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Introduction

Neurons are unique cells because of their morphology and polarity, with the cell body
extending two types of processes. These are the dendrites that primarily receive signals from
other cells and the surrounding environment and the axons that are long processes
connecting neurons to their target cells. The longest neuronal process, the axon, can extend
up to a meter in length from the cell body, in the case of some motor and sensory neurons.
One of the unique challenges of the neuron is the provision of materials to distant synapses,
where communication with target cells takes place. Such provision relies on the trafficking
of material to and from the synapse by a complex set of intracellular trafficking events
collectively referred to as fast axonal transport (FAT) (reviewed in [6]). Microtubule motor-
based FAT along axons is critical to the function and health of neurons, delivering
organelles, vesicles, and other cellular materials that ultimately support communication with
target cells. FAT is also necessary for returning damaged material to the cell body for
recycling, and for delivering neurotrophic signals received at the axon terminal to the cell
body, where they can affect gene transcription (reviewed in [67]). The importance of this
process is highlighted by examples of neurodegeneration following its disruption. Mutations
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in the genes encoding proteins involved in transport along the axon (including molecular
motors, cytoskeletal tracks, and adaptor proteins) cause several neurodevelopmental and
neurodegenerative diseases (reviewed in [65, 79]). The tau protein is among those implicated
in affecting FAT in a group of neurodegenerative diseases known as tauopathies (reviewed in
[42, 45]). In this chapter, we will discuss the relationship between tau and FAT under normal
conditions and how disruptions to this process may be a toxic mechanism in multiple
neurodegenerative diseases.

Tau Protein and Disease

From its initial discovery in 1975, the tau protein was closely associated with microtubules
and is somewhat enriched in axons [5, 105]. It is primarily expressed in the brain with higher
levels of mMRNA and protein in the cortex and hippocampus than white matter and the
cerebellum [95]. The protein exists as six major isoforms in the adult human brain,
generated through alternative mRNA splicing. The isoforms differ in their inclusion of 2, 1
or 0 of exons 2 and 3 in the N-terminus and their inclusion of exon 10 which determines
whether the protein contains either 4 or 3 microtubule-binding repeat regions (+exon 10 =
4R tau, —exon 10 = 3R tau; Fig. 7.1a). The microtubule-binding regions in the C-terminal
half of the protein are positively-charged, while the N-terminus is enriched in acidic amino
acids leaving the protein isoforms with a relatively low net charge. Directly upstream of the
microtubule-binding domains is a proline-rich region which includes several
phosphorylation sites and PXXP motifs that may bind to SH3 domains (Fig. 7.1b). Other
functional domains include a phosphatase-activating domain (PAD, discussed in greater
detail below) at the extreme N-terminus [40]. Structural studies indicate that tau is a highly
dynamic protein, capable of multiple conformations that may underlie its diverse role in
multiple cellular functions. The protein contains regions of secondary structure and acquires
global conformations such as the “paperclip”, which involves the N- and C-termini
interacting with each other and the C-terminus interacting with the microtubule-binding
repeat regions [38, 69].

Approximately a decade after the discovery of tau, a series of studies demonstrated that tau
was the primary component of the hallmark tangle pathology in Alzheimer’s disease (AD)
and that tau was heavily phosphorylated in these inclusions [29, 30, 107]. Interest in the tau
protein has continued to grow as a central role in AD and several other neurodegenerative
disorders became apparent. The discovery of inherited mutations within the tau gene that
lead to early-onset frontotemporal dementias (FTDs) was the first line of evidence
demonstrating that pathological tau is sufficient to cause neurodegenerative disease [35]. In
these diseases, tau undergoes a number of pathological post-translational modifications
(reviewed in [55, 84]) and forms a variety of morphologically different aggregates that range
from small oligomers to much larger filamentous inclusions (reviewed in [46]). Pathological
tau is highly modified compared to its normal state with some of the most prominent
modifications including increased levels of phosphorylation, changes in overall
conformation, and truncation of the protein, among many others [7, 15, 29, 31, 34]. These
modified versions of tau accumulate in the somatodendritic and axonal compartments of
neurons and often display impaired microtubule binding [8, 12, 28, 82], fueling the notion
that reduced stability of the microtubule cytoskeleton represents a critical pathogenic event
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in tauopathies. However, almost 50 years after its discovery, the exact mechanisms of tau
toxicity continue to be debated.

