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Abstract
Tau is a microtubule-associated protein thought to help modulate the stability of neuronal
microtubules. In tauopathies, including Alzheimer’s disease and several frontotemporal dementias,
tau is abnormally modified and misfolded resulting in its disassociation from microtubules and the
generation of pathological lesions characteristic for each disease. A recent surge in the population
of people with neurodegenerative tauopathies has highlighted the immense need for disease-
modifying therapies for these conditions, and new attention has focused on tau as a potential target
for intervention. In the current work we summarize evidence linking tau to disease pathogenesis
and review recent therapeutic approaches aimed at ameliorating tau dysfunction. The primary
therapeutic tactics considered include kinase inhibitors and phosphatase activators,
immunotherapies, small molecule inhibitors of protein aggregation, and microtubule-stabilizing
agents. Although the evidence for tau-based treatments is encouraging, additional work is
undoubtedly needed to optimize each treatment strategy for the successful development of safe
and effective therapeutics.
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I. Introduction
Tau is a microtubule-associated protein (MAP) believed to help regulate microtubule
dynamics and promote their stability. In the disease state, however, tau undergoes post-
translational modifications and conformational shifts that result in its dissociation from
microtubules (Lee et al., 2001). This dissociation releases tau, allowing it to aggregate into
both filamentous and non-filamentous inclusions, such as neurofibrillary tangles (NFTs),
neuropil threads, and neuritic plaques. These inclusions constitute the characteristic tau
pathology that can be detected in Alzheimer’s disease (AD) and in several other
neurodegenerative tauopathies (Binder et al., 2005). Additionally, certain forms of these
intracellular tau aggregates are thought to be toxic to various cellular processes, leading to
the hypotheses that preventing aggregate formation, promoting tau aggregate clearance and/
or stabilizing microtubules would constitute positive steps in the treatment of these diseases.
An examination of these suppositions is what constitutes the impetus for this review article.
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II. Properties and Functional Involvement of Tau in the CNS
Tau was discovered in the mid-seventies and described as a protein factor that
stoichiometrically drives the assembly of brain tubulin into microtubules in vitro
(Weingarten et al., 1975). Tau was further determined to have somewhat unique physical
properties, as it is heat stable and soluble in perchloric acid, attributes that it shares with
histones (Lindwall and Cole, 1984). Subsequent studies indicated that tau exerts its effect on
microtubules by stabilizing the formed polymer (Drubin and Kirschner, 1986), reducing
microtubule dynamics in vitro (Drechsel et al., 1992, Panda et al., 1995, Trinczek et al.,
1995). Early antibody work led to the discovery that tau is largely found in the nervous
system, present predominantly in axons (Binder et al., 1985) but also residing in
somatodendritic and glial compartments (Papasozomenos and Binder, 1987). Moreover, tau
is also present in the testes where it appears as a part of the Manchette, the microtubule
organelle that helps shape the nucleus during spermiogenesis (Ashman et al., 1992).

Tau is the product of a single RNA transcript from a gene located on chromosome 17 (Neve
et al., 1986). Alternative splicing of this transcript produces predominantly 6 isoforms in the
central nervous system containing either 3 or 4 repeat domains involved in microtubule
binding (MTBRs) and zero, one or two amino terminal inserts (Goedert et al., 1989) (Fig. 1).

In addition to its cytoplasmic involvements, tau was also discovered to be a nuclear protein,
initially seen associated with the nucleolus (Loomis et al., 1990, Wang et al., 1993).
Although for years no real nuclear function was assigned to tau, recently it was shown to
bind to the minor grove in DNA and protect DNA from heat stress-induced damage (Sultan
et al., 2011). While certainly an interesting and somewhat enigmatic protein, tau has come to
prominence due to its extensive involvement in neurodegenerative disease such as AD and
other “tauopathies”.

III. Tau in Neurodegenerative Disease
AD pathology is classically characterized by the extracellular accumulation of senile plaques
composed of amyloid β (Aβ) and the intracellular accumulation of tau. Although autosomal
dominant mutations in the amyloid precursor protein and presenilins result in increased
production of Aβ and cause familial forms of AD (Hardy et al., 1998), certain
experimentation suggests that Aβ toxicity requires the presence of tau (Rapoport et al.,
2002, Roberson et al., 2007, Vossel et al., 2010, Roberson et al., 2011). Neurons in culture
exposed to toxic Aβ do not degenerate if they lack the tau gene (Rapoport et al., 2002). An
Aβ-producing mouse crossed into a tau null background demonstrates that although amyloid
plaques can form as expected, behavioral deficits do not develop (Roberson et al., 2007).
Both of these studies suggest that Aβ is somehow working through tau to induce
neurodegeneration. Furthermore, unlike Aβ pathology, the progression of tau pathology in
AD closely follows the spatial and temporal clinical progression of the disease (Braak and
Braak, 1991, Arriagada et al., 1992).

Tau’s involvement in the neurodegenerative process is further supported by its pathological
presence in several other tauopathies that lack Aβ pathology. This group of diseases
includes Pick’s disease (PiD), corticobasal degeneration (CBD), and progressive
supranuclear palsy (PSP) (for reviews, see (Spillantini et al., 1998, Spillantini and Goedert,
1998)). These tauopathies are all characterized by filamentous tau pathology, but can be
differentiated by the subcellular compartments containing this pathology and the specific
brain regions affected (Goedert et al., 1998, Spillantini and Goedert, 1998, Buee and
Delacourte, 1999). In addition, autosomal dominant mutations in the tau gene cause
frontotemporal dementia and Parkinsonism linked to chromosome-17 (FTDP-17) as well as
a few hereditary forms of PiD (Hogg et al., 2003), which further demonstrates that tau
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dysfunction is sufficient to cause neurodegeneration (Murrell et al., 1999, Goedert and
Spillantini, 2000, Lee, 2001). Significantly, many of these mutations have been shown to
decrease tau’s affinity for microtubules (Goedert, 2005, Bunker et al., 2006) and/or increase
its propensity to aggregate (Gamblin et al., 2000, von Bergen et al., 2001).

III.A. Phosphorylation as a Mechanism of Tau Toxicity
Although mounting evidence clearly links tau to neurodegeneration, the precise mechanism
of tau toxicity remains to be determined. Given that tau is a cytoskeleton-associated protein,
a loss of its physiological function due to its dissociation from microtubules may lead to
toxicity. Conversely, it is also likely that tau aggregates themselves are neurotoxic. Some of
the first work describing tau’s accumulation into fibrillar pathologies in AD noted that the
protein is abnormally phosphorylated (Grundke-Iqbal et al., 1986, Wood et al., 1986). It is
not surprising that tau is a substrate for several kinases as 17% of the macromolecule is
composed of serine and threonine residues (Lee et al., 1998). Interestingly, phosphorylation
has been shown to decrease the affinity of tau for microtubules (Biernat et al., 1993, Alonso
et al., 1996) and decrease the flexibility of the protein (Hagestedt et al., 1989). Therefore,
the tau hyperphosphorylation observed in AD and other tauopathies suggests that
phosphorylation may play a role in tau aggregation and subsequent neurodegeneration.
Since these initial descriptions, however, much controversy has arisen. Some
phosphorylation events appear to inhibit in vitro tau aggregation while others in fact seem to
stimulate the process (Schneider et al., 1999, Abraha et al., 2000, Alonso et al., 2001,
Eidenmuller et al., 2001). Modifications to the structure of tau’s molecular backbone would
be expected to affect its ability to associate into filaments and may also inhibit its ability to
dissociate, depending on the nature and sites of the alterations. Therefore the idea that
multiple phosphorylation events drive and/or maintain changes in tau’s conformation is not
unexpected; nor is it surprising that such modifications, depending on their location, could
have opposite effects.

III.B. Tau Structure
Initially, tau was considered a “natively unfolded protein” with limited secondary structure
(Schweers et al., 1994). More recently, NMR based structural studies on both a short
fragment of phospho-tau (208–324) and full-length phospho-tau (phosphorylated by the
proline-directed CDK2/CysA3 kinase) have revealed that a short alpha-helical secondary
structure runs from pSer235 to the beginning of the MTBR binding region (Thr245-Ser324).
Further, phosphorylation of this same fragment of tau (208–324) resulted in rapid
depolymerization of tubulin assembly in an in vitro experiment which highlights the idea
that structural changes on tau due to phosphorylation affects its ability to associate with MTs
(Sibille et al., 2011). Additionally, FRET studies of tau in solution have revealed that
monomeric tau appears to adopt a “paperclip” structure, whereby the C-terminus of tau folds
over to interact with the MTBRs and the N-terminus folds over to interact with the C-
terminus (Jeganathan et al., 2006). However, this may not be the only conformation that tau
adopts in the soluble state as others have suggested that tau transitions rapidly between
several conformations (Minoura et al., 2004, Minoura et al., 2005) (Figure 2).

