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Abstract

A growing variety of technical approaches allow control over the expression of selected genes in
living organisms. The ability to deliver functional exogenous genes involved in neurodegenerative
diseases has opened pathological processes to experimental analysis and targeted therapeutic
development in rodent and primate pre-clinical models. Biological adaptability, economic animal
use, and reduced model development costs complement improved control over spatial and temporal
gene expression compared with conventional transgenic models. A review of viral vector studies,
typically adeno-associated virus or lentivirus, for expression of three proteins that are central to major
neurodegenerative diseases, will illustrate how this approach has powered new advances and
opportunities in CNS disease research.
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Introduction

Neurodegenerative disease therapy is tremendously frustrating for patients and clinicians.
Parkinson’s disease (PD) has a spectrum of treatment options (Poewe 2009), but drugs for
Alzheimer’s disease (AD) and the more uncommon neurodegenerative diseases are limited to
cholinesterase inhibitors and palliatives for acute symptoms (Rafii and Aisen 2009). The
microtubule-associated protein tau, and alpha-synuclein, each precipitate in neuropathological
lesions in multiple neurodegenerative diseases (Jellinger 2003; Igbal et al. 2005). The lack of
natural animal models for these diseases has severely hindered the study of disease mechanisms
and the development of rational therapeutic strategies targeted at specific cellular pathology
involving these proteins. Experimental disease models based on selective neurotoxins such as
6-hydroxydopamine (6-OHDA) in rats and 1-methyl-4-phenyl-1,2,3,6-tetrahy-dropyridine
(MPTP) in mice and monkeys can generate extensive dopaminergic neuron loss comparable
to PD, but may fail to reproduce either key neuropathological features such as Lewy bodies,
or progressive motor behavior dysfunction (Gibrat et al. 2009; Krenz et al. 2009). Recent
reviews covering the growing number of transgenic mouse models that express normal or
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mutant alpha-synuclein concur that these exhibit progressive behavioral phenotypes but
relatively little neuron loss of nigral neurons or nigrostriatal projections (Martin 2007; Kahle
2008; Moore and Dawson 2008). Thus it is promising that models of PD based on localized
gene transfer to generate synuclein can produce loss of dopaminergic neurons, neuronal
inclusions, and progressive motor impairment in rodents and primates (Eslamboli et al. 2007;
Chung et al. 2009). Although specific PD features such as resting tremor have yet to be
reproduced in any animal model, gene transfer may approximate the disease sufficiently well
to provide a test bed for potential new therapeutic strategies. This article highlights progress
in the study of neurodegenerative diseases using viral vector somatic cell gene transfer. We
focus on PD- and AD-related diseases, noting that models for Huntington’s disease have
recently been reviewed elsewhere (Lundberg et al. 2008).

In contrast to neurotoxins, the somatic transgenic approach studies disease etiology for specific
genes, and can be used for both wild-type alleles and disease-related mutations. The
progression of vector-induced neuropathology is often accelerated compared with what occurs
in transgenic mice, which may permit the development of pathology that experimental animals
might not live long enough to develop otherwise. It is usually slower than the rapidly acting
neurotoxins, minimizing confounds related to acute toxicity. Vector-based methods offer a
number of unique advantages for disease modeling compared to transgenic mice: (1) specific
targeting of disease-related brain regions, reproducing natural disease patterns; (2) expression
in normal naive animals including aged subjects, avoiding developmental side effects,
adaptation, compensation, or early lethality; (3) unilateral treatment for side-to-side
comparisons, internal genetic control, and within-subjects experimental designs; (4) gene co-
expression and simplified combinatorics; (5) dissociation of central and peripheral expression
effects; and (6) rapid and (relative to the expense of purchasing or breeding transgenic mice)
economical data. These advantages have been utilized for unique experiments addressing
neurodegenerative disease processes and therapeutics, establishing that the approach has a
distinct capacity to identify molecular targets for therapeutics development (e.g. Gorbatyuk et
al. 2008; Chung et al. 2009).

Gene transfer models have limitations as well (Kirik and Bjorklund 2003; Kirik et al 2003).
Even with advanced delivery methods that can transduce large brain volumes (Szerlip et al.
2007), transgene expression is likely to vary in relation to distance from vector delivery sites
and proximal architectural features. Localized transduction may also limit phenotypic
reproduction of distributed disease (Chesselet 2008). Transgene expression may supplement
endogenous expression for the same gene, or result in co-expression of mutant and wild-type
proteins, conditions that may differ significantly from natural disease. Vectors that can
integrate into host genomes can be tumorigenic, such as the leukemias that have been traced
to retroviral vector insertional mutagenesis in humans and mice (Li et al. 2002; Hacein-Bey-
Abinaetal. 2008; Modlich and Baum 2009). A substantial fraction of individuals in host animal
populations may have existing immunological defenses against vectors (Zaiss and Muruve
2008). Diseases such as vascular amyloidopathies require peripheral and/or developmental
expression better reproduced by whole-animal transgenic approaches. Finally, most gene
transfer models are based on mutations or overexpression, but idiopathic AD and PD may have
complex changes in expression of multiple genes that cannot presently be reproduced by gene
delivery.

