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Abstract

Impaired nutrient delivery to the brain due to decreased blood flow contributes to cognitive
decline and dementia in Alzheimer’s disease (AD). Considering this, many studies have suggested
that neuroprotective agents like those used in stroke could prevent AD onset or progression by
promoting cell survival. However, research in the past decade suggests that the culprit behind the
cognitive loss in AD models is actually the soluble tau accumulating inside of surviving neurons.
In fact, tau reductions improve cognition in mouse models of AD, even those that only deposit
amyloid plaques. There is emerging evidence that neuroprotection alone in these AD models may
be insufficient to restore neuron function and cognition. Only when soluble tau is reduced on a
neuroprotective background could memory be rescued. Thus, once a neuron begins to accumulate
tau, it may survive in a malfunctioning capacity, leading to impaired electrical signaling and
memory formation in the brain. These data imply that multiple drugs may be necessary to
ameliorate the different disease components. In fact, strategies to preserve neurons without
affecting the soluble protein burden within neurons may accelerate the disease course.

1. Cerebral angiopathy and blood flow dysregulation in AD

Current research in AD suggests that cerebral angiopathy (CA) can occur from excess
neuronal secretion of AB, and from preexisting vascular disease (ladecola, 2004, Zlokovic,
2008). Ap can be cleared from the brain by vascular transport across the blood-brain-barrier
(BBB). This free AB, can bind to different transport binding proteins like apolipoprotein J
(Ghiso, 1993) and E (Yang, 1997), transthyretin (Schwarzman, 1994), lipoprotein receptors
(Matsubara, 1999) and several others. Vascular smooth muscle cells (VSMC) have recently
been an intense area of focus due to their ability to internalize and clear AP and contract the
capillary (Urmoneit, 1997). Thus, modulation of VSMC could provide a cellular and
molecular link between vascular disorders and AD. The VSMC can clear A by using
lipoprotein receptor-related protein-1 (LRP-1) to sequester it (Shibata, 2000, Urmoneit,
1997). It is speculated that when the neuron begins secreting excess amyloid, the VSMC
becomes saturated, allowing AP to accumulate. AB is also capable of potentiating the cell’s
constriction capability (Niwa, 2001, Paris, 2002). In fact, when AB 1-40 peptide is
administered to wildtype mice by topical superfusion the subjects display reduced resting
cerebral blood flow (Niwa, 2001). Also, it has been found that serum response factor and
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myocardin are upregulated in AD tissue (Chow, 2007). They are transcription factor proteins
that facilitate the VSMC-differentiated phenotype. Hence, AD patients may have a
hypercontractile phenotype that can be further potentiated by AB. The amyloid cascade
hypothesis is further supported by studies showing that the overexpression of APP in mice is
capable of causing pathologic changes before the detectable appearance of amyloid plaques.
In the PDAPP mice, dentate gyrus volume is reduced before plaque formation (Redwine,
2003). Mice overexpressing the Swedish APP mutation exhibit a reduction in hyperemia
(Niwa, 2000). On the other hand, vascular disease on its own is also capable of reducing
blood flow across the blood-brain-barrier, creating a hypoxic state. Hypoxia has been shown
to decrease the ability of VSMC to clear A (Bell, 2009). Anothr complication from arising
from CA is that reduced blood flow leads to energy deprivation, which in turn potentiates
BACE1 levels (O'Connor, 2008). Since BACEL is the rate-limiting step of Af production,
more BACEL protein creates more Ap peptide. Ultimately, a cascade can arise from CA that
becomes self-perpetuating, manifesting in dementia.

2. Neuroprotective agents for AD

Because of the strong vascular component in AD, there has been a search for compounds
that can elongate the life of neurons. Many drugs have been proposed to have possible
neuroprotective effects in AD based on their ability to scavenge antioxidants and free
radicals. Examples of these drugs are, indole-3-propionic acid (IPA), vitamin E and
resveratrol.

IPA is an inhibitor of A fibril formation, an antioxidant, and neuroprotectant. To assess its
ability to protect neurons from ischemic damage it was administered for 15 days at a 10
mg/kg dose to mice. Tissue was collected and IPA was shown to spare neurons from
ischemic damage ~300% (Hwang, 2009). IPA has also been shown to inhibit Ap fibril
formation but other indole derivatives like indole 3-acetic acid, indole 3-carbinol and
tryptophol were more effective (Morshedi, 2007).

