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Introduction

The discovery in 1993 of the gene respoadidnl Huntington’s disease (HD) represented a atuarning point
in the HD research field. At the time of the disegy no one could predict that HD would belong farge class of
inherited neurological diseases all caused by tmaestype of genetic mutation (i.e., polyglutamimslyQ]
expansion) or that the mechanistic basis of HD, (peotein misfolding) would emerge as a commomthdinking
together all the major neurodegenerative disordecsding Alzheimer’s disease (AD), Parkinson’'sefise (PD),
and the prion diseases. The study of how the miH@ngene product, an unusually large 3,144 aming pmtein
(huntingtin [htt]) with few recognizable motifs @bvious functional domains that results in the degation and
death of neurons in the striatum and cortex, has la@ enormous undertaking. Indeed, a PubMed seaaigh the
term “huntingtin” yields 1,124 hits at the time wfiting this chapter. Suffice it to say that dozexigheories of
pathogenesis have been proposed and studied. Bhefghis chapter will be to present some of thestrenduring
lines of investigation, with an emphasis on thedatlevelopments, and to highlight emerging notiiesy to drive
basic research on HD in the future.

HD displays the genetic feature of anticipati defined as earlier disease onset and more mdigiehse
progression in successive generations of a pedgggeegating the disease gene. This feature wiespottant clue
for discovery of the causal mutation, as a trinofitie repeat expansion encoding an elongated ginétract in the
htt protein was determined to be responsible forifll993, and a relationship between the lengtthefexpanded
glutamine tract and the severity of the HD phenetyas uncovered at that time [1]. HD is one of nirteerited
neurodegenerative disorders caused by CAG trintidlkegepeats that expand to produce disease byderngo
elongated polyQ tracts in their respective proggiaducts. Included in this CAG/polyQ repeat diseelsss are
spinal and bulbar muscular atrophy (SBMA), dentateal-pallidoluysian atrophy (DRPLA), and six forno$
spinocerebellar ataxia (SCA1, SCA2, SCA3, SCA6, 3Cand SCAL17) [2]. Based on work done on all these
disorders, investigators have learned that onctmglime tracts exceed the mid-30s, the polyQ trdopts a novel
conformation that is pathogenic. An antipolyQ aatip (1C2) can specifically detect this structurahsformation,
as it will only bind to disease-length polyQ trafitsm patients with different polyQ diseases [3heTtransition of
polyQ-expanded proteins into this misfolded conferris the crux of the molecular pathology in thdgmorders.
Once in this conformation, however, it is uncleawhpolyQ tract expansions mediate the patternseafonal cell
loss seen in each disease, as most of the poly€asiisgene products show overlapping patterns oksgsipn
within the central nervous system (CNS) but restdcpathology. In the case of HD, molecular exptiana for
disease pathogenesis must account for the seleatimerability of the medium spiny neurons of theasum and
certain neuron subsets in the cortex.

Protein Aggregation and Degradation
A major turning point in the HD and polyQsédase field came in 1997 when independent groupested

visible proteinaceous aggregates (or inclusion égdin the nuclei of neurons from patients with SGéad from
patients and mice with HD 4—-6. These neuronal micéear inclusions (first abbreviated “NlIs” andethlater
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“NIs”) appear before the onset of disease in mauselels of HD, suggesting a primary role in pathe&gen
Because the Nls displayed immunoreactivity to atibs directed against the polyQ disease proteth the
expanded polyQ tract epitope, the NlIs were thotmlie “aggregates” of the mutant disease protdiis [Bd to the
“aggregation theory” of polyQ disease pathogentsis posited aggregation of expanded polyQ trexthea crucial
step in the cascade of events that leads to negeoéeation in these diseases. As the kinetics lglptract self-
aggregation increases with the lengthening of thd@amine repeat [7], paralleling the genotype-phgp®
relationship documented in HD, the aggregationmhaocumulated a number of strong proponents. Hewat the
same time, other lines of investigation began fggsst otherwise. When the Orr and Zoghbi groupsse their
SCAL transgenic mice with mice lacking E6-AP ubiguiligase function, they observed limited aggregat
formation but with an earlier onset of SCA1l neugeteeration [8]. HD yeast artificial chromosome (Y)AC
transgenic mice were then noted to develop a nofirenotype and obvious neurodegeneration in teerale of
protein aggregates [9]. Thus, a contentious debaseied over the role of aggregate formation in @allysease
pathogenesis—with some workers espousing the \iawvaggregates were responsible for disease pgthathers
suggesting that the aggregation process was acfix@ecoping mechanism of the cell and thereby fieiag and
still others insisting that aggregates were incideand irrelevant. This debate was complicatedhieyfact that the
absence of aggregates at the light microscope texdtl occur in the presence of so-called “microaggtes” at the
electron microscope level [10].
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Figure 1: Model for polyglutamine neurotoxicity. 18ble (nontoxic) polyglutamine-expanded proteinsexiin
equilibrium with a soluble toxic conformer/oligometJpon transition to the misfolded conformer, the
polyglutamine-expanded protein can no longer bdigdegraded. Note that certain processes, sugrasolytic
cleavage (1), may favor transition to the misfoldemhformer, whereas other processes, such as nlecu
chaperone interaction (2), likely favor refoldinggtd a soluble, nontoxic, degradable conformaticslul§le toxic
species become insoluble and ultimately coaleste\iisible aggregates. Formation of visible aggteganay be
protective (3), because they sequester solublédiblotoxic oligomers away; however, it is possitiiat excessive
aggregate formation may cause secondary patholdgsrent hypotheses of polyglutamine disease patiexje
postulate that the microaggregates (i.e., the #®labd insoluble toxic species) are principallyp@ssible for the
neurotoxicity. (From Grote, S. K. and La SpadaRA.Cytogenet Genome Res 100, 164, 2003. With permission.)