Vector Technology

The history of efficient brain gene transfer begins with herpes virus vectors (Geller and
Breakefield 1988; Federoff et al. 1992; During et al. 1994) and later adenovirus vectors (Le
Gal La Salle et al. 1993; Horellou et al. 1994; Castel-Barthe et al. 1996; Bilang-Bleuel et al.
1997; Choi-Lundberg et al. 1997). Efficiency and longevity of gene expression improved
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significantly with the subsequent advent of adeno-associated virus (AAV) (Kaplitt et al.
1994; McCown et al. 1996) (Fig. 1) and lentiviral vectors (Naldini et al. 1996; Blomer et al.
1997). As evidence accumulated that AAV vectors were safe and could mediate persistent
expression, the efficiency of gene transfer continued to rise with the use of novel engineered
promoters and the addition of new AAV serotype vectors (Davidson et al. 2000; Burger et al.
2004; Klein et al. 2006a, 2008a). Early studies with AAV and lentivirus focused on reporter
gene expression and gene therapy in rodents (Kaplitt et al. 1994; Naldini et al. 1996; Bldmer
et al. 1997; Mandel et al. 1997; Klein et al. 1998; Lo et al. 1999) before gene transfer was
successfully applied to modeling neurodegenerative disease pathology. A breakthrough paper
validated the application of AAV somatic gene transfer system to this task (Senut et al.
2000). An AAV vector for polyglutamine repeats produced by this group induced a
degenerative disease state in rats mimicking Huntington’s disease with respect to intraneuronal
inclusions and neuronal degeneration in the striatum, cardinal neuropathology, and sequelae
of the actual disease.

An Alpha-Synuclein Proteinopathy Model of Parkinson’s Disease

The report on the first genetic link to PD, a mutation in alpha-synuclein (Polymeropoulos et
al. 1996), launched a vigorous effort to find additional genetic links and to make gene-based
animal models. Because it was also known that alpha-synuclein was the protein largely
comprising the Lewy body neuropathological lesions in PD (Spillantini et al. 1997), the
situation was reminiscent of familial AD mutations in the gene for the neuropathological
substrate protein, amyloid precursor protein (APP) (Citron et al. 1992). The first alpha-
synuclein transgenic mouse line (Masliah et al. 2000) paved the way for many subsequent
alpha-synuclein mouse models, as well as alternative genetic models in flies (Feany and Bender
2000), worms (Lakso et al. 2003), yeast (Outeiro and Lindquist 2003), and viral vector models
in rats and monkeys (Furler et al. 2001; Kirik et al. 2002; Klein et al. 2002b, 2005; Lo Bianco
et al. 2004a, b, 2008; Yamada et al. 2005; Hayashita-Kinoh et al. 2006; Yasuda et al. 2007).
Even as the first genetic causes of PD were still being mapped (Polymeropoulos et al. 1996),
efficient viral vectors were becoming available to mimic PD in animals (Kaplitt et al. 1994;
McCown et al. 1996; Naldini et al. 1996; Blomer et al. 1997; Mandel et al. 1997; Peel et al.
1997). The use of serotypes other than AAV2 improved transduction efficiency as mentioned,
as did novel engineered promoters (Klein et al. 1998, 2002a; Xu et al. 2001). Improvements
were also largely due to developments in AAV purification, i.e., replacing live adenovirus with
a trans-complementing plasmid system (Xiao et al. 1998; Grimm et al. 1998) and replacing
CsCl with iodixanol (Zolotukhin et al. 1999). Modifications in the green fluorescent protein
(GFP; Zolotukhin etal. 1996) reporter gene substantially enhanced detection of AAV-mediated
expression (Peel et al. 1997; Klein et al. 1998).

Using human alpha-synuclein cDNA received from Matthew Farrer in 1999, we noticed a
consistent neuron morphological phenotype caused by alpha-synuclein at 3 weeks after AAV?2
vector injections into the rat substantia nigra (SN). We did not fully appreciate the mimicry of
PD at the time, but eventually concluded that the classic neuropathology in PD, Lewy neurites,
was reproduced by the axon morphology changes we observed in rats (Klein et al. 2002b).
Synuclein-transduced nigrostriatal axons were dystrophic, with both swollen and shrunken
neuronal processes and large axonal spheroids, closely resembling Lewy neurites in alpha-
synucleinopathy diseases (Spillantini et al. 1997, 1998b). However, we were puzzled by the
lack of dopaminergic cell loss or behavioral effects when we examined expression intervals
between 1 and 6 months. Insight was provided by the study by Furler et al. (2001), who
demonstrated that SN dopamine neurons can tolerate high levels of alpha-synuclein
overexpression without degenerating in rat SN transduced with an efficient AAV2 vector. We
did achieve alpha-synuclein-induced loss of dopamine neurons in addition to the Lewy-like
neuropathology when we used a long interval of 1 year, and a relatively high vector dose (3 x
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1010 vector genomes). The cell loss was not sufficient to drive the behavioral pathology,
amphetamine-stimulated rotation that occurs after extensive unilateral loss of SN dopamine
neurons (Klein et al. 2002b). The absence of substantial motor symptoms until dopaminergic
loss is severe is consistent with the clinical properties of actual PD (Thomas and Beal 2007).