As outlined in figure 2, the idea that tau could assume a more fixed conformation was
discovered by mapping the discontinuous Alz-50 antibody epitope (Carmel et al., 1996,
Jicha et al., 1997). Within this work, it was revealed that in order to bind Alz-50 avidly, the
extreme amino terminus of tau has to fold upon the microtubule binding domain. This
conformation, although possible in soluble tau, seems to occur most readily in tau
aggregates in vitro and in paired helical filaments (PHFs) purified from AD brain. Tau
filaments are now realized to be highly ordered structures that possess β-pleated sheets
typical of amyloidogenic proteins (Barghorn et al., 2004, Eliezer et al., 2005, Tokimasa et
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al., 2005). Tau fibrils can exist in the form of straight filaments (SFs) or PHFs consisting of
two subfilaments seemingly twisted together with a regular periodicity (Crowther, 1991).

The appearance and accumulation of fibrillar tau structures is clearly disease related. As
previously mentioned, tau aggregation is considered by most in the field to be toxic to the
neuron or glial cell in which it occurs. Certainly a popular notion of the mechanism of
toxicity involves the creation of a physical barrier within the neuron by the intracellular tau
filaments (PHFs, SFs, etc.). Presumably, this barrier would impede transport and
intracellular communication causing dysfunction and cell death (Ishihara et al., 1999).
Therefore, both immunotherapy and anti-aggregation approaches to preventing tau toxicity
are being explored by a number of laboratories in hopes of “clearing” or reversing the tau
aggregation. Additionally, phosphorylation has been implicated in the induction and
stabilization of numerous conformational changes in the tau molecule. “Abnormal
phosphorylation” and “hyperphosphorylation” are terms used to describe tau’s pathological
state when part of AD pathology (Grundke-Iqbal et al., 1986). Since phosphorylation can
greatly reduce tau’s binding affinity for microtubules and tau is thought to stabilize these
structures, its dissociation could possibly result in microtubule instability and vesicular
transport anomalies. Therefore it is not surprising that other approaches being explored
involve compounds known to stabilize microtubules, as well as agents that would slow or
prevent tau phosphorylation by inhibiting key protein kinases. All of these therapeutic
tactics will be discussed below followed by a discussion of future tau-based treatments
derived from novel findings regarding tau’s aggregation and toxicity.

IV. Modulation of Phosphorylation
Tau can be phosphorylated by numerous kinases from several different classes both in vitro
and in vivo; however, the exact functional implications of individual phosphorylation events
are obscure. Tau becomes hyperphosphorylated in AD and related tauopathies, and as
mentioned above, this is thought by many to influence tau’s pathological state by causing it
to aggregate, become toxic, and/or dissociate from microtubules leading to their
destabilization. Hence, considerable effort has been expended by the scientific community to
discover and improve specific kinase inhibitors with the express goal of curtailing tau
phosphorylation in vitro and in vivo. Numerous protein kinases have been implicated in
tau’s hyperphosphorylation during disease including both serine/threonine kinases and
tyrosine kinases. The more relevant appear to be the serine/threonine protein kinases; of
these, most attention has been focused on designing inhibitors against the proline-directed
kinases glycogen synthase kinase 3 beta (GSK3β), cyclin-dependent kinase 5 (CDK5), and
extracellular signal-regulated kinase1/2 (ERK1/2), as tau contains 13 possible serine/
threonine phosphorylation sites targeted by these kinases. This effort has proved a daunting
task due to problems with inhibitor specificity and the promiscuity of these kinases due to
site overlap. Below, we consider the current state of kinase inhibition in attempts to mitigate
the hyperphosphorylation of tau.

IV.A. GSK3β and CDK5 Inhibitors
GSK3β has been a key target site for several research groups who design kinase inhibitors
that regulate tau phosphorylation. However, since this enzyme plays a major role in many
biological processes from metabolism to cardiac hypertrophy, inhibitors of this kinase could
exhibit negative effects on non-disease-impacted pathways while also inducing unintended
toxic side effects. Lithium was initially proposed as a potential therapeutic agent due to its
inhibition of GSK3β. However interestingly, lithium only inhibits GSK3β with a modicum
of selectivity when compared with its effects on other kinases. Further, in clinical trials
lithium produced no change in global cognitive performance in patients with mild AD
(Hampel et al., 2009). AR-A014418 is a specific inhibitor of GSK3β, (Bhat et al., 2003) and
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has been shown to inhibit this enzyme (IC50 = 104 ± 27nM) in an in vitro kinase functional
assay carried out alongside 26 other kinases. Further experiments in cells expressing tau
indicated an inhibition of tau phosphorylation at a specific GSK3β site, Ser-396.
Additionally, this same inhibitor prevented Aβ-induced neurodegeneration in hippocampal
slices. This was the first inhibitor shown to specifically target GSK3β without affecting the
closely related cyclin-dependent kinases CDK2 and CDK5. Since the discovery of AR-
A014418 Eli Lilly and Company developed the bisarylmaleimides, a class of potent and
selective inhibitors of GSK3, analogues of which exhibited 160–10,000 fold selectivity for
GSK3β over CDK2/4 and PKCBII kinases in a cell-based assay (Engler et al., 2005).

Of the cyclin-dependent kinases (CDKs), CDK5’s activity has been shown to be at its
highest levels in the brain which is also where its activators, p35 and p39, predominately
reside (Tsai et al., 1994, Mazanetz and Fischer, 2007). CDKs are important for cell cycle
regulation and require that a regulatory subunit be associated in order for them to be
activated. These regulatory subunits, p35 and p39, can be cleaved in the presence of elevated
calcium levels producing p25 and p29, causing constitutive activation of CDK5.
Interestingly, p25 accumulation is observed in AD brains (Tseng et al., 2002). Largely
because of its putative role in tau hyperphosphorylation in AD, several CDK5 inhibitors
have been developed. A high-throughput-screen (HTS) aimed at identifying lead compounds
for the CDK5/p25 complex identified an active compound that proved to be equally
inhibitory of CDK5/p25 and CDK2/cyclin E; this same compound is only weakly inhibitory
to 24 other kinases. Based on this lead compound a library of analogous compounds,
generally termed 2-aminothiazole inhibitors, was screened and a ligand was obtained that
inhibits CDK5 with selectivity of 12-fold over CDK2 in in vitro assays (Helal et al., 2004).
More recently, certain analogues proved to have protective effects in human neuroblastoma
cells expressing P301L mutant tau which is implicated in tauopathies (Lagoja et al., 2011).
A CDK inhibitory peptide (CIP) was discovered that inhibits CDK5 but shows little activity
against other CDKs (CDC2, CDK2, CDK4 and CDK6) (Zheng et al., 2005). This peptide
inhibitor consists of 125 residues (p35154–279), and suppresses CDK5 activity in vitro and in
HEK293 cells (Zheng et al., 2002). In addition, CIP inhibits CDK5/p25 mediated
phosphorylation of tau in cortical neurons but not CDK5/p35 when expression constructs
individually producing these proteins are used.

Cross-inhibition of more than one kinase with a single compound has also been attempted
using paullones, which are potent inhibitors of both GSK3β and CDKs. Specifically,
alsterpaullone is able to reduce GSK3β phosphorylation of hT23 both in vitro and in insect
cells (Leost et al., 2000). Similarly, indirubins, which are normally used to treat leukemias,
were shown to be potent inhibitors of CDKs (IC 50 = 50–100nm) (Leclerc et al., 2001) and
GSK3β (IC 50 = 5–50 nm). One indirubin, indirubin-3′-monoxime, has been shown to
reduce tau phosphorylation in vitro and in insect cells. It must be noted, however, that
although inhibiting more than one kinase may enhance tau dephosphorylation, the risk of
pleiotropic negative effects is heightened should this be used in patients.