To deconstruct the nature of the microaggesgahvestigators have used a variety of biophysipproaches—
including transmission electron microscopy, Fourigansform infrared spectroscopy, and atomic force
microscopy—to dissect the process of htt exon Tigemggregation, and have found evidence for abmunof
sequential morphological and structural intermexdidtll, 12]. Many have proposed that misfoldingexfpanded
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polyglutamine tracts into insoluble aggregates ve® transition through a number of steps, inclgdhre formation
of oligomers, then assembly of oligomers into pfibtds, and followed by protofibril assembly infiorils (Figure
2.1). The importance of such a model is that itoaots for how aggregation can at the same timeokie and
protective because views of aggregation had beamatically oversimplified. To differentiate the toixy of
oligomeric precursor forms from the ultimate visitdggregates in an unbiased fashion, one groudagede an
automated microscope system for temporally trackiolyQ-htt-expressing cells over time and found theuron
cell death could not be attributed to visible irsttun formation [13]. Rather, levels of diffuse pQintt expression
were a significant negative predictor of neuronvaa, and polyQ-htt neuronkacking visible inclusions had a
higher cumulative risk of cell death, suggestingt thisible aggregate formation can be protectivend¢¢ work done
on HD and other polyQ diseases suggests that aggegnay not be toxiper se, but rather may signify the
presence of misfolded proteins whose toxic actsgplaying out in the soluble phase and/or at thellef oligomers
or protofibril structures (“microaggregates”).

Initial studies of protein aggregates in Hldhe other polyQ diseases documented the presdémelecular
chaperones and components of the ubiquitin-proteasystem (UPS) in polyQ inclusions by demonstgaititense
immunoreactivity of the aggregates with antibodiected against such factors [14]. As accuratéirfigl of
proteins is essential for the proper functioningatif cells, eukaryotic cells possess a highly éfit multistep
protein quality control system that can eliminatsfolded proteins. Molecular chaperones are snaffslding
proteins that can facilitate proper folding of thelient proteins or tag them for degradation [1Mhany molecular
chaperones are heat shock proteins (Hsp), as éxgression is induced by increased temperature, [46]
environmental stress that elevates the likelihoddpmtein misfolding. The UPS is the main intraakdt
degradation pathway to remove short-lived proteing to eliminate misfolded proteins [14]. The peasteme
component of the UPS consists of a 19S entry rilgrer peptide unfolding occurs to permit deliverytioé
degradable substrate to a 20S barrel core withdeeset activity. A three-step conjugation systemuioiquitination
of intended substrates is also required for thepgramperation of this protein degradation pathwdymerous
studies have shown that inhibition of the UPS wpiklarmacological agents predisposes neuronal anshewamnal
cells to polyQ toxicity, whereas enhanced molecataperone activity (especially the Hsp40—Hsp70kination)
significantly ameliorates polyQ neurotoxicity [14Jowever, although molecular chaperone and UPStiumare
important factors in countering misfolded polyQ teio toxicity, many aggregate-prone proteins, sashpolyQ
proteins, are inefficiently degraded by the prodeas 17-19. Failure of adequate degradation of agieeprone
proteins activates alternative protein turnovehpatys in the cell, particularly macroautophagy ig¢gfly referred
to simply as “autophagy”). Autophagy is a degradgatprocess that begins with engulfment of cytosoiaterials
and/or organelles and progresses through a sefisteps involving production of a double membraoesid
structure, culminating in the delivery of the erfgdl material to lysosomes [20]. In the CNS, basakls of
autophagy are required for the continued healthraorchal function of neurons, as conditional inaatien of the
autophagy pathway in neural cells in mice yieldaroeal dysfunction and neurodegeneration charae@my the
accumulation of proteinaceous material 21, 22. Aeseof studies from the Rubinzstein laboratory kasngly
implicated autophagy activation as an important pensatory pathway for countering htt toxicity inl aaulture,
Drosophila, and transgenic mouse models 23, 24. Whether @walogical induction of autophagy can be achieved
in the CNS as a therapeutic intervention for HD egldted neurological proteinopathies remains tddiermined.

Proteolytic Cleavage

Studies of HD suggest that proteolytic clegvaf the htt protein is a key step in the neurigibxpathway. The
htt gene encodes a protein of 3,144 amino acids wighgtutamine tract beginning at codon 18. An anslgé
protein aggregates fronm vitro models,in vivo models, and HD patients indicated that glutamideamino-
terminal epitopes are present in nuclear, cytosahd axonal aggregates [25]. In a landmark sttiayy/Bates group
used a 1.6-kb fragment of thantingtin gene, containing only the first 2% of the huntingtoding region, to derive
lines of transgenic mice (R6/1 and R6/2) that slhibaveeurological phenotype that resembled HD [26is study
demonstrated that a tiny amino-terminal portiontted htt protein (including the polyQ tract) was fiiént to
produce an HD-like illness in mice. Other studiéshe htt protein have shown that htt is a substfat proteolytic
cleavage by caspases and calpains 27-29. The afmmoof an amino-terminal truncation product in HBd in
other polyQ diseases has led to the “toxic fragnigmiothesis” [30]. According to this hypothesissatage of the
polyQ disease protein yields a polyQ-containingtiskepthat represents the principal toxic specieh@tmolecular
level. As the toxic fragment hypothesis is basegmteolytic cleavage of polyQ disease proteingbgymes such
as caspases and calpains, investigators have studbfine specific sites of proteolytic cleavage dhe cleavage
enzymes. Studies of HD mouse models indicate thiaalhaminoterminal proteolytic cleavage fragmests toxic,
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as one HD YAC mouse model (“shortstop”) expresseslgQ-expanded amino-terminal truncation fragmiéat
yields pronounced aggregates in the CNS but noomalitoxicity [31]. In 2006, the Hayden group camingly
demonstrated that polyQ-expanded huntingtin protdth a cleavage site mutatiopufatively for caspase-6) was
incapable of causing neurotoxicity in HD YAC traesg mice [32]. This work strongly supports a rébe a
specific proteolytic cleavage of htt as a requisegp in the HD pathogenic cascade. Identificatibthe enzyme
mediating this cleavage will be an important goaldrd a potential treatment for HD.