Some potential clues may be found by elucidating tau’s normal cellular functions as well as
examining the neurodegenerative phenotypes associated with tauopathies. As mentioned
above, tau was traditionally linked to microtubule-based functions involving stabilization
and dynamics. However, the protein’s putative functions have expanded to include regulation
of FAT, scaffolding for phosphotransferases, synaptic plasticity, neuronal activity, actin
bundling, and mediating interactions between cellular components (reviewed in [45, 103]).
These functions may be reliant on the local tau isoform composition as well as specific sets
of regulatory post-translational modifications. Thus, many, if not all, of these potential
functions of tau are likely affected in disease as the protein undergoes abnormal
modification, misfolding and aggregation.

Axonal Transport

Projection neurons affected in tauopathies face a unique challenge in maintaining their
health and functional abilities due to their cellular architecture. On one end of a neuron is the
somatodendritic compartment, the primary location of protein synthesis and degradation,
and on the other end are the synapses where inter-neuronal communication takes place. The
transport of material in both directions is therefore vital to the cell and defects in this process
contribute to a variety of neurodegenerative disorders (reviewed in [9]).

Transport in the axon occurs along the axonal microtubules [49] while actin microfilaments
and neurofilaments have roles that are more structural; although microfilaments are
important in short distance movements such as secretion and neurotransmitter release. Two
major molecular motor families are responsible for bidirectional transport along
microtubules in the axon, kinesins and dyneins (Fig. 7.2). The kinesin superfamily is
organized into 14 families, from which 46 kinesins are expressed in the human brain
(reviewed in [59]). Conventional kinesin, or kinesin-1, is the most abundant member of the
kinesin superfamily and exists as a heterotetramer composed of two heavy chains (involved
in ATP and microtubule binding and movement) and two light chains (involved in cargo
binding) that produce plus-end directed movement of cargoes toward the axon terminal [20],
a process known as anterograde fast axonal transport (aFAT) (reviewed in [67]). Other
members of the kinesin superfamily, kinesin-2, kinesin-3 and kinesin-4 may also be involved
in a subset of aFAT [75, 86], but the bulk of trafficking appears to be mediated by
conventional kinesin [3, 10, 88]. Cytoplasmic dynein is a large multisubunit (two proteins
each of a heavy chain, intermediate chain, light intermediate chain, and three light chains)
motor complex responsible for minus-end directed movement, or retrograde FAT (rFAT)
(reviewed in [76]). In contrast to the FAT of membrane-bound organelles, other cytoplasmic
and cytoskeletal proteins move through slow axonal transport, a process that likely involves
kinesin-1 and dynein but is not fully understood yet ([51, 98] and reviewed in [78]).

Normal FAT is regulated through a complicated system involving the composition of
different motor protein complexes and regulatory post-translational modifications of the
motor complexes (e.g. phosphorylation) (reviewed in [9, 67]). Several studies have
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suggested that variation in kinesin-1 motor protein subunits can lead to specificity in the
cargoes being transported [20, 90, 92]. Phosphorylation is the best studied post-translational
modification in the context of regulating multisubunit motor complexes. Studies in various
experimental systems, most notably the isolated squid axoplasm preparation [44, 85],
revealed that signaling pathways involving several kinases or phosphatases can tightly
regulate FAT by inhibiting binding to microtubules or promoting cargo dissociation [19, 61,
62]. In fact, several regulatory kinase and phosphatase pathways for FAT are disrupted in
tauopathies and other neurodegenerative diseases providing another potential link between
FAT, loss of axonal connectivity, and neuronal degeneration (reviewed in [42, 65]).