A more extensive study by Kirik et al. (2002) showed a progressive AAV2 alpha-synuclein
induced dopaminergic degeneration and dopamine loss, as well as dynamic time-dependent
changes in the Lewy-like neuropathology and the nigrostriatal innervation. Still the degree of
cell loss caused by alpha-synuclein did not result in a clear behavioral phenotype, although
clever use of a drug to deplete endogenous dopamine levels uncovered an additive effect with
alpha-synuclein gene transfer (Kirik et al. 2002). This team of researchers produced an exciting
story of alpha-synuclein proteinopathy in rats, and in monkeys, by demonstrating that a postural
bias developed progressively, consistent with the unilateral alpha-synuclein neuropathology
and degeneration of the nigrostriatal pathway (Kirik et al. 2003). Innovative studies with
lentivirus (Lo Bianco et al. 2002) and AAV (Yamada et al. 2004; St Martin et al. 2007) have
helped elucidate the pathogenic mechanism of alpha-synuclein in the rodent and primate brain,
leading to methods of protecting against alpha-synuclein induced neurodegeneration (Lo
Bianco et al. 2004b, 2008; Yamada et al. 2005; Yasuda et al. 2007; Hayashita-Kinoh et al.
2006). Our studies with alpha-synuclein provided a unique example of alpha-synuclein
filaments viewed by electron microscopy in the SN in an animal model, confirming the
formation of fibrillar lesions (Fig. 2; Klein et al. 2005). We attempted to improve expression
levels of alpha-synuclein by way of the promoter system used (Klein et al. 2005), and by using
efficient AAV serotypes 9 and 10 (Klein et al. 2008b), to induce dopaminergic deficits
commensurate with behavioral effects. However, our conclusion is that the rat nigrostriatal
pathway can tolerate high levels of alpha-synuclein overexpression, as these efforts did elevate
expression but did not induce significant changes in either cell loss or behavior. There seems
to be a large fraction of the rat SN that is resistant to alpha-synuclein overexpression, and failure
to develop motor behavior phenotype in numerous studies may be due to preservation of these
neurons (Klein et al. 2002b; Kirik et al. 2002; Lo Bianco et al. 2002; Yamada et al. 2004).
Differential phosphorylation of synuclein has been proposed to mediate such vulnerability, and
gene transfer of phosphorylation-resistant synuclein created by site-directed mutagenesis was
reported to exacerbate toxicity and dopaminergic neuron loss in rat SN (Gorbatyuk et al.
2008). However, similar comparisons of AAV vectors for wild-type and phosphorylation-
mutant synuclein yielded conflicting results that will require further study (McFarland et al.
2009).

Tau Gene Transfer Models of Tauopathies

Neurofibrillary tangles are one of the classic neuropathological lesions in AD but occur in a
number of other neurodegenerative diseases as well as normal aging (Ballatore et al. 2007,
Igbal et al. 2005). Tangles are mainly composed of the microtubule-associated protein tau and
ubiquitin. The traditional view held that pathogenesis of tauopathy diseases involved tau
hyperphosphorylation, dissociation from microtubules, self-polymerization into fibrils, and
subsequent microtubule dysfunction, defective axonal transport, and neurodegeneration
responsible for dementia (see Dickson 1999 for review). However, a consensus is emerging
that tangles might not be the most pernicious forms of tau, cannot explain cognitive decline,
and may in fact represent adaptive cellular responses (Congdon and Duff 2008; Castellani et
al. 2008, etc.). Instead, “prefibrillary” tau, still poorly characterized, may be responsible for
synaptic dysfunction and neurodegeneration underlying behavioral deficits (Brunden et al.
2008). This may identify new therapeutic targets and strategies.