Transcriptional Dysregulation

The necessity of nuclear localization for Hidease pathogenesis highlighted nuclear pathaegylikely early
step in the neurotoxicity cascade [33]. As glutairacts and glutamine-rich regions often occutramscription
factors and permit functional protein—protein iatgions to produce transcription activation compte species as
diverse as yeast, fruit flies, chicken, and humansiypothesis of “transcription interference” oraftscription
dysregulation” was formulated. According to thispbthesis, polyQ-expanded disease proteins (or qeEgti
accumulating in the nucleus inappropriately, interaith transcription factors and regulators torualig normal
transcriptional functions [34]. Studies of htt haweplicated a number of important transcription tfes and
coactivators. One of the most studied and stroimgpficated transcription factors is CREB-binding&in (CBP),

a transcriptional coactivator involved in the regidn of multiple genes through its intrinsic histo
acetyltransferase activity (that remodels chromttiallow the transcription machinery to accesgdtigenes) 35,
36. A number of studies have shown htt interferesic€BP-mediated transcription in a polyQ lengtipeiledent
fashion 37-39. Consequently, drugs that block histeacetylation, and thereby favor the outcom@RR action
(i.e., histone acetylation), are therapeuticallydfecial in Drosophila and mouse models of HD 40-42. Spl, a
ubiquitously expressed DNA binding factor that téisr the transcription factor 1ID (TFIID) complexand
TAFII130, a factor that mediates transcription aaiion complex assembly, have also been identdiedargets of
mutant htt protein [43]. Interaction of polyQ-explaal htt with CBP, Sp1, and TAFII130 has been shmaoctcur in
the nucleus and to involve the amino-terminal rega htt. Roles for CREB-CBP and Spl gene targets i
maintenance of normal neuronal function are suggeby other studies [44—-47], supporting the conatushat
interference with CBP and Sp1 action could haveteebus effects on neuronal health and survivassLof brain-
derived neurotrophic factor (BDNF) expression, al#errant repressor protein localization, may alsutrioute to
the transcription dysregulation in HD [48]. Finallwe and others have documented interference ofvititt the
peroxisome proliferator-activated receptorcoactivator & (PGC-Lv) transcription factor [49, 50], a regulatory
protein with a crucial role in modulating mitocheiadl number and function [51, 52].

Mechanisms of Huntingtin-Mediated Transcriptional Interference

Remodeling of chromatin permits the RNA podyase Il complex to bind and initiate transcriphtbgsis at
actively expressed gene loci. This occurs primatiisough the covalent addition of acetyl moietieslysine
residues in the tails of core histone proteins—eac@ss that is mediated by enzymes with histone/laeetsferase
(HAT) activity [53]. CBP has intrinsic HAT activitywhereas other transcription factors recruit rpuottiein
coactivator complexes that contain one or more HAMmponents. PolyQ-expanded htt inhibits the HATvitEs
of CBP and the p300/CBP-associated factor (P/CARis effectively disrupts transcription of CBP targ and any
other genes under the control of P/CAF- dependanstription factors [54]. Transcriptional integace by mutant
htt can also occur when key elements of the trgptsmnal machinery are not properly reconstitutédhe site of
transcription. Spl binds to specifits-elements and directs core components of trangmmgit complexes, such as
TFIID, TATA box-binding protein (TBP), and other PBassociated factors (TAFs), to initiate transaiptat the
Spl target gene [43]. Mutant htt disrupts the Btdon between Spl and components of the TFIID BRdF
transcriptional complex, thus causing transcriglatysregulation of Spl-dependent genes [55]. Finaldifferent
mechanism is observed when polyQ-expanded httutsBDNF transcription. Normally, cytosolic sequasbn of
the RE1-silencing transcription factor/neuron-rietitre silencing factor (REST/NRSF) by full-lengttit prevents
REST/NRSF from binding to the neuron-restrictivierster element (NRSE) found in the regulatory regib the
BDNF gene [56]. Therefore, normal htt should sequeRtEST in the cytosol and allow transcription BIDNF;
however, mutant htt, as it accumulates in the rusclenay trap REST there, allowing it to repress BR8ntaining
genes such &BDNF (Figure 2).
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Figure 2: Model for polyglutamine-expanded huntingtranscription interference dBDNF gene expression.
Promoters containing a neuron-restrictive silenatgment (a) are bound by transcription repressws prevent

expression of downstream genes, sucBRNF, in non-neural cell types. In normal neurons (fl@xmal huntingtin

protein is localized to the cytosol and binds tlaascription repressor REST there, allowBIQNF gene expression
to occur. However, in HD neurons (c), polyglutaméganded huntingtin protein accumulates in thdeuscand

does not sequester REST in the cytosol. REST thayspropriately enters neuronal nuclei and repressasonal

expression oBDNF in HD. (From Thompson, L. MNat Genet 35, 13, 2003. With permission.)

