
KLCs, among other substrates (Morfini, et al., 2004, Plattner, et al., 2006).

Phosphorylation-dependent regulatory mechanisms for conventional kinesin-based FAT are
better characterized than those regulating cDyn-based FAT. However, experimental
evidence from studies in the isolated squid axoplasm preparation illuminated specific protein
kinases that regulate retrograde FAT (Table 1 and Fig. 1b). For example, the non-
conventional protein kinase C (PKC) isoform, PKCδ, stimulates an increase in retrograde
FAT (Morfini, et al., 2007b), likely through a mechanism involving direct phosphorylation
of specific cDyn subunits (Morfini et al., unpublished). Axonal PKCδ can be activated
through a variety of different pathways, including proteolytic cleavage by caspase 3, and
caspase 3 can enhance retrograde FAT (Morfini, et al., 2007b). In contrast, the protein
kinases JNK3 (Morfini, et al., 2009b), CK2 (Pigino, et al., 2009) and p38β (Morfini et al., in
preparation) inhibit retrograde FAT in isolated squid axoplasm. However, the molecular
mechanisms by which these kinases inhibit CDyn-based motility have not yet been defined.

Misregulation of Phosphotransferase-based pathways in AD
Mechanisms underlying FAT impairments in sAD are not well understood and multiple
possibilities exist (see above and Table 1). However, experimental evidence from various
fAD animal models illuminated specific kinase-based pathways linking fAD-related proteins
to alterations in FAT. In AD, aberrant patterns of protein phosphorylation and misregulation
of phosphotransferase activities have long been recognized. Moreover, the presence of
abnormally phosphorylated proteins (e.g. tau) represents a major AD hallmark. One
implication of these observations is that aberrant activation of multiple, apparently
interconnected phosphotransferase-based pathways might lead to abnormalities in FAT and
dying-back degeneration in AD. A growing body of evidence appears consistent with this
hypothesis, because AD-related pathogenic factors including Aβ, PS1, ApoE and tau affect
the activities of specific phosphotransferases and promote alterations in FAT through
different mechanisms [reviewed in (Morfini, et al., 2009a)] (Fig. 2).

Amyloid-β and Phosphotransferase Misregulation
Since the identification of Aβ as the major constituent of senile plaques in AD brains, Aβ
has been considered a central player in AD pathogenesis (Benilova et al., 2012). The
discovery of fAD-related mutations in APP, the precursor protein from which Aβ is
generated, further supported this idea (O’Brien and Wong, 2011). Aβ peptides are first
generated from proteolytic cleavage of APP within the plasma membrane by secretase
proteases, later undergoing aggregation and conformational changes that lead to the
formation of oligomeric (oAβ) and fibrillar (fAβ) species (Thinakaran and Koo, 2008).
Forerunners in the list of potential mechanisms by which aggregated Aβ species, particularly
oAβ, promote neuronal degeneration involve the induction of synaptic dysfunction (Ferreira
and Klein, 2011, Moreno, et al., 2009) and promotion of FAT impairments through
abnormal activation of kinases (Pigino, et al., 2009).

Studies in cell culture (Hiruma, et al., 2003, Wang, et al., 2010) and animal models (Kasa, et
al., 2000, Smith, et al., 2007) recently linked various disease-relevant forms of extracellular
and intracellular Aβ to deficits in FAT triggered by various pathogenic pathways. For
instance, Rui and colleagues showed that Aβ peptides and fibrils inhibit mitochondrial
transport in cultured neurons via a GSK3-dependent mechanism (Rui, et al., 2006).
Similarly, treating cultured neurons with oAβ inhibits FAT of dense core vesicles and
mitochondria by a mechanism involving N-methyl-D-aspartate receptor-dependent and
GSK3 activation (Decker, et al., 2010, Tang, et al., 2012). Independently, Pigino and co-
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workers showed that intracellular oAβ inhibits anterograde FAT though a mechanism
involving CK2 activation, phosphorylation of KLCs, and dissociation of MBO cargoes from
conventional kinesin (Pigino, et al., 2009). Interestingly, oAβ also inhibited retrograde FAT,
but the exact mechanisms underlying the reductions in CDyn-based motility were not
addressed in these studies. Of note, these effects of oAβ on FAT were observed in isolated
axons, suggesting axon-autonomous effects of oAβ that are consistent with dying-back
degeneration in AD (Pigino, et al., 2009).