Axonal Degeneration in Tauopathies

There are 27 different tauopathies described to date including Alzheimer’s disease (AD),
chronic traumatic encephalopathy (CTE), Pick’s disease (PiD), progressive supranuclear
palsy (PSP), frontotemporal dementia with parkinsonism linked to chromosome 17
(FTDP-17), and corticobasal degeneration (CBD) (reviewed in [53]). Tauopathies typically
display pathological features consistent with a “dying back” pattern of neuronal
degeneration. These include dystrophic axons and spheroids, as well as evidence of
disrupted FAT (Fig. 7.3) (reviewed in [42, 45]). Accordingly, synaptic dysfunction and loss
also occur very early in disease and synaptic loss correlates closely with cognitive deficits in
AD and other tauopathies [21]. Studies using post-mortem human tissue samples suggest
that tau inclusions appear as neuropil threads or dystrophic neurites early during the
progressive accumulation of tau pathology in AD brains [25, 47]. Advanced brain imaging
studies confirm degeneration of white matter containing axonal projections during the mild
cognitive impairment stage, prior to onset of AD, and continued degeneration in other
regions with disease progression. Tau pathology and degeneration are also prominent
features of other tauopathies. In PSP, pathological tau is observed in neuropil threads and in
subcortical white matter along with dystrophic axons and spheroids indicative of FAT
disruptions and degeneration in the same regions [2, 33, 36, 70]. Tau-positive neuropil
threads are also observed in CBD and closely associated with white matter degeneration
detected by advanced imaging [36, 111]. Pick bodies are the defining feature of PiD but tau
pathology can also be detected in axonal terminals along with neuritic threads and axonal
spheroids in mossy fibers and cerebellar white matter [74]. Again, this is associated with
degeneration of white matter regions that can be quite severe [108]. CTE brains present with
neuropil threads and axonal atrophy within subcortical white matter and transported proteins
accumulate in axons after traumatic brain injuries [48, 56, 99].

Together, these and other studies demonstrate that the most common tauopathies are
characterized by several features that point to a significant role for axonal dysfunction that
may be caused by deficits in FAT. Pathological tau modifications and axonal degeneration
are closely associated with each other, beginning with the earliest stages of tauopathy
pathogenesis. Axonal swellings and accumulation of vesicular organelles also suggest
abnormalities in FAT. Collectively, these observations suggest that pathological forms of tau
may exert toxic effects through disruption of normal processes in the axon. In fact, as
discussed below, evidence from several model systems supports this hypothesis and
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indicates that regulation of FAT appears to be disturbed by several disease-associated
pathological changes to tau.

Tau-Based Effects on Fast Axonal Transport

Tau and Regulatory Signaling Pathways for Fast Axonal Transport

Accumulating evidence clearly implicates a number of kinase and phosphatase signaling
pathways in the regulation of motor complex-based transport of organelles along axons. The
squid isolated axoplasm model of FAT was instrumental in several significant discoveries of
the biology of FAT, including the initial discovery of conventional kinesin, the most
abundant member of the kinesin superfamily [11]. In this model, the giant axons are
removed and the axoplasm extruded, which allows the study of axon-autonomous molecular
events including FAT [44, 85]. Video-enhanced contrast-differential interference contrast
microscopy is used to visualize and measure the velocity of membrane-bound organelle
cargoes undergoing FAT along microtubules [85]. Over the past several years the squid
axoplasm assay also was used to elucidate a number of signaling pathways regulating aFAT
and rFAT through different mechanisms. For example, activation of the p38a MAPK
pathway results in inhibition of kinesin-based aFAT, while activation of CK2 or JNK3 causes
inhibition of both aFAT and rFAT [61, 64, 66, 72]. The squid axoplasm preparation was
particularly important in elucidating tau’s role in regulating FAT through the PP1-GSK3
signaling pathway. This pathway involves activation of PP1 and subsequent
dephosphorylation of Ser9 in GSK3p, an event that results in activation of this kinase (Fig.
7.4) [62]. Active GSK3 regulates aFAT by phosphorylating kinesin light chains and causing
release of conventional kinesin holoenzymes from their transported cargo [61, 97].
Importantly, several disease-relevant pathological modifications of tau were shown to disrupt
FAT through alterations of this signaling cascade [40, 50].

