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Abstract

Huntington’s disease (HD) is a genetic neurodegenerative disorder caused by expansion of a
CAG repeat in exon 1 of the HTT gene, encoding an elongated poly-glutamine repeat in the N-
terminal region of the protein huntingtin (mutant huntingtin; mHtt). The average age of onset is
38, and the disease is characterized by psychiatric disorders and cognitive deficits that, in general,
gradually develop over 10 years before the overt onset of the disease phenotype — difficulties in
movement control. In the past two decades, many studies have focused on cell death that is obvious
in mid to late stage of the disease when the overt disease symptoms become irreversible, despite
the fact that altered neuronal/synaptic functions may underlie the mood/cognitive disorders that
precede a motor diagnosis.

In order to uncover the potentially preventable and/or reversible changes in cortico-striatal (C-
S) connections in pre- and early stages of HD, we first studied the C-S coculture platform that
represents its in vivo counterparts in order to investigate the role of wild-type huntingtin (wtHtt)
protein in cell-death and C-S synaptic malfunctions in HD. | found that coculture with low cortical-
to-striatal neuronal plating ratio (1:3 plating ratio) is a closer replica of its in vivo origin with slight
differences in membrane properties, but with a significant increase in extrasynaptic NMDA
receptor portion and a decrease in cell-survival signaling compared with the control (1:1). On the
other hand, we found that wtHtt provides neuroprotective effects to striatal, cortical and
hippocampal neurons, in a phospho-CREB-independent way in the case of the latter two neuronal
types. Finally, using the C-S coculture and acute brain slice to study C-S synapse development and

functions, | found that mHtt impairs the connection not only via suppressing striatal dendritic tree



development but also by altering excitatory presynaptic vesicle release and recovery of the
glutamate pool.
In summary, this work is a further proof of HD as synaptopathy, and is a foundation for future

research of drug discovery for HD targeting synaptic malfunctions at the pre-symptomatic stage.



Preface

A version of chapter 2 (section 2.1, section 2.2, section 2.3 and section 2.4) has been
published in: C. Buren, G. Tu, M. P. Parsons, M. D. Sepers, L. A. Raymond. Influence of cortical
synaptic input on striatal neuronal dendritic arborization and sensitivity to excitotoxicity in
corticostriatal coculture. J Neurophysiol.2016 Apr 27: jn.00933.2015. | designed the experiments
with help from Dr. Matthew P. Parsons and Dr. Lynn Raymond. | conducted all of experiments
and analysis except those shown in Table 2-1 and Figure 2-2 which were performed by Gaqi Tu.
| drafted the manuscript except parts of the discussion and manuscript revisions contributed by Dr.
Lynn Raymond.

A version of chapter 3 (section 3.1, section 3.2, section 3.3 and section 3.4) has been
published in: C. Buren, L. Wang, A. Smith-Dijak, L. A. Raymond, Region-specific pro-survival
signaling and global neuronal protection by wild-type Huntingtin. J Huntington’s Dis.
2014;3(4):365-76. | conceived the experiments with help from Dr. Lynn Raymond. | performed
all the experiments and analyzed all the data except that shown in Figure 3-1 Bi which was
conducted by Liang Wang. | wrote the manuscript and Dr. Lynn Raymond revised the draft.

Part of chapter 4 (section 4.1, section 4.2.1, part of section 4.2.2, part of section 4.2.4,
section 4.2.5, section 4.2.6, part of section 4.3.1, part of section 4.3.2, part of section 4.3.3, part of
section 4.4.1 and part of section 4.4.2) has already been published in: C. Buren, M. P. Parsons, A.
Smith-Dijak, L. A. Raymond. Impaired development of C-S synaptic connectivity in a cell culture
model of Huntington’s disease. Neurobiol Dis. 2016 Mar; 87:80-90. Dr. Matthew P. Parsons and
| designed the experiments with help from Dr. Lynn Raymond. | conducted the experiments and

analyses shown in following figures: Figure 4-2, part of Figure 4-3 C, D and E, part of Figure 4-4
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A, B, C, D and E, Figure 4-5, Figure 4-6, Figure 4-7 A and B. Dr. Matthew P. Parsons conducted
and analyzed work shown in following figures: Figure 4-3 Ai, Aii and B, part of Figure 4-3 C, D
and E, part of Figure 4-4 A, B, C, D and E, Figure 4-4 F and G. Amy Smith-Dijak conducted the
experiments shown in Figure 4-7 C, D, E and F. Dr. Matthew P. Parsons wrote the manuscript, Dr.
Lynn Raymond and | revised it.

Other parts of chapter 4 are based mostly on Caodu Buren’s work conducted in Dr. L. A.
Raymond’s laboratory at UBC, except for the imaging of synaptotagmin 1 uptake assay which was
performed in Dr. Ann Marie Craig’s laboratory at UBC and experiments of Figure 4-8 C and
Figure 4-10 C which were conducted in Dr. Michael R. Hayden’s laboratory at UBC. These results
are the major part of an in-preparation manuscript titled “impaired presynaptic glutamate supply
in corticostriatal connections of Huntington’s disease model”, C. Buren, M. Schmidt, G. Tu, M.
R. Hayden, L. A. Raymond. | designed the experiments with help from Dr. Lynn Raymond, Dr.
Peng Zhang, Dr. Anne Marie Craig and Dr. Matthew P. Parsons, except for experiments of Figure
4-8 C and Figure 4-10 C. | conducted the experiments and analyses shown in following figures:
Figure 4-8 A and B, Figure 4-9, Figure 4-10 Ai, Aii, Bi and Bii, Figure 4-11, Figure 4-12, Figure
4-13 and Figure 4-14. Mandi Schmidt designed, performed experiments and analyses shown in
Figure 4-8 C and Figure 4-10 C. Gagi Tu conducted the experiments and analysis shown in Figure
4-1. AAV virus injection was performed by Pumin Wang in Dr. Timothy H. Murphy’s lab at UBC.

All mice were bred, cared and sacrificed according to the requirements of the University
of British Columbia and the Canadian Council for Animal Care. The University of British
Columbia Animal Care Committee approved the animal research conducted in this dissertation

(certificate numbers: RBH-1-15, 5549-12, LB-2012-125496 and CS-2012-125496).
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Chapter 1: Introduction

HD, as a progressive neurodegenerative and motor disorder, is manifested by difficulties in
movement control and coordination, along with neuronal death in striatum and other neighboring
brain regions (1). The movement dysfunction starts at mid-to-late adulthood, and gradually
worsens over 15-30 years, making it difficult for the patients to take care of themselves (2) and
eventually disabling the patient’s speech and mental abilities (3), to death (4). It affects 10 to 13
in 100,000 people of European descents [an estimated close to 50,000 people in United States and
Canada (5); prevalence in British Columbia, Canada is 13.7 per 100,000 in the general population,
and 17.2 per 100,000 in the Caucasian people (5)], whereas the occurrence is relatively low in
Asian populations (5-9).

Current treatments of HD are capable to ameliorate symptoms like hyperkinetic movement,
but unable to cure the neurodegeneration (2,10-14). Anti-psychotic and anti-depressant drugs are
often prescribed along to treat the accompanying mood and cognitive disorders of HD (15). The
social cost of caring for HD patients is staggering, especially in developed countries (an estimated
annual cost per HD patient is £21,605 in UK) (16).

Much of the previous research about HD was focused on the mechanisms of the striatal
neuronal death which occurs at mid-to-late stage of the disease. But the mechanism underlying
striatal-selective neurodegeneration is still elusive.

Notably, more than a decade prior to clinical diagnosis HD mutation carriers begin to
exhibit personality change (17), cognitive decline (18,19), memory (20) and motor deficits (21),
along striatal atrophy and white matter loss (22,23), which suggest deficits in cortico-striatal (C-

S) connections (24,25) before the unstoppable neuronal death in the striatum and neighboring
1



regions. Indeed, recent investigation of has been shifted more to study synaptopathy of HD (26—

28).

11 Huntington’s Disease
1.1.1 Genetics of Huntington’s Disease

The age of HD onset is inversely correlated with the CAG repeat length, which encodes the
poly-glutamine tract in N-terminal region of Huntingtin (Htt) (3,29-32). The CAG repeat of HTT
is unstable and may expand from generation to generation, so that unaffected persons carrying an
intermediate number of repeats (from 28 to 35) may be followed by full-penetrant offspring (3).

Ninety percent of all the HD cases originate from a parent affected by HD, while the rest is
caused by new mutations (9). In juvenile cases of HD (1-15% of all HD cases (33)), which
manifests in childhood or adolescence (34), patients express one mutant allele with fairly long
CAG trinucleotide repeat (over 60) (33,34). In comparison, adult HD is much more common with
a trinucleotide repeat of 40-66 and with onset at an average age of 35-44 (3), whereas HD carriers
with 36-39 CAG repeats often have much later starts, or may not even manifest disease symptoms
within their normal lifetimes (3).

Besides, genetic background (i.e. presence and absence of background genes and single
nucleotide polymorphisms (SNPs)) and environmental factors affect the disease penetrance, age
of onset as well as progression (3,29,35-40). For instance, variations in kainate-specific glutamate
receptor GIuR6 genotype were shown to influence age of onset (41), as well as SNPs within

GRIN2A and GRIN2B (35).



1.1.2 Clinical Symptoms

As the disease symptoms progress gradually, most of the tasks that require muscle control are
affected (3) and it disables patients’ self-care (42), accompanied with cognitive deficits (43), age-
dependent sleep disorder and circadian abnormalities (44), even seizures in case of juvenile HD
(45).

Many years before the disease onset, cognitive abilities start to decline and become
progressively impaired (19); largely affected are executive functions, including problem solving
(46), cognitive flexibility, abstract thinking, rule acquisition, initiation of appropriate actions, and
inhibition of inappropriate actions, and ultimately these lead to subcortical dementia (47-49).
Some studies found that HD has different impacts on sub-domains of executive functions, for
example, accuracy in problem solving is reduced over the disease progression while planning time
remains the same between early and late stage HD patients (46). Memory impairments appear as
the disease progresses (both short-term and long-term memories), including episodic, procedural
and working memories (47).

Emotion (mood) is another aspect compromised in HD patients. Patients often experience
depression (50) and anxiety (51), and have difficulties in understanding negative/positive emotion
(52). For instance, HD patients cannot well evaluate sincere, sarcastic vs. ‘paradoxical sarcastic’
statements (52). Suicide thoughts and attempts are more frequent than in the general populations
(3,53). Even at the prodromal stage, neuropsychiatric symptoms are apparent, such as apathy, in
the mutant gene carriers (54). In HD, depression, anxiety, irritability, obsessive-compulsive
disorder and, less frequently, psychosis are treated with the same range of medications used for

patients who do not have HD.



HD patients have increased weight loss compared with age-matched controls over the course
of the disease (55), mainly due to muscle wasting that accounts for about 40% of body weight in
normal person (56). The exact mechanism of muscle atrophy in HD is not well understood, but
researchers proposed a hypothesis that imbalance of hypertrophic and atrophic signals from central
nervous system (CNS) contributes to the muscle atrophy in HD (56). In an HD mouse model,
skeletal muscle loss was also reproduced (57), and there is increased neurotransmitter release at
the neuromuscular junctions at early stages (58). Inflammation is another feature of HD, both in
the nervous system and in peripheral systems (59). Postmortem studies found significant
microglial activations in striatum, globus pallidus and cortex of HD patients (60,61). A recent
review has nicely covered inflammation of HD in both CNS and peripheral systems (59).

Furthermore, in peripheral tissues, HD patients often exhibit cardiac failure, impaired glucose
tolerance, osteoporosis, testicular atrophy (62), stress susceptibility (63), and alterations in lipid
transport (64). HD mouse models possess more brown-like adipocytes than control mice and

increased thermogenic release of stored energy (65).

1.1.3 Clinical Treatments

The major treatments for HD are medications prescribed to suppress hyperkinetic symptoms,
along with anti-psychotic drugs that ameliorates the accompanying psychosis. The most
commonly used is tetrabenazine, which depletes dopamine stores via reversible inhibition of the
vesicular monoamine transporter (14). Because the tonic level of dopamine in HD condition is
higher (66), this activates the high-affinity D2 type of dopamine receptors, suppresses D2 receptor-

expressing SPNs and further represses indirect pathway, and finally increases the motor outcome-



hyperactivity. Whereas tetrabenazine reduces extracellular dopamine level and removes the
suppression on indirect pathway.

Additionally, special diet and increased involvement in activity may slow down disease
progression (14,67—70). Anthocyanins, water-soluble vacuolar pigments in plants such as
blueberry, have been shown to improve brain functions in aging and to suppress irritability in R6/1
mice (68), an HD mouse model that expresses truncated exon 1 of HTT, likely through functioning
as anti-oxidants (71) but with no improvement in behavioral performances in rotarod test (72).
Evidence suggesting that physical therapy is beneficial in HD is that stationary cycling helped HD
patients have better fitness, but with reduced body weight by week 13 (67), possibly by elevating
brain-derived neurotrophic factor (BDNF) generation in the brain (73). A larger scale study with
longer track time for the disease progression is necessary to elucidate whether and how exercise
can slow down the developments of disease phenotypes.

Deep brain stimulation, a widely used therapy for neurological diseases such as Parkinson’s
disease and depression, is also applied as an additive to HD on top of the main symptomatic
treatments described above (74). This therapy is performed as chronic electrical stimulation of
deep brain structures, such as basal ganglia, by pinpointing to target regions of interest (75). A
double-blinded, pallidal deep brain stimulation study showed significant reduction of HD chorea
and improvements in mood and in cognition after a 6-month treatment in HD patients (76).

Another study demonstrated that varenicline, a nicotinic agonist used as a smoking
cessation aid, is able to improve executive functions and emotional recognition in a touch screen
computer-based neurocognitive test battery in patients with early HD with poorly known

mechanism (77).



1.1.4 Therapeutic Research

To rescue patients in mid-to-late HD, cell/tissue transplantation is under heavy investigation
(78). In a recent study, injection of microencapsulated sertoli cells, a type of nursing cells of
testicles, improved motor performance and extended life expectancy of a HD mouse model by
modulating immune responses (79). However, other scientific and clinical questions remain
unaddressed, such as immunological reactions between host and graft in CNS(80).

Other emerging HD therapeutics target the mutant gene at either DNA (81,82) or transcription
level (83) to either correct the mutation or silence its expression. Selective silencing of mHtt with
CRISPR/Cas9 (81,82), antisense oligonucleotide (83) or microRNA therapies (84) based on allele-

specificity, are all under study as potential disease-modifying therapies.

1.2 Huntington’s Disease Models
1.2.1  Neurotoxin Animal Models

Before the discovery of the gene HTT in 1993 (4), quinolinic acid and kainic acid were used
to create HD models based upon an assumption that both acids spare the specific population of
striatal neurons that are also resistant to neurodegeneration in HD (85). Unarguably, the largest
disadvantage of these neurotoxin-induced animal models is that they genetically and molecularly

do not reproduce many key disease features of HD.

1.2.2 Genetically Modified Rodent Models
Numerous genetically modified HD models have been created to reproduce not only
neurodegeneration in striatum and related chorea, but also cognitive declines and increased

emotional instabilities, including aggression, anger, anxiety and irritability, as well as immune
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reactions (86,87). Those models were covered nicely in a few recent HD murine model reviews

(88,89). Table 1-1 shows the most common genetically modified HD mouse models.

Transgenic Models

Transgenic HD mouse models generally were created by utilizing yeast artificial chromosome
(YAC) or bacteria artificial chromosome (BAC) as a vector for expressing human HTT, where
related promotors and enhancers have or have not be inserted. In YAC HD models that express
full-length human HTT in the FVB/N background, its copy number and CAG trinucleotide repeat
length vary from line to line, so do disease onset and progression (90,91). The YAC128 mouse
model that expresses HTT with 128 CAG repeats (the expression of mHtt is 75% of endogenous
protein level (90)) reproduces the key pathology of HD, such as hyperactivity at early and
hypoactivity at late stage (90) as well as gradual and specific loss of striatal neuronal loss (90,92).
This mouse model starts to display motor learning deficits from 2 months (93), decreased
performance in the rotarod test from 6 months (90,93), striatal atrophy from 9 months (90) and
neuronal loss from 12 months (90). Most importantly, it is an adult-onset HD model that shows
slow disease progression, which allows us to study the gradual development of HD synaptopathy
with long time window. As a control line, the Hayden lab also created YAC mice that express HTT
with 18 CAG repeats (94). This mouse line could also be used as a wild-type Htt (wtHtt)-
overexpressing model (the human wtHtt expression is about one half of the endogenous Htt

expression) (94).



Truncated Models

The earliest developed and the most widely used transgenic mouse model is R6/2, an
aggressive HD model which expresses human Htt N-terminal fragments with 141-157 poly-
glutamine repeats under human HTT promotor (95). It is regarded as a model for the juvenile form
of HD (95). These mice develop the HD motor phenotype from 5-7 weeks of age and it rapidly
worsens to death at 12-15 weeks (96). Therefore, this HD mouse model is not suitable for our
current study. Another truncated HD mouse model is R6/1 which expresses exon 1 of HTT (with
111-119 CAG repeat length) with low mRNA level (96) and develops the disease phenotypes more
slowly compared with R6/2 (97). However, R6/1 mice hardly show neuronal death — one of the

key phenotypes of HD (97).

Knock-in Models
Recently, knock-in models of HD are widely accepted because they are genetically closer to
HD compared to the transgenic models. One of them is the CAG140 model that expresses chimeric
human/mouse Htt with 140 poly-glutamine repeats (98). However, CAG140 mice show greater
age-dependent resistance to excitotoxicity than YAC128 (99). The Q175 model is another popular
knock-in mouse model on the C57B/16J background (100). This HD model reproduces multiple
HD phenotypes, including disrupted circadian rhythms (101), altered excitatory and inhibitory
inputs to striatal neurons (102) as well as behavioral and neuropathological abnormalities (103).
However, Q175 mice show the motor phenotype of HD later than YAC128 mice (104).
A genetically modified rat model is also used in HD research, but with shorter CAG repeats
(105). The cost of maintaining the rat model is higher than that of mice. Furthermore, transgenic

non-human primate models of HD are also used in research (106). But research on them is
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restricted to unique aspects of HD that those models reproduce better than rodent models, such as
mood (87). One reason is because the expense is higher than that of mouse models.

Htt as an evolutionarily conserved protein that has its homolog in Drosophila (107).
Researchers created the Drosophila HD model and have investigated synaptic functions largely on
the neuro-muscular junction (108). But its brain structure is not appropriate to study synaptopathy

basis of the central nervous system, especially the cortical-striatal (C-S) connections of HD.



FVB/N (90)

FVBI/N (90)

CBA x C57BL/6
(96)

CBA x C57BL/6
(96)

FVB/NJ (113)

129Sv X
C57BL/6J (114)

129Sv X
C57BL/6J (114)

Full-length human Htt with 128
CAG repeats on YAC (90)

Full-length human Htt with 128
CAG repeats on YAC (90)

141-157 CAG repeats (96)
111-119 CAG repeats (96)

Full-length human Htt with 97 a
mix of CAA-CAG repeats on
BAC (113)

A chimeric human/mouse exon 1
carrying the region of expanded
188 CAG repeats and the human
proline region (104)

Chimeric HTT/Hdh exon 1 with
140 CAGs (114,115)

6 months (90,93)

5-6 weeks (109)
5 months (111)

2 months (113)

30 weeks in both
homozygous and
heterozygous (104)

4 months (98)

2 months (93)

3 months (90)

4 weeks (112)

1 month (115)

12 months (90)

5-7 weeks (110)

6 weeks (112)

8 weeks in the
homozygous; 20
weeks in
heterozygous
(104)

4 months (115)
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6 months (90)

8-11

weeks

(96,109,116)

15-21 weeks

(96)

20
(98)

months

5 months
(111)

12-18
weeks
(118)

15% 15-18% decrease at 12
reduction at 9 months (90)

months (90)

28% 14% of striatal neurons
reduction at starts to degenerate but
12 months not disappear at 12
(113) months (113)

20-26 months
(98)

20-26 months (98)

Table 1-1 Most widely used genetically-modified mouse models of HD

18 months (90)

3.5 weeks (117)

12 months, but
largely in cortex
and less in striatum
(113)

6 months (115)

Normal (90) Twice more copies
human Htt RNA

than line 55 (90)

12-15 weeks (96)

32-40 weeks (96)

76-104 week in the
homozygous; 25% of
the heterozygous die at
104 weeks (104)

Also named as
zQ175 (104)

Also named as
Hdh140 (114) and
Q140 (119)
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1.2.3  Culture Models
Mono-culture

To study the neurodegeneration of HD, which initiates from striatal SPNs selectively and
spreads out to the neighboring brain regions, with precise control over the extracellular
environment, researchers have developed striatal neuronal culture HD models (120) from either
primary neurons of HD mouse models (121) or induced-pluripotent stem cells originated from
human HD patient somatic cells via induced differentiation (122). These culture models of HD
lack modulatory dopaminergic or excitatory glutamatergic inputs of neurons originated from other
brain regions, which exist in vivo. Therefore, these culture models are very useful to study cell-
autonomous features of striatal SPNs, but not suitable to investigate C-S connections that undergo

malfunctions prior to striatal SPNs death in HD.

Cortical-striatal Coculture

Invention of coculture prepared with primary neurons from different brain regions (123) (133)
made it possible to study striatal neurons in a closer in vitro condition by co-plating striatal neurons
with cortical neurons (124). Importantly, C-S coculture develops abundant C-S synapses, thus, we
can investigate the C-S connections in various conditions with cell culture-unique methods (124).
For example, by co-plating striatal or cortical neurons from FVB/N wild-type mice together with
cortical or striatal neurons from transgenic mice, either YAC18 or YAC128, we are able to study
how expression of wtHtt (over-expression) or mHtt in either side of C-S synapses contributes to

changes in C-S connections (125).
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1.3 Huntingtin
1.3.1 Huntingtin

The gene HTT is located in chromosome 4 short arm and encodes for the protein Htt (4). The
poly-glutamine tract near the N-terminal of Htt is translated from the CAG triplet repeat in exon 1
of HTT (4). The molecular mass of the protein is estimated to be around 350kD with about 3144
amino acids depending on the poly-glutamine tract length. Both wtHtt and mHtt are expressed
ubiquitously in the body (4).

The protein is evolutionarily conserved (126). However, the exact functions of the protein are
poorly understood with limited knowledge of its spatial structure. It is known that severe reduction
in wtHtt level leads to impaired development of nervous system (127) and its deletion is even
lethal at embryonic stage (128-130). Interestingly, solo expression of mHtt can rescue Hitt
knockout embryos (131,132). These data suggest that HD mutation in HTT has little influence on
embryonic development and it functions at least at embryonic stage likely through its non-poly-
glutamine domains to promote nervous system development.

On the other hand, protein interaction studies suggested several hundreds of potential
interactors of Htt (wild-type and/or mutant) distributed throughout cytosol and cell nucleus
(133,134). Htt appears as an interaction hub that modulates numerous aspects of a cell, from gene
transcription, post-translational modification, cell metabolism to intracellular cargo transportation
(133,134). But the roles of Htt in cell signaling and synaptic transmission are still largely elusive
(134,135). After translation, the expanded poly-glutamine tract of mHtt forms hydrogen bonds
with one another due to the polarized nature of glutamine amino acid (136), thereby producing

misfolded protein that aggregates (136) instead of interacts properly with its partner proteins (8).
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Htt (wild-type and/or mutant) can be phosphorylated (137), acetylated (138-140),
palmitoylated (141,142) and SUMOylated (143). Post-translational modification of the mutant
form is an essential factor that mediates both neurodegeneration and behavioral abnormalities. For
instance, elevated phosphorylation of serine 421 facilitates clearance of mHtt from the cell via
protein degradation and mitigates cell-death and even improves behavioral outcomes in HD
murine models (144). Lysine 48 ubiquitination partially determines proteasome-mediated
clearance of mHtt (145). Thus, accelerated phosphorylation-dependent or ubiquitin-dependent
degradation of mHtt potentially postpones accumulation of mis-folded Htt and suppresses
aggregate formation, although Htt aggregates may not be detrimental to the cell (146).
Furthermore, phosphorylation of serine residues within the first 17 amino acids in the N terminal
(N17) region of Htt enhances dissociation of Htt from endoplasmic reticulum membrane and
facilitates subsequent nuclear retention (147). In contrast, acetylation in N17 accelerates the
formation of poly-glutamine aggregates, and disrupts lipid bilayer morphology by binding to the
lipid membrane (148). Thus, N17 is under heavy investigation. In addition, SUMOylation of the
pathogenic fragment of mHtt reduces aggregate formation, but enhances its ability to suppress
transcription in cultured cells (143) and worsens neurodegeneration in a Drosophila model of HD
(143). Htt was also found to interact well with and be palmitoylated by Htt-interacting protein 14
(HIP14) (141,142). Notably, the palmitoylation of Htt was shown to be required for its correct
subcellular distribution and functions (142). In HD, mHtt does not properly interact with and is
insufficiently palmitoylated by HIP14 (142), thus forming inclusion and inducing neuronal toxicity
(142).

mHtt undergoes proteolysis and produces a toxic form of N-terminal Htt fragment (149),

which forms insoluble aggregates that accumulate in both nuclei and cytoplasm of the affected
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neurons (150). The cleavage sites encoded by HTT exon 12 (151) (Figure 1-1: amino acid 552 is
a cleavage site for caspase-2 and caspase 3 (152), amino acid 586 is for caspase-6 (153)) are under
investigation in order to prevent generation of insoluble fragments (151). Furthermore, calpain
cleaves Htt at 469 and 536 and produces fragments that accumulate in the nucleus (154). Calpain-
resistant mHtt undergoes less proteolysis, forms less aggregation and is less toxic to cultured cells
(154). Moreover, calpain expression and activation were found elevated in striatum and cortex of
HD Htt150 knock-in mouse model (154). Pharmacological suppression of calpain activation in the
BACHD rat model resulted in improved cognitive and psychiatric phenotypes, reduced Htt
fragmentation and decreased nuclear accumulation of mHtt (155).

The transcriptional process of mHtt may also be dysregulated in HD (156). In HD postmortem
brains, researchers found a highly toxic, small N-terminal fragment from exon 1 of HTT generated
from mis-splicing of transcripts instead of proteolysis (157). Consistently, expression of HTT exon
1 alone leads to an early onset of HD symptoms in mouse (96).

Nevertheless, the roles of these aggregates in HD are still under debate, because the presence
of visible aggregates does not correlate well with striatal neurodegeneration (115) and careful
studies observed little overlap between apoptotic neurons and aggregate-containing cells

(158,159), suggesting that the formation of the aggregates might be neuroprotective instead of

deleterious.
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1.3.2 Huntingtin Functions and its Protein Interactions

Although the full, domain-based understanding of functionalities of Htt has not yet been
achieved, wtHtt importance in embryonic development and its neuroprotective role in striatum are
well-known (160,161).

A study found that genetically modified HD mice models that express reduced levels of
homozygous mutant Hdh, the murine homologue gene of human HTT, displayed abnormal brain
development and perinatal death, while those expressing normal level of mHtt appeared healthy
during the development (127). This suggests that the Htt domain(s) required for neurodevelopment
is(are) likely located outside the poly-glutamine repeat region. Consistently, deletion of the CAG
triplet from Hdh in mouse gene does not affect embryonic development, only slightly impairs
performance in the Barnes circular maze learning and memory test without compromising motor
coordination (162). In addition, homozygous deletion of the proline-rich region of Htt, a flanking
region of the poly-glutamine tract, that modulates the protein structure and is a binding site of
several interacting proteins has little influence on the embryonic development, general motor
functions or motor learning in adult (163), except that 18 month-old male mice displayed reduced
performance in the Morris water maze task (163).

Htt protects neurons from cell death in various ways. In vitro study showed that Htt puts a
brake on apoptotic enzyme caspase 9 activation by suppressing its cleavage induced by excitotoxic
stimuli, such as toxic levels of glutamate (164). Suggestion of another way comes from an
investigation where mHtt was shown to affect membrane trafficking and distribution of NMDA-
type glutamate receptors (165-167), because synaptic and extrasynaptic NMDA receptors signal

to pro-survival and pro-death signaling, respectively (although debated) (168,169). Therefore,
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change in the membrane distribution of NMDA receptors by Htt is possible and would likely
impact the pro-survival and pro-death balance of the cell.

Moreover, in a protein interaction study, using mass spectrometry, high-throughput yeast two-
hybrid screening and affinity pull-down assay Kaltenbach et al. identified 234 high-confidence
wtHtt and/or mHtt fragments-associated proteins (39). In another study, Shirasaki et al. revealed a
total of 747 candidate proteins that form complexes with full-length human/murine wtHtt and/or
mHtt in cortex, striatum and cerebellum from 2- and 12-month old control mice and BACHD mice
(134). Based on this protein interactome, Shirasaki et al. grouped the candidate proteins into
several modules, which span from intracellular transport, synaptic transmission, protein folding,
generation of precursor metabolites and energy to cytoplasmic membrane-bound organelles and
nucleotide binding (134). Recently, the same group also identified 790 genes in 5 striatal modules
which interact with Htt in a CAG length-dependent manner and confirmed 22 striatal genes as
mHtt toxicity modifiers at the protein level from brain samples of HD knock-in mouse models
with a range of CAG repeat lengths (170). Among these proteins, we are interested in the synaptic
proteins that directly or indirectly interact with wtHtt and/or mHtt.