Presenilin-1, Apolipoprotein E and Phosphotransferase Misregulation
Subsets of fAD cases result from mutations in PS1 and PS2. Specifically, there are over 170
PS1 mutations and 14 PS2 mutations, with most mutations altering APP processing in ways
that increase the production of toxic Aβ species (Thinakaran and Koo, 2008). PS are the
catalytic core of the aspartyl protease γ-secretase that cleaves APP to yield Aβ (O’Brien and
Wong, 2011). The role of presenilins in Aβ generation led to the hypothesis that these
proteins play an important role in AD pathogenesis.

Several lines of evidence link fAD-related mutant PS1 to GSK3 and to changes in FAT.
First, the cytoplasmic domain of PS1 binds to GSK3 and this interaction is altered by fAD-
related mutations (Takashima, et al., 1998, Tesco and Tanzi, 2000). Second, in mammalian
cell culture models, mutant PS1 activates GSK3 and inhibits anterograde FAT. Indeed,
genetic deletion of PS1 or expression of mutant PS1 polypeptides all resulted in elevated
GSK3 activity, increased tau and KLC phosphorylation, and reduced binding of
conventional kinesin to MBO cargoes (Pigino, et al., 2003). Additionally, two transgenic
mouse lines harboring different PS1 mutants showed impairment in anterograde FAT of
APP and neurotrophin receptors in the sciatic nerve (Lazarov, et al., 2007). These
impairments were correlated with increased phosphorylation of GSK3 substrates (i.e.
neurofilaments and tau), and functional motor deficits (Lazarov, et al., 2007). Finally,
pathogenic forms of PS1 could affect FAT through alterations in Aβ production, which can
elevate CK2 kinase activity (Pigino et al., 2009). Thus, another important etiological factor
for fAD is clearly linked to FAT dysfunction by directly affecting the activity of
phosphotransferases known to regulate conventional kinesin function.

Three apolipoprotein E (ApoE) gene alleles exist in humans: ApoE2, ApoE3, and ApoE4.
Significantly, genetic studies linked the apoE4 allele to increased risk of developing sAD
(Hyman, et al., 1996). Interestingly, transgenic mice featuring neuronal expression of human
apoE4 display significant axonal degeneration (Tesseur, et al., 2000). Moreover, abnormal
accumulation of MBOs in affected axons further suggested inhibition of FAT (Tesseur, et
al., 2000). Relevant to this review, apolipoprotein receptor activation promotes GSK3
inactivation through a mechanism involving PI3 kinase and Akt activation (Beffert, et al.,
2002). Moreover, ApoE appears to modulate the activities of these kinases in an isoform-
specific manner (Laffont, et al., 2002). Thus, a major risk factor for sAD may be linked to
increased GSK3 activation and inhibition of FAT.

Tau and Phosphotransferase Misregulation
Historically, tau was considered a microtubule-associated protein that binds to and stabilizes
microtubules (Wang and Liu, 2008). However, a more diverse set of biological functions has
been attributed to tau in recent years, including a role as a signaling molecule (Kanaan, et
al., 2011a, Kanaan, et al., 2011b, Morris, et al., 2011). In AD, tau undergoes increased
phosphorylation and aggregation, leading to hyperphosphorylated and aggregated forms of
tau found in NFTs, neuropil threads and neuritic plaques. Animal models based on mutant
tau expression recapitulate some aspects of tau aggregation and several abnormal
modifications of tau seen in AD (i.e. phosphorylation, truncation, etc.), thus offering novels
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insights into AD pathogenesis. A large number of studies documented behavioral deficits,
synaptic and axonal abnormalities (e.g. swellings and spheroids), reductions in FAT of
specific MBOs, and neurodegeneration in transgenic mouse models expressing human wild-
type tau (Probst, et al., 2000), mutant P301L tau (Gilley, et al., 2011b, Lin, et al., 2005),
mutant P301S tau (Yoshiyama, et al., 2007), mutant R406W tau (Zhang, et al., 2004), and
mutant G272V/P301S tau (Leroy, et al., 2007) transgenic mouse models.