IV.B. Erk2 Inhibitors
Erk2 is involved in many biological processes including proliferation, differentiation,
transcription regulation and development. In AD neurons that contain hyperphosphorylated
tau and neurofilaments, Erk2 is activated, perhaps signifying a link between this kinase and
tau hyperphosphorylation (Mazanetz and Fischer, 2007). In general, inhibitors that have
been developed toward Erk2 also inhibit other kinases. For example, a natural product,
K252a was identified as an Erk2 inhibitor but this molecule has only moderate selectivity as
it also targets GSK3β and other kinases in vitro. However, K252a does mitigate against tau
hyperphosphorylation in both human neuroblastoma cells and rat hippocampal brain slices
(Hubinger et al., 2008). Despite these promising results, pharmacokinetically, K252a proved
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to have low oral bioavailability and poor blood brain barrier penetration. To improve on
these characteristics an analogue of K252a, SRN-003-556, was developed that is able to
cross the blood brain barrier and is more orally bioavailable (Bell and Claudio Cuello, 2006,
Le Corre et al., 2006). Unfortunately, this analogue is even less selective than K252a as it
also inhibits other kinases (CDC2, GSK3B, PKA and PKC) in vitro. SRN-003-556 is able to
prevent okadaic acid-induced tau hyperphosphorylation in rat hippocampal slices and delay
the onset of motor deficits in P301L-tau transgenic mice (Le Corre et al., 2006); this is an
interesting finding since there are few studies demonstrating both the reduction in tau
phosphorylation and functional motor improvements in mouse models. In addition to
inhibiting hyperphosphorylation, SRN-003-556 was shown to reduce the amount of
insoluble aggregated tau in the same mouse model, although even long term dosing did not
result in a decrease in NFT numbers.

IV.C. Phosphatase activators
Another strategy directed at regulating tau hyperphosphorylation is to activate phosphatases
that are directly responsible for removing phosphate groups from tau. One key phosphatase
that has been shown to regulate tau phosphorylation is protein phosphatase 2A (PP2A).
PP2A is a serine/threonine phosphatase with broad substrate specificity and reduced activity
in the AD brain (Li et al., 2004). Several groups have targeted PP2A activation in attempts
to reverse tau hyperphosphorylation in vitro and in vivo (Chohan et al., 2006, Kickstein et
al., 2010). The Iqbal laboratory found that the N-methyl-D-aspartate receptor antagonist
memantine is able to both inhibit and reverse abnormal tau hyperphosphorylation (Li et al.,
2004). In the presence of okadaic acid (OA), which decreases PP2A’s activity, memantine
restores PP2A function in rat hippocampal slices and reduces tau phosphorylation at Ser-262
to near normal levels. This same research group also used PC12 cells transfected with hT40
to demonstrate that, in the presence of memantine and a known inhibitor of PP2A, I2

PP2A,
tau hyperphosphorylation is reduced when compared to inhibitor alone (Chohan et al.,
2006). Although its mechanism of action is still poorly understood, Memantine is FDA
approved and is currently used to treat Alzheimer’s disease.

Another phosphatase activator that acts on the PP2A phosphatase is biguanide metformin, a
compound currently approved for use in diabetes. This drug was shown to reduce tau
phosphorylation by inducing PP2A activity in primary cortical neurons from mice
expressing human tau on a tau null background (Kickstein et al., 2010). Furthermore, in the
same study, metformin decreased tau phosphorylation in wild-type mice.

IV.D. Summary of Phosphorylation Modulators
In summary, while kinase inhibitors and phosphatase activators hold promise as effective
therapeutics for AD and other tauopathies, there are significant specificity limitations. This
is a real concern because inhibiting or activating multiple kinases or phosphatases could
have undesirable off target effects especially since most kinases/phosphatases have multiple
protein substrates in numerous organ systems. Due to this fact, the implications of long-term
dosing remain a significant concern.

V. Tau-directed immunotherapeutic approaches to tauopathies
A promising approach in the treatment of tauopathies involves using the immune system to
clear pathological protein aggregates. There are currently a number of ongoing
immunotherapy clinical trials aimed at targeting Aβ. However, the clearance of Aβ plaques
has been shown to have limited effect attenuating cognitive decline once Alzheimer
symptoms are already underway (Holmes et al., 2008). Furthermore, Aβ immunotherapies
have little to no influence on the accumulation of tau pathology. Work reviewed below
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suggests that targeting pathological tau aggregates may prove to be a more effective
therapeutic tactic.

Two main immunotherapeutic approaches directed at tau have been employed: Active and
passive immunization. Active immunization involves introducing foreign antigen into the
subject, such as a tau peptide, which induces a T-cell response and results in the generation
of antibodies against the immunogen. In passive immunization, antibodies against
pathological tau forms are administered directly. Recent studies using both active and
passive tau immunization successfully diminished tau aggregates and mitigated against
cognitive impairments in tauopathy mouse models. These reports are summarized below.

The initial investigation regarding the safety and feasibility of tau immunotherapies
(Rosenmann et al., 2006) was of great importance, as many of the Aβ immunotherapy
clinical trials were halted due to encephalitis (Schenk, 2002, Orgogozo et al., 2003). Indeed,
when wild type mice were immunized with recombinant human tau protein, the animals
developed tau pathology and had severe astrogliosis and microgliosis with clinical signs of
encephalomyelitis (Rosenmann et al., 2006). Most mice also displayed impaired cognitive
performance. However, the authors suggest that the induction of tau pathology and cognitive
symptoms could be explained by the use of full-length unphosphorylated tau (Rosenmann et
al., 2006). This may also explain the adverse autoimmune reactions, as all of the more recent
studies discussed below use smaller phosphorylated tau peptides and do not elicit such
strong immunogenic responses.

In 2010, this same group evaluated the efficacy and safety of an active immunization
protocol using a mixture of three tau peptides; each containing phosphorylated sites that are
prominent in tauopathies (Tau195-213[P202/205], Tau207-220[P212/214],
Tau224-238[P231]) (Boimel et al., 2010). Immunization was carried out on a double mutant
transgenic tau mouse model (K257T/P301S) that develops NFT-like inclusions beginning at
6 months of age. Using antibodies harvested from these immunizations, it was demonstrated
that they react only with neurons and glia of the transgenic mice but are negative within the
wild-type controls. By 8 months post-immunization, there was a marked reduction in tau
pathology in the cortex, hippocampus and brain stem. Interestingly, despite an increase in
microglial number, there was no change in the number of activated microglia or astrocytes
and no evidence of encephalitogenicity. While this study shows some promise as an
effective immunotherapy, the increase in microglia and the use of complete Freund’s
adjuvant (CFA) and pertussis toxin (PT), which are very strong adjuvants that have been
linked to encephalomyelitis in Aβ immunization trials (Furlan et al., 2003), still raise
toxicity concerns.

A more encouraging active immunization approach was undertaken using a phosphorylated
tau immunogen emulsified in Alum-adjuvant without pertussis toxin (Asuni et al., 2007).
The peptide immunogen used, Tau379-408, contains two phosphorylated serine residues
(396 and 404) that are also prominent in tauopathies and form part of the PHF-1 epitope
(Otvos et al., 1994). These investigators (Asuni et al., 2007) utilized a P301L tau tangle
mouse model, referred to as JNPL3, (Lewis et al., 2000) which displays classic tau
pathology, neuronal loss, and sensorimotor abnormalities driven by the P301L FTDP-17
mutation. Vaccines were administered monthly in mice between 2–5 months or between 2–8
months of age. Antibodies purified from immunized animals detected pathological tau
aggregates in brain sections from both JNPL3 mice and AD patients. Immunoreactivity
using antibodies against conformational and phosphorylated tau epitopes (MC1 and PHF1,
respectively) was significantly reduced in the dentate gyrus, motor cortex, and brainstem of
immunized mice compared to controls. Immunized mice performed significantly better on
multiple sensorimotor tests relative to non-treated mice. This group also displayed enhanced
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clearance of pathological tau aggregates. As expected, a greater therapeutic effect was
observed when immunizations were initiated at an earlier stage (5 months postnatal) than
later in disease progression (8 months postnatal), impacting both behavioral performance
and tau clearance (Asuni et al., 2007).

Subsequently, when FITC-tagged antibodies purified from a JNPL3 mouse were injected
into the carotid artery of another JNPL3 mouse, the labeled IgG was detected in the brain
and shown to colocalize with PHF1 and MC1 antibodies. This suggests that not only can
injected anti-tau antibodies enter the brain, but they can also bind to pathological tau (Asuni
et al., 2007). This result was further supported in a subsequent study where an FITC-labeled
phospho-tau antibody (Tau379-408 [P-Ser396, 404]) purified from a JNPL3 immunized
mouse was added to an ex vivo JNPL3 mouse brain slice model (Krishnamurthy et al.,
2011). Not only was the antibody internalized by neurons and shown to co-localize with
phosphorylated pathological tau, but it was also detected in late endosomes and lysosomes,
suggesting a potential lysosome-mediated mechanism as a possible explanation of antibody-
mediated clearance of tau aggregates.