A number of presynaptic proteins are common Htt (wtHtt vs. mHtt) interactors (171), and
have been reported to undergo altered expressions, abnormal post-translational modifications or
changed functions in the presence of mHtt (172,173). On the presynaptic side, Htt interacts with
clathrin-coated vesicles, endosomal compartments, and microtubules that traffic vesicles (174—
176), whereas mHtt is more strongly associated with presynaptic vesicles and its related proteins
[such as Htt associated protein 1 (HAP1)], and inhibits glutamate release (177). On the
postsynaptic side, wtHtt and/or mHtt interact with scaffolding proteins and receptors (133,171).

For example, postsynaptic density protein 95 (PSD-95), the major postsynaptic scaffolding protein
17



of excitatory synapses such as C-S glutamatergic synapses, binds to Htt but less to mHtt (178),
and was found reduced in R6/2 (179), R6/1 (180,181) and knock-in models (103,182).

In addition, in HD a number of synaptic proteins that are not known to interact directly with
mHtt or wtHtt display altered expression and/or changed synaptic localization. For instance,
expression of complexin I1, a small SNARE complex-associated protein that positively regulates
the size of the readily releasable pool (RRP) (183), is progressively reduced throughout the brain
(including striatum, hippocampus, neocortex and cerebellum) of 10 to 18-week old R6/2 HD mice
(184) as well as in grade O-111 HD postmortem striatal tissue, but elevated in hippocampus as
western blotting showed (185). Consistently, the behavioral phenotype of complexin Il knockout
mice resembles that of the R6/2 (186) and deletion of complexin Il in 9 to 12-week old R6/2 mice
does not worsen the HD phenotypes, suggesting a possible occlusion effect of complexin Il loss
of function in HD (187). Similarly, expression level of the SNARE protein SNAP-25 is reduced
in motor cortex of grade I-1V HD patients (188) and in R6/2 mouse brain at 6, 12 and 15 weeks
(189). Rabphilin 3a, a protein critically involved in exocytotic transmitter release, is specifically
decreased in postmortem human HD brain tissue (grade 111-1V) (188) as well as in HD animal
models (in R6/1 at 4-10 months) (190). Interestingly, treatment with BDNF rescued synaptic
functions in Hdh(Q92) and Hdh(Q111) HD knock-in mouse models (191). Apart from these,
numerous other synaptic protein expressions are altered in HD, including synaptobrevin 2, Ras-
related protein Rab-3A (rab3A), vGlutl, vGlut2, vesicle-associated membrane protein 1 (VAMP1)
and synaptosomal-associated protein- a (SNAP-a) (185,188,192) [There is a recent review on the
progress of understanding alteration of presynaptic terminals in HD (172)]. Thus, the precise
mechanisms underlying HD-associated synaptopathy are likely to be complex, highlighting a need

for a rapid and accessible screening platform to thoroughly study synaptic functions in HD . Using
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the C-S coculture system to understand the roles of these proteins in presynaptic dysfunctions of
HD is of great interest for future studies.

Htt was also found to not only interact with HIP14 (141,142), but also modulate HIP14
enzymatic activity (193). In HD, mHtt does not properly interact with HIP14 (142), this causes
improper palmitoylation of other substrates of HIP14 (194,195), many of which are synaptic
proteins (141). For example, HIP14 was found to palmitoylate synaptotagmin 1 and SNAP-25
(141), but how presence of mHtt would affect palmitoylations and functions of these synaptic
proteins is still unclear. Furthermore, deletion of HIP14 resulted in behavioral, biochemical and
neurological abnormalities similar to those of HD mice (189).

At transcriptional level, expression of mHtt distorts the brain transcriptome from early
development by disturbing functions of transcription factors, chromatin-modeling proteins and
noncoding RNAS, and eventually upregulates or downregulates expressions of neuronal survival
and death genes (196). For instance, studies suggested that transcription factor cAMP-response
element binding protein (CREB) binding protein (CBP) interacts with mHtt (197) and causes
suppression of downstream CREB-dependent pro-survival genes (197,198), such as BDNF (135).
Another example is that in prefrontal cortex of HD patients RNA sequencing revealed increased
inflammatory and developmental gene expressions, suggesting altered gene transcription (199).
Thus, altered gene transcription and disrupted splicing may largely contribute to
neurodegeneration of striatal SPNs as well as to the preceding synaptopathy (200). One of the
novel therapies being tested in the laboratory is a treatment that potentially could recover
epigenetic dysregulations (196) and thereby rescue the altered gene expression, cell signaling and

the imbalance of cell survival and death signaling in HD.
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Additionally, interactions of other transcriptional factors and proteins with HTT vs. expanded
HTT and their transcripts may differ significantly. For instance, wigl, a downstream target of p53,
preferentially upregulates the level of mHtt over wtHtt via enhanced binding with mHtt transcripts
(201); cysteine string protein (CSP), a synaptic vesicle release modifier, interacts with mHtt but

not wtHtt (202).

14 Neurodegeneration of Huntington’s Disease
1.4.1 Neurodegeneration Anatomy
Basal ganglia

Basal ganglia, the major region of degeneration in HD, are composed of interconnected nuclei
that play important roles in mood and movement (203). Basal ganglia include structures of the
caudate and putamen (dorsal striatum), nucleus accumbens (ventral striatum), subthalamic nucleus

(STN), globus pallidus segments and substantia nigra (204,205).

Striatum

Striatum, which is a collection of nuclei inside the basal ganglia, receives glutamatergic inputs
from the cerebral cortex (Figure 1-2), hippocampus, amygdala and thalamus (206,207), and
dopaminergic projections from the ventral tegmental area and substantia nigra pars compacta
(SNc) (208,209), and projects to the rest of the basal ganglia nuclei. It has been well-recognized
for its involvements in motor control and refinement (210,211), as well as for its contributions to
reward (212,213), decision-making (213) and social behaviors (214-216) by integrating of

sensory, motor, cognitive and motivational information (213,214).
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Anatomically and functionally, striatum can be divided roughly into two sub-regions — dorsal
striatum and ventral striatum (217). Dorsal and ventral striata play different roles in instrumental
learning (218), drug addiction (219) and cognition (220). In primates, dorsal striatum is further
subdivided into caudate nucleus and putamen by a white matter tract called the internal capsule,
whereas the ventral striatum is made up of the nucleus accumbens and olfactory tubercle (221). In
HD, neuronal loss starts from the tail of the caudate nucleus and progresses from dorsal to ventral,
from rostral to caudal (222,223).

At the cellular level, spiny projection neurons (SPNs), which are also commonly referred as
medium spiny neurons (MSNSs), constitute 90-95% of the total neuronal population in the striatum
(224). The other major class of striatal neurons is aspiny interneurons, which are relatively spared
in HD (223) and can be divided into four different types based on peptide and enzyme expressions
(224). The striatal SPN spine heads receive glutamatergic inputs while spine necks are innervated
by dopaminergic afferents from outside the striatum (225,226). These fine localizations of distinct
synapses form a complex mechanism for modulating of SPN activity.

Based on receptor expression and output projections, the striatal SPNs can be divided into two
main groups(227,228): those that express D1-type dopamine receptors (D1 SPNSs) project to
internal segment of globus pallidus (GPi) and substantia nigra pars reticularis (SNr) and form part
of the direct pathway of motor control; the others express D2-type dopamine receptors (D2 SPNs),
project to external segment of globus pallidus (GPe), and form part of the indirect pathway of the
motor control circuit (229) (shown in Figure 1-2). It is widely accepted that activation of the direct
pathway processes movement initiation commands (230,231), while activation of the indirect
pathway executes movement inhibition (230,231); thus, they play opposite roles in motor control

(230,231). These two classes of SPNs are homogenously distributed throughout the striatum (221).
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It is confirmed that striatal SPNs receive inputs from cortical pyramidal neurons located in layer
[1-V1, with the most dense projections from layer V (232). However, the cortical projections form
stronger connections with D2 SPNs than with D1 SPNs (233-235).

One prevailing hypothesis states that at the early stage of the disease D2 SPNs show
dysfunction and are first to undergo neuronal death leading to disinhibition of movement control
and hyperkinesia (236-239), while at the intermediate and late stages D1 SPNs are
conspicuously affected eventually resulting in hypokinesia (236,237,240). However, the pre-
manifest and early stage symptoms are mainly attributed to dysfunctions of C-S connections
instead of cell death (3).

Although SPNs are affected by neurodegeneration most, the striatal interneurons also undergo
pathological changes. For instance, at pre-manifest and early stages HD mice have smaller
cholinergic interneurons with a significantly reduced dendritic tree, although the density of vGlut2-
expressing synapses along dendrites remains the same (241). These alterations may contribute

differently to striatal direct vs. indirect pathways.
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Figure 1-2 Projections of direct and indirect pathways of basal ganglia

Excitatory projections are shown in green, inhibitory in red and modulatory in yellow. Striatal
D1 SPNs and D2 SPNs distribute homogenously throughout the striatum and receive excitatory
cortical (and thalamic, not shown) projections. D1 SPNs project (inhibitory) to GPi and SNr, while
D2 SPNs give inhibitory projections to GPe. GPe projects (inhibitory) to STN, which in turn
provides glutamatergic excitatory inputs to GPi. The GPi then inhibits thalamus that projects
excitatory inputs back to the cerebral cortex. Dopaminergic neurons of SNc project onto both D1

and D2 SPNs in the striatum and modulate their activity, but oppositely.
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Substantia nigra

Substantia nigra is one of the numerous nuclei in the brain affected by neurodegeneration in
HD (242). In clinic, substantia nigra hyper-echogenicity detected by transcranial sonography is
well described in hypokinetic HD (243), likely indicating fatty deposits. The role of dopamine
released from SNc has been a focus of HD study for a long time as it modulates C-S synaptic
transmission (244-246). A theory proposed is that at the early stage of the disease increased tonic
level of dopamine leads to hyperkinetic movements, while at the later stage reduced extracellular

dopamine level results in hypokinesia (247).

Globus pallidus and subthalamic nucleus

The GPe is the major target of D2 SPNs, whereas GPi is that of D1 SPNs. Neurons in globus
pallidus display reduced soma volume and increased death in HD (248). There is decreased
GABAergic transmission in GPe starting from the asymptomatic stage in R6/1 mice (249). In these
mice, both structural and functional inhibitory synapses onto GPe neurons gradually become rare
along with development of locomotor deficits (249).

STN structure (250) and activity (251) were also found altered in HD mouse models.

Cerebral cortex

In HD, neurodegeneration occurs widely in cerebral cortex (3) where pyramidal neurons in
layer 111, V, and VI show most severe death (252,253). Even in prodromal stage HD patients
researchers detected atrophy in cortical gray matter with magnetic resonance imaging (MRI) (254).
Certainly, the HD symptoms are correlated with the affected cortical regions. For instance, in an

autopsy study of brain tissue, those HD patients with predominantly motor symptoms showed

25



marked neurodegeneration in the motor cortex, while mood changes in HD were attributed to

atrophy in the anterior cingulate gyrus of cerebral cortex (255).

Other regions of central nervous system
Although thalamus innervates striatum with considerable amount of glutamatergic inputs,
evidence of neurodegeneration in thalamus of human HD is rare (3).

However, hippocampus was reported repeatedly (254,256-258) as one of the major brain
regions of atrophy in HD patients (254,256-258), who also experience difficulties in memory
formation. Interestingly, neurodegeneration preferentially occurs in the CA1l region of
hippocampus (256).

Cerebellum, which expresses a comparable amount of Htt to striatum, also degenerates in
HD, but with much later occurrence in the disease (259,260), affecting cognitive processing (260).
In cerebellum of HD patients, researchers discovered loss of Purkinje cells and nerve cells of the
fastigial, globose emboliform and dentate nuclei (259).

Circadian rhythm, sleep (261,262) and hypothalamic pituitary-adrenal (HPA) (263) axis
disturbances were also reported, suggesting that a wide variety of brain regions are affected in HD

(264).

142 Mechanisms of Neuronal Death in Huntington’s Disease
When it comes to neurodegeneration of striatal SPNs as well as cortical (252) and
hippocampal neurons in HD, there are many hypotheses that have been put forward with

supportive evidences.
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Reduced BDNF in HD

The BNDF deficit in HD is the outcome of multiple abnormalities (Figure 1-3). In one theory,
PGC-1a is involved in HD pathology, a transcriptional coactivator of metabolic genes (265) and
of BDNF (135) - mHtt suppresses expressions of PGC-1a (267) and BDNF (135) by abnormally
interacting with transcription factors required for CREB-dependent transcriptions (266), such as
CBP (267), and thereby represses cell survival signaling pathways (268). Consistently, deletion of
PGC-1a in mice showed a hyperkinetic movement phenotype and neurodegeneration in striatum
similar to those of HD (269), likely by reducing BDNF expression in the brain. Another theory
states that mHtt’s inability to sequester RE1-silencing transcription factor/neuron-restrictive
silencer factor (REST/NRSF), which represses BDNF transcription, in the cytoplasm contributes
to the BDNF deficit (135,270). However, such a suppression of BDNF is most effective in cortical
neurons which provide the neurotrophic support for the striatal SPNs that do not express BDNF
(271,272).

In addition to the changes in BDNF transcription, the presence of mHtt or loss of wtHtt
interferes with anterograde transport of BDNF in cortical axons (158) through insufficient or
abnormal interactions with modulator proteins of cargo transport. A well-known modulator is
(HAP1, which interacts with dynactin as well as Htt in a poly-glutamine length-dependent way
(273,274). wtHtt facilitates vesicular transport of BDNF along microtubules by interacting with
HAP1 and p150(Glued) subunit of dynactin (158).

The BDNF hypothesis of HD was also supported by evidences that conditional knockout of
BDNF in the cortex caused gradual degeneration of striatal neurons (275) and that reducing BDNF
expression in an HD mouse model led to an earlier disease onset and exacerbated motor

phenotypes (276,277).
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Furthermore, signaling through BDNF receptors and their expressions are likely impaired in
HD (278-280). Evidence suggests that BDNF activation of TrkB receptors is intact in HD
condition (281), but activations of Ras/MAPK/ERK1/2 by TrkB receptors (279,281), as well as
TrkB receptor expression (278), is disrupted. Moreover, mHtt increases protein phosphatase 1
level and disrupts the p75NTR receptor/TrkB receptor balance, and thereby reduces activation of
Akt and increases c-Jun N-terminal kinase (JNK) phosphorylation, phosphatase and tensin
homolog (PTEN) signaling (282) and activation of apoptotic cascades (280). Thus, imbalance of
pro-survival vs. pro-death signaling of BDNF in striatal neurons is likely a factor contributing to
the neurodegeneration in HD.

Treatment that increases BDNF level in the brain is expected to ameliorate disease phenotypes
(283). Indeed, rescue of BDNF and other striatal-specific gene expressions by epigenetic methods
successfully ameliorated mHtt-induced neuronal toxicity in primary cortical and striatal neurons
(284). Another example is that pridopidine, a drug originally described as a dopamine stabilizer,
showed promising results in clinical trials most likely by upregulating the BDNF pathway in a
sigma 1 receptor-dependent manner (285). However, attempts to transplant BDNF over-expressing
cells failed to give a significant rescue in mouse models of HD (286). Along with the unbalanced
signaling of BDNF, the low affinity BDNF receptor p75NTR has been under heavy investigation
because it was found to modulates both cell-death and survival pathways, as well as synapse

degeneration (287).
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Figure 1-3 mHtt expression impacts cortical and striatal neurons in various ways.

mHtt:

1. abnormally interacts with microtubules, thereby interfering with cargo transportation in axon,
including transport of BDNF.

2. impedes gene transcription such as via CREB, and reduces BDNF transcription.

3. role in astrocytes is under debate.

4. in presynaptic cortical terminal interacts with multiple vesicular proteins and disrupts
neurotransmitter release.

5. in postsynaptic striatal neuron interrupts protein sub-localizations, such as NMDA receptors.
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Altered glutamate receptors of striatal SPNs in HD

A functional NMDA receptor, a type of ionotropic glutamate receptors, is a heterotetramer
composed of two obligatory GIuN1 subunits and two subunits of GIuN2 (i.e., one or more of four
distinct subunits: GIuN2A, GIuN2B, GIuN2C and GIuN2D) and/or GIuN3 (with two distinct
subunits: GIUN3A and GIuN2B) (288). Although it is controversial and still under debate, there is
strong evidence suggesting that NMDA receptors play a critical role in cell survival and death
(289); namely, NMDA receptors at synapses where the GIUN2A subunit dominates (290) promote
cell-survival when activated, whereas those at extrasynaptic sites which mainly contain GIuN2B
subunit (291,292) signal cell-death in hippocampal (293,294), cortical (295,296,124) and striatal
neurons (124,168,297) (Figure 1-4), through their differential intracellular domains, to which

downstream proteins bind.
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Figure 1-4 Synaptic and extrasynaptic NMDA receptors
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Previously, we found that in YAC128 HD mouse model the GIuN2B subunit-containing
NMDA receptor expression on the SPN surface is elevated at the pre-symptomatic stage
(166,298,299); this enhances cell-death signaling over cell-survival signaling through
extrasynaptic NMDA receptors from an early age (299). Tonic activation of the extrasynaptic
NMDA receptors results in increased Ca?* influx that in turn activates calpain, Striatal-Enriched
protein tyrosine phosphatase (STEP) 61 and STEP33 and causes failure to dephosphorylate p38
MAPK, which enhances downstream apoptotic signaling in the YAC128 model at the pre- and
early stages of the disease (300-302). It was found that altered STEP expression, activation, and
downstream signaling at early and late stages of the YAC128 HD model (302), as well as increased
interaction of GIuN2B-containing NMDA receptors with PSD-95, contribute to elevated
vulnerability of SPNs to excitotoxic stimuli (303), signaling through p38 MAPK when NMDA
receptors are activated (300). Furthermore, memantine blockade of extrasynaptic NMDA receptors
can rescue synaptic dysfunction (304) and suppress pro-death signaling in YAC128 HD mice
(304). Interestingly, the STEP level was found to be also regulated by BDNF in primary cortical
culture (305,306).

In another study, GIUN3A expression was found elevated in the same HD mouse model and
suppression of GIUN3A expression rescued reduced spine density, elevated NMDA and AMPA
current ratio, increased falling in the rotarod test, decreased strategy shifting in T-maze swimming
test, striatal volume reduction and neuronal loss, but not hypoactivity in the symptomatic YAC128
HD model (307). These results suggest that these two subunits of NMDA receptor may form a
single receptor complex in the HD striatum. Interestingly, protein kinase C and casein kinase
substrate in neurons protein 1 (PACSIN1), an endocytic adaptor specific for GIUN3A, is

sequestered by mHtt (307,308) allowing the NMDA receptor containing GIUN3A subunits to stay
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on the SPN surface at the pre-symptomatic stage (307). The interaction of PACSIN1 with mHtt
becomes stronger proportionately to the mHtt poly-glutamine length (308). Together, these suggest
that the lack of PACSIN1 at synapse caused by mHtt contributes to the elevated surface level of
extrasynaptic NMDA receptor, increased caspase activation and cell death signaling.

In the HD mouse model, mHtt promotes the interaction between PSD-95 and GIuN2B subunit
(266,275). One factor that may contribute to elevated interaction of PSD-95 with NMDA receptors
is potentially reduced palmitoylation of PSD-95 by HIP14 in HD (141), resulting from the altered
modulation of HIP14 by mHtt (173). Both palmitoylation and nitrosylation of PSD-95 determine
the synaptic localization of PSD-95 (310).

Another type of ionotropic glutamate receptor is the AMPA receptor, which is less permeable
to Ca?* than the NMDA receptor when activated. By conducting electrophysiological recording
from acutely dissociated SPNs of striatal tissue, Joshi et al. found elevated AMPA receptor surface
expression in pre-symptomatic 2-month old YAC128 mice compared with control mice (311), but
the expression was gradually reduced back to the normal level when the HD mice aged up to 12
months (symptomatic). Thus, it is possible that the elevated expression of AMPA receptors at the
pre- and early stages of the disease promotes neighboring NMDA receptor activation by inducing
more local depolarization, thereby enhancing cell survival or death signaling depending on the
NMDA receptor distribution and/or composition. However, an increase in AMPA receptor current
was not found in recordings from striatal neurons in acute brain slice of HD mice (91), so it is
possible that the elevation of AMPA receptor-mediated current found in acutely dissociated striatal

neurons (312) was restricted to the cell soma rather than at dendritic synapses.
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Increased tonic level of extracellular glutamate of HD

One hypothesis about HD pathology is that an elevated level of tonic glutamate in the
striatal extracellular environment, as a result of increased release of glutamate from cortical
terminals in response to action potential (312) and/or impaired re-uptake of the extracellular
glutamate by neurons/astrocytes (313-321), contributes to excitotoxicity of striatal SPNs in HD.

Evidence from the YAC128 HD mouse model suggested increased release of glutamate from
cortical neurons onto striatal SPNs in response to action potential (312) at the pre-phenotype stage;
over the course of disease development, it gradually diminishes to become glutamate release
deficits in the late stage of the disease (312). A similar type of biphasic change was observed at C-
S synapses of R6/2 (322). HD patients at prodromal stage may also have enhanced release of
glutamate from cortex.

On the other hand, a number of ex vivo experiments suggested impaired glutamate re-uptake
by neighboring astrocytes via glutamate transporters (323,317). For example, in postmortem
studies low level of the major glutamate transporter of astrocyte - glutamate transporter 1 (GLT1)
mRNA in HD striatum was correlated well with the disease severity (313) and glutamate uptake
ability was impaired by 43% in prefrontal cortex of HD patients compared with controls (318),
although there was increase in the number of GLT1-expressing astrocytes (313,318). In HD animal
models, researchers also found impaired glutamate uptake. R6 lines of HD models exhibited
decreased GLT1 mRNA level in striatum as well as cortex, and reduced uptake of glutamate prior
to neurodegeneration, as shown by Lievens et al. (314). Indeed, mHtt accumulates in the glia nuclei
and suppresses the expressions of glutamate transporters in HD brains (316). Selective expression
of mHtt in striatal astrocytes repressed expressions of both GLT1 and glutamate aspartate

transporter (GLAST), as well as DARPP-32 in SPNs (319). Consistently, increasing GLT1
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expression in R6/2 with ceftriaxone (324,325) elevates glutamate uptake as shown by Miller et al.
(325), as well as improves neurological signs of the mice including clasping, performance in plus
maze and climbing behavior in the open field (325). However, another study on R6/2 mice detected
similar level of extracellular glutamate compared with control mice (315) with microdialysis from
freely moving animals, but partial inhibition of glutamate transport showed age-dependent
increase in the extracellular glutamate level in R6/2 compared with controls (315). Moreover,
decreased expression of GLT1 did not affect weight loss, performance in rotarod test, climbing
and paw-clasping in R6/2 HD mice (326). Besides, a study of HD knock-in mice showed lower
surface expression of excitatory amino acid transporter (EAAT3, also named EAACL), the
neuronal glutamate transporter, and it was attributed to aberrant Rab11-dependent trafficking of
EAAT3 to the cell membrane (320), but a cell line model of HD detected increased expression of
EAATS3 on the cell surface and elevated Na*-dependent glutamate uptake (321). In contrast to the
above studies, a recent work in acute brain slice prepared from early age (pre-manifest) and late
HD YAC128 and R6/2 mice did not detect a significant difference in clearance of extracellular
glutamate or in astrocyte transporter current between the HD mice and controls by imaging
extracellular glutamate level with glutamate sensor and conducting electrophysiological recording
from astrocytes (327), and it disagreed with the hypothesis. The common side of these two
hypotheses is the assumption that enhanced level of extracellular glutamate is upstream of the HD
neuropathology, for example such a long-term elevated level of extracellular glutamate (either
tonic or action potential release-based) may lead to increased activation of NMDA receptor-
dependent cell death signaling at the pre-symptomatic stage of the disease and underlie the later

neuronal death in the striatum of HD (168,169).
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Caspase activation

Another aspect of HD regarding striatal neurodegeneration is unbalanced cell survival and
death signaling due to increased activation of pro-death caspases (328). In cell culture studies,
wtHtt was shown to suppress caspase 9 activation by inhibiting its cleavage induced by increased
release of cytochrome ¢ from mitochondria in response to excitotoxic stimuli (164,329,330). In
HD animal, study on R6/2 mice showed elevated activation of caspase 1 at 7 weeks following the
phenotype onset, that of caspase 3 and caspase 8 at 9 weeks and caspase 9 at 12 weeks (331). The
early activation of caspase 1 is likely induced by elevated level of caspase 1 activator Receptor
interacting protein-2 (Rip2) and reduction of caspase 1 inhibitor Caspase recruitment domain only
protein (Cop) in HD (332). In HD postmortem study, caspase 9 activation, as well as cytochrome
c release from mitochondria, was detected along with striatal neuronal degeneration (328).

In contrast, in HD caspase 6 is activated by reduced palmitoylation by HIP14 (333) whose
enzymatic activity is mediated by the level of wtHtt (193). The activated caspase 6 in turn cleaves
mHtt at amino acid 586 (153) and generates toxic forms of Htt fragments that translocate into the
nucleus (334) and suppress transcription of pro-survival genes, preceding neurodegeneration (335)
in pre-symptomatic HD mutation carriers and pre-phenotypic murine HD models (153).
Consistently, expression of caspase 6 cleavage-derived N-terminal fragments of mHtt alone can
result in neurologic abnormalities with inclusion pathology (336). Moreover, expression of caspase
6 cleavage-resistant mHtt in mice did not show increased striatal neuronal death (337,338) or
depressive behavior (339), but reduced aggregate formation (337), while caspases 3-resistant did
(338). Loss of caspase 6 in YAC128 mice rescued body weight gain, normalized depression-like
phenotype and reduced, not eliminated, mHtt-586 cleaved fragment (340), and caspase 8 was

attributed to the generation of the rest of mHtt-586 cleaved fragment (341).
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Caspase 2 activation and its cleavage of mHtt may contribute to striatal neuronal pathology
because it was shown to be required for death of primary striatal neurons induced by mHtt in
YAC72 HD mice (152) and caspase 2 interacts with mHtt in a poly-glutamine length-dependent
manner (152). The latter recruits caspase 2 into an apoptosome-like complex (152). Caspase 2

activation was also found elevated in pre-symptomatic YAC72 HD mice (152).

Mitochondria dysfunction and biogenesis

The elevated release of cytochrome ¢ from mitochondria in HD results from mitochondria
dysfunction (342-344). mHtt causes mitochondria fragmentation, interferes mitochondria
biogenesis (266) and trafficking (345), and lowers its membrane potential through abnormal
handling of Ca?* (342—344). The disrupted biogenesis of mitochondria is a result of suppressed
expression of PGC1-a by mHtt as Cui et al. showed(266). Furthermore, in the presence of mHitt,
mitochondria production of ATP is reduced due to repressed expression of oxidative
phosphorylation enzymes that regulate ATP generation (346,347). Also, the mitochondrial
permeability transition pore (mPTP) was found malfunctional when mHtt is present (348). As
expected from results of these mechanistic studies, numerous mitochondria-based drugs have been

suggested by pre-clinical studies (349,350).

Cannabinoid receptors

Cannabinoid receptor type 1 (CB1) expression and transmission are attenuated in basal ganglia
in HD rodent models (351-354) as well as in HD patients (355). CB1 is neuroprotective when
activated (356-358) and its activation was also shown to alleviate hyperkinetic motor phenotypes

in 3-nitropropionic acid (3-NP)-induced rat model of HD (359) but not in R6/1 mouse (360).
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Evidence in N171-82Q transgenic HD model suggested that CB1 receptor deletion worsens its

motor performances (361).

1.5 Glia Cells in Huntington’s Disease

Not only just neurons, but also glia cells influence HD pathology (362). Expression of mHitt
specifically in striatal glia cells is enough to impact neuronal properties, such as resulting in
hyperexcitability of striatal neurons (363), and to impair motor coordination in rotarod test
compared with control mice transplanted with wtHtt-expressing glia progenitor cells as shown by
Benraiss et al. (363). Conversely, engrafting wtHtt-expressing glia progenitors cells to HD mice
rescued electrophysiological deficits and behavioural phenotypes, slowed down the disease
progression and extended the life expectancy (363). Surprisingly, in contrast to neuronal loss in
the striatum the number of glia cells increases significantly in HD during the disease development

(364,365).