Until recently, molecular mechanisms linking disease-associated modifications of tau (i.e.
mutations, aggregation, and phosphorylation) to FAT deficits remained unknown. However,
recent work identified a signaling cascade by which pathological forms of tau activate
axonal PP1. Active PP1 in turn activates GSK3 via dephosphorylation at serine 9, ultimately
increasing KLC phosphorylation and dissociation of conventional kinesin from MBO
cargoes (LaPointe, et al., 2009). Further studies identified a phosphatase-activating domain
(PAD, aa 2–18) within the extreme N-terminus of tau that, when abnormally exposed,
promotes activation of the PP1-GSK3 signaling cascade, leading to inhibition of
conventional kinesin-based anterograde FAT (Kanaan, et al., 2011b).

Identification of PAD as a potential signaling motif within tau provided a basis for the
hypothesis that disease-associated modifications of tau promote increased PAD exposure
and inhibition of anterograde FAT. Indeed, PAD contains a putative PP1 binding site (aa 5–
8) that is likely responsible for activating this cascade upon PAD exposure (Liao, et al.,
1998). Numerous disease-associated forms of tau exist in which PAD is expected to be
exposed, including tau aggregates, short N-terminal isoforms, AT8 phosphorylated tau and
mutant tau. Consistent with model, these forms of tau cause significant deficits in
anterograde FAT (Kanaan, et al., 2011b, LaPointe, et al., 2009). Interestingly, some of these
toxic forms of tau did not require aggregation, suggesting that pre-filamentous forms of tau
with PAD exposed can elicit this effect (Kanaan, et al., 2011b). Accordingly, recent
experiments suggested that oligomeric forms of tau might represent a major toxic
conformation of aggregated tau leading to FAT inhibition (Patterson, et al., 2011a,
Patterson, et al., 2011b).

Using a novel PAD-specific antibody, immunohistochemical studies showed that increased
PAD exposure represents an early molecular event that precedes formation of NFTs in sAD
(Kanaan, et al., 2011b, Patterson, et al., 2011a). Curiously, tau abnormalities are pervasive
in AD and some neurons appear to survive for decades with tau pathology, suggesting that
some protective mechanisms that prevent the toxic effects associated with sustained PAD
exposure exist in neurons. Indeed, phosphorylation of tyrosine 18, which is located within
PAD, was identified as a modification that prevents PAD-mediated activation of the PP1-
GSK3 cascade and FAT inhibition (Kanaan, et al., 2011a). In AD brains, a subset of neurons
containing PAD-exposed tau were also positive for tyrosine 18 phosphorylated tau,
suggesting that tyrosine 18 phosphorylation by non-receptor tyrosine kinases may help
mitigate the toxic effects of PAD exposure in human neurons. Collectively, these data
suggest that early pathological changes in tau protein lead to increased PAD exposure,
which induces aberrant activation of a PP1-GSK3 cascade, phosphorylation of KLCs and
inhibition of conventional kinesin-based anterograde FAT (Kanaan, et al., 2011a, Kanaan, et
al., 2011b).

Interactions Between Pathogenic Factors
Studies in isolated squid axoplasm, a unique experimental system for the study of axon-
specific events, demonstrate that pathogenic forms of tau and Aβ can both inhibit FAT in an
axon-autonomous manner, but through independent mechanisms. However, an arguably
more appropriate view in the context of AD complexity is that these factors act in
overlapping and potentially synergistic ways (Fig. 2). In the case of tau, the relationship
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between GSK3 activation, PAD exposure and FAT inhibition may exist as a feed-forward
cycle. In this scenario, one or more postulated upstream initiating events (i.e. aging,
genetics, environment, toxins, life-style, diet, neuroinflammation, Aβ42 oligomers etc.)
promote modifications in tau that result in increased PAD exposure, leading to activation of
the PP1-GSK3 cascade that inhibits anterograde FAT. Abnormally activated GSK3 may
subsequently phosphorylate other protein substrates, including tau, further increasing PAD
exposure and/or inducing aggregation. The suggestion that Aβ-related signaling represents
one of the important upstream events that precipitate changes in tau conformation associated
with increased PAD exposure is particularly attractive. Indeed, Aβ exposure in cultured
neurons and in animal models induces activation of several kinases, including CK2 and
GSK3, that can phosphorylate tau and potentially affect the self-aggregation of tau (Avila, et
al., 2006, Hernandez, et al., 2010). Moreover, both cell culture (Rapoport, et al., 2002) and
animal models (Roberson, et al., 2007) of Aβ toxicity require tau for toxicity, including Aβ-
induced FAT deficits (Vossel, et al., 2010).

