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Abstract

Mutant Huntingtin Impairs Astrocytic Secretion
By Yan Hong

Huntington’s disease (HD) is a fatal, inherited, neurodegenerative disorder that affects
one in every 10,000 Americans. To date, there is no effective treatment, in part because
the pathogenic mechanism driving the disease is not fully understood. Expansion of a
polyglutamine (polyQ) repeat in the N-terminal region of the HD protein, huntingtin
(Htt), is the molecular basis of the disease. Although neuronal cells are preferentially
degenerated in HD, the function of glial cells is also affected by mutant huntingtin
(mHtt). Astrocytes and other glial cells can release a variety of functional cellular
vesicles into the extracellular space to support the normal function and survival of
neighboring neurons. My thesis work focused on two types of important vesicles, brain-
derived neurotrophic factor (BDNF)-containing dense-core vesicles and heat shock
protein-containing exosomes. Exosomes are small membranous vesicles that are secreted
by multiple cell types and carry protein and genetic materials for cell-cell
communication. Whether mHtt affects astrocytic secretion in the HD brain remains
unknown. We used full-length HD knock-in (KI) mice to investigate the effect of mHtt
on astrocytic secretion. Our results found that mHtt binds Rab3a, a small GTPase
localized on membranes of dense-core vesicles, to affect its GTP/ GDP exchange; this
impairs the docking of dense-core vesicles in HD astrocytes, resulting in decreased
release of BDNF. Importantly, overexpression of Rab3a rescues impaired BDNF vesicle
docking and secretion from astrocytes and alleviates HD early neuropathology in the HD
KI mouse brain. Our results also demonstrated that mHtt reduces the expression of aB-
crystallin, a small heat shock protein that mediates exosome secretion, in astrocytes. This
effect reduces exosome secretion in HD brains, which could be alleviated by
overexpression of aB-crystallin. These findings have revealed new pathological pathways
that affect astrocytic secretion and contribute to non-cell-autonomous neurotoxicity in
HD.
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Chapter 1

General Introduction



1.1 Polyglutamine disease

Polyglutamine (PolyQ) diseases represent a family of nine neurodegenerative disorders
including Huntington’s disease (HD), spinocerebellar ataxia (SCA) 1, 2, 3, 6, 7, 17,
spinal and bulbar muscular atrophy (SBMA) and dentatorubral-pallidoluysian atrophy
(DRPLA) (Li and Li, 2006; Zoghbi and Orr, 2000). PolyQ diseases are inherited, fatal
neurodegenerative disorders caused by an expansion of a trinucleotide (CAG) repeat,
encoding a polyQ tract, in the exonic regions of specific genes. These genes encode
huntingtin, ataxin-1, ataxin-2, ataxin-3, CACNAIA, ataxin-7, TATA-binding protein,
androgen receptor, and atrophin-1. All of these polyQ diseases are dominantly inherited,
with the exception of SBMA, which is the only X-linked, recessively inherited polyQ

disease (Table 1.1).

PolyQ diseases share several common features. First, polyQ diseases are late-
onset disorders. Symptoms of these diseases usually appear in middle age and
progressively worsen until death. A juvenile or early onset form also occurs for these
polyQ diseases and is usually associated with more than 60 CAG repeats. Thus, the
longer polyQ tracts lead to a greater severity of diseases presentation and a younger age

of onset (Weber et al., 2014).

Second, although mutant polyQ proteins are ubiquitously expressed throughout
the body, neurons are extremely sensitive to the toxicity of expanded polyQ proteins, and
only specific types of neurons degenerate in each polyQ disease. For example, HD is
characterized by the preferential loss of striatal medium spiny neurons (MSNs) (Ross and
Tabrizi, 2011). SCAs mostly lead to degeneration of Purkinje neurons in the cerebellum

(Zoghbi and Orr, 2000). SBMA is the X-linked, recessively inherited disease in the



polyQ disease family, and leads to motor neuron loss in the spinal cord and brain stem
(Soukup et al., 2009). DRPLA is characterized by neuronal degeneration in the
cerebellum (Schilling et al., 1999b). These differences suggest that the pathogenesis of

polyQ diseases is highly protein context-dependent.

Finally, all polyQ diseases show aggregates formed by misfolded protein in
patient brains, which are a pathological hallmark of the polyQ diseases (Fig. 1.1). The
cellular location of the aggregates is also protein context-dependent. Whether aggregates
are toxic or have a protective role remains controversial. For example, mutant Htt (mHtt)
aggregates were mainly found in the nucleus and neuropil of postmortem HD patient
brains (DiFiglia et al., 1997; Gutekunst et al., 1999). MHtt aggregates that accumulate in
the nuclei and neuropil of cells interfere with gene transcription and axonal transport,
respectively. However, emerging evidence shows that mHtt intranuclear aggregates are
not directly correlated with neuronal death, because aggregate-containing neurons are
also seen in non-degenerating regions. Also, emerging evidence shows that mHtt
aggregates are not correlated with cell death in several HD animal models (Takahashi et
al., 2008; Cisbani et al., 2012), suggesting that polyQ aggregates are either non-toxic or

protective.

1.2 Huntington’s disease

Huntington’s disease (HD) was first described in the medical literature in 1872 by Dr.
George Huntington. HD is the most common polyQ disorder, affecting approximately 5-
10 individuals per 100,000 in worldwide populations (Harper, 1992; Driver-Dunckley E,

2007). It is caused by a polyglutamine (polyQ>37) expansion in the protein Huntingtin



(htt) (The Huntington's Disease Collaborative Research Group, 1993; Kremer et al.,
1994). The average age of onset is 40 years, and death usually occurs 15-20 years after
the onset of symptoms. The age of onset is inversely correlated with repeat length, and
the presence of more than 60 CAG repeats results in juvenile HD, in which symptoms
occur before the age of 20 (Duyao et al., 1993; Turmaine et al., 2000). HD symptoms
consist of movement disorders (chorea), body weight loss, cognitive deficit, and
psychiatric problems. To date, there is no effective treatment for HD, in part because the

pathogenic mechanism driving the disease is not fully understood.

HD is caused by a mutation in the huntingtin gene located on chromosome 4 (The
Huntington's Disease Collaborative Research Group, 1993). The polyQ domain begins at
the 18th amino acid. Normal individuals usually have 11-34 glutamine residues, but HD
patients contain more than 37 glutamines. Two proline-rich domains follow the polyQ
domain. Htt also contains multiple HEAT (Huntingtin, elongation factor 3 (EF3), a
subunit of protein phosphatase 2A and TORI) repeats that are also found in other
cytoplasmic proteins, and may be involved in cytoplasmic-nuclear transport. HEAT
repeats also form an a-helical structure that is important for protein-protein interactions,
suggesting that huntingtin may function as a scaffold protein and facilitate protein
complex formation. Unlike other large proteins of similar size, Htt is completely soluble,
and normally is a cytoplasmic protein (Dragatsis et al., 2000). Htt is expressed
ubiquitously, with the highest expression levels in the testes and brain, and the protein
plays roles in clathrin-mediated endocytosis, vesicle transport, transcriptional regulation,
and cell survival (Harjes and Wanker, 2003; Cattaneo et al., 2005; Brandstaetter et al.,

2014). MHtt induces neuronal death by disrupting gene expression, axonal transport, and



mitochondrial functions (Crook et al., 2011; Tsunemi et al., 2012; Li et al., 2001) (Fig.

1.2).

The polyglutamine expansion is proposed to cause toxic gain of function. The
PolyQ expansion results in abnormal association of htt with a variety of proteins, which
may cause pathological changes in HD (Li and Li, 2004). For example, mHtt binds more
strongly to several nuclear transcription factors, such as specificity protein 1 (Spl),
which, as a result, inhibits the association of Spl with the promoter of its target genes,
and disrupts the transcriptional activity of genes that are important for neuronal function
and survival (Chen-Plotkin et al., 2006; Li et al., 2002). Moreover, mHtt impairs
mitochondrial function by binding to the TIM23 complex in the inner membrane of
mitochondria to suppress mitochondrial protein import, which leads to neuronal death
(Yano et al., 2014). Furthermore, htt normally associates with huntingtin-associated
protein 1 (Hapl) in the cytoplasm. Hap1 forms a complex with htt and P150, a subunit of
dynactin. This htt/Hap1/P150 complex is necessary for the transport of brain-derived
neurotrophic factor (BDNF)-containing vesicles in neurons. Since striatal neurons are
unable to produce BDNF, exogenous BDNF derived from cortical and substantia nigral
neurons are vital for survival of striatal neurons. MHtt binds more strongly to Hapl and
P150, causing decreased association of the htt/Hap1/P150 complex with microtubules,
which perturbs the trafficking of BDNF-containing vesicles, and consequently decreases
neurotrophic support to striatal neurons (Gauthier et al., 2004). Alternatively, several
studies demonstrate that a loss of function mechanism may contribute to disease
pathogenesis. For example, a HD knockout mouse model shows cell degeneration and

embryonic lethality (Duyao et al.,, 1995; Nasir et al., 1995; Zeitlin et al., 1995).



Inactivation of the HD gene in the brain and testis leads to neurodegeneration and sterility
in mice (Dragatsis et al., 2000). Taken together, the above evidence indicates that HD is

caused by both loss and gain of function.

1.3 Glial Dysfunction in Huntington’s disease

Glia, which make up 90% of brain cells, contribute to the formation, operation and
adaptation of neural circuitry (Allen et al., 2009). In mammals, glial cells are classified
into astrocytes, microglia, and oligodendrocytes. The functions of glia include
maintaining ionic balance in the extracellular space, supporting neurotransmission, and
insulating axons to accelerate electrical communication. Emerging evidence suggests that
glia may play important roles in the pathogenesis of a broad range of neurological

diseases (Kim and de Vellis, 2005; Lobsiger and Cleveland, 2007; Shin et al., 2005).

HD is characterized by selective neurodegeneration that preferentially occurs in
striatal medium spiny neurons. In addition to cell-autonomous toxicity in neuronal cells,
mHtt-mediated dysfunction of glial cells is likely to play an important role in the
pathogenesis of HD. Recent studies in different HD mouse models have demonstrated
that dysfunction of astrocytes and oligodendrocytes leads to neuronal vulnerability and
disease progression (Shinet al., 2005; Bradford et al., 2009; Tong et al., 2014; Huang et
al. 2015). Furthermore, microstructural changes are found in the white matter of the
corpus callosum in HD patient brains (Rosas et al., 2009), suggesting that mHtt impairs

the integrity of oligodendrocytes in humans.

Astrocytes are the largest cell population in the central nervous system (CNS) and

play essential roles in promoting neuronal survival and plasticity, removing toxic



materials, providing gliotransmitters to neurons through neuronal—glial interactions, and
regulating the blood-brain barrier in the CNS (Molofsky et al., 2012; Pekny et al., 2016).
Accumulation of mHtt in striatal astrocytes is found in the brains of HD patients and
animal models, suggesting that mHtt disrupts normal processes in astrocytes. Indeed,
glutamate uptake is decreased in HD mice compared to WT mice due to reduced
expression of astroglial glutamate transporter (GLT-1) in brains of R6/2 mice, a HD
transgenic mouse model that expresses mHtt exonl (Lievens et al., 2001). This finding
was confirmed by a subsequent study that further demonstrated neuronal excitotoxicity
caused by reduction of GLT-1 expression in cultured astrocytes (Shin et al., 2005).
Importantly, a transgenic mouse model expressing mHtt carrying 160Q specifically in
astrocytes shows multiple HD-like symptoms, including body weight loss, motor function
deficits, and shorter lifespans, indicating that expression of mHtt in astrocytes is
sufficient to cause neuropathology (Bradford et al., 2009). Recent studies show that
symptom onset in HD transgenic and knock-in mouse models is associated with
decreased K channel (Kir4.1) expression in astrocytes (Tong et al., 2014).
Overexpression of the Kir4.1 channel in striatal astrocytes by viral injection normalizes
extracellular K, ameliorates aspects of MSN dysfunction and attenuates some motor
phenotypes in HD knock-in mouse models. These findings suggest that astrocyte
dysfunction might be a possible pathogenic mechanism for the selective degeneration of

MSNs in the striatum.

Microglia are resident macrophages in the brain and are implicated in several
neurodegenerative diseases (EI Khoury et al., 2008; Klegeris et al., 2007; Sargsyan et al.,

2005). In normal conditions, microglia are resting; however, under stressful conditions,



microglia are activated, sense signals, and migrate to damaged sites. The role of
microglia in neuronal injury is debated, because they not only release neuroprotective
molecules such as neurotrophins to support neuron survival, but they also secrete
neurotoxic molecules such as nitric oxide (NO) and proinflammatory cytokines. In the
brains of HD patients and mouse models, mHtt aggregates are found in dysregulated
microglial cells featuring thick and distorted processes (Simmons et al., 2007). Activation
of microglia can be observed at the presymptomatic stage of HD (Tai et al., 2007),
suggesting that microglial activation is an early pathological event in the progression of
the disease that potentially correlates with HD pathogensis. In addition, expression of
inducible nitric oxide synthase (iNOS, a key player in inflammation) is found in
microglia at the symptomatic stage of HD mice (Tabrizi et al., 2000). Therefore,

microglial activation may play adverse roles in different stages of HD.

Oligodendrocytes produce the myelin sheaths that electrically insulate axons of
CNS neurons, leading to rapid and efficient propagation of nerve signals.
Oligodendrocyte dysfunction and defective myelination are found in a variety of
neurodegenerative diseases (Bankston et al., 2013). In HD patients, myelin breakdown is
found at the presymptomatic stage (Bartzokis et al., 2007), which correlates with
cognitive decline and motor deficits (Bohanna et al., 2011). In HD mouse models,
although HD knock-in mice do not show obvious neuronal loss, axonal degeneration is an
early pathologic event (Li et al., 2001). In HD transgenic monkeys, axonal degeneration
is also found in the absence of cell body degeneration (Wang et al., 2008). It remains
unknown whether axon degeneration is caused by the expression of mHtt in axonal

processes or in oligodendrocytes, the latter of which leads to defective myelination that



makes axons more susceptible to degeneration. To answer this question, Huang and
colleagues (Huang et al., 2015) generated a transgenic mouse model that selectively
expresses N-terminal mHtt with 150Q in oligodendrocytes under the proteolipid protein
(PLP) promoter; the mice showed obvious axonal degeneration and early-onset
phenotypes including body weight loss, impaired rotarod performance, and reduced
lifespan, providing strong evidence that mHtt in oligodendrocytes contributes to neuronal
toxicity. Furthermore, the researchers found that mHtt abnormally affects the
transcriptional activity of Myelin Regulatory Factor (MYRF), which is a recently
identified transcription factor activating and maintaining the expression of myelin genes
in mature oligodendrocytes. These findings suggest that mHtt-induced dysfunctional

oligodendrocytes contribute to the pathogenesis of HD.

1.4 Neurotrophic factors in Huntington’s disease

Neurotrophic factors (NTFs) are a family of secreted growth factors that support neuronal
survival and function in the CNS. Traditionally, the NTF family includes three sub-
families: (1) neurotrophins, including nerve growth factor (NGF) (the first identified
NTF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and
neurotrophin-4 (NT-4); (2) glial cell line-derived neurotrophic factors (GDNFs); (3)
ciliary neurotrophic factor (CNTF) and neuropoietic cytokines, such as interleukin-6 (IL-
6), IL-11, and IL-27. Recently, a new family of NTFs was reported to include cerebral
dopamine neurotrophic factor (CDNF) and mesencephalic astrocyte-derived neurotrophic
factor (MANF) (Huang and Reichardt, 2001; Airaksinen and Saarma, 2002; Bauer et al.,

2007; Palgi et al., 2009).

Among all the NTFs, BDNF is most studied in HD. It has been found that
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administering BDNF to the striatum of HD mice by an osmotic minipump prevented the
death of striatal neurons (Canals et al., 2004), suggesting that delivering exogenous
BDNF or increasing endogenous BDNF production has therapeutic potentials for HD.
BDNF is widely expressed in the adult mammalian brain, and has been shown to promote
the survival of all types of neurons. BDNF has eight 5’ untranslated exons (I-VIII) and
one protein-coding exon (IX) (Aid et al., 2007) in rodents and humans. It is first
synthesized in the endoplasmic reticulum (ER). After passing through the Golgi
apparatus, it is packaged into dense-core vesicles, and is trafficked mainly through

regulated secretory pathway.