Normal and abnormal tau function have been studied in a wide variety of organisms including
invertebrates (Lee et al. 2005). A number of transgenic mouse models for tau overexpression
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emerged in the 1990s with aberrant somatodendritic localization of tau, which is normally
found in axons, although full-blown tangles were elusive (see Lee et al. 2005 for review).
Ground-breaking discoveries of familial tau mutations in cases of frontotemporal dementia
with Parkinsonism linked to chromosome 17 (FTDP-17; Hutton et al. 1998; Poorkaj et al.
1998; Spillantini et al. 1998a, for example) led to a tau transgenic mouse model overexpressing
the pathogenic P301L tau mutation, with mature neurofibrillary tangles, pronounced motor
deficits, and neurodegeneration (Lewis et al. 2000). We received the P301L tau from Jada
Lewis and Michael Hutton in 1999 and began expressing it in the basal forebrain of rats with
an AAV2 vector (Klein et al. 2004). Early experiments clearly demonstrated that the model
achieved aberrant somatodendritic tau expression as in tauopathies. Markers for neurofibrillary
pathology, including various antibodies for phospho-tau epitopes, antibodies for pathological
tau conformations, and Gallyas silver staining indicated tau hyperphosphorylation,
aggregation, and the formation of outright tangles (Klein et al. 2004). Electron microscopy
confirmed the first example of mature neurofibrillary tangles in rats, induced by P301L tau
gene transfer into the medial septum of the basal forebrain or the SN (Fig. 2; Klein et al.
2004, 2005). The tau filaments and tangles were viewed by electron microscopy at an interval
of 4 months, but cells positive for Gallyas silver staining, another marker for tangles, appeared
as early as 3 weeks after gene transfer, demonstrating that tangles can form quite rapidly in
vivo. This rapid time course is similar to what was observed in the elegant cellular model for
tauopathy developed by Hall and colleagues, who transduced lamprey hindbrain anterior bulb
neurons in situ to express human tau constructs. Progressive neurofibrillary pathology in this
model reproduces hyperphosphorylation, filament formation, dendritic tau accumulation, and
neuron death observed in human disease (Hall and Yao 2005). Because tangles can form in
suchashortinterval, tangle-bearing neurodegenerative diseases might involve a sudden change
in tau function disrupting critical cellular activities, rather than a slow process taking decades.
This would not be inconsistent with a slowly progressive age-related neurodegeneration, but
raises the possibility that individual tangles may develop relatively abruptly compared with
the evolution of dementia. The model conclusively proves that neurofibrillary pathology does
not require non-neuronal, developmental, or peripheral expression of mutant tau, and still
affords superior regional reproduction of AD tangle localization compared to existing
transgenic models.

Taking advantage of the AAV system to combine transgenes, we expressed the tau vector in
amyloid-bearing mice, in order to comprehensively mimic both the plaques and tangles in AD.
We achieved efficient gene transfer of the reporter gene GFP in double transgenic APP/
presenilin mice, and were able to show dense neuritic tau pathology embedded within and
surrounding plaques in the hippocampus (Klein et al. 2004). A more recent study with a
lentivirus vector for mutant tau resulted in tangle formation in amyloid transgenic mice after
13 months, but not in non-transgenic mice (Osinde et al. 2008). This will be a useful model to
explore mechanisms linking tau and beta amyloid pathology interact, for example the
aggravation of tauopathy associated with stimulation of glycogen synthase kinase 3-beta
activity in mice transgenic for mutant APP (Terwel et al. 2008).

Next, we targeted tau expression to the rat SN, as we did earlier with alpha-synuclein (Klein
et al. 2002b), for two reasons. The first reason was disease relevance, as there is nigral tau
pathology in AD, FTDP-17, corticobasal degeneration, and progressive supranuclear palsy, as
well as nigral degeneration in the latter three diseases (Wakabayashi et al. 1994; Mirra et al.
1999; Di Maria et al. 2000; Poorkaj et al. 2002; Schneider et al. 2002). Second, SN anatomy
is favorable to quantitative analysis. Inrats, SN consists of a discrete population of about 10,000
dopamine neurons. The combination of relatively low interanimal variation and highly
reproducible stereological methods translates into an ability to resolve small effects (15%).
Further, the nigrostriatal pathway has no contralateral projections, thereby facilitating within-
animal designs. In other words, unilateral treatments afford a valid internal control from the
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untreated, separate side. The nigrostriatal pathway, therefore, provides an index of
neurodegeneration in vivo that is relatively easy to quantify in order to test for specific
neurotoxic effects. Compared to AAV2 GFP gene transfer, which did not alter numbers of
dopamine neurons relative to untreated samples, an equal vector dose of AAV2 P301L tau
vector caused a progressive loss of dopamine neurons from 28% at 3 weeks to a 56% loss by
4 months. Whether the rapid neurofibrillary tangle formation underlies the neuronal death is
unclear. We know that tangles form as soon as 3 weeks (Klein et al. 2004), a time point with
significant cell loss. However, only a small fraction of the cells positive for markers of human
and phospho-tau were also positive for markers of tangles, such as globose morphology,
Gallyas silver staining, and a neurofibrillary tangle-specific antibody (Klein et al. 2004,
2005). If the number of neurons bearing tangles is not sufficient to account for the degree of
cell loss, other mechanisms are more likely to mediate neuronal death. These might include
truncated tau abrogation of mitochondrial function (Quintanilla et al. 2009), stimulation of
inflammatory responses (Zilka et al. 2009), or pre-tangle tau disruption of microtubule function
(Igbal et al. 2009; LaPointe et al. 2009).