The same tau immunogen in the aforementioned study (Tau379-408 [P-Ser396, 404]) was
assessed in another active immunization approach using a novel model of tau pathology with
accelerated tangle development (Boutajangout et al., 2010). This mouse model displays
early onset tau pathology and is generated by crossing hTau mice (Andorfer et al., 2005)
with mice carrying the M146L human presenilin 1 (PS1) mutation (hTau/PS1) (Duff et al.,
1996). hTau/PS1 mice are better suited than JNPL3 mice for cognitive testing as they lack
the latter’s motor impairments, which precludes the ability of the JNPL3 mice to be
accurately tested for cognitive deficits. hTau/PS1 mice display extensive tau pathology in
hippocampal and cortical regions, with onset of tau pathology and behavioral symptoms
prior to 2 months of age. Mice were immunized beginning at 3–4 months of age and
immunization was continued at monthly intervals up to 7–8 months postnatal, at which time
the mice were subjected to behavioral testing and sacrificed for analysis. Importantly, not
only did this immunotherapy reduce tau pathology throughout the brain, but it prevented
cognitive impairments in three separate cognitive tasks. Since the hTau/PS1 mouse model is
a more appropriate paradigm for human AD than other mouse models mentioned which
primarily display motor deficits (JNPL3), the efficacy of Tau379-408[P-Ser396, 404]
immunization better supports the choice of this peptide to attenuate cognitive decline in
human clinical trials. Moreover, the fact that there was no significant difference between
treated and control mice in the extent of microglial response strongly suggest that this
immunogen exhibits low neurotoxicity (Boutajangout et al., 2010).

Although the active immunization approach certainly has advantages, there is a higher
chance of deleterious autoimmune effects that can be avoided with passive immunization.
As a follow-up study to their active immunization protocol, the Boutajangout and colleagues
investigated the feasibility of a passive immunization technique using the PHF1 antibody,
which targets the same phospho-epitope as Tau379-408[P-Ser396, 404] (Boutajangout et al.,
2011). In this study, JNPL3 transgenic mice received antibody injections once a week for 13
weeks. Western analysis of brain tissue from the immunized mice revealed a reduction in the
ratio of pathological tau to total tau in comparison to non-treated controls.
Immunohistochemical analysis showed significantly less PHF1 staining in the dentate gyrus
of the hippocampus in the treated group than in untreated JNPL3 controls. The reduction in
tau pathology in the immunized mice correlated positively with improved motor
performance. Similar to this group’s previous results employing active immunization
approaches, (Asuni et al., 2007, Boutajangout et al., 2010) the degree of microgliosis and
astrogliosis did not appear to differ among treatment groups.
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A second passive immunotherapy approach (Chai et al., 2011) was carried out employing
anti-tau antibodies PHF1 and also MC1, which detects tau in an early pathological
conformation (Jicha et al., 1997). Antibodies were peripherally administered 2–3 times a
week for 2 months and their effects were explored using both JNPL3 and P301S transgenic
tau mouse models. The P301S mouse is a transgenic model expressing human tau with a
P301S mutation under the control of the Thy1 promoter. These mice develop a neurological
phenotype characterized by a severe paraparesis by 5 months of age (Allen et al., 2002).
Western blot and ELISA analyses revealed that treatment with both PHF1 and MC1
antibodies reduced the 64kD biochemical correlate of tau pathology in both mouse models.
Treatment with both anti-tau antibodies also reduced the presence of tau tangles and
neuropil threads. Furthermore, treated mice had a reduction of neurofilament-positive axonal
spheroids in the spinal cord, which indicates reduced neurodegeneration, and this correlated
with an improved motor test performance (Chai et al., 2011).

One major criticism of many of the immunotherapy studies mentioned above is that
although they target phosphorylated tau epitopes found in AD, these phosphorylated sites
are also present in normal physiological conditions. However, using a different mouse
model, immunizations were performed with peptides containing phospho-Ser422, a residue
that is specific to pathological tau and is found in many neurodegenerative tauopathies
(Troquier et al., 2012). The mouse model employed, HY-Tau22, develops late-stage
hippocampal pathology and cognitive defects but lacks motor symptoms. Mice immunized
for 18 weeks with the pS422 peptide displayed a reduction in pathological tau
immunoreactivity that correlated positively with an improvement in spatial memory.
Interestingly, an increase in tau concentration was observed in the blood sera of the
vaccinated group over time, suggesting that immunization facilitates tau clearance from the
brain to the blood (Troquier et al., 2012).

V.A. Mechanism of Antibody-Mediated Clearance
The observation of increased tau within blood as opposed to the brain (Troquier et al., 2012)
could be explained by the “peripheral sink hypothesis”. In this hypothesis, peripheral
administration and therefore circulation of antibodies effectively sequesters tau away from
the brain toward the blood (Troquier et al., 2012). This hypothesis functions under the
assumption that exogenous antibodies do not have the ability to cross the Blood Brain
Barrier (BBB). However, peripherally-injected FITC-labeled antibodies were shown to enter
the brain, suggesting that antibodies can in fact cross the BBB (Troquier et al., 2012). This is
not entirely implausible, as the BBB is known to be compromised in many neurological
diseases including AD (Zlokovic, 1997). Once inside the brain, antibodies could potentially
target intracellular tau through the endosome-lysosome pathway and facilitate the clearance
of extracellular tau through microglia activation (Morgan, 2009).

V.B. Summary of Immunotherapeutic Approaches
Based on mouse studies, immunotherapies targeting tau appear to provide a viable potential
treatment of AD and other tauopathies. Although preliminary evidence on the safety and
efficacy of this approach appears promising, as it stands, several questions still remain. In
the future, key information on the ideal adjuvant for active immunization, the mechanism of
passive immunization antibody entry, and epitope specificity of antibody-mediated tau
clearance will prove invaluable.

VI. Small molecule inhibitors of protein aggregation
Aggregates of tau have long been considered the key elements of cellular toxicity in AD.
Therefore, a fundamental aspect of research into tauopathies is to prevent tau aggregates
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from forming and/or to disassemble pre-formed species. To accomplish these goals, most
attention has been given to the repeat regions of the tau molecule. This is understandable as
these MTBR’s and surrounding sequences facilitate tau’s binding to microtubules, and it is
this region of the molecule that forms the core of the PHF or SF polymers present in AD and
other tauopathies (Wischik et al., 1988a, Wischik et al., 1988b). There are two hexapeptide
motifs located in the 2nd and 3rd MTBRs, “VQIINK” and “VQIVYK” respectively, which
demonstrate the greatest propensity for β sheet formation. In fact, the motif in the 3rd MTBR
is absolutely essential for polymerization (von Bergen et al., 2000, Mukrasch M. D., 2005).
In addition, numerous phosphorylation domains are located in and around the MTBRs and
most of the mutations causing FTDP-17 tauopathies are also found in this region of the tau
molecule. Our current understanding of tau aggregates, including attempts to interdict and
reverse their formation, are outlined below.

VI.A. Methodologies and approaches utilized in anti-aggregant screening
Most tau aggregation inhibitors appear to disrupt tau’s β sheet structure (von Bergen et al.,
2001). Many studies have utilized constructs like K19, which contains only one hexapeptide
motif and is equivalent to the repeat region of 3R tau isoform, or K18, which contains two
hexapeptide motifs and is equivalent to the repeat region of 4R tau isoforms (Figure 3).

Additional studies employed full length recombinant isoforms, hT23 (3R, 0N) and hT24
(4R, 0N) (see Fig. 1) (Pickhardt et al., 2005, Pickhardt et al., 2007). Utilizing each of these
constructs, a 200,000 compound screen was carried out in order to identify chemicals that
can inhibit and reverse non-phosphorylated recombinant tau aggregates from forming paired
helical filaments (Pickhardt et al., 2005). The compound library contained many different
structurally diverse chemical classes in order to sufficiently span the potential spectrum of
inhibitors of tau aggregation. Any compounds that did not both inhibit tau aggregation and
disassemble pre-formed aggregates were excluded from the study, which eliminated 99.96%
of the compounds. The remaining 0.04% which were considered “hits” from the compound
screen were then investigated further. The efficacy of inhibition/disassembly was
determined using Electron Microscopy and several different biochemical assays: Thioflavin-
S fluorescence assay, Tryptophan Fluorescence Spectroscopy, Filter Trap Assay, Pelleting
Assay, and Lactate Dehydrogenase Assay. Cellular models of tauopathy were also employed
to screen for prevention of neurotoxicity (Honson et al., 2007, Pickhardt et al., 2007, Chang
and Kuret, 2008). Lead “hits” identified from this initial screen are briefly described in the
work below. The chemical structure of each of the five main classes of inhibitors
summarized herein, are represented in Figure 4.