A large number of studies demonstrate that BDNF is decreased in HD mouse
models before the onset of symptoms. For example, presymptomic 9-month-old
transgenic mice (YAC72) expressing full-length mHtt show 30% less protein levels of
BDNF in the cerebral cortex than their wild-type littermates (Zuccato et al., 2001), and
mRNA levels of BDNF are reduced in the cerebral cortex of YAC72 mice beginning at
the age of 3 months (Hermel et al., 2004), suggesting that the decrease in BDNF in HD
models is attributed to the reduction of transcription. Wild-type htt mediates BDNF gene
transcription by inhibiting the repressor element 1/neuron-restrictive silencer element
(RE1/NRSE) within BDNF promoter II (Zuccato et al., 2001, 2005), whereas mHtt
fragments in HD mouse models inhibit transcription of BDNF by altering the activities of
promoters III and IV. The mechanism underlying the reduction in BDNF transcription is
proposed to be that mHtt disrupts the association between transcription factors and BDNF

promoters (Zuccato et al., 2001, 2003, 2005).

The striatum is the brain region that is preferentially and most severely affected in
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HD, and like other neurons, striatal neurons require BDNF for their activity and survival.
However, striatal neurons are unable to produce endogenous BDNF, and therefore rely on
exogenous BDNF released from cortical neurons (Fig. 1.3). Several studies have shown
that the loss of BDNF support from other brain regions could be one of the pathological
mechanisms driving the course of HD. Htt is predominantly found in the cytoplasm of
neurons, and is enriched in compartments containing vesicle-associated proteins (DiFiglia
et al., 1995). It has been demonstrated that wild-type htt enhances the transport of BDNF-
containing vesicles along microtubules in mammalian cells (Gauthier et al., 2004).
However, mHtt impairs the transport velocity of BDNF-containing vesicles in knock-in
cells (Gauthier et al., 2004). BDNF is stored in dense-core vesicles that are transported
along microtubules, and it is eventually secreted following a variety of depolarization
stimuli in neurons (Lu, 2003; Dieni et al., 2012). It has been demonstrated that mHtt
disrupts microtubule-dependent transport of BDNF-containing vesicles in cortical
neurons, suggesting deficient cortical neuron-derived BDNF for the striatum, which may

contribute to the selective loss of striatal neurons in HD (Toro et al., 2006).

Beside BDNF, other NTFs have also been implicated in polyQ diseases. For
example, NGF levels are significantly lower in HD patients than in normal subjects
(Tasset et al., 2012); NT-3and NT-4 prevent the death of striatal neurons in a HD mouse
model (Perez-Navarro et al., 2000); CNTF has been used in a clinical trial for HD, but
showed somewhat disappointing results (Bloch et al., 2004). Taken together, these
findings suggest that NTFs contribute to HD pathogenesis, and provide potential

therapeutic strategies for HD.

1.5 Exocytosis in astrocytes
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Astrocytes and other glial cells can release a variety of transmitters into the extracellular
space using different mechanisms: (1) release through channels (Pasantes Morales and
Schousboe, 1988) and functional unpaired connexons on the cell surface (Cotrina et al.,

1998; Iglesias et al., 2009); (2) release through transporters (Szatkowski et al., 1990); and

(3) release through Caz+-dependent exocytosis (Parpura et al., 1994), such as amino

acids, nucleotides and peptides.

Here, we focus on the potential role of Ca2+-dependent exocytosis from
astrocytes. Exocytosis participates in cell-cell communication, and consists of four
distinct steps: recruitment of secretory vesicles to the release site, docking of secretory

vesicles to the plasma membrane, priming, and stimulus-dependent fusion of secretory

vesicles to the plasma membrane (Jahn et al., 2012). Chemicals released through a Ca’*-
dependent exocytosis mechanism from astrocytes include glutamate, nucleotides, and
peptides. Glutamate is synthesized within astrocytes as a by-product of the tricarboxylic
acid (TCA) cycle (Hertz et al., 1999). The synthesized glutamate can be transported into
vesicles via proton-dependent vesicular glutamate transporters (VGLUTSs). Astrocytes
release glutamate when the vesicles fuse with the plasma membrane. This fusion process
is mediated by synaptotagmin 4 and SNARE proteins: syntaxin 1, synaptobrevin 2 and

synaptosome-associated protein of 23 kDa (SNAP-23) (Westergaard et al., 1996).

Second, astrocytes can release nucleotides through exocyotosis, such as adenosine
5'-triphosphate (ATP). ATP is produced by glycolysis and oxidative phosphorylation.
Intracellular ATP provides energy for a variety of processes, and extracellular ATP is an

intercellular signaling molecule. Cultured astrocytes under the electron microscope show
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large, ATP-containing dense-core vesicles (Coco et al., 2003). Nitric oxide causes

increased cytoplasmic Ca’", which induces the release of ATP into the extracellular
space (Bal-Price et al., 2002). To study the quantal nature of ATP release from astrocytes,
Pangrsic et al treated astrocytes with quinacrine, a compound that fluorescently labels
endogenous ATP-containing vesicles (Pangrsic et al., 2007). Under total internal
reflection fluorescence (TIRF) microscopy, quinacrine shows that punctate staining,

which represents ATP-containing vesicles, rapidly fades in the presence of increased

intracellular Ca>" levels, suggesting that ATP is released by Ca2+-dependent exocytosis

(Pryazhnikov and Khiroug, 2008).

Finally, astrocytes can release peptides via exocytosis machinery, such as atrial
natriuretic peptide (ANP) and BDNF. In contrast to amino acids and ATP, which are
loaded into vesicles by membrane transporters, peptides such as ANP and BDNF enter
vesicles via the synthetic secretory pathway (Dannies, 1999). The pro-peptides are
synthetized in the ER, and then enter the Golgi apparatus from which vesicles containing
concentrated and sorted peptides bud off. Subsequently, these vesicles transport from the

Golgi apparatus to the plasma membrane, where they dock and fuse with the plasma

membrane in response to increased cytosolic Ca’" levels (Fig. 1.4).

1.6 Rab proteins in Huntington’s disease

Exocytosis is regulated by a number of proteins including Rab proteins, which are are
small (21-25 kDa) monomeric GTP-binding molecules (GTPase), and are the largest
branch of the Ras superfamily. In humans, the Rab family consists of almost 70 members

that may serve as major factors between transport vesicles and the plasma membrane.
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Rabs are associated with cyclical activation and inactivation in the form of a GTP-
bound/active state regulated by GEFs (guanine nucleotide exchange factors) and a GDP-
bound/inactive state regulated by GAPs (GTPase activating proteins) between the

membranes and cytoplasm (Bucci et al., 2014).

Rabl1 is the most characterized molecule among all the Rabs. The numbers of
Rabl1 isoforms vary among species. For instance, Rabl1 in drosophila has no isoform,
whereas three isoforms, Rablla, Rabl1lb and Rab25, are identified in vertebrates,
suggesting more sophisticated functions of Rab11 in more complex animals (Casanova et
al., 1999; Cox et al., 2000). Rab11 is associated with recycling endosomes, and regulates
vesicular trafficking through recycling of the endosomal compartment and early
endosomes (EEs) to the trans-Golgi network (TGN) and plasma membrane (Ullrich et al.,
1996; Ren et al., 1998; Wilcke et al., 2000). Dominant-negative Rabl1 expressed in the
striatum and the cortex of wild-type mice causes neuropathology and motor dysfunction,

suggesting that defective Rab11 activity is pathogenic in vivo (Li et al., 2009).

Rabl11 has been implicated in a number of diseases, such as Alzheimer’s disease,
HD, and cancers (Bhuin et al., 2015). Htt plays a key role in manipulating Rabl1
vesicles, such as movement of Rabl1-containing vesicles within axons; however, mHtt
disrupts Rabl1-dependent endosomal recycling. Rabll is involved in synaptic
dysfunction prior to the onset of HD symptoms. Inhibition of Rabll function in the
fibroblasts of HD patients impairs vesicle formation from recycling endosomes (Li et al.,
2009). Conversely, Rabl1 overexpression ameliorates synaptic dysfunction, rescues
neurodegeneration, and extends lifespan in a Drosophila model of HD. These results

suggest that disruption of Rabl1-mediated endosome recycling mediated by mHtt may
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contribute to the early neuropathology observed in HD (Power et al., 2012).

In addition to Rabl1, dysfunction of other Rab family members is also proposed
to be involved in HD pathogenesis. Rab5 is an important regulator of the early endocytic
pathway in mammalian cells (Bucci et al., 1992; Stenmark et al., 1994). Htt indirectly
interacts with Rab5 via HAP40 to regulate endocytosis (Pal et al., 2006). It has been
reported that inhibition of Rab5 enhances polyglutamine toxicity, whereas overexpression
of Rab5 attenuates toxicity in HD cell and Drosophila models. In addition, Rab8
participates in vesicles trafficking from the Golgi complex to the plasma membrane.
Optineurin, an adaptor protein associated with the Golgi complex, links Rab8 to
huntingtin, and this complex is required for post-Golgi trafficking (Sahlender et al.,
2005). Loss of normal htt function in HD may disrupt the Rab8-dependent trafficking
pathway. Taken together, multiple Rab proteins are likely to be involved in the
pathogensis of HD, and elucidating adverse effect of mHtt on the function of Rab

proteins may provide new insights into etiology of HD.

1.7 Roles of exosomes in neuron-glia communication

Exosomes are endosome-derived small membranous vesicles (40-100nm) secreted by
various types of cell, and they can be isolated from conditioned cell culture media or
body fluids. Exosome biogenesis involves the inward budding of multivesicular bodies
(MVB) to form intraluminal vesicles (ILV). Exosomes are released by fusion of MVBs
with the plasma membrane followed by secretion of the ILVs into the extracellular space
(Théry et al., 2002). Functions of these vesicles include cell-cell communication,

removing unwanted proteins, and pathogens transmission between cells. Exosomes
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contain a set of proteins that are conserved across different cell types. Typical exosome-
containing proteins are the tetraspanin family, cytoskeletal proteins, heat-shock proteins,
metabolic enzymes of glucose metabolism, flotillin-1, and those involved in transport and

fusion. (Théry et al., 2011).

In the CNS, all brain cells have been reported to secrete exosomes into the
extracellular environment. Neuronal exosomes may influence glutamatergic synaptic
activity (Lachenal et al., 2011). Emerging evidence shows that proteins associated with
neurodegenerative diseases, such as the B-amyloid peptide in Alzheimer’s disease and a-
synuclein in Parkinson’s disease, have been identified in neuronal exosomes, which is a
mechanism underlying the spread of toxic proteins in the brain (Bellingham et al., 2012;
Wang et al., 2017). Oligodendrocyte-derived exosomes include galactocerebroside,

sulfatide, and cholesterol (Krdmer-Albers et al., 2007). Neuronal signals trigger exosome

release from oligodendrocytes by elevating intracellular Ca’" levels in oligodendrocytes.
After internalization by neurons, these oligodendrocyte-derived exosomes are beneficial
for axonal outgrowth. On the other hand, astrocytic exosomes carry neuroprotective
cargoes, such as Hsp/Hsc70 and HspBl, which are involved in maintaining the
homeostasis of recipient neurons (Taylor et al., 2007; Nafar et al., 2016). Microglia are
the resident macrophages of the CNS. Microglia-derived exosomes, containing
monocarboxylate transporter 1 and glycolytic enzymes, may deliver energy substrates to
neurons (Potolicchio et al., 2005). Microglia also can take up and degrade exosomes
released by oligodendrocytes. Under specific pathological conditions, these exosomes
may transfer antigens to microglia to induce inflammatory responses (Kettenmann et al.,

2011; Bianco et al., 2009). Thus, studying exosomes in the CNS will advance
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understanding of the spreading of toxic misfolded proteins, and may open up a new

avenue for treatment of neurological disorders.

1.8 Dissertation Goals

Although HD is characterized by the selective degeneration of striatal medium-size spiny
neurons, it is necessary to understand how mHtt affects the function of non-neuronal cells
to fully understand the pathobiology of HD. Astrocytes are the largest cell population in
the CNS, and they support neuronal survival partly by providing vesicles containing
neurotrophic factors and heat shock proteins. Although it has been reported that mHtt
disrupts normal astrocytic functions, whether mhtt affects astrocytic secretion remains
unknown. Since striatal neurons cannot produce BDNF, BDNF released by astrocytes in
the striatum should be important to protect the neighboring neurons from mHtt toxicity in
HD brains. Consistent with this perspective, emerging evidence shows that exosomes
secreted from astrocytes contain neuroprotective cargoes that could support the survival
of neurons (Taylor et al., 2007; Nafar et al., 2016). The current dissertation project seeks
to determine whether mHtt at endogenous levels affects astrocytic secretion, and if so,
what are the mechanisms underlying the deficient release of functional vesicles?
Specifically, I hypothesize that mHtt impairs the release of dense-core vesicles and
exosomes from astrocytes, which reduces trophic supports for neurons and contributes to
the pathogenesis of HD. In this study, I used primary culture, brain slice, and HD KI and

transgenic mouse models to examine the effect of mHtt on astrocytic secretion.
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Table 1.1

Poly Q Disease Protein Normal Mutant | Brain regions most

Disease PolyQ PolyQ affected

Repeats Repeats

Huntington’s Huntingtin 6-34 36-121 Striatal medium
diseasae (HD) spiny neurons
Spinocerebellar | Ataxin-1 6-44 39-82 Cerebellar Purkinje
ataxia 1 cells
(SCA1)
Spinocerebellar | Ataxin-2 15-31 36-63 Cerebellar Purkinje
ataxia 2 cells
(SCA2)
Spinocerebellar | Ataxin-3 12-41 62-84 Cerebellar dentate
ataxia 3 neurons, spinal cord
(SCA3) and brain stem
Spinocerebellar | CACNAITA 4-18 21-33 Cerebellar Purkinje
ataxia 6 cells
(SCA6)
Spinocerebellar | Ataxin-7 4-35 37-306 Cerebellar Purkinje
ataxia 7 cells
(SCAT)
Spinocerebellar | TATA-binding protein 25-42 47-63 Cerebellar Purkinje
ataxia 17 (TBP) cells
(SCA17)
Spinal and Androgen receptor 9-36 38-62 Anterior horn and
bulbar muscular bulbar neurons,
atrophy dorsal root ganglia
(SBMA)
Dentatorubral- | Atrophin-1 6-36 49-84 Cerebellum,
pallidoluysian cerebral cortex,
atrophy basal ganglia

(DRPLA)
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Figure 1.1
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Figure 1.1 PolyQ expansion

PolyQ diseases are caused by an expansion of a trinucleotide (CAG) repeat, encoding a
polyQ tract, in the exonic regions of specific genes. Aggregates formed by misfolded

proteins in patient brains are a pathological hallmark of the polyQ diseases.
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Figure 1.2 Huntingtin protein

The huntingtin protein (htt) is a large protein including 3144 amino acids. The polyQ
domain (yellow) begins at the 18th amino acid. Normal individuals usually have less than
37Q, but HD patients contain more than 37Q. Two proline-rich domains (green) follow
the polyQ domain. Htt also contains multiple HEAT repeats (pink), which may be
involved in cytoplasmic-nuclear transport. Htt plays multiple roles in neurons (1-8).
Mutant huntingtin (mHtt) cleavage resulting in N-terminal fragments containing the
polyglutamine expansion is a key step in HD pathogenesis. MHtt induces neuronal death

by disrupting gene expression, axonal transport, and mitochondrial functions.
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Figure 1.3
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Figure 1.3 BDNF sources for MSNs

Striatal neurons require BDNF for their activity and survival. However, striatal neurons
are unable to produce endogenous BDNF, and therefore rely on exogenous BDNF (blue
dots) released from cortical neurons (pink), substantia nigral neurons (yellow), and

striatal astrocytes (white).
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Figure 1.4 Synthesis, storage and release of BDNF

BDNEF is first synthesized in the endoplasmic reticulum (ER). After passing through the
Golgi apparatus, it is packaged into dense-core vesicles, and is trafficked mainly through
regulated secretory pathway along microtubules. It is eventually secreted following a

variety of depolarization stimuli, which is regulated by Rab-mediated exocytosis.
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Chapter 2
Materials and Methods

This chapter was published in part as: Yan Hong, Ting Zhao, Xiao-Jiang Li, and Shi-Hua
Li (2016) The Journal of Neuroscience 36:8790-801. Xiao-Jiang Li and Shi-Hua Li
helped with the experimental design. Xiao-Jiang Li played a key role in the preparation

of the manuscript
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2.1 Animals

KI mice were kindly provided by Dr. Michael Levine of the University of California, Los
Angeles (Hickey et al.,, 2008). GFAP-Htt transgenic (TG) mice with 160Q were
generated previously by our laboratory (Bradford et al., 2009). Mice were maintained at
the Emory University animal facility. Both male and female pups from these mice were
used for primary cultures. Male and female adult mice of different ages were used for
viral injection and brain-slice preparation. This study was performed in strict accordance
with the recommendations in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. The protocol was approved by the Committee on the

Ethics of Animal Experiments of Emory University (permit number 2002557).