Compared to an equal dose of an AAV2 alpha-synuclein vector, there was clearly a more
damaging outcome as a result of tau gene transfer. We were always able to detect alpha-
synuclein immunoreactivity in SN pars compacta neurons despite some degree of
dopaminergic cell loss in that area (Klein et al. 2002b, 2005). In stark contrast, tau vector
injections always produced clear evidence of transgene expression, above and below the pars
compacta, with the adjacent pars compacta devoid of tau-immunoreactive neurons. Because
the adjacent sections stained for tyrosine hydroxylase or a general neuronal marker showed
the same overlapping blank areas, we concluded that the pars compacta dopamine neurons are
highly sensitive to tau overexpression, which obliterates staining for tau or neuronal markers
in that area (Klein et al. 2005, 2008b). Another difference between the tau and alpha-synuclein
outcomes was expression in the striatum. Whereas the alpha-synuclein was greatly enriched
in the terminal area of the nigrostriatal pathway as indicated by western blot samples of SN
and striatum, in the case of tau, we were unable to detect the recombinant human tau in the
striatum, suggesting either axonal death or lack of anterograde axonal transport (Klein et al.
2005). The third major difference between tau and alpha-synuclein in the rat/vector model is
the functional readout of behavior. Amphetamine-stimulated rotational behavior, a measure of
inter-hemispheric imbalance in dopamine levels, is readily observed in tau vector-injected rats,
but not alpha-synuclein vector-injected rats (Klein et al. 2005, 2008b). Distinct specific disease
states are induced by either tau or alpha-synuclein in terms of toxic potency, effects on axonal
function, and behavior. The toxic potential of alpha-synuclein models early pre-symptomatic
disease, whereas tau has potential for modeling late stage disease with behavioral deficits in
conjunction with severe neuronal loss.

Newly isolated serotypes of recombinant AAV have become available and mediate increased
spread and efficiency of gene transfer in brain (Burger et al. 2004; Klein et al. 2006b, 2008b,
for example). We tested some of them functionally in our tau model and found differences in
expression levels and degree of dopamine neuron loss (Klein et al. 2006a, 2008b). An AAV9
vector for human P301L tau produced enhanced transgene expression, and greater loss of
striatal dopamine content, than identically packaged AAV2 or AAVS vectors (Klein et al.
2008b) (Fig. 3). Robust tau expression at 1 week preceded loss of dopamine at 2 weeks and
behavioral phenotype at 3-4 weeks. With the efficient AAV9 vector, tau gene transfer caused
a progressive disease with roughly 90% loss of SN dopamine neurons, the first example of a
nearly complete dopaminergic lesion using a vector approach and unprecedented outside of
neurotoxin models.

Using lower doses of an AAV9 wild-type tau vector for a partial lesioning effect, we
investigated whether aged tissue is more susceptible to neurodegenerative disease by
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comparing the experimental disease state in young and aged rats (Klein et al. 2009). We
compared early and late time points (2 and 8 weeks), and 2 vector doses, after first ascertaining
with an AAV9 GFP vector that gene transfer efficiency was equivalent for the two ages. Then,
with the tau vector, we observed significant effects of age on the degree of cell loss at both
intervals. The most outstanding age difference was observed for the short expression duration
and low dose combination, suggesting greater susceptibility to the onset of early stage disease
and low level tau expression. Significant rotational behavior occurred only in the aged rats at
the high vector dose. Aging effects on microglial activation were more pronounced. We
observed a clear microgliosis associated specifically with tau, but not GFP gene transfer, and
the effect was stronger in aged samples at both intervals and doses. Because the maximal
microgliosis was seen after short expression, but neuronal loss increased after this interval,
microgliosis may play a causative role in neuronal death. The study demonstrated that wild-
type tau is sufficient for inducing dopaminergic neuron loss (Klein et al. 2009), confirming our
earlier comparison of wild-type and P301L tau (Klein et al. 2005), while revealing that
microglia function may be a critical early step in tau pathogenesis. DNA microarray data after
tau gene transfer also implicate the importance of cytokines and inflammation at an early point
in the disease state (Klein et al. unpublished data).