Astrocytes

Astrocytes were proven as an important source of BDNF for neuroprotection in human
neuroblastoma cells (348) and cortical neurons (367,368). It was demonstrated that mHtt or its
truncated N-terminal fragment (369) impairs BDNF transcription (369) and secretion (370) from
astrocytes by disrupting conversion of Rab3a-GTP to Rab3a-GDP (371), a protein that regulates
exocytosis. Moreover, elevating the BDNF expression in astrocytes of HD mouse models (R6/2
and YAC128) by glatiramer acetate improved motor performance, reduced body weight loss and

increased their life expectancy, suggesting that astrocytes do shape the disease phenotypes (283).
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Microglia

One of the early changes observed in HD mice is accumulation of intracellular ferritin in
microglia in striatum of 2 to 4-week old R6/2, a blood cell protein that carries iron (372). Those
microglia are dystrophic and appear with thick, twisted processes (372). Similar pathology was
observed in grade 0-1V HD patient brains (372), suggesting impaired iron metabolism. This change
is followed by further morphological alterations of microglia, including bulbous swellings and
long stringy processes, (373) preceding an accelerated reduction in microglial density in the same
HD model compared with age-matchedcontrol mice (373). However, a study of HD postmortem
brain observed a gradual accumulation of microglia in both cortex and striatum over the course of
the disease (61,374-376), an opposite observation to that from the animal studies (373).
Interestingly, the quinolinic acid and 3-NP-induced models of HD showed increased microglia in
the striatum (377,378). Moreover, Chakraborty et al. found that quercetin, a dietary flavonoid with
free radical-scavenging property and ability to attenuate microglia activation, improved motor
coordination but increased astrocyte number and failed to protect SPN death in the 3-NP HD model
(378). Finally, whether and how microglia would change SPN vulnerability and C-S connections

are still poorly understood.

Other glia cells

Oligodendrocytes are another widely recognized neuroglia cells whose membrane forms
myelin sheath wrapping around neuronal axons in such a way that allows electrical signals to
propagate more efficiently. In HD, early research suggested mHtt causes degeneration of myelin
sheaths (379) by suppressing of expression of myelin-related transcripts (380), and thereby impairs

the microstructure of white matter between cortex and striatum long before the actual onset of
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phenotypes and neuronal loss in HD mouse models (380). However, little work was done to

uncover to what extent and how myelination degeneration contributes to the disease progression.

1.6 Changes in Huntington’s Disease Preceding Neuronal Death

Numerous lines of studies uncovered that HD mutation carriers and early HD patients exhibit
cognitive (381,382) and psychiatric impairments (383) along with striatal atrophy (22) and brain
white matter loss (22,23) many years before the neuronal death.

In an age and 1Q-matched study of 54 subjects, HD carriers showed reduced cognitive
flexibility in a test of attentional set shifting (381), which suggests circuitry dysfunction within the
prefrontal cortex (384,385), and decreased performance in a test of semantic verbal fluency (381),
which indicates impairment in frontal lobe (386,387). Consequently, the study attributed these
changes to deficits in inhibitory control mechanisms involving frontal-striatal circuits (381).
Earlier, the same study group revealed impaired executive functions of early HD in another
cognitive assessment test (388), named Cambridge Neuropsychological Test Automated Battery.
Interestingly, a later work of the group uncovered correlation of cognitive impairments with
reduced striatal dopamine receptor levels with positron emission tomography (PET) scan in
asymptomatic HD mutation carriers (389), and based on previous research Lawrence et al.
concluded that dysfunction of C-S circuits is the major cause of impaired cognitive functions in
HD (390). Other groups also observed similar cognitive declines in various tasks in HD carriers
(391-393).

Indeed, using 3 Tesla MRI Crawford et al. detected reduced volume of corpus callosum, the
largest white matter structure in the brain through which cortical neurons massively project to

striatum and other subcortical nuclei, in premanifest and early HD groups (23). In the early HD
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group, the researchers also observed a significant association of reduced volume of corpus
callosum with poor performance in the Circle Tracing Indirect (23) task that measures cognitive
abilities, suggesting early disconnection of C-S projections and its contribution to cognitive
impairments in prodromal HD. With MRI imaging, other studies detected striatal atrophy as well
as reduction of cortical white matter in premanifest HD (22). It is noteworthy that at pre-
symaptomatic stage and early stage of HD, there is no detectable neuronal loss in either striatum
or cerebral cortex.

On the other hand, presympatomatic HD gene carriers also display detectable motor changes,
such as alterations in movement time and in movement time with decision, correlated with CAG
repeat length of their HTT genes (21). Numerous more studies detected similar motor dysfunctions.
In one study, researchers revealed more rapid longitudinal decline of psychomotor speed in pre-
symptomatic HD carriers compared with controls (394), which indicates impairments in cognitive
abilities and/or motor functions. Another study observed slower movement responses of pre-
symptomatic HD group for auditory and visual reactions clues than controls (395), as well as
chorea and dystonia of their extremities (395). These pre-symptomatic motor dysfunctionalities
suggest significant pathology in the C-S circuits of HD before neuronal death.

Consistently, in HD mouse at the pre-phenotype stage studies many lines of evidence suggest
the same underlying pathological changes observed in prodromal HD in various tests. For example,
YAC128 HD mice showed poor motor performance in rotarod test starting from 6 months (90,93),
hyperactivity at 3 months (90) and slow motor learning beginning from 2 months (93) compared
with controls, long before striatal and cortical volume reductions at 9 months measured with
stereological software by immunostaining (90) and striatal neuronal loss at 12 months examined

with immunostaining for neuronal nuclei with Hexaribonucleotide Binding Protein-3 (NeuN)
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antibody (93). In the same study, Van Raamsdonk et al. also detected significant deficitin YAC128
mice in choosing the correct direction in a simple swimming test at 8 months (93) and difficulty
in shifting strategy in the T maze swimming test even at 2 months (93) when motor factors were
eliminated. These indicate cognitive impairments at pre- and early symptomatic stages of the HD
mice. Using MRI on the same HD mice, Carroll et al. detected white matter loss (corpus callosum)
and reduced striatal volume starting from 3 months (92), and increased ventricular volume
beginning from 8 months (92). Similar pathologies were observed in R6/2 mice (396) that develop
HD phenotype as early as 5 weeks (109). Zhang et al. found reduced brain volume and neocortex
volume as early as 4 weeks (396), and reduced striatal volume and increased lateral ventricle
volume beginning from 5 weeks (396). Other HD model showed comparable brain volume
reductions at pre-symptomatic and early symptomatic stage as well (397).

At the synaptic level, in Joshi et al.’s study presymptomatic 1-month old YAC128 mice
displayed elevated release of presynaptic glutamate-containing vesicles from cortical terminals
onto striatal SPNs in response to electrical stimulation in cortical layer V-VI (312), whereas in
Cepeda et al.’s investigation early symptomatic 5 to 7-week old R6/2 mice exhibited reductioned
spontaneous EPSC frequency as well as decreased miniature EPSC frequency (322). In HD mouse
models, researchers observed altered SPN input resistance, abnormal rheobase and changed
excitatory paired-pulse facilitation from pre-symptomatic-to-early symptomatic animals (40-day
old R6/2 mice, 1 to 6-month old YAC128, and 3 to 4-month Q175) (91,398-400).

Together, evidence of HD patients and HD animal models suggests severe synaptopathy of C-
S connections during pre- and early stages. Thus, early treatments of synaptopathy are much more
valuable than attempts to prevent cell-death after neuronal circuits become severely dysfunctional

(401).
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1.7 Rationale, Hypotheses and Objectives

The creation of C-S coculture is a step forward to investigate C-S connections and both
types of neurons in a system closer to its in vivo environment in in vitro ways (124). However, the
coculture preparation method and C-S neuronal plating ratio vary from study to study (123,124).
In Chapter 2, we hypothesized that cortical-to-striatal neuronal plating ratio affects striatal
neuronal properties as well as formation of C-S connections.

The neuroprotective effect of wtHtt is well known in striatal neurons (164,329,402).
However, questions remain regarding how wtHtt protects striatal SPNs and whether cortical and
hippocampal neurons, which are also subjects to neurodegeneration in HD, can also be protected
by wtHtt in the same way. In Chapter 3, we test a hypothesis that wtHtt provides a
neuroprotective effect for all striatal, cortical and hippocampal neurons in a nuclear
phospho-CREB-dependent way.

HD has been regarded as a synaptopathy, as increasing number of evidences suggest that
synaptic changes occur well before the HD neurodegeneration. However, much remains to be
addressed regarding how neuronal connections are affected by mHtt at the pre-symptomatic stage
and the early stage of HD. In Chapter 4, we test our hypothesis that mHtt damages C-S

connections in various ways, including synapse formation and functions.
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Objectives:
Aim 1. To uncover a closer plating ratio of cortical and striatal neurons in C-S

coculture to more closely reproduce in vivo C-S connections in cell culture.

Aim 2. To examine how wtHtt protects striatal neurons in C-S coculture and whether

it also protects neuronsfrom cortex and hippocampus by promoting pro-survival signaling

through phospho-CREB.

Aim 3. Test how mHtt impacts C-S connections in C-S coculture and in a HD mouse

model at the early phenotypic stage.
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Chapter 2: Investigation on Optimizing of Cortico-striatal Coculture System

2.1 Introduction

Since the groundbreaking finding that immature neurons can develop and be maintained in
vitro (403,404), cultured neuronal systems as models of their in vivo counterparts have played an
essential role in neuroscience investigation for over a century (405). Generally, neuronal cultures
are generated from primary neurons dissociated from a single brain region such as cortex,
hippocampus or striatum; however, a culture from one type of tissue cannot reproduce any inter-
regional connections that exist in the brain. This shortcoming was addressed when coculture of
neurons from different brain tissues was developed, providing a valuable tool for studying the
interactions of neurons from distinct brain regions (124,406,407). The coculture system is also
used to study neuron/non-neuron cell interactions, such as neuron-muscle (404) or neuron-glia
(408,409), or to distinguish contribution of pre- vs. postsynaptic neuronal expression of a disease-
causing gene to malicious phenotype (125,299). Despite these achievements, a few questions
remain, including that of how to optimize the ratio of different neurons in culture to more closely
represent the physiological condition in the brain.

Studies of neurodegenerative diseases suggest that synaptic alterations precede overt clinical
manifestations and neuronal loss (28,297,410). In Huntington’s disease (HD), an inherited disorder
in which the striatum shows the most severe degeneration, one of the earliest pathogenic changes
is impairment of glutamatergic cortical connections to GABAergic striatal medium-sized spiny
projection neurons (SPNs) (91,298,322). Consequently, cortico-striatal (C-S) coculture is superior
to striatal-only culture as an in vitro model for investigating pathogenic mechanisms in such a

neurodegenerative disorder. Moreover, SPNs in coculture are morphologically and synaptically
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more developed and similar to striatal neurons in the brain (124,406,411,412). However, coculture
preparation methods vary between studies, and the influence of cortical-to-striatal neuron plating
ratio in coculture on striatal SPN physiology, including dendritic arborization, NMDA-type
glutamate receptor subcellular distribution and survival-death signaling — an important focus of
HD research — has not been explored. In this chapter, we address this question by varying the
coculture ratio of cortical to striatal neurons and comparing striatal SPN physiology and

morphology, receptor distribution, pro-survival signaling and sensitivity to cell death.

45



2.2 Methods
2.2.1 Cell Culture

All procedures and animal care were approved by the University of British Columbia,
according to the guidelines of the Canadian Council for Animal Care. All cultures were prepared
from wild-type (WT) FVB/N embryonic day 18 (E18) mouse cortical and striatal tissue, as
previously described (125); each E18 brain yielded ~1.5 million striatal and 3 million cortical
neurons. Briefly, after the mother was anesthetized, the embryos were extracted, and their brains
were quickly removed and dissected in ice-cold Hank’s balanced salt solution (Invitrogen). Tissues
were chopped, followed by digestion in trypsin (Invitrogen) and dissociation in trypsin inhibitor
solution (Invitrogen). Striatal neurons were labeled by transfection with yellow fluorescent protein
(YFP) construct on a B-actin promoter (a gift from A.M. Craig, the University of British Columbia)
to be identified from cortical neurons as follows: 1.5 million striatal cells were suspended in 100
ul of electroporation buffer (Mirus Bio. LLC, Madison, WI) mixed with 2 pug of DNA, and then
electroporated (program 05, AMAXA nucleofector, Amaxa, Lonza bio. Inc., Walkersville, MD,
USA) in a cuvette, according to the manufacturer’s instructions. Transfected striatal neurons then
were blended with 1.5 or 0.5 million cortical neurons, and the mixture was diluted in DMEM
(Invitrogen) with 10% fetal bovine serum (Sigma) to give the same final concentration of cells for
the two different mixtures. Five hundred microliters of the mix were plated in each well with an
approximate cell density of 650 cells/mm? in a 24-well plate. Each well had a 12-mm coverslip
(Marienfeld, Lauda-Konigshofen, Germany) precoated with poly-D-lysine hydrobromide (P6407,
Sigma) in borate buffer (12.5 mM Borax, 50 mM boric acid; Sigma). Two to four hours after the
cells were plated, the medium was switched to 500 pl of plating medium (Neurobasal medium,

B27, glutamine, and penicillin/streptomycin; Gibco). At 3 to 4 days in vitro (DIV), an extra 500
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ul of plating medium was added to each well, and subsequent half-medium changes occurred every
3-7 days thereafter. All experiments were conducted at DIV17-19. YFP-positive cells with SPN
morphological characteristics (medium-sized soma with less polarized dendritic tree) were chosen
for assessment in both immunocytochemical and electrophysiological experiments, as previously

described (413).

2.2.2  Electrophysiology

Whole cell patch-clamp recordings were carried out under voltage clamp condition. The
Axopatch 200B amplifier (Axon Instruments) and pClamp 10.2 software (Molecular Devices, Palo
Alto, CA) were used to acquire the data. Coverslips were transferred to the recording chamber and
perfused with external bath solution prepared with (in mM): 167 NaCl, 2.4 KCI, 10 Glucose, 10
HEPES, 2 CaCl,, 1 MgCl», 0.05 picrotoxin (PTX), 0.0003 tetrodotoxin (TTX), pH 7.3 with NaOH,
310-320 mOsm (125). The miniature excitatory postsynaptic currents (MEPSC), recorded at a
holding potential of -70 mV, were digitized at 10 kHz and filtered at 1 kHz. Recording electrodes
(3-6 MQ) were filled with an internal solution consisting of (in mM): 145 K-Gluconate, 1 MgCly,
10 HEPES, 1 EGTA, 2 adenosine 5’-triphosphate magnesium salt, and 0.5 guanosine 5’-
triphosphate sodium salt; 280 mOsm. The access resistance was typically between 10-20 MQ but
not higher than 25 MQ. To assess SPN excitability, TTX and PTX were omitted from the recording
solution, and membrane potential was measured in response to a series of 400-ms current pulses
of amplitudes ranging from -250 to 300 pA, incremented by 50 pA. For the input-output curve, the
same protocol was applied except that the bath solution contained TTX (0.3uM) and PTX (50uM).
The curve was plotted based on the mean values of stable membrane potentials recorded during

the final 100ms of each current pulse.
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To record whole cell and extrasynaptic NMDA currents, coverslips were placed in bath
solution consisting of (in mM unless stated otherwise): 167 NaCl, 2.4 KCI, 10 glucose, 10 HEPES,
2 CaCly, 10 uM MgCly, 100 uM PTX, 0.3 uM TTX, and 10 uM glycine; pH 7.3 with NaOH, 310-
320 mOsm. Internal recording solution consisted of (in mM): 130 Caesium methanesulfonate, 5
CsCl, 4 NaCl, 1 MgCl», 10 HEPES, 5 EGTA, 5 lidocaine, 0.5 GTP, 10 sodium phosphocreatine,
and 5 adenosine 5’-triphosphate magnesium salt; pH 7.2, 290 mOsm. Rapid application of drugs
or wash solution was achieved by using a perfusion system with a theta tube (Harvard Apparatus,
Saint-Laurent, Quebec). N-Methyl-D-aspartate (NMDA; 1 mM; M3262; Sigma-Aldrich) was
applied for 3 s every 30 s at a holding potential of -70 mV while the initial whole cell NMDA
current was recorded and to measure extrasynaptic NMDA current after synaptic NMDA receptors
were blocked with MK801 (10 uM, Sigma). Blockade of synaptic NMDA receptors was achieved
by holding cells at -80 mV, superfusing for 2 min with 4-aminopyridine (4-AP; 10uM; Tocris) to
maximize synaptic activity, and superfusion with 4-AP together with MK801 for 3 min, followed
by washout for 30 s. Cells in which the access resistance changed by >25% were discarded. The
peak current was normalized to cell capacitance (Cm), and charge transfer density was calculated

as total area of evoked NMDA current (pA x ms) normalized to cell capacitance.

2.2.3  Apoptotic Assay

SPN sensitivity to excitotoxicity was assessed as previously described (414). Briefly, in a
37°C, 5% CO: humidified incubator, cultures were treated with NMDA at concentrations of 30
and 50 uM in conditioned medium for 15 min, washed twice with new plating medium, switched
back to the conditioned medium, and incubated for 1 h. Cultures were then fixed with 4%

paraformaldehyde (PFA) (30 min), permeabilized with 1% Triton X-100 (Sigma) in PBS (5 min),
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and incubated with 10% normal goat serum (NGS, Vector Laboratories) at room temperature (RT;
40min) in 0.03% Triton X-100 in PBS (PBST). To detect YFP, the neurons were incubated with a
chicken polyclonal anti-green fluorescent protein (GFP) antibody (1:1,000; ab13970; Abcam) in
2% NGS PBST at RT for 3 h. Neurons were then washed 3 times with PBST, incubated with a
goat anti-chicken Alexa Fluor 488 antibody (1:1,000; A-11039; Invitrogen) in 2% NGS PBST at
RT for 1.5 h, washed again 3 times with PBST, stained with 5 uM Hoechst 33342 (Invitrogen) at
RT for 10 min in PBST, and washed again 3 times with PBST, and the coverslips were mounted
on slides with Fluoromount-G (0100-01; SouthernBiotech). Cells with round, small, densely
compacted nuclei and few neuritic processes were counted as apoptotic neurons, whereas cells
with loosely compacted, large nuclei and extensive dendritic projections were regarded as healthy
cells (414). At least 200 YFP-positive cells were counted in each condition of each culture batch
under a 63x oil-immersion lens (1.4 numerical aperture) with a Zeiss Axiophot epifluorescence

microscope.

2.2.4 Immunostaining

Basic characterization of cell populations was carried out using Hoechst 33342 to assess
nuclear morphology, an antibody against microtubule-associated protein 2 [MAP2; 1:200; MA5-
12823; Thermo Scientific; Alexa Fluor 568 (1:1,000; A-11031; Invitrogen) was used as secondary
antibody] to label all neurons, and an antibody against dopamine and cAMP regulated
phosphoprotein 32 [DARPP-32; 1:500; 2306S; Cell Signaling Technologies; Alexa 488 (1:1,000;
A-11008; Invitrogen) was used as secondary antibody] to identify striatal SPNs. At DIV17-19,
cells were fixed, permeabilized, blocked, and immunostained with primary antibodies in 2% NGS

PBST at RT for 3 h. Neurons were then washed, incubated with secondary antibodies in 2% NGS
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PBST at RT for 1.5 h, washed, stained with Hoechst 33342, washed, and mounted. Basic
characterization images were acquired in 20x fields using a Zeiss Axiophot epifluorescence
microscope. Live cells were differentiated from dead cells on the base of their nuclear morphology
(as described above) (414), and counted with the Cell Counter plugin in ImageJ software (1.47v;
NIH, Bethesda, MD) with or without merging channels for overlapping signals. Results are
displayed in Table 1 as average numbers + standard error in a single 20x field. A total of 77-78
20x fields from 5 batches of cocultures were used for live cell and DARPP-32 staining analysis,
whereas 15-18 20x fields from 2 culture batches were assessed for MAP2 staining statistics.

Sholl analysis was conducted in ImagelJ using the Sholl analysis plugin
(http://fiji.sc/Sholl_Analysis). The dendritic tree of striatal SPNs was visualized by
immunostaining against DARPP-32 and was traced with the segmented line tool in ImageJ.
Concentric circles with radii from 10 to 200 pum, stepped by 5 pm, were centered on the soma, and
the number of intersections with the traced lines was measured. The total dendritic length is a
summation of lengths of all traced lines.

Analysis of excitatory synapses was conducted with the same immunostaining protocol,
with the following exceptions: PBS was used for wash instead of PBST; methanol (-20°C, 5 min)
and PBST (RT, 5 min) were applied for permeabilization; primary antibodies were the chicken
polyclonal anti-GFP antibody (to label striatal SPNs, as above), a mouse anti-postsynaptic density
protein 95 (PSD-95) antibody (1 h at RT, 1:1,000; MA 1-045; Thermo Scientific) and a guinea pig
anti-vesicular glutamate transporter 1 (vGlutl) antibody (at 4°C overnight, 1:4,000; AB 5905;
Chemicon) in 2% NGS PBST; and secondary antibodies were Alexa Fluor 488 goat anti-chicken,
Alexa Fluor 568 goat anti-mouse, and aminimethylcoumrin (AMCA)-conjugated goat anti-guinea

pig (1:1,00; 706-155-148; Jackson ImmunoResearch) at RT for 1.5 h. Coverslips were washed
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with PBS for three to four times before being mounted. Images were acquired with a Zeiss
Axiophot epifluorescence microscope under a 63X oil-immersion lens (1.4 numerical aperture) by
taking 10-15 sections with 0.23-um steps in the z-plane with the same exposure time for each
channel on each sample. The three best-focused sections were extracted to average, using the
extended depth of focus function, and were exported as gray-value TIFF files for individual
channels. Blinded to conditions and using the green channel, the experimenter chose three 15- to
30-um segments of primary and/or secondary dendrite at a distance of 40 to 100 um from the soma
with polygon selection tool in ImageJ. The PSD-95 and vGlutl images were thresholded manually
within the chosen dendritic segments to remove background staining and to isolate puncta. Binary
images of puncta were generated and analyzed for puncta density and colocalization using the
Analyze Particles tool and the colocalization plugin of ImageJ (125). Average values of the three
chosen areas of interest from individual cells were used in the final analyses.

For measuring phosphorylated cAMP response element binding protein (pCREB), a
reflection of pro-survival signaling, we used the chicken polyclonal anti-GFP antibody (to identify
striatal SPNs, as above) and a mouse monoclonal anti-pCREB antibody [1:500; 05-667; Millipore;
Alexa Fluor 568 (A-11031, Invitrogen) was used as secondary antibody]. Cells were stained as
described above. Images for pCREB signal analysis were acquired with a Zeiss Axiophot
epifluorescence microscope under a 63x oil-immersion lens. Nuclear-to-cytoplasmic pCREB
ratios were obtained by comparing the average pCREB signal intensity in the nucleus to that of
three randomly chosen areas covering most of the cytoplasmic region (as illustrated in Figure 2-6

Al) using ImageJ.
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2.2.5 Data Analysis

Pooled data are presented as mean + s.e.m. Figures were prepared with Prism 5 (GraphPad
Software), and graphs were created with Adobe Illustrator CS5 (Adobe Systems). In all figures, n
values represent the numbers of cells analyzed in given measurements, followed by the culture

batch numbers in parentheses.
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2.3 Results
2.3.1 Influence of Cortical-striatal Plating Ratio on Survival and Basic Membrane
Properties of Striatal SPNs after 18 Days in Culture

To determine the effect of cortical neuron abundance on the properties of striatal SPNs, we
cocultured cortical and striatal neurons at a cortical-striatal plating ratio of 1:1 vs. 1:3 and then
compared these two conditions at DIVV18 for all experiments. Cell population density at DIV18
was characterized using Hoechst-stained nuclear morphology to determine density of live cells,
MAP2 staining to identify all neurons, and an antibody against DARPP-32 as a marker of striatal
SPNs (413,415). Results are shown in Table 2-1. We found that the average number of live cells
per 20x field (441x330 um), including both cortical and striatal neurons as well as MAP2-negative
cells, was significantly lower in cocultures plated at the 1:3 vs. 1:1 ratio, as was the density of
MAP2-positive cells (~23%). Moreover, despite a 50% higher plating density of striatal neurons
in the 1:3 coculture condition, the density of DARPP32-positive cells was similar at DIV18 for
1:3 and 1:1 cocultures. Taken together, our results suggest that cocultures plated at the lower
cortical ratio (1:3) undergo greater loss of striatal SPNs. As well, the relatively low ratio of
DARPP-32-positive neurons compared to MAP2-positive cells (all neurons) in both coculture
conditions suggests that striatal SPNs are generally more fragile in these cocultures and/or slow to
fully mature (i.e., some may not express detectable levels of DARPP-32 by DIV18). Although we
cannot make definite conclusions from these results about the ratio of cortical glutamatergic
pyramidal neurons to striatal SPNs at DIV18, our data indicate that the density of live MAP2-
positive/DARPP-32-negative (mainly cortical) neurons at DIV18 is only ~25% lower in the
cocultures plated at a 1:3 vs. 1:1 ratio, whereas there is no significant difference in striatal SPN

density.
53



To determine how a change in cortical input affects basic membrane properties of SPNs,
we measured the resting membrane potential, action potential firing rates, current-voltage (I-V)
response, membrane capacitance, and input resistance of SPNs in C-S cocultures plated at the 1:1
and 1:3 ratios. SPNs in the cocultures plated at the lower cortical ratio showed significantly
reduced membrane capacitance (Figure 2-1 A), suggesting that a reduction in cortical-striatal ratio
decreases the soma size and/or dendritic growth of striatal SPNs. However, the input resistance
(Figure 2-1 B) and resting membrane potential (Figure 2-1 C) were similar for SPNs in the two
cocultures, indicating that the reduction of cortical neurons does not significantly alter these basic
striatal neuronal membrane properties. In addition, SPN excitability curves (Figure 2-1 Di and Dii)
were similar, and the I-V response curve (Figure 2-1 Ei and Eii) only trended toward depressed in
the cocultures plated at the lower cortical ratio. Together, these results show that the C-S ratio has

only a modest impact on the SPN basic membrane properties.
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P value (paired
t-test)

MAP2+ 21.3+2.2 16.4+1.2 0.0216*
MAP2+ & )
DARPP32- 17.2+1.7 12.7+1.0 0.0172

Table 2-1 Characterization of cell density in C-S cocultures plated at 1:1 and 1:3 ratios
Values are average (+SE) numbers of cells in a single 20x microscope field. The n values in
legend indicate the numbers of 20x microscope fields (a 20x field is 441x330 pm)counted, with
the numbers of culture batches shown in parenthesis. Despite the same plating density, both the
number of live cells and the number of MAP2-positive cells per 20x field are significantly lower
in 1:3 compared with 1:1 cocultures [live cell density: n=77(5) for 1:1 and n=78(5) for 1:3 plating
ratio; by paired t-test, **p=0.0011; MAP2+ cell density: n=15(2) for 1:1 and n=18(2) for 1:3
plating ratio; by paired t-test, *p=0.0216]. Surprisingly, the density of DARPP-32+ cells is similar
between conditions even though the MAP2+ but DARPP32- cell density is low in 1:3 cocultures
(DARPP-32+ cell density: n=77(5) for 1:1 and n=78(5) for 1:3 plating ratio; paired t-test p=0.5761;
MAP2+ and DARPP32- cell density: n=15(2) for 1:1 and n=18(2) for 1:3 plating ratio; paired t-

test, *p=0.0172).
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Figure 2-1 Cortical-to-striatal neuron ratio affects some SPN membrane properties in
coculture.

The numbers of cells analyzed are presented as n values with the culture batch numbers in
parentheses. A. SPN membrane capacitance is significantly smaller in C-S cocultures plated at 1:3
than at 1:1 ratio [n=19(3) in 1:1 and n=20(4) in 1:3 ratio; *p<0.05 by unpaired t-test]. B. and C.
Membrane input resistance [B. n=19(3) in 1:1 and n=20(4) in 1:3 ratio; unpaired t-test, p>0.05]
and resting membrane potential [C. n=19(3) for both ratios; unpaired t-test, p>0.05] are similar for
the 2 coculture conditions. D. Current-induced firing rate is not significantly different. Di.
Representative traces of membrane potential change under current injections; Dii. Pooled data for
current injection-induced firing rates [n=19(3) for 1:1 and n=18(3) for 1:3; repeated-measures 2-
way ANOVA, interaction p=0.8296, cortical-striatal ratio p=0.6781, and current ****p<0.0001].
E. I-V curve is not significantly different between the 2 coculture conditions in the presence of
TTX and PTX. Ei. Representative traces for membrane potential change in response to a range of
current injections; Eii. Pooled data for I-V curve [n=24(4) for 1:1 and n=22(4) for 1:3 ratio;
repeated-measures 2-way ANOVA, interaction p=0.9989, cortical-striatal ratio p=0.1402, and

current ***p<0.0001].
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2.3.2 Impaired SPN Dendritic Arborization in Cocultures Plated at the Lower Cortical-
to-Striatal Ratio

The reduction in SPN membrane capacitance in the cocultures plated at the lower cortical ratio
suggests that cortical neuronal abundance influences striatal SPN dendritic length, soma size
and/or spine density. To test this, we assessed dendritic arborization by visualizing striatal SPNs
with antibody staining against DARPP-32. Our results showed a significant reduction in the total
dendritic length of SPNs in cocultures plated at the lower cortical ratio (Figure 2-2 A and B),
suggesting underdevelopment of the dendritic arbor. Consistent with that result, Sholl analysis
indicated a reduced complexity of dendritic arborization in cocultures plated at the 1:3 (Figure 2-2
C). Altogether, these data suggest that a relative change in cortical neuron abundance affects SPN

neurite growth and/or maintenance.
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Figure 2-2 Change in cortical relative to striatal cells regulates SPN dendritic arborization.