Vitamin E is currently in phase 11 of clinical trials to treat AD. However, beneficial effects
of vitamin E in patients with moderate to severe AD have been modest (Brewer, 2010).
Vitamin E treatment of 2000 1U slowed the functional deterioration of patients, improving
their daily living, but failing to improve the mini-mental exam score (Grundman, 2000,
Petersen, 2005).

Resveratrol can promote antioxidant activity, neuroprotective effects, and activation of
sirtuins and their positive effect on aging (Albani, 2010). This compound, derived from
grapes, improves cognition and reduces plaque pathology in animal models of AD
(Karuppagounder, 2009, Kim, 2007, Wang, 2006). Resveratrol is one of the more promising
compounds that has entered clinical trials.

Pharmacological agents like resveratrol and IPA may indeed be neuroprotective, but
questions about a strategy designed to spare sick neurons are beginning to emerge. In some
sense, this is in direct violation of Darwinian principles: Culling of the weak or sick from the
herd is better for the species population as a whole. This same principle may be in play in
the brain. Perhaps sparing neurons that harbor aberrantly accumulated proteins could worsen
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brain function. Thus, extending the life of neurons that have already begun to accumulate
tau may not be an effective strategy. Perhaps the brain is able to adapt when a neuron dies,
as has been shown in stroke and occlusion diseases; the plasticity in the brain can reroute
processes to perform essential functions. However, when a neuron is chronically sick, but
surviving, the brain may continue to route information through it, but that neuron may
simply be unable to propagate the signal (Figure 1).

3. Pathologically visible tau or invisible soluble intermediates; what should

we be targeting?

Although there is strong data demonstrating the adverse effects of vascular dysfunction and
amyloid accumulation in AD, research in the last decade suggests that tau may be a better
therapeutic target. Recent work has demonstrated a critical role for tau in amyloid-induced
deficits of the hAPP mice (Roberson, 2007). Since these mice do not develop tau pathology
it was long assumed that tau did not have a role in their cognitive deficits. However, when
the hAPP transgenic mice were crossed onto a tau null background, the cognitive deficits
induced by amyloid accumulation were ameliorated. Moreover, tau depletion protected
against both kainate and GABAA receptor antagonist (pentylenetetrazol) induced seizures.
Furthermore, tau reduction did not change A deposition, neuritic distrophy, or aberrant
sprouting. This study suggests that tau may be a better therapeutic target because it is
necessary for Ap-mediated cognitive deficits and excitotoxicity. Also, it suggests that
cognition can be improved despite amyloid pathology.

Another piece of evidence that supports tau-induced cognitive decline is the creation of the
rTg4510 mouse model (Santacruz, 2005), which is doubly transgenic for the tetracycline
operator driven by the CamKII promoter and human P301L tau driven by the PrP promoter
and regulated by the tetracycline-responsive element. These mice accumulate tau tangles
and develop severe neurodegeneration and cognitive deficits. A large group of rTg4510
mice were trained to find the hidden escape platform in the Morris water maze (MWM) at
2.5 months of age. It was found that tau was not affecting all mice equally. As a result, the
mice were split into two cohorts. To test the effect of tau reduction and pathology on
cognition in a sub-optimally performing cohort, tau expression was shut off at 2.5 months of
age in half of the mice, while the other half received control diet. The mice were retrained
and tested at 4.5 months, an age prior to onset of neurodegeneration. Suppressing tau
expression for 2 months enabled mice that had previously performed poorly in the MWM to
now learn and recall the location of the escape platform, while the performance of the
vehicle-treated rTg4510 mice continued to decline. Next, the higher performing cohort had
doxycycline treatment initiated at 5.5 months, a point when neurodegeneration and frank
tangle pathology begins in this model. These mice had improved cognitive function despite
increasing tangle formation. These two studies showed that not only is soluble tau able to
impair learning and memory, but tangles failed to correlate with memory improvement.