The profound neuronal loss that can be generated by vector-induced tauopathy may help
resolve the contested issue of whether tangles are toxic or protective. It is possible, for example,
that the severity of neuronal loss compared with actual disease and transgenic rodents is related
to a rapid rate of accumulation of aggregated tau. Fast accumulation would be more likely to
overwhelm physical or biochemical processes (e.g., intracellular transport) necessary for
sustained survival (De Vos et al. 2008; Spires-Jones et al. 2009). In slowly progressing disease,
a gradual accumulation of aggregated tau over decades may permit adaptation to intracellular
volume displacement. This could maintain intracellular transport sufficient for survival in
neurons with slowly growing tangles, while allowing tangles to exert neuroprotective effects
such as those hypothesized for oxidative stress (Castellani et al. 2008) or microtubule function
(Spires-Jones et al. 2009). Our histological data do make it clear that the number of ‘ghost’
tangles observed is far too low for degradation-resistant tangles to be an obligatory route to
neuron death. It is possible that intracellular tangles are protecting the neurons that contain
them from cell death mechanisms that claim the large proportion of neurons without tangles.
The use of different gene variants, promoters, serotypes, and multiplicity-of-infection
parameters will allow controlled use of the gene transfer approach to analyze how disease
phenotypes such as tau aggregation, impaired cytoplasmic transport, oxidative stress, and cell-
cycle re-entry interact to bring about cell death.

Gene Transfer Modulation of Parkin Function Related to Dopaminergic
Neurodegeneration

Mutations in parkin, an enzyme in the protein ubiquitination cascade, cause an inherited form
of PD, similar to alpha-synuclein (Shimura et al. 2001). Parkin has been proposed to
ubiquitinate alpha-synuclein under some conditions, so loss-of-function mutations in an
enzyme that targets alpha-synuclein for degradation could underlie alpha-synuclein/ubiquitin
neuropathology in PD (Shimura et al. 2001). In a vector model to cause parkin dysfunction,
Dong et al. (2003) overexpressed a known parkin enzyme substrate called CDCrel-1 in the SN
of rats and found a robust lesioning effect on the nigrostriatal system. The model has also been
used by Jung et al. (2008) to study the effects of co-expression with heat shock proteins (Hsp),
with Hsp70 protecting against CDCrel-1. Another parkin substrate called Pael-R, when
expressed with an adenovirus vector, produces similar effects on the rat nigrostriatal system
of parkin knockout, but not wild-type mice (Kitao et al. 2007). Although blocking parkin
function results in dopaminergic neurodegeneration, turning up parkin levels has protective
effects, as observed in a number of model systems and for a variety of toxic insults (discussed
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in Klein et al. 2006b). Parkin co-expression has protected against alpha-synuclein-induced
neurodegeneration using either lentivirus (Lo Bianco et al. 2004b) or AAV in rats (Yamada et
al. 2005). Similar effects were observed in monkeys (Yasuda et al. 2007). The action of parkin
as a general neuroprotective factor is underscored by improved behavioral outcome after 6-
OHDA lesions (Manfredsson et al. 2007), or neuronal preservation after low level tau protein
expression (Klein et al. 2006b) in AAV/rat experiments. Both parkin and Hsp70 may act to
eliminate unwanted and misfolded proteins. In fact, Hsp70 has been shown to provide
neuroprotection against alpha-synuclein in a Drosophila model (Auluck et al. 2002), against
MPTP lesions in AAV-transduced mice (Dong et al. 2005), and against CDCrel-1 (Jung et al.
2008), making Hsp70 a candidate factor worth pursuing. Lo Bianco et al. (2008) recently
described the yeast-derived factor Hsp104 which protected against alpha-synuclein with
lentivirus co-expression in rats. The high throughput screening systems of yeast (Liang et al.
2008) and C. elegans (Hamamichi et al. 2008) have uncovered a host of potential protectants
against alpha-synuclein toxicity. While parkin and Hsp70 are protective against more than one
type of toxic overexpression, hits described in the nematode study were specific for alpha-
synuclein versus polyglutamine repeats (Hamamichi et al. 2008). These factors could help
target protective function to a specific type of lesion and limit interference with unrelated cell
functions. The proteins such as parkin, Hsp70, and the ones uncovered by the screening studies
that protect against alpha-synuclein, are by and large associated with protein trafficking and
protein degradation. Investigation of these protective factors will lead to clues on alpha-
synuclein’s neurotoxic mechanisms and an enzyme therapeutic target.

Gene Transfer Models of Beta Amyloidopathy

Despite the centrality of beta amyloid in Alzheimer’s research (Chiang et al. 2008), remarkably
few papers have described gene transfer models of brain beta amyloidosis. Although early
vectors were conducive to using somatic gene transfer to look at serum amyloidosis (Kindy et
al. 1998), transgenic mice expressing human disease mutations have been the predominant
model for studying central amyloid (Rockenstein et al. 2007, Duyckaerts et al. 2008). This was
partly because techniques for making whole-animal transgenics outpaced advances in the
development of effective gene transfer vectors for brain (Pearson and Choi 1993; Duff et al.
1994; Borchelt et al. 1996). However, a remarkably consistent failure to observe plaques when
APP constructs were expressed only in brain was perceived as a deficiency of these models,
before the importance of soluble beta amyloid was appreciated. Once plaque-like deposits
could be reproduced transgenic mice rapidly became the models of choice. It can now be argued
that models demonstrating brain beta amyloid generation without plaque formation provide
unique opportunities to focus experimental attention on the toxicity of soluble forms (Bayer et
al. 2008).