Initial studies using the squid axoplasm focused on testing effects of tau monomers on FAT,
which had been proposed to compete with conventional kinesin for microtubule binding
[81]. Introduction of soluble tau monomers at concentrations from 1-25 pM tau had no
apparent effect on FAT in either direction, while much lower concentration of a dynein
microtubule-binding domain peptide blocked both directions [63]. These studies raised
questions about whether tau aggregates would affect FAT. Recombinant wild-type tau
aggregates (a mixed population of oligomers and filaments) specifically inhibited aFAT but
did not affect rFAT, while monomeric tau had no effect on FAT in either direction [18, 50].
The toxic effect of aggregated tau on aFAT was blocked when tau aggregates were co-
perfused into isolated axoplasm with either PP1-specific or GSK3-specific inhibitors
demonstrating activation of a PP1-GSK3 pathway as the underlying mechanism [40, 50].
Additional work found that tau-mediated transport toxicity was dependent upon a 17 amino
acid motif in the extreme amino terminus of tau (i.e. aa 2-18), which was since termed the
phosphatase-activating domain (PAD). Additional experiments showed that the PAD was
sufficient to disrupt aFAT through this pathway [40, 50]. Relevant to tauopathies, the PAD
epitope was normally sequestered in control tau, but exposed in pathological forms of tau.
This was true for both isolated tau and tau aggregates /7 vitro [40] and /in vivo for all
tauopathies examined to date [16, 17, 43]. Collectively, this body of work provided a new
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framework for understanding tau-mediated toxicity. Specifically, disease-associated tau
modifications (e.g. aggregation, specific phosphorylation events, etc.) alter tau structure in a
way that leads to conformation-dependent exposure of PAD. Subsequently, aberrant PAD
exposure is directly linked to a specific molecular pathway of toxicity (i.e. the PP1-GSK3
pathway) that results in FAT impairment. Tau contains three putative RVXF PP1-interacting
domains (including one within PAD) and is able to localize the phosphatase to microtubules,
which is consistent with a role for tau in regulating this pathway [24, 52]. The biological
activity of the PAD suggests that physiological changes in tau could lead to tightly regulated
exposure, which may allow delivery of selected organelles at specific axonal subdomains
under normal conditions (reviewed in [67]).

Further studies tested the PAD-dependent mechanism of toxicity using two specific tau
modifications that were predicted to facilitate PAD exposure by impairing tau paperclip
folding. First, a key set of studies showed that phospho-mimicking triple phosphorylation at
ATS8 sites in tau (i.e. Ser199, Ser202 and Thr205) disrupted the paperclip conformation
causing extension of the extreme amino-terminus [39] and subsequently PAD exposure.
Consistent with enhanced PAD exposure, when applied to squid axoplasm the
phosphomimetic AT8 tau monomers disrupted aFAT [40]. Second, an FTDP-17 mutation
was described that causes deletion of exons 6-9 comprising the first microtubule-binding
region and the proline-rich region, the domain of tau that allows flexibility for the N-
terminus to fold onto the C-terminus in the paperclip conformation [77]. The prediction that
the monomeric form of this protein would significantly impair aFAT was confirmed in squid
axoplasm as well [40]. A role of tau-mediated FAT toxicity in AD was consistent with
studies in mammalian neurons, where toxic effects of oligomeric AP on FAT were
dependent on both tau and GSK3p [102]. Finally, PAD-dependent impairments in synaptic
transmission were found in the squid giant synapse [60] and other studies demonstrate
oligomeric tau (a multimeric form with increased PAD exposure) is toxic to synaptic
function suggesting PAD exposure may disrupt both axonal and synaptic functions in
neurons. These studies not only confirmed this novel PAD-mediated mechanism of tau
toxicity but also indicated that modifications of monomeric tau can confer toxicity
independently of aggregation.

Human tissue studies further confirmed this working model of tau toxicity in multiple
tauopathies, demonstrating that tau species shown to impair FAT manifest early during
disease progression. For example, the TNT1 and TNT2 antibodies are markers of
conformation-dependent PAD exposure (Fig. 7.3) [17, 40]. These antibodies label the
earliest forms of tau deposition, pre-tangles, and robustly label neuropil threads early in AD
as well as the hallmark pathologies in AD and other tauopathies. Importantly, these
antibodies show little to no detection of normal tau in post-mortem human brains or in non-
denaturing /n vitro assays [16-18, 40] (see Fig. 7.3). This pattern of staining is very similar
to the robust labeling of pre-tangle inclusions and neuropil threads observed early during
disease progression with the AT8 phospho-tau antibody [8, 40] and TOCL1, a tau oligomer-
specific antibody [18, 71, 104]. The conformation- and disease-specific labeling with these
specific tau antibodies suggests that changes in the global conformation of tau leads to
exposure of the PAD motif early in disease.
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Activation of other pathways by mutant forms of tau have also been proposed. Transgenic
mice expressing a K3691 FTDP-17 mutation displayed aFAT defects that were proposed to
be associated with tau interacting with JIP1 [37]. However, this suggestion was based on
overexpression of mutant tau and cannot rule out a role for PAD exposure in the FAT
changes. Expression of another FTDP-17 mutant tau, A152T, in C. elegans neurons led to
abnormal localization of synaptic vesicles that may be due to minor disruptions in aFAT and
rFAT independent of any tau aggregation or changes to microtubule binding [14, 73]. These
studies do not identify a specific signaling pathway, but the conclusions may be similar to
observed impairment of aFAT and rFAT by tau filaments phosphorylated at S422 [93], a
disease-specific phosphorylation event that occurs early in pre-tangles and robustly labels
neuropil threads in areas of the brain involved in memory and cognition [32, 94]. Such
observations suggest that certain modifications in tau may expose PAD and other domain(s)
that in turn activate alternative signaling pathways.