2.2 Antibodies and reagents.

Antibodies used were anti-expanded polyQ (1C2) (Millipore, MABI1574), anti-Htt
(mEM48), anti-Rab3a (BD Biosciences, 610379), anti-GTP-Rab3a (NewkEast
Biosciences, 26920), anti-Rab3-GAP1 (Proteintech, 21663-1-AP), anti-V5 (Life
Technologies 46-0705), anti-TrkB (Cell Signaling, 80E3), anti-phospho-TrkB
(Epitomics, 2149-1), anti-BDNF (Santa Cruz, sc-546), and anti-Actin (Sigma, A5060),
anti-GFAP (Millipore, MAB360), anti-NeuN (Millipore, ABN78), anti-Alix (Millipore,
ABC40), anti-flotillin-1 (Millipore, MABI1118), anti-aB-crystallin (abcam, ab13496),
anti-Hsc70 (Santa Cruz, sc7298), anti-Hsp90 (Cell signalling, 4874S), anti-GM130 (BD,
610822), anti-GRP78 (Santa Cruz, sc-1051), anti-CD9 (GeneTex GTX80172). Secondary
antibodies were HRP-labeled donkey anti-mouse, donkey anti-rabbit, donkey anti-mouse

Alexa Fluor 488 or 594, and donkey anti-rabbit Alexa Fluor 488 or 594 from Jackson



29

ImmunoResearch. Proteinase inhibitor cocktail, phorbol 12-myristate 13-acetate (PMA),
Adenosine 5'-triphosphate (ATP) Bioluminescent Assay Kit and quinacrine
dihydrochloride were purchased from Sigma. Rab3-V5 adenovirus was purchased from
SignaGen Laboratories (SL174810). The Glutamate Assay Kit was purchased from
BioVision. aB-crystallin adenovirus was purchased from SignaGen Laboratories
(SL170680). Chromatin Immunoprecipitation (ChIP) Assay kit was purchased from

Millipore.

2.3 Primary cell cultures.

The brains of postnatal (day 1-3) male and female mouse pups were used for culturing
cortical astrocytes. Following dissection, the cortex was subjected to 0.3mg/ml papain
digestion. Cell suspension was filtered through 70-pm nylon cell strainers (Fisher
Scientific). Microglia and oligodendrocytes were removed from cultures at DIV14 by
shaking. Remaining cells were detached with 0.25% trypsin and plated for the following
experiments. For cortical neuron cultures, cortical neurons were prepared from postnatal
day 0 murine pups. The cortex was digested with 0.3mg/ml papain. Cell suspension was
filtered through 40-um nylon cell strainers (Fisher Scientific) to remove debris. Neurons
were plated at 1x10° on poly-D-lysine coated 6-well plates and cultured in Neurobasal-A

medium supplemented with B27 and glutamine (Invitrogen).

2.4 Preparation of astrocyte-conditioned medium (ACM).
Primary astrocytes (DIV 25) were cultured at a density of 2 x 10° in 6-well plates and
treated with 28 mM KCL for 30 min at 37°C. The culture medium was collected for

measuring released BDNF via ELISA.
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2.5 Enzyme-linked immunosorbent assays (ELISA).

Levels of BDNF were determined by a BDNF ImmunoAssay System (Promega)
following the manufacturer’s protocol. Briefly, samples or standards (100 ul) were added
to 96-well plates, incubated at 4°C overnight, and washed extensively, followed by a2 h
incubation with the anti-BDNF antibody and a 1 h incubation with anti-IgY HRP
conjugate plus substrate for signal development. The absorbance was recorded at 450 nm
on a plate reader (Microplate Reader, BioTek). The amount of BDNF in each sample was

calculated based on the standard curve prepared in the same experiment.

2.6 Western blotting.

Primary cultures or brain tissues were homogenized in ice-cold NP-40 buffer containing a
protease inhibitor mixture (Pierce Protein Biology Products, Thermo Scientific) and
100uM PMSF. Samples were boiled for Smin in SDS/B-mercaptoethanol (BME) protein
loading dye and run on 4-12% Tris-Glycine gels purchased from Invitrogen (catalog
#EC60385). Proteins were transferred to a nitrocellulose membrane in Tris-Glycine
buffer. After blocking, blots were probed with Rab3a or other primary antibodies
overnight. The Western blots were developed using the ECL Prime Chemiluminescence

kit (GE Healthcare).

2.7 Glutamate measurement.
Glutamate release from astrocytes was determined by a Glutamate Assay Kit (BioVision)

following the manufacturer’s protocol. Briefly, each culture medium was diluted in the
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assay buffer. Samples or standards (50 pl) were added to 96-well plates. Reaction Mix
(100 pl) was added to each well containing the glutamate standard and test samples.
Reactions were incubated for 30 min at 37°C and protected from light. Measured OD was
at 450 nm in a microplate reader (BioTek). The amount of glutamate in each sample was

calculated based on the standard curve prepared in the same experiment.

2.8 RT-qPCR.

Total RNA was isolated from WT, TG, and KI astrocytes. Reverse transcription reactions
were performed with 1.5 pg of total RNA using the Superscript III First-Strand Synthesis
System (Invitrogen). One microliter of cDNA was combined with 10 ul SYBR Select
Master Mix (Applied Biosystems) and 1 pl of each primer in a 20 pl reaction. The

reaction was performed in a thermal cycler (Eppendorf, RealPlex Mastercycler).

2.9. Knockdown assay.

Rab3a siRNA duplexes and negative control siRNA were purchased from OriGene
(SR402766). The following combination of oligonucleotides was used to target the Rab3a
gene: CGACUAUAUGUUCAAGAUCCUGATC,
GGAGUCAUUUAAUGCAGUGCAGGAC,

CGCAGUCCUUGACAUUAAAGAGAAT.

2.10 Stereotaxic injection of virus.
Male adult mice were used for Rab3-V5 or aB-crystallin adenoviral and control GFP

adenoviral injections. Heads of the animals were placed and fixed in a stereotaxic frame
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(David Kopf Instruments, Model 1900) equipped with a digital manipulator and a UMP3-
1 Ultra pump. The mice were kept deeply anesthetized as assessed by monitoring pinch
withdrawal and respiration rate. Animals were injected in the striatum (0.6 mm anterior
to bregma, 2.0 mm lateral to the midline, 3.5 mm ventral to dura). The injections were
performed at a rate of 0.2 ml/min. The needle was left in place for 10 min after each
injection to minimize the upward flow of viral solution after raising the needle. Rab3a-V5
was allowed to be expressed for 21-30 days in vivo before slicing the brains. For exosome
injection, astrocytic exosomes were suspended in PBS. A total of 8 ul were injected into
two sites of striatum in one hemisphere (0.6/0.4 mm anterior to bregma, 2.0 mm lateral to
the midline, 3.5 mm ventral to dura) in 9-month-old KI mice with 4 pl for each site. PBS
injection served as a control in the other side of the same mouse. Seven days after

injection, the mouse brains were examined using immunocytochemistry.

2.11 Preparation of brain slices.
Brains from male mice were immersed in chilled artificial cerebral spinal fluid (ACSF),
and then were cut with the vibratome into 250-mm coronal slices containing striatum. To

stimulate BDNF release from the brain slices, 56 mM of KC1 were added to the ACSF.

2.12 Rab3 GTPase activity assay.

GST-Rab3a was loaded with 20 uCi of [y-’P]-GTP (5000 Ci/mmol, Amersham
Pharmacia Biotech) in 40 ul of loading buffer (20 mM Tris pH 7.6, 5 mM EDTA, and 0.1
mM DTT) for 15 min at room temperature. The loading reaction was stopped by adding 2

ul of 0.4 M MgCl,. Five ul of preloaded GTPase was diluted in assay buffer (20 mM Tris
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pH 7.6, 1 mM GTP, 1 mg/ml BSA and 0.1 mM DTT) to yield a final volume of 50 pl.
The total amount of [y->*P]-GTP-loaded GTPase was measured by removing 5 ul of the
loading sample (tp) into 1 ml of ice-cold dilution buffer (50 mM Tris pH 7.6, 50 mM
NaCl, 5 mM MgCl,). WT or KI astrocyte lysates without Rab3-GAP1 were then added to
the assay and incubated with [y-"*P]-GTP labeled GST-Rab3A for various periods of time
at room temperature. Rab3-GAP1 in astrocyte lysate was immunoprecipitated by Rab3-
GAPI antibody. After 30, 60, and 90 min, 5 ul of sample was removed and diluted into 1
ml of ice-cold dilution buffer. At each time, the samples were filtered through
nitrocellulose filters (Millipore) to trap the y->’P-labeled GTPase, and the radioactivity

retained on the filters was determined by scintillation counting.

2.13 Total internal reflection fluorescence microscopy.

A Total internal reflection fluorescence (TIRF) microscope (GE Healthcare Life
Sciences, GE DeltaVision OMX Blaze) was used to study vesicles docking near the
plasma membrane. Astrocytes were plated onto poly-L-lysine-coated coverslips and then
transfected with BDNF fused to RFP. After 48 h of transfection, docking of BDNF-RFP
vesicles was examined by TIRF microscope, which allows selective imaging of a ~100-
nm region beneath the plasma membrane. Quinacrine dihydrochloride often serves as a
fluorescent marker for intracellular ATP-enriched vesicles (Akopova et al., 2012). Living
astrocytes were treated with phorbol 12-myristate 13-acetate (PMA) for 15 min at 37°C.
Quinacrine staining was performed by incubating living astrocytes with 1 uM quinacrine
dihydrochloride for 15 min at room temperature. Quinacrine fluorescence in living

astrocytes after stimulation was examined with a Nikon A1R confocal microscope. To
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examine ATP-containing vesicles, astrocytes were treated with quinacrine
dihydrochloride for 15 min at room temperature. Images were acquired by the TIRF
microscope every 200 ms. The number of plasma membrane-docked vesicles was

counted at the entire cell surface in the evanescent field by Fiji.

2.14 Immunoprecipitation.

Cells were harvested and lysed in ice-cold 0.5% Triton X-100/PBS solution with
protease inhibitor mixture and 100 mM PMSF on ice. The lysates were centrifuged at
16,000xg for 15 min. Protein concentrations were measured with BCA assay (Thermo
Fisher Scientific). A total of 300 ug of samples were precleared with protein A agarose
beads (Sigma-Aldrich), and huntingtin and Rab3a-V5 proteins were immunoprecipitated
with 1C2 and anti-V5 antibodies, respectively, at 4°C overnight. Protein A agarose beads
were added to capture the immunoprecipitates for 1 h at 4°C. Ice-cold lysis buffer was
used to wash beads three times. Proteins from the immunoprecipitates and inputs were

subjected to Western blotting.

2.15 Immunofluorescence staining.

Cultured astrocytes were fixed with 4% paraformaldehyde for 8-10 min. Mouse brains
were sliced at 10 um thickness with a cryostat at -20°C, mounted onto gelatin-coated
sides, and fixed with 4% paraformaldehyde for 10 min. Fixed samples were blocked with
3% BSA/0.2% Triton X-100 for 30 min at room temperature. Following incubation of
fixed samples with primary antibodies at 4°C overnight and washes, fluoroconjugated

secondary antibodies and Hoechst nuclear dye were added to the samples for staining.
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Images were acquired with an Imager Z1 microscope or an Olympus FV1000 inverted
microscope. Quantitative analysis of GFAP staining was performed using the method in
our previous studies (Yang et al., 2015). Briefly, NIH Image] software was used to
measure GFAP immunostaining intensity. Colored images obtained with a 63% objective
were converted to eight-bit black-and-white images. The “Threshold” function was used
to adjust the background to highlight GFAP-specific staining. The same threshold was
applied to all images analyzed. Finally, the “Measure” function was used to quantify
GFAP staining intensity in each image. Each group had 7 to 10 images per section and 8

sections per group were examined.

2.16 ATP assay.

ATP levels in astrocyte culture medium were analyzed by an ATP bioluminescence assay
kit (Sigma-aldrich) and a luminometer (BioTek) according to the manufacturer’s
instructions. Briefly, WT, KI, and Rab3a-overexpressed KI astrocytes were treated with
PMA for 15 min at 37°C. Each culture medium was harvested for ATP assay. Each

sample was run in duplicate and assayed within 5—-10 min of collection.

2.17 Purification of exosomes.

Exosomes were prepared from culture medium as described previously (Théry et al.,
2006). Briefly, the culture medium of astrocytes was replaced with medium containing
exosome-free FBS. After 24 h incubation, culture supernatants were harvested and
centrifuged sequentially at 300 x g for 10 min, 2000 x g for 10 min, 10,000 x g for 30

min, and 100,000 x g for 70 min. The pellet was resuspended in cold PBS and then
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centrifuged 100,000 % g for 70 min. The pellet containing exosomes was resuspended in
appropriate buffers. All centrifugations were performed at 4 °C.

Exosomes from mouse brain tissues were prepared as described previously
(Perez-Gonzalez et al., 2012; Polanco et al., 2016). In brief, the striatum were dissected
from HD KI and age-and gender-matched wild-type controls. These tissues were gently
chopped before being treated with 20 units/ml papain in Hibernate A solution for 15 min
at 37 °C. The reaction was stopped with 2 volumes of cold Hibernate A solution
containing 1xprotease inhibitor cocktail. The tissues were gently disrupted by pipetting
with a 10 ml pipette, followed by a series of differential centrifugation as described
above. The supernatant from the 10,000 g centrifugation step was filtered through a 0.22
um syringe filter and centrifuged at 100,000 g for 70 min at 4 °C to pellet exosomes. The
pellet was then resuspended in cold PBS and was centrifuged at 100,000 g for 70 min.
The washed pellet was resuspended in 2 ml of 0.95 M sucrose in 20 mM HEPES, then
added to a centrifuge tube containing continuous sucrose gradients (from bottom 2.0 M,
1.65 M, 1.3 M, 0.95M, 0.6M to 0.25M on top, 2 ml each gradient). The continuous
sucrose gradients were centrifuged at 200,000 g for 16 h at 4 °C. The original six 2 ml
fractions were collected and resuspended in 8 ml ice-cold PBS, followed by 100,000 g
centrifugation for 70 min at 4 °C. Finally, pellets were resuspended in appropriate

buffers.

2.18 Electron Microscopy and Immunogold Labeling.

Exosomes prepared as described above were deposited on collodion-carbon-coated grids
and fixed with 2% paraformaldehyde. The exosomes were permeabilized with 0.1%

saponin, followed by immunolabeling with an antibody to CD9 and secondary antibody
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conjugated with 10-nm gold particles. The exosomes were negatively stained with uranyl

acetate and analyzed with a transmission electron microscope.

2.19 Chromatin Immunoprecipitation (ChIP).

ChIP assay with semiquantitative PCR were performed as described in previously
(Bradford et al., 2009). Astrocyte lysates were used along with reagents from the
Millipore Chromatin Immunoprecipitation (ChIP) Assay kit. After cross-linking, rabbit
anti-Sp1 was used to precipitate the Sp1-DNA complex. Rabbit IgG was used as a control
antibody. PCR was conducted with primers to amplify the enhancer region of the mouse
aB-crystallin gene (forward 5’AAG ATT CCA GTC CCT GCC CAG 3’; reverse 5° TCA
CTA GCT CTC TGT CCA CAC C 3’). PCNA (forward 5° TCC TAA GGA TGG AAA
CTG CAG CCT 3’; reverse 5 ATA GGC GAG GGG CAT CAC GG 3’). PCR with the

precipitates by rabbit IgG or without template served as negative controls.