A. Representative tracings of SPN dendritic arbor from both conditions. B. SPNs grown with
lower cortical cell ratio (1:3) have shorter total dendritic length compared to the other condition
[n=44(4) and 45(4) for 1:1 and 1:3 conditions, respectively; paired t-test, ***p<0.0001]. Moreover,
dendritic complexity indicated by Sholl analysis is reduced significantly in coculture plated at
lower cortical ratio [C. n=44(4) and 45(4) for 1:1 and 1:3 conditions, respectively; interaction
***p<0.0001, ratio *p=0.0388 and radius ***p<0.0001 by repeated measures two-way ANOVA;

by Bonferroni’s post-tests, *p<0.05 at 55 and 70 um].
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2.3.3 Cortical-striatal Ratio Affects the Density of Excitatory Synapses onto SPNs

To determine if the cortical-striatal ratio in cocultures influences excitatory cortical synapses
onto SPNs, we measured spine density and excitatory synapse density along dendritic segments
>40 um away from the soma with immunocytochemistry, staining the pre- and postsynaptic
markers vGlutl and PSD-95, respectively. Our results showed a trend towards reduction in spine
density per unit length (~15%; Figure 2-3 A and Bi) and a significant decrease in the density of
colocalized puncta of PSD-95 and vGlutl along the dendrites (~24%; Figure 2-3 A and Bii) in
cocultures plated at the 1:3 compared with 1:1 ratio. Interestingly, the density along dendrites of
both individual PSD-95 and vGlutl puncta only showed a trend toward reduction in the cocultures
plated at the lower cortical ratio (Figure 2-3 Ci and Cii), suggesting that cortical-striatal ratio does
not significantly affect development of major pre- and postsynaptic elements of striatal excitatory
synapses, but only synapse formation in culture.

Miniature EPSC frequency recorded from SPNs in cocultures plated at the lower cortical ratio
showed a strong trend toward a lower mean (~26% decreased; p=0.1389 by Mann Whitney test)
in comparison with cocultures plated at the higher cortical ratio (Figure 2-4 A and Bi). The
cumulative probability analysis of the event frequency showed a shift toward lower frequency
distribution in cocultures plated at the lower cortical ratio (Figure 2-4 Bii; significant interaction
effect by repeated-measures 2-way ANOVA). Although the mean mEPSC amplitude was almost
identical (Figure 2-4 Ci), a cumulative probability plot suggested a difference in distribution of
amplitudes with slightly smaller amplitude events for the 1:3 cocultures (Figure 2-4 Cii; significant
interaction effect by repeated-measures 2-way ANOVA). Together, these data suggest that a
change in the cortical-striatal ratio has little effect on SPN synaptic AMPA receptor current but

does impact excitatory synapse number in cocultures.
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Figure 2-3 Cortical-to-striatal neuron ratio in coculture impacts dendritic excitatory synapse
density.

A. Representative photomicrographs of immunostaining for YFP, PSD-95 and vGlutl. White
lines, generated in ImageJ, outline the shapes of spines and dendrites in higher magnification
graphs. Green arrows indicate colocalized PSD-95 and vGlutl puncta (far right). Bi. Spine density
along the SPN dendrites >40 um away from soma shows a nonsignificant (n.s.) decrease in 1:3
compared to 1:1 ratio coculture [n=45(3) for both 1:1 and 1:3 plating-ratio; paired t-test,
p=0.1127]. Bii. Density of colocalized PSD-95 and vGlutl puncta along dendrites is lower in 1:3
than in 1:1 plating-ratio [n=45(3) for both 1:1 and 1:3 conditions, paired t-test, *p=0.0213]. C.
Individual PSD-95 (Ci.) and vGlutl (Cii.) puncta densities along dendrites trend lower for 1:3
condition compared with SPNs from 1:1 C-S cocultures, but neither is statistically significant. [Ci.
PSD-95 puncta density: n=45(3) for both 1:1 and 1:3 conditions; paired t-test, p=0.0679; Cii.

vGlutl puncta density: n=45(3) for both conditions; paired t-test, p=0.089].
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Figure 2-4 The proportion of cortical neurons to striatal SPNs in coculture affects SPN
miniature excitatory postsynaptic current (mMEPSC) frequency.

A. Typical current traces of mEPSCs at DIV18 show a decreased number of events in SPNs
from coculture plated at a 1:3 ratio. Bi. Mean mEPSC frequency trends lower in SPNs in 1:3 than
in 1:1 coculture [n=39(6) for 1:1 and n=45(7) for 1:3 ratio; Mann Whitney test, p=0.1389]. Bii.
Cumulative probability of interevent intervals shows a rightward shift, toward longer interevent
intervals for SPNs in 1:3 coculture [n=39(6) for 1:1 and n=45(7) for 1:3 ratio; by repeated-
measures 2-way ANOVA, interaction ****p<0.0001, and cortical-striatal ratio p>0.05]. Ci. Mean
amplitude of striatal mEPSCs is similar in the 2 different cocultures [n=39(6) for 1:1 and n=45(7)
for 1:3 ratio; unpaired t-test, ratio p=0.9347], but its cumulative probability plot (Cii.) shows a
small difference at higher mEPSC amplitudes between the 2 coculture conditions [Cii. n=39(6) for
1:1 and n=45(7) for 1:3 ratio; repeated-measures 2-way ANOVA, interaction ****p<0.0001, and
ratio p>0.05].
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2.3.4 Level of Cortical Abundance Influences the NMDA Receptor Distribution on SPN
Cell Membrane

NMDA receptor distribution and activity at synaptic and extrasynaptic sites have been shown
to determine neuronal survival vs. cell death signaling (169). Since, in our study, the decrease of
cortical neuronal abundance relative to striatal neurons in cocultures downregulated the density of
glutamatergic synapses on striatal SPNs (Figure 2-3 Bii), we were interested to know whether this
reduction would shift the balance of synaptic and extrasynaptic NMDA receptors in striatal
neurons. To address this question, we measured the total whole cell NMDA receptor current and
compared this to the extrasynaptic NMDA receptor current isolated by specifically blocking
synaptic receptors with MK801 within each cell (Figure 2-5 Ai). Our results showed that the charge
transfer density (Figure 2-5 Aii and Bi) and peak current density (Figure 2-5 Ci) of striatal SPNs
were similar for total whole cell NMDA receptor current in both 1:1 and 1:3 conditions; however,
the proportion of current carried by extrasynaptic NMDARs was significantly larger in the 1:3
cocultures (Figure 2-5 Bii and Cii), suggesting that increased cortical input upregulates synaptic
and downregulates extrasynaptic NMDA receptors. Altogether, these data demonstrate that a
change in the amount of cortical neurons relative to SPNs does not impact the overall density of

NMDA receptors on the cell membrane, but it does influence their surface membrane distribution.
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Figure 2-5 Reduced abundance of cortical neurons enhances proportion of extrasynaptic
NMDA receptors in cocultured SPNs.

Ai-ii. Representative current traces before and after MK801 application to block synaptic
NMDA receptors (NMDARS), and in response to NMDA application. Black traces represent total
(synaptic and extrasynaptic) currents, whereas light grey traces represent currents through
extrasynaptic NMDARSs (Aii). The charge transfer density of the total NMDAR current (Bi.) is
similar [n=10(4) for 1:1 and n=9(3) for 1:3 ratio; p=0.3206], but the proportion of current carried
by extrasynaptic NMDARs (Bii.) is significantly higher in cocultures with a 1:3 ratio [n=10(4) for
1:1 and n=9(3) for 1:3 ratio; ***p<0.0001]. Moreover, the whole cell NMDAR peak current
density (Ci.) is similar [n=10(4) for 1:1 and n=9(3) for 1:3 ratio; p=0.1221], whereas the proportion
of peak current mediated by extrasynaptic NMDARs (Cii.) is higher in 1:3 than in 1:1 cocultures
[n=10(4) for 1:1 and n=9(3) for 1:3 ratio; ***p<0.0001]. Unpaired t-tests were conducted in all

statistical analyses.
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2.3.5 Increased Cortical-striatal Ratio Upregulates SPN Basal Level Pro-survival
Signaling and Resistance to Apoptosis

Because our study suggested that cortical neuronal abundance impacts NMDA receptor
membrane distribution on SPNs, a factor that determines the neuronal survival-death signaling
balance, we wondered whether altering the proportion of cortical to striatal neurons would change
SPN vulnerability to a harmful stimulus. We measured the basal level of pro-survival signaling as
reflected by activation of the master pro-survival transcriptional regulator, nuclear pCREB, by
assessing the ratio of nuclear to cytoplasmic pCREB (pCREB ratio) (124,414) (Figure 2-6 Ai) in
order to eliminate inter-culture difference. The pCREB ratio measured in SPNs was significantly
lower in cocultures plated at the lower cortical ratio (Figure 2-6 Aii), suggesting that the reduction
in cortical-striatal neuronal ratio decreases the basal level of pro-survival signaling through
PCREB. We also exposed 1:1 and 1:3 ratios to different concentrations of NMDA in conditioned
medium at DIV17-19 for 15 min and waited for 1 h to let the cells respond (Figure 2-6 Bi). Our
result showed that the apoptotic cell percentage was significantly higher in cocultures plated at the
lower cortical ratio (Figure 2-6 Bii), indicating that the reduction of cortical neurons renders striatal
SPNs more vulnerable to an apoptotic stimulus. Together, these data support our conclusion that

the proportion of cortical neurons determines the cell survival capacity of striatal SPNs in vitro.
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Figure 2-6 Reduction in cortical neuron proportion reduces pro-survival signaling of striatal
SPNs and enhances their vulnerability to excitotoxic injury.

Ai. Typical photomicrographs of striatal SPNs (soma) labeled with YFP, whose signal is
enhanced with green secondary antibody; cell nuclei are visualized with Hoechst (blue), and
pCREB staining is shown in red. Aii. The nuclear-to-cytoplasmic pCREB ratio is significantly
lower in SPNs in coculutres plated at 1:3 vs. 1:1 ratio [n=67(4) for both conditions; paired t-test,
*p<0.05]. Bi. Representative photomicrographs of live and apoptotic striatal SPNs in C-S
cocultures plated at 1:1 and 1:3 ratios. Live neurons have a large, loosely compacted nucleus and
show abundant dendritic processes, whereas a small, round, compacted nucleus associated with
few if any dendritic processes is a signature of an apoptotic cell. Bii. 1:3 C-S coculture exhibits a
higher proportion of apoptotic cells after NMDA challenge (culture batch n=5, 5, and 4 for both
1:1 and 1:3 plating ratios at 0, 30, and 50 uM NMDA,; by 2-way ANOVA, interaction *p=0.0325,
ratio ***p=0.0006 and NMDA concentration ***p<0.0001; by Bonferroni’s post-tests *p<0.05 at

30 uM, and **p<0.01 at 50 uM NMDA).

75



2.4 Discussion

Cocultures composed of neurons that originate from distinct brain regions that are synaptically
connected in vivo have become a popular platform to study these connections in a well-controlled
in vitro system. Although most previous work has combined cortical and striatal neurons in equal
numbers to generate C-S connections in culture, we hypothesized that a lower proportion of
cortical neurons could more closely recapitulate conditions in the striatum in vivo, which receives
robust glutamatergic cortical (and thalamic) afferents but is composed of >90% GABAergic
medium-sized spiny projection neurons (SPNs). In this chapter, we compared C-S cocultures with
two different concentrations of cortical neurons to understand how the ratio of cortical to striatal
neurons impacts striatal SPN physiology, dendritic morphology, membrane receptor distribution
and vulnerability to excitotoxic stress. Our results indicate that manipulation of cortical-striatal
neuronal ratio does not substantially alter many of the striatal neuronal basic membrane properties.
However, striatal SPNs in coculture with a lower cortical neuron proportion (plating ratio of 1:3)
showed reduced membrane capacitance and dendritic arborization, decreased numbers of
excitatory synapses, and enhanced vulnerability to an excitotoxic challenge associated with
reduced basal pCREB and an increased proportion of extrasynaptic NMDA receptors.

It is interesting that despite the reduction in cortical neurons and excitatory synapses on striatal
SPNs in cocultures plated at the 1:3 ratio, the SPN input resistance, resting membrane potential,
and excitability were not substantially changed. On the other hand, SPN resting potential showed
a strong trend towards being more hyperpolarized in the 1:3 cocultures. One possible reason for
this difference may be in the contribution of leak and/or inwardly rectifying potassium channels.
Moreover, in our coculture system, the resting membrane potential was considerably depolarized

(~-51 to -55 mV) compared with the dominant “downstate” resting membrane potential in vivo (~
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-86mV) (416), and striatal SPNs showed an apparent lack of inwardly rectifying potassium current
(Figure 2-1 Di), which would be consistent with the absence of dopaminergic input in our
cocultures, as suggested by a previous study (417). Further experiments would help clarify these
potential differences. Still, the resting potential of SPNs in coculture with the lower ratio of cortical
neurons was relatively closer to that of the in vivo condition, as previously reported (418).

We found that the reduction in the density of excitatory synapses along striatal SPN dendrites,
as reflected by the colocalization of PSD-95 and vGlutl, was only ~24% for the cocultures plated
at the lower cortical ratio, whereas the number of cortical neurons per striatal neuron plated was
decreased by ~67%. However, as shown in Table 2-1, further examination revealed that the density
of MAP2-positive cells that were DARPP32-negative (putative cortical neurons) in our cocultures
was only ~25% lower in the 1:3 vs. 1:1 plating ratio, while the density of DARPP32-positive cells
(striatal SPNs) was nearly identical. These results suggest that over the course of development in
vitro, cortical and striatal cells in our coculture experience a compensatory alteration in rate of
differentiation and/or apoptosis, which acts to normalize the relative abundance of cells with
different origins. Thus, the modest reduction in functional (~26% for mean mEPSC frequency; not
significant) and morphological measures of excitatory synapses of striatal SPNs in the cocultures
plated at the lower cortical ratio is roughly commensurate with the modest difference in cortical-
striatal SPN cell density. That said, we still cannot exclude the possibility of alteration in cortical
glutamatergic presynaptic terminals, such as a compensatory enhancement in synaptic vesicle
release probability in 1:3 cocultures, since the combination of reduced SPN dendritic length and
synaptic density by immunostaining would predict a more robust, and significant, reduction in

MEPSC frequency than we observed.

77



Some features of striatal SPNs in our cocultures differ from those found in ex vivo brain slices
or other coculture conditions. Recordings made from SPNs in acute striatal slice from 2-month old
mice show mEPSC frequency of ~2.5-3 Hz (102,419), which includes excitatory projections from
thalamus as well, whereas SPNs in our cocultures show mean mEPSC frequencies of ~8.3 and
~11.3 Hz for 1:3 and 1:1 plating ratios, respectively. Still, the lower cortical ratio coculture once
again more closely matches the ex vivo condition than the 1:1 ratio coculture.

Moreover, the density of spines on striatal SPNs that we observed in both sets of cocultures is
~50% that reported in a previous study (411). However, Tian and colleagues (411) started with
postnatal day 1 and 2 (P1-2) striatal tissue, which was then cocultured with E17-18 cortical
neurons; in this study, we started with E18 cortical and striatal tissue. After 18 days in vitro, the
striatal SPNs in our cocultures may not have achieved the same level of maturity, which could
contribute to the reduced spine density. The reduced absolute cell density at the time of plating in
our study compared with that of the previous study could also be a factor.

In this study, we also found that although the overall density of surface NMDA receptors,
reflected by the whole cell NMDA-evoked current normalized to cell capacitance, was similar for
SPNs from the two coculture conditions, the proportion of extrasynaptic NMDA receptors was
increased, suggesting a corresponding reduction in synaptic NMDA receptors, in the 1:3
cocultures. According to a variety of studies (169), such a change in NMDA receptor distribution
would be expected to alter cell survival/death signaling and shift SPNs toward enhanced
susceptibility to harmful stimuli. Consistent with this idea, we found that basal pro-survival
signaling through pCREB was reduced by ~16%, whereas sensitivity to NMDA-induced apoptotic

cell death was increased by ~22 — 32% in SPNs from 1:3 cocultures. Thus, as predicted by the
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prevailing model (169), in our coculture system the change in NMDA receptor distribution is
closely correlated with dephosphorylation of nuclear CREB, and weakening of neuronal health.
Together, our results demonstrate that culture conditions, in this case the plating ratio of
two different neuronal types, influence key characteristics of mature cultured neurons. In our
studies, cortical neuronal abundance influenced striatal SPN membrane area, dendritic
arborization, excitatory synapse numbers, NMDA receptor distribution, pro-survival signaling and
susceptibility to stressful stimuli. As well, the lower cortical ratio resulted in striatal SPN resting
membrane potential and mEPSC frequency that more closely matched recordings from striatal
SPNs in acute brain slice or in vivo. Moreover, our data highlight the fact that changes in neuronal
type proportion can affect experimental outcome measures, especially NMDA receptor

distribution and vulnerability to excitotoxicity.
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Chapter 3: Neuroprotective Role of Wild-type Huntingtin in Neurons
Originated from Distinct Brain Regions in Cortico-striatal Coculture versus

Hippocampal Monoculture

3.1 Introduction

Huntington’s disease (HD) is a dominantly inherited neurodegenerative disorder, caused
by expansion in the poly-glutamine-encoding CAG repeat of the huntingtin gene, HTT; HD occurs
when the CAG repeat expands beyond 35 (4). The disease develops progressively and manifests
with a movement disorder, along with psychological disturbances and cognitive deficits, over a
period of 15 to 30 years until death. HD causes atrophy and neuronal loss in a variety of brain
regions (420-422), of which the striatum is most severely affected.

Although HD is thought to result primarily from a gain-of-function mutation in huntingtin
(Htt), a variety of studies indicate that loss of wild-type huntingtin (wtHtt) function contributes to
pathophysiology (423). Evidence suggests that striatal neurodegeneration in HD is caused, in part,
by over-activation of NMDA-type glutamate receptors (NMDAR), especially extrasynaptic
NMDAR (297,298,424,425). Interestingly, previous work has shown that wtHtt protects cells from
apoptotic death, including NMDAR-mediated excitotoxicity in striatal medium-sized spiny
neurons [MSN, i.e. spiny projection neurons (SPN)] in primary culture and in vivo (402) as well
as 3-nitropropionic acid-induced oxidative stress in an immortalized striatal cell line (329).
Although atrophy and neuronal loss occur first in the striatum, cortical (254,422) and hippocampal
(3,256) neurons also degenerate in later stages of the disease. Thus, it is of interest to investigate

whether Htt can provide neuroprotection for cortical and hippocampal neurons.

80



CAMP response element-binding protein (CREB) is a cellular transcription factor that binds
to cAMP response element (CRE) DNA sequences and thereby modifies downstream gene
transcription. Not only does CREB have a well-documented role in neuronal plasticity (426), it
also links to cell survival signaling in neurons (427) by increasing the transcription of pro-survival
genes. CREB is activated by phosphorylation to form pCREB (phosphorylated CREB), and it has
been reported that higher pPCREB to CREB ratios correlate with greater transcription of cell
survival genes in an undifferentiated cell line (428,429). In the YAC128 mouse model of HD,
which expresses human Htt with an ~128 glutamine repeat on FVB/N genetic background, the
nuclear pCREB level is reduced in striatum (298) but can be restored by treatment with the
extrasynaptic NMDAR-selective inhibitor memantine (304), which also rescues neuropathology
and motor function (424). These data suggest that pro-survival signaling, as reflected by nuclear
pPCREB levels, is correlated with neuronal resistance to cell death, but this relationship has not
been tested throughout the brain yet.

Cortical afferent projections are the primary input for the striatum. They are glutamatergic,
synapsing mainly on spine heads of medium-sized spiny projection neurons in striatum, and the
main source of brain-derived neurotrophic factor (BDNF) that is required for striatal neuronal
survival. Many lines of research suggest that cortical BDNF transcription, trafficking and release,
which is regulated by wtHtt (135,158), are reduced in cortex of HD (Figure 1-3), both in human
patients and animal models (135). BDNF transcription was shown to be regulated by CREB in
cortical neurons (430). However, it remains to be determined to what extent striatal neuronal
properties are modulated by the cortical projections relative to striatal-itself, such as pro-survival

signaling and neuronal resistance to apoptosis via the BDNF signaling pathway.
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Here, we used primary hippocampal and cortical-striatal neuronal cocultures to determine
whether pro-survival signaling, as reflected in nuclear pCREB levels, and sensitivity to NMDA-
induced apoptosis were altered by overexpression of wtHtt. Further, mixed-genotype cocultures,
selectively overexpressing wtHtt in cortical vs. striatal neurons, were used to distinguish cell-
autonomous from cell-cell interaction effects of wtHtt. Together, our results extend understanding

of wtHtt’s role in neurons from different brain regions, which may help guide treatment in HD.
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3.2 Methods
3.2.1 Transgenic Mice

All data were acquired from neurons of FVB/N wild-type (WT, control) and YAC18 (line
212) mice; the latter express full-length human wtHtt with an 18 poly-glutamine repeat on an

FVB/N background (94).

3.2.2  Primary Neuronal Culture Preparation

Animal care and all procedures were approved by the University of British Columbia,
according to guidelines of the Canadian Council for Animal Care. All primary neuronal cultures
were prepared from embryonic day 18 (E18) WT mice and YAC18 transgenic mice as previously
described (125,300). Briefly, the density of cells was approximately 650 cells/rmm? except for
experiments testing excitotoxicity in coculture, in which a density of 436 cells/mm? cells was used.
Brains were removed rapidly and placed on ice. Striatal, cortical and hippocampal neurons were
dissociated from the tissues and counted. On the day of plating (day in vitro — DIV — 0), one cell
population (either striatal, cortical or hippocampal) was labeled with yellow fluorescent protein
(YFP) plasmid on a B-actin promoter (gift from Ann Marie Craig, the University of British
Columbia) (124) for identification from the other by transfecting in electroporation buffer (Mirus
Bio. LLC; Madison, WI) with nucleofection (Amaxa; Lonza bio.; Walkersville, MD) according to
manufacturer’s guidelines. YFP-transfected striatal cells were co-plated with untransfected
cortical cells or YFP-transfected cortical neurons were cocultured with untransfected striatal
neurons, at a 1:3 ratio (cortical:striatal) for excitotoxicity and 1:1 ratio for all the other coculture
experiments, on 12-mm poly-D-lysine pre-coated coverslips in a 24-well plate. YFP-transfected

hippocampal neurons were supplemented with the same amount of untransfected hippocampal
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neurons and plated. Since >90% of neurons from rodent striatal tissue are medium-sized spiny
projection neurons, we refer to striatal neurons as “MSN” throughout.

All cultures were maintained in DMEM (Invitrogen) with 10% fetal bovine serum
(DMEM+) for 3 h, then switched to serum-free NeuroBasal plating medium (Gibco),
supplemented with B27, penicillin/streptomycin, glutamine (Gibco) in a humidified 37°C, 5% CO:

incubator, and refreshed every 5-7 days by a half-medium change.

3.2.3  Excitotoxicity Assay and Immunostaining

The excitotoxicity assay was conducted at DIV14 or 18. N-Methyl-D-aspartic acid
(NMDA; M3262; Sigma-Aldrich) of different micromolar concentrations was applied to the
cultured neurons for 15 min, followed by twice washes with plating medium, and cultures were
then switched to conditioned medium for 1 h in a humidified 37°C, 5% CO- incubator to allow
apoptosis to develop. Then cells were fixed with 4% paraformaldehyde (PFA) for 30 min,
permeabilized with 1% Triton X-100 in PBS for 5min, and incubated with 0.03% Triton X-100 in
(PBST) with 10% normal goat serum [NGS; 40 min, at room temperature (RT)]. The neurons were
immunostained with chicken polyclonal anti-green fluorescent protein (GFP) antibody (binds to
YFP as well; 1,000; ab13970; Abcam) with or without mouse monoclonal anti-phosphorylated
CREB antibody (1:500; 05-667; Millipore) in PBST with 2% NGS for 3 h at RT. Neurons were
then washed (PBST, x3), incubated with goat anti-chicken Alexa Fluor 488 (1:1,000; A-11039;
Invitrogen) with or without goat anti-mouse Alexa Fluor 568 (1:1,000; A-11031; Invitrogen) in
PBST with 2% NGS for 1.5 h at RT, washed again (PBST, x3), incubated with 5uM Hoechst
33342 (10 min at RT) in PBST, washed again (PBST, x3), and mounted on slides with

Fluoromount-G (0100-01; SouthernBiotech). Cells with round, small, densely compacted nuclei
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were counted as apoptotic, whereas those with loosely compacted, large nuclei were regarded as
healthy cells (Figure 3-3 A and B); apoptotic neurons were assessed as a proportion of at least 200
total GFP-positive cells in each condition of hippocampal culture, and 50 total GFP-positive cells
for corticostriatal (C-S) cocultures. Images for representative photomicrographs and pCREB
signal analysis were acquired under a 63x% oil lens with Zeiss Axiophot microscope. Nuclear-to-
cytoplasmic pCREB ratios were acquired by comparing the average pCREB signal intensity over
the entire area of the nucleus to an average of three randomly chosen regions in the cytoplasm

(Figure 3-1 A), using ImageJ software (1.47v; NIH, USA).

3.2.4  Drug Treatment

Brain-derived neurotrophic factor (BDNF; 2837-human; Tocris) was applied to the
neuronal cultures at DIV10, 14, 17, or 21 at a concentration of 5 nM for 1 or 2 h in 500 pl
conditioned medium in a 37°C, 5% CO- incubator. Alternatively, the neuronal cultures were
treated with TrkB-Fc (recombinant human TrkB-Fc chimera; 688-TK-100; R & D) of different
concentrations (0.7, 1.5, 3, 6 pg/ml) in conditioned medium for 1 or 4 h at 37°C, 5% CO,. All
treatments were followed by fixation with 4% PFA, permeabilization, blocking, and
immunostaining with primary antibodies (chicken polyclonal anti-GFP antibody and mouse
monoclonal anti-pCREB*"*%) and secondary antibodies (goat anti-chicken Alexa Fluor 488 and
goat anti-mouse Alexa Fluor 568) as described above (Excitotoxicity and Immunostaining
sections); nuclei were labeled with Hoechst 33342, and slides were mounted as for the
excitotoxicity assay. Out of a total of 50 batches of cultures in which pCREB levels were compared

with/without BDNF treatment, one (WT hippocampal) showed a >20% decrease in average
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nuclear pCREB intensity and nuclear to cytoplasmic pCREB ratio for BDNF-treated compared to

untreated neurons within the same culture, these results were excluded from further analysis.

3.25 Data Analysis
All data were analyzed, presented as means * S.E., and figures were created with Prism
(4.00, 2003; GraphPad Software). Graphs were built with Adobe Illustrator CC (2014.0.0; Adobe

Systems).
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3.3 Results
3.3.1 Region-specific Pro-survival Signaling Alteration by wtHtt Overexpression
Scaffolding proteins in the postsynaptic density protein 95 (PSD-95) family facilitate
assembly and stabilization of postsynaptic receptors in excitatory synapses (431). Indeed,
enhanced levels of PSD-95 in synapses are linked to increased numbers of synaptic AMPA
receptors in hippocampal and cortical neurons (432-434). Interestingly, overexpression of wtHitt,
in a comparison of primary neuronal cultures from WT vs. YAC18 mice, increased synaptic levels
of PSD-95 but failed to alter levels of synaptic AMPA receptors in striatal neurons cocultured with
cortical neurons (125), suggesting brain region-specificity. To test if this specificity is a general
rule and if it applies to pro-survival signaling, we cultured YFP-labeled striatal neurons with
cortical neurons, YFP-labeled cortical neurons with striatal neurons, or YFP-labeled hippocampal
neurons with unlabeled hippocampal neurons, and immunostained against pCREB at DIV14,
comparing WT and YAC128 cultures (Figure 3-1 A). As our work in the previous chapter (Chapter
2) on C-S coculture suggested that the abundance of cortical neurons has a minor influence on
SPN membrane properties, | chose to use a plating ratio of 1:1 cortical-to-striatal neurons (unless
otherwise indicated) because of its wide application in previous studies. Because many of these
experiments comparing the two genotypes were done in an unpaired manner, using cultures
prepared on different days and immunocytochemical staining with different batches of antibodies,
the absolute levels of nuclear pCREB fluorescence intensity varied widely between experiments;
therefore, the ratio of nuclear to cytoplasmic pCREB levels was assessed within each cell to reduce
inter-batch variability. We have utilized this method in previous studies of striatal neurons in this

cortical-striatal coculture system (124) and observed a tight correlation between an increase in the
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nuclear-to-cytoplasmic pCREB ratio by immunocytochemistry and increased fluorescence from
the CRE-luciferase reporter, in response to stimuli known to enhance survival signaling (124).

As shown in Figure 3-1 A and B the nuclear-to-cytoplasmic pCREB ratio to eliminate
staining difference from batch to batch (herein referred to as “pCREB ratio”) of YAC18 striatal
MSN was significantly higher than that of WT (Figure 3-1 Bi). By contrast, this ratio was similar
between genotypes in cortical and hippocampal neurons (Figure 3-1 Bii and Biii), suggesting brain
region-specific elevation of pro-survival signaling in striatal neurons by wtHtt overexpression. To
test whether any genotype differences in the pCREB ratio could be due to a shift from cytoplasm
to nucleus, we compared pCREB levels in the cytoplasm of WT and YAC18 striatal neurons in
paired experiments. The cytoplasmic pCREB level was similar between the two genotypes (the
mean cytoplasmic pCREB for YAC18 normalized to WT is 0.930 in 8 paired coculture
experimtents). This result gave us confidence that a change in nuclear-to-cytoplasmic pCREB ratio
largely reflected modulation of nuclear pCREB levels.

Previously, we found that presynaptic wtHtt overexpression in cortical neurons (from
YAC18 mice) enlarges PSD-95 cluster size in non-transgenic postsynaptic striatal neurons in
coculture, likely through enhanced BDNF release from cortical terminals (125). Since BDNF can
also induce nuclear CREB phosphorylation via TrkB receptors and activation of mitogen-activated
protein  kinases  (MAPK)/extracellular  signaling-regulated  kinases (ERK) and
phosphoatidylinositol 3 kinase (PI13K)/Akt pathways (435), we tested regional specificity in all
three neuronal types by treating with BDNF to upregulate the pro-survival signaling via pCREB.
We treated cultured neurons with 5 nM BDNF and measured the pCREB immunostaining two
hours later. Since these were paired experiments (comparisons of pCREB levels within the same

culture, immunostained at the same time, in wells treated or not with BDNF), we assessed both
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absolute nuclear pCREB intensities and the nuclear-to-cytoplasmic pCREB ratio (Figure 3-1 Ci
and Cii). In all three neuronal types, the pattern of response to BDNF treatment was identical
whether assessed by absolute or relative (nuclear-to-cytoplasmic ratio) pPCREB levels. The BDNF-
induced elevation in nuclear pPCREB was significantly greater in WT than in YAC18 striatal MSN
(Figure 3-1 Ci), suggesting that BDNF-induced downstream signaling is relatively occluded in
YAC18 striatal neurons. In contrast, the increase in nuclear pPCREB was significantly greater in
YAC18 than WT cultures for both cortical and hippocampal neurons (Figure 3-1 Ci). The nuclear-
to-cytoplasmic pCREB ratio showed the same pattern as nuclear pCREB did (Figure 3-1 Cii).
Together, these results indicate that wtHtt regulates pro-survival signaling in a neuronal type-

and/or region-specific manner.
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Figure 3-1 wtHtt overexpression has region-specific impact on phosphorylated CREB levels
in YAC18.

A. Representative photomicrographs showing nuclear-to-cytoplasmic pCREB ratio
measurement in representative neurons from the striatum, hippocampus and cortex in culture. N
indicates the nucleus. B., C. Comparison of basal and BDNF-induced pCREB ratio between
genotypes in different neuronal types. In all experiments, the number of different neurons
measured is indicated as n, and the number of independent culture batches is shown in parentheses.
wtHtt overexpression enhances the basal pCREB ratio in striatal MSN [Bi.: WT n=66(5) and
YAC18 n=67(5); by unpaired t-test *xp<0.01; DIV14], but not cortical [Bii.. WT n=60(6) and
YAC18 n=62(6); by unpaired t-test p>0.05; DIV14] or hippocampal neurons [Biii.: WT n=82(8)
and YAC18 n=70(7); by unpaired t-test p>0.05; DIV14]. Treatment with BDNF (5 nM for 2 h)
increases the nuclear pCREB more in WT than YAC18 striatal MSN [Ci. striatal MSN: WT
n=40(4) and YAC18 n=40(4); by unpaired t-test *p<0.05; DIV17]; in contrast, BDNF enhances
the nuclear pPCREB more in cortical and hippocampal neurons from YAC18 than from WT mice
[Ci. cortical: WT n=50(4) and YAC18 n=35(3); by unpaired t-test *p<0.05; DIV17; Ci.
hippocampal: WT n=40(3) and YAC18 n=35(3); by unpaired t-test **xp<0.001; DIV17]. The
nuclear-to-cytoplasmic pCREB ratio showed the same pattern [Cii. striatal MSN: WT n=40(4) and
YAC18 n=40(4); by unpaired t-test **p<0.01; DIV17; Cii. cortical: WT n=50(4) and YAC18
n=35(3); by unpaired t-test **p<0.05; DIV17; Cii. hippocampal: WT n=40(3) and YAC18
n=35(3); by unpaired t-test *xxp<0.001; DIV17). # indicates significant increase of nuclear

pCREB intensity and the pCREB ratio for BDNF-treated compared with control of same genotype.
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3.3.2 Nuclear pCREB Augmentation in Striatal Neurons Requires wtHtt Overexpression
in both Cortical and Striatal Neurons

Since the striatum is most susceptible to neurodegeneration in HD, and wtHtt
overexpression increased basal pro-survival signaling selectively in striatal MSNs, we next
examined the contribution of cortical (presynaptic) and striatal (cell-autonomous) wtHtt
overexpression in elevating basal striatal nuclear pPCREB levels. We prepared chimeric cocultures
of cortical (CTX) and striatal (MSN) neurons from WT and YAC18 mice and measured the
PCREB ratio in the striatal neurons. The pCREB ratio was highest in YAC18/YAC18 cocultures,
although the difference was only significant when compared with MSN in the WT/WT and WT
MSN/YAC18 CTX (by 1-way ANOVA and Bonferroni’s posttests; Figure 3-2 A). Moreover,
although there was a trend toward increasing pCREB in YAC18 MSN/WT CTX > WT
MSN/YAC18 CTX > WT/WT (Figure 3-2 A), there were no significant differences among these
groups. These results indicate that overexpression of wtHtt is required in both cortical and striatal
neurons to significantly elevate the pCREB ratio in striatal neurons.

Because wtHtt overexpression upregulates transcription of BDNF in cortex (135), we
postulated that BDNF conducts signals from cortical to striatal neurons that contribute to the
increase in YAC18 striatal nuclear pCREB, as suggested in Figure 3-1 Ci. To further test our
hypothesis that an increased BDNF level in wtHtt-overexpressing (YAC18) cortical neurons
enhances pro-survival signaling in striatal MSN, we investigated the effect of modulating
extracellular BDNF levels on the pCREB ratio over the course of development in WT and YAC18
cocultured striatal MSN. BDNF (5 nM for 1h) brought the pCREB ratio to a similar level in WT
and YAC18 at all time-points (not shown), and the fold-increase in pCREB ratio induced by BDNF

was greater in WT than YAC18 MSN at DIV14 and 21 (Figure 3-2 B), suggesting saturation of
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the pro-survival signaling pathway in YAC18 MSN by BDNF. However, at DIV10 there was no
difference in basal (not shown) or BDNF-induced increases in pCREB ratio between WT and
YAC18 MSN (Figure 3-2 B), indicating that striatal neurons show a genotype difference only at
more mature culture stages. Moreover, we reduced endogenous, extracellular BDNF levels with
TrkB-Fc, a soluble scavenger, and found that a 4-fold higher concentration of TrkB-Fc was
required to reduce the pCREB ratio by ~40% in YAC18 compared to WT MSNs (Figure 3-2 C).
These results are consistent with the idea that overexpression of wtHtt upregulates nuclear pPCREB
in striatal MSN in part via BDNF signaling — likely as a result of cortical release; however, we
cannot rule out a strong striatal cell-autonomous effect on pCREB (see Figure 3-2 A), independent

of BDNF, that occludes the effect of modulating extracellular BDNF levels.

94



<C

=
E g
= > L
_ ;
ot /]
\ /
/ /
ol 4
A QL
_
_
_
2 wo = 4 g 9
] o~ o~ - - =
(waou) ggynd 2jwsejdojhajieajanu
&
*
*
w0 o o~ @ © ™
- - - = = <]

(waou) ggyod swsejdojfajieajanu

DIv14 Div21

DIv10

n.s.

*k

Kk
T

.

T T
N @ © = N

(uuou) g3y od swseidojfopeajonu

0
Al

95



Figure 3-2 The basal elevation in pCREB ratio in YAC18 striatal MSN depends on both
cortical projections as well as striatal cell-autonomous effects.

A. Nuclear-to-cytoplasmic pCREB ratios measured in striatal MSN in chimeric DIV14
cocultures of cortical and striatal neurons from WT and YAC18 mice. In all experiments, the
number of different neurons measured is indicated as n, and the number of independent culture
batches is shown in parentheses. The basal pCREB ratio is significantly higher in striatal MSN
from YAC18/YAC18 compared with WT/WT striatal MSN/cortical cocultures [n=92(8) and
n=86(8), respectively; by 1-way ANOVA and Bonferroni’s post-test, **p<0.01]. witHtt
overexpression in both MSN and CTX significantly increases the pCREB ratio compared with
wtHtt overexpression in CTX only (YAC18/YAC18 vs. WT MSN/YAC18 CTX) [n=92(8) and
87(8) in each; by 1-way ANOVA and Bonferroni’s post-test, *p<0.05]. Also, the basal pPCREB
ratio for MSN in purely YAC18 cocultures shows a strong trend towards being higher than MSN
in cocultures overexpressing wtHtt in MSN only (YAC18 MSN/WT CTX) [n=92(8) and 89(8) in
each; by one-way ANOVA and Bonferroni’s post-test, t=2.301]. Moreover, there is no significant
difference in WT/WT, YAC18 MSN/WT CTX, and WT MSN/YAC18 CTX pCREB ratios. B.
Genotype difference in response to BDNF treatment (5 nM, 1 h) is significant for DIV14 and
DIV21 [DIV10, 14, 21: WT n=17(3), 45(4), 32(4) and YAC18 n=19(3), 23(3), 26(5); 2-way
ANOVA and Bonferroni’s post-test showed DIV10 p>0.05, DIV14 %xp<0.01, DIV21 p>0.05,
genotype *p<0.05, DIV *x%p<0.001, and interaction p>0.05; by unpaired t-test, at DIVV10 p>0.05,
at DIV14 **p<0.01, and at DIV21 #p<0.05]. C. A 4-fold higher concentration of TrkB-Fc is
required in YACI18 than in WT cocultures to significantly reduce the basal MSN pCREB ratio by
40% (from left to right: WT n=68(8), 38(4), 30(3) and YAC18 n=63(9), 28(3), 18(2), 18(2), 18(3);

by 1-way ANOVA and Bonferroni’s post-test, 1.5ug/ml for 4hr treatment in WT is significantly
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different from control, *xxp<0.001, whereas in YAC18, only the 6ug/ml for 4hr treatment is

significantly different from control, **p<0.01).
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3.3.3 Increased Expression of wtHtt Protects Hippocampal, Striatal, and Cortical Neurons
against NMDA-induced Excitotoxicity in Culture

Numerous lines of evidence suggest that early-stage NMDAR-mediated upregulation of
cell death pathways contributes to neurodegeneration in later stages of HD (425,436-438).
Furthermore, in HD mouse models expression of mutant Htt renders striatal neurons more
vulnerable to excitotoxic insults (121,439) via elevating extrasynaptic NMDAR expression (298).
In contrast, wtHtt overexpression enhances striatal neuronal survival both in vitro and in vivo
(402). However, the relationship between susceptibility to NMDA-induced apoptosis and basal
levels of cell survival signaling as reflected in nuclear pCREB levels has not been fully explored,
nor has the functional role of wtHtt in cortical or hippocampal neurons, which also undergo
degeneration during the disease progression.

To determine whether wtHtt has a neuroprotective role in neurons from other brain regions,
monocultured hippocampal neurons and cocultured cortical-striatal neurons were labeled with
YFP at the time of plating for later identification, and challenged with NMDA at a time not earlier
than DIV14. Cortical and striatal neurons were plated at a 1 : 3 ratio, as described in a previous
study (412) to better represent the physiological condition (Chapter 2). Assessment of apoptosis
was based on the nuclear morphology, as described in Methods. Figure 3-3 A and B are
excitotoxicity examples from cultured hippocampal neurons. Healthy neurons showed relatively
large, polygon-shaped nuclei, whereas apoptotic neurons had small, round nuclei with fewer
dendrites, and shrunken soma (Figure 3-3 A). Nuclear size measurement indicated that treatment
of hippocampal neurons with 50 UM NMDA for 15 min resulted in a shift to significantly smaller
nuclei compared to a nontoxic 5 pM-NMDA treatment (Figure 3-3 B). The same pattern was

observed for cortical and striatal neurons. Despite differences in relative pCREB ratios at baseline,
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all three neuronal types -- hippocampal, striatal and cortical neurons -- showed significantly less
NMDAR-mediated cell death in YAC18 compared with WT cultures (Figure 3-3 Ci, Cii and Ciii),
suggesting that neuroprotection by overexpression of wtHtt is not region-specific and is also not

well correlated with its effect on pCREB-dependent pro-survival signaling.
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Figure 3-3 wtHtt overexpression protects hippocampal, cortical and striatal neurons, which
is not predicted by basal pCREB ratios in those neuronal types.

A. Representative photomicrographs from excitotoxicity assay in hippocampal neurons in
monoculture. Healthy neurons have larger, relatively oval, loosely compacted nuclei (upper),
whereas apoptotic neurons have smaller, round and condensed nuclei and also lack or have fewer
processes (lower). Cortical and striatal neurons also showed same pattern. B. Representative graph
from one experiment in cultured hippocampal neurons shows that 50 uM NMDA dramatically
decreases the nuclear size compared with the 5 uM NMDA condition (the number of nuclei
assessed was 200 for 50 uM and 197 for 5 UM, respectively; by paired t-test, **xp<0.0001). Ci.
Hippocampal neurons are protected from NMDA-induced excitotoxicity in YAC18 compared with
WT cultures (normalized to untreated controls; YAC18 n=6 and WT n=6 different batches of
cultures; genotype *xp<0.01 by 2-way ANOVA; by Bonferroni’s post-tests, at 30uM
*xx0<0.001). Cii. wtHtt overexpression also protects striatal neurons (normalized to untreated
controls; DIV18; WT n=9 at 30 uM and 8 at 50 uM, and YAC18 n=7 at 30 uM and 6 at 50 pM
different batches of cultures; genotype **p<0.01 by 2-way ANOVA; by Bonferroni’s post-test,
+xp<0.01 at 50 uM) and cortical neurons (Ciii.: normalized to untreated controls, DIV18; WT n=8
and YAC18 n=9; Bonferroni’s post-test does not show significant difference between individual

doses, but by 2-way ANOVA, genotype *p<0.05).
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3.4  Discussion

Expansion of the CAG repeat over 35 in the HTT gene leads to development of
Huntington’s disease (HD), and extensive study has contributed to understanding the role of
mutant huntingtin (mHtt) in disease development, including the pathological alteration of
synapses, degeneration of neurons, and regional brain atrophy (28,425,440). Despite discovery of
a large number of Htt interaction partners (133,161,171,441) and general function of wtHtt in
axonal trafficking, regulation of gene transcription — especially the striatal growth/survival factor
BDNF, and neuroprotection in the striatum (161,402,423), little is known about the impact of
wtHtt on cell survival signaling pathways. Moreover, because of the imminent implementation of
pan-specific Htt knockdown strategies for treatment of HD, there is an increasing necessity for
understanding wtHtt function on cell resistance to excitotoxic insults in brain regions affected in
HD. Here, we reveal both a tissue-specific role in basal pro-survival signaling and more global
impact on neuronal resistance to excitotoxic insult in striatal, cortical and hippocampal neuronal
cultures from YAC18 mice, which overexpress wtHitt.

We find that the overexpression of wtHtt provided protection against NMDA-induced
apoptotic death in primary cultures of cortical, striatal and hippocampal neurons. These results are
consistent with previous reports in many different cell lines, implicating wtHtt in resistance to a
variety of insults via interference with formation of the C3/C9 apoptosome and/or caspase 8
activation (164,329,330,442-444). Moreover, wtHtt protects against NMDA-mediated toxicity in
primary neuronal cultures from striatum, lacking any cortical synaptic input or BDNF (402).
Together with our data showing a universal neuroprotective effect of wtHtt in primary neuronal
culture from different brain regions, these studies strongly suggest that modulation of BDNF levels

and/or transport and release is not required for wtHtt-mediated neuroprotection.
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The attenuated response of YAC18 MSN nuclear pCREB in cortical-striatal cocultures to
treatment with exogenous BDNF (Figure 3-2 B) and TrkB-Fc (Figure 3-2 C) is consistent with
enhanced BDNF release from YAC18 cortical neurons. Further, the elevated release of BDNF
from cortical neurons can reduce the toxic extrasynaptic NMDA receptor signaling to cell-death
by via synaptic NMDA receptors (445). However, we cannot exclude the possibility that wtHtt
upregulates striatal TrkB receptor expression and/or signaling, especially since overexpression of
wtHtt in CTX alone was insufficient to upregulate the pCREB ratio in WT MSN. Many studies
indicate that mutant Htt interferes with TrkB receptor trafficking (446), expression (278), and its
downstream signaling (279) in striatal neurons. Moreover, recent studies show that TrkB receptor
agonists ameliorate neuropathology, motor function and extend survival in HD mouse models
(447-449). Liot and colleagues also found that silencing wtHtt reduces vesicular transport of TrkB
in striatal neurons (446). Further study is needed to determine whether increased levels of wtHtt
can also upregulate the TrkB receptor expression level and/or increase its trafficking.

When activated by phosphorylation, nuclear CREB regulates transcription of hundreds of
genes, many of which promote cell survival, such as BDNF (428,429). Notably, previous studies
have linked synaptic/extrasynaptic NMDA receptor (NMDAR) activation to regulation of pPCREB
levels and demonstrated that upregulation of pCREB correlated with resistance to NMDA-induced
neuronal apoptosis in hippocampal (168) and cortical cultures (450). Those experiments assessed
PCREB response to acute NMDAR stimulation, and one study showed that activation of the
calcium-dependent phosphatase calcineurin mediated CREB shut-off upon bath application of
NMDA while enhanced synaptic NMDAR activity increased pCREB via CaMKIV and ERK
activation (450). By extension, a variety of studies have assumed that basal pro-survival signaling,

as reflected in nuclear pCREB, is predictive of resistance to neurodegeneration (168,304,450). Our
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results challenge this idea, since the ratio of phosphorylated CREB in the nucleus, as normalized
to cytoplasmic levels, prior to NMDA application, was not predictive of neuronal resistance to
NMDA-induced apoptosis. This is particularly surprising given reports that CREB activation
results in enhanced expression of PGCl-o (451,452), a transcriptional regulator of energy
metabolism genes, whose expression shows an inverse correlation with levels of extrasynaptic
NMDARSs in cortical and striatal neurons (453) and that provides resistance against excitotoxicity
(453-456). On the other hand, resistance to NMDAR-mediated apoptosis mediated by
overexpression of wtHtt in YAC18 striatum is not likely to occur via down-regulation of
extrasynaptic NMDAR levels, as these are similar for wild-type and YAC18 striatal tissue (298).
Further studies are required to determine the precise mechanisms of wtHtt-mediated protection
from NMDAR toxicity.

Together, our results suggest wtHtt confers region-specific basal pro-survival signaling,
but a global neuroprotection for neurons with different tissue origins. This provides us with further
understanding of wtHtt function, and may assist us in developing effective therapeutics against

HD.
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Chapter 4: Mutant Huntingtin Impairs Cortico-striatal Connections in both
Cortico-striatal Coculture and Early-symptomatic Huntington’s Disease

Mouse Model

4.1  Introduction

Neurodegenerative disorders are characterized by progressive neuronal death; however,
substantial variability exists in the rate, magnitude and neuronal selectivity of cell death. Despite
this variability, a recent surge of evidences indicate that early synaptic dysfunction can be detected
well in advance of cell death in neurodegenerative diseases (457—459). The emerging view that
such diseases are initially disorders of the synapse, or “synaptopathies,” is accompanied by the
hypothesis that early interventions aimed to restore synaptic functions are likely to provide greater
therapeutic value than belated attempts to prevent cell death when neurons have been severely
compromised (26). This highlights the importance of understanding the specific mechanisms of
early synaptic dysfunction associated with neurodegenerative disease.

Huntington’s disease (HD) is a neurodegenerative disorder that has strong evidence for
synaptic dysfunction preceding cell death (26,28). HD is caused by a mutation in gene HTT, which
results in a toxic gain of function of protein huntingtin (Htt) and can also interfere with the normal
physiological function of Htt (460). Htt is known to interact with a wide variety of intracellular
proteins, many of which are responsible for synaptic neurotransmission (171), and the mutant Htt
(mHtt) or altered expression of wild-type Htt (wtHtt) can influence its interaction with, and the

localization of, synaptic proteins (125,298,303,461). The effects of mHtt are particularly striking
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in the striatum, and therefore, most studies have focused on the synaptic dysfunction that occurs
at a major excitatory projection to the striatum; the cortico-striatal (C-S) synapse.

Cortical projections to striatal spiny projection neurons (SPNs), the most vulnerable cell
type in HD, represent the predominant excitatory input to this region, and the majority of excitatory
synapses in the striatum are comprised of vesicular glutamate transporter 1 (vGlutl)-expressing
cortical terminals that synapse onto SPN dendritic spines (119). Our lab and others have studied
this synapse in relative isolation through the use of a cell coculture model in which embryonic or
early postnatal cortical neurons are simultaneously grown on coverslips with striatal neurons.
Under such conditions, robust excitatory connectivity develops between the cortical and striatal
neurons (124,406). As cell cultures are highly amenable to genetic manipulation and therapeutic
screening, the C-S coculture system may provide a useful platform for identifying both the
mechanisms underlying HD-associated synaptic dysfunction as well as potential treatments that
may prevent or restore these synaptic alterations. Indeed, in the YAC128 mouse model of HD, we
have previously shown that the early increase in cell death-associated extrasynaptic NMDA
receptors detected in brain slice is also recapitulated in this coculture model, suggesting that at
least some of the synaptic phenotype observed in animal models can be modeled in this isolated
system.

From animal models, it has been reported that the HTT mutation can also affect release
probability at C-S synapses, promote the loss of C-S connectivity and SPN dendritic complexity,
and reduce cell survival signaling, in a disease stage-dependent manner (197,312,398,462). Here,
we used C-S cocultures from wild-type (WT; FVB/N) and YAC128 mice to study C-S synaptic
connectivity, SPN morphology and intracellular signaling as the cocultures developed up to three

weeks in vitro. Our results demonstrate that a number of HD-associated synaptopathic features are
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recapitulated in cocultures within this three-week period. We discuss the potential value of this

system to unlocking the mechanisms and treatment of synaptic dysfunction in HD.
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4.2 Methods
4.2.1  Culture Preparation

All procedures were approved and guided by the University of British Columbia
Committee on Animal Care and Canadian Council on Animal Care regulations. Cultures were
prepared on embryonic day 17-18 (E17-18) from wild-type (WT) FVB/N mice and/or transgenic
YAC128 (line 55; FVB/N background) mice expressing full-length human Htt with 128 CAG

repeats (90). Cocultures were prepared and maintained as previously described (125,299).

4.2.2  Electrophysiology

Whole cell patch-clamp recordings were performed with an Axopatch 200B amplifier and
pClamp 10.2 software (Molecular Devices; Palo Alto, CA). Yellow fluorescent protein (YFP)-
expressing SPN were targeted for recording at various stages of coculture development, which are
described in the text. Cells were clamped at -70 mV and intrinsic membrane properties were
determined by the current response to a 10 mV hyperpolarizing step applied immediately after
achieving whole cell access. For all experiments, a series resistance of up to 25 M was tolerated,
with the large majority of recordings under 20 MQ. Striatal SPNs were identified for assessment
based on intrinsic membrane properties (membrane resistance, Rm < 500 MQ and membrane
capacitance, Cm > 30 pF). mEPSCs were recorded in artificial cerebrospinal fluid (ACSF)
containing (mM): 167 NaCl, 2.4 KClI, 10 Glucose, 10 HEPES, 2 CaCl;, 1 MgCl_, 0.05 picrotoxin
(PTX; to block GABAA receptors), 0.0003 tetrodotoxin (TTX; to block action potentials), pH 7.3
with NaOH, 310-320 mOsm. The recording electrode (3-6MQ) was filled with internal solution
containing (mM): 145 K-Gluconate, 1 MgCl», 10 HEPES, 1 EGTA, 2 MgATP, 0.5 Na.GTP, pH

7.3 with KOH, 280-290 mOsm. For miniature inhibitory postsynaptic currents (mIPSCs), cells
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were also clamped at -70 mV, but with a high chloride internal solution containing (mM): 145
CsCl, 1 MgCly, 10 HEPES, 1 EGTA, 2 MgATP, 0.5 NaxGTP, pH 7.3 with CsOH, 280-290 mOsm.
The ACSF used for mIPSCs was as above, except with 10 uM DNQX (to block AMPA-type
glutamate receptors) instead of PTX. Both mEPSCs and mIPSCs were recorded for approximately
2 min; typically, 100-1000 consecutive events were analyzed per cell.

To assess the size of the readily-releasable pool (RRP) of presynaptic vesicles (463), ACSF
containing 500 mM sucrose was applied for 4 seconds through a theta tube placed in close
proximity to the recorded cell, controlled by pressure system (MILJOCO) and six channel valve
controller (Warner Instrument Corporation). Recording conditions were as above (in the first
paragraph of section 4.2.2) for mEPSCs (for excitatory vesicles) or mIPSCs (for inhibitory
vesicles). The rate of replenishment of the RRP was assessed by a second application of sucrose 3
seconds after the termination of the first application in initial experiments, and later with various
inter-pulse intervals (1, 4, 7, 10, 13, 16 and 30 s) for both excitatory and inhibitory vesicle pools.

In experiments where cortical neuronal action potential firing rate was assessed, membrane
potential was recorded in response to various current injections as previously described (Chapter
2, methods section).

Recovery of the excitatory RRP in acute brain tissue was examined on C-S slices prepared
from 6-month old WT and YAC128 mice, as previously described (91). Briefly, 6-month mice
were anaesthetized with isoflurane and sacrificed, their brains were rapidly collected and sliced
(300 um; sagittal plane) with a vibratome (VT 1200S; LEICA) in oxygenated (95% O and 5%
COy), ice-cold, low-Ca** ACSF [consisted of (mM): 125 NaCl, 2.5 KCI, 25 NaHCOs, 1.25
NaH2PO4, 2.5 MgCl,, 0.5 CaCl> and 25 glucose; pH 7.3-7.4; ~310 mOsm]. Whole cell patch-

clamp was conducted in a recording chamber perfused with oxygenated ACSF (containing 1 mM
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Mg?*, 2 mM Ca?" and 100uM PTX) on striatal SPNs identified by their characteristic membrane
properties [typically Cm > 90 pF, 400> Rm >100 MQ and membrane Tau >1 ms). Recording
pipettes were filled with internal solution containing (mM): 130 caesium methanesulphonate, 5
CsCl, 4 NaCl, 1 MgCl,, 5 EGTA, 10 HEPES, 5 QX-314, 0.5 GTP, 10 Naz-phosphocreatine and 5
MQATP; pH 7.3; 280-290 mOsm)]. Paired electrical train stimuli (300-500 pA; 20 Hz, 4 s) with
changing inter-train intervals (1, 4 and 7 s) was generated within corpus callosum, 150-450 pm
away from the recorded cell, with a glass pipette (0.5-1 MQ) filled with recoding ACSF, allowing
a 60 s full-recovery interval between pairs. Cells with shifted baseline, access resistance >25MQ,
an area-under-curve <20,000 pA x ms in response to the initial train stimuli, or with a decreasing
recovery percentage against increasing inter-train intervals were removed from the final data.

All electrophysiological data were analyzed in Clampfit software (10.2; Molecular

Devices).

4.2.3  Imaging with Intensity-based Glutamate-sensing Fluorescent Reporter

Expression of the intensity-based glutamate sensing fluorescent reporter (iGluSnFr) in 4-
to 6-week old WT and YAC128 mice was achieved as previously reported (327) by in vivo
injection of 1ul of AAV2/1.hSyn.iGluSnFr.WPRE.SV40 (327) into the striatum. The stereotaxic
co-ordinates were (in mm): 0.75 anterior, 2.0 lateral, 2.5 ventral with respect to Bregma. At 6
months of age, mice were anaesthetized with isoflurane and sacrificed, the sagittal brain slices
(300um in thickness) of cortex and striatum were obtained using a vibratome in chilled, low-Ca?*
ACSF as described previously (327). After 30 to 40 min-recovery in 37°C with constant
oxygenation in recording ACSF, the slice was moved to a recording chamber perfused [2-3 ml/min

at room temperature (RT)] with oxygenated ACSF containing PTX (100uM). A tungsten micro-
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electrode (tip diameter 2-3 um; E30030.1A5; MicroProbes) was placed in the corpus callosum
next to the dorsal striatum where iGluSnFr was highly expressed. The fluorescent signal was
produced by a 470-nm LED and recorded with a CCD camera (1M60; Pantera; Dalsa) installed
with a pair of lenses (50 mm, 1.4f; 135 mm, 2.8f) and a 530-nm bandpass filter. The baseline
fluorescence intensity was typically between 800 and 2,000 in a 12-bit scale after manual
adjustment of the LED intensity. The electrical stimulation and light were controlled with Clampex
software, A-M systems isolated pulse stimulator (Model 2100) and stimulus isolator (A385; World
Precision Instruments). A series of images (128 x 128 pixels) were generated with XCAP software
(EPIX; 150Hz; 8 x 8 pixel binning) (327).

To examine action potential (AP)-dependent vesicle release, the baseline response was
established as the average response to six stimuli (in pairs, 10-ms apart, each with 300 pA
intensity) applied at 30s intervals, followed by a train stimulation (100Hz for 500ms) with the
same intensity stimulus. For assessing RRP recovery in acute slice with iGluSnFr, pairs of train
stimulation (100Hz for 500ms) with 60-s full-recovery time between pairs, were used with
incrementing inter-train intervals (4, 7 and 10 s). The images were processed as previously
described (327) in ImageJ software (NIH) with the exception that a 6 x 6 pixel region of interest

(ROI) was adopted throughout the analysis.

4.2.4  Cell Death Analysis, pPCREB and Synaptic Protein Immunoflurescence

To quantify nuclear localization of phosphorylated cAMP response element-binding
protein (pCREB), cells were fixed at DIV14 or DIV21, as indicated, in 4% paraformaldehyde
(PFA) + 4% sucrose for 15-20 min, washed with phosphate-buffered saline (PBS), permeabilized

with PBST (1% Triton-X in PBS) and blocked for 45 min with normal goat serum (NGS; 10% in
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PBST). Cultures were then incubated with a mouse monoclonal anti-pCREB antibody (1:500; 05-
667; Millipore) together with a chicken anti-GFP antibody (1:1,000-1:2,000; ab13970; AbCam) in
2% NGS-containing PBST at RT for 3 h under 40 rpm agitation. After thorough washing with
PBST, cultures were incubated with goat anti-mouse Alexa 568 (1:1000; A-11031; Invitrogen)
and goat anti-chicken Alexa 488 (1:1000; A-11039; Invitrogen) secondary antibodies in 2% NGS-
containing PBST for 1.5 h at RT with 40 rpm agitation. Following another extensive wash with
PBST, coverslips were subject to 10 min of Hoechst 33342 staining (5uM; Invitrogen), followed
by a final wash prior to mounting on glass slides (2948-75x25; Corning) with Fluoromount-G
(0100-01; SouthernBiotech). Images were acquired with a Zeiss Axiovert 200M epifluorescence
microscope (63x magnification; 1.4 NA) running ZEN 2012 software (Zeiss). Using a z-step of
0.23 um, 10-15 images were taken per cell and the best 3-5 sections, including the focal planes of
the cell body, were flattened using the extended focus function within the ZEN 2012 program.
Flattened images were saved as TIFF files and imported into ImageJ, where they were analyzed
for pCREB fluorescence intensity in the nucleus (defined by Hoechst staining) and in the cytosol
(defined by the average of three regions of interest drawn within the YFP-filled cell body but
outside of the Hoechst-stained nucleus; these were drawn to optimize coverage of the maximum
cytoplasmic area). The nuclear-to-cytoplasmic (n/c) ratio was calculated by dividing the nuclear
pCREB staining intensity by the average of the 3 regions of cytoplasmic pCREB staining intensity.

To characterize cell survival, cocultures were immuno-stained to visualize neurons and
striatal SPNs. After fixation, cells were permeabilized and blocked as above. Neurons were
identified with an anti-microtubule-associated protein 2 antibody [MAP2; 1:200; MA5-12823;
Thermo Scientific; Alexa Fluor 568 (1:1,000; A-11031; Invitrogen) was used as secondary

antibody], whereas striatal SPNs were distinguished with an antibody against dopamine and CAMP
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regulated phosphoprotein 32 [DARPP-32; 1:500; 2306S; Cell Signaling Technologies; Alexa 488
(1:1,000; A-11008; Invitrogen) was used as secondary antibody] by immunocytochemistry as
described in a previous chapter (Chapter 2, Methods). Hoechst staining was used to visualize all
cell nuclei and to discern live cells based on nuclear morphology (Chapter 2, Methods). Pictures
were taken and data were processed as in Chapter 2.

For synaptic receptor protein staining, cells were live-stained for AMPA receptor subunit
GIluAZ2 using a previously published protocol (464). Live cells were incubated at 37°C and 5% CO>
with mouse anti-GluA2 antibodies (1:200; Millipore) diluted in plating medium for 1 h, followed
by 1.8 mL of plating medium for another 1 h. Coverslips were then fixed with 4% PFA and 4%
sucrose for 20 min and washed 3 times with PBS. Coverslips were blocked in PBS with 10%
normal goat serum (NGS; 30 min at RT) and incubated with secondary antibodies for 1.5 h at RT.
The secondary antibody mixture consisted of Alexa Fluor 568-conjugated goat anti-mouse (1:500;
A11031; Invitrogen) diluted in PBS with 2% NGS. Cells were washed three times with PBS and
then permeabilized with methanol (5 min at -20°C), washed three more times with PBS, and
incubated in PBS with 0.03% Triton X-100. Coverslips were blocked in PBS with 10% NGS (30
min at RT) and incubated with primary antibodies for 1 h at RT and then overnight at 4°C. The
primary antibody mixture consisted of guinea pig anti-vGlutl (1:1000; AB5905; Millipore) and
the chicken anti-GFP diluted in PBS with 2% NGS. Coverslips were washed three times with PBS
and then incubated with secondary antibodies for 1.5 h at RT. The secondary antibody mixture
consisted of AMCA-conjugated donkey anti-guinea pig (1:100; 706-155-148; Jackson
ImmunoResearch Laboratories) and Alexa Fluor 488-conjugated goat anti-chicken (1:1000;
A11039; Invitrogen). Coverslips were washed three times with PBS and then slide-mounted with

Fluoromount-G. Images were acquired at 63x as above for the pCREB experiments. Exposure
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times were kept constant throughout the experiment. The TIFF images were imported into ImageJ
and a region of interest (ROI) was drawn around one dendrite in each image according to the YFP
signal. This ROI was then superimposed onto the GIuA2 and vGlutl images, which were then
manually thresholded within the ROI to eliminate background while preserving puncta staining.
All thresholding was done with genotypes interleaved and experimenter blinded to genotype. The
binary thresholded images were then analyzed for puncta size, density and co-localization using
the Analyze Particles tool and the co-localization plug-in for ImageJ. Values for the ROl in the
three images for each cell were averaged to generate a mean value for each cell.

The same protocol was applied for synaptotagminl (Sytl) and cysteine string protein
(CSP). The antibodies used for staining: is mouse-anti-Sytl (1:10,000; MAB4364; R&D) as
primary and Alexa Fluor 568-conjugated goat anti-mouse (1:1,000; A11031; Invitrogen) as
secondary antibody for Syt1; polyclonal rabbit-anti-CSP (1:3,000; ADI-VAP-SV003-E; Enzo) as
primary and Alexa Fluor 488-conjugated goat anti-rabbit (1:1,000; A11008; Invitrogen) as
secondary antibody for CSP. Images were taken under confocal microscope.

In order to evaluate vesicle release at C-S synapses, striatal SPNs were transfected with a
PSD95-GFP construct when plated with cortical neurons. At DIV21, the Sytl luminal domain was
live-stained by incubating cocultures with a rabbit polyclonal anti-Sytl antibody (1:200; 105
103C5; Synaptic Systems) tagged with Oyster®650 in plating medium (Neurobasal medium with
B27, penicillin/streptomycin and glutamine; Gibco) for 5, 10 and 20 min when assessing AP-
dependent, and for 30, 60 and 90 min with TTX (0.3uM) when measuring AP-independent vesicle
release, in a 37°C, 5% CO> humidified incubator. The vehicle-only condition was DMSO (1:200)
in plating medium. Coverslips were fixed, permeabilized, blocked, and incubated in primary

antibodies (the chicken anti-GFP antibody and the guinea pig anti-vGlutl at 4 °C overnight as
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previously described) and secondary antibodies (Alexa Fluor 488-conjugated goat anti-chicken
antibody and the AMCA-conjugated donkey anti-guinea pig as above described) prior to being
mounted onto slides with Fluoromount-G. Pictures were taken using an epifluorescence
microscope under 63x objective (oil lens). Entire dendritic tree was selected with automated
thresholding and opposed to vGlutl channel which was thresholded manually in ImageJ software
(NIH, USA) in order to remove background signals, while the experimenter was blinded to the
conditions. vGlutl puncta were further used to generate ROIls for these puncta with the analyze
particle tool. Sytl puncta intensity in raw picture was measured under vGlutl puncta mask and

used as final data.

4.25 SPN Morphology

The SPN morphology and protrusions were visualized by YFP staining. Images were
acquired and flattened as above. The protrusion density was manually determined for each cell by
counting the number of protrusions (0.3-3 um in length) under 63x from three different dendritic
branches (typically 40-120um away from soma) that were at least 40 um away from the soma. In
order to examine the dendritic complexity, one image was acquired for each cell at 20x with the
soma in the center and YFP-expressing neurons were traced manually in ImageJ. An ImagelJ plugin
(http://fiji.sc/Sholl_Analysis) was used for Sholl analysis to detect the number of dendritic
crossings with concentric circles — ranging from 10 - 157.5 um in radius — radiating out from the
center of the soma. In all cases of counting and tracing, the experimenter was blinded to the

condition.
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4.2.6 Statistical Analysis

All statistics were performed in GraphPad Prism. Reported n-values refer to the total
number of cells analyzed from a minimum of 3, and typically 4 or more, independent cocultures
unless described elsewhere. For slice electrophysiological experiments, n-values indicates the
number of acute brain slices for analysis, while the number of mice is shown in parenthesis. Two-
way ANOVA and unpaired (2-tailed) t-tests were used throughout and is indicated in the text.
Bonferroni’s post-tests were used subsequent to overall ANOVA significance. All data are

reported as mean + s.e.m. and p-values less than 0.05 were considered significant.
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4.3 Results
4.3.1 Cell Survival in Cortical-striatal Coculture by Three Weeks in vitro

Many lines of evidences suggest that Huntington’s disease (HD), particularly in its early
stages, can be classified as a synaptopathy, in which subtle alterations in synaptic function are
detectable well in advance of cell death (28,298). Thus, we were interested in asking whether a
distinct synaptopathic phenotype could be observed at C-S synapses in a coculture system obtained
from YAC128 mice that express full-length human mutant HTT. To study C-S connections at a
time point when synaptic malfunctions are present but cell survival is still comparable between the
disease and wild-type conditions, we characterized the health status of C-S cocultures
(cortical:striatal = 1:1) at day in vitro 21 (DIV21), prepared from WT (FVB/N) and YAC128
embryonic mice. The cells were stained/immuno-stained for nuclei (with Hoechst), microtubule-
associated protein2 (MAP2, a neuron-specific protein) and dopamine- and cAMP-regulated
neuronal phosphoprotein 32 [DARPP32, which is highly enriched in striatal spiny projection
neurons (SPNs)]. We found that the densities of live cells, MAP2-positive cells and DARPP32-
positive cells were comparable between WT and YAC128 in DIV21 C-S coculture (Figure 4-1 A,
B, C and D). As expected, nearly all DARPP32-positive cells were MAP2-positive (Figure 4-1 E).
These data indicate that there is neither a decrease in live neurons nor in SPNs for YAC128 vs.

WT cocultures by three weeks in vitro.
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Figure 4-1 Cell survival in corticostriatal (C-S) coculture at DIV21.

The n’s in the figure represent the number of 20x pictures (four pictures were tiled into
one) used in analysis and the culture batch number is shown in parenthesis. A. Representative
pictures of staining of Hoechst (stains cell nuclei; blue), microtubule-associated protein 2 (MAP2;
red) and dopamine- and cAMP-regulated neuronal phosphoprotein 32 (DARPP32; green) for
visualizing live cells (morphology-based identification), neurons and striatal spiny projection
neurons (SPNs), respectively, in WT and YAC128 C-S cocultures at DIV21. The density of live
cells [B.: WT n=25(3) and YA128 n=30(4); by unpaired t-test p=0.7943], that of MAP2-positive
cells [C.: WT n=25(3) and YA128 n=30(4); by unpaired t-test p=0.7537] and that of DARPP32-
positive cells [D.: WT n=25(3) and YA128 n=30(4); by unpaired t-test p=0.5186] are similar
between WT and YAC128. E. Expectedly, the percentage of DARPP32-positive cells that are also
MAP2-positive is close to 100% in both genotypes [WT n=22(3) and YA128 n=27(4); by unpaired

t-test p=0.0997].
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Previously, we detected a higher percentage of cell death in YAC128 than in WT SPNs
after exposure to cell-toxic levels of NMDA (300). Thus, we asked whether there is intrinsically
reduced basal cell-survival signaling in YAC128 SPNs. To test this, we quantified the basal
nuclear-to-cytosolic ratio of phosphorylated cAMP response element binding protein (0CREB;
thereafter referred as “pCREB ratio”), a well-established regulator of pro-survival gene
transcription (Figure 4-2 A). As coculture developed from DIV14 to 21, the pCREB ratio
significantly increased in WT SPN (Figure 4-2 B). There was also a significant increase in the
mean pCREB ratio in YAC128 SPN from DIV 14 to 21, and no significant interaction effect was
observed (interaction p=0.459; Figure 4-2 B). These data suggest that the expression of mutant
huntingtin (mHtt) has no effect on basal pro-survival signaling in the current coculture conditions.

Together, our results demonstrate that at DIVV21 there is no accelerated cell death or weak
pro-survival signaling, at least through pCREB, in SPNs in YAC128 coculture, and therefore it is

a valid time point to investigate synaptic functions.
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Figure 4-2 No effect of the Huntington’s disease (HD) mutation on nuclear pCREB levels in
cocultured SPNs.

A. Representative images showing yellow fluorescent protein (YFP; transfected to label
striatal SPNs), pCREB and Hoechst staining in WT and YAC128 SPNs at DIV 14 and 21. B. Bar
graph showing the nuclear-to-cytoplasmic ratio of pCREB (pCREB ratio) staining intensity.
pCREB ratios increased from DIV 14 to 21 in both genotypes (by 2-way ANOVA DIV
***p<0.0001; ***p<0.001 for WT and *p<0.05 for YAC128 by posthoc tests). No genotype
(p=0.2662) or interaction (p=0.459) effects were observed (n=21 to 45 cells per bar from 4-8

culture batches).
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4.3.2 Altered Functions of Excitatory Synapses in Striatal SPNs from YAC128 Cortical-
striatal Coculture

To thoroughly explore C-S synaptic functions in YAC128 throughout coculture
development, we first assessed the time-course of functional C-S excitatory synapse formation by
recording miniature excitatory postsynaptic currents (mEPSCs) from YFP-transfected striatal
SPNs in coculture with non-transfected cortical neurons. Recordings were obtained at DIVs 7, 10,
14, 18 and 21 from both WT and YAC128 cocultures, as well as cocultures from YAC18 mice,
which express a non-pathological version of full-length human HTT. WT SPNs exhibited a rapid
and continuous growth in mEPSC frequency from DIV7 up to DIV21 (Figure 4-3 A and B),
suggesting robust excitatory synaptogenesis during this period in vitro. The same results were
obtained for mEPSCs recorded from YAC18 mice coculture (Figure 4-3 B), suggesting that the
presence of wild-type human Htt does not significantly alter these measures of C-S synaptic
connectivity. However, in YAC128 cocultures, SPN mEPSC frequency was found to increase from
DIV7 up to DIV14, at which point no further growth was observed (Figure 4-3 B). From the results
of this experiment, we designed subsequent experiments and analyses to focus on DIV14 and
DIV21in WT and YAC128 cocultures in order to facilitate the comparison of genotype differences
between these two critical time points. With this approach, genotype differences in the
development of a given parameter from DIV 14 to 21 were determined by a two-way ANOVA
interaction effect, and Bonferroni’s post-hoc tests were used to determine the strength of parameter
development from DIV 14 to 21 within a given genotype. When mEPSC frequency is quantified
in this manner from the cocultures shown in Figure 4-3 B combined with recordings from
additional batches of WT and YAC128 cocultures (total of 7 and 9 independent coculture batches

for WT and YAC128, respectively; cell number is shown above each bar), a significant interaction
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effect is observed, as well as a significant post-hoc increase in mEPSC frequency for WT SPNs
from DIV 14 to 21 that did not occur in YAC128 SPNs (Figure 4-3 C). When we compared mEPSC
amplitude at these two time-points with the additional coculture batches, there was a significant
interaction effect, reflected by the increase and decrease in the mean mEPSC amplitude in WT and
YAC128 SPN, respectively, from DIV14 to DIV21 (Figure 4-3 D). Notably, YAC128 mEPSC
amplitude was significantly smaller than that of WT in DIV21 cocultures [WT n=27(5) and
YAC128 n=37(7); by unpaired t-test *p=0.0244]. We also observed a similar interaction effect and
lack of growth in YAC128 SPNs in measurements of the membrane capacitance of the recorded
neurons (Figure 4-3 E), which may reflect a mHtt-induced attenuation in the development of

overall SPN cell size from two to three weeks in vitro.
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Figure 4-3 mEPSC frequency is reduced after DIV14 in YAC128 C-S cocultures.

Ai-Aii. Representative traces showing mEPSC events recorded from striatal SPNs in
coculture with cortical neurons. Shown are traces from DIV 14 and 21 from WT (Ai) and YAC128
(Aii) cocultures. B. Bar graphs showing mean mEPSC frequency at DIVs 7, 10, 14, 18 and 21
from 3 independent batches each of WT, YAC18 and YAC128 cocultures. Two-way ANOVA
revealed a significant genotype (**p=0.0016) and DIV (***p<0.0001) effect, as well as a
significant interaction effect (**p=0.0028). n=7-28 cells per bar. C. Data from B together with a
new set of data from additional coculture batches, analyzed as a 2-way ANOVA to focus solely
on changes in WT and YAC128 cocultures between DIV 14 and 21. By this approach, a significant
interaction effect (**p=0.0015; n=26-40 cells per bar) indicates a genotype difference in the
change in mEPSC frequency from DIV 14 to 21. Post-hoc analysis revealed a significant increase
in mean mEPSC frequency in WT SPNs from two to three weeks in vitro (****p<0.0001), but not
in YAC128 SPNs (p>0.05). D. Bar graph showing mean mEPSC amplitude in WT and YAC128
cocultures at DIVs 14 and 21. A significant interaction effect was observed by 2-way ANOVA
(***p=0.0001; n=26-40 cells per bar) and there was a significant increase in mean amplitude from
DIV 14 to 21 for WT SPNs by post-hoc test (**p<0.01). E. Mean membrane capacitance did not
demonstrate a significant interaction effect (p=0.0526; n=27-44 cells per bar), but only WT showed
a significant increase from DIV 14 to 21 by post-hoc test (**p<0.01). Data in C — E were generated

from 7 and 9 independent coculture batches for WT and YAC128, respectively.
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Next, we used hypertonic sucrose-containing artificial cerebrospinal fluid (ACSF) to ask
whether the reduced mEPSC frequency in DIV21 YAC128 cocultures is associated with a reduced
size of the readily releasable pool (RRP) of excitatory vesicles. Sucrose experiments were
restricted to DIV21, the time point at which a deficit in YAC128 mEPSC frequency, but no
significant difference in cell-death (Figure 4-1), was observed. When sucrose (500 mM) was
applied for 4 s to deplete the RRP, large inward currents that decayed to a steady-state were readily
recorded from SPNs (Figure 4-4 A). There was a trend towards a smaller peak density recorded
from YAC128 SPN, although this did not reach significance (Figure 4-4 B). This trend, combined
with a significant reduction in the total charge carried by the sucrose-induced current (Figure 4-4
C), is suggestive of a reduction in the size of the RRP in YAC128 C-S synapses in cocultures;
however, since the mEPSC frequency is lower for YAC128 vs. WT SPNs at DIV21, we cannot
rule out a contribution of lower excitatory synapse density as a factor in reduced peak current and
total charge evoked by a maximal sucrose challenge. As the steady-state current is thought to
represent the rate of RRP replenishment (465), the strong trends toward smaller steady-state
currents (Figure 4-4 D) and faster decay time course (Figure 4-4 E) in YAC128 SPN hinted that
there may also be a deficit in the rate of RRP replenishment following its depletion. This possibility
was explored further by quantifying the area under the curves (AUC) in response to paired sucrose
pulses, with an inter-pulse interval of 3s. By dividing the AUC of the second response to that of
the first, we revealed a significant reduction in the recovery of sucrose-induced responses in
YAC128 SPNs (Figure 4-4 F and G). Genotype differences are unlikely to be accounted for by a
difference in the degree of AMPA receptor desensitization or internalization, as normalization of
the second pulse to the first within genotype eliminates any potential genotype differences in the

function of individual AMPA receptors. Moreover, there was no differential genotype effect on
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the amplitude of mEPSC events recorded immediately before and after sucrose application (2-way
ANOVA interaction p=0.888, not shown). Together, these data indicate that mHtt may alter
synaptic function by reducing the RRP size and replenishment rate at C-S synapses.

Additionally, we observed a significant genotype difference in the amplitude of mMEPSC
events recorded from striatal SPNs before and after the sucrose pulse between the two genotypes.
WT mEPSC amplitude (in pA) was 34.59+2.001 before and 29.05+1.661 after sucrose, whereas
YAC128 mEPSC amplitude (pA) = 30.51+2.091 before and 24.93+1.255 after sucrose [n = 16(4)
for both WT and YAC128; by 2-way ANOVA genotype *p = 0.0249 and sucrose **p = 0.0028;
by Bonferroni’s post-test there was no significant reduction of mEPSC amplitude within both
genotypes after sucrose; not shown]. These data are consistent with the reduced amplitude of
YAC128 SPN basal mEPSC events (Figure 4-3 D), indicative of less glutamate content per
presynaptic vesicle or decreased expression of AMPA glutamate receptors on the postsynaptic

SPN cell membrane in YAC128 coculture at DIV21.
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Figure 4-4 Reduced size and rate of replenishment of the readily-releasable pool (RRP) of
vesicles in DIV21 C-S cocultures from YAC128 mice.

A. Representative traces of sucrose-induced EPSCs recorded from WT (grey) and YAC128
(black) SPNs. B-E. Graphs show mean + s.e.m. as well as individual data points for the peak (B),
charge (C), steady-state (D) and decay tau (E) of sucrose-induced EPSCs recorded from WT and
YAC128 SPNs. Measurements of peak and charge were normalized to cell capacitance and steady-
state current (Iss) to the peak current. F. Representative traces for paired-pulse sucrose-induced
EPSCs with a 3-second interval. G. Graph showing the rate of replenishment of sucrose-induced
EPSCs as determined by calculating the area of a second sucrose EPSC divided by that of the first.
p-values are shown in the graphs and cell numbers, displayed as individual data points within the

graphs, are from at least 3 independent cocultures per genotype.
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To determine whether the observed synaptic phenotype was specific to excitatory synapses,
we recorded mIPSCs at DIV 14 and 21 from WT and YAC128 SPN in coculture with cortical
neurons. In this culture, much of the inhibitory synaptic connectivity is likely to result from
connections forming among the SPN themselves. Like mEPSCs, frequency of mIPSCs also
significantly increased from DIV14 to DIV21 in WT cocultures (Figure 4-5 A and C), suggesting
a rapid rate of functional inhibitory synapse formation during this period. However, unlike
MEPSCs, this growth in mIPSCs also occurred to a similar degree in YAC128 cocultures, and
there were no significant genotype or interaction differences for mIPSC frequency (Figure 4-5 B
and C). There was also a lack of genotype or interaction effects on mIPSC amplitude, although
post-hoc comparisons only revealed a significant increase in YAC128 mIPSC amplitude from DIV
14 to 21 (Figure 4-5 D). Thus, it appears that the presently reported synaptic phenotype in YAC128
C-S cocultures is restricted to excitatory synapses. These data also demonstrate that the excitatory
synaptic phenotype is unlikely to be attributed to poor overall cell health in DIV21 YAC128

cocultures, as inhibitory connectivity is fully intact.
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Figure 4-5 mIPSCs are unaffected in YAC128 C-S cocultures.

A-B. Representative traces showing mIPSC events recorded from SPNs in coculture with
cortical neurons. Shown are traces obtained at DIV 14 and 21 from WT (A.) and YAC128 (B.)
cocultures. C. Mean mIPSC frequency at DIV 14 and 21 recorded from WT and YAC128 SPNs.
mIPSC frequency increased significantly in both genotypes from DIV 14 to 21, as indicated by
both a 2-way ANOVA effect of DIV (***p<0.0001) and post-hoc Bonferroni’s tests (***p<0.0001
for both genotypes). There was no significant effect of genotype (p=0.7397; n=12-17 cells per
bar). D. Mean mIPSC amplitude from DIV 14 and 21 recorded from WT and YAC128 SPNs.
mIPSC amplitude increased significantly from DIV 14 to 21, as indicated by a 2-way ANOVA
effect of DIV (**p<0.0078). Post-hoc analysis only revealed a significant increase in mIPSC
amplitude from DIV 14 to 21 in YAC128 SPNs (*p<0.05), although no overall genotype

(p=0.3582) or interaction (p = 0.5912; n = 12-18 cells per bar) effects were observed.
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4.3.3 Attenuated Dendritic Arborization in YAC128 Striatal SPN

To determine whether morphological alterations accompany the functional excitatory
synapse deficit that occurs between 2 to 3 weeks in vitro in YAC128 cocultures, coverslips were
fixed at either DIV14 or DIV21, and YFP-transfected SPNs were imaged under 20x or 63x
magnification. At 20x, the dendrites from randomly selected YFP-positive cells were manually
traced (Figure 4-6 A), and a Sholl analysis was performed in ImageJ. At DIV14, there was no
difference in WT and YAC128 SPN dendritic arborization as measured by Sholl analysis (Figure
4-6 A and B). However, at DIV21, dendritic complexity was found to be significantly reduced
(Figure 4-6 A and C), and the number of crossings at the most distal circle — 157.5 um radius from
the soma — was significantly lower (Figure 4-6 D) in YAC128 SPN compared to WT. When we
quantified the total dendritic length, there was a significant interaction effect, reflecting the
increase and decrease of the mean dendritic length in WT and YAC128 SPN, respectively, from
DIV 14 to 21 (Figure 4-6 E). Thus, a mHtt-induced reduction in SPN dendritic arborization is

evident in cocultures by 3 weeks in vitro.
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Figure 4-6 Reduced dendritic arborization of YAC128 SPNs at DIV21 in C-S cocultures.

A. Representative traces of SPN dendritic trees from both WT and YAC128 SPNs at DIV
14 and 21. B. Sholl analysis showing no significant difference at DIV14 between genotypes for
the number of dendritic intersections with concentric circles, centered at the soma and drawn with
a radius of 10 to 157.5 um in 16.4 um increments (2-way ANOVA, genotype p = 0.611; n =20
cells per genotype). C. Sholl analysis showing a significant reduction of dendritic complexity in
YAC128 SPNs at DIV21 (2-way ANOVA, genotype **p=0.010; n=30 cells per genotype). D. Bar
graph showing the total number of dendritic crossings of a circle drawn with a 157.5 um radius
from the center of the soma (*p=0.045, unpaired t-test). E. Bar graph showing the total dendritic
length from WT and YAC128 SPNs at DIV 14 and 21. A significant interaction effect is observed
(2-way ANOVA, interaction *p=0.0264, genotype p=0.2262). F. Bar graph showing the density
of spine-like dendritic protrusions on WT and YAC128 SPNs dendrites at DIV 14 and 21.
Protrusion density increased from DIV 14 to 21 (2-way ANOVA, DIV ***p=0.0009), but the
increase was significant by post-hoc analysis for WT SPNs only (***p<0.001); no genotype

(p=0.5565) or interaction (p=0.4777) effect was observed (n=19-25 cells per bar).
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Co-culturing SPNs with cortical neurons promotes the growth of dendritic protrusions that
are readily visible on the dendritic surface of YFP-transfected SPNs (124). Small, spine-like
protrusions emerging from the dendritic shafts were manually counted in ImageJ. Not surprisingly,
there was a robust increase in the number of dendritic protrusions from DIV 14 to 21 in WT SPN
(Figure 4-6 F). While we also observed an increase in the mean of YAC128 SPN dendritic
protrusions, post-hoc analysis only detected a significant increase from DIV14 to DIV21 in WT,
and not YAC128 SPN, suggestive of a more robust effect in WT SPN (Figure 4-6 F). However, as
there was no interaction effect (p=0.478), we conclude that any effects of the Htt mutation on the
development of SPN protrusions during this time period is minimal. Similarly, when we assessed
structural excitatory synapse density by quantifying colocalization of vGlutl with the postsynaptic
scaffolding protein, PSD-95 (Figure 4-7 A and B), we found no evidence for a reduction in
YAC128. A similar result was seen when we analyzed functional synapses at DIV21 by
immunofluorescence labeling of AMPA receptor GIuA2 subunits and the presynaptic marker
vGlutl (Figure 4-7 C-F). The densities of GIuA2 (Figure 4-7 D) and vGlutl (Figure 4-7 E) puncta
were similar between genotypes, as was the size of GluA2 (WT: 0.138 + 0.013 pm?, n=32, YAC:
0.138 + 0.009 um?, n=32) and vGlut1 puncta (WT: 0.213 + 0.019 um? n=32; YAC: 0.176 + 0.015
um?, n=32). Colocalization of the two markers was also not significantly affected by genotype
(Figure 4-7 F). These data suggest that despite a reduction in overall dendritic arborization, the
synapse density for a given area of dendrite is normal in YAC128 cocultures up to three weeks in
vitro. Moreover, the similar density of vGlutl puncta along dendrites of both WT and YAC128
SPNs at DIV21 is strong evidence to indicate similar survival of cortical neurons and their input

to SPNs in cocultures from the two genotypes.
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Given that we previously observed smaller mMEPSC amplitude (Figure 4-3 D), the fact that
we observed no change in GIUA2 puncta size or density suggests reduced glutamate content in
presynaptic vesicles in C-S synapses in YAC128 coculture at DIV21 compared with WT.
Interestingly, using confocal microscopy, we found a small but significant reduction in vGlutl
puncta size [WT=0.341+0.006 um? and YAC128=0.321+0.005 pm? ; n=117(12) for both WT and
YAC128; by unpaired t-test **p=0.0024; not shown], and no change in its density, in YAC128
compared with WT SPNs. Together with the ~17% (non-significant) reduction of vGlutl puncta
size (above paragraph) observed with epifluorescence microscopy, we conclude that mHtt causes
a modest decrease of vGlutl expression in C-S synapses, which likely contributes to reduced

glutamate loading into presynaptic vesicles.
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Figure 4-7 Similar density of excitatory synapses on SPN dendrites at DIV21 in WT and
YAC128 C-S cocultures.

A. Representative images of YFP-positive immunostaining (green) is shown on the left for
both WT and YAC128 SPNs at DIV21, and the enlarged images to the right show immunostaining
for PSD95 (red) and vGlutl (blue) within the mask drawn around the YFP-stained dendritic
segment bounded by the white rectangles. Yellow arrows point to the co-localized PSD95-vGlutl
puncta. The scale bar is 40 um. B. The density of synapses defined by vGlutl co-localized with
PSD-95, as measured from SPN dendrites in coculture with cortical neurons (n=23-32 different
cells for both genotypes and p-values were obtained by unpaired t-tests). C. Representative image
of YAC128 SPN showing vGlutl (blue), YFP (green) and GIuA2 (red) immunostaining; scale bar
is 40um in the right image, and higher gain image is shown in left. Bar graphs show no difference
between WT and YAC128 in terms of GIuA2 (D.) and vGlutl (E.) puncta densities, or the percent
co-localization of GIuA2 with vGlutl (F.). There are 32 cells from 4 different culture batches for

both WT and YAC128 analyzed for the bar graphs in D-F.
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4.3.4 Elevated Action Potential-independent, Impaired Action Potential-dependent
Vesicle Release from Cortico-striatal Presynapses

To extend our observations of miniature excitatory synaptic activity, reflecting function
of C-S connections, in recordings at the whole-cell level (Figure 4-3 A and B), we wanted to
understand the function of individual C-S synapses in SPNs from HD mice under various
conditions.

Firstly, we tested miniature release of presynaptic vesicles from C-S synapses at the single
synaptic level by conducting a Synaptotagminl (Sytl) antibody uptake assay (referred as “Sytl
assay” in the following) in the presence of tetrodotoxin (TTX), an action potential blocker, in
YAC128 vs. WT DIV21 C-S coculture. The Sytl assay allows us to assess vesicular release at
single synapses by incubating with an antibody against the luminal domain of Sytl, which is
exposed to the extracellular bath solution as the vesicles undergo exocytosis (466). The cells were
incubated at 37°C in conditioned medium (containing TTX) with or without the Syt1 antibody for
a range of time periods (Figure 4-8 A). The results showed that the average Sytl intensity under a
vGlutl mask within PSD95-GFP-labeled SPN dendrites (C-S synapses) was significantly higher
in YAC128 than in WT coculture under the same antibody exposure times (Figure 4-8 A and B),
implying that the C-S synaptic vesicle release mechanism independent of action potentials is likely
upregulated in our YAC128 coculture model. Moreover, the basal expression of Sytl in
presynapses (cortical terminals) was indistinguishable between the two genotypes as indicated by
its puncta size in permeabilized immunostaining (Figure 4-8 C), further supporting our proposition
that action potential-independent vesicle release is elevated at C-S synapses in the YAC128
coculture model. Therefore, we concluded that mHtt expression promotes quantal release at C-S

synapses.
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This outcome led us to question whether the elevated quantal release of presynaptic
vesicles from C-S synapses is a consequence of an increased number of vesicles in the readily
releasable pool (RRP) vs. enhanced release probability of individual vesicles. To answer this
question, we conducted electrophysiological experiments to estimate the amount of glutamate
vesicles in the C-S RRP by recording mEPSC events and the subsequent sucrose-evoked (500 mM,
4 second) EPSC amplitude with whole-cell patch clamp from striatal SPNs in WT and YAC128
DIV21 cocultures, in the presence of the GABAAa receptor and voltage-gated sodium channel
blockers (PTX and TTX; Figure 4-9 A).

The sucrose pulse depletes the RRP and boosts its replenishment up to the maximum rate
(463,467). In the sucrose-evoked EPSC trace (Figure 4-9 A, trace on the right side), the steady-
state charge [blank area under the curve (AUC); referred to as “new pool charge”] is largely
induced by glutamate from newly replenished vesicles, whereas the rest (AUC with green stripes;
referred to as “original pool charge”) is mediated by that from the originally docked vesicles in the
RRP (467). Therefore, the number of vesicles in the initial RRP was quantified by dividing the
original pool charge by the average charge of mEPSC events recorded from the same cell; in
contrast, the RRP maximum replenishment rate (by vesicle) was calculated by dividing the new
pool charge by the product of the average mMEPSC charge and sucrose-EPSC time duration (467)
(Figure 4-9 A). Using this approach, we obtained a small trend toward a reduced number of
vesicles in the original RRP in YAC128 compared with WT from DIV21 C-S coculture (Figure
4-9 B). Importantly, vesicle “density”, calculated by normalizing vesicle number in the original
RRP to cell membrane capacitance (Figure 4-9 C), was comparable between the two genotypes.
Considering the similar density of C-S synapses on SPN dendrites between WT and YAC128 in

our coculture (Figure 4-7 C), we concluded that the number of readily-releasable vesicles at
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individual C-S synapses is not influenced by the presence of mHtt. Therefore, the enhanced live-
staining of C-S synapses with Sytl antibody (Figure 4-8) was most likely due to elevated release
probability of individual vesicles. Together, we concluded that mHtt facilitates release of
glutamate-containing vesicles at C-S synapses. Likewise, vesicle replenishment rate at C-S
synapses, shown by the number of vesicles replenished per membrane capacitance per second, was
similar between YAC128 and WT (Figure 4-9 D), suggesting that vesicle renewal at individual C-

S synapses is not a subject of alteration by mHtt in this simple coculture system.
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Figure 4-8 Action potential-independent vesicle release at C-S synapses is tuned up in
YAC128 C-S coculture at DIV21

A. Representative pictures of live-immunostaining of Synaptotagminl (Syt1) with an anti-
Syt1 luminal domain antibody (red) and cell membrane permeabilized immunostaining of vGlutl
(blue) in WT and YAC128 C-S coculture at DIV21. Striatal neurons were labeled with PSD95-
GFP (green) construct when plated, and the fluorescent signal was later enhanced with anti-GFP
antibody during immunostaining. B. With TTX present, YAC128 C-S synapses showed higher
Sytl live-staining intensity under the vGlutl mask than WT [WT n=25-28(3) and YAC128 n=20-
26(3); by 2-way ANOVA test, genotype ***p=0.0005, interaction *p=0.0282 and exposure time
***p<0.0001; by Bonferroni’s post-test *p<0.05 at 60 min and **p<0.01 at 90 min]. C. When
measured after cell membrane permeabilization followed by immunostaining, the average puncta
size of Sytl in C-S coculture at DIV21 is comparable between the two genotypes [WT n=48(4)

and YAC128 n=51(4); by unpaired t-test p=0.302].
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Figure 4-9 The amount of readily releasable vesicles in individual C-S synapses is not affected
in YAC128 compared with WT, nor vesicle replenishment.

A. An example of quantifying the number of vesicles in RRP and measuring vesicle
replenishment speed. mEPSC events were recorded from striatal SPNs in WT and YAC128 C-S
cocultures at DIV21 before sucrose (500 mM, 4 s)-evoked EPSC, which is composed of two
components: a triangular region of peak current charge [area under the curve (AUC) with green
stripes below red line; original pool charge] and a rectangular region of steady-state current charge
(blank AUC above red line; new pool charge). Division of the original pool charge by the average
charge of the preceding mEPSCs from the same cell estimates vesicle quantity in RRP, whereas
that of new pool charge divided by the product of the average mEPSC charge and sucrose duration
generates RRP vesicle replenishing speed. B. The estimated number of vesicles in original RRP is
lower in YAC128 C-S connections, but not significant, compared with WT in DIV21 C-S
cocultures [WT n=21(5) and YAC128 n=27(6); p=0.306 by unpaired t-test]. C. The number of
RRP vesicles per membrane capacitance is comparable between the two genotypes [WT n=21(5)
and YAC128 n=27(6); p=0.2816 by unpaired t-test], and so is the average number of replenished
vesicles per membrane capacitance per second [D.: WT n=21(5) and YAC128 n=27(6); p=0.7352

by unpaired t-test].
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Secondly, we were interested in learning about action potential-dependent vesicle release
at C-S synapses in HD that determines synaptic efficacy, as this contributes to learning efficiency
and capacity in vivo. To answer this question, we performed the Sytl assay on WT and YAC128
C-S coculture at DIV21 in the absence of TTX for a range of exposure times. Our results
demonstrated that the average Sytl intensity under the vGlutl mask [within striatal dendrites (C-
S synapses) identified with PSD95-GFP transfection or DARPP32 immunostained dendritic
processes] was significantly lower in YAC128 than in WT cocultures with the same exposure
times (Figure 4-10 Ai and Aii), suggestive of reduced cortical neuronal activity or impaired action
potential-dependent vesicle release at YAC128 C-S synapses. Interestingly, cortical neuronal
firing rate was similar between the two genotypes, as indicated in whole-cell current clamp
recording of cortical neuronal (YFP-transfected) membrane potential in response to various current
injections (Figure 4-10 Bi and Bii), confirming impairment in action potential-dependent vesicle
release in YAC128 C-S synapses. Notably, using immunocytochemistry we found a significant
reduction in puncta size of cysteine string protein (CSP) in YAC128 DIV21 coculture compared
with WT (Figure 4-10 C). CSP is a presynaptic machinery protein whose function is to facilitate
action potential-dependent exocytosis of presynaptic vesicles via interaction with SNAP-25 (468).
Intriguingly, CSP has stronger association with mHtt over wild-type Htt (202), and mHtt
sequesters CSP from presynaptic terminals by suppressing its palmitoylation by HIP14 (202,469).
Therefore, we concluded that neuronal activity-dependent vesicle release at C-S synapses is
impaired with mHtt expression, which likely interferes with synaptic machinery by disrupting

localization of synaptic proteins such as CSP.
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Figure 4-10 Neuronal activity-dependent vesicle release at C-S synapses, but not cortical
neuronal activity, is dysregulated by mHtt in YAC128 DIV21 C-S coculture

Ai. Representative photomicrographs of live-stained Sytl (red; Sytl assay without TTX)
and permeabilized immunostaining of vGlutl (blue) and DARPP32 (green) in WT and YAC128
C-S cocultures at DIV21 (controls were incubated in conditioned medium containing only
glycerol). Aii The basal background intensity of Sytl channel at C-S synapses is similar between
WT and YAC128, but with same time exposure to Sytl antibody YAC128 revealed lower Sytl
intensity under vGlutl mask within DARPP32-positive dendrites compared with WT [normalized
to control conditions; WT n=30-41(3-4) and YAC128 n=41-56(4-6); by 2-way ANOVA test
genotype ***p=0.0002, interaction **p=0.004 and exposure time ***p<0.0001; ***p<0.001 at 10
min and **p<0.01 at 20 min exposure time by Bonferroni’s post-test]. Bi. Representative traces of
membrane potential (Vm) responses recorded from WT and YAC128 cortical neurons with whole-
cell patch clamp in response to current injections from -250 to 300 pA with increments of 50 pA
in C-S coculture at DIV21. Red trace indicates Vm response at 0 current injection. Bii. Firing
frequency of YAC128 cortical neurons is not significantly different from that of WT at a given
current injection [WT n=18(3) and YAC128 n=22(4); by 2-way ANOVA test genotype p=0.5066,
interaction p=0.7806 and current ***p<0.0001]. C. Immunostained puncta size of CSP protein in
YAC128 C-S coculture is significantly smaller than in WT at DIV21 [WT n=35(3) and YAC128

n=30(3); by unpaired t-test ***p<0.0001].
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4.3.4.1 From Cortico-striatal Coculture to Acute Brain Slice

Results shown above, comparing C-S synapses in YAC128 vs. WT coculture, indicated
that: i) the presynaptic vesicle RRP and replenishment rate is similar; ii) AP-independent
presynaptic vesicle release is elevated whereas AP-dependent (calcium-induced, synchronous)
vesicle release is impaired; and iii) glutamate content of individual vesicles is reduced. To
investigate these processes in a more intact system, I used direct measurement of cortical glutamate
release in acute cortical-striatal slices from 6-month old YAC128 and WT mice. This age was
chosen because 6-month YAC128 mice show motor deficits but no significant reduction in striatal
volume (90,93) and are considered to be at an early symptomatic stage.

To directly measure synaptically-released glutamate | used the intensity-based glutamate-
sensing fluorescent reporter (iGIuSnFr), a sensor protein that is capable of indicating the glutamate
level in the extracellular space in a concentration-dependent manner when expressed on neuronal
or astrocyte cell membranes (327,470). Due to the limited sensitivity of iGluSnFr to quantal release
of glutamate, and difficulty in isolating quantal vesicle release of cortical glutamatergic terminals
from that of thalamic, we were able to determine only action potential-dependent glutamate release
from C-S synapses by electrically stimulating in corpus callosum.

Adeno-associated virus (AAV) carrying the iGluSnFr construct was injected into the dorsal
striatum of 4 to 6-week old anaesthetized mice. By 6 months of age when the sensor was
abundantly expressed, the imaging experiment was conducted on sagittal acute brain slices
(thickness: 300um) containing striatum prepared from WT and YAC128 mice. A series of
electrical stimuli (300pA) were generated within corpus callosum adjacent to the dorsal striatum
where iGluSnFr was highly abundant (Figure 4-11 A and B). The iGIuSnFR fluorescence was

excited with a blue LED for the duration of video acquisition (150Hz, 6.67ms frame-rate). A

159



stimulation paradigm shown in Figure 4-11 C was applied: paired stimuli (10 ms apart), applied
six times at 30s intervals, were followed by a train stimulation (100 Hz for 500 ms). The average
intensity of a 6x6-pixel region of interest (in 128x128 pixel image) within the striatum was
acquired from each frame after background subtraction, and was plotted as an intensity response
curve against time (Figure 4-11 D). The peak intensity average of all paired stimuli was normalized
to that of the following train stimuli within each slice, and it is regarded as a C-S presynaptic
glutamate vesicle release indicator in response to action potentials, triggered here with electrical
stimulation of axon fibers projecting from cortex through corpus callosum to striatum. We found
that the proportion of maximal action potential-dependent release of the presynaptic glutamate
pool trended to be reduced in YAC128 compared to WT striatum (p = 0.0968), although this was
not significant (Figure 4-11 D and E). This suggests that the disruptive effect of mHtt on AP-

dependent vesicle release is still minimal at this age in vivo.
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Figure 4-11 Direct measurement of action potential-dependent glutamate release from C-S
connections in acute brain slices prepared from 6-month old YAC128

A. An example picture showing expression of intensity-based glutamate sensor fluorescent
reporter (iGluSnFr) in dorsal striatum in acute brain slice from 6-month old mouse with stimulating
micro-electrode in corpus callosum. Red box indicates the region of interest (ROI) for analysis
within striatum. B. Heat-map graph of fluorescence in the example slice under 100-Hz, 500-ms
train electrical stimulation (300 pA) showed a corresponding, long-lasting response in ROI (red
box) next to the stimulation site after subtraction of fluorescence depletion. In iGluSnFr graphs,
%AF/F indicates percent change of fluorescence in contrast to basal intensity. C. Schematic
diagram of electrical stimulation paradigm adopted to assess action potential-dependent vesicle
release from C-S synapses: 6 pairs of basal stimuli (10 ms apart; 300 HA) were succeeded by a
train stimulation (100 Hz; 500 ms; 300 pA), all accompanied with light (blue LED). D.
Representative traces of iGluSnFr fluorescence changes in striatal ROIs imaged from acute brain
slices from 6-month old WT and YAC128 mice under electrical stimulation with paradigm shown
in C, with background subtracted. Red (responses to basal stimuli) and black traces (to train
stimulation) are overlapped to compare. E. Average peak intensity of iGluSnFr response to basal
stimuli (example %AF/F in red in C) was normalized to peak intensity of train stimulation (black
%AF/F in C) within slices. This measurement strongly trended to be reduced in YAC128 compared
with WT, yet insignificant [WT n=12(4) and YAC128 n=9(4); by unpaired t-test p=0.0968; the

n’s indicate the numbers of slices analyzed whereas the animal numbers are shown in parentheses].
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4.3.5 Suppressed Glutamate Pool Recovery at Cortico-striatal Connections in both
YAC128 Three-week Cortico-striatal Cocultures and Acute Brain Slices from 6-month Old
YAC128 Mice

Previously, we demonstrated that vesicle replenishment at C-S synapses is unaffected in
YAC128 (Figure 4-9 D), but glutamate content in vesicles is reduced (Figure 4-3 D). Here, we
asked whether recovery of the readily-releasable glutamate pool (referred as “glutamate recovery”
hereafter) is slowed by the presence of mHtt, by measuring at various recovery times after a
hypertonic sucrose and a high frequency train challenge in vitro and in vivo, respectively.

At first, we wanted to assess glutamate recovery at C-S synapses at more than a single
recovery time (Figure 4-4 F and G) in our C-S coculture by implementing whole-cell patch clamp
recording from striatal SPNs in response to paired-sucrose pulses (PSP) at a depleting
concentration (500 mM; 3 s) with various inter-pulse intervals. The peak current of the second
sucrose-EPSC was normalized to that of the first within the pair (Figure 4-12 Ai). Our results
showed a significant genotype effect (*p=0.0415) by repeated measure 2-way ANOVA comparing
percent recovery of sucrose-EPSC between WT and YAC128 cocultures at DIV21 (Figure 4-12
Alii), but there was no significant difference at any measured time point by Bonferroni’s post-test.
Given that the mEPSC amplitude was not differentially affected between the two genotypes after
a sucrose pulse (4.3.2, Results, Chapter 4), we concluded that mHtt impedes glutamate recovery
at C-S excitatory synapses, but does not promote AMPA  receptor
desensitization/inactivation/internalization. In contrast, the percent recovery of the sucrose-evoked
IPSC, which is predominantly from inhibitory connections established between SPNs, was not

significantly different between YAC128 and WT (Figure 4-12 B) under the same coculture
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conditions and experimental protocol. This suggests selective suppression of glutamate recovery

by mHtt at C-S synapses.
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Figure 4-12 After sucrose challenge, percent recovery of EPSC recorded from striatal SPNs
is significantly lower, but not that of IPSC, in YAC128 than in WT at DIV21 in C-S coculture.

Ai. lllustrative EPSC traces recorded from striatal SPNs in response to paired-sucrose
pulses (PSP; 500 mM; 3 s) with different inter-pulse intervals but fixed inter-pair time (1 min for
full recovery) in WT and YAC128 C-S cocultures at DIV21. PSP EPSC traces with 1 s and 4 s
intervals are shown here. Peak current of later sucrose-EPSC normalized to that of former in pair
was regarded as an indicator of presynaptic neurotransmitter (excitatory) pool recovery. Aii. The
percent recovery of sucrose-EPSC recorded from striatal SPNs is lower in YAC128 than in WT
[WT n=20(3) and YAC128 n=19(3); by repeated measure 2-way ANOVA interaction p=0.4304,
intervals ***p<0.0001, and genotype *p=0.0415; with Bonferroni’s post-test p>0.05 at all
intervals]; in comparison, the percent recovery of sucrose-IPSC is similar in YAC128 compared
with WT at DIV21 in C-S coculture [B.: WT n=10(3) and YAC128 n=10(4); by repeated measure
2-way ANOVA interaction p=0.251, intervals ***p<0.0001, and genotype **p=0.3106; with

Bonferroni’s post-test p>0.05 at all intervals].
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Next, we asked whether the impaired glutamate recovery that we observed in vitro is also
present in vivo. To answer this question, we recorded EPSCs from striatal SPNs in acute brain
slices prepared from 6-month old WT and YAC128 mice that are regarded as at an early
phenotypic stage, under paired electrical train stimuli (300-500 pA; 20Hz for 4s per train; Figure
4-13 A) in corpus callosum (stimulating electrode was 150-450 um distant from the recorded
striatal SPN) with a variety of inter-train intervals (with 1 min full-recovery time between pairs).
Like the PSP in coculture (Figure 4-12 Ai and Aii), the total charge of first 1 second response of
the second train response in each pair was divided by that of the first (because the majority of RRP
is released in response to the first 1 second stimuli in each train stimulation), and was considered
as an index of glutamate recovery. We found a reduced proportion of second SPN EPSC charge
relative to that of the first in YAC128 compared with WT (Figure 4-13 Bi, Bii and C) as revealed
by a significant genotype effect by repeated measure 2-way ANOVA (genotype *p=0.018; by
Bonferroni’s post-test p>0.05 at all intervals), similar to our observation in C-S coculture (Figure
4-12 Aii). This is suggestive of impaired glutamate recovery at C-S synapses in the HD condition.
Enhanced AMPA receptor desensitization/internalization in YAC128 SPNs is a less likely
explanation, since AMPA receptor desensitization is actually reduced in YAC128 SPNs compared
to WT (in acutely dissociated neurons at 7 months) (312). Therefore, we concluded that mHtt
inhibits recovery of the readily-releasable glutamate pool at C-S synapses both in vitro and in acute
brain slices. Furthermore, a significantly faster decay of EPSC amplitude in the first train responses
was recorded in YAC128 compared with WT (Figure 4-13 D), also similar to our finding in C-S
coculture (Figure 4-4 E). These data provide further evidence supporting our conclusion that mHtt

suppresses glutamate recovery at C-S connections.
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Figure 4-13 Whole-cell patch-clamp electrophysiological study of striatal SPNs revealed
reduced percent recovery EPSC under paired electrical train stimulation of corpus callosum
at C-S synapses in acute brain slices from 6-month old YAC128.

A. Schematic diagram showing electrical stimulation paradigm of corpus callosum in
sagittal slices of striatum. Bi. A representative trace recorded from WT striatal SPNs under
electrical train stimulation (300-500 pA; 20 Hz for 4 s; only first 2 s response was shown here) in
corpus callosum in acute brain slice prepared from a 6-month old mouse. Bii. Averaged responses
of the first pairs (1-second interval) recorded from striatal SPNs under the repeated stimuli in acute
brain slices from 6-month old WT and YAC128. Black traces indicate EPSC charge response to
1% train stimulation, while red shows that to 2", Event charge of each response was normalized to
largest one in 1% train stimulation from same cells, which often appears within initial ten responses.
C. The percent recovery of striatal EPSC charge of electrical train stimuli (Only the responses to
the first 1-second stimuli in each train stimulation was considered) is lower in YAC128 compared
to that in WT at 6 months [WT n=7(5) and YAC128 n=11(7); by repeated measure 2-way ANOVA
interaction p=0.3513, interval ***p<0.001 and genotype *p=0.018; by Bonferroni’s post-test
p>0.05 at all intervals]. D. Amplitude of EPSC in train stimulation decays faster in YAC128 than
in WT [normalized to largest amplitude peak within each cell; WT n=9(6) and YAC128 n=12(6);
by repeated 2-way ANOVA interaction p=0.1655, ***time p<0.0001 and genotype *p=0.047; by
Bonferroni’s post-test p>0.05 at all stimuli]. In this figure, the n’s indicate the numbers of slices

used whereas the animal numbers are shown in parentheses.
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To further confirm our result -- disrupted recovery of the glutamate pool at C-S synapses
in an HD model ex vivo, using a more direct assessment with less involvement of postsynaptic
striatal SPNs, | adopted iGluSnFr as beforehand described (Figure 4-11) and measured glutamate
content released from cortical terminals into the striatum under train electrical stimulation in
corpus callosum. In this experiment, as applied above in slice electrophysiology, pairs of train
stimuli (300 pA; 100 Hz; 500 ms) with various inter-train intervals (4, 7 and 10 s) were generated
with 60 seconds between pairs (full-recovery time; Figure 4-14 A). The peak amplitude of the
second train response was normalized to that of the first in each pair, and this value indicates
glutamate pool recovery within a given inter-train interval.

Our results showed that the percent recovery of iGluSnFr fluorescence under train
stimulation was lower in YAC128, at least at 4-second inter-train intervals, as suggested by
repeated measure 2-way ANOVA (interaction **p=0.0046) and Bonferroni’s post-test (*p<0.05
at 4 s), compared to that in WT at 6 months (Figure 4-14 B and C). These results are consistent
with our electrophysiological experiment results (Figure 4-13 C) and suggestive of reduced
glutamate recovery at C-S synapses in YAC128, at least at the early recovery time. Together, this
result further supports our conclusion that recovery of the glutamate pool at C-S synapses is

impeded in HD at an early symptomatic stage.
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Figure 4-14 Assessment of recovery of readily-releasable glutamate pool at C-S synapses
under electrical stimulation in corpus callosum in acute brain slices obtained from 6-month
old WT and YAC128 with iGluSnFr

A. Schematic diagram shows train stimulation (electrical) paradigm and iGluSnFr
fluorescence excitation with blue LED. B. Representative responses of iGluSnFr fluorescent signal
recorded from 6-month old WT and YAC128 striatal slices under paired-train stimulation with 4-
second interval. First train stimulation responses are shown in black and seconds are in red.
Normalized peak response of second train stimulation to that of first is an indicator of recovery of
readily-releasable glutamate pool at C-S connections. C. Under paired-train stimulation with
various inter-train intervals, YAC128 shows reduced percent recovery of fluorescent peak
intensity at 4-second inter-train interval compared with WT at 6 months [WT n=10(5) and
YAC128 n=10(3); by repeated measure 2-way ANOVA interaction **p=0.0046, interval
***n<0.0001 and genotype p=0.211; by Bonferroni’s post-test *p<0.05 at 4 s; the n’s indicate the

numbers of slices analyzed whereas the animal numbers are shown in parentheses].
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4.4  Discussion

HD is viewed as a synaptopathy, in which measurable early synaptic changes precede later
neurodegeneration and may be a prerequisite for neuronal death. Using a coculture system to study
the C-S synapse in relative isolation provides us with an accessible means to investigate the
mechanisms underlying HD-associated synaptic dysfunction and to assess the potential value of
various therapeutic avenues to restore normal synaptic neurotransmission. Here, we demonstrate
that many of the synaptic changes previously reported to occur in the striatum at mid-to-late stages
of HD in animal models (28) can be detected as early as three weeks in vitro where striatal SPNs
are cocultured with cortical neurons. Detectable differences were observed in striatal SPN
dendritic complexity, frequency of excitatory events, presynaptic vesicle release under different
conditions and recovery of the presynaptic glutamate pool following sustained stimulation at C-S
synapses. Thus, C-S cocultures can be a useful platform for understanding the mechanisms
underlying synaptic dysfunction in HD and for investigating therapeutics for preventing/restoring

synaptic changes in HD.

4.4.1 mHtt Does Not Impact Basal Neuronal Survival in Cortico-striatal Coculture by
Three Weeks In Vitro

When mHtt is expressed, striatal neurons become more vulnerable to harmful stimuli (300).
However, in this chapter, we found that the basal cell survival of DARPP-32-expressing SPNs is
very similar between WT and YAC128 three weeks after plating with cortical neurons (Figure
4-1); as well, DARPP32-negative neurons (MAP2-positive), which represent a combination of
striatal interneurons and cortical neurons [but may also include some striatal SPNs that do not

express DARPP32 (471)], are preserved equally in the two genotypes. Surprisingly, the percentage
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of MAP2-positive cells that are also DARPP32-positive (~8% for WT and ~8.5% for YAC128) is
far less than the expected 50%. Either insufficient expression of DARPP32 in SPNs by three weeks
in vitro or death of striatal SPNs could explain this result. In either case, the basal level of SPNs
expressing DARPP32 is not affected by mHtt by DIV21 when we investigated C-S synaptopathy.
Likewise, DARPP32-negative neurons that constitute a similar proportion of all MAP2-positive
cells in the two genotypes could consist of similar or different ratios of cortical neurons to striatal
interneurons, or possibly even DARPP32-negative striatal SPNs. Nonetheless, the density of
vGlutl-positive terminals onto the DARPP32-expressing SPN dendritic tree is similar between
WT and YAC128 (Figure 4-7 E), supporting the view that cortical neurons and their connections
exist at a similar level.

Synaptic activity can promote downstream cell survival signaling, including
phosphorylation of the transcription factor CREB (293,297). CREB activity is reduced in HD, an
effect that has been attributed largely to repressed CREB transcription due to a mHtt-induced
sequestration of the CREB binding protein (197). Notably, reduced basal levels of pCREB are
found in nuclear fractions from striatal tissue of YAC128 mice at a stage when they exhibit an
overt motor phenotype (472). However, in the present study, despite reduced synaptic activity and
the presence of mHtt both pre- and postsynaptically, YAC128 C-S cocultures did not differ from
WT in terms of basal nuclear-to-cytosolic expression of pCREB in SPNs. It is possible that
differences in basal pCREB would be detected in cocultures at a later stage, although concerns of
general culture health prevented any quantification outside of the employed three-week period.
Alternatively, experimental manipulations of glutamate receptor activity may be prerequisite to

observe genotype differences in pCREB expression. Indeed, we have shown previously that
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extrasynaptic NMDA receptor activation induces a greater reduction of nuclear pCREB in DIV 14
YAC128 than WT cocultured SPNs (299).

Taken together, there is no genotype difference in terms of basal neuronal survival and pro-
survival signaling by three weeks in vitro in C-S coculture between WT and YAC128. Therefore,

day invitro (DIV) 21 is an ideal time to investigate synaptopathy, free from differential cell-death.

4.4.2 mHtt Perturbs Miniature Excitatory Postsynaptic Currents and Dendritic Tree
Development, but Not Cortico-striatal Synapse Density, in Striatal SPNs

In situ data from mouse models have provided ample evidence in support of altered
dendritic morphology in HD. For example, reductions in spine density, somatic area and diameter
of the dendritic field have been reported for SPNs in R6/2 mice only after development of an HD-
like phenotype (398). This reduced neuronal size is consistent with the lower membrane
capacitance that is typically recorded from R6/2 SPNs in whole-cell electrophysiological
experiments (398,473). Similar reductions in dendritic complexity and spine density have been
observed in knock-in HD mice (462). In the present study SPN dendritic complexity, as measured
by Sholl analysis, was reduced in DIVV21 but not DIV14 YAC128 cocultures. In agreement with
the morphological findings, there was a significant interaction effect of DIV and genotype on
membrane capacitance, reflected by an increase and decrease in the mean capacitance in WT and
YAC128 SPN, respectively, from DIV 14 to 21. On the other hand, we did not observe a significant
decrease in density of spine-like dendritic protrusions in YAC128 SPN as other researchers
observed (415). It is most likely because our cocultures were prepared from embryonic neurons
(day 17/18) from a mild form of HD model (YAC128 line 55) with abundant cortical neurons (1:1

cortical-to-striatal plating ratio) whereas Wu et al. (415) plated C-S coculture using postnatal day
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1 neurons from YAC128 line 53, which is more aggressive compared with line 55, at a 1:3 ratio
(cortical: striatal). Therefore, these data demonstrate that some, but not all of the HD-associated
dendritic morphology impairments can also be recapitulated as early as three weeks in C-S
cocultures.

A progressive loss in EPSC frequency has been widely reported in acute striatal brain slices
from HD mice. This phenotype of reduced excitatory transmission shows remarkable consistency
among the various HD models (474), including N-terminal fragment models (322), full-length
transgenic models (419,474) and knock-in models of HD (102,400,474). These changes are not
evident at birth; rather, HD mice typically age up to a number of months before quantifiable
differences occur, with the exception of the rapidly-progressing R6/2 mice in which spontaneous
EPSCs are reduced at 5 weeks of age (322). In the present study, mEPSCs measured from YAC128
striatal SPNs cocultured with cortical neurons are altered by as early as three weeks in vitro,
whereas in acute slices, a deficit in spontaneous EPSCs was observed at 6 months of age or later
in this model (474). Thus, when grown in isolation under the currently employed culture
conditions, we observed accelerated synaptic impairment, which mirrors the synaptic dysfunction
at relatively late stages in situ. This suggests that C-S cocultures may be useful for future work for
investigating the precise mechanisms underlying the reduction of excitatory transmission that
occurs with progression of the HD phenotype. Indeed, using a chimeric culture strategy, we were
able to demonstrate a mechanistic requirement for both pre- and postsynaptic mHtt expression to
observe this pathogenic effect (475) (not shown in the Result section). This result is in line with
the finding that selective expression of mHtt in either striatal or cortical neurons is insufficient to

recapitulate the full behavioral and neuropathological phenotypes of HD (476,477).
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Differences in sucrose-induced EPSCs were also observed between WT and YAC128 C-S
cocultures at DIV21. The reduced area under the curve (normalized to membrane capacitance) of
sucrose-EPSC responses in YAC128 cocultured SPNs (Figure 4-4 C) suggests that there is a
smaller amount of glutamate in the C-S synaptic readily releasable pool per SPN membrane
capacitance. In acute brain slices, a reduction in the size of EPSCs evoked by electrical stimulation
is evident in mid- to late-stage HD mouse models (28,312). The amplitude of evoked EPSCs is
determined by a number of factors, including the total size of the readily releasable pool (RRP). It
is thought that both electrically-evoked and sucrose-evoked EPSCs act on the same vesicle
population (465). Thus, it is likely that the C-S EPSC glutamate pool itself is reduced in the HD
model, since our immunocytochemical results show that the major AMPA receptor subunit
(GIuA2) is expressed at similar levels in WT and YAC128 C-S synapses (section 4.3.3) and our
data indicate no difference in vesicle numbers in the RRP between genotypes. Indeed, reduction
of the mEPSC amplitude in our YAC128 coculture at the same DIV (section 4.3.2) further supports
our conclusion, and implies that glutamate content in presynaptic vesicles at C-S synapses is
decreased by mHtt. This is in line with our finding that vGlutl puncta size is reduced at C-S
synapses in our system (section 4.3.3). However, functional study is necessary to prove effects of
reduction of synaptic vGlutl in HD. An additional direct and precise method to measure quantal
release of glutamate would be helpful here, but a previous study has already provided evidence of
this relationship to a certain degree (478) and measurement of glutamate released from individual
vesicles is difficult. Consistent with our results, vGlutl expression was reported to be reduced in
the CAG140 HD model prior to striatal cell-death (119,192). Undoubtedly, we cannot exclude
other factors that could also contribute to glutamate reduction in vesicles, such as impaired energy

supply caused by mitochondria impairment in HD (479,480) or impaired function of vGlutl, or
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reduced size of vesicles. Future experiments to increase synaptic vGlutl expression in YAC128
cortical terminals back to WT levels could help determine whether vGlutl reduction is causative.

A possible explanation for why excitatory connections are greatly affected by mHitt,
whereas inhibitory connections are relatively preserved, in terms of miniature event frequency
could be, in part, a result of formation of excitatory synapses largely onto distal dendrites and
distribution of inhibitory synapses closer to the soma; therefore, dendritic tree attenuation in

YAC128 SPNs may have impacted excitatory synapses more than inhibitory ones.

4.4.3 Presynaptic Vesicle Release at Cortico-striatal Synapses in Huntington’s Disease
Culture and Slice Models

While a number of investigations were conducted to determine the presynaptic release
probability at various synapses with artificial stimuli in HD models (91,312,419), few have studied
the spontaneous release of presynaptic vesicles at C-S synapses. However, the synaptotagmin 1
(Sytl) antibody uptake assay allows us to compare vesicle release at individual synapses in various
conditions unlike mEPSC event recording at the whole-cell level, which involves both pre- and
post-synaptic factors, such as dendritic tree arborization and postsynaptic receptor expression.
Results of the Syt1 assay experiments demonstrate synaptic vesicle release in our C-S coculture as
the basal expression of Syt1 at synapses is unaffected by the presence of mHtt (Figure 4-8 C). With
action potentials blocked, vesicle release at C-S synapses was elevated with mHtt expressed.
Although vesicle release measured as spontaneous or miniature EPSC events recorded from SPNs
at the cellular level were reported to be reduced in frequency in various HD models (102,311,322),
little was known about quantal release at individual synapses; to our knowledge, our data is the

first evidence suggesting action potential-independent vesicle release is enhanced at C-S synapses
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in the HD condition. More investigation is needed to uncover the underlying mechanism of
elevated quantal release at C-S synapses in our HD condition and to test whether similar
enhancement is present in HD animal models. In contrast, with action potentials naturally
occurring in C-S coculture, we found that C-S synaptic vesicle release was suppressed by the
presence of mHtt (Figure 4-10 Ai-Bii). On the other hand, in iGluSnFr experiments in acute brain
slice we observed no difference in glutamate release in striatum during electrical stimulation in
corpus callosum in 6-month old YAC128 compared with WT (Figure 4-11). Similarly, Joshi et al.
also found no change in vesicle release at C-S synapses using the FM dye FM1-43 in acute brain
slices prepared from YAC128 at 7 months, with 10Hz train electrical stimulation in cortical layer
V-VI (312). However, the vesicle release is impaired at 12 months when striatal neuronal loss
becomes evident (312). Thus, our 3-week old C-S coculture system is able to recapitulate the mid-
to-late stage HD C-S synaptopathy without evident neuronal loss.

When it comes to cortical neuronal activity, we found it unaffected by mHtt in the DIV21
C-S cocultures (Figure 4-10). In comparison, cortical neuronal firing rate in vivo was found
elevated in the R/2 model and not changed in the knock-in model in prefrontal cortex by recording
extracellular spike activity in freely moving mice, even at the symptomatic stage (481); whereas

in YAC128, cortex exhibited hyperexcitability at early ages (251).
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Interestingly, we found that cysteine string protein (CSP) expression level at synapses was
significantly reduced in YAC128 C-S coculture. CSP functions as a facilitator for calcium-
dependent presynaptic vesicle secretion via interaction with SNAP-25 (468); in HD, CSP interacts
with mHtt but not wild-type Htt (wtHtt) (202). Moreover, a Drosophila study found that when CSP
is knocked out, stimulus-release coupling is impaired but not vesicle recycling (482-484). On the
other hand, it has been demonstrated that CSP together with a G-protein forms a complex with N-
type calcium channels and regulates vesicle secretion (484,485). Furthermore, CSP can be
displaced from N-type calcium channels by the fragment encoded by HTT exon 1 (485) which
contains the CAG expansion in the case of HD (202), thereby removing CSP inhibition of N-type
Ca?" channels, while wtHtt does not (202). Therefore, further experiments are necessary to
examine how vesicle release at C-S synapses is affected when expression of CSP is reduced at the
synapse.

Aside from CSP, expression of other synaptic proteins is likely disturbed by the poly-
glutamine expansion, such as SNAP-25, PSD-95, complexin Il, syntaxin 1A, synapsin 1, and
GADG5 (141), in part by mHtt’s failure to modulate HIP14 enzymatic activity properly (193). For
example: Morton et al. found that expression of complexin I, which facilitates synchronous
release but acts as a brake on spontaneous vesicle fusion (486,487) (i.e. miniature release), is
progressively reduced in the R6/2 mouse model but not complexin | (184). Interestingly, the
expression of mHtt suppresses neurotransmitter release as well as complexin Il expression in non-
neuronal cells (488); syntaxin 1A, whose inhibition on the N-type calcium channel is removed by
wtHtt (489), is redistributed in the presence of mHtt in HEK cells (490) and was found decreased
in striatal synaptosomes from 6-month old homozygous CAG140 knock-in HD mice (192) but not

changed in whole-brain synaptosomes from phenotypic 13-week old R6/2 (184) or in
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sensory/motor cortex of grade I-1VV HD patients (188). In contrast, SNAP-25, a t-SNARE protein
that directly executes vesicle fusion with cell membranes, was found reduced in grade I-1V HD
patients cortex (188) and in striatal synaptosomes from 12-month old homozygous CAG140
knock-in mice (192) and in striatum and hippocampus of the Q175 knock-in model at 12 months
(103), but both SNAP-25 and CSP were reported increased in the neuromuscular junction, that
typically does not degenerate in HD, in 5 to 6-month old R6/1 (58). mHtt also binds to synapsin 1
(171), whose action potential/Ca?*-based phosphorylation is critical for neurotransmitter release
(491,492), and suppresses its phosphorylation (493). Therefore, a combination of multiple changes
may contribute to the altered vesicle release at C-S synapses depending on the model and age.
Interestingly, synaptotagmin 1 (Sytl), the major calcium sensor protein in presynapses, which was
reported to be reduced in the late-stage homozygous CAG140 knock-in model (192) though not in
transgenic R6/2 (184), is also a substrate of HIP14 (141) but its expression level is unaffected in

our YAC128 C-S coculture.

4.4.4 Reduced Glutamate Content per Vesicle in YAC128 Cortico-striatal Synapses

In coculture and acute brain slice experiments we concluded that glutamate content in
individual vesicles at C-S synapses is likely reduced in YAC128, mainly based on the following
observations:

1. YAC128 mEPSC amplitude is reduced significantly (Figure 4-3 D) at DIV21 compared
with WT, but GIuA2 puncta size is unchanged (section 4.3.3).

2. RRP vesicle number is similar (Figure 4-9 C), yet sucrose-evoked EPSC charge is

reduced (Figure 4-4 C).
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3. in slices from 6-month YAC128 mice, glutamate recovery is impaired (Figure 4-13 and
Figure 4-14), despite the fact that vesicular release is equal in WT and YAC128 C-S synapses at
7 months (312).

4. the recovery rate of the neurotransmitter pool at inhibitory synapses is not reduced in C-
S coculture (Figure 4-12 B). This also argues for a specific reduction in vesicle filling with

glutamate at excitatory synapses rather than a general problem with the vesicle release machinery.

445 Expression of mHtt Influences Recovery of Glutamate Pool but Not Vesicle
Replenishment in RRP

In the present chapter, we estimated the vesicle quantity in the RRP (Figure 4-9) as
previously described (467) and found a trend toward reduced number of vesicles in the RRP
(~14%) at C-S synapses in YAC128, along with the decreased total dendritic length (~25%; Figure
4-6 E) observed on the same DIV. Interestingly, the density of C-S synapses along dendrites
(Figure 4-7) was not significantly affected by mHtt, nor was the density of presynaptic vesicles
(Figure 4-9 C), together suggesting that the number of presynaptic vesicles in the RRP at individual
C-S synapses was not significantly influenced by mHtt. Moreover, mHtt expression did not change
the RRP vesicle replenishment rate at C-S synapses (Figure 4-9 D), which is distinct from recovery
of the glutamate pool in the RRP (glutamate recovery). One neuronal protein that is worth paying
attention to is HAP1, which regulates vesicular transport, exocytosis and RRP size (494,495).
Nevertheless, neither vesicle replenishment in the RRP nor RRP size at C-S synapses was impacted
in our present study or reported in previous research even though HAP1’s interaction strength with

mHtt is proportionally correlated with CAG repeat length (496). This seems consistent with a
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previous molecular interaction study, which came to the conclusion that HAP1-Htt interactions do
not contribute to the molecular pathology in HD transgenic mice (497).

To our knowledge, our results are the first to demonstrate that glutamate recovery is
impaired at C-S synapses in both HD C-S coculture (Figure 4-12) and acute brain slice (Figure
4-13 and Figure 4-14). The reason why glutamate recovery, but not the RRP vesicle replenishment
rate, is impeded by mHtt at C-S synapses is likely because of the moderate reduction of vGlutl
expression at C-S synapses (section 4.3.3), which could result in decreased glutamate content in
vesicles and mEPSC events with smaller amplitude (Figure 4-3 D). As to the question of why
vGlutl reduction could also contribute to impaired glutamate recovery, we propose that hypertonic
sucrose solution/electrical train stimulation challenges the RRP, boosting vesicle mobilization and
docking, and shortening the retention time of primed vesicles in the presynaptic active zone; we
postulate that these challenging conditions unmask a difference in the amount of glutamate
pumped into the vesicles. Certainly, this is an assumption that needs to be tested and we cannot
exclude other possibilities, such as altered expression of other synaptic proteins or suppressed

function of vGlutl.

446 In Summary

We demonstrated that C-S connections are affected by mHtt after three weeks in vitro, a
time when survival of both cortical and striatal neurons is unaffected: mHtt causes dendritic tree
degeneration but not synapse loss, thereby reducing the total number of C-S synapses formed onto
SPNs, but not altering inhibitory connections. Attenuated frequency of excitatory events recorded
at the soma is compensated to some degree by increased miniature release of presynaptic vesicles,

although mHtt-expressing C-S synapses still show reduced vesicle exocytosis to action potential
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invasion into cortical presynaptic terminals. Cortical neurons fire normally, but decreased vGlutl
in the presynaptic terminals results in less glutamate in vesicles and slower recovery of the
glutamate pool. However, the readily releasable pool size and replenishment is not impacted by
HD pathology in our C-S coculture system by three weeks. Together, these findings lay a

foundation for potential treatments targeting HD synaptopathy in the future.
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Chapter 5: Concluding Chapter

In Chapter 2, we studied striatal neuronal properties in various cortico-striatal (C-S)
cocultures which were later adopted to investigate neuroprotective function of wild-type huntingtin
(wtHtt) in more neuronal types in Chapter 3 as well as to examine synaptopathy caused by mutant

huntingtin (mHtt) together with tests in acute brain slices in Chapter 4.

5.1 Summary of the Findings

The creation of C-S coculture allowed researchers to investigate neurons and synapses of
interest in a relatively isolated condition, which is highly accessible to genetic and
pharmacological manipulations. | used this platform to investigate how synaptic formation and
function are affected by the expanded poly-glutamine in huntingtin (Htt) prior to striatal neuronal
loss, as well as whether the neuroprotective function of wtHtt is universal. The main goal of this
thesis was to further uncover function of wtHtt as neuroprotective in a broader view, and to
investigate pathophysiology of mHtt in synaptic dysfunction both in vitro and ex vivo. The
experiments conducted in this thesis examined cellular and subcellular structure and function of
striatal and cortical neurons, as well as C-S and striatal-striatal synapses, when Htt is expressed
with normal vs. mutant poly-glutamine repeat lengths.

The objectives of the present work were to:
Aim 1. Uncover an optimal plating ratio of cortical and striatal neurons in C-S coculture to
more closely reproduce C-S connections in vivo.

In order to investigate wtHtt function and C-S synaptic dysfunctions caused by HTT

mutation in C-S cocultures, we first studied the coculture system. We found that the plating ratio
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of cortical and striatal neurons does impact striatal neuronal properties as well as the C-S synapses.
However, due to its mild effects on C-S connections and pro-survival signaling of striatal spiny
projection neurons (SPNs) and because of the wide application of C-S coculture plated at 1:1

cortical-to-striatal ratio we decided to adopt the 1:1 plating ratio in later studies.

Aim 2. Examine how wtHtt protects striatal neurons in C-S coculture and whether it is also
neuroprotective for neurons originating from cortex and hippocampus by enhancing pro-
survival signaling through nuclear pCREB.

By over-expressing wtHtt in cortical, striatal and hippocampal neurons, we determined that
wtHtt provides global neuroprotection for neurons originating from these three brain regions;
however, only striatal neurons are protected via the nuclear pCREB-dependent pro-survival

signaling pathway.

Aim 3. How mHtt impacts C-S connections in C-S coculture and in Huntington’s disease
mouse model at the early symptomatic stage.

Using immunostaining and electrophysiological methodologies, we demonstrated that
mHtt impacts C-S over striatal-striatal synapses, largely by suppressing SPN dendritic tree growth,
altering synaptic protein expressions, shifting vesicle exocytosis and reducing neurotransmitter

content in the vesicles.
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5.2 Overall Significance and Limitations of the Present Study
5.2.1 Cortico-striatal Coculture and How Cortical Neuronal Abundance Modulates
Striatal SPN Properties and Cortico-striatal Communications

The C-S coculture system is superior to investigate C-S synapses and both cortical and
striatal neurons in vitro, especially when techniques that are only available to cultured neurons are
applied: Firstly, the coculture system allows us to manipulate pharmacological components in the
extracellular environment at a precise concentration with high temporal resolution. Drug treatment
can be achieved with 10-millisecond precision and at a defined concentration to a target cell,
whereas such precision is almost impossible in vivo or in acute brain slices. For example,
application of hypertonic sucrose solution with 10-millisecod precision can be made only for a
mono-layer of cells plated on coverslips, and not in brain slices. Secondly, numerous genetic tools
are suitable for the C-S coculture system. For instance, knocking down a specific gene globally
with siRNA or expressing a protein of interest in a target population of neurons (striatal SPNs vs.
cortical neurons) via nucleofection on the plating day can be implemented easily in C-S coculture,
free from time-consuming breeding or surgery in animals. Another application is that a disease-
causing gene or a factor of interest can be expressed on either side the synapse to study pre- vs.
post-synaptic and cell-autonomous vs. non-autonomous effects. Thirdly, as we have shown in
Chapter 4, a number of synaptic and morphological changes, which are not evident in vivo until at
least the early stage of HD (6 to 9 months in YAC128), were successfully reproduced in our three-
week old C-S coculture, including altered mEPSC events and dendritic tree morphology. Lastly,
the isolated environment of the coculture is rather clean to study cortical and striatal neuronal
interactions and their connections, free from thalamo-striatal glutamatergic synapses and

modulatory dopaminergic synapses from SNc. Together, C-S coculture is a powerful platform to
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investigate synaptic dysfunctions and their underlying mechanisms, and to search for therapeutics
to the malfunctions as a start in vitro.

When it comes to optimizing the C-S coculture system, varying the plating ratio of the two
types of neurons is one of the influential changes that can be made easily. However, consequently
it decreases the comparability of experimental results across studies (the most common plating
ratios of cortical-to-striatal are 1:1 and 1:3). Thus, a study that examines how striatal neuronal
properties and C-S connections differ between the two plating ratios was needed. Our study of C-
S neuronal plating ratio fulfills the necessity by showing that the relative abundance of cortical
neurons impacts several features of striatal neurons over others. For instance, membrane
distribution of NMDA receptor and dendritic tree morphology are influenced more strongly than
mEPSC frequency and amplitude. Therefore, our results provide a reference to compare

experimental outcomes from C-S cocultures plated at different cortical-to-striatal ratios.

5.2.2 Insight on Neuroprotective Role of wtHtt and Its Mechanism

The neuroprotective effect of wtHtt is well known in the striatum and striatal SPNs, but
not in other brain regions. In this thesis, we demonstrated that wtHtt is globally neuroprotective,
at least for cortical and hippocampal neurons via nuclear pCREB-independent signaling and for
striatal neurons through a pCREB-dependent pathway. It may hint why neurodegeneration spreads
throughout cortex and hippocampus but with less severity compared to striatum in HD. Moreover,
we showed that increased neuronal survival in response to an excitotoxic challenge does not
always correlate with elevated basal nuclear pCREB, as has been well accepted in striatal neurons.
Instead, there may be other neuroprotective mechanisms that do not engage gene transcription

through nuclear pCREB in cortical and hippocampal neurons. These results suggest there may be
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treatments that protect neurons from the HTT mutation in a gene transcription-independent

manner.

5.2.3 Significance of Understanding Disrupted Cortico-striatal Connections

Despite the fact that the striatal SPN dendritic tree is known to be degenerated in numerous
HD culture and animal models (398,462,498), and we observed a similar change in our C-S
coculture model, much less is understood about how the glutamate pool in the C-S coculture is
affected by the HTT mutation. In this thesis, my findings that glutamate content in the vesicles is
reduced, and that the recovery of the glutamate pool is disrupted, in the HD condition at C-S
synapses in the coculture system are new in this field, to our knowledge. Although we previously
reported reduced mEPSC amplitude in YAC128 thalamo-striatal coculture (413), we did not
determine whether this was a result of decreased glutamate content or reduced expression of
AMPA receptors in thalamo-striatal synapses.

There are several limitations to our study. For example, the conclusion of reduced
glutamate content was drawn from multiple indirect measures, including mEPSC amplitude and
GIluA2 AMPA receptor puncta size at C-S synapses, and we did not directly measure the vesicle
size with electron microscopy or glutamate content with a sensor, or AMPA receptor-mediated
current using cyclothiazide that removes receptor desensitization. After all, in the present work we
focused more on the presynaptic side of C-S connections in this pre-neurodegenerative HD model,
and our results suggested a number of pathogenic changes in presynaptic function that potentially
impact motor learning efficiency and capacity, which rely on C-S communications. Apart from
that, our choice of working in HD models free from enhanced SPN cell-death emphasizes HD as

a synaptopathy and pushes the research frontiers of synaptic dysfunction forward.
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5.2.4 Importance of Uncovering Functional Impairments of Presynaptic Vesicle Release
at Cortico-striatal Synapses

Like HD, many other neurodegenerative diseases, including Parkinson’s disease and
Alzheimer’s disease, have been suggested to be synaptopathies. Therefore, understanding how
synaptic functions are altered before severe neurodegeneration occurs is key to uncover the disease
mechanisms and to develop treatments; our finding of altered action potential-independent
presynaptic vesicle release at C-S synapses as the first evidence, to our knowledge, is valuable for
future research.

The limitations in our study of neurotransmitter release at C-S synapses are: it is better to
conduct the iGluSnFr-based measurement of action potential-dependent glutamate release in acute
striatal slices at multiple time-points prior to neurodegeneration, such as at 4, 8 and 10 months
besides at 6 months; additionally, an alternative method of testing activity-dependent and -
independent vesicle release would be valuable, such as optogenetic manipulation of cortical
neuronal activity together with an ultra-sensitive measurement for glutamate released into the
extracellular medium. Nonetheless, the advantage of our study is that we conducted
electrophysiological experiments that are not suitable to acute brain slices in C-S coculture, which
is superior to mono-striatal culture lacking abundant C-S excitatory connection, at an in vitro age
when SPN cell-death is not evident. Our findings on altered release of presynaptic vesicles at C-S
synapses were not reported with such details in previous research in HD and it opens up a new

research direction in synaptopathy of neurodegenerative diseases beyond HD.
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5.3 Future Directions

5.3.1 The Underlying Molecular Mechanism of Disrupted Presynaptic Vesicle Release,
Reduced Glutamate Content in Presynaptic Vesicle and Impaired Recovery of Glutamate
Pool at Cortico-striatal Synapses

Functional changes are often mediated by structural alterations in biology. Changes in
vesicle release at C-S synapses in the present study, both action potential-dependent and -
independent ways, may be not an exception. We proposed that CSP (cysteine string protein) is one
of the candidates, as its expression has been shown to be reduced in our C-S coculture. Hence,
further effort can be made in knocking down CSP in WT C-S coculture and examining action
potential-dependent and -independent vesicle release at C-S synapses with the Syt1 assay with or
without TTX at the same DIV.

Even if the results from the experiment above are positive, researchers should search
further for other possibilities. For instance, immunostaining for other presynaptic proteins that play
key roles in vesicle exocytosis, such as SNAP-25 and complexin 1, would be important. In this
regard, several synaptic proteins directly interact with wtHtt/mHtt (171), while others are
indirectly regulated by post-translational modification enzymes, such as HIP14 (141), which is in
turn modulated by Htt.

For the reduced glutamate in presynaptic vesicles at C-S synapses, we postulated that the
moderate decrease of vGlutl at C-S synapses is causative. However, further examination in striatal
tissue and slice are necessary, such as western blotting for vGlutl in homogenized striatal tissue
and immunostaining for vGlutl in striatal tissue slices from 6 to 9-month old WT and YAC128

mice.
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We proposed that vGlutl reduction at C-S synapses is the major cause for impaired
glutamate recovery. But a knocking-down experiment of vGlutl in WT C-S coculture with sSiRNA
followed by paired-sucrose pulse whole-cell electrophysiology for striatal SPNs would be more
decisive. Certainly, attempt to test the glutamate recovery after vGlutl knockdown in vivo or ex

vivo would be invaluable.

5.3.2 Uncovering Behavioral Outcomes of the Altered Functions of Cortico-striatal
Synapses

In the present study, we uncovered the impaired recovery of the glutamate pool in both 3-
week old YAC128 C-S coculture and acute brain slices from 6-month old YAC128 mice, likely
by suppressed vGlutl expression at C-S synapses caused by HTT mutation. On the other hand, it
was found previously that motor learning that highly relies on C-S connections (499,500), such as
in the rotarod task, is impaired in YAC128 mice as early as 2 months of age and worsens over time
(93); by 8 months of age, YAC128 mice show deficits also in various cognitive tests, including a
simple swimming test, open-field habituation and T-maze swimming test, suggesting significant
cognitive dysfunction at this stage, such as changing strategy (93). Therefore, we propose that
pursuing the question of how C-S synaptic changes that are evident prior to cell-death in the
striatum in HD contributes to the behavior outcomes would be very meaningful. For example, if
vGlutl expression at C-S synapses is also decreased in 6 to 9-month old YAC128, then a genetic
rescue experiment could be conducted to answer whether the vGlutl reduction causes reduced
glutamate content in C-S synaptic vesicles, as well as the impaired glutamate recovery, and to

address whether the deficits contribute to any impairment in motor learning or cognitive ability.

196



Whether vesicle release impairment from C-S synapses or other synapses at various
conditions exists in pre-SPN death and how it influences behavioral performances that involve

learning and cognition are another avenue to pursue in the future.

5.3.3 Therapeutic Search for Preventing/Restoring Cortico-striatal Synaptic Malfunctions
in Cortico-striatal Coculture System

The C-S coculture is a convenient tool to uncover pathological changes, study disease
mechanisms and to develop therapeutics, especially for C-S synapses. Using the C-S cocultures,
we were able to find numerous SPN and C-S connection-specific alterations and partially
uncovered the underlying mechanisms in the YAC128 HD model. As mentioned previously this
C-S coculture platform is accessible to pharmacological and genetic manipulations, and it can be
further applied with medium-to-high throughput automated examination of numerous parameters

to discover drugs, such as using fluorescent glutamate sensors or voltage/Ca?* sensitive dyes.
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