VI.B. Rhodanines
Rhodanine–based inhibitors are an interesting class of cyclic compounds that are used in a
wide array of clinical applications and have no apparent side effects. The promising
properties of rhodanines include their permeability in vitro, their bioavailability, and the fact
that they are well tolerated. The basic rhodanine structure that displays optimal inhibition is
a 5-membered heterocyclic compound which was shown to be more potent than homocyclic
compounds (e.g. Epalrestat) (Figure 4a). Within the rhodanines the thioxo group is of utmost
importance for functional inhibition. Variations in the length of the linker between the
carboxylic acid and the core heterocycle show that increasing the distance by up to two
carbon bonds increases inhibition. These still remain a novel class of compounds in relation
to tau aggregation, with more optimization necessary in respect to Absorption, Distribution,
Metabolism and Excretion (ADME) parameters. In addition to their anti-aggregant
properties, rhodanines may potentially target GSK3 in AD (Bulic et al., 2010).
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VI.C. Phenylthiazolyl-hydrazides
Another class of compounds, the Phenylthiazolyl-hydrazide (PTH) inhibitors, exhibit a
higher cytotoxicity compared with the rhodanines although they appear to have a similar
level of activity in cells (Bulic et al., 2010). This is a very intriguing compound as it appears
to have two separate functional groups – the thiazolyls and the hydrazides. The increased
level of cytotoxicity observed is not surprising due to the presence of the hydrazide-moiety,
since many substances containing such a motif appear to have some level of antibacterial or
antifungal properties (Hafez and El-Gazzar, 2008). Conversely, the hydrazide motif displays
a somewhat ambiguous behavior in vivo since it produces a reactive oxygen species (ROS)
from the oxidative cleavage of the N-N hydrazine bond. The side-effects observed likely
result from the formation of reactive acyl radicals as illustrated by the anti-tuberculosis
compound isoniazid (Preziosi, 2007). The hydrazides also appear to induce liver toxicity and
carcinogenic activity due to their targeting of the enzyme monoamine oxidase (MAO).

The thiazole moiety is also a common heterocyclic compound that is often used in medicinal
chemistry. Previously it was reported that the thiazole motif could produce irreversible
inhibition of MAO (Raciti et al., 1995). Therefore although the hydrazide motif causes
hepatotoxicity when targeting MAO’s, the thiazole motif may be protective against
Alzheimer’s disease through its inhibition of MAOs. This could be an important value-
added effect of thiazoles should they be used as tau aggregation inhibitors in patients (Bulic
et al., 2010). Although the targets and mode of action of PTH’s are not completely
understood, it is known that they have some anti-malarial activity by inhibiting the protease
cruzain (Leite et al., 2006). A Lactate Dehydrogenase (LDH) Assay was performed to assess
cell toxicity using five novel PTH compounds (BSc2998, BSc3000, BSc3016, BSc3551 and
BSc3094) in an inducible cell culture model of N2a cells. Only compounds that displayed
low cytotoxicity in un-induced cells were included in further studies. Subsequently, these
same cells were utilized with the K18Δ280 construct, since this readily aggregates in
solution in the absence of any inducer, in order to investigate the effects of each of these
PTH’s as aggregation inhibitors. It was determined that the compound BSc3094 (Figure 4b)
was most efficient at reducing tau aggregation while still retaining low levels of cytotoxicity
(Pickhardt et al., 2007, Bulic et al., 2010). The authors stressed the point that the efficiencies
of inhibition and depolymerization appear to be within the same range for all of the five
novel compounds mentioned. This is noteworthy since it suggests that PHF inhibition and
disassembly may work on similar principles (Pickhardt et al., 2007).

VI.D Phenothiazines
Phenothiazines are tricyclic structures with sulfur and nitrogen incorporated into their
heterocycle. They contain two aromatic rings connected by a nitrogen atom, have a cationic
charge, and have a much more planar structure with a high level of aromatic conjugation. It
is these properties that are believed to enable this compound to inhibit tau aggregation
(Hattori et al., 2008). Methylthioninium chloride (MTC) (Figure 4c), also known as
Methylene Blue, is an example of a phenothiazine. MTC treatment was demonstrated to
reduce tau levels in ex vivo slice cultures from transgenic tauopathy mice (Congdon et al.,
2012). There are studies which strongly suggest that this compound has the ability to
penetrate the BBB (Oz et al., 2009); and therefore, its potential as a tau aggregation inhibitor
increases greatly. In a phase II clinical trial, this compound significantly reduced cognitive
decline relative to a placebo. Therefore, MTC is effective at blocking the tau-tau binding
interaction that is known to occur through the repeat domain in vitro (Wischik et al., 1996).
Interestingly, the method of administration of this compound affects its distribution
throughout the body and how toxic it will become. For instance, if MTC is given orally, it
appears to distribute to the liver and intestines. Administered in this manner, the
concentrations necessary for tau aggregation inhibition would be toxic to humans, since such

Himmelstein et al. Page 11

Pharmacol Ther. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



high levels can lead to accumulation within the liver. Conversely, when administered
intravenously, the compound appears to localize and accumulate in the brain. When used at
an effective dosage in humans, MTC appears to have few side effects. However, The
National Toxicology Program demonstrated that long term usage of this compound (1–24
months) in rodents led to lymphomas and some malignancies within the intestines (Oz et al.,
2009). In addition to its anti-aggregant properties, it appears that MTC, like the
phenylthiazolyl-hydrazides, can behave as an MAO inhibitor or a NO-synthase inhibitor (Oz
et al., 2009). Furthermore its redox potential may rescue mitochondrial dysfunction. Hence,
its mode of action, in vivo, remains obscure yet promising.

VI.E. Benzothiazoles
Benzothiazoles resemble the phenothiazines in that they have a positive charge and aromatic
conjugation. The benzothiazoles are also heterocyclic compounds which are advantageous
for supporting the hydrophobic interactions observed with many aggregation inhibitors.
There are already many examples of these compounds that act as tau aggregation inhibitors,
such as Pittsburgh Compound B (PiB) (N-methyl-[11C] 2-(4′-methylaminophenyl)-6-
hydroxybenzothiazole) (Figure 4d). (Klunk et al., 2004, Bulic et al., 2010). This is a
hydroxylated derivative of the prototypical benzothiazole termed 2-(4′ methylamino-
phenyl) benzothiazole or BTA-1. It is an analog of Thioflavin T which has long been used as
a dye to bind and quantify amyloid beta-pleated sheet structures within protein aggregates.
Similarly, PiB can also bind to aggregated amyloid at low concentrations both in vitro and in
vivo and does so only in the cortex and striatum (Klunk et al., 2004). In fact, a study
performed by Klunk et al. demonstrated that PiB was found at 2-fold greater concentration
in the cortical regions of AD patients compared to healthy controls, which suggests high
levels of amyloid deposition in the cortices of Alzheimer’s patients (Klunk et al., 2004).
This study did outline some initial problems, however, illustrating individual cases where
interpretation of data was difficult. For example, PiB binding was observed in the cortical
region of an asymptomatic healthy control. This could be due to a ‘false positive’ result
where PiB binds to non-amyloid structures, or perhaps due to the presence of amyloid
deposits in healthy individuals who lack the accompanying cognitive decline. For these
reasons, the authors suggest that dyes such as the benzothiazoles be used as a tool to detect
and quantify pathogenesis, but should not be considered a reliable method of diagnosis
(Klunk et al., 2004).

Another example of a well-known benzothiazole is N744 (3, 3′-bis (β-hydroxyethyl)-9-
ethyl-5, 5′ –dimethoxythiacarbo-cyanine iodide) (Congdon et al., 2007). N744 is a
thiacarbocyanine dye that appears to have a biphasic function. At high concentrations it
forms columnar stacks followed by H-aggregates which lead to a decrease in its inhibitory
action. Conversely, this compound exerts its greatest inhibitory effect when it is in its
monomeric state, and this only occurs at lower concentrations (Congdon et al., 2007, Bulic
et al., 2010). It is believed that the mechanism of inhibition occurs via increasing the
‘critical concentration’ of tau. Therefore, at low levels of N744, increasing levels of tau are
needed to complete an in vitro aggregation reaction, which illustrates that this compound
acts as anti-aggregant (Necula et al., 2005).

Additional work on the role of the benzothiazole class of inhibitors on tau aggregation has
been carried out with special emphasis on thiacarbocyanines. In particular, Honson and
colleagues show that cyclic N, N′-alkylene bis thiacarbocyanine, which is referred to by the
authors as compound 2, has potent effects on tau fibrillization (Honson et al., 2007). This
study complemented the previously mentioned thiacarbocyanine study due to the fact that
compound 2 is essentially a multi-valent form of N744. The authors successfully
demonstrated that compound 2 reproduces the inhibition of tau aggregation that is observed
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with N744, but with greater potency. This is most likely due to the fact the compound 2
contains two binding sites within one ligand (Honson et al., 2007). It was hypothesized that
compound 2 binds to tau oligomers through one of its cyanine groups, which leads to a
conformation where the second cyanine group can disrupt the addition of more monomers,
and this subsequently prevents elongation of the tau fibril. Alternatively, these small
molecule inhibitors could be recruiting extraneous proteins into small aggregates at the site
of filament extension which are not part of the normal aggregation pathway (Honson et al.,
2007).