2.20 Statistical analyses.
Statistical analyses were performed with unpaired two-tailed Student’s t-tests. Results are
expressed as means + SEM. P value < 0.05 was considered significant. Statistical

significance level was set as follows: *P < 0.05, **P < (.01, ***P < 0.001.
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Chapter 3

Mutant Huntingtin Impairs BDNF Release from Astrocytes
by Disrupting Rab3a GTP/GDP Exchange

This chapter presents work published as: Yan Hong, Ting Zhao, Xiao-Jiang Li, and Shi-
Hua Li (2016) The Journal of Neuroscience 36:8790-801. Yan Hong performed all of the
experiments in this chapter. Yan Hong and Ting Zhao performed TIRF microscopy
together. Xiao-Jiang Li and Shi-Hua Li helped with the experimental design. Xiao-Jiang

Li played a key role in the preparation of the manuscript.
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3.1 Abstract

Brain-derived neurotrophic factor (BDNF) is essential for neuronal differentiation and
survival. We know that BDNF levels decline in the brains of patients with Huntington’s
disease (HD), a neurodegenerative disease caused by the expression of mutant huntingtin
protein (mHtt), and furthermore that administration of BDNF in HD mice is protective
against HD neuropathology. BDNF is produced in neurons, but astrocytes are also an
important source of BDNF in the brain. Nonetheless, whether mHtt affects astrocytic
BDNF in the HD brain remains unknown. Here we investigated astrocytes from HD140Q
knock-in mice and uncovered evidence that mHtt decreases BDNF secretion from
astrocytes, which is mediated by exocytosis in astrocytes. Our results demonstrate that
mHtt associates with Rab3a, a small GTPase localized on membranes of dense-core
vesicles, and prevents GTP-Rab3a from binding to Rab3-GAP1, disrupting the
conversion of GTP-Rab3a into GDP-Rab3a and thus impairing the docking of BDNF
vesicles on plasma membranes of astrocytes. Importantly, overexpression of Rab3a
rescues impaired BDNF vesicle docking and secretion from HD astrocytes. Moreover,
ATP release and the number of ATP-containing dense-core vesicles docking are
decreased in HD astrocytes, suggesting that the exocytosis of dense-core vesicles is
impaired by mHtt in HD astrocytes. Further, Rab3a overexpression reduces reactive
astrocytes in the striatum of HD140Q knock-in mice. Our results indicate that
compromised exocytosis of BDNF in HD astrocytes contributes to the decreased BDNF
levels in HD brains and underscores the importance of improving glial function in the

treatment of HD
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3.2 Introduction

Huntington’s disease (HD) is characterized by selective neurodegeneration, although the
mutant HD protein (mHtt) is expressed in both neuronal and glial cells throughout the
brain (Ross and Tabrizi, 2011; Saxena and Caroni, 2011). Despite the lower vulnerability
of glial cells in HD brains, emerging evidence shows that mHtt affects the function of
astrocytes. For example, mHtt decreases the levels of both EAAT2 (GLT-1) and Kir4.1 in
astrocytes, which consequently increases neuronal excitotoxicity (Shin et al., 2005;
Bradford et al., 2009; Tong et al., 2014). The consensus has been that dysfunctional

astrocytes contribute to the pathogenesis of HD (Chan and Surmeier, 2014).

Brain-derived neurotrophic factor (BDNF), a neurotrophic factor stored in dense-
core vesicles, is decreased in the brains of HD patients, as well as animal models
(Zuccato et al., 2001; Hermel et al., 2004). A causal relationship between the reduction of
BDNF and neuropathology in HD has been proposed (Lu et al., 2005; Zuccato and
Cattaneo, 2007) and is supported by the finding that increasing BDNF levels ameliorates
the neuropathology and phenotypes of HD animals (Zuccato et al., 2005; Giralt et al.,
2011). The decreased BDNF in neuronal cells was found to be due to the effect of mHtt
on the transcriptional expression of BDNF (Zuccato et al., 2001) and its axonal transport
from cortical neurons to the striatum (Gauthier et al., 2004), implicating neuronal BDNF
dysfunction in HD pathogenesis. Astrocytes are also an important source of BDNF
(Miyamoto et al., 2015). BDNF is released from astrocytes via exocytosis to support the
neighboring neurons and regulate their functions (Wu et al., 2008; Parpura and Zorec,
2010; Quesseveur et al., 2013). However, whether mHtt affects astrocytic BDNF

production or secretion in the HD brain remains unknown. A previous study found that
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overexpressing mHtt in cultured astrocytes decreased BDNF levels by sequestering
BDNF transcriptional factors into mHtt aggregates (Wang et al., 2012). Considering that
very few mHtt aggregates are formed in astrocytes in the HD brains that express mHtt at
the endogenous level (Shin et al., 2005), we wanted to investigate whether mHtt at the

endogenous level can affect BDNF production or secretion in astrocytes.

We used both full-length HD140Q knock-in (KI) and GFAP- Htt transgenic (TG)
mouse models to investigate the effect of mHtt on astrocytic BDNF. In these mouse
models, full-length mHtt with 140Q is expressed at the endogenous level in knock-in
mice (Menalled et al., 2003), and N-terminal Htt (1-208 aa) with 160Q is expressed at
levels similar to endogenous Htt (Bradford et al., 2009). Using primary astrocytes and
brain-slice cultures, we found that secreted BDNF from HD astrocytes is reduced, and
that this reduction stems from impaired docking of BDNF vesicles attributable to an
abnormal association between mHtt and Rab3a in HD astrocytes. More importantly,
overexpression of Rab3a improves docking of BDNF-containing vesicles and BDNF
release from HD astrocytes. Moreover, overexpression of Rab3a ameliorated reactive
astrocytes in the striatum of full-length HD140Q knock-in mice, which is an early HD
pathology. Our findings suggest a new mechanism behind the reduced BDNF levels in
HD brains and indicate the importance of improving the function of astrocytes in the

treatment of HD.

3.3 Results

mH(tt at endogenous levels impairs BDNF secretion from astrocytes

To examine whether BDNF secretion from astrocytes is affected by mHtt in KI mice, we
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measured BDNF secretion by cultured astrocytes from WT, KI, and TG mice. TG mice
were used because the expression of N-terminal mHtt under the control of the GFAP
promoter in these mice is astrocyte-specific (Bradford et al., 2009). Using ELISA to
directly detect BDNF in the cell culture medium following 28 mM KCL stimulation, we
found that primary astrocytes from either TG (n = 6 independent experiments, p =
1.6381E-05) or KI (n = 4 independent experiments, p = 0.0208) mice release less BDNF
into culture medium than do astrocytes from WT astrocytes (Fig. 3.14). To verify
whether mHtt affects BDNF release in astrocytes in the presence of neuronal cells, we
also measured BDNF release from brain slices of TG mice in which mHtt expression is
restricted to astrocytes. We found that brain slices from TG mice released less BDNF
than slices from WT mice (Fig. 3.14. n = 3 independent experiments, p = 0.0449), which
also suggests that the expression of mHtt in astrocytes affects BDNF secretion.
Nevertheless, BDNF release from brain slices of N171-82Q mice that express N-terminal
mHtt primarily in neurons is unchanged compared with WT brain slices, further
indicating that mHtt selectively impairs BDNF secretion from astrocytes (Fig. 3.14. n =
3 independent experiments, p = 0.1489).

To show the functional consequences of reduced BDNF release, we treated WT
neurons with either WT or KI astrocyte-conditioned medium (ACM) for 10 min to induce
phosphorylation of TrkB, as binding of BDNF to TrkB receptors leads to TrkB
phosphorylation (Duman et al., 2012), so the extent of TrkB phosphorylation (p-TrkB)
reflects BDNF levels in the ACM. Consistently, we found that neurons treated with KI
ACM showed reduced p-TrkB levels (p-TrkB/Actin) compared with those treated with

WT ACM (Fig. 3.1B. n = 4 independent experiments, p = 0.0157). This result further
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supports our observation that BDNF levels are reduced in KI ACM compared with WT
ACM. To verify that mHtt specifically impairs dense core vesicle release in astrocytes,
we also measured glutamate release from astrocytes. This glutamate is stored in small
synaptic-like clear-core vesicles. The glutamate measurement assay showed no
significantly decreased levels of glutamate in TG astrocyte culture medium (Student’s t-
test, » = 5 independent experiments, p = 0.1027) or in KI astrocyte culture medium
(Student’s t-test, n = 6 independent experiments, p = 0.3647) compared with WT
astrocyte culture medium (Fig. 3.1C). Collectively, our results indicate that mHtt at

endogenous levels impairs BDNF secretion from astrocytes.

mHtt does not affect the generation of BDNF in HD astrocytes

To explore the mechanism behind the decreased BDNF secretion from HD astrocytes, we
first examined BDNF production in cultured astrocytes, as previous studies suggested
that overexpressing mHtt influenced BDNF transcription and translation in astrocytes
(Wang et al., 2012). We performed a qRT-PCR assay using BDNF-specific primers and
found that levels of different BDNF mRNA isoforms are not significantly changed in TG
or KI astrocytes compared with WT astrocytes (Fig. 3.24,B). Moreover, using western
blotting and BDNF-specific antibody, we found no significant changes in either mature
BDNF (mBDNF) or precursor of BDNF (pro-BDNF) in cultured astrocytes from TG or
KI mice (Fig. 3.2C,D). These results suggest that mHtt at the endogenous level does not

affect BDNF mRNA or protein levels.

mHtt binds to Rab3a in astrocytes
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Since BDNF synthesis was unchanged, we reasoned that the decreased BDNF protein
secretion might be due to decreased exocytosis of BDNF vesicles. Rab3 is a small
GTPase comprising four isoforms (Rab3 a-d) (Takai et al., 1996). Rab3a, the isoform
highly enriched in the brain, is localized on membranes of secretory vesicles, including
synaptic vesicles and dense core vesicles, and mediates the exocytosis of vesicles (Tsuboi
et al., 2006). Although Rab3a is expressed in astrocytes (Maienschein et al., 1999), its
function in astrocytes remains elusive. We used Rab3a siRNA to knock down Rab3a
expression in cultured WT astrocytes and found that knocking down Rab3a results in the
defective release of BDNF and ATP, another cargo in dense core vesicles, from
astrocytes (Fig. 3.34,B. BDNF release, n = 3 independent experiments, p = 0.0353; ATP
release, n = 5 independent experiments, p = 0.0142). These findings suggest that Rab3a
plays an important role in dense core vesicle-mediated secretion from astrocytes.

Given that mHtt binds a variety of proteins to affect intracellular trafficking (Li et
al., 2004), we wanted to know whether mHtt binds Rab3a and affects its mediated BDNF
secretion from astrocytes. To test this hypothesis, we performed a co-
immunoprecipitation (Co-IP) assay using an antibody (1C2) to selectively precipitate
mHtt and found that mHtt could coprecipitate with Rab3a from cultured KI astrocyte
lysates (Fig. 3.3C), but not from cultured KI neuronal lysates (Fig. 3.3D). These results
indicate that mHtt specifically binds to Rab3a in astrocytes. Using an antibody to
precipitate Rab3a, we noticed that more degraded mHtt than full-length mHtt was
coprecipitated with Rab3a (Fig. 3.3E). This result suggests that N-terminal mHtt is likely
to affect the function of Rab3a. To confirm the interaction of N-terminal mHtt with

Rab3a, we in vitro synthesized N-terminal mHtt (1-212 amino acids) with 150Q and then
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incubated the product with purified GST-Rab3a. This in vitro binding assay also showed
an association between mHtt and Rab3a (Fig. 3.3F). Since GTP-Rab3a is an active form
of Rab3a for exocytosis, we immunoprecipitated mHtt from KI astrocytes and found it
also interacts with GTP-Rab3a (Fig. 3.3G). Together, our results suggest that Rab3a
plays a critical role in BDNF secretion in astrocytes, and the association between mHtt

and Rab3a may contribute to the impaired BDNF release from HD astrocytes.

mHtt binds GTP-Rab3a to prevent its association with Rab3-GAP in astrocytes

The ability to associate/dissociate GTP and GDP is essential for the function of Rab3a in
dense core vesicle docking (Van et al., 2007). Given the increased binding of mHtt to
GTP-Rab3a, we wanted to know whether mHtt disrupts the conversion of GTP-Rab3a
into GDP-Rab3a (GTP/GDP-Rab3a exchange), which could result in altered levels of
GTP-Rab3a. Using western blotting with a GTP-Rab3a-specific antibody, we found that
GTP-Rab3a protein levels were indeed increased in KI astrocytes (Fig. 3.44), supporting
the idea that mHtt inhibits the conversion of GTP-Rab3a. As Rab3-GAP binds GTP-
Rab3a and then converts the active GTP bound form to the inactive GDP bound form
(Burstein et al., 1993), we examined whether mHtt could reduce the association of GTP-
Rab3a with Rab3-GAP1, the catalytic subunit of Rab3-GAP. Indeed, we found that the
association between GTP-Rab3a and Rab3-GAP1 is significantly reduced in astrocytes
from KI mice compared with WT astrocytes (Fig. 3.4B,C. n = 4 independent
experiments, p = 0.0041). In addition, we observed the same result in protein lysates from
KI corpus callosum, a brain region enriched in glial cells (Fig. 3.4B,C. n = 4 independent

experiments, p = 0.0106). Western blotting using a Rab3-GAP1-specific antibody
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showed that there is no difference in Rab3-GAP1 levels between WT and KI astrocytes,
ruling out the possibility that the increased GTP-Rab3a is caused by a reduction of Rab3-
GAPI1 (Fig. 3.4D). We also used an in vitro assay to measure GTP-Rab3a activity. In this
assay, Rab3-GAP1 was removed from WT and KI astrocyte lysates by immunodepletion
to examine the direct effect of mHtt in astrocyte lysates on purified Rab3a for its GTPase
activity to incorporate [y-"-P]-GTP (Fig. 3.4E). The result revealed no difference between
WT and KI lysates, suggesting that mHtt in KI lysates does not directly affect the GTPase
activity of Rab3a, but disrupts GTP/GDP-Rab3a exchange by interfering with the

association between GTP-Rab3a and Rab3-GAP1.

Overexpression of Rab3a in HD astrocytes rescued deficits of BDNF secretion

If mHtt binds Rab3a to inhibit GTP/GDP-Rab3a exchange, overexpression of Rab3a
should antagonize this inhibition and the related decrease in BDNF release. We therefore
generated adenoviral vector to overexpress Rab3a-V5 in cultured astrocytes from KI
mice. Immunofluorescent staining and western blotting of these cells verified the
expression of Rab3a-V5 (Fig. 3.54,B). Using stereotaxic techniques, we injected Rab3a-
V5 adenovirus into the striatum of TG mice and confirmed the expression of Rab3a-V5
via western blotting (Fig. 3.5C). It is important to see whether overexpressed Rab3a
could increase BDNF release in HD astrocytes, so we isolated mouse brain slices 30 days
after stereotaxic injection. TG mouse brain slices containing the striatum area were
prepared and incubated in ACSF, immediately followed by stimulation with 56 mM KCL
for 30 min to trigger BDNF release, and the ACSF in the culture dish was harvested and

used for ELISA (Fig. 3.5D). Similar to cultured KI astrocytes (n = 3 independent



47

experiments, p = 0.0056), the BDNF secretion from TG brain slices is also increased after
viral Rab3a-V5 injection (n = 3 independent experiments, p = 0.0464) compared with
control virus-infected TG mice (Fig, 3.5E). Moreover, this increased BDNF release is
further supported by the increased levels of p-TrkB found in cultured WT neurons that
were incubated with ACM from Rab3a overexpressing KI astrocytes (Fig. 3.5F. n =5
independent experiments, p = 0.0292). These results demonstrated that defective BDNF

secretion from HD astrocytes could be rescued by overexpressing Rab3a.

Overexpression of Rab3a rescued the defective release of ATP from HD astrocytes

Since BDNF is not the only cargo in dense core vesicles, we also examined whether mHtt
also impairs the release of ATP, which is stored in dense core vesicles. Quinacrine often
serves as a fluorescent marker for intracellular ATP-enriched vesicles. After PMA
treatment, quinacrine staining was performed by incubating living cultured astrocytes
with quinacrine for 15 min at room temperature. Quinacrine staining results showed that
ATP levels are higher in KI astrocytes compared with WT astrocytes after stimulation,
perhaps because the reduced release of ATP increased the intracellular accumulation of
ATP. Importantly, these increased ATP levels are attenuated by overexpression of Rab3a
in KI astrocytes (Fig. 3.64,B. WT vs. KI, WT = 12 cells, KI = 14 cells, p = 0.0204; KI
vs. KI+Rab3a-V5, KI = 14 cells, KI+Rab3a-V5 = 15 cells, p = 0.0068). We next
measured the released ATP in culture medium after stimulation. ATP release was
decreased in KI astrocyte culture medium, and overexpression of Rab3a could restore the

release of ATP from KI astrocytes (Fig. 3.6C. n =5 independent experiments, WT vs. KI,
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p = 0.00006; KI vs. KI+Rab3a-V5, p = 0.0125). These results indicated that

overexpressing Rab3a could also rescue the defective ATP release from HD astrocytes.