Additional evidence supports the notion that convergent pathways independently affect FAT
in AD. For example, Peethumnongsin and colleagues demonstrated an interesting link
between PS1 and tau in the context of FAT impairments (Peethumnongsin, et al., 2010). A
double transgenic mouse line was generated containing a conditional knockout of PS1 and
expressing wild-type tau proteins. In these animals, axonopathy and FAT impairments were
accelerated when compared to either single transgenic line alone, suggesting an additive
interaction between PS1 dysfunction and tau. Moreover, the double transgenic line exhibited
reduced neurotrophin signaling, impaired learning and memory, and increased cortical
neurodegeneration. Perhaps the convergence of tau and PS1 abnormalities lies at the level of
GSK3 activation since both of them inhibit anterograde FAT via signaling cascades
involving GSK3-mediated phosphorylation of KLCs. Lastly, the activity of other kinases
with known effects on FAT (i.e. JNK, Cdk5 and p38) are increased in sAD (Pei, et al., 2001,
Zhu, et al., 2001) and fAD animal models (Otth, et al., 2003, Rossner, et al., 2001). The
complexity and potential overlap in pathological cascades associated with FAT impairments
in AD support the notion that AD exhibits characteristics of a dysferopathy induced, at least
in part, by misregulation of phosphotransferases (Fig. 2). However, further studies are
required to establish the precise contribution of these events to AD pathology in vivo.

Phosphotransferases and Pathogenic Proteins: Which are Viable
Therapeutic Targets?

The most important insight that can be gleaned from the strong link between misregulation
of phosphotransferases, FAT deficits and synaptic degeneration in AD is the identification
of potential therapeutic targets. In this regard, the observations discussed here provide a
novel conceptual framework for devising novel therapeutic treatments in AD. If the FAT
deficits that characterize this disease indeed result from alterations in the activity of
phosphotransferases, these could be corrected using pharmacological approaches.
Identifying specific phosphotransferase activities relevant to FAT deficits, synaptic
dysfunction and axonal degeneration in AD would represent a critical step. After this,
specific inhibitors could be developed, or already known agents could be used to restore
these enzymatic activities to their normal levels, without compromising their basic cellular
functions. One would expect that preventing decrements in FAT would have a positive
outcome for patients. Moreover, if FAT deficits are treated early enough, the loss of
neuronal connectivity that accompanies AD could be prevented.

Alternatively, therapeutic interventions aimed at the pathological conformations that initiate
the toxic cascades may be effective. Since oAβ appears to be the primary toxic form of
amyloid, approaches that either dissolve or sequester oAβ, or ones that block the ability of
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oAβ to activate CK2 may prevent the toxic cascades leading to decrements in FAT.
Similarly, blocking the ability of mutant PS1 to activate GSK3 may be therapeutic. Lastly,
therapies based on blocking the effects of aberrantly exposed PAD in tau represent a viable
approach. Regardless of the approach, the most critical advancement that is required prior to
development of effective therapies is a reliable, reproducible, accurate and specific
diagnostic method for identifying early alterations in phosphotransferase activity and FAT
efficiency in AD.

Conclusions
Studies continue to demonstrate a strong link between phosphotransferase misregulation,
FAT deficits and neurodegeneration in AD, as well as other neurodegenerative diseases. The
unique burden of maintaining FAT and well-orchestrated delivery of specific cargoes to
select subdomains of neurons makes them particularly susceptible to perturbations in FAT.
This notion supports the long recognized, yet unexplained, fact that adult-onset
neurodegenerative diseases typically feature increased vulnerability of projection neurons
within specific brain regions, while interneurons are typically less affected or even spared
(Mattson and Magnus, 2006). Furthermore, deficits in FAT in AD are likely not an all-or-
nothing phenomena, but instead might occur in localized regions (e.g. within discrete axonal
subdomains) early in disease development. Such localized deficits might allow neurons to
survive for a long time before manifesting signs of dysfunction and death. One can envision
a degenerative cascade in which FAT impairments would first affect the regions most reliant
on proper transport function – the synapse. After a currently undefined threshold is reached,
synaptic deficits would promote axonal degeneration. Eventually, the axonal degeneration
leads to overt neurodegeneration as the trophic signaling and other target-derived
components are no longer available. As discussed here, the traditional pathological factors
(e.g. tau, Aβ, PS1, ApoE) appear to play a direct role in precipitating FAT impairments
through their actions on phosphotransferase-based pathways. Not surprisingly, there are
multiple pathways that seem to converge, and in some cases may act synergistically, on FAT
(Fig. 2).