Subsequent studies on other thiacarbocyanine dyes demonstrated that this class of
compounds also functions in a biphasic manner. When 3, 3′-diethyl-9-
methylthiacarbocyanine iodide, referred to by the authors as compound 11, was tested on
organotypic slices from the JNPL3 mouse model, it was discovered that at low levels (1–
10nM) it demonstrates greater than 50% efficacy at inhibiting tau aggregation (Chang et al.,
2009). Interestingly, however, when used at much higher levels, compound 11 instead has
the ability to induce tau aggregation in vitro. Levels of aggregation were assessed by
extracting and analyzing amounts of sarkosyl-insoluble tau present in slices that were
incubated with increasing concentrations of compound 11 versus the vehicle DMSO (Chang
et al., 2009). As outlined above, there is much evidence that benzothiazoles, and perhaps
thiacarbocyanines in particular, have exceptional potential as tau aggregation inhibitors.
These dyes are very readily taken up by cells and tissues and they usually congregate near
membranes which are thought to be the sites of tau nucleation (Gray et al., 1987). They
appear to be very potent as inhibitors of aggregation and therefore provide an excellent
starting point for further studies.

VI.F. Anthraquinones
Anthraquinones are the building blocks of many dyes and exhibit a tricyclic structure with at
least one phenolic moiety. These compounds have been used successfully in cancer
treatment due to their ability to halt cell growth (Pickhardt et al., 2005). However, for this
same reason they cannot be used as a long term treatment for AD. The sugars (glycones)
generally have low oral bioavailability and therefore are usually administered intravenously.
The non-sugars (aglycones) have better bioavailability but still seem to be insufficient. The
aforementioned screen of 200,000 compounds led the investigators to focus on five main
Anthraquinone compounds, namely Emodin (Figure 4e). Daunorubicin, Adriamycin,
PHF005 and PHF016. Each one was successful in inhibiting aggregation of each construct
tested, and they were all able to initiate PHF disassembly, albeit to different degrees
(Pickhardt et al., 2005). Across the five compounds, Emodin appeared to be the most
effective at PHF disassembly, producing the most robust effect in both K18 and hT23
constructs. However, PHF016 was the only compound that displayed a high ability to
effectively inhibit aggregation and disassemble pre-formed aggregates within the same
construct – K19 (Pickhardt et al., 2005).

Using the filter trap assay and the inducible cell line N2a, under a “tet-on” transactivator that
was transfected with the construct K18ΔK280/Y310W, Emodin proved most efficacious in
inhibiting tau aggregation and disassembly of pre-formed aggregates. Electron microscopy
demonstrated that overnight incubation of PHF’s with any of the five compounds leads to
breaks and shortening of the filaments (Pickhardt et al., 2005).

VI.G. Summary of Tau Aggregation Inhibitors
In summary, much work has been performed on tau aggregation inhibitors with a moderate
level of success. Researchers have demonstrated that the inhibitors described above can be
used to prevent the aggregation of tau, although there is still much refinement required
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before this method of therapy can be used. The ability to dissolve pre-formed aggregates has
also been demonstrated. However, this usually leads to the generation of small oligomers
which are now hypothesized to be harmful (Bulic et al., 2010, Patterson et al., 2011a,
Lasagna-Reeves et al., 2012). Therefore, this method of therapy may not be as beneficial as
once thought.

VII. Microtubule-stabilization as a treatment for tauopathies
It has long been postulated that tau plays a role in stabilizing microtubules within neuronal
cell populations (Gamblin et al., 2003a, Dickey et al., 2006, Brunden et al., 2011, Zhang et
al., 2012). Clearly, events such as hyperphosphorylation or certain mutations can lower tau’s
affinity for the microtubule (Brunden et al., 2010), which most likely leads to
destabilization. Certainly, microtubule destabilization could have dire consequences for the
neuron, causing structural disruption and impaired axonal transport (Brunden et al., 2010).
Therefore it is not surprising that microtubule-stabilizing drugs have recently received much
attention as potential treatments for tauopathies. Fortunately, known microtubule stabilizing
drugs, such as those derived from Taxol, have been approved and are commonly used in the
treatment of cancer as they have the ability to affect mitotic spindle formation and
dynamicity leading to cell death (Long and Fairchild, 1994, Yvon et al., 1999). The effects
of a microtubule-stabilizer on tau regulation has been studied in a transgenic mouse model
of human tauopathies with the shortest isoform of tau expressed under the control of the
mouse prion promoter (PrPT44) (Ishihara et al., 1999). When 9-month old transgenic mice
were treated with paclitaxel delivered in a micelle vehicle (Paxceed, Angiotech
Pharmaceuticals), the compound rescued the previously impaired Fast Axonal Transport
(FAT), increased microtubule numbers, and improved motor skills compared to the mice
treated with a placebo control (Zhang et al., 2005).

Although paclitaxel is a well-known taxane normally used in the treatment of cancers, it has
been deemed unsuitable for tauopathies as it does not effectively penetrate the Blood-Brain-
Barrier and its side effects render it ineffective for long-term use (Fellner et al., 2002,
Brunden et al., 2011). Therefore, the therapeutic potential of the known microtubule-
stabilizing agent Epothilone D (EpoD) was recently investigated (Brunden et al., 2010). Not
only was EpoD successful in crossing the blood brain barrier, but it continued to have a
good brain: plasma ratio throughout the trial. EpoD was shown to improve both microtubule
density and axonal integrity in 3 month old transgenic mice expressing human tau
containing a P301S mutation, or PS19 mice, without any apparent toxic side effects.
Interestingly, by 6 months of age it seemed to reduce cognitive defects that had already
developed in the mice. However, it must be noted that the effects of EpoD did not lead to a
decrease in tau pathology in the brain (Brunden et al., 2010). More recently, an investigation
using aged mice treated with EpoD demonstrated its success in improving microtubule
density, FAT, and cognitive performance. An unexpected difference from the younger mice
in the previous study was the fact that EpoD caused a decrease in tau pathology in the aged
mice. The actual pathway responsible for this remains unclear. An important aspect of this
study was that the doses used were approximately 30–100 times lower than those needed to
treat cancer. During the entire course of an extended treatment, the aged PS19 mice
sustained their body weight and maintained high blood cell counts while displaying no
immune deficiencies. The lack of perceivable side effects was thought to be due to EpoD
maintaining a higher brain: plasma ratio. Hence, EpoD most likely remains in the brain
longer and can be cleared from the blood in a timely manner thus minimizing undesirable
negative consequences. These data indicate that EpoD may have potential as a therapeutic
agent for human tauopathies (Zhang et al., 2012).
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VII. A. Summary of Microtubule-Stabilization as a Treatment Strategy
A decrease in the number and length of MT’s and reduction in the levels of MT-binding
found in the AD brain (Bramblett et al., 1992, Cash et al., 2003) can be clearly linked to a
disruption in tau function following its abnormal phosphorylation and folding. Therefore,
molecules aimed at stabilizing microtubules should prove to be effective therapeutic
strategies to compensate for this tau loss-of-function. MT-stabilizing drugs currently in use
for cancer treatments appear to be a good place to start, as their metabolism and toxicity
effects have already been well established. However, due to its ability to penetrate the BBB
and cross into the brain, EpoD now appears to be the most promising candidate. This
molecule also holds more potential as its effective doses are much lower than those needed
for cancer treatments. These dosing and distribution properties are extremely valuable
considering chronic use is likely required for the treatment of tauopathies. However,
additional analyses of both EpoD and other brain-penetrant MT-stabilizing agents are
necessary to provide more information regarding the safety and efficacy of these molecules
for therapeutic use in AD and other tauopathies.

VIII. Non-canonical Targets of Tau Function
Recent discoveries regarding tau alterations, interactions and toxicity in tauopathies have
been documented although drug discovery efforts have yet to be put forth in these areas.
Below, we briefly discuss more recent tau involvements and suggest potential new tau and
tau-related drug targets.