Perturbed Rab3a GTP-GDP exchange leads to impaired docking of dense core
vesicles in KI astrocytes

Disruption of GTP/GDP-Rab3a exchange is reported to cause defective docking of
dense-core vesicles in mammalian chromaffin cells (Van et al., 2007). To explore
whether the disrupted GTP/GDP- Rab3a exchange by mHtt influences docking of BDNF-
containing dense-core vesicles in HD astrocytes, we used TIRF microscopy (TIRFM) to
examine the vesicle docking in cultured astrocytes. We transfected BDNF-RFP into
cultured WT and KI astrocytes and quantified BDNF-containing vesicles docking on
astrocytic plasma membranes. The numbers of BDNF docking vesicles are significantly
decreased in KI astrocytes (n = 16 cells, p = 0.0043) compared with WT astrocytes (n =
11 cells). Moreover, the impaired docking could be rescued by overexpressing Rab3a in
KI astrocytes (n = 8 cells, p = 0.0275) compared with KI astrocytes (n = 16 cells) (Fig.
3.74,C). 1t is well known that Rab3a is a membrane protein of dense-core vesicles that
carry not only BDNF but also other kinds of cargoes, such as ATP in astrocytes (Pangrsic
et al,, 2007). The disruption of BDNF vesicle docking implies that mHtt probably
perturbs the docking of all dense-core vesicles in KI astrocytes. We performed
fluorescent labeling of endogenous ATP with quinacrine dihydrochloride (Pangrsic et al.,
2007); indeed, fewer docked ATP-containing vesicles were observed in KI (n = 13 cells,

p =0.0435) than in WT (n = 16 cells) astrocytes (Fig. 3.7B,D). Moreover, overexpressing
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Rab3a (n = 15 cells, p = 0.0226) could rescue the defective docking compared with KI

astrocytes (n = 13 cells) without overexpression of Rab3a (Fig. 3.7B,D).

Overexpression of Rab3a reduces reactive astrocytes in the striatum of HD140Q
knock-in mice

In HD KI mouse brains, the elevated staining of GFAP, an astrocyte marker, reflects
reactive astrocytes in the absence of neuronal loss (Yu et al., 2003), which represents an
early HD pathological event. To examine whether overexpression of Rab3a would
decrease HD-related pathology in vivo, we injected Rab3a-V5 adenovirus into the
striatum of HD140Q KI mice. This Rab3a-V5 adenovirus expresses Rab3a under the
control of the CMV promoter. After 21 days, we performed immunofluorescent staining
and observed the preferential transduction of Rab3a-V5 adenovirus into astrocytes (Fig.
3.84), which is in agreement with previous findings that adenovirus preferentially infects
glia in vivo (lino et al., 2001; Yue et al., 2005). We then performed stereotaxic injection
of Rab3a and GFP adenovirus into different sides of the striatum in the same animal
((Fig. 3.8B). Compared with GFP adenovirus injection, immunofluorescent staining
showed that GFAP expression level is significantly decreased in the Rab3a-V5 injection
side (Fig. 3.8C). We also examined NeuN-positive neuronal cells and mutant Hitt
aggregates, but did not see differences between adenoviral Rab3a-V5 and GFP injection
sides (Fig. 3.8C,D). Thus, overexpression of Rab3a could selectively decrease reactive
astrocytes in HD KI mouse model. Based on these findings, we propose that mHtt binds
Rab3a to affect its GTP/GDP exchange and impairs the docking of dense-core vesicles in

HD astrocytes, resulting in decreased release of BDNF (Fig. 3.9).
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3.4 Discussion

Decreased BDNF levels in HD brains are believed to play a critical role in HD
pathogenesis (Zuccato et al., 2007). While previous studies have focused on the effect of
mHtt on neuronal BDNF, our findings demonstrate that mHtt in astrocytes can also affect
BDNF release, yielding new insight into the decreased BDNF levels in HD brain.

Given the fact that over 70% of cells in the striatum are astrocytes, the role of
astrocytes in the striatum is vitally important. Astrocytes have a wide range of functions
to support neuronal cells, including the reuptake of neurotransmitters and release of
growth factors. MHtt was found to reduce the transcription of an important
neurotransmitter transporter, glutamate transporter (GLT-1) (Bradford et al., 2009) in
astrocytes, which may contribute to the increased glutamate levels and excitotoxic
neuronal death in the brains of HD mice (Espey et al., 1998; Liévens et al., 2001; Behrens

Pet al., 2002; Hassel et al., 2008; Estrada-Sanchez et al., 2009; Bradford et al., 2010;

Wolfram-Aduan et al.,, 2014). Our findings indicate that mHtt can also affect the

secretion of neurotrophic factors of astrocytes. Astrocytic secretion of neurotrophic
factors in supporting neuronal function and survival is a well-studied subject (Quesseveur
et al., 2013). BDNF is reported to play an important role in neuronal development and
survival, and decreased BDNF levels in neurodegenerative diseases, including HD,
Parkinson's disease, and Alzheimer's disease, have been proposed as a major player in
neuronal death (Zuccato et al., 2007; Howells et al., 2000; Lee et al., 2005). Elucidating
the mechanism behind the decreased BDNF in these diseases could help us find ways to
restore BDNF levels in diseased brains, providing new therapeutic targets for HD, as well

as other neurodegenerative diseases.
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In the present study, using primary cultures and mouse brain slice models from
HD mice, we found that mHtt at the endogenous level was able to compromise BDNF
secretion from HD astrocytes but not from HD neurons. This idea is supported by the fact
that brain slices from the N171-82Q mouse model, in which N-terminal Htt with 82Q is
primarily expressed in neuronal cells (Schilling et al., 1999a), do not show defective
BDNF release. Additionally, cultured astrocytes and brain slices from TG mice that
express mHtt selectively in astrocytes show defective release of BDNF. This selectivity is
likely due to the specific binding of mHtt to Rab3a in astrocytes, but not in neurons.
Although it remains to be investigated how mHtt selectively binds Rab3a in astrocytes,
we can speculate that astrocyte-specific molecules, proteins, and post-translational
modifications may contribute to this selective binding, given that mHtt can associate with
a large number of proteins and its function is regulated by complex post-translational
modifications. Our studies also indicate that N-terminal mHtt fragments can affect the
secretion of BDNF. This is because immunoprecipitation results show that N-terminal
mHtt binds Rab3a and that TG mice expressing N-terminal mHtt show defective BDNF
release from their astrocytes.

On the other hand, we found no changes in BDNF mRNA and protein levels in
cultured astrocytes from astrocyte-specific transgenic HD or HD knock-in mice. This
finding differs from an earlier report that showed that BDNF mRNA in cultured
astrocytes was decreased by overexpressed N-terminal mHtt via adenoviral infection
(Wang et al., 2012). This discrepancy may be due to different expression levels of mHitt.
In our studies, we used astrocytes that express endogenous full-length mHtt or N-terminal

mHtt at a level similar to endogenous Htt.
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Rab3 undergoes functional conversion between active and inactive forms, which
is essential for vesicle docking and exocytosis in cells (Darchen et al., 2000; Schliiter et
al., 2004; Van et al., 2007; Tsuboi et al., 2006). It has been reported that Rab3 is located
on the membrane of synaptic vesicles and dense-core vesicles regulating vesicle
exocytosis in neurons; however, the location and function of Rab3 in astrocytes remains
unknown. Although electron microscopy studies have shown that astrocytes contain both
dense-core vesicles and synaptic-like clear-core vesicles, whether the exocytosis of these
vesicles is mediated by different mechanisms is currently unknown (Parpura, et al.,
2010). Despite this, we know that BDNF is packed in dense-core vesicles in astrocytes in
a similar manner as in neurons, which requires GTP/GDP-Rab3a exchange (Parpura et
al., 2010). We found that the association of mHtt with Rab3a perturbs this exchange.
First, we detected an increased level of GTP-Rab3a in KI astrocytes, which may be the
result of the impaired GTP/GDP-Rab3a exchange. Second, our results demonstrate that
the binding of mHtt to GTP-Rab3a inhibits the association of GTP-Rab3a with Rab3-
GAPI. Previous studies showed that Rab27 and Rab3 sequentially regulate dense-core
vesicles exocytosis in human sperm cells (Bustos et al., 2012). However, we did not find
the association of mHtt with Rab27 by immunoprecipitation (data not shown). These
results suggest that the disruption of the GTP/GDP-Rab3a exchange causes the deficient
release of BDNF from HD astrocytes by binding mHtt to Rab3a. More importantly, we
found that overexpressing Rab3a significantly improved vesicle docking and BDNF

release from HD astrocytes.
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Previous studies also showed that overexpression of Rab3a increases vesicle
docking (Martelli et al., 2000), and conversely, disruption of GTP/GDP-Rab3 exchange
inhibits vesicle docking (van Weering et al., 2007). Using TIRFM, we found a reduced
number of BDNF-containing docking vesicles underneath the plasma membranes of KI
astrocytes, which was increased through Rab3a overexpression. This result also supports
the notion that disrupting conversion of Rab3-GTP to Rab3-GDP suppresses vesicle
docking. Because BDNF is not a unique cargo for dense-core vesicles (Parpura et al.,
2010), we examined ATP release and the docking of ATP-containing dense-core vesicles.
Consistently, we found defective ATP secretion and less docking of ATP-containing
dense-core vesicles, which are also rescued by Rab3a overexpression. Therefore, our
results indicate that mHtt impairs the docking of dense-core vesicles by intervening in the
conversion of GTP/GDP-Rab3a in astrocytes. The defective docking of dense-core
vesicles in astrocytes could impair the release of BDNF, ATP, and other molecules,
which can synergistically contribute to HD pathology. In support of this idea,
overexpressing Rab3a in the striatum in HD140Q knock-in mice can reduce reactive
astrocytes, an early neuropathology event in HD KI mouse brains. We did not observe
that overexpressed Rab3a influences mHtt aggregates, also suggesting that the rescue
effect is due to the antagonistic effect on the abnormal association of mHtt with Rab3a
rather than a direct effect on the expression of mutant Htt.

Substances like BDNF released from astrocytic dense-core vesicles are well
known to play broad roles in neuronal survival and excitability, as well as astrocyte-
neuron communication. Our findings provide new insight into the decreased secretion of

BDNF from HD astrocytes in which mHtt is expressed at endogenous levels. Our
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findings also suggest that mHtt could affect other functions of astrocytes or the secretion
of different molecules via a similar mechanism. Furthermore, our finding that Rab3a
overexpression can rescue the defective docking, increase BDNF secretion, and
ameliorate reactive astrocytes in vivo suggests that improving the exocytosis function of

astrocytes could be beneficial to the treatment of HD.
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Figure 3.1.

BDNF secretion from HD astrocytes is reduced. 4, ELISA assay showed that cultured
primary astrocytes from TG (Student’s t-test, » = 6 independent experiments, p =
1.6381E-05) and KI (Student’s t-test, » = 4 independent experiments, p = 0.0208) mice
release less BDNF than astrocytes from WT mice. ELISA results also indicated that
BDNF secretion is decreased from brain slices of TG mice compared with WT mice
(Student’s t-test, » = 3 independent experiments, p = 0.0449). However, BDNF secretion
is unchanged from brain slices of N171-82Q mice compared with WT mice (Student’s t-
test, » = 3 independent experiments, p = 0.1489). B, WT neurons were treated with
astrocyte-conditioned medium (ACM) containing released BDNF from WT or KI
astrocytes, and then analyzed via Western blotting to examine p-TrkB levels. p-TrkB is
decreased in KI ACM-treated neurons, confirming decreased BDNF in KI ACM. C,
Glutamate measurement assay showing no significant reduction in glutamate release in
cultured astrocytes from TG mice (Student’s t-test, » = 5 independent experiments, p =
0.1027) or KI mice (Student’s t-test, » = 6 independent experiments, p = 0.3647)

compared with WT astrocytes. *p < 0.05, **p < 0.01, *** p <0.001, ns, not significant.
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Figure 3.2
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Figure 3.2.

Transcription or translation of BDNF is not changed in the HD astrocytes. A-B, RT-
qPCR results revealing no significant reduction in BDNF mRNA levels in cultured
astrocytes from TG mice (A4, Student’s t-test, » = 5 independent experiments; BDNF
transcripts generated by different promoters are indicated: BDNF promoter I, p = 0.5844;
BDNF promoter II, p = 0.3669; BDNF promoter III, p = 0.5765; BDNF promoter IV, p =
0.67; BDNF promoter pan, p = 0.2406) or KI mice (B, Student’s t-test, n = at least 5
independent experiments; BDNF promoter I, p = 0.0688; BDNF promoter II, p = 0.2283;
BDNF promoter II1, p = 0.6892; BDNF promoter IV, p = 0.0809; BDNF promoter pan, p
= 0.7733) compared with WT astrocytes. C-D, Western blotting revealing similar mature
BDNF (mBDNF) and pro-BDNF levels in cultured astrocytes from TG (C), KI (D), and
WT mice. Quantifying ratios of pro-BDNF or mBDNF to actin in TG astrocytes (C,
Student’s t-test; pro-BDNF, n = § independent experiments, p = 0.6983; mBDNF, n = 8
independent experiments, p = 0.4087) and KI astrocytes (D, Student’s t-test; pro-BDNF,
n = 8 independent experiments, p = 0.8801; mBDNF, n = 5 independent experiments, p =

0.6349). ns, not significant.
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Figure 3.3.

MHtt associates with Rab3a in astrocytes. 4, Knocking down Rab3a via siRNA in WT
astrocytes. B, ELISA results showing that downregulation of Rab3a inhibits the release of
BDNF and ATP from WT astrocytes compared with scrambled siRNA transfected
astrocytes. (Student’s t-test, BDNF release, n = 3 independent experiments, p = 0.0353;
ATP release, n = 5 independent experiments, p = 0.0142). C-D, Association of mHtt with
Rab3a is detected in cultured KI astrocytes (C) but not in cultured KI neurons (D).
Endogenous mHtt in KI astrocytes or KI neurons was immunoprecipitated by 1C2
antibody, and the immunoprecipitates were probed with antibody to Rab3a. IP with IgG
served as a control. E, Association of mHtt with Rab3a-V5 was detected in cultured KI
astrocytes infected with Rab3a-V5 adenovirus. Rab3a was immunoprecipitated by anti-
V5 antibody, and the immunoprecipitates were probed with antibodies to 1C2 to detect
mHtt. IP with IgG served as a control. F, in vitro binding assay showed that in vitro
translated Htt (1-212 amino acid) with 150Q binds to purified GST-Rab3a. G, Binding of
mHtt to GTP-Rab3a was found in cultured HD KI astrocytes. 1C2 antibody was used to
immunoprecipitate endogenous mHtt in HD KI astrocytes, and the immunoprecipitates

were probed with the antibody specific to GTP-Rab3a. *p < 0.05.
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Figure 3.4.

Reduced association between Rab3-GAP1 and Rab3a by mHtt results in increased
GTP-Rab3a in HD astrocytes. 4, GTP-Rab3a protein levels were increased in cultured
KI astrocytes (Student’s t-test, » = 3 independent experiments, p = 0.0402). B-C,
Association between GTP-Rab3a with Rab3-GAPI is decreased in both cultured KI
astrocytes (C, Student’s t-test, n = 4 independent experiments, p = 0.0041) and in the
corpus callosum of KI mice (C, Student’s t-test, n = 4 independent experiments, p =
0.0106). D, Rab3-GAP1 levels did not change in KI astrocytes. E, GTPase activity of
purified GST-Rab3a was not affected by binding to mHtt (Student’s t-test, n = 4
independent experiments, 30 min, p = 0.4807; 60 min, p = 0.9353; 90 min, p = 0.4071).

*p <0.05, **p < 0.01; ns, not significant.
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Figure 3.5.

Overexpression of Rab3a rescues defective release of BDNF from HD astrocytes. A-
B, Overexpression of Rab3a in KI astrocytes by adenovirus infection was confirmed by
immunostaining (4) and western blotting (B). C, Rab3a was overexpressed in the
striatum of TG mice by injecting Rab3a-V5 adenovirus into the striatum. D-E, ELISA
results indicated that BDNF secretion was increased from cultured KI astrocytes infected
with Rab3a-V5 adenovirus (Student’s t-test, n = 3 independent experiments, p = 0.0056)
or from Rab3a-V5 adenovirus-injected brain slices containing striatum of TG mice
(Student’s t-test, » = 3 independent experiments, p = 0.0464). WT astrocyte cultures
showed the same results. F, WT neurons were treated with astrocyte-conditioned medium
(ACM) containing released BDNF from KI or Rab3a-overexpressed KI astrocytes. p-
TrkB levels are increased in neurons treated with Rab3a-overexpressed KI ACM relative
to those treated with KI ACM (Student’s t-test, n = 5 independent experiments, p =

0.0292). *p < 0.05, **p < 0.01; ns, not significant.
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Figure 3.6.