Tau May Physically Interfere with Kinesin Binding to Microtubules

Several studies reported that increased levels of tau can alter the behavior of motor proteins,
while others have failed to see such effects. Overexpression of fluorescently-tagged tau in
primary neurons was reported to inhibit aFAT of amyloid precursor protein (APP) and
similar effects on kinesin-based transport of mitochondria were observed in other cell lines
[23, 87]. In complementary in vitro studies, the presence of tau reduced the processivity of
multiple motor proteins but did not affect their overall speed [96]. All of these effects were
proposed to occur through tau-based hindrance of kinesin’s binding sites [54]. A similar
mechanism was proposed based on tau’s interference with kinesin activity and dynein
reversals on stabilized microtubules [22]. However, other studies have not supported this
hypothesis. The kinesin- and dynein-binding sites on microtubules are overlapping, so
addition of the dynein microtubule-binding domain effectively blocks both kinesin- and
dynein-based motility [63]. In contrast, levels of tau as high as 1 tau per tubulin dimer had
no effect on FAT in the squid axoplasm preparation, providing strong evidence against the
notion that tau competes with kinesin for microtubule binding [63]. Also, tau binding to
microtubules did not alter kinesin speed or run length and only marginally affected
microtubule-binding at tau:tubulin concentration ratios much higher than physiological
levels [50, 63, 81]. Studies in tau-overexpressing transgenic mice also found that increasing
levels of normal tau had no effect on kinesin-based transport /n vivo [110]. Efforts to explain
these discordant results suggested that tau may interact differentially with microtubules
under varying conditions. For example, the nucleotide-binding state of microtubules were
reported to alter tau effects as tau inhibited Kinesin-based transport on GDP-microtubules
but not on GTP-microtubules and in an isoform-dependent manner [57]. In this case the
shortest 3R tau induced a more severe phenotype than the longest 4R isoform. However, it is
difficult to find a physiological role for these effects and the high levels of tau and the
distinctive conditions involved are not known to exist in any disease condition. Overall,
definitive evidence for direct physical interference of tau with microtubule-based motor
proteins /n vivois lacking, but more complicated interactions under non-physiological
conditions cannot be ruled out.
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Tau Isoforms Differentially Affect Fast Axonal Transport

Other studies have also examined isoform-specific effects of tau. Expression of wild-type
human 3R tau, but not 4R tau, induced an accumulation of vesicles in the axons of
Drosophila larva motor neurons [80]. This effect was exacerbated by tau phosphorylation
and reversed upon inhibition of GSK3p, potentially implicating it in the mechanistic
pathway [68]. In human induced pluripotent stem cell (iPSC) dopaminergic cultures,
shRNA-mediated knockdown of only 4R isoforms reduced the average velocity of axonal
mitochondria compared to control and total tau knockdown neurons [4]. The shortest 3R tau
isoform shortened kinesin run length to a greater degree than the longest 4R isoform in an /in
vitro assay, an effect that was dependent upon the number of motor proteins bound to the
beads and was interpreted to be a result of tau reducing kinesin binding to microtubules
[100]. Therefore, the local tau isoform composition was suggested to act as a regulatory
factor in influencing cargo travel and final destinations within the axon, although a
mechanism for creating such differential distributions of tau isoforms in cells remains to be
identified.