Gene transfer vectors did find early and extensive application for making in vitro models
(Marotta et al. 1989), permitting cell culture studies of transfected cells over-expressing wild-
type and mutant APP, secretases, and other gene products that influence APP processing
(Askanas et al. 1996; Luo et al. 1999). These allowed many important advances with respect
to understanding cellular processing and regulation of APP, and effects of mutations on cellular
physiology (Fukuchi et al. 1992; De Strooper et al. 1995; Lynn et al. 1995; Uetsuki et al.
1999; Eckert et al. 2001; Magrané et al. 2005, etc.).

The earliest gene transfer models for CNS amyloidopathy used a two-step approach,
transfecting neuron-like transformed cells in culture with human APP constructs and
subsequently transplanting those into rodent brains (Neve et al. 1992; Fukuchi et al. 1994;
Bayer etal. 1996). These early experiments achieved long-term expression, but tended to show
what now would be regarded as severe neuropathology relative to APP transgenic mice or
human AD, with marked atrophy, neuronal loss, tauopathy, and extracellular beta amyloid
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deposits even with wild-type APP sequences. More troubling was the fact that plaque-like
features were rarely if ever observed. Results with early whole-animal transgenic mice
expressing APP C-terminal peptides (probably in glia selectively) (Sandhu etal. 1991), or made
with yeast artificial chromosomes containing human APP sequences (Lamb et al. 1997), were
similar although relatively sparse thioflavin-positive amyloid beta deposits were observed in
mice transgenic for the Swedish double mutation APP with survivals of 14 months or more
and 4-6 transgene copies per cell (Kulnane and Lamb 2001).

Attempts to use adenovirus gene delivery vectors to express human APP in rat brain did
demonstrate rapid protein expression in hippocampus, but also severe toxicity within the first
week that precluded use as a chronic disease model (Masumura et al. 2000). Lentiviral vectors
proved better for long-term APP or presenilin 1 brain expression, but still did not show plaques
even after 6 months (Shaughnessy et al. 2005; Hong et al. 2006). We made AAV2 vectors for
the gene encoding the Swedish double mutation (K595N/M596L) of APP, under control of a
chicken beta actin/cytomegalovirus promoter/enhancer (Gong et al. 2006). Robust neuronal
expression of human protein was observed 6 and 12 months after rat hippocampal injections,
but no plaque-like deposits were observed by thioflavin S or immunolabeling. Gliosis and cell
death were also absent. Irregular granular deposits were observed in dentate gyrus, reminiscent
of those observed in transplant studies (Fukuchi et al. 1994) but it could not be ascertained
whether these amyloid betal-42-immunoreactive structures were intra- or extracellular. After
12 month expression, these animals were impaired on water maze acquisition and retention.
New AAV vectors designed to selectively produce amyloid beta 1-40, or 1-42 also produced
behavioral deficits in rats after 3 month expression durations (Lawlor et al. 2007), in
conjunction with elevated soluble but not insoluble beta amyloid. However, although neither
plaques nor pathology were evident, the amyloid 1-42 vector rats exhibited some amorphous
deposits that did not bind thioflavin. The characteristics of what may be intra-neuronal deposits
in several of these models warrant further study in light of data implicating such structures in
toxicity (Ohyagi 2008).

Gene transfer vectors are increasingly being used not to merely reproduce disease pathology
but to modify it. One example of this is the use of intracranial lentivirus vectors to investigate
how differential expression of ApoE isozymes influences beta amyloid accumulation (Dodart
etal. 2005). Many of these efforts involve peripheral transduction to generate vaccine epitopes
(Frazer et al. 2008; Mouri et al. 2007; Zou et al. 2008), but some focus on brain transduction
to mediate enzymatic amyloid reduction (e.g. Hong et al. 2006; Carty et al. 2008; Iwata et al.
2004; Spencer et al. 2008), inhibit gene expression (Singer et al. 2005), or deliver modified
amyloid antibodies (Fukuchi et al. 2006; Levites et al. 2006). A persuasive case can be made
that intracranial antibody gene therapy for Alzheimer’s will be safer and more effective than
peripheral strategies, because the vascular disease highly prevalent in Alzheimer’s patients will
interfere with functional action across the blood-brain barrier (Vasilevko and Cribbs 2006).
This emphasizes the need to determine how age-and disease-related phenomena affect somatic
gene transfer. Beta amyloid in particular is likely to have complex interactions with viral
(Wojtowicz et al. 2002) and non-viral gene transfer (Ajmani et al. 2001) that will need to be
understood to control gene delivery in brains with abnormal amyloid loads.