Overexpression of Rab3a rescues the deficient release of ATP from HD astrocytes. A,
Quinacrine staining was performed by incubating living cultured WT, KI, and Rab3a-
overexpressed KI astrocytes for 15 min after treatment of phorbol 12-myristate 13-acetate
(PMA). B, The quantitative results showed that ATP levels are higher in KI astrocytes
than WT astrocytes after stimulation, and overexpression of Rab3a reduces ATP levels in
astrocytes compared with KI astrocytes (Student’s t-test; WT vs. KI, WT = 12 cells, KI =
14 cells, p = 0.0204; KI vs. KI+Rab3a-V5, KI = 14 cells, KI+Rab3a-V5 = 15 cells, p =
0.0068). C, Bioluminescence assay showed that ATP secretion was rescued from cultured
KI astrocytes infected with Rab3a-V5 adenovirus (Student’s t-test, n = 5 independent
experiments, WT vs. KI, p = 0.00006; KI vs. KI+Rab3a-V5, p = 0.0125). *p < 0.05, **p

<0.01, *** p <0.001. Scale bar, 10pm.
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Figure 3.7.

Defective docking of BDNF- and ATP-containing vesicles are rescued by Rab3a
overexpression in HD astrocytes. A-D, Total internal reflection fluorescence
microscopy (TIRFM) revealing the docking of BDNF-containing vesicles (4, C.
Student’s t-test; WT vs. KI, WT = 11 cells, KI = 16 cells, p = 0.0043; KI vs. KI+Rab3a-
V5, KI = 16 cells, KI+Rab3a-V5 = § cells, p = 0.0275) and ATP-containing vesicles (B,
D. Student’s t-test; WT vs. KI, WT = 16 cells, KI = 13 cells, p = 0.0435; KI vs.
KI+Rab3a-V5, KI = 13 cells, KI+Rab3a-V5 = 15 cells, p = 0.0226) are compromised in
KI astrocytes, which can be improved by overexpressing Rab3a. *p < 0.05, **p < 0.01.

Scale bar, 10 um.
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Figure 3.8.

Overexpression of Rab3a reduces reactive astrocytes in the striatum of HD140Q KI
mice. A, Wild-type mice at 5-month-old were injected with Rab3a-V5 adenovirus into
the left side of the striatum. After 21 days, immunofluorescent staining showed that
Rab3a-V5 preferentially infected astrocytes in the striatum. B, The procedure of
stereotaxic injection of 9-month-old HD140Q KI mice. C, Low magnification (10 X)
micrographs showing NeuN and GFAP staining in adenoviral GFP and Rab3a-V5
injected striatum. High magnification (63 X) micrographs showing GFAP (red) or mutant
Htt aggregates (arrows, red) staining in the merged images in which the nuclei are stained
by Hoechst (blue). Scale bars: 10 mm. D, Quantitative analysis of the GFAP
immunofluorescent density showing GFAP staining is significantly decreased in the
Rab3a-V5 injection side compared with GFP injection side (Student’s t-test, randomly
selected 7-10 images per section, n = 8 sections per group, p = 7.51767E-13). The
percentage of NeuN-positive cells and the number of mutant Htt aggregates per image are
unchanged (Student’s t-test, n = 600 cells per group, NeuN-positive cells, p = 0.1016;

aggregates number, p = 0.1511). ***p < 0.001; ns, not significant.
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Figure 3.9
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Figure 3.9.

Proposed model for the decreased dense core vesicles released from HD astrocytes.
Rab3a GTP/GDP exchange is essential for docking of dense core vesicles in astrocytes.
In HD, the binding of mHtt to GTP-Rab3a keeps GTP-Rab3a from associating with
Rab3-GAP1, disrupts Rab3a GTP/GDP exchange, inhibits docking of dense core

vesicles, and results in the decreased release of secreted molecules, such as BDNF.
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Chapter 4

Mutant Huntingtin Inhibits aB-crystallin Expression and

Impairs Exosome Secretion From Astrocytes

This chapter presents work as: Yan Hong, Ting Zhao, Xiao-Jiang Li, and Shi-Hua Li.
(submitted to The Journal of Neuroscience)
Yan Hong performed all of the experiments in this chapter. Yan Hong and Ting Zhao
performed confocal microscopy together. Xiao-Jiang Li and Shi-Hua Li helped with the
experimental design. Xiao-Jiang Li played a key role in the preparation of the

manuscript.
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4.1 Abstract

Exosomes, which are secreted from multiple types of cells including astrocytes and carry
proteins and genetic materials, play important roles in cell-cell communication under
physiological and pathophysiological conditions. Since mutant huntingtin (mHtt) with an
expanded polyglutamine repeat in its N-terminal region can accumulate in glial cells to
affect multiple cellular functions in Huntington disease (HD), it remains unknown
whether mHtt is present in astrocytic exosomes or affects their generation or secretion.
We found that mHtt is not present in astrocytic exosomes but can decrease exosome
secretion from astrocytes in HD140Q knock-in (KI) mice. The decreased secretion from
cultured astrocytes is caused by the expression of N-terminal mHtt that is able to
accumulate in the nuclei and form aggregates. Consistently, there is a significant decrease
in exosome secretion in the HD KI mouse striatum that showed abundant nuclear mHtt
aggregates. Conversely, injection of astrocytic exosomes into the striatum of HD KI mice
can reduce the density of mHtt aggregates. mHtt in astrocytes decreased the expression of
aB-crystallin, a small heat shock protein that is enriched in astrocytes and mediates
exosome secretion, by reducing the association of Spl with the enhancer of the aB-
crystallin gene to affect its transcription. Importantly, overexpression of aB-crystallin
rescues defective exosome release from HD astrocytes and reactive astrocytes as well as
mHtt aggregates in the striatum of HD KI mice. Our results demonstrate that mHtt
reduces the expression of aB-crystallin in astrocytes to decrease exosome secretion in the

HD brains, contributing to non-cell-autonomous neurotoxicity in HD.

4.2 Introduction
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Huntington’s disease (HD) is a fatal, autosomal dominant, inherited neurodegenerative
disorder that is caused by an expanded polyglutamine in the N-terminal region of
huntingtin (Ross and Tabrizi, 2011; Bates et al., 2015). Although neuronal cells are
preferentially degenerated in HD, the function of glial cells is also affected by mutant
huntingtin (mHtt) (Hsiao and Chern, 2010; Lee et al., 2013). For example, mHtt reduces
expression levels of EAAT2 (GLT-1) and potassium ion channel (Kir4.1) in astrocytes,
which consequently increases neuronal excitotoxicity (Shin et al., 2005; Bradford et al.,
2009; Tong et al., 2014). Our recent studies show that mHtt also decreases BDNF
secretion by compromising exocytosis of dense-core vesicles in astrocytes (Hong et al.,

2016). These findings suggest that mHtt may impair multiple functions in astrocytes.

Recent studies have found that astrocytes also secrete exosomes to support the
normal function and survival of neuronal cells (Taylor et al., 2007; Guitart et al., 2016).
Exosomes are small membranous vesicles (40-100 nm) secreted by multiple cell types
and can be isolated from conditioned cell culture media or body fluids. Functions of
exosomes include exchanging signals with neighboring cells, removing unwanted
proteins, and transfer of pathogens between cells. Exosomes contain different types of
mRNA, miRNA, and proteins, which are dependent on the host cells that produce
cells have been found to spread misfolded proteins between cells, a mechanism
underlying the spread of toxic proteins in the brain (Bellingham et al., 2012; Wang et al.,
2017). However, exosomes from glial cells can carry neuroprotective molecules to
prevent neurondegeneration (Hajrasouliha et al., 2013; Haney et al., 2013; Zhao et al.,

2014; Guitart et al., 2016; Xin et al., 2017). For example, astrocyte-derived exosomes
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carry neuroprotective cargoes, such as HSP70 and HspBl, to execute neuroprotective
function (Taylor et al., 2007; Nafar et al., 2016). Whether mHtt is present in astrocytic
exsomes to spread mHtt or affects astrocytic exosome biogenesis and/or release remains

to be investigated.

Using primary astrocyte cultures from the HD 140Q knock-in (KI) mouse model
that express full-length mHtt at the endogenous level, we found that mHtt is not present
in astrocyte-derived exosomes, suggesting that mHtt is not transferred by astrocytic
exosomes. Instead, the secretion of exosomes from HD astrocytes is affected. aB-
crystallin, a small heat shock protein enriched in astrocytes and oligodendrocytes, is
known to mediate exosome secretion (Gangalum et al., 2016). We found that oB-
crystallin is deficient in HD astrocytes because mHtt affects its transcription. More
importantly, overexpression of aB-crystallin improved exosome secretion from HD
astrocytes and also ameliorated the neuropathology in HD KI mice. Our findings
demonstrate for the first time that mHtt impairs exosome secretion, and also suggest a

new mechanism underlying non-cell-autonomous neurotoxicity of mHtt.

4.3 Results

mHtt is not present in exosomes secreted by cultured astrocytes

It has been reported that mHtt may spread from cell to cell (Pecho-Vrieseling et al., 2014;
Jeon et al., 2016; Zhang et al., 2016). To examine whether mHtt is a cargo of astrocyte-
derived exosomes, we isolated exosomes from the culture medium of primary astrocytes
from HD140Q knock-in (KI) mice following the established centrifugation protocol of
exosome isolation (Théry et al., 2006). Briefly, we harvested culture medium of 30 days-

old primary astrocytes and centrifuged it at a series of low- and high-speeds to isolate
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exosomes (Fig. 4.14). Electron microscopy of the exosome fraction showed CD9
immunogold staining, which is a marker of exosomes, in the exosomes at the proper size
(40-100 nm) (Fig. 4.1B). Western blotting showed that exosome markers, such as Alix,
Flotillin-1 and Hsc70, but not Grp78 (ER marker) and GM 130 (Golgi marker), are in the
exosome fraction, indicating the purity of exosomes (Fig. 4.1C). It has been reported that
proteins associated with certain neurodegenerative disorders, such as APP and a-
synuclein, are present in exosomes that are released from neurons (Xiao et al., 2017,
Bieri et al., 2017). We also isolated exosomes from cultured HD KI neurons.
Interestingly, we did not detect mHtt in the exosomes released from either astrocytes or
neurons (Fig. 4.1D), suggesting that exosomes would not transfer mHtt between cells in
the HD brains. By comparing exosomes released from astrocytes and neurons that have
the same quantity of proteins in their lysates, we found that astrocytes secreted more
exosomes with more Hsc70 (Fig. 4.1FE). It has been shown that exosomes isolated from
plasma could be directly injected into the mouse brain and are able to diffuse from the
injected site (Zheng et al., 2017). To assess the protective effect of exosomes isolated
from astrocytes, we injected astrocytic exosomes into the striatum of HD KI mice. Seven
days after the injection, we observed a significant decrease in mHtt aggregate density in
the injected site (Fig. 4.2), perhaps because exosomes-carrying Hsc70 and other

molecules help the clearance of misfolded and aggregated proteins.

mHtt reduces exosome secretion from cultured astrocytes
Given that astrocytic exosomes are protective and that mHtt can impair the release of
dense-core vesicles from cultured astrocyte (Hong et al., 2016), we wanted to examine

whether mHtt affects the secretion of astrocytic exosomes. We therefore isolated
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exosomes from WT and HD KI astrocyte culture medium. Western blotting showed that
two exosome markers, Alix and Flotilin-1, are equally present in the lysates of WT and
KI astrocytes. However, both Alix and Flotilin-1 are decreased in the isolated exosomes
from HD KI astrocytes as compared with WT astrocytes (Fig. 4.34). Quantitative
analysis of the ratio of Alix or Flotillin-1 in HD KI exosomes to that in WT exosomes
showed 56.4 % and 45.3% reduction, respectively, in HD KI exosomes (Fig. 4.3B). We
also performed MTS cell proliferation assay to examine the cell viability and found no
significant changes between WT and HD KI astrocytes. These results suggest that mHtt
does not affect the biogenesis of exosome proteins, but rather impairs exosome secretion

from astrocytes.

N-terminal fragments of mHtt impair exosome secretion from cultured astrocytes

Since smaller N-terminal mHtt is much more toxic than longer mHtt fragments (Davies et
al., 1997; Schilling et al., 1999a; Slow et al., 2003; Gray et al., 2008), we wanted to
investigate whether exosome secretion from astrocytes is affected in a fragment length-
dependent manner. We transfected different N-terminal fragments (Htt-Exonl-20Q, -
120Q; Htt-212aa-23Q, -150Q; Htt-508aa-23Q, -120Q) into WT astrocytes (Fig. 4.44,B).
Western blotting results showed that in cell lysates, Alix and Flotillin-1 levels are
equivalent between WT and mutant N-terminal Htt fragment-transfected astrocytes (Fig.
4.4C,E). However, in exosomes derived from astrocytes transfected with different N-
terminal Htt fragments, Alix and Flotillin-1 levels were significantly reduced when
mutant Exon-1 Htt and Htt-212 fragments, but not the longer fragment (Htt-508), were

expressed as compared with their WT counterparts (Fig. 4.4D,FE). These results indicate
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that smaller N-terminal mHtt fragments were able to inhibit exosome secretion from

astrocytes.

mHitt decreases exosome secretion from KI mouse striatum

Next, we wanted to know whether mHtt affects exosome secretion in the HD KI mouse
brain. To examine exosome secretion in vivo, we isolated exosomes from the fresh
mouse brain cortical tissues that were treated with papain to loosen the extracellular
matrix and to release extracellular materials (Perez-Gonzalez et al., 2012; Polanco et al.,
2016; Baker et al., 2016). The mild papain treatment does not break the cell membrane
and thus prevents the contamination of the extracellular fluid with intracellular vesicles.
Following a series of low- and high-speed centrifugations, exosomes derived from the
cortex were further purified by a sucrose step gradient (Fig. 4.54). We found that fraction
3 (F3=0.95M sucrose) showed the highest levels of exosome markers (Alix, Flotillin-1),
which is consistence with previous studies (Fig. 4.5B; Perez-Gonzalez et al., 2012;
Polanco et al., 2016). We therefore used fraction 3 as an exosome-enriched fraction to
isolate exosomes from the cortex and striatum of 10-month-old WT or KI mice. Although
Alix and Flotillin-1 in the cortex or the striatum lysates were not different between WT
and HD KI mice, Alix and flotillin-1 levels were significantly decreased in the exosome
fraction isolated from the HD KI striatum, but not the HD KI cortex compared with WT
controls (Fig. 4.5C,D). In HD KI mice, only N-terminal mutant Htt forms aggregates,
and these aggregates have been found to be much more abundant in the striatum than in
the cortex (Li et al., 2000; 2001). In the double immunofluorescence staining using
antibodies to an astrocytic marker (GFAP) or neuronal marker (NeuN) and anti-Htt

(mEM48), we found nuclear mHtt aggregates in both astrocytes and neurons in the



80

striatum of 10-month-old HD KI mouse (Fig. 4.5E). As reported previously, neuronal
aggregates are much larger and more abundant than glial Htt aggregates (Shin et al.,
2007; Bradford et al., 2009), perhaps because glial cells are able to clear misfolded

proteins more efficiently (Zhao et al., 2016; Tydlacka et al., 2008).

mHtt impairs aB-crystallin expression both in cultured astrocytes and in the
striatum

The nuclear localization of mutant Htt in astrocytes led us to investigate whether mHtt
affects the transcription of molecules that are important for the release of exosomes. It
has been found that aB-crystallin, which mediates exosome secretion (Gangalum et al.,
2016), is decreased in HD mouse models, such as R6/2 and BACHD mice (Zabel et al.,
2002; Oliveira et al., 2016). By comparing the expression of aB-crystallin in cultured
astrocytes and neurons, we found that aB-crystallin is much more abundant in astrocytes
(Fig. 4.6A4). This marked difference led us to examine whether aB-crystallin is also
decreased in the HD KI mouse model that expresses full-length Htt at the endogenous
level. We used real-time PCR to examine mRNA levels of aB-crystallin in cultured KI
astrocytes and found that the level of aB-crystallin mRNA is not changed at 28 days, but
is decreased at 35 days compared with WT astrocytes (Fig. 4.6B). Consistently, western
blotting revealed that the level of aB-crystallin protein was also decreased at 35 days in
cultured KI astrocytes as compared with WT astrocytes and other heat shock proteins
(Fig. 4.6C,D). Next, we examined aB-crystallin levels in the striatum of HD KI mice to
see whether the pretein is altered during the progression of the disease. The striatum was

isolated from HD KI mice at different ages (3-, 8- and 10-month-old) and lysed for
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western blotting analysis. aB-crystallin was not altered until 10 months and showed a
decrease when compared with the WT control (Fig. 4.6E). The age-dependent decrease
in aB-crystallin is consistent with the age-dependent accumulation of N-terminal Htt

fragments and the formation of Htt aggregates in the KI mouse striatum.