The functional implications of having different tau isoforms remain unclear and the
pathognomonic inclusions of different tauopathies are typically composed of specific
isoforms. For example, AD and CTE are a mixture of 4R and 3R inclusions, while PSP and
CBD are primarily 4R inclusions and PiD is primarily a 3R inclusion disease [13, 27, 83,
109]. To evaluate the effects of different tau isoforms, preparations of monomeric and
aggregated tau were generated for each of the 6 isoforms found in human CNS. Although
there were differences in their relative toxicity, aggregated forms of the six tau isoforms
similarly impaired aFAT in the squid axoplasm preparation, suggesting the PAD-dependent
PP1-GSK3 mechanism of toxicity may be a common element among tauopathies
independent of the tau isoforms that comprise the pathology [18]. Further work is required
to fully appreciate the normal and pathological functions of each tau isoform.

Other Mechanisms of Fast Axonal Transport Regulation by Tau

Tau may also alter FAT through direct effects on microtubule organization. Tau, in an
isoform-specific manner, may act as a microtubule-spacer that simultaneously bundles
microtubules and prevents them from overcrowding which could facilitate transport under
normal cellular conditions [58]. Microtubule-based effects were also examined by
overexpressing or deleting the fly homologue of human tau in Drosophila melanogaster
neurons [91]. Increasing tau expression levels resulted in increased pause times of vesicles
being transported in aFAT and rFAT. This was associated with changes to microtubule
density and axon caliber as well, which may have influenced FAT. Unlike humans, flies do
not express redundant MAPSs so it is difficult to know how these findings translate to
mammalian neurons. Other studies have failed to see a significant effect of tau
overexpression on either direction transport in mouse axons [110].

Tau may also mediate effects of other AD-related molecules. In addition to tau pathology,
diseases such as AD are characterized by the accumulation of pathological amyloid-g (Ap)
peptides in plaques [106]. Treatment of primary neurons with Ap oligomers inhibited FAT
of mitochondria and TrkA and the effect was dependent upon presence of tau [101]. A cross
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of MAPTP30LL mice, an FTDP-17 tau line, with TQCRNDS8, a mouse line expressing mutant
amyloid precursor protein, resulted in more severe decrease of mitochondrial transport while
in the tau line alone aFAT was slightly increased before decreasing with age [1, 26].
Synergistic effects of oligomeric AP have been noted in a variety of other studies as well. In
particular, GSK3 phosphorylation of kinesin light chains requires a priming phosphorylation
event [61], which is efficiently provided via activation of CK2 by oligomeric AB [72]. The
result of activating both pathways at the same time would exacerbate inhibition of FAT in
AD (reviewed in [9]).

Reinforcing the notion of tau playing a role in FAT regulation, a post-translational
modification within the PAD was shown to modulate tau’s effects. Specifically,
phosphorylation at Tyr18 rescued PAD-mediated aFAT impairment in the isolated squid
axoplasm model [41]. Further, phospho-Tyrl8 co-localized with TNT1 immunoreactive tau
inclusions in human disease [41]. Thus, Tyrl8 phosphorylation may represent a normal
regulatory mechanism that attenuates tau’s ability to cause dissociation of kinesin from
cargoes for delivery, and in pathological contexts may be neuroprotective and block the
aberrant activation the PP1-GSK3 pathway caused by PAD-exposed tau species.
Accordingly, surviving neurons at late AD stages display strong immunoreactivity when
using an anti-phospho-Tyr18 antibody [41]. Phosphorylation at this site may affect other
mechanisms of tau-mediated transport regulation. For example, pseudophosphorylation at
Tyrl8 rescued inhibition of kinesin-1 motility induced by the shortest 3R isoform [89].