Summary and Conclusions

Brain gene transfer has developed into an adaptable toolkit for the neuroscientist, and more
and more experiments on the mechanisms of heurodegenerative diseases employ this approach.
The ability to target brain regions and to study specific gene products in a rapid, flexible, and
cost-effective manner are the most important advantages of the methods, which enable unique
opportunities for discovery not possible with other paradigms. The ability to use rat models
allows access to a wealth of behavioral, electrophysiological, and biochemical data that are far
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more extensive than for mice (e.g., hippocampal synaptic physiology). Partial lesions such as
those induced by alpha-synuclein gene transfer reflect an early pre-symptomatic disease state,
ideal for studying factors that could modulate the subsequent clinical outcome. Tau gene
transfer is effective for a broader range of lesioning, which we demonstrated by our studies of
vector dose—response, different AAV variants, and in aged versus young subjects. Differences
between beta amyloid deposition between transgenic and gene transfer approaches may
illuminate the conditions necessary for plague formation, and isolate effects of soluble and
insoluble forms.

The literature on gene vector models of neurodegenerative diseases in mammals is minuscule
relative to the thousands of papers studying neurodegeneration with neurotoxins and transgenic
mice. Although the vector models of alpha-synuclein, tau, and amyloid have been
overshadowed by the transgenic mouse approach, the vector model may be leading for the
recently described hallmark TDP-43 pathology associated with amyotrophic lateral sclerosis
and frontotemporal lobar degeneration with ubiquitin deposits (Neumann et al. 2006; Tatom
et al. 2009). The fact that no diseases are yet associated with elevated TDP-43 expression may
spur closer genetic re-examination of human cases. It also serves as a reminder that
overexpression models may not reproduce necessary or sufficient components of real diseases.

Although overexpression of synuclein (Singleton et al. 2003), APP (Schupf et al. 2007), tau
(Hutton et al. 1998), and polyglutamine (Heng et al. 2008) do occur in their associated
neurodegenerative diseases, it remains questionable just how useful gene transfer models will
be to study diseases where overexpression per se is not important. The greatest promise for
vector models may lie in their utility as unique platforms for developing small-molecule
therapeutics. As an alternative to transgenic animals, they afford superior experimental design,
precision of interpretation, and simplicity in combining models, economy, and speed. The
ability to generate disease-specific neuropathological phenomena across the range of species
used in preclinical testing (particularly primates) will facilitate the translational development
of innovative treatments. An appreciation for gene transfer models will undoubtedly increase
significantly once they actually facilitate the clinical translation of new therapeutic agents.
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Fig. 1.

AAV isaicosahedral capsid containing either a (+) or (—)-sense single-stranded DNA. Binding
to cell-surface receptors (1) triggers endocytosis (2) and passage through acidic endosomes (3)
where capsid proteins are hydrolyzed. Genomic DNA escapes (4) and enters the nucleus (5)
where synthesis of the complementary strand (6) permits transcription of mMRNA (7) that enters
the cytoplasm (8) for translation (9)
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Fig. 2.

Electron microscopy for tau or alpha-synuclein in the rat, 4 months after gene transfer with
either tau (a, b) or alpha-synuclein (ASN; c, d) AAV vectors. Tau filaments in the basal
forebrain (a) or substantia nigra (b), labeled with 10 nm gold particles and an antibody specific
for hyperphosphorylated tau, found only in cases of tau vector injections. ¢, d ASN filaments
in a myelinated axon in the midbrain labeled with 10 nm gold particles and a human-specific
ASN antibody, found only in cases of ASN vector injections. M, mitochondria. Reprinted from
Klein et al. (2004, 2005) with permission
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A) AAV9 GFP, ipsilateral —— | B) AAV9 GFP, contralateral
: AAV9 GFP AAV10 GFP

2

Widespread expression of recombinant green fluorescent protein (GFP) in the rat hippocampus
via adeno-associated virus (AAV) vector gene transfer. a, b GFP expressed from AAV9 on
the ipsilateral, injected side and the contralateral, uninjected side. Contralateral GFP is largely
due to projections from neurons on the injected side. The scarcity of GFP+ somata contralateral
to injection argues against transduction subsequent to retrograde transport of vector. ¢ GFP
from AAV8 vector. Native GFP fluorescence in a—c, i.e., no immunofluorescent enhancement.
d Hippocampal GFP visualized in whole AAV-GFP-injected brains (2 per vector group).
Spread and intensity of gene transfer efficiency can be rapidly quantified with the technique.
Bars: a, b = 540 um; ¢ = 104 um. Reprinted from Klein et al. (2008) with permission
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