A role for soluble tau in altering cognitive function was re-emphasized in a subsequent study
using the rTg4510 model (O'Leary, 2010). Seven-month old rTg4510 mice were treated with
the pleiotropic compound, methylene blue (MB), which is currently in clinical trials for AD.
Direct hippocampal infusion of MB improved learning and memory in the rTg4510 mice,
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but neither pathology nor neuronal morphology were altered: Only soluble tau was
extensively reduced.

In a more recent study, the role of caspase cleavage of tau was tested in the rTg4510 model.
Caspase activation was shown to occur before tangle formation, tangle-bearing neurons
were long-lived, and aggregated tau was able to suppress caspase activity (de Calignon,
2010). Conversely, injection with a virus expressing wildtype human tau induced caspase
cleavage of tau, suggesting that soluble cytosolic tau could activate caspase. This work
suggests that tau tangles may protect the neuron from apoptosis, while soluble tau can
induce caspase activation and possibly neurotoxicity.

There is still more evidence for the importance of soluble tau in disrupting neuronal
function. Mice over-expressing wildtype human tau show no tau insolubility or neuronal
loss, yet these mice have memory deficits and synaptic dysfunction. Conversely mice over-
expressing the P301L variant of human tau did develop neuronal loss and tau insolubility,
but these mice were cognitively intact and synapses functional (Kimura, 2010). This concept
provides further support to the notion that accumulation of soluble tau essentially clogs the
neuron, but does not kill it, leading to reduced overall brain function. In fact, neuronal death
and insolubility of tau is less deleterious compared to soluble tau accumulation and survival
of sub-optimally performing neurons.

There are several mechanisms through which soluble tau might accumulate and take on a
deleterious function. Pre-fibrillar Ap can cause microtubule disassembly, resulting in a loss
of function for tau and an increased cytosolic burden of free tau (King, 2006, Rapoport,
2002). Aberrant phosphorylation and mutations associated with some tauopathies also
reduce tau’s affinity for the microtubules (Wagner, 1996), possibly enlarging the pool of tau
that is not microtubule bound (Dayanandan, 1999). Another possible way that soluble tau
becomes enriched in the cytosol would be by over-expression. Indeed this occurs naturally
in sporadic Parkinson’s disease (Simon-Sanchez, 2009). It has been shown that over-
expression of widltype human tau leads to excess free tau in the cytosol (Andorfer, 2003),
providing a greater opportunity for tau to interact with itself and aggregate into a soluble
non-functioning intermediate. Thus, perhaps when tau loses its microtubule function, it can
gain a toxic function. For example, tau can mediate A excitotoxicity by allowing fyn to
phosphorylate the NMDA receptor subunit 2 (Ittner, 2010). In this study, crossing the
APP23 transgenic mouse line with tau null mice disrupted the dendritic targeting of fyn.
Interestingly, the same result was achieved by overexpressing a truncated form of tau that
lacks the microtubule binding domains of tau. Again, this suggests that soluble, free tau
without the capacity to interact with microtubules may be even more deleterious to neuronal
function.

All of this evidence strengthens the rationale for developing strategies to deplete free,
soluble tau to treat AD. While reducing all tau has been thought likely to be harmful, there
are several findings that suggest the brain may be more tolerant of such a strategy than first
imagined. In particular, tau knockout mice are functionally intact, due in part to
compensation by MAP1a (Harada, 1994, Tucker, 2001). Moreover, fast axonal transport is
not affected in tau knockout mice (Yuan, 2008). Considering this evidence and that many of
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the patients who would receive anti-tau therapies would be elderly, reducing tau may indeed
be a well-tolerated strategy to ameliorate AD symptoms and modify disease course.

4. Lifespan versus healthspan for neurons: Do Darwinian principles apply

in a degenerating brain?

The phenothiazine class of compounds includes the controversial compound, methylene blue
(MB). The pleiotropy of MB has raised a number of concerns about its clinical application.
More than a decade passed between the time that MB was first reported to prevent tau
aggregation in solution and the time that the first reports emerged describing successful use
of MB in the clinic (Wischik, 2009, Wischik, 1996). Since then, a number of studies have
begun to dissect the mechanisms contributing to the efficacy of this drug. MB was shown to
reduce AP levels in the 3xTg-AD mouse model and improve learning and memory (Medina,
2010). In this study MB treatment was given for 4 months, beginning at the age of 6 months.
MB treatment ameliorated learning and memory deficits in this mouse model, reduced AB
levels, but failed to alter tau.