Despite recent advances in our understanding of the role for phosphotransferase
misregulation in FAT impairments, much remains to be done. Age-related
neurodegenerative diseases such as AD are complex, multifaceted diseases that are likely
built upon a foundation of aging-related changes as well as other disease-specific
mechanisms. Indeed, the mechanisms of FAT impairments discussed above are likely not
the only factors at play. Unknown factors affecting FAT and/or phosphotransferases will no
doubt come to light with continued research, as well as mechanisms that are not centered
around FAT. Regardless, once axons start degenerating, neurons loose their functional
connections and are headed down a one-way street in the wrong direction (Brady and
Morfini, 2010). Thus, FAT represents a critical target in studies aimed at understanding
disease mechanisms in AD. Developing therapeutic strategies that effectively help prevent
impairments in FAT and loss of neuronal connectivity in AD should help rescue affected
neurons from reaching the “point of no return”.
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Fig. 1.
Phosphoregulation of motor protein complexes that mediate fast axonal transport (FAT). (A)
Biochemically heterogeneous forms of conventional kinesins are regulated through
numerous kinases that phosphorylate specific motor protein subunits and regulate specific
functional activities. For example, the microtubule-binding activity of kinesin heavy chains
(KHCs) is inhibited by c-Jun N-terminal kinase 3 (JNK3) and p38-mediated
phosphorylation. In contrast, both glycogen synthase kinase 3 (GSK3) and casein kinase 2
(CK2) phosphorylate kinesin light chains (KLCs), promoting dissociation of bound
membrane bound organelle (MBO) cargoes. Cyclin-dependent kinase 5 (Cdk5) and protein
phosphatase 1 (PP1) indirectly promote MBO cargo dissociation through mechanisms
involving GSK3 activation. (B) Similarly, some kinases promote reductions in cytoplasmic
dynein (cDyn)-mediated retrograde FAT; however, the precise mechanisms mediating their
effects remain unclear. Interestingly, protein kinase C delta (PKCδ) increases retrograde
FAT; but again, the underlying mechanisms are unknown. In the context of Alzheimer’s
disease and other neurodegenerative diseases, these observations provide a molecular link
between abnormal kinase/phosphatase signaling, deficits in FAT, and dying-back
degeneration of neurons. Green arrows indicate movement of motor complexes; an “X”
indicates inhibition of this movement; the larger green arrow indicates enhanced movement.
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Fig. 2.
Signaling pathways linking alterations in phosphotransferases to axonal transport defects,
axonal degeneration, and cell death in AD. (A) A general schematic for the proposed role of
phosphotransferases and axonal dysfunction in the pathogenesis of numerous
neurodegenerative diseases characterized by a dying-back pattern of degeneration. (B)
Plugging Alzheimer’s disease (AD)-specific pathologies into the schematic clearly suggests
that there are many parallel and potentially interacting pathways that begin with
abnormalities in known disease-associated factors (i.e. abnormal tau protein, mutant PS1,
amyloid-β oligomers), and through aberrant activation of kinase and/or phosphatases, lead to
impaired axonal transport, neuroanatomical disconnection of disease-related brain
structures, functional deficits and eventually neurodegeneration (later in disease). Indeed,
relatively subtle abnormalities in fast axonal transport, synaptic function and connectivity
among neurons likely underlie the initial clinical symptoms of AD and as the disease
progresses these pathways are further activated ultimately causing neurodegeneration and
further functional impairment. Dashed arrows indicate secondary interconnections among
toxic pathways that might contribute to pathological progression; green arrows indicate
facilitating mechanisms, blunt-ended arrows indicate inhibitory mechanisms.
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