VIII.A. Role of the N- and C-termini
Mapping of the Alz-50 antibody revealed that conformational shifts involving the N-
terminus are important for tau filament formation. Work from our laboratory found that
removal of a small portion of the extreme N-terminus of tau (residues 2–18) results in
shorter filaments (Gamblin et al., 2003b), indicating that the amino terminus is crucial to
efficient aggregation of the full-length tau molecule. FTDP-17-associated N-terminal
mutations R5L and R5H further attest to the importance of this region of tau. When tested,
the R5L mutation appeared to efficiently drive tau into small aggregates in vitro while the
removal of amino acids 2–18 greatly inhibited the rate of tau association. Earlier work
indicated that the amino terminus of tau was capable of associating with membranes (Brandt
et al., 1995). Interestingly, primate tau is somewhat unique in that it diverges from rodent,
bovine and porcine tau containing a unique tyrosine and flanking amino acids around N-
terminal residue 18 (Y18). This site has been demonstrated to be readily phosphorylated by
fyn kinase, and phosphorylation at this site may be important for regulation of aspects of tau
function. Interestingly, the tau src tyrosine kinase-interacting domains are in and around the
MTBRs, again suggesting an intramolecular folding event may be responsible for efficient
phosphorylation at Y18 (Lee et al., 1998).

In contrast to the role of the N-terminus in stabilizing filaments, removal of the C-terminus
(residues 421–441) has been shown to accelerate the rate and extent of in vitro aggregation,
and adding this fragment back inhibits filament formation (Abraha et al., 2000, Berry et al.,
2003). Notably, removal of the C-terminal tail occurs in vivo via truncation at a canonical
caspase-cleavage site (Berry et al., 2003). This suggests that caspase cleavage could be a
contributing factor of enhanced filamentation seen in the diseased state in the formation of
NFTs and NFT-like structures. Association of the tau pathology with the specific regions of
neurodegeneration in AD would appear to indicate that these aggregates are toxic.
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VIII.B. Evidence for Prefibrillar Tau as the Toxic Species
Although NFTs have traditionally been considered the main pathological tau component in
AD and other tauopathies, recent evidence suggests that they may not in fact be the main
neurotoxic tau species (Morsch et al., 1999, Vana et al., 2011). Although tau overexpression
leads to neurodegeneration in animal models, memory deficits and cell loss precede
detectable NFT-like tau pathology. Moreover, memory deficits can occur in the absence of
any visible neurofibrillary pathology in animal models (Wittmann et al., 2001, Andorfer et
al., 2003, Oddo et al., 2003, Spires et al., 2006). In a neurodegenerative mouse model,
suppression of the tau transgene improves memory function and halts further cell loss
without lessening the NFT burden (Santacruz et al., 2005, Sydow et al., 2011). Together,
these data suggest that NFTs may actually be somewhat inert and that toxicity may be
primarily conferred by some other pathological state of the tau molecule.

Recent evidence suggests that a prefibrillar form of aggregated tau may in fact be the toxic
species. In a transgenic tau mouse model, memory deficits correlate with early tau
multimeric aggregates that precede NFTs (Berger et al., 2007). Human AD brain studies
revealed that tau oligomers are found at a 4-fold higher concentration in AD brains than in
healthy controls (Lasagna-Reeves et al., 2012). An in vitro crosslinking experiment
demonstrated tau filament formation is preceded by tau dimerization (Patterson et al.,
2011a). A novel tau antibody generated in our lab, which selectively recognizes tau dimers
and oligomers but not filaments, localizes in pretangle neurons, neuropil threads and
dystrophic neurites in vulnerable regions of MCI and AD brain and co-localizes with early
stage markers of tau pathology (Patterson et al., 2011a). The existence of prefibrillar tau
aggregates has also been demonstrated in AD brain homogenates using atomic force
microscopy (AFM) (Maeda et al., 2006, Berger et al., 2007, Sahara et al., 2007). AFM
analysis of fractionated prefrontal cortex homogenates revealed that granular tau oligomers
are elevated in Braak I brains over non-AD (Braak 0) controls (Maeda et al., 2006). Braak-
stage I is typically characterized by a paucity of NFT tau pathology and corresponds with a
time prior to the manifestation of most clinical symptoms. In addition, the formation of
similar granular oligomers was shown to precede PHF formation in vitro (Maeda et al.,
2007). Also, several groups have reported the existence of SDS-stable tau multimers in AD
that are similar to the ones associated with cognitive decline in a tau transgenic mouse
model (Berger et al., 2007, Sahara et al., 2007, Lasagna-Reeves et al., 2010).

Due to difficulties isolating and characterizing tau intermediates, direct evidence linking tau
oligomers to neuronal dysfunction is still limited. Recently, we have utilized extruded
axoplasm from the squid giant axon to study the effects of tau monomers and aggregates on
axonal transport. The addition of recombinant human tau monomers has no effect on
transport when physiological concentrations of tau are used. However, addition of the same
amounts of a mixture of recombinant tau oligomers plus filaments caused a selective
inhibition of anterograde FAT (LaPointe et al., 2009, Kanaan et al., 2011a, Kanaan et al.,
2011b). Furthermore, addition of the tau-binding protein Hsp70 to the oligomer plus
filament mixture prevents FAT inhibition in the squid axoplasm assay. Since Hsp-70 has
been demonstrated to bind to tau oligomers and not filaments, it can be deduced that
oligomers are the primary cause of toxicity in this assay (Patterson et al., 2011b).

VIII.C. Role of Tau in Axonal Transport
Inhibitor studies in the squid axoplasm indicate that the aggregated tau works through a
signal transduction cascade in which protein phosphatase 1 (PP1) is activated; this in turn
activates GSK3 which phosphorylates kinesin light chain, causing it to release its cargo
(LaPointe et al., 2009). Internal deletions of the recombinant tau molecule narrowed the
“toxic region” to amino acids 2–18 on the amino end of the tau molecule, referred to as the
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Phosphatase Activation Domain (PAD). The use of the small, non-canonical isoforms of tau
(6D & 6P) which lack the proline rich region, MTBR, and the carboxy terminus present in
full length CNS tau (Luo et al., 2004) further demonstrated that the toxic cascade is
dependent only on the amino end of the molecule. This was confirmed by introduction of a
synthetic peptide consisting of residues 2–18 into the axoplasm which inhibited anterograde
transport as well as or better than the aggregated tau filaments or the 6D/6P monomers
(LaPointe et al., 2009, Kanaan et al., 2011b). A control scrambled peptide had no effect.
Together, this suggests that the folding of tau during oligomer formation displays the toxic
domain while it is obviously unavailable in the monomer. These data further indicate that
this toxic domain of tau is necessary and sufficient for initiating this phosphatase-dependent
inhibitory cascade and that targeting oligomers or the N-terminal toxic region of tau could
have promising therapeutic potential.

Tau’s availability as a substrate for phosphatases can be controlled in a site-specific manner
by peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 (Pin1) (Lu et al., 1999, Lim et al.,
2008). Pin1 isomerizes only phospho-Serine/Threonine-Proline motifs and has been shown
to be responsible for doing so at the Thr231-Pro position (Lu et al., 1999). The change from
cis to trans at this position promotes dephosphorylation of tau by PP2A (Zhou et al., 2000).
It has been demonstrated that when Pin1 is knocked out in mice, tau filament formation
occurs and neuronal degeneration is observed suggesting its protective role in age-dependent
neurodegeneration (Liou et al., 2003). To understand the conformation of tau present in
tauopathies, Nakamura et. al. recently reported, using antibodies specific to either cis or
trans phosphorylated tau conformers, that the cis and not the trans conformation was found
in AD and MCI brains (Nakamura et al., 2012). This research group also demonstrated that
Pin1 is able to restore phospho-tau’s ability to promote microtubule assembly, suggesting
that the conversion of cis to trans is important for maintaining tau’s microtubule stabilizing
function. Further, in double transgenic mice (tau and Pin1) the presence of Pin1 aids in the
conversion of cis to trans pThr231-tau when compared to tau transgenic mice samples.
Conversely, when Pin1 is knocked out (KO) of the tau transgenic mice the level of cis
pThr231-tau is the more abundant species when compared to tau transgenic controls. The
role prolyl isomerases play among tauopathies can differ, as evidenced in P301L mutant
mice (Lim et al., 2008). Specifically, Lim et. al. demonstrated that when Pin1 is either
knocked down or KO, wild type tau protein maintains stability in vitro and in 3R transgenic
mice. Further, when Pin1 is overexpressed in transgenic mice containing wild type tau there
is an observed reduction in the amount of total hyperphosphorylated tau. Conversely, in
P301L mice when Pin1 is overexpressed the opposite effect is observed as there is an
increase in the amount of total hyperphosphorylated tau (Lim et al., 2008). Collectively,
these results suggest that Pin1 is a possible target for therapeutic approaches designed to
intervene in tauopathies and that the interventions used may need to be disease-specific.

There are few Pin1 inhibitors and even fewer that have been tested for effectiveness in tau
stability in model systems. One example is the Pin1 inhibitor, juglone, which is both
noncompetitive and irreversible (Rudrabhatla and Pant, 2010). Although juglone inhibits
Pin1 it is also able to inhibit other enzymes and block transcription. It has, however, been
demonstrated that juglone inhibition changes tau localization which ultimately affects the
microtubule network and eventually results in neuronal death (Atabay and Karabay, 2012).
Although the P301L mutant was not used in this experiment, it appears that more efforts
need to be exerted toward studying the regulation of Pin1 in relationship to non-AD
tauopathies vs. AD.

VIII.D. Cysteine Proteases
Another potential target for therapeutic intervention involves the calpain family of calcium-
dependent cysteine proteases. Hippocampal neurons incubated with pre-aggregated Aβ were
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shown to induce the activation of calpain-1 and the subsequent cleavage of tau into a 17 kDa
fragment (Park and Ferreira, 2005). Transfecting this 17kDa tau fragment into CHO cells
and cultured hippocampal neurons appears cytotoxic, and enhanced levels of this cleaved
fragment can be detected in cortical brain samples of people with AD and other
neurodegenerative tauopathies (Park and Ferreira, 2005, Ferreira and Bigio, 2011). In
addition, incubating hippocampal neurons with calpain inhibitors prevents the generation of
the cleaved tau fragment and blocks Aβ-induced neurodegeneration. Together this work
suggests a novel pathway that may impact tau creating a toxic species (Park and Ferreira,
2005). A recent report appeared to refute these initial findings by demonstrating that this tau
fragment is not toxic; however, these investigators used different culture conditions, younger
hippocampal neurons, and a smaller tau fragment generated by the cleavage of calpain 2, not
calpain 1 (Garg et al., 2011). While additional studies are clearly needed to better
characterize the role of calpain and tau cleavage in neurodegeneration, targeting calpain
pathways to mediate tau toxicity may provide yet another therapeutic approach.

VIII.E. Summary of Non-canonical Targets of Tau Function
Together these novel findings suggest new tau targets and sites of intervention in disease
initiation and progression of tauopathies. Potential points of intervention include the PAD
domain on tau, prevention of tau oligomer formation, inhibition of PP1, calpain inhibition,
regulation of Pin1, and for different reasons than given above, inhibition of GSK3 isoforms.
Targeting the PAD peptide may be the most straightforward of these choices as this could be
approached by either immunotherapy or discovery of small molecule inhibitors. Binding of
an inhibitor to PAD would likely result in less pleiotrophic toxicity than inhibition or
activation of a major enzyme system. Additionally, anti-aggregants may provide another
approach by focusing on prevention of the formation of oligomeric tau species rather than
on prevention of NFT formation.

IX. Therapeutic Outlook
We have examined ongoing efforts to inhibit processes thought to be involved in producing
the tau pathologies in AD and other tauopathies that include antibody immunotherapy,
discovery of pharmacological inhibitors to mitigate tau hyperphosphorylation/aggregation,
and discovery of activators of PP2A. There is ample evidence that suggests that any one of
these processes provides a viable target for intervention in the disease process. However,
each also has major drawbacks. Kinases and phosphatases are present in nearly every cell in
the body and it has proven difficult to find inhibitors that alter activity of one enzyme
without also affecting the other members of the same or closely related class. Even if
successful in discovering compounds that would target the brain specifically, the pathology
present in tauopathies is region-specific. What would be the effects on non-involved brain
regions? Anti-aggregants at least potentially have the advantage of directly interacting with
the abnormal form of toxic tau in question, but this form is still undergoing definition.

Immunotherapy has shown excellent results in mouse models, however the success of this
approach in humans has yet to be vetted and the results of active and passive immunization
trials using Aβ raises real concerns regarding induction of inflammatory events (Schenk,
2002, Orgogozo et al., 2003). However, there are currently multiple Aβ immunotherapy
compounds being investigated which display strong promise to have disease-modifying
potential in AD patients (Delrieu et al., 2012). This leads us to hope that we can then gain
knowledge from these studies and use it to facilitate a similar approach to clear the tau
pathologies from AD and FTD brains.

Of all the therapeutic paradigms examined within this review, the microtubule stabilization
approach appears the most advanced and ready for human trials. This is largely due to the
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previous work done on these compounds for use in cancer therapy. It would seem that at the
very least, microtubule stabilization may prove useful in combination therapy even if it
doesn’t develop into a stand-alone approach. This of course assumes that EpoD is non-toxic
after long-term human use. Whereas cancer can often be treated as an acute insult in which
short term therapies can be employed with some degree of success in eradicating the disease,
AD and other tauopathies are likely to be chronic, requiring long-term treatment that lacks
serious adverse side-effects. Clearly, much work is left to be done in order to translate the
therapies highlighted in this review toward effective use in the clinic, but the therapeutic
advances discussed herein demonstrate that significant progress is being made.
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Abbreviations

MAP microtubule associated protein

NFT neurofibrillary tangle

AD Alzheimer’s disease

MTBR microtubule binding repeat

Aβ amyloid beta

PiD Pick’s disease

CBD corticobasal degeneration

PSP progressive supranuclear palsy

FTDP-17 frontotemporal dementia and Parkinsonism linked to chromosome-17

PHF paired helical filaments

SF straight filaments

CDK cyclin dependent kinase

GSK3β glycogen synthase kinase 3 beta

ERK1/2 extracellular signal-regulated kinase 1/2

HTS high throughput screen

CIP CDK inhibitory peptide

PP2A protein phosphatase 2A

OA okadaic acid

CFA complete freund’s adjuvant

PT pertussis toxin

PS1 presenilin 1

JNPL3 P301L tau tangle mouse model

BBB blood brain barrier

hT23 recombinant human tau with 3 MTBRs and 0 N-terminal inserts

hT24 recombinant human tau with 4 MTBRs and 0 N-terminal inserts
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ADME absorption, distribution, metabolism, and excretion

PTH phenylthiazolyl-hydrazide inhibitors

ROS reactive oxygen species

MOA monoamine oxidase

LDH lactate dehydrogenase assay

MTC methylthioninium chloride

PiB pittsburgh compound B

PrPT44 transgenic mouse model with the shortest form of tau expressed under the
control of mouse prion promoter

FAT fast axonal transport

EpoD epothiolone D

AFM atomic force microscopy

PP1 protein phosphatase 1

Pin1 peptidyl-prolyl cis-trans isomerase NIMA-interacting 1
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Figure 1. Schematic representation of tau
Diagram indicating the organization of the longest human tau isoform hT40 (2N4R). The
primary transcript of tau contains 16 exons with 3 exons that can be alternatively spliced
(exon 2, exon 3 and exon 10). This leads to 6 major human tau isoforms in the Central
Nervous System (CNS), 2N4R, 1N4R, 0N4R, 2N3R, 1N3R and 0N3R. The repeat regions
reside towards the C-terminal end and this is the area of the protein involved in microtubule
binding. Within the center of the protein there is a proline-rich domain that is highly
phosphorylated in the AD brain. The table outlines each of the six isoforms, listing number
of N-terminal inserts, repeat regions and number of residues present.
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Figure 2. Hypothesized conformations of tau
(A) The “paperclip conformation” was proposed using FRET analysis outlined by
Jegenathan et al., 2006. The C-terminus folds in close proximity to the MTBRs while the N-
terminus folds back towards the C-terminus but at a distance from the MTBRs. (B) The
“Alz-50 conformation” is assumed when tau aggregation begins. When the C-terminus
vacates its position near the MTBRs, it allows room for the N-terminus to interact with this
region. This structure is recognized by the Alz-50 antibody and is associated with early tau
polymerization as outlined by Carmel et al., 1996. (C) Putative stacking of tau monomers
represents an aggregated tau conformation.
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Figure 3. Diagram of recombinant tau constructs
(A) Construct K19 consisting of only three repeats in the Repeat Regions (RR) from residue
244–372 missing residues 308–326 corresponding to RR2/E10. (B) Construct K18
consisting of four repeats in the RR from residues 244–372. The hexapeptide motifs PHF6
(VQIVYK) and PHF6* (VQIINK) that promote the assembly of β structure are highlighted
in yellow in both constructs.
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Figure 4. Chemical structures showing examples of tau aggregation inhibitors
(A) Epalrestat: A rhodanine inhibitor containing a 5-membered heterocyclic compound. (B)
BSc3094: A phenylthiazolyl-hydrazide inhibitor containing two separate functional groups-
the thiazolyls and the hydrazides. (C) MTC: a phenothiazine tricyclic structure with sulfur
and nitrogen incorporated into its heterocycle. Phenothiazines contain two aromatic rings
connected by a nitrogen atom and have a much more planar structure. (D) PiB: a
benzothiazole is also a heterocyclic compound with aromatic conjugation. There are many
examples of these compounds that act as tau aggregation inhibitors. (E) Emodin: an
anthraquinone is the building block of many dyes and exhibits a tricyclic structure with at
least one phenolic moiety.
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