Sp1 mediates aB-crystallin expression in astrocytes

Although aB-crystallin is decreased in HD mouse brains (Zabel et al., 2002; Oliveira et
al., 2016), the mechanism underlying this decrease has not been elucidated. Since mRNA
levels of aB-crystallin are reduced in KI astrocytes, we hypothesized that mHtt inhibits
aB-crystallin transcription by affecting its promoter activity. Spl was found to regulate
the activity of aB-crystallin by binding to its enhancer to activate its promoter
(Swamynathan et al., 2007). Based on the fact that N-terminal mHtt binds Spl in
astrocytes and affects the Spl-dependent transcription of GLT-1 (Bradford et al., 2009),
we asked whether mHtt in HD KI astrocytes also reduces Spl occupancy of the aB-
crystallin enhancer. Since mHtt’s accumulation in the nuclei of astrocytes is age-
dependent (Shin et al., 2005; Bradford et al., 2009), we performed a chromatin
immunoprecipitation (ChIP) assay using 28- (Kly) and 35- (Klp) days-old astrocyte
cultures from HD KI mice to examine whether mHtt could reduce the association of Sp1
with the aB-crystallin enhancer in HD KI astrocytes. There was a greater reduction in the
association of Spl with the enhancer of aB-crystallin in older (35 days) astrocytes (Fig.
4.74). However, the association of Spl with the aB-crystallin enhancer showed no
difference between old (WTo) and young WT (WTy) astrocytes. These results support

the idea that aB-crystallin expression is only decreased in the older HD KI astrocytes.
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If decreased aB-crystallin levels are due to deficient Spl-mediated transcription
in KI astrocytes, overexpression of Spl should rescue decreased aB-crystallin expression
and also promote exosome secretion. We then generated Spl1-HA plasmids to overexpress
the pretein in cultured astrocytes. After 48 hours transfection, western blotting verified
that endogenous aB-crystallin is increased by Spl overexpression (Fig. 4.7B). Moreover,
flotillin-1 is increased in the purified exosomes from Spl-overexpressed KI astrocytes
compared with the control plasmid-transfected KI astrocytes (Fig. 4.7C,D). These results
suggest that the abnormal association of mHtt with Spl can reduce Spl-mediated aB-

crystallin expression, leading to defective exosome secretion from astrocytes.

aB-crystallin overexpression rescues defective exosome secretion from KI astrocytes
Since Sp1 can mediate the expression of a number of genes, it would be important to ask
if direct expression of aB-crystallin can rescue exosome release from KI astrocytes. We
therefore generated aB-crystallin-HA plasmids to overexpress it in cultured KI
astrocytes. Forty-eight hours after transfection, western blotting verified that expression
of aB-crystallin-HA could significantly increase flotillin-1 in the exosome fraction (Fig.
4.84).

To further confirm the effect of aB-crystallin overexpression in vivo, we used oB-
crystallin-V5 adenovirus for overexpression in the striatum of KI mice via stereotaxic
injection. Expression of aB-crystallin-V5 was driven by the CMV promoter, which has
high tropism toward astrocytes in the mouse brain (Hong et al., 2016; lino et al., 2001;
Yue et al., 2005). We isolated exosomes from the striatum of HD KI mice 30 days after

stereotaxic injection. Western blotting confirmed the expression of transgenic aB-
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crystallin with anti-V5 in the striatal lysates (Fig. 4.8B). In these lysates, flotillin-1 was
also slightly increased while Hsc70 remained unchanged as compared with the
adenoviral-GFP control. We then purified the exosome fraction and found that both
Hsc70 and flotillin-1 were significantly increased in exosomes after aB-crystallin
overexpression (Fig. 4.8C), suggesting an increase in the released exososmes.

We also noted that aggregated Htt on western blots, which appeared as a high
MW smear, was decreased when transgenic aB-crystallin was expressed (Fig. 4.8B). To
confirm this, we performed double immunofluorescence staining of the striatum of HD
KI mice after they had been injected with an adenoviral vector or adenoviral aB-
crystallin. EM48 immunostaining clearly showed a reduction in Htt aggregates in the aB-
crystallin-injected striatum (Fig. 4.8D). In HD KI mouse brains, the increased staining of
GFAP reflects reactive astrocytes in the absence of neuronal loss (Yu et al., 2003), which
is an early pathology of HD. There was also a reduction of reactive astrocytes by
transgenic aB-crystallin (Fig. 4.8F). Quantitative analysis of the density of EM48-labeled
aggregates and GFAP-positive astrocytes confirmed that overexpression of aB-crystallin
could decrease mHtt aggregates and reactive astrocytes, which also support the idea that

aB-crystallin-mediated exosome secretion is protective against HD neuropathology.

Discussion
Exosomes are specific extracellular vesicles that are secreted from multiple types of cells
into biological fluids (Pisitkun et al., 2004; Caby et al., 2005; Vella et al., 2008). Our

findings suggest that exososmes secreted from astrocytes are protective against HD
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pathology and that mHtt can inhibit the release of exosomes from astrocytes, revealing a
previously uncovered mechanism for non-cell-autonomous neurotoxicity in HD.

Exosomes can transfer lipids, proteins, and RNAs between cells to play important
roles in cell-cell communication under physiological and pathophysiological conditions
(Théry et al., 2002; Colombo et al., 2014; Maas et al., 2017; Levy, 2017). Emerging
evidence has indicated that a number of proteins related to neurodegenerative disorders,
including prion disease, Parkinson’s disease and Alzheimer’s disease (AD), are present in
exosomes and may be transported by exosomes between cells (Coleman and Hill, 2015).
Transfected mHtt in cultured cells was also reported to transfer to neighbors in cell
culture (Costanzo et al., 2013). In addition, injection of exsomes released from fibroblasts
of HD patients into newborn mouse brains triggered the manifestation of an HD
phenotype (Jeon et al.,, 2016). However, it remains unknown whether endogenous
exosomes contain mHtt. By examining exosomes isolated from HD KI astrocytes and
neurons, we have found no evidence for the presence of mHtt in exosomes from these
two types of brain cells. It seems that disease proteins are differentially carried by
exosomes and their transport between cells is dependent on the nature of the proteins.
Huntingtin is a much large protein than Tau and alpha-synuclein, which are smaller and
might be easily packed into exosomes. It is also possible that a very minimal amount of
mHtt is present in exosomes, and if so, the undetectable amount of mHtt in exososmes is
unlikely to have a meaningful impact on HD neuropathology.

Our findings suggest that exosomes are more likely to execute a protective
function in the HD brains. We generated several lines of evidence to support this idea.

First, injection of exosomes into the HD KI mouse brain led to reduced HD-like
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neuropathology. Second, exosome secretion in the HD KI mouse brain is decreased with
aging and correlates with the increased formation of mHtt aggregates. Third, mHtt
inhibits aB-crystallin expression to reduce exosome secretion, whereas overexpression of
aB-crystallin could reverse this defect and the related neuropathology. These findings
are consistent with emerging evidence that astrocyte-derived exosomes carrying
neuroprotective cargo, such as heat shock proteins, could contribute to neuronal survival
(Taylor et al., 2007; Nafar et al., 2016). For example, exosomes derived from adipose-
derived stem cells could significantly decrease mHtt aggregates in cultured neuronal cells
from R6/2 mice (Lee et al., 2016; Didiot et al., 2016; Lee et al., 2017).

The more interesting finding in our studies is that we identified that mHtt inhibits
the expression of aB-crystallin to affect the release of exosomes from astrocytes and that
this defect contributes to HD neuropathology. aB-crystallin plays a crucial role in several
neurodegenerative disorders. For example, aB-crystallin can prevent amyloid fibril
formation and reduces the toxicity of amyloid-P peptide in cells (Hochberg et al., 2014).
The protective role of aB-crystallin in HD is also supported by the finding that
expressing an mhtt fragment in the lens of mice lacking aB-crystallin markedly
accelerated the onset and severity of mhtt aggregation (Muchowski et al., 2008).
Decreased aB-crystallin levels were found in two HD mouse models, R6/2 and BACHD
mice (Zabel et al., 2002; Oliveira et al., 2016), but the mechanism underlying this
reduction has not been investigated. Our finding that mHtt reduces the expression of aB-
crystallin to reduce exosome secretion is consistent with several known facts. First, aB-
crystallin is mainly found in glial cells, but not neurons (Imura et al., 1999; Wyttenbach

et al., 2004). Second, aB-crystallin transcription is regulated by Spl, whose function
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could be impaired by mHtt via abnormal protein interaction (Dunah et al., 2002; Li et al.,
2002; Chen-Plotkin et al., 2006; Bradford et al., 2009). Third, only N-terminal Htt
fragments are able to accumulate in the nucleus, which can lead to gene transcription
dysregulation and mHtt aggregations in an age-dependent manner. Consistently, we
found that aB-crystallin is also decreased in 10-month-old KI mice in which N-terminal
mHtt has obviously accumulated in the nuclei of striatal cells to form aggregates.

The finding that mHtt affects the secretion of astrocytic exosomes also offers a
new mechanistic insight into HD pathology, especially the non-cell-autonomous
neurotoxicity of mHtt. It is well known that mHtt preferentially affects neurons in the
striatum (Ross and Tabrizi, 2011; Bates et al., 2015). This preferential neurodegeneration
has been thought to be due to different and multiple pathological pathways, including
cell-autonomous or non-cell-autonomous disease processes (Ross and Tabrizi, 2011;
Bates et al., 2015; Lee et al., 2013). Increasing evidence also indicates that mHtt affects
multiple functions of glial cells to promote neurodegeneration (Hsiao and Chern, 2010;
Lee et al, 2013). Of these adverse effects of mHtt in glial cells, transcriptional
dysregulation appears to be a major mechanism for the toxic effect of mHtt in glial cells
(Shin et al., 2005; Bradford et al., 2009; Tong et al., 2014; Huang et al., 2015). By
examining exosomes released from astrocytes, we provide new evidence for the critical
role of astrocytes in HD pathogenesis. Since mHtt is not found in the astrocytic
exosomes, improving exosome secretion from astrocytes may be a potential therapeutic

strategy for HD.
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Figure 4.1.

mHtt is not present in the exosome released by cultured astrocytes. 4, Experimental
scheme of the exosome purification from astrocyte culture medium (CM). Sequential
centrifugations of the CM eventually yield the supernatant and exosome pellet fractions.
B, Immunoelectron microscopic images of the exosome fraction that was stained with
anti-CD9 antibody and secondary antibody conjugated with 10-nm gold nanoparticles.
Scale bars: 50 nm. C, Western blotting analysis of the whole cellular lysates, supernatant
and exosome fraction using antibodies against the proteins indicated. Alix, Flotillin-1,
and Hsc70 were detected in the exosome fraction, but Grp78 and GM 130 were not. 1C2
immunoblotting revealed that Htt is not found in the astrocytic exosome fraction. D-E,
Western blotting with 1C2 antibody showed that Htt is also absent in neuronal exosomes.
Although Hsc70 and Alix were found to be at equivalent levels in astrocytic and neuronal
lysates, they are more abundant in astrocytic exosomes than in neuronal exosomes

(Student’s t-test, n = 4 independent experiments). *p < 0.05.
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Figure 4.2
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Figure 4.2.

Astrocytic exosomes reduce mHtt aggregates in the striatum of HD KI mice. A, High
magnification (63 X objective) micrographs showing immunostained mHtt aggregates
(red; upper panel) and mHtt aggregates (red) merged with NeuN (green) and nuclei
stained by Hoechst (blue) (lower panel) in the striatum of 9-month-old HD KI mice.
Scale bars: 5 pm. B, Quantitative analysis showing a significantly decreased number of
mHtt aggregates in the site injected with astrocytic exosomes compared with the PBS-
injected site. The percentage of NeuN-positive cells per image is unchanged (Student’s t-

test, randomly selected 7-10 images per section, n = 8 sections per group).
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Figure 4.3.

Exosome secretion is decreased from HD KI primary astrocyte cultures. 4, Western
blotting showing the same amount protein levels of Alix or Flotillin-1 in the lysates of
WT and HD KI astrocytes, respectively, but decreased Alix and Flotillin-1 levels in the
exosomes derived from HD KI astrocytes. B, Quantifying ratios of Alix and Flotillin-1
levels in exosomes to those in astrocyte lysates (Student’s t-test, n = 6 independent

experiments). *p < 0.05, **p < 0.01.
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Figure 4.4.

N-terminal fragments of mHtt impair exosome secretion from cultured astrocytes.
A-B, Htt fragments including Exonl (Htt-Exon1 20Q, 120Q), N-terminal 212 amino acids
(Htt-212aa 23Q, 150Q) and N-terminal 508 amino acids (Htt-508aa 23Q, 120Q) were
transfected into WT astrocytes. Western blotting with an Htt antibody (mEM48) showed
the expression of different Htt fragments in cultured WT astrocytes. C-D, Alix and
flotillin-1 protein levels were unchanged in the lysates of each mutant N-terminal
fragment-transfected astrocytes compared with their WT counterparts. However, the
pretein levels were decreased in exosomes derived from astrocytes transfected with Htt-
Exonl1-120Q and Htt-212aa-150Q, but not Htt-508aa-120Q. E, Quantifying ratios of Alix
and Flotillin-1 in exosomes to those in astrocytic lysates in each mHtt transfection.
(Student’s t-test, » = 4 independent experiments for each fragment). *p < 0.05, **p <

0.01, *** p <0.001, ns, not significant.



95

Figure 4.5
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Figure 4.5.

mHtt decreases exosome secretion from HD KI mouse striatum. 4, Brain exosome
isolation experimental flow chart. B, Western blotting showing that exosome markers,
Alix and Flotillin-1, are mainly present in fraction 3. C, In the cortex or the striatum
lysates from WT and KI mice, Alix and flotillin-1 were equivalent. However, Alix and
flotillin-1 levels were significantly decreased in the exosome fraction derived from the
HD KI striatum, but not the HD KI cortex compared with WT controls. D, Quantifying
ratios of Alix and Flotillin-1 in exosomes to those in the cortex or striatal lysates in
fraction 3 (Student’s t-test, WT & KI n= 4 mice in each genotype). £, Immunostaining
showing nuclear mHtt aggregates in both astrocytes and neurons in 10-month-old HD KI
striatum. mHtt (Red) was probed by 1C2 antibody. GFAP (green, upper panel) represents
astrocytes, and NeuN (green, lower panel) indicates neurons. *** p < 0.001, ns, not

significant.
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Figure 4.6
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Figure 4.6.

mHtt impairs aB-Crystallin expression in both cultured astrocytes and the striatum.
A, Western blotting showing that aB-crystallin is enriched in the lysates of cultured
astrocytes but deficient in cultured neurons. B, qRT-PCR results revealing a significant
reduction in aB-crystallin mRNA in HD KI astrocytes at 35 days of culture, but not at 28
days compared with WT astrocytes (Student’s t-test, » = 6 independent experiments). C-
D, Western blotting revealing decreased aB-crystallin in cultured HD KI astrocytes at 35
days of culture compared with WT astrocytes. Hsp70, Hsc70, and Hsp90 levels are
similar in KI and WT astrocytes (Student’s t-test, » = 6 independent experiments). E,
Western blotting showing decreased aB-crystallin levels in the striatum of 10-month-old
HD KI mice relative to 3 and 8-month-old KI mice (Student’s t-test, » = 3 mice in each

age). *p <0.05, **p <0.01, ns, not significant.
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Figure 4.7.

Spl mediates aB-crystallin expression in astrocytes. 4, ChIP assay results showing
decreased association of Spl with the aB-crystallin enhancer in 35-day KI (Klp)
astrocytes compared with 25-day KI (Kly) astrocytes. No significant difference between
35-day (WTp) and 25-day WT (WTy) astrocytes was found. Proliferating cell nuclear
antigen (PCNA) served as a control. Rabbit anti-Spl and IgG were used for
immunoprecipitation (Con indicates no template). Quantification of the ratios of PCR
products from immunoprecipitated (IP) to input (Student’s t-test, » = 4 independent
experiments). B, Transfection of mouse Spl-HA into HD KI astrocytes increased
endogenous aB-crystallin expression (Student’s t-test, » = 4 independent experiments).
C-D, Flotillin-1 was unchanged in astrocytic lysates, but was increased in exosomes
derived from Spl-transfected HD KI astrocytes relative to control plasmid transfection

(Student’s t-test, n = 6 independent experiments). *p < 0.05, ns, not significant.
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Figure 4.8.