Conclusion

Based upon the evidence presented in this chapter, pathological forms of the tau protein
found in AD and other tauopathies may induce toxicity by disrupting FAT. Tau
modifications, such as conformational changes and increased phosphorylation, are detected
within axons very early in the course of disease progression. In addition, the initial signs of
neurodegeneration typically occur with synaptic dysfunction followed by a “dying back”
degeneration of axons. Given that pathological tau and neurodegeneration first occur in the
axon, it is natural to ask if the protein may exert toxic effects through disruption of a critical
cellular process like FAT. In fact, many pathological forms of tau were found to disrupt FAT
across multiple model systems ranging from /n vitro biochemical systems to squid axoplasm
and mouse models. Several potential mechanisms of tau toxicity, not mutually exclusive, are
proposed and supported experimentally. Given the discovery of biological activity for the
PAD, it is reasonable to speculate that tau may help regulate FAT under normal conditions
and exert toxicity in disease through a hypermorphic gain-of-function mechanism. Tau’s
normal function may take the form of modulating signaling pathways that regulate FAT by
modulating kinesin-cargo interactions and/or kinesin-microtubule interactions. Further
studies will provide a better understanding of tau’s normal and pathological roles,
potentially providing a specific mechanistic framework for the development of effective
therapeutic strategies to treat tauopathies.
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Fig. 7.1.
Tau isoforms and selected modifications. (a) In the adult human brain tau primarily exists as

six isoforms generated through alternative mRNA splicing. The isoforms differ based on the
inclusion of exons 2 and 3 in the N-terminus of the protein (2 N, 1 N, or 0 N) and exon 10.
Exon 10 contains the second of four potential microtubule-binding repeat regions. Isoforms
are referred to as 3R or 4R based on the number of repeat regions they contain. (b)
Modifications to the protein can affect its function and induce dysfunction in disease. Some
selected modifications discussed here include phosphorylation sites (green) at tyrosine 18
and the AT8 sites (serine 202 and threonine 205). FTDP-17 mutations can lead to inherited
early-onset frontotemporal dementias (reviewed in [53]). Several of these mutations have
been linked to FAT dysfunction including A152T, P301L, K369, and R406W (red).
Functional domains associated with transport include the phosphatase activating domain
(yellow), a motif that is conformationally displayed in disease-related forms of tau and
linked to changes in signaling pathways that regulate transport. The tau molecule contains
many phosphorylation sites throughout the sequence, some of which are found in healthy
tissues and others are associated with tau pathology. (Reviewed in [84])
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Fig. 7.2.
Neurons depend on robust microtubule-based transport in axons. A healthy, functional

neuron is dependent on the molecular motor complexes kinesin (a) and dynein (b), whose
roles are to transport material along microtubules in the plus- (anterograde) or minus-end
(retrograde) direction, respectively. Materials synthesized in the soma (e.g., cytoskeletal
components, mitochondria and membrane-bound organelles) rely on kinesin for their
delivery to the correct axonal compartment (c). Kinesin-driven anterograde transport is
necessary for the delivery of synaptic components, including mitochondria and vesicles, to
the axon terminal where they will aid in cell signaling as well as delivery of channels to
axon to support propagations of the action potential. Dynein-driven retrograde transport is
necessary for the transport of signaling endosomes and material undergoing breakdown and
recycling, like damaged mitochondria, multivesicular bodies and lysosomes (d) back to the
neuronal soma
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Fig. 7.3.
Dystrophic axons containing tau pathology is a prominent feature in multiple tauopathies.

The TNT1 antibody detects exposure of the phosphatase activating domain (PAD). (a, b)
TNT1 pathology-containing axons are observed in the subcortical white matter in non-
demented aged patients with early stages of tau deposition (a; ND (Braak stage I-11)) and
robust TNT1 axonal pathology is seen in severe Alzheimer’s disease brains (b; AD (Braak
stage V-VI). C-F) Axonal tau pathology in the subcortical white matter displays PAD
exposure (i.e. TNT1 reactivity) in chronic traumatic encephalopathy (c; CTE), Pick’s disease
(d; PiD), progressive supranuclear palsy (e; PSP) and corticobasal degeneration (f; CBD) as
well. Scale bar is 50 um
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Fig. 7.4.
Tau alters kinesin-cargo interactions through modulation of a PP1-GSK3p signaling

pathway. Tau contains a phosphatase-activating domain (PAD) within amino acids 2-18 at
the extreme N-terminus of tau (shown in red). Under normal conditions this epitope is
obscured allowing for normal kinesin-based transport along the microtubules. In disease
conditions tau can undergo a variety of modifications including aggregation or specific
phosphorylation events that can aberrantly expose the PAD epitope. In the proposed model,
these forms of tau can disrupt normal kinesin-based transport by activating protein
phosphatase 1 (PP1). This in turn dephosphorylates an inhibitory phosphate on GSK3p in
order to activate it. GSK3p then phosphorylates kinesin light chain inducing a release of
cargo and disruption of FAT
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