Evidence for Mitochondrial Abnormalities and Defectve Energy Metabolism in HD

Neurons in the brain have enormous demandscdatinued production of highenergy phosphate-bdnd
compounds such as ATP. In 1993, Beal et al. [57dmed that long-term administration of a mitochaaldtoxin, 3-
nitropropionic acid, resulted in a selective lo§snedium spiny neurons in the striatum. This prato@ finding
suggested that mitochondrial dysfunction may unelédD disease pathogenesis and perhaps accoutitefarell-
type specificity in this neurodegenerative disordeollow-up studies performed on HD patient matehave
documented significant reductions in the enzymattvities of complexes Il, 1ll, and IV of the mitbondrial
oxidative phosphorylation pathway in caudate anthqpen 58, 59 but have not detected such alteratiohtD
cerebella or fibroblasts [60]. Additional work hdecumented striatal-specific decreases in aconiatigity, a
likely target of C&-dependent, free radical-producing intramitochomldenzymes [60]. Positron emission
tomography (PET) scan analysis of HD patients asongly supports the hypothesis of defective energ
metabolism, as decreased rates of cerebral gluoesabolism are apparent in certain regions of trteg and
throughout the striatum [61]. Magnetic resonancecBpscopy corroborates such findings, revealireyatked
lactate levels in striata of HD patients [62].

As mitochondrial energy production and meliabpathways supply energy for ion exchange pumgspse
function is to maintain an electrochemical gradiexross the mitochondrial membrane, defective energ
metabolism could translate into an enhanced subdéptof HD mitochondria to undergo depolarizatioA number
of studies have evaluated this and have indeedifthet mitochondria from HD patients are exquigisgnsitive to
depolarizing stresses. In one study, treatment Bf llyimphoblasts with complex IV inhibitors resultéd
mitochondrial depolarization and apoptotic cell theimvolving caspase activation [63]. In an indegpamnt study,
electrical measurements of HD lymphoblast mitochianglielded lower than normal membrane potentiald a
depolarization in response to modest'Gaads [64]. As mitochondrial membrane depolaratiesults in caspase
activation and cleavage of htt protein appearsearediated in part by caspases (and"@ativated calpains),
mitochondrial dysfunction may represent an eaiy $b the HD neurotoxicity cascade.
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Linking Transcription Interference with Mitochondri al Bioenergetic Abnormalities

Although more than a decade of study of HB tansistently implicated mitochondrial dysfunctemha central
feature of disease pathogenesis, the moleculas bashe mitochondrial abnormality has remainecieki At the
same time, evidence continues to accumulate thdeaupathology is likely preeminent in the poly@ahses and
that polyQ diseases displaying nuclear accumulatfomutant peptides are in reality “transcriptioatpes” [34].
Recent work on PGCel has suggested a connection between htt-mediatetscription dysregulation and
mitochondrial abnormalities. PGGrlis a transcription coactivator that lacks any apptchromatin-remodeling
enzymatic activity such as HAT activity [52]. It waloned from a brown fat library and subsequefatiynd to be a
master regulator of complex transcriptional progsamvolved in the response to cold temperatures tanigh
caloric intake through its coactivation of peroxis® proliferator-activated receptgr (PPARy)-mediated gene
expression. PGCelstimulates mitochondrial oxidative phosphorylati@spiration and mitochondrial uncoupled
respiration in brown fat and skeletal muscle c¢dl§]. Interestingly, PGC- also coordinates mitochondrial
biogenesis by up-regulating the expression of thelear respiratory factors (NRF)-1 and NRF-2 [6After
boosting the expression level of NRF-1, PGLCdirectly interacts with NRF-1 to coactivate expies of
mitochondrial transcription factor A (mtTFA), whodenction is to transcribe and replicate the mitoutirial
genome, permitting the production of increased renmmbof mitochondria [51]. PPARalso participates in
mitochondrial biogenesis with PGGDby driving the expression of mitochondrial fattgich oxidation enzymes
[67]. All these findings indicate that PGG-1s the key regulatory node in a complex networktrahscription
programs that culminate in adaptive thermogenesisitmchondrial biogenesis. PGGxIs very highly expressed in
brain, where its role in mitochondrial biogenesisl ancoupling protein expression may be criticatéaron health
and survival.

To determine the role of PGG-In metabolism and thermoregulation, the Spiegeliadioratory generated
PGC-Ir knockout mice [68]. Although these workers antitgrl that PGCdl’~ mice would display a
predisposition to obesity, they instead noted thatmice were lean. The explanation for their emitimleanness
turned out to be their phenotype of pronounced tagiity. Further analysis of the PG@-L mice revealed
neurological abnormalities, including myoclonusstibnia, exaggerated startle responses, and clagptrigh is a
stereotypical finding in all polyQ and HD mouse rats). Neuropathology examination of the PGC1 mice
yielded evidence of degeneration in cortex, thaknibasal ganglia, and hippocampus, with the mastqamced
degeneration in the striatum. The striatal degeiveravas spongiform in nature and resulted fromigmicant
drop-out of neurons. Interestingly, real-time reestranscriptionpolymerase chain reaction (RT-P@mjlysis of
hyperactive PGC-d’~ mice documented significant reductions in the espion of mitochondrial genes. In addition
to their phenotype of hyperactivity and striatalurmlegeneration, the PGG-I mice displayed reduced
thermogenic capacity as a result of a failure afuttion of uncoupling protein 1 (UCP1) gene expgmssAn
independently generated PG@-lknockout mouse model also developed a neurologmanotype with
degeneration of the striatum, although this PGCkdockout model could properly regulate its bodynperature
when subjected to cold challenge for most of fissfpan [69]. In 2006, we reported that HD N171-82ghsgenic
mice display profound thermoregulatory and metabaéfects [50]. Our discovery of deranged thermalatgn in
HD mice led us to evaluate the PG&{athway in the brain and the periphery of these rHiDe and to survey
PGC- u-regulated target genes in the striatum of HD pédieWe documented altered mitochondrial function i
brown adipose tissue from HD N171-82Q mice anddttat the expression levels of PG&target genes, whose
protein products mediate oxidative metabolism ia thitochondria, were significantly reduced [50]. &dhwe
analyzed the expression levels of PGLtarget genes in the striatum of HD patients byegeat enrichment
analysis (GSEA) of microarray data, we observedi@ant reductions in 24 of these 26 PG&target genes and
confirmed these findings by RT-PCR (Figure 3). Thesluced expression and function of PGCahd its targets
may be central to HD striatal degeneration, and A&GQGranscription interference may provide a cruciak |
between two established aspects of HD moleculahopagy: transcription dysregulation and mitochoabri
dysfunction.

168



La Sada et al.

(a} 1.5 T
=== 180
-
-
= 1.0
-
&
H
o
H0:5 -
—=
=
0.0 -
PGC-la CYCS NDUFS3 LDHB ACADM COX6A1 TFAM
(bl - I ! 1
I | I -
e

al SOHE

LN GR

0_s_at NDUTAS
BEAT 2 LCRC

208 5 at NDLTA L

i

-

¥
H
H

Fold change va. contral

NDLIFBS

001 «

DRO2
GEAP
PGC-1

NDUFS3 :I.
CYCS

ACADM
ILDHE

Figure 3: PGC-& transcription interference in HD mice and HD patise (a) Real-time RT-PCR analysis of striatal
RNAs from HD 82Q mice (red), 18Q mice (gray), anittvtype mice (black) reveals decreased mitoch@idene
expression in the HD mouse model. (b) Microarrapregsion analysis of PGG+l regulated genes in human
caudate. Here we see a heat map comparing theteauadeus expression of 26 PG&target genes for 32 Grade
0-2 HD patients (adjacent to gold bar) and 32 netatontrols (adjacent to blue bar). Most PGCtdrget genes
are down-regulated. (c) Confirmation of expressieduction of PGC-d-regulated genes in human caudate. We
measured RNA expression levels for six PGCtargets (NDUFS3, CYCS, COX7C, NDUFB5, ACADM, and
LDHB), PGC-k, and two control genessFAP and DRD2). In this way, we confirmed significant expression
reductions in PGC+l targets and detected reduced PGCH1 human HD striatum from early-grade patients.
Statistical comparisons were performed with thest (*,p < 0.05; **, p < 0.005; ***, p < 0.0005). (From Weydt,
P.,Cel Metab 4, 349, 2006. With permission.)
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Neurotrophic Factors

Neurotrophic factors are signaling moleculest mediate important physiological processeshin €NS and
peripheral nervous system (PNS). The paracrineutocane effects are transduced through membraoepter
tyrosine kinases that mediate a number of phosjdtty events, culminating ile novo transcription in the
nucleus. These neurotrophic factor-induced chamgegene expression regulate calcium homeostasigulate
synaptic efficiency, and promote neuron survivddNB- is a member of the neurotrophic factor famiilgtthas been
strongly implicated in the pathogenesis of HD. stmortem HD brains, levels of this neurotrophictda are
decreased in the striatum but not in all the cahtsamples analyzed 70, 71. A recent report alsednthat serum
levels of BDNF are lower in HD patients [72]. LoaEBDNF has been noted in a number of mouse ardiael
models for HD [73]. In a study where the level dBF was genetically modulated in mice, strong enaefor a
role of BDNF in HD pathogenesis emerged, as eadisease onset was observed in HD mice that were
heterozygous-null for BDNF gene dosage [74]. Indeliten BDNF expression was ablated in cortical pydal
cells, age-associated dendrite degeneration, felfoly loss of medium-sized spiny neurons, occufvéd—a
pattern of results that closely mimics HD striatabeneration. Microarray analysis of HD transgenice yields a
pattern of gene expression alterations that clopakallels the gene expression alterations obsenveBDNF
knockout mice [76], lending further support to tirportance of BDNF loss of function in HD pathogsise

Although BDNF immunoreactivity is rather ins2 in the striatum, the BDNF transcript is bamyectable
there, especially compared with other regions ef @NS (such as the hippocampus and neocortex),ewbah
BDNF mRNA and protein levels are very high. Stlii@®NF originates in corticostriatal projection mens that
deliver the signaling molecule to medium-sized gpirurons via anterograde transport (Figure 2.4peEmental
evidence points to two possible molecular mechamifrat impair BDNF production in the corticostrigtathway:
(1) dysregulation of BDNF transcription may redatm mutant htt-mediated neural sequestration 0SS RERSF,
a repressor that resides in the cytosol with norntia[75]; and (2) a decrease in striatal BDNF coréflect the
disruption of anterograde axonal transport by ped{Panded htt. Normal htt has been shown to bindPHAnd
p150°“*“to mediate axonal transport of BDNF, but this psxmay be disrupted when mutant htt is preset [71
Whatever the mechanism, there can be little dcduddt impaired cortical BDNF release would deleteslgpumpact
striatal neuron survival. However, other patholagitactors may compromise the prosurvival functminthis
neurotrophic factor. For example, reduced cortitatsti expression of TrkB, the BDNF receptor tyresikinase,
has been observed in the brains of HD patientsaasdalso found in two different HD mouse modeld.[L8ss of
this signal transduction receptor would negativaipact the target cell and the presynaptic neuexrabse BDNF
has both autocrine and paracrine effects (Figure 4)

Cytoskeletal Defects and Axonal Transport

Neurons have a unique problem because aof tineisual cellular geometry and specialized cealloiarphology.
The cell body, where gene transcription and mostegn translation occur, is usually a consideratidtance from
the synaptic terminals, as a single axon can b&up meter long in humans and extend much furthdarger
mammals. Axons not only propagate electrical sigrhtoughout the cell, they also serve as the rraimsport
corridor for proteins and other metabolic compogsemeded to maintain proper synaptic function. ldentwo-way
transport system exists whose purpose is to shottlehannel components, membrane receptors, sgnagicle
precursors, mitochondria, and signaling molecuilesluding neurotrophic factors and peptide neurdnaitters.
The process is microtubule dependent and is poweyddnesin and dynein family members. Cargo isveyed
toward the synaptic terminal in an anterogradectiva by kinesins, whereas transport toward theasbgndyneins
occurs in a retrograde orientation 78, 79. Disuptf axonal transport leads to aggregation of medated cargo,
resulting in neuronal dysfunction and degenerdtieniewed in 78—80. Charcot-Marie-Tooth type 2AIMT2A1)
and hereditary spastic paraplegia type 10 (SPCGAS))Itrfrom mutations in kinesin subunits, whereasifial and
sporadic forms of amyotrophic lateral sclerosis $\Land lower motor neuron disease have been lin&ed
mutations in the dynactin subunit p£5€° 81, 82. Defects in axonal transport have also heeticated in AD and
in familial ALS type 1 as a result of Cu/Zn supddexdismutase 1 (SOD1) mutations. The pathogeritejr
associated with these neurodegenerative disordepsdited to interact with the transport machiremg perturb
normal axonal transport in the disease state.
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Figure 4: Cortico-striatal delivery and function BDNF. (a) The cortico-striatal-nigral pathway. Armgrade and
retrograde delivery of BDNF is indicated by therage arrows. (b) Action of BDNF at the cortico-staiasynapse.
BDNF vesicles fuse with the presynaptic membrané¢hefcortical projection neuron, causing BDNF tdivate
TrkB receptors on the postsynaptic membrane dadtatrneurons, TrkB receptors on the presynaptic onane, and
TrkB-T or p75 receptors on glial cells. (From ZutgaC. and Cattaneo, EProg Neurobiol 81, 294, 2007. With
permission.)

In HD, two mechanisms for the axonal traffick dysfunction have been proposed [83]. Basedtodies in
invertebrate models, normal htt was shown to plapla in fast axonal transport. Corollary studidsagonal
transport in the face of polyQ-expanded htt or educed expression of an htt orthologue revealedkedar
reductions in the fast axonal transport pathway fidte of htt in axonal transport may depend onesymed direct
physical interaction with the axonal transport maety. HAP1, a huntingtin interacting protein tlaasociates with
BDNF- containing vesicles in the cytosol, facilégatthe interaction of htt with p1%tf [71]. The resulting
htt/p156G"“*JHAP1 protein complex interacts with microtubulesfacilitate transport of the tethered vesicle glon
the axon (Figure 2.5). RNA interference-mediateddkaown of httor polyQ expansion of full-length htt can
disrupt binding of the HAP1/p156°® complex to microtubules and motor complexes areteihy can depress
BDNF axonal transport and release [71]. The segyogosed mechanism of polyQ-expanded htt axonabjprart
dysfunction posits titration of axonal transporimgmnents and/or physical disruption of microtubdégendent
movement of cargo secondary to cytosolic aggregaifanutant htt 84, 85. This steric blockage ofreeddransport
function in HD could involve the accumulation of tephagosomes whose maturation is blocked during
dysfunctional autophagy.
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Figure 5: Microtubule-based axonal transport patswvarhe plus-end motor protein kinesin transportigc
derived vesicles, cytosolic proteins, RNAs, anceotiolecules anterogradely, whereas the minus-exdrrprotein
dynein is principally responsible for retrogradansport. The huntingtin protein may directly intgravith the
dynein motor protein complex, suggesting that plofiamine-expanded huntingtin protein could intezferith the
normal functioning of this axonal transport pathwadlternatively, misfolded huntingtin protein mayrfm
aggregates and create blockages in the pathwaym(Bunawardena S. and Goldstein, L.Ach Neurol 62, 46,
2005. With permission.)

A role for the loss of Huntingtin normal function in HD?

Although polyQ expansion mutations producdoaninant gain-of-function toxicity, gain-of-functioand loss-
of-function mechanisms are not mutually exclusive these diseases. There is considerable evidencea fo
pathogenic role of decreased normal function oéalig proteins containing polyQ tract expansions §6+90],
including especially the htt protein. In a semistaidy in 2000, postnatal elimination of htt proterpression
yielded striatal degeneration in conditional knagkanice [91]. In the HD YAC128 mouse, the absenée o
endogenous huntingtin expression was achieved logstrg the HD YAC128 transgene onto an htt-null
background, and this was shown to accelerate HDopathology [92, 93]. Similar studies of SBMA, aly@
disorder with obvious disease protein-dependentrmeral loss-of-function phenotypes, have demotedrshat
androgen receptor (AR) YAC100 mice display a m@eese neuromuscular disease phenotype when placed o
AR-null background [94].

Given the evidence for a likely contributiof decreased htt normal function to HD pathogenesisrucial
question is what is the normal function of htt, wlgartial loss factors into the corticostriatayjeleeration in HD?
Different investigators have reported differentgudial normal htt functions [reviewed in 95]. Vai®in vitro
studies have found that cells with depressed lexfelfdt expression are more susceptible to polycity and have
argued that htt is an important antiapoptotic fa@6, 97. Dissection of htt's potential antiapoptaictions has
suggested that htt may inhibit procaspase-9 prowgsperhaps by preventing the interaction of aapoptotic
initiator with the htt interacting protein-1 [98As noted previously, htt may be involved in thengeription
regulation of BDNF production [95], and as htt pesses a functional nuclear export signal and hes beown to
shuttle into and out of the nucleus [99, 100],dutld be regulating a process/factor that occursriariginates in
the nucleus. That htt is involved in the TFIID aflllF transcription factor complex through its irgetion with
TAFII130 indicates that one of its functions islte a transcription cofactor [55]. Yet another fimtof htt is to
mediate vesicular transport of BDNF [71], as diseadkin the axonal transport section of this chapiérhas also
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been implicated in synaptic function, as it is hyglnriched in synaptic terminals and may be inedhn synaptic
neurotransmission through its interaction with pgsaptic density protein-95 [101]. Although suckedgent roles
for htt may seem implausible, one must remembetr tthe htt protein is very large (3,144 amino acidajl is
subject to proteolytic cleavage; hence, differawmtgin isoforms of htt may exist in neurons andgaut distinct
functions in diverse subcellular compartments. phesence of three clusters of HEAT repeats indictiiat one
very likely normal function of htt is to serve as@affold protein, on which other sets of proteimtpin interactions
take place. Thus, it is reasonable to envision hittafand peptide fragments thereof) are perforndiivgrse tasks in
neurons and other cell types; however, determimihigch function(s) are biologically relevant to HRthogenesis
remains a daunting challenge.

Non-Cell Autonomous Degeneration in HD

The major neurodegenerative diseases, imgudHD, are defined by the neuronal population thet
preferentially vulnerable: motor neurons in ALSrtazal neurons in AD; neurons of the substantiaanig PD; and
medium spiny neurons of the striatum (as well astica neurons) in HD [102]. In HD and in other
neurodegenerative diseases, such as familial Ali§pronounced selective vulnerability of neuraan important
conundrum, as expression of the offending proteitucs not only in neurons throughout the CNS bso & non-
neural cells in the CNS and often throughout tis¢ eéthe body [103—105]. A fundamental insighttthas emerged
from the study of transgenic mouse models of nezgiederative diseases in general and HD in particuthat the
degeneration of neurons can hen-cell autonomous—meaning that cell types other than the dying nesiro
themselves will be critically involved in the degeative process [106].

In HD, there is compelling evidence that bgtlojecting neurons and surrounding glial cells aessential
mediators of mutant htt toxicity. Studies of coraditl transgene expression, using the Cre-lox systeave
revealed that widespread expression of mutantrhtthé brain, extending well beyond the primarilyeafed
corticostriatal neurons, is necessary to productonaysfunction and brain pathology in HD mice [LOBecause
mutant htt expression results in reduced BDNF deagscription [48], one specific nhon-cell autonomaifect of
the HD mutation is to deprive medium spiny neurofgheir trophic input from cortical neurons. Thelative
importance of this scenario is underscored by anestudy from Strand et al. [76], in which targekmockdown of
BDNF expression in the forebrain yielded gene esgimn changes in the striatum that resemble the grpression
changes in human HD. However, non-neural cellsadse impacted by the expression of mutant htt. best
evidence for this thesis comes from studies ofoagtes and microglia. (The role of microglia in HPdiscussed
under “Neuroinflammation in HD: How Important Areidvoglia?”). In HD, a role for glutamate excitotoiky has
long been postulated and is supported by exteris@rature [50-55]. Most recently, astrocytes dedivirom R6/2
HD transgenic mice or astrocytes infected with Mectors encoding mutant huntingtin protein digptha notable
reduction in the glutamate transporter GLT-1/Slgla®2well as a limited ability to protect cocultdineeurons from
glutamatergic insult [56]. IrDrosophila, the presence of polyQ-expanded peptides prevethiedeactive up-
regulation of glial glutamate transporters [107haTl polyQ expansions can impair the glutamate pam<apacity
of astrocytesn vivo has also been shown for SCA7, another polyQ regisatise [108]. A likely contribution of
impaired glial glutamate uptake to polyglutamineunoelegeneration implies that modulators of glutamat
transporter expression could be vetted as potahgaapeutic agents in these diseases. Althoughirethbglutamate
uptake may primarily result from glial dysfunctionHD, it is also worth noting that cell autonomdastors may
determine which types of neurons in the striatummsarsceptible to the excitotoxic stress, as medipimy striatal
neurons in HD YAC transgenic mice display greatrs#tivity to NMDA receptor activation, apparenigcause of
preferential expression of the NR2B subunit in tiesironal population [109]. In the striatum of pats with early
HD, evidence also exists for deficieirt vivo glycolysis, a predominant function of astrocytssggesting yet
another pathway by which glial dysfunction may ciimtte to the metabolic abnormalities occurringdi [110].

For oligodendrocytes, the situation is less clé&hite matter changes are a wellrecognized feattiréi®
pathology. In postmortem HD brains, oligodendrocgensities are increased independent of the presehc
manifest astrocytosis [111, 112]. Also, white matteanges are found in imaging studies of presymptic HD
patients [113]. Finally, PGCeI” mice, which recapitulate many aspects of the mddBephenotype, display
significant oligodendrocyte abnormalities [68, 114$tudies of the effect of mutant htt expression on
oligodendrocyte function and their interactionshwiteurons are lacking; therefore, the role of agudrocyte
dysfunction in HD pathogenesis is yet to be addmekss
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Neuroinflammation in HD: How Important Are Microgli a?

Microglia, resembling peripheral tissue matrages, are the resident immune cells of the CNSaae the
primary mediators of neuroinflammation. The past tliecades have brought compelling evidence thabglia are
important determinants of the microenvironment bé tbrain and are involved in many acute and chronic
neurological diseases, including neurodegener#tids]. In the unperturbed adult brain, microgliasexas so-called
“resting” or “quiescent” microglia [116]. In thigege, they have a small cell body with fine, rasdfiprocesses and
minimal expression of surface antigens. Far fronatwhe terminology of “quiescent” and “resting” wdwsuggest,
however, microglia in the healthy CNS are in fagsy “patrolling” the brain for lesions and intrudgd17]. In the
event of CNS injury, these cells are swiftly actecaand therefore heavily involved in the pathologylmost all
neurological disorders. The net result of neuraimiination reflects the outcome of a delicate baldrteeen the
neurotoxic and neuroprotective factors that mideogélease into their immediate environment [1Microglial
effects on neurons and glia (astrocytes and oligddeytes) are mediated by the release of toxistamees such as
nitric oxide, oxygen radicals, glutamate, proteasesl neurotoxic cytokines, as well as protectigends such as
growth factors and neuroprotective cytokines [1T8jese effects are modulated by cytokines and teumsmitters
released from astrocytes and neurons, giving risecdmplex interactions between microglia, neuromsd
astrocytes.

A large and growing body of evidence implesatmicroglia in the pathogenesis of the major gfiora
neurodegenerative diseases: AD, PD, and ALS [119]. For example, in AD, activated microglia areifid near
amyloid plaques and neurofibrillary tangles—abnditiesa that are central to the pathogenesis ofdikease [115].
In ALS mouse models, microglia are an importanedatnant of disease progression [120]. Recent ecigalso
suggests that microglial activation is detrimerital the generation of endogenous stem cells inbtfaén [121].
Microglial activation involves the up-regulation dfie peripheral benzodiazepine binding site on olger
mitochondrial membrane. Through recent advancdsam imaging, it is possible to readily detect afislialize
this processn vivo in experimental animals and in humans using'tfielabeled benzodiazepine receptor ligand
PK-11195 [122]. Pathological imaging studies in Bilbw that microglial activation is an integral aednarkably
early event in the disease process [123,124]. Rottm studies have revealed activated microglianipan the
striatum and cortex of HD brains. The level of aa&tion is a function of the degree of neuronal pktgyy [123]. As
the distribution of the activated microglia extemwasll into the white matter, axonal pathology rattiean neuronal
loss may trigger and sustain neuroinflammation . thdeed, PK-11195 imaging studies indicate thetroglial
activation is present not only in symptomatic HDigm@ts but also in presymptomatic gene carriergt[125]. In
presymptomatic gene carriers, microglial activatisas closely associated anatomically with subdihgtriatal
dysfunction as measured by raclopide-PET. StriBt&11195 binding was also significantly correlateih a
shorter “predicted time to symptomatic onset” of HDa gene array study of HD brain, mRNA expressevealed
generalized activation of inflammatory pathwaysdLaJsing proteomics approaches, a systemic inflatony
response is also detectable in plasma and CSF gbafients [127], whereas the transcriptome of ferigl blood
did not show consistent inflammation [128]. Althdumicroglial activation is also a feature of tra@sig mouse
models of HD at the histological level 129, 130{perimental treatments with inhibitors of microgl&ctivation
(namely, minocycline) have yielded conflicting rigsiil31-134].

Another pathway central to neurodegenerasooxidative stress and the concomitant productibmeactive
oxygen species (ROS). Glial cells likely play aeral propping up the antioxidant defenses of adjaoeurons. In
PD, the drug rasagiline was identified based omliifity to block monoamine oxidase B metabolismdopamine
neurotransmitter, but it actually prevents the awalation of iron in glial cells [135], suggestinggt it reduces ROS
production. Although glial cells are capable ofeeing ROS stress, they could also conceivablyhigesburce of it.
In HD, kynurenine 3-monooxygenase was identified gotent suppressor of huntingtin toxicity in yga86]. As
the kynurenine pathway drives production of metig®I(3-hydroxy-kynurenine and quinolinic acid) ko to
increase ROS, and the kynurenine pathway operatemicroglia, a model for microglia-induced non-cell
autonomous degeneration of HD has been proposedavidilability of small molecules to inhibit therkyrenine 3-
monooxygenase enzyme will permit investigatorsvaleate efficacy in preclinical trials in HD mice.

In summary, there is compelling evidence frbistopathological and imaging studies in humariepé and
transgenic mouse models that microglial activatopart of HD. In theory, this represents an afigrtherapeutic
target; however, further research is needed taméte how the complex neuroinflammatory responselm best
tweaked to improve the clinical course of HD. Inelegently of the therapeutic implications, neur@nfmation and
microglial activation may provide an opportunity ttreck disease progression with imaging and otlieméarker
techniques.
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Conclusion

There can be little doubt that we have conteng way since interesting transcript 15 was dleddo the status
of the HD gene in 1993. Through considerable fugdinpport from patient groups and many governmargdjave
attacked the molecular basis of HD pathogenesis art onslaught of basic research approaches thacooss an
amazingly diverse range of disciplines. The netiltesf this truly global research enterprise hasrb& provide
important insights into how polyQ expansions cauathology. An important step has been the reatinathat HD
presents a fascinating paradox: the protein misfgldorocess that is the crux of the pathology in 4Da
fundamental feature of practically all neurodegatiee diseases, whereas the explanation for trextbet loss of
corticostriatal neurons in HD almost assuredlyee8 some HD-specific process, most likely stemnfiog) the
normal biology of the huntingtin protein. The clealje now is to delineate which cellular pathologied molecular
abnormalities are central to HD ongetprogression so as to better guide therapeuticteffdluclear transcription
interference remains a strong candidate for a jp@hcole in HD pathogenesis, as does proteolyieavage. The
linkage of transcription interference with mitocldoial dysfunction may prove fundamental. Howeverorel
transport and neurotrophic factor abnormalitie® alsem to be strong candidates for contributinthéoultimate
demise of the affected neurons in HD and thus cowdéte very valuable therapeutic targets. The ralbtirecent
ascendancy of a role for astrocytes and microglitlD has become widely accepted in the HD field erate
broadly in the entire field of neurodegeneratiomisTparadigm shift has deepened our understandingDo
pathogenesis and has important implications forisitey therapeutic strategies, especially stem babled
approaches. The progress of the past 15 years d&s dignificant enough that we now stand poisedpialy
translational tools to identified target pathwaysl players, in the hope that some of these endeawillr yield
meaningful new treatments for this devastatingrdisn
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