Overexpression of aB-crystallin rescues defective exosome secretion from KI
astrocytes. 4, Mouse oB-Crystallin-HA plasmid was transfected into WT astrocytes.
Flotillin-1 was unchanged in the astrocytic lysates, but was increased in exosomes
derived from aB-crystallin-overexpressing HD KI astrocytes compared with exosomes
from astrocytes that received a control plasmid transfection (Student’s t-test, n = 4
independent experiments). B-C, Western blotting verified aB-crystallin-V5 expression in
vivo. HSC70 and flotillin-1 were increased in exosomes purified, but not lysates, from the
aB-crystallin-V5 injected striatum compared with an adenoviral-GFP control injection.
mHtt aggregates were decreased in the aB-crystallin-V5-injected region (Student’s t-test,
n = 4 independent experiments). D, High magnification (63 X objective) micrographs
showing GFAP staining and mHtt aggregates (red), which are also shown in the merged
images with NeuN (green) and nuclei stained by Hoechst (blue), in the striatum of 10-
month-old HD mice. Scale bars: 5 pm. E, Quantitative analysis of the GFAP
immunofluorescence density showing that GFAP staining and the number of mHtt
aggregates were significantly decreased in the oB-crystallin-V5-injected striatum
compared with the control striatum (Student’s t-test, randomly selected 7-10 images per

section, n = § sections per group). *p < 0.05, *** p <(0.001, ns, not significant
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Chapter 5

General Conclusions and Future Directions
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5.1 Summary

In this study, we set out to define the role of mHtt in astrocytic secretion. In chapter 3, we
focused on the effect of mHtt on dense-core vesicle secretion from astrocytes. BDNF, a
neurotrophic factor packaged in dense-core vesicles, is essential for neuronal
development, survival and function. Previous studies demonstrated that BDNF is
decreased in the brains of HD patients and animal models. The decreased BDNF in
neuronal cells is due to defective BDNF transcription and decreased axonal transport
from cortical neurons to the striatum (Gauthier et al., 2004). Glial cells, particularly
astrocytes, can also synthesize and release BDNF via exocytosis to support the
neighboring neurons. Since striatal neurons are unable to synthesize BDNF, striatal
astrocyte-derived BDNF is another important trophic support for the survival of striatal
neurons. However, whether mHtt affects astrocytic BDNF biogenesis and secretion
remains unknown. A recent study demonstrates that overexpression of mHtt in cultured
astrocytes impairs BDNF transcription by sequestering BDNF transcriptional factors into
mHtt aggregates (Wang et al., 2012). Given that very few mHtt aggregates are found in
astrocytes in the HD brains that express mHtt at the endogenous level (Shin et al., 2005),
it is necessary to examine whether mHtt at the endogenous level affects BDNF
production and/or release in astrocytes.

In this study, we used both full-length HD 140Q knock-in (KI) and GFAP-Htt
transgenic (TG) mouse models to investigate the effect of mHtt on astrocytic BDNF. In
these mouse models, full-length mHtt with 140Q is expressed at the endogenous levels in
KI mice (Menalled et al., 2003), and N-terminal Htt (1-208 aa) with 160Q is expressed at

levels similar to endogenous Htt in TG mice (Bradford et al., 2009). We found that both
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TG and KI astrocytes in culture release less BDNF than control wild-type (WT)
astrocytes. To further verify this finding, we measured BDNF release from brain slices of
TG mice in which mHtt expression is restricted to astrocytes. We found essentially the
same result that brain slices from TG mice release less BDNF than slices from WT mice.
Thus, our results indicate that mHtt at endogenous levels impairs BDNF release from
astrocytes.

We then sought to explore the mechanism underlying the decreased BDNF
secretion from HD astrocytes. First, we examined BDNF mRNA and protein levels by
gRT-PCR and Western blotting, respectively, and found that mHtt does not affect BDNF
synthesis in cultured astrocytes. Next, since BDNF synthesis was unchanged, we
hypothesized that BDNF secretion deficiency might be due to decreased exocytosis of
BDNF-containing vesicles. Rab3a, a member of the Rab family, is highly enriched in the
brain and mediates release of secretory vesicles, including synaptic vesicles and dense-
core vesicles (Tsuboi and Fukuda, 2006). Although Rab3a is expressed in astrocytes
(Maienschein et al., 1999), its function in astrocytes remains elusive. We found that
knocking down Rab3a causes decreased secretion of BDNF and ATP, another cargo in
dense-core vesicles, from astrocytes, indicating that Rab3a plays an essential role in
dense-core vesicle secretion from astrocytes. Importantly, we found that more degraded
mHtt fragments than full-length mHtt is associated with Rab3a by coimmunoprecipitation
assay and in vitro binding assay. In addition, we found that mHtt also binds to GTP-
Rab3a, which is an active form of Rab3a for exocytosis, suggesting that the association
between mHtt and Rab3a may contribute to the suppressed BDNF secretion from HD

astrocytes.
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The ability to associate/dissociate GTP and GDP is essential for the function of
Rab3a in dense-core vesicle docking (van Weering et al., 2007). We found that GTP-
Rab3a protein levels are increased in KI astrocytes, indicating that mHtt inhibits the
conversion of GTP-Rab3a. It has been reported that Rab3-GAP1 binds GTP-Rab3a to
accelerate the conversion from the active GTP-bound form to the inactive GDP-bound
form (Burstein et al., 1993). We found that mHtt does not impair Rab3-GAP1 expression
levels, but significantly reduces the association between GTP-Rab3a and Rab3-GAPI in
KI astrocytes compared with WT astrocytes. Importantly, BDNF secretion is increased
both from cultured HD astrocytes and from HD brain slices by Rab3a overexpression.
Since BDNF is not the only cargo in dense-core vesicles, we also examined ATP

secretion and showed the same results as BDNF.

Since disruption of GTP/GDP-Rab3a exchange is reported to cause defective
docking of dense-core vesicles in mammalian chromaffin cells (van Weering et al.,
2007), we next examined whether the disrupted GTP/GDP-Rab3a exchange by mHitt
influences docking of BDNF-containing dense-core vesicles in HD astrocytes by TIRF
microscopy. The numbers of docked BDNF vesicles were significantly decreased in
cultured KI astrocytes compared with WT astrocytes, and the impaired docking could be

rescued by overexpressing Rab3a in KI astrocytes.

Finally, we examined whether overexpression of Rab3a would decrease HD-
related pathology in vivo. We injected Rab3a-V5 adenovirus and GFP adenovirus into
different sides of the striatum in the same animal for 30 days. We found that Rab3a
overexpression could selectively rescue reactive astrocytes in the striatum of HD KI

mice, but it did not decrease mHtt aggregates. Based on above findings, we propose that
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mHtt binds Rab3a to affect its GTP/ GDP exchange and impairs the docking of dense-

core vesicles in HD astrocytes, resulting in decreased release of BDNF.

In chapter 4, we focused on the effect of mHtt on astrocytic exosome secretion.
Exosomes are cellular vesicles that have recently been studied in a variety of diseases.
Exosomes are small membranous vesicles secreted by multiple cell types, carrying
proteins and genetic materials and playing important roles in cell-cell communication
under physiological and pathophysiological conditions. Exosomes from neuronal cells
have been shown to spread misfolded proteins between cells, a mechanism underlying the
spread of toxic proteins in the brain (Bellingham et al., 2012; Wang, et al., 2017).
Emerging evidence shows that exosomes from glial cells carry neuroprotective molecules
to prevent neurodegeneration (Hajrasouliha et al., 2013; Haney et al., 2013; Zhao et al.,
2014; Guitart et al., 2016; Xin et al., 2017). It is necessary to examine whether mHtt is
present in astrocytic exosomes to spread mHtt, and whether and how mHtt affects
exosome biogenesis and /or release in astrocytes.

It has been reported that mHtt may spread from cell to cell (Pecho-Vrieseling et
al., 2014; Jeon et al., 2016; Zhang et al., 2016), and proteins associated with certain
neurodegenerative disorders, such as APP and a-synuclein, are present in exosomes that
are released from neurons (Xiao et al., 2017; Bieri et al., 2017). However, it has not been
investigated whether mHtt is present in exosomes when it is expressed as full-length
protein at the endogenous level. To examine whether mHtt is a cargo of astrocytic and
neuronal exosomes, we isolated exosomes from the culture medium of primary cultures
from KI mice and did not detect mHtt in the exosomes released from either astrocytes or

neurons, suggesting that exosomes would not transfer mHtt between cells in the HD
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brains. By comparing exosomes released from astrocytes and neurons, we found that
astrocytes secreted more exosomes containing more Hsc70. We next injected astrocytic
exosomes into the striatum of HD KI mice and observed a significant decrease in mHtt
aggregate density in the injected site, perhaps because exosomes-carrying Hsc70 and

other molecules help the clearance of misfolded and aggregated proteins.

Given that astrocytic exosomes are protective and that mHtt can impair the release
of dense-core vesicles from astrocyte cultures, we investigated how mHtt affects the
secretion of exosomes from astrocytes. We found that mHtt does not affect exosome
biogenesis, but rather impairs exosome secretion from astrocytes, and also found that
smaller N-terminal mHtt fragments (Htt-Exonl-120Q and Htt-212aa-150Q) are able to
inhibit exosome secretion from astrocytes. To examine mHtt’s effects on exosomes in
vivo, we isolated exosomes from the cortex and the striatum of 10-month-old WT or HD
KI mice. Interestingly, mHtt does not affect exosome biogenesis in either the cortex or
the striatum, but impairs exosome secretion only from the striatum. In HD KI mice, only
N-terminal mHtt forms aggregates, and these aggregates have been found to be much
more abundant in the striatum than in the cortex. We performed double
immunofluorescence staining and indeed found that nuclei mHtt aggregates in both
astrocytes and neurons in the striatum of 10-month-old HD KI mouse, which might

explain why mHtt only impairs exosome release from the striatum at this age.

The nuclear localization of mHtt in astrocytes led us to investigate whether mHtt
affects the transcription of molecules that are important for the release of exosomes. It
has been reported that aB-crystallin is decreased in HD transgenic mouse models. We

found that both aB-crystallin mRNA and protein levels are decreased in KI astrocytes
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and the striatum of HD KI mice in an age-dependent manner, which is consistent with the
age-dependent accumulation of N-terminal Htt fragments and the formation of Hitt
aggregates in the KI mouse striatum. Since mRNA levels of aB-crystallin are decreased
in KI astrocytes, we hypothesized that mHtt inhibits aB-crystallin transcription by
reducing its promoter activity. Spl was found to regulate the activity of aB-crystallin by
binding to its enhancer to activate its promoter (Swamynathan et al., 2007). We
performed a ChIP assay and found a greater reduction in the association of Spl with the
enhancer of the aB-crystallin gene in KI astrocytes in an age-dependent manner, which

supports the idea that aB-crystallin expression is only decreased in older KI astrocytes.

Finally, we examined whether aB-crystallin overexpression could rescue
defective exosome secretion. Our results show that overexpression of aB-crystallin
increases exosome secretion from both KI astrocytes and the striatum of HD KI mice.
Importantly, aB-crystallin overexpression rescues reactive astrocytes and decreases mHtt
aggregates, indicating that aB-crystallin-mediated exosome secretion is protective against

HD neuropathology.

Taken together, our findings demonstrate that mHtt impairs astrocytic secretion,
and uncover new pathological pathways that affect the critical support of glial cells to

neurons in the HD brain.

5.2 Future direction
The continuation of this project could proceed in many ways. Since HD is characterized
by selective neurodegeneration that occurs in the striatal medium spiny neurons, one of

the future directions would be to determine whether and how mHtt-impaired astrocyte
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secretion contributes to the selective neurodegeneration in HD. Since striatal neurons
cannot synthesize BDNF, exogenous BDNF that is derived from cortical neurons as well
as local striatal astrocytes is critical for their survival. Therefore, decreased BDNF release
from HD astrocytes, which we found, might contribute to the selective vulnerability of
the striatal neurons. In chapter 3, we measured GTP-Rab3a activity in the absence of
Rab3-GAP1 in WT and KI astrocyte lysate and found that mHtt in KI lysates does not
directly affect the GTPase activity of Rab3a. In the future study, we need to measure
GTP-Rab3a activity in the presence of Rab3-GAP1 in WT and KI astrocyte lysate to
confirm that mHtt impairs GTP-Rab3a hydrolysis. We also will measure GTP-Rab3a
hydrolysis in the present of Rab3-GAP1 in different brain regions of WT and KI mice to
examine whether mHtt preferentially impairs GTP-Rab3a hydrolysis in the striatum.

We also found that mHtt impairs the secretion of astrocytic exosomes that contain
neuroprotective cargoes, which might also lead to the preferential degeneration of striatal
medium spiny neurons, given that mHtt impairs exosome secretion from the striatum but
not the cortex of 10-month-old HD KI mice. However, the mechanisms underlying this
differential effect on exosome release in different brain regions by mHtt expression
remain to be understood. It is possible that exosome secretion from striatal astrocytes is
more susceptible to impairment by mHtt expression. Future studies should investigate
whether the secretion of astrocytic exosome from the striatum is less than that from other
brain regions in HD KI mice compared with WT mice. We will generate adenoviral
vector to express the exosome marker Alix-GFP under GFAP promoter (Ad-GFAP-Alix-
GFP), and inject this virus into the striatum and other brain regions of WT and HD KI

mice by stereotaxic injection. After 21 to 30 days, we will isolate exosomes from
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different brain regions of WT and HD KI mice. Since astrocytic exosomes are labeled
with GFP, we will use fluorescence activated cell sorting (FACS) to isolate astrocytic
exosomes from different brain regions and perform western blotting to compare Alix
expression levels in different brain regions of WT and HD KI mice. Given that N-
terminal mHtt reduces Spl-mediated aB-crystallin transcription in primary astrocytes in
an age-dependent manner, which caused a deficiency of exosome secretion, future studies
can investigate whether mHtt induces dysregulation of aB-crystallin expression in
astrocytes in HD KI mice in a brain region-dependent manner. To this end, we need to
culture astrocytes from different brain regions, such as the cortex and the striatum, of HD
KI mice to compare the nuclear accumulation of mHtt fragments and exosome release.
This investigation will examine whether aB-crystallin levels are lower in striatal
astrocytes than astrocytes from other regions by qRT-PCR and Western blotting. If so,
we will perform the CHIP assay to determine whether disrupted association of Spl with
the aB-crystallin enhancer by mHtt preferentially occurs in striatal astrocytes.

In addition to using primary cultures, we can cross HD KI mice with GFAP-GFP
mice to specifically label astrocytes with GFP, and then use FACS to isolate astrocytes
from different brain regions of HD KI mice. Enriched astrocytes from different brain
regions would be subjected to qRT-PCR for comparing transcriptional levels of aB-
crystallin, as well as to the CHIP assay for detecting the association between the aB-
crystallin enhancer and Spl. On the other hand, we will also examine Spl expression
levels and activity among astrocytes from the striatum and other brain regions using the
aforementioned methodology, which may provide additional clues to the nature of the

selective decrease in exosome secretion from astrocytes.
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Another future research direction is to investigate whether mHtt also affects the
secretion of other molecules from astrocytes. Astrocytes are housekeepers in the CNS
and secrete a variety of classic neurotransmitters, neuromodulators, and metabolic and
trophic factors. They communicate with neurons and other glial cells through the release
of signaling molecules. Our current study demonstrates that mHtt impairs BDNF and
ATP release, suggesting that mHtt might affect other factors, such as glial cell-derived
neurotrophic factor (GDNF) and ciliary neurotrophic factor (CNTF), which are essential
for neuronal survival and function. In the future, we can culture primary astrocytes and
harvest conditioned medium to screen for the release of these factors by ELISA and

establish the mechanisms underlying the altered secretion of these molecules.

5.3 Conclusions

Our study demonstrates the important impact of mHtt on astrocytic secretion, and
suggests that astrocytes could be a potential therapeutic target for HD treatment. Our
findings demonstrate that mHtt at the endogenous levels decreases the secretion of
BDNF-containing dense-core vesicles from astrocytes by disrupting the conversion of
GTP-Rab3a into GDP-Rab3a and that overexpressing Rab3a can rescue this deficient
BDNF release and early neuropathology in the HD KI mouse brain, suggesting that
astrocytic Rab3a is a potential therapeutic target in treating HD. Our findings also
demonstrate that mHtt impairs the secretion of astrocytic exosomes by decreasing aB-
crystallin, a protein that is expressed mainly in glial cells and mediates exosome
secretion. Overexpression of aB-crystallin could alleviate the deficient release of
exosomes and neuropathology in HD KI mice, revealing a new pathological pathway that

affects the critical support of glial cells to neurons in the HD brain. Elevating astrocytic
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secretion of dense-core vesicles and exosomes might be not just for HD treatment, but

also possibly for many other neurodegenerative diseases (Fig. 5.1).
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Figure 5.1

Proposed model for the decreased astrocytic secretion. In normal condition, astrocytes
release neurotrophic factors such as BDNF and exosomes to support the normal function
and survival of neuronal cells. However, in HD, mHtt decreases the secretion of BDNF
by compromising exocytosis of dense-core vesicles in astrocytes. mHtt also reduces the

expression of aB-crystallin in astrocytes to decrease exosome secretion in the HD brains.
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