Other studies have ascribed one mechanism of MB action to its ability to inhibit the
molecular chaperone Hsp70. Indeed this activity was shown to destabilize tau in cells and
mice (Jinwal, 2009). MB treatment was recently shown to improve cognitive function in
rTg4510 mice, but only when sufficiently high doses were present in the brain (O'Leary,
2010). Interestingly, tau tangle pathology as assessed by histology was unchanged in these
mice compared to those treated with vehicle. When stereological analyses were performed
on tissues from these mice, MB facilitated neuroprotection in all treated mice; however, this
neuroprotection did not correlate with cognitive function. Biochemical analyses of tissue
from these mice showed that soluble tau levels were reduced by MB treatment, but only in
mice with high concentrations in their brain. Surprisingly, reduced soluble tau burden
correlated with improved cognitive function in this study.

An additional report recently showed that reducing soluble tau burden with a purely genetic
approach could improve neuronal function in the rTg4510 mice, as measured by long term
potentiation (Abisambra, 2010). Moreover, over-expression of wildtype human tau in mice
does not beget tau insolubility or neuronal loss, but does cause cognitive dysfunction, while
over-expression of mutant tau causes neuronal loss and insolubility of tau, but does not lead
to memory deficits (Kimura, 2010). These results allow for several conclusions to be drawn.
First, neuroprotection alone is insufficient to rescue memory function in tau transgenic mice,
decoupling two processes that have always been intertwined. Secondly, reductions in tau
tangle pathology are not necessary for neuroprotection or cognitive improvement. Lastly,
reducing soluble tau levels is necessary for cognitive improvement in this model, but it is
not required for neuroprotection.

This work has several important implications regarding classical paradigms about the
relationship of neuronal survival, neuronal health and overall brain function. When soluble
proteins accumulate in the cytosol, the endgame may be neuronal death, but there are likely
many neurons that continue to survive for long periods of time in a sub-optimal, or
functionally impaired, state. This is likely due to the intracellular accumulation of “sticky”
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proteins. Strategies aimed at only protecting these sick neurons may ultimately be
deleterious to brain function. Instead, focusing on amelioration of the protein accumulation
in these neurons to restore their function may prove more therapeutic. Simply prolonging the
life of non-functioning neurons may prevent compensatory brain plasticity mechanisms
from being triggered to overcome the loss of function of a discreet circuit (Figure 1). While
neuroprotective strategies may indeed be beneficial, it might be critical to couple such
agents with a treatment that can reduce the soluble protein accumulation that burdens
neurons in many neurodegenerative diseases. Neuroprotection has proven successful in
stroke; however these neurons do not have toxic soluble proteins accumulating within. In
neurodegenerative diseases resulting from proteotoxicity, neuroprotection without reducing
the toxic protein burden may be harmful.

5. Conclusions

The population with AD is expected to grow tremendously within the next 20 years as the
first wave of baby-boomers reaches 65 years of age this year. In addition to AD, there are
more than 15 other neurodegenerative diseases where tau is pathogenic. Research from the
most recent decade suggests that ameliorating soluble tau protein accumulation may provide
patients with greater cognitive improvement and behavioral health. This coupled with
neuroprotective agents may be an even more effective clinical strategy. However
neuroprotection without also rescuing the soluble proteotoxic burden in neurons may be
unsuccessful, essentially allowing malfunctioning neurons to evade the “survival of the
fittest” principle. Thus the brain may be unable to recognize a need to reconfigure damaged
circuitry. Strategies aimed at only neuroprotection may ultimately accelerate the course of
these disorders.
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Figure 1.
Sub-optimally functioning neurons surviving with proteotoxic tau accumulation subvert

brain plasticity that normally occurs in response to neuronal death. (A) Neuronal
transmission in normal brain. (B) Sub-optimally performing neurons due to tau
accumulation cannot transmit a signal to the post-synaptic neuron, and the brain fails to re-
route connectivity since the neuron is not dead. (C) Neuronal death facilitates network re-
routing, allowing the plastic brain to adapt and re-establish downstream